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World is now in transition to warmer climate with higher variability. IPCC 2001 Report 
points out that “in the regions where total precipitation has increased, it is very likely that 
there have been even more pronounced increases in heavy and extreme precipitation 
events”. It is yet more serious in East Asia, that is, although the average precipitation is 
rather decreasing in China, the heavy and extreme precipitation events are increasing. The 
Great China Flood of 1998 affecting 200 million people was truly devastating and was 
one of the three largest floods in the Yangtze River in the 20th century but still it was just 
an example of series of many floods hitting East and Southeast Asia every year especially 
in the 1990s. Record-breaking floods have been occurring also in Africa, North America, 
South America, Europe, and even in the countries in arid and semiarid regions. Floods are 
now all over the world.  

Foreword 

It is no wonder to have as many as 300 papers submitted from 43 countries for this 
Second Symposium on Flood Defence in Beijing. The enthusiasm would be due to recent 
flood disasters increasingly experienced in many countries, but at the same time, would be 
due to the fact that China is the most experienced country of great floods and her 
experiences have still been accumulating and used with continuous modification to new 
conditions. China is the country of living with floods for thousands of years and observing 
the lessons that improper management eventually destroys the balance between the human 
and the nature. Such wisdom is well presented in the vast number of reports from China. 

In this Symposium, the topics seem to cover nearly everything on flood management. 
Since flood defense is a comprehensive art, any components missing in a team will result 
in fail defending society from floods. Also necessary is the collaboration. The 
collaboration established in this Symposium among IAHS, IAHR, CHES, IHWR, 
IRTCES, Tsinghua University etc. should continue to make the best available science and 
technology to be put to practice. Trans-disciplinary alliance of science and technology is 
the imperative to practical application, and what science can do for the real world is the 
frontier mission of science in the 21st century.  

Wish all the success for the Symposium searching for the contemporary way of living 
with floods. 

 

Kuniyoshi Takeuchi 
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Abstract: The Mekong River, one of the largest rivers in the world, is among the few rivers that are 
in almost their natural state, without interference from human influences. The floods of the river are 
among the major sources of the well being of the population, and the annual recurrence of the 
Monsoon floods is a benefit for the country. However, in some years the benefits are reversed: the 
floods of the river overflow the banks and inundate vast portions of the land for many weeks. 
Consequently, it is necessary to adjust human activities to the rhythm of the river. The best people 
can do is to try to anticipate the flood and to be prepared to live with the floods, both when the 
floods are beneficial and when they are harmful. This requires that the flood levels are forecasted 
sufficiently far ahead in time. However, a forecast is not sufficient: an efficient flood management 
system requires that the forecasting activity is augmented by actions. The sum of the actions to be 
taken to prepare a forecast and to make it to be of maximum benefit to the people is embodied in an 
efficient early warning system. A novel approach for obtaining such a system consists of direct 
interaction of international scientists and regional experts - as has been practiced in an experimental 
international expert meeting for the Mekong River. 
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1. INTRODUCTION 

The Mekong River is one of the largest rivers in the World, which even today is in a near 
natural state.  Plans for its development, mainly for hydropower and flood mitigation, had 
been prepared by the Mekong Commission, located in Bangkok, Thailand, but for 
political reasons these plans were not realized in the second half of the 20-th century. In 
the late 20-th century the emphasis shifted from the concept of maximizing hydropower 
production to the modern concept of "living with rivers“, implying that the river is left as 
much as possible in its natural state. In April 1995 the four countries Cambodia, Laos, 
Thailand and Vietnam signed an Agreement on the Co-operation for the Sustainable 
Development of the Mekong River Basin according to the concept of living with the river. 
They stated their intention of close cooperation in the utilization, conservation and 
management of the Mekong water and related resources. To facilitate cooperation the 
Mekong Committee was reestablished as Mekong River Commission, with the Mekong 
River Commission Secretariat (MRCS) located in Phnom Penh, Cambodia. The MRCS is 
the technical and administrative branch of the MRC working with professional staff from 
the riparian countries and international experts. It oversees formulation and 
implementation of programs and projects and prepares strategic studies and basin wide 
plans for water resources management, agriculture, irrigation, watershed management and 
forestry, fisheries, river training works and navigation, and human resources development. 
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Core programs implemented under the 1995 Mekong Agreement are the Water Utilization 
Program, the Basin Development Plan, as well as different Environment and Capacity 
Building Programs. Furthermore, it sets up data collection and information systems for the 
Mekong and analyses their results. It is responsible for international flood forecasting, 
remote sensing and mapping and environmental studies. 

In summer of the year 2000 (and again in 2001) a particularly devastating flood 
occurred in the Lower Mekong Basin. It caused damage of US$ 400 Million, and 800 
fatalities, mainly children. A recurrence interval of 70 years was estimated for the flood 
level at Phnom Penh. In response, the MRC council, at its Annual Meeting in Pakse in 
October 2000, called for immediate action and charged the MRCS to develop plans for 
basin wide Flood Management and Mitigation (FMM) in the Mekong River Basin. The 
MRCS set up a task force, which produced, with the help of international experts, a 
strategy on flood management and mitigation (MRCS, 2001). The strategy was accepted 
by the MRC Council in fall of 2001, and is to be implemented by specific projects that are 
to be formulated in a process which has just begun. 

Among the projects of the strategy that have the highest priority is the development of 
an improved early warning system. This task offered an opportunity to use a new 
approach of technology transfer from science to applications. An expert meeting was 
conducted in February 2002 (MRC, 2002). International scientists with considerable 
practical experience in the different aspects of flood warning, representing natural and 
social sciences, were invited to review the existing flood warning process, based on their 
experience in different countries, taking account of previous efforts. In coordination with 
regional experts from the Mekong countries they produced a set of recommendations for 
improvement of the existing system, which will guide the planning of the future early 
warning system for the Mekong. As lessons learned from this approach might be of value 
also for other projects, the concept of the expert meeting and the recommendations as they 
apply to the Mekong will be presented. First, it is necessary to take a look at the Mekong 
River. 

 
2. THE MEKONG 

The Mekong is the longest river in Southeast Asia and drains a total catchment area of 
795,000 km2 of which 606,000 km2 is in the Lower Mekong Basin and comprises almost 
all Laos and Cambodia, one third of Thailand (its North-eastern region and part of its 
Northern region), and one fifth of Vietnam (the Central Highlands and the Delta).  

From its sources on the Tibetan Plateau at an elevation of 5,000 m, the Mekong flows 
in a southerly direction through southern China and, having touched Myanmar over a 
short stretch, it enters the Lower Mekong Basin, where it first forms the boundary 
between Laos and Thailand, before flowing into the delta, where Cambodia and Vietnam 
share its waters. Rice farming and fishery are the main staples to sustain the rapidly 
growing populations of these two countries. A map of the Mekong basin is shown in Fig.1. 
(for details see Hori, 2000, Osborn, 2000) 

The Lower Mekong Basin is situated in the tropical zone of the Northern Hemisphere. 
Its climate is influenced by the Southwest and Northeast monsoons. By mid-October in 
the North, and by late October in the South, the drier and cooler North-easterly wind starts 
to dominate the weather of the area and the dry season begins. It lasts from early 
November to mid-March.  

When the intertropical convergence zone moves northward in mid-May the Southwest 
monsoon initiates the rainy season. By June a steady South-westerly airflow is established 
with regular, occasionally torrential local showers caused by convection or orographic 
lifting. In August and September tropical cyclones from the North Pacific Ocean and the 
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South China Sea enter the area and produce long lasting heavy rainfall by interacting with 
the monsoon. During this period, flash floods in mountainous areas and inundation of 
fertile low lands by bank overflow frequently occur in the delta, causing casualties and 
damage to property, agricultural land, crops, infrastructure, industry etc. The mean annual 
rainfall ranges from about 1,000 mm in parts of North-east Thailand to more than 3,000 
mm in the mountainous border areas between Southern Laos and Viet Nam. 

 

Vietnam

Laos

Cambodia

Thailand

China

Myan-
mar

Chiang Saen

Vientiane

Mukdahan

Pakse

Phnom 
    Penh

Kratie

river gages

national boundaries

Mekong catchment
boundaries

Luang 
Prabang

China

 
Fig. 1  The Lower Mekong Basin 

 
The average Mekong river runoff is about 475,000 million m3 per year which is 

equivalent to 600 mm depth of water over the entire basin. Increases and decreases of the 
Mekong river runoff are strongly correlated with the annual rainfall pattern in the lower 
Mekong basin, because although the upper Mekong basin has 26 per cent of the area, it 
contributes less than 20 per cent of the annual runoff. The level of the Mekong river starts 
to rise at the beginning of the South-west monsoon in May and reaches its peak in mid-
August or early September in the upper reach, and in mid September or early October in 
the delta region. In the middle reach the discharge of the river is increased by the 
tributaries from Laos and from Thailand, where the rising river stages of the Mekong may 
lead to back up effects with resulting floods in the lower reaches of the tributaries.   
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Peak flows reach their maximum at Kratie. Below Kratie, the river overflows during 
extreme floods, and when the flood peak reaches Phnom Penh about 4 days later, the 
discharge is already somewhat reduced. At Phnom Penh, the Mekong divides into three 
parts, the Tonle Sap River, the Bassac River, and the lower Mekong.  Part of the discharge 
at Phnom Penh diverted into the Tonle Sap river flows during the early flood season into 
the huge Tonle Sap Lake.  

 
Table 1  General Hydrology of the Mekong River 

Gauging 
stations Country 

Drainage
area 

×10³ km²

Maximum 
discharge 
(m³/sec) 

Minimum 
discharge 
(m³/sec) 

Average 
discharge 
(m³/sec) 

Average 
runoff/yr. 

109 m³ 

Ave. annual 
sediment 
106 ton 

Chiang Saen 
Luang Prabang 

Vientiane 
Nong Khai 
Thakhek 

Savannakhet 
Pakse 

Stung Treng 
Kratie 

Phnom Penh 

Thailand 
Lao PDR 
Lao PDR 
Thailand 
Lao PDR 
Lao PDR 
Lao PDR 
Cambodia
Cambodia
Cambodia

189 
268 
299 
302 
373 
391 
545 
635 

646,000
663,000

23,500 (1966)
25,200 (1966)
26,000 (1966)
28,500 (1966)
33,800 (2000)
36,500 (1978)
57,800 (1978)
65,700 (1939)
66,700 (1939)
49,700 (1961)

548 (1969) 
652 (1956) 
701 (1956) 
859 (1989) 
958 (1933) 

1,060 (1932/33)
1,250 (1960) 
1,250 (1960) 

2,730 (31*)
3,837 (42*)
4,553 (79*)
4,510 (25*)
7,400 (68*)
8,019 (68*)

10,110 (68*)
13,380 (46*)
13,970 (45*)
13,100 (14*)

86 
121 
144 
142 
233 
253 
319 
422 
441 
413 

 
 

160 

Note: * Number of years of records 
  

During the period from June to end of September or early October the lake is gradually 
filled to the level dictated by the hydraulic head between the Mekong and the lake. It has 
an area of over 6,000 km² during the dry season and of up to 16,000 km² during extreme 
floods. The flow into the Tonle Sap Lake stops when the two water levels are equal 
(usually in late September). Then the flow is reversed, the level of the river drops below 
that of the lake, the lake level starts to fall, and its water discharges into the Mekong. 

Further downstream at Tan Chau the Mekong reaches its maximum usually during the 
period between September 21 and October 20. In the delta, the floods from Bassac and 
Mekong are increased again by rainfall convected into the area by tropical storms. In late 
autumn the Mekong River level decreases rapidly until December, then more slowly from 
January to March while draining the Tonle Sap Lake, and it reaches its minimum level in 
March or April. Some key data for the hydrology of the Mekong River are given in Table 
1. 

Since ancient times the Mekong during the summer floods has overflowed its banks 
between Kompong Cham and Phnom Penh, and further downstream between Phnom Penh 
and Tan Chau. The flood plain of the delta may be inundated at depths up to many meters, 
and flood waters not only move laterally through colmatage canals, but some water also 
moves parallel to the river essentially following the gradient of the land, filling up 
depressions,  - calculations show that the water surface during the peak of extreme floods, 
such as the 1996 flood, forms roughly a plane inclined towards South over the whole delta. 
Consequently, areas with low elevations will be deeply flooded, whereas higher ground is 
inundated only slightly. In particular, the low lying areas near the rivers are deeply 
inundated. This is a case which occurred also during large recent floods. Examples of such 
floods are the floods of 1966, 1996, and of 2000. An added problem is that because of the 
low elevation of the whole delta, the tidal motion of the sea is transferred up the river, and 
a tidal influence is felt up to Phnom Penh.  

People living in the delta have developed a strategy for optimizing the effect of floods. 
In the course of time the river overflowing its banks on both sides has created natural 
dikes along its banks, and deposited fertile sediments on the flood plain (see Hori, 2000, 
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for a detailed description). But because the river confined itself through these dikes, the 
bed of the river in the delta gradually rose, so that the land behind the dikes in many 
places has an elevation lower than the river. Settlement of the region and agricultural use 
of the floodplain required some control of the flood path, which was obtained by the 
introduction of colmatage canals, ideally equipped with inlet and outlet control gates, in 
the natural (and in places fortified) dikes on the river banks. By means of these canals, 
water is conducted into the flood plain during floods, and is drained off the flood plain 
either at the downstream end, or with the receding flood - but not completely, as some 
water is retained for irrigation. 

The conclusion to be drawn from the described situation is that it is virtually impossible 
to control extreme floods with large peak discharges and long duration by any method of 
diversion or storing of water. The hope for improving the situation is to prevent early 
flooding - buying time for harvesting a threatened crop - by providing some limited 
storage or by increasing local drainage, or with temporary sheltering of areas which could 
suffer from early flooding. In the Mekong delta floods are prerequisite for agriculture and 
fisheries. It follows that flood protection and food production (agriculture and fishery) 
must be seen together. An optimization of flood control therefore is a multi-objective task, 
and a number of workshops (Al Soufi, 2000, ESCAP, 1999, Herath & Dutta, 2000) have 
been conducted for analyzing the flood problems of the Mekong. Economic development 
of other kinds is restricted to areas which are high enough to be free from floods. 
Prerequisite for an efficient management of these tasks is a well functioning early warning 
system. 

 
3. STRUCTURE OF AN EARLY WARNING SYSTEM 

The components of an early warning system are indicated schematically in Fig. 2  
(Krysztofowicz & Davis, 1983). It consists of a chain of subsystems.  The first link is the 
forecasting system. It consists of a data gathering component, a component for 
transmission of the data to the forecasting center, and a component of forecast preparation. 
In the forecasting center, the data are converted into a forecast, which then is transmitted 
to the decision maker. The decision maker then uses the forecasts to prepare and release a 
warning, depending on his evaluation. Then the response system is activated. The warning 
is transferred to the local authorities, who have to take appropriate preventive action and 
pass the warning on to people in a form so that they can react.  

Using the terminology employed by hydrologists, forecasting is the process of 
estimating in real time the magnitude of an event, i.e. it concerns an event which occurs in 
the near future. Prediction is the estimation of an event which might occur at some 
indeterminate time in the future. The difference is illustrated in Fig. 3. Consider a  forecast 
made at time t = t0, when the function Q(t) crosses a first critical level h0. Based on the 
information available at time t = t0, the forecast predicts the magnitude of the event as 
function of time over an interval t0, to +TF , where TF  is the forecast time.  

Early warning is a process of decision making under uncertainty. Water levels whose 
course are to be forecasted or predicted, are random time functions. Hydrologists have to 
work with uncertainties which make it impossible to obtain an exact extrapolation of a 
hydrologic time function, say Q(t). The shorter the forecast time, the more accurate will 
be the forecast, as is indicated by the uncertainty band in Fig. 3. If the forecast time is 
extended more and more, the condition TF = TP is reached whence all special information 
associated with time t0 is lost, and the forecast can only give the statistical distribution of 
all possible values of the function Q(t) at any time. The forecast degenerates into a 
prediction.  
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Fig. 3  The components of an early warning system (from Krysztofowicz & Davis, 1983) 
 

Although forecasting and prediction are two ends of the same process, the practical and 
scientific issues differ significantly. Forecasting requires online actions, based on 
modeling the near future of the development of the forecasted quantity. The models 
required are dynamic models for calculating stages, which incorporate the determination 
of rainfall, the conversion of rainfall into runoff and river stage development. Prediction 
requires long term records of Q(t) from which reliable statistics can be extracted, and if 
extreme values are to be predicted, the problem arises of obtaining suitable probability 
density functions for Q(t) in order to extrapolate from a sample to the population, from the 
distribution to the extreme values. The information obtained in the prediction procedure is 
used to design the warning system, and to draw up hazard maps, in which the magnitude 
of a potential extreme event and its frequency of occurrence are indicated.  
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Fig. 4  Definition of forecasting and prediction for a random time function 

 
The perfect functioning of a warning system depends on the effectiveness and 

reliability of all three subsystems. It is absolutely necessary to distinguish between the 
process of operation of an existing system, and the process of designing and building a 
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warning system. The operation starts with data collection for the forecast, and ending with 
the response of the people to the warning that is given on the basis of the forecast. It 
includes not only technical aspects of data gathering, data analysis, forecasting and 
communication of forecasting results, but it also requires a response that is appropriate to 
the danger emanating from the forecasted event. As in many other instances, it is one 
thing to prepare a forecast, and quite another to use the forecast in a warning system, 
which depends on many additional factors. The design of a warning system includes not 
only setting up data collection systems, model development and testing, but also setting 
up the telemetering network for information commuting, as well as training of both 
decision makers and public to be able to respond to the warning.  

 
4. EXISTING EARLY WARNING SYSTEM FOR THE MEKONG 

A very large flood in 1966 resulted in the establishment of a flood forecasting program for 
the Lower Mekong Basin. At the beginning of the 1970’s the present central forecasting 
system was set up, with forecasting entrusted to the Mekong Committee. Another push for 
development of the forecasting system was the devastating flood in 1978, when the gage 
at Pakse recorded water levels 2.5 m higher than normal flood stages, and even higher 
levels were reached in Cambodia. In the Mekong delta of Viet Nam the Mekong reached 
the highest level on record. This flood and the next big flood in 1981 led to further 
improvements of the forecasting system and included major tributaries. The details of the 
existing forecasting model have been the described in Tanaka (1999), and are briefly 
summarized. 

The main gages used for forecasting are shown in Fig. 1, and the network of planned 
and existing gages is shown in Fig. 5. The data from these stations are transmitted by 
fixed frequency radio transmission. Meteorological input – rainfall data obtained by 
ground measurements, weather charts and ground based radar imagery – is used by the 
Meteorological Service of Thailand for making a rainfall forecast which is used as input 
into the forecasting model of the MRC. The rainfall data are adjusted for topographic 
effects by the flood forecaster of the MRC according to past experience, and daily values 
are used as direct input for the flood forecasting model. Flood forecasting for the middle 
reach is based on the model SSARR (Streamflow Synthesis and Reservoir Regulation) 
originally developed by the US Corps of Engineers in the sixtieth (US Corps of Engineers, 
1975).  The watershed model and the streamflow routing part of this modeling package 
are used in conjunction with a flood routing network developed and calibrated in 1970. 
For the delta part of the river, forecasts are based on a regression model. At this time 
forecasts of water levels are made for 7 to 15 points along the river. Computed discharges 
are converted into water levels by means of the known stage – discharge (rating) curves.  

Daily forecasts for each of the five following days are made. They are made available 
through the internet, www.mrcmekong.org, and are transmitted to the member countries. 
The countries then use the data for the warning procedure in effect in the respective 
countries. During the 2001 flood season the number of observation stations feeding data 
into the model has been increased to fifteen key hydrological stations of the mainstream 
(two in the Lao PDR and five in Thailand, six in Cambodia and two in Viet Nam) and 
twenty seven rainfall stations  (nine in the Lao PDR and eighteen in Thailand). The 
accuracy of these forecasts of between +/- 10-20 cm is fairly good for a one day ahead 
forecast, (which, given the large catchment and thus the slow development time for peak 
flows, is not surprising) but it is not satisfactory for a five day forecast. The present 
system is being upgraded by MRCS personnel to provide an improved forecast for at least 
three days. 
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Fig. 5  Schematic of Hydrological Stations from Chiang Saen to Phnom Penh. The triangles indicate 
the major stations, the arrows indicate the rivers entering the Mekong. 

Refer to the text for the flow into and out of the Tonle Sap Lake 
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5. AN APPROACH FOR IMPROVING EARLY WARNING SYSTEMS 

The strategy for flood mitigation in the Lower Mekong Basin (MRCS, 2001, MRC, 2001) 
required as high priority issue the evaluation and improvement of the flood forecasting 
and warning system for the Mekong. First task for improving the existing forecasting and 
warning system is to clearly state the objective of the warning. For the Mekong the two 
main objectives are: the warning is to prevent or reduce losses from floods, and the 
warning system should also be used for online scheduling of agricultural activities. The 
first objective requires warnings against floods of extreme magnitude and duration, early 
enough so that people can move themselves and their belongings to „safe havens“, i.e. to 
locations of higher ground which cannot be inundated by the expected flood. The second 
objective requires forecasting the onset of floods, and in particular the forecast of the 
beginning of the flood, and of the flood level during the early part of the flood season. A 
timely warning enables farmers to plan for the harvest of the third crop of rice by using 
suitable operation rules for the colmatage canals along the lower part of the Mekong and 
Bassac rivers. 

The first step of the evaluation by the experts of the performance of the existing early 
warning system should result in identifying an ideal system, which would meet the 
objectives of the warning on the basis of best practice and available technology. The 
experts were asked to contribute from their knowledge and experience base to the 
components of each stage of the warning system of Fig. 2, using experience with existing 
models and procedures developed in other countries, and to investigate their applicability 
for the Mekong. They were given a set of questions specific for their field of expertise. 
The questions were prepared by the organizer (ourselves and the MRC staff).  

The ideal system should be compared with the existing system, and the evaluation 
should result in a course of action which leads from the existing system to the ideal 
system. The experts were informed of the existing flood forecasting system by 
representatives of the MRCS and by representatives of the four member countries of the 
MRC. Comparison with the ideal system identifies weaknesses of the current system. One 
problem became immediately apparent. The quality of the early warning system depends 
on the database. The large area of the river basin, as well as the very wide mesh of 
measuring stations currently available restricts the use of systems to those which operate 
on a limited data base. Therefore, the present system should be upgraded to improve the 
database along the river by installing more stations along the main river. This has been 
recognized by the MRCS, and one of the current projects funded by the Australian 
Government has this objective.  Useful is that starting from June 2002 the data from the 
Chinese part of the Mekong will be made available, and further cooperation among 
Chinese and MRCS forecasters is planned.  However, the flood forecasting needs for the 
Mekong area are not only for the flooding caused by the main river, but also for local 
flash floods, due to heavy rains, for which the present model is not suitable.  As flash 
floods occur in small areas, their forecast is difficult and depends on much refined 
meteorological models. It may help, as was pointed out during the expert meeting, to 
study previous flash flood occurrences. Apparently flash floods occur frequently at the 
same locations.  

It became evident that although the system as it exists is helpful, modern computer 
technology permits to use more refined and more detailed models, and data availability of 
meteorological networks has increased as well, as had already been stated by Verwey 
(1999). Modern technologies of forecasting and their applicability to the Mekong region 
were discussed (contributions by Barrett, Verdin, Kintenar, Schultz, all in report MRCS, 
2002), based largely on experience gained in the USA, but also experiences from a flood 
forecasting system for the Limpopo and Zambezi rivers in Mozambique.  
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The view is taken that future meteorological forecasts for the rainfall come from a 
combination of satellite images and weather forecasts, further improved by using rainfall 
measurements with ground based radar combined with ground measurements from a 
somewhat finer meshed grid than the one presently available. These tasks should be 
performed by the national and international meteorological services, but as these are 
interested only in weather forecast, for flood warning they have to be converted into 
useful information for the flood forecast, for which a meteorologist should be available at 
the forecasting center. He or she should evaluate the cyclone pattern, using information 
from the regional weather services and from the Typhoon Warning Centers, as the 
combination of both Monsoon and typhoon is responsible for the rainfall in the region. 
The different possibilities that exist for a remote weather forecasts were listed by Schultz 
(in MRC 2002, see also Schultz, 1996), but obviously, the use of satellite and radar 
pictures is restricted by the capabilities of the staff and the availability of affordable 
images.  

The rainfall is to be converted into effective rainfall by means of a soil moisture model 
– in the simple case, by assigning a runoff coefficient to each partial area, in the most 
complex case by using a soil moisture model for each of the contributing areas for the 
catchment. As was demonstrated by some of the experts, newer models that have reached 
high maturity are available (Meon, Todini, in MRCS, 2002, see also Todini, 1996) which 
should be considered for adaptation – in fact, an important task is to intensively review 
existing models and to identify those that have the most suitable amount of detail, as is 
needed for the Mekong. Different hydraulic models need to be used for flood stage 
forecasting for large rivers such as the lower part of the Mekong, and for forecasting 
systems for smaller catchments, i.e. the catchments of the tributaries of the Mekong. 
Typical hydraulic models were discussed (Schultz, Todini, Meon, Tsinganshali, in MRCS 
2002) that have been used successfully in different parts of the world.  They are 
complemented by a discussion of the role of sediment deposition in the lower reaches of 
the Mekong (Wu, in MRCS 2002) 

Clearly, a compromise between the amount of detail in the model (and the amount of 
data needed for using such models) and the effort that can be made for the forecast has to 
be made, thereby accounting for the available data base – now and in the future. This part 
of the rainfall runoff model is perhaps as important as hydraulic modeling of the flow in 
the river. However, hydraulic modeling is needed for forecasting stages. Conversion of 
the output from rainfall – runoff model into discharges and stages introduces large errors, 
in particular as the stage discharge relationships for a natural channel are very difficult to 
determine analytically, and are also subject to change due to the movement of sediment, 
which may change the channel geometry of Mekong and tributaries.   

Usually, some type of warning system exists – even without technology, people can 
infer flood dangers to a certain extent from past experience, and in the case of the Mekong 
Basin, the system described above is in place. Scientists and engineers now must identify 
the best feasible ways of going from the existing to the ideal system and determine costs 
and benefits. By a decision of the authorities (the decision maker) the sequence of steps 
for implementing the system or system components is prioritized. First improvements 
with highest effect on saving human lives or having the highest benefit – cost ratio for 
property damage reduction should be developed.  The final steps consist of detailed 
planning, construction, and operation of the system. 

The development and construction of a flood forecasting and warning system is not 
sufficient to guarantee a good warning. The flood forecast must be transferred to the 
“people at risk” through a chain of actions starting with a conversion of the forecast into 
warning by a decision process involving different stages, and finally, the warning has to 
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be converted into appropriate actions by local authorities and the “people at risk” 
themselves. The performance of an early warning system must be measured on how 
effective these actions are: a warning that is too late is useless. The forecasts must be an 
integrated part of a complete warning system. We have to identify the path of the warning 
from the forecast to the persons responsible for decision making for flood protection 
actions. This is an aspect that has been little covered in the literature, and the experiences 
of administrators in different parts of the world are called for, and are to be compared with 
the experience of local administrators. Some considerable experience has been gained for 
the Rhine river in Germany, (as expounded by Rother, in MRCS 2002) and for the Oder 
river on the border of Germany and Poland (Kundzewicz, in MRCS 2001) and the 
interests of all riparian countries have to be integrated into a compromise plan which 
guarantees maximum flood protection for all people in the region.   

The last part is the conversion of warnings into reactions of the people who obtain the 
warning.  How is the warning used for different purposes, and which methods can be used 
to help, or to give people the means and the information to help themselves.  Social 
scientists (Kraas, and Affeltranger, in MRCS, 2002) interviewed local persons and 
experienced workers from non-governmental organizations and identified weak points in 
the structure of information transfer to the people - experiences which cannot directly 
translated into engineering solutions, but which are invaluable for local decision making. 

The major conclusions were based on the task of seeing early warning as a holistic 
problem, in which all components of the chain of actions had equal weight. The emphasis 
on forecasting is of course being important, but other more neglected aspects need more 
attention in the future. This requires first of all a strengthening of the staff at all levels: to 
be able to handle flood forecasting and warning, to build up competence and experience, 
and last not least, to increase the institutional memory. Good meteorology requires good 
meteorologists, who can evaluate the information provided from forecasts of weather and 
climate by forecasting services such as the Thai Meteorological Service, the Global 
Numerical Meteorological Climate and the partner organizations of the ESCAP Typhoon 
Committee. But it also includes strengthening of local and national competence through 
training and local planning. 

By having discussed these four stages of the early warning process both from the point 
of view of designing an ideal system and operating the existing system we hope to have 
helped the Mekong River Countries and the Mekong River Commission to obtain an 
effective warning system, and by looking at the requirements for the warning system, we 
also hope to make a contribution towards the objective of obtaining a flood protection 
system which helps to prevent the large damages and losses of lives that are not 
uncommon under present conditions. 

The support of the German Foreign Ministry and the Mekong River Commission for 
this project is gratefully acknowledged. 
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Abstract: Recent increase of floods all over the world seems intensifying under the climatic 
variation in global warming. The devastating floods can only be managed in a holistic manner with 
a wide spectrum of engineering, societal and institutional measures. Flood control is a part of 
national economy. The rich can afford more investment while the poor less. Yet, the flood control 
investment cannot necessarily reduce the magnitude of economic losses of floods as flood damage 
potential increases by flood control investment. This leads to the necessity of living with floods, 
adjusting human lives to floods, the local conditions of nature. For the human adjustment, more 
information should be provided to the public to make them enable to judge their necessary action. 
The role of science for providing such information and interpreting it to the public is decisively 
important for effective flood defence management. In information poor basins, the IAHS 
(International Association of Hydrological Sciences) PUB (Prediction in Ungaged Basins) initiative 
is a challenge to assemble the best available technology to fill the gap between science and practice.  

Keynote lecture: 
Floods and society: a never-ending evolutional relation 

Kuniyoshi Takeuchi 
Yamanashi University, Kofu 400-8511 Japan, E-mail: takeuchi@mail.yamanashi.ac.jp 

 
Keywords: flood damage potential, living with floods, role of science, PUB 
 
1. INTRODUCTION 

Four ancient civilizations in the world originated along the big rivers, the Tigris/Euphrates, 
Nile, Indus and the Yellow Rivers. The longest history of prosperity experiences was the 
Nile, 5000 years. The Yellow River started a little later but never declines till now, 
whereas the Tigris/Euphrates and the Indus civilizations did not seem sustained. People 
living in all the four rivers suffered very seriously from floods and could not control. Yet 
the civilization never got destroyed because of floods. Rather they lived with floods and 
invented high technology through living with floods. The geodesy, astronomy, and 
geometry were a few examples of them. Tigris/Euphrates and the Indus were destroyed 
because of salinization (Sandra Postel, 1999). They controlled floods and used floods for 
irrigation but ironically, the wisdom of artificial irrigation in dry lands, when it became 
too artificial, destroyed the civilization as in Mesopotamia and the Indus. The Nile floods 
were so regular in annual pattern that no extensive artificial irrigation was necessary and 
the Yellow River was so sedimentary to be controlled for artificial irrigation. Floods are a 
source of prosperity when they are properly managed. Mankind is capable of adjusting to 
floods. 
 
2. INTENSIFYING FLOODS IN THE WORLD 

IPCC (Inter-Governmental Panel for Climate Change) TAR (Third Assessment Report) 
(2001) reports “Since the time of SAR (Second Assessment Report), annual land 
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precipitation has continued to increase in the middle and high latitudes of the Northern 
Hemisphere (very likely to be 0.5 to 1 %/decade), except over Eastern Asia (p.30)”. It also 
says “New analyses show that in the regions where total precipitation has increased, it is 
very likely that there have been even more pronounced increases in heavy and extreme 
precipitation events (p.33)”. In Eastern Asia, even though the annual precipitation is not 
necessarily increasing in a large number of stations and rather decreasing as an average 
(Xu et al., 2001), the extreme floods seem increasing. In China, for instance, devastating 
floods taking the lives of more than a thousand people occurred in 1991, 1994, 1996 and 
1998. In Japan, floods killing several tens people occurred in 1990, 1991, 1998 and 2000. 
The increased occurrence of floods is not only in Asia but also nearly all over the world.  

Fig. 1 is a graph drawn by WWF3 (Third World Water Forum) Secretariat in 2001 
based on IFRCRS (1999), the 5-year average annual number of people affected by various 
disasters. It indicates that the number of people affected by floods remarkably increased in 
the last decade. From the middle of 70s to the middle of 80s, droughts were the most 
serious problem in the world especially in the African Sahel. But in the 90s, floods 
became the major disaster that affected more people than any others. Although the 
definition of “affected” may be ambiguous and there might be other interpretations, these 
statistics agree with frequent encounter of a great number of flood disasters in the world.  
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Fig. 1  Shift of the causes and the number of people affected by various disasters in the last quarter 
of the 20th Century (After: IFRCRS (1999) drawn by WWF3 Secretariat, 2001) 

 
In 1993, the Great Mississippi flood hit Central US resulting economic losses of 16 109 

USD. In 1997, a record-breaking flood hit Czech and Poland and took more than 50 lives. 
In 1998, floods occurred in many countries especially in Southeast Asia. In the Yangtze 
and the Songhua Rivers in China more than 200 million people were affected (more 
details in Section 3). Late April in 1991, although it was not by floods a storm surge in 
Bangladesh took 140 000 lives. Even dry countries have been experiencing serious floods, 
such as Tunisia in 1990, Malawi in 1991, Egypt in 1994 and Yemen in 1996, where in 
each event hundreds of people died and the total material losses amounted to several 
hundreds millions USD. 

Year 2000 was another year of global floods all over the world like 1998. The reported 
large floods occurred in Mozambique, South Africa, Australia, Hungary, Indonesia, China, 
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India, Bangladesh, Bhutan, Nepal, Japan, Korea, Cambodia, Viet Nam, Thailand, Italy, 
Switzerland, United Kingdom, Ireland, Malaysia, Thailand, etc. (WWF3 Secretariat, 
2002). Mozambique flood in February affected more than one million people. Western 
Bangladesh flood was the worst flood in 50 years with 1500 deaths and more than 20 
million affected; in Cambodia, the largest floods in 300 years occurred taking 230 lives 
including Vietnam and Thailand; in UK and Ireland, the largest flood since1947 hit. 

In all those flood disasters, we face a sad reality that disaster is more tragic to poor 
countries as they have nothing to loose but their own lives. For flood disaster mitigation, it 
is a proven evidence that the proper prediction and preparedness are the only practical 
means to reduce the death tolls. 

We can conclude the following from the reality shown above (Kundzewicz and 
Takeuchi, 1999): 
 Floods occur all over the world, even in arid regions.  
 Recent climate variability seems to have brought more frequent floods in several 

areas. 
 Developed societies are risk-averse and willing to pay high costs of advanced flood 

protection to decrease the flood danger. Less developed countries have no choice. 
 The poorer a society the more tragic in disasters. The poor people have nothing to 

loose but their lives. 
 
3. ACHIEVEMENTS AND PROBLEMS OF FLOOD FIGHTING EFFORTS 

Table 1 shows some statistics of China floods of 1998 and the comparison of the number 
of death and missing with previous equally or more devastating floods occurred in the 
Yangtze River (Asahi-Shinbun, 1998). It is amazing to see a remarkable decrease of the 
number of death tolls. The magnitude of 1931 flood was the largest in the century and 300 
sites were broken and 145 thousands lives were lost. The next largest was the flood of 
1954 which broke 60 levee sites and took 33 thousands lives. In 1998 floods, the 
magnitude of the rainfall was reported less than that of 1954 but the peak discharge was 
nearly the same and a number of levee points were jeopardized of breakage. Nevertheless, 
the levee breakage really occurred in 1998 was at only one site. The number decreased 
from 300 sites in 1931 to one in 1998 implies that enormous efforts were taken to improve 
and maintain the continuous levee system along the Yangtze River. The improvements 
must have greatly contributed the decrease of loss of lives. At the same time, it is reported 
that it is no longer practical to use the large flood detention pond such as Jingjiang 
Diversion District as there are a huge number of people living in the ponds. Although the 
comparative statistics are not available, the economic losses due to floods in 1998 must 
have been huge as the economic activities of the Yangtze River basin developed a great 
deal, meaning less death tolls but increased economic losses.  

Table 1  Damages of the 1998 China floods and the three largest Yangtze floods in the century 

1998 China floods Three largest Yangtze floods 
Inundated area 212 000 km2 Year # levees broken Dead/missing 
People affected 223×106 1931 300 145×103 
Death tolls 3,004 1954 60 33×103 
Broken houses 4,970×103 1998 1 1,320 
Economic losses RMB Yuan 166.6×109    
Source: Asahi-Shinbun (in Japanese), 1998.9.6, Japan. 

 
The following two figures demonstrate the way how Japan has been coping with floods. 

Modern flood control works started in the Meiji Era (1868-1912). The records cover 
nearly 120 years since around 1880 to 2000. Fig. 2 shows the chronology of the death tolls 
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and the economic losses of floods. There were high death tolls during 1945-59 and less 
than several hundreds since 1960. Yet the economic losses have not been decreasing since 
1960. While the death tolls decreased by flood management efforts, why are the economic 
losses kept continuously high till today? It should be because the land slides and urban 
floods that are difficult to control do not decrease and the flood damage potential in flood 
plain is increasing. Kundzewicz and Takeuchi (1999) show that the similar phenomena 
can be seen in any other developed nations.  
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Fig. 2  Annual death tolls and economic losses (1990 value) of floods in Japan  

(constructed from River Bureau, 2000) 
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Fig. 3  Annual economic losses and flood control investment relative to national income.  

(constructed from River Bureau, 2000) 
 
Fig. 3 shows the chronological change of economic flood losses and the flood control 

investments relative to national income since 1880 to date. It shows that the economic 
losses have been in 0.1-10% of national income while the investment been in 0.2-0.9%. A 
remarkable decrease of investments is marked at wars: the Japan-China War (1894–1895), 
the Japan-Russia War (1904–1905), and World War I (1914–1918), when the investment 
dropped to about 0.25–0.35%, and World War II (1939–1945) when it fell down to 0.02%.  

In general the economic losses exceeded the flood control investment a great deal till 
late 1960s. But after then the relation reversed. The discrepancy seems continuously 
increasing to date. During 1990s, the ratio of investment to losses reached a factor of 4. 
Among the annual average economic losses of floods, 695 billion JPY in the recent 20 
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years, the 50.4% is the damage of river control works themselves. Although it is nothing 
wrong to have more investment than losses and the river line flood control works get 
damaged as the flood losses are suppressed at the expense of flood control investment and 
physical defense works, there are some basic questions arising among tax payers such as: 
Who pays and who benefit? How can the losses be further reduced? Are there any ways to 
reduce the necessary investments?  

Takeuchi (2001) poses those three questions as follows:  
(a) If the benefit-cost ratio is the investment criterion, it always exceeds one as flood 

damage potential increases. Then how can it be possible to maintain fairness 
between the beneficiaries and the tax payers? Do people in the flood-free areas 
agree that the government use their taxes to protect people in the flood plains? 

(b) As the central government now tends to hand over the power to regional or local 
governments, it is the basic trend that the beneficiaries pay the cost of attaining 
safety of the area where they occupy. This is similar to the polluter pays principle 
(PPP) in environmental protection.  

(c) If river structural works are the major subjects of flood damages, is it not possible 
to reduce the structural works in the first place? Weaker protection results weaker 
counteractions. 

It is obvious that the physical control measures should be reconsidered if all those 
questions have to be answered. 

 
4. METHODOLOGIES OF LIVING WITH FLOODS 

Although mankind has been living with floods ever since its existence, the way of 
co-existence has been changing continuously according to socio-economic, industrial 
structure and technological level. In Southeast Asia where Monsoon brings ample rainfall 
regularly in the wet season, people have been directly using floods for rice production in 
paddy fields. Floating rice was the normal species in the flood plains like Chao Phraya 
and Mekong basins till recent years although it is now nearly totally disappeared by a 
network of drainage canals and various types of irrigation scheme (Takeuchi et al., 1998). 
This shift was due to population increase, necessity of higher economic efficiency, 
availability of engineering technology, etc. But it was simply a move from direct use of 
floods to indirect and controlled use of floods. People have always been living on floods 
in humid tropics. In the lower Mekong, there are such paddy fields that receive water from 
rivers during flood rise through dikes and during recession close dikes to store water for 
rice. A similar operation must have been exercised in the Nile before the Aswan High 
Dam completed in 1964.  

The strategy for co-existence with floods in developed society, especially in urban areas, 
may be realized by means of some particular measures such as zoning, flood proofing, 
flood insurance, preparedness, all of which need or can greatly benefit from flood 
forecasting. Education and public awareness raising are also major components. Takeuchi 
(2001) describes these methods as follows: 

Zoning consists of governmental regulations or guidance on land use taking the 
hazardous potential of floods into account so that the inhabitants of the area in question 
are not seriously hurt when floods occur. Flood hazardous land may be used as 
wildlife/scenic areas, parks, recreation fields, playgrounds, parking lots and other 
purposes which can accommodate flooding. Flood insurance and zoning are partners: each 
requires the land users to use their land and to internalise the risk expected from flood 
hazards in their economic accounting. The essential information to implement this policy 
is hazard mapping which needs the support of hydrologists. 

Flood proofing includes houses built on piles or with flood proof walls, flood protection 
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walls with gates around a district or a block or around the entrances to subway stations or 
underground streets and shops. Preparedness includes emergency maintenance and 
strengthening of flood control works such as levees, the evacuation of people and goods. 
Education and the public awareness raising are particularly important as most urban 
dwellers are new comers due to the increasing mobility and they are often ignorant of 
local flood experience. 

Hazard maps show historical or estimated flood depths or velocities with estimates of 
the probability of occurrence. Such information is basic for zoning, flood insurance, 
public awareness raising and other means of human adjustment. Such maps are available 
in a number of countries and used in urban planning, individual house selection, flood 
insurance, evacuation planning, public education and so on. Mere flood depth information 
is sometimes misleading as the velocity is critical for safe evacuation. 

Hydro-meteorological forecasts are the most important basis of the human adjustment 
exercise. Evacuation of people and goods and anti-flood preparation of individual houses, 
public facilities, river protection works and societal activities themselves are dependent on 
the availability of relatively accurate and timely weather and flood forecasting. Without 
them, the adjustment actions will be inefficient and confused. 
 
5. ROLE OF HYDROLOGY FOR SOCIETY LIVING WITH FLOODS: IAHS PUB 

INITIATIVE 

For living with floods, the hydro-meteorological information in real time forecasts as well 
as its statistical frequency estimates are indispensable. Yet in any occasions, especially in 
developing countries, the lack of ground observation is a serious problem that prevents the 
reliable real-time forecasts of rainfall and floods and accordingly the effective operation 
of human adjustments means. In fact, hydrological data are endangered species. The 
ground based observation network is declining in Africa, Central Asia, South-East Asia 
and elsewhere, including North America (Vorosmarty et al., 2001). 

In the last few decades, however, there have been considerable theoretical and 
technological advances in ability to predict individual hydrological processes, in scaling 
issues connecting local point observations with basin averages, in physically-based 
distributed hydrological modeling, and in remote sensing. It is time to utilize those 
scientific and technological advances to make predictions in ungauged basins possible, 
and thus demonstrate how science is useful to society.  

During the past decade, integration of meteorological processes and hydrological 
processes has advanced considerably. In particular, the GEWEX (Global Energy and 
Water Circulation Experiments) contributed to create a new era of cooperation between 
meteorologists and hydrologists. Hydrological models and atmospheric models are going 
to be jointly operated. The atmospheric GCM can provide outputs in a coarse grid over the 
Globe using the hydrological land surface conditions as inputs. The GCM output is then 
assimilated with the meteorological observations on the ground, yielding four dimensional 
(4-D) assimilated data in a grid about 200 to 500 km in size. Meso-scale 
hydro-meteorological models nest those 4-D assimilated grids data into finer data at 20 to 
50 km grid sizes. For example, there are meso-scale meteorological nesting models such 
as RAMS (Ibbit et al., 1999), MRI/NPD-NHM (Saito et al., 2001), MM5 (Chen and 
Dudhia, 2001), and IRSHAM (Kavvas et al., 1995) that can simulate precipitation, 
evaporation, soil moisture, temperature, wind speed, humidity, and pressure in, say, 1 km 
grid on a daily basis, based on the coarse 20-50 km grid input from the GCM model.  

Fig. 4 is an example of BTOPMC application to the Mekong River (Takeuchi et al., 
2000). It is simply a preliminary result simulated on the daily basis using the data 
available in the public domain such as USGS GTOPO30, NOAA Global Daily Summary 
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of precipitation and the Lower Mekong Commission Hydrological Yearbook. It does not 
take into account flooding effects along rivers nor human intervention such as dam storage 
and release, water intakes etc. But it symbolically shows that in addition to DEM and 
other available GIS data, without relying on extensive local ground-based observations 
but mostly on the satellite data, the hydrological simulation is possible regardless of the 
size of the basin. Once the precipitation and evapotranspiration data become available 
through a meso-scale hydro-meteorological model based on atmospheric 4-D assimilated 
data, the hydrological simulation can provide the necessary flood forecasting.  

 
Calibration: Mekong at Pakse (A=545,000 km2), 1987 
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Fig. 4  An example of BTOPMC simulation of the Mekong basin at Pakse, Thailand in 1987  

(Takeuchi et al., 2000). 
 

International Association of Hydrological Sciences (IAHS) started a unique scientific 
initiative called PUB (Predictions in Ungaged Basins). This is a celebrated policy-relevant 
science theme that arose out of the free discussion among IAHS members on the World 
Wide Web. The discussion was based on current needs of the world, especially of 
developing countries, and the scientific readiness for a new commitment.  

PUB is an international research initiative to promote the development of science and 
technology to provide the hydrological data where the ground observations are missing. 
PUB will draw contributions from theoretical hydrology, remote sensing, in situ 
observations combined with modeling of water quantity and water quality, and capacity 
building for people in need of advanced science and technology to predict the 
hydrological phenomena of their basins. PUB will have connectivity with existing 
programs not only inside but also outside of IAHS that are concerned with predictions of 
hydrological responses such as FRIEND (Flow Regimes from International Network and 
Experimental Data) of UNESCO IHP (International Hydrological Program), also 
UNESCO lead HELP (Hydrology for Environment, Life and Policy), CEOP (Coordinated 
Enhanced Observation Strategy), GEWEX (Global Energy and Water Circulation 
Experiments) etc. IAHS expresses its wish to provide a forum, a network and the 
theoretical framework for integration of all related programs. 
 
6. CONCLUSIONS 

Mankind is now experiencing a change of global environment heading for a new regime 
where more people live under intensified climatic variability. There are extensive 
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urbanization, highly concentrated economic and industrial activities, accelerating 
interaction between human activities and environmental impacts and increasing economic 
and technological divide between the rich and the poor. As a result, there are more 
frequent floods occurring with more tragic consequences. Yet at the same time, we have 
new opportunities: satellites, remote sensing, data transmission, computer processing and 
many other advanced information technology. Above all, we have better understanding of 
hydrological and hydro-meteorological processes. Hydrological sciences can open the 
new era for the public to be better prepared for living with floods.  

Human has long been living with floods adjusting themselves to their own natural and 
societal conditions. The way of co-existence with floods depends on the holistic situation 
of the society such as the style of living, the condition of national economy, the 
understanding of nature and the capability of technology of the time. The relation between 
floods and society is in a never-ending evolutional process. 
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Abstract: The computational speed of computers and availability of spatial hydrologic data make 
distributed watershed models a viable approach for many applications, including peak flow 
forecasting. A study is presented that examines the potential for increasing forecast lead-time using 
radar data and distributed modeling. The CASC2D watershed model is applied on the Hassyampa 
River watershed in central Arizona using radar based rainfall estimates from the National Weather 
Service WSR-88D weather radar as the precipitation input. An application of radar rainfall data as 
input to the CASC2D model is then presented in which precipitation forecasts are generated by 
extrapolation of precipitation patterns from radar images. The calibrated model is run under two 
scenarios for two rainfall events. The first scenario ignores any future or forecast precipitation, and 
the second scenario includes forecast precipitation from the extrapolation of radar precipitation 
patterns. Forecast lead-time was increased for the two precipitation events by as much as 6 hours 
through the inclusion of these precipitation forecasts. 
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1. INTRODUCTION 

Forecasting the peak flow in a stream or river is a very complex process. Many variables 
impact the ability to generate reliable and useful forecasts, including the amount of 
precipitation, the temporal and spatial distribution of that rainfall, the characteristics of a 
watershed that affect overland runoff, and the characteristics of stream channels. Of these 
variables, those that have traditionally been most difficult to capture for a specific storm 
event are the spatial and temporal characteristics of the precipitation. Historically, the 
spatial distribution of precipitation over a watershed has been estimated from a sparse 
network of precipitation gauges located in or near the watershed.  As an alternative to 
precipitation gauges, the National Weather Service (NWS) WSR-88D (Weather 
Surveillance Radar - 1988 Doppler) weather radar units have the potential to provide 
rainfall estimates at a spatial and temporal scale that can make a significant difference in 
the ability to provide reliable and more accurate forecasts of peak runoff, provided that the 
radar data are used in conjunction with a runoff model that is capable of adequately 
capturing the spatial detail of the precipitation. 

Watershed models have traditionally been “lumped” models that employ average values 
of hydrologic parameters over relatively large sub-areas of a watershed such that the 
spatial detail of precipitation is often lost when it is averaged over them. The 
computational speed of computers and increased availability of spatial hydrologic data 
have made distributed watershed models a more feasible approach in real time forecasting. 
In a distributed model, the watershed is subdivided into a grid, and hydrologic 
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characteristics are assigned to each grid cell based on the physical land and soil 
characteristics that exist in that cell and precipitation is then applied over each cell in the 
watershed with the runoff being computed and routed in two dimensions to the collecting 
channel. The strengths of such this approach are that the model parameters are largely 
physically based and that it allows the spatial variability of the land, soil, and precipitation 
to be captured with much greater detail than has previously been practical in watershed 
modeling. 

The objective of this paper is to document and demonstrate the potential for increasing 
forecast lead-time in predicting peak runoff through the combined use of radar and 
distributed modeling technologies with radar-based precipitation forecasts.  The 
physically-based raster hydrologic model CASC2D developed by Julien et al. (1995) is 
applied to the Hassyampa River watershed in Arizona and radar based rainfall estimates 
and forecasts are used as precipitation input to the model (Jorgeson, 1999). 
 
2. CASC2D MODEL OVERVIEW 

CASC2D is a physically based distributed watershed model that uses square grid cells to 
provide a spatially distributed representation of the watershed and precipitation domains 
(Julien et al., 1995).  The model consists of several major components including 
infiltration, overland routing, channel routing, upland erosion and sedimentation.  
Overland flow routing of excess precipitation and channel routing is based on an explicit 
solution of the diffusive wave form of the de St.-Venant equations, with the overland 
routing being performed in two dimensions and the channel routing in one dimension.  
Basic input requirements of the model are elevation, surface roughness, soil parameters, 
channel network, channel cross-sections, channel roughness, and precipitation.  Output 
from CASC2D includes outflow hydrographs and time series maps of surface water depth, 
infiltration rate, infiltration depth, soil moisture content, and distributed precipitation. 

Output from lumped parameter models is generally limited to discharge hydrographs 
for the various sub-basins in the model.  The CASC2D model, however, offers much more.  
In addition to discharge hydrographs, which can be defined for any number of locations in 
the channel network, the model computes and can generate time series maps of spatial 
output.  These time series maps include surface water depth, cumulative infiltration depth, 
surface soil moisture, infiltration rate, and distributed rainfall intensity.  For each of these, 
a map can be saved at specified time increments during a simulation.  These maps can be 
animated similar to a videotape or film loop to allow the user to easily see the complete 
temporal and spatial variation of each of the above parameters for the simulation. 

 
3. MODELING THE HASSYAMPA WATERSHED 

3.1 The Watershed 
The Hassyampa River basin covers approximately 1,111 km2 and is located to the 
northwest of Phoenix with the outlet of the basin approximately 75 km northwest of Cave 
Creek near Wickenburg, Arizona.  The Hassyampa River's headwaters are located in the 
Prescott National Forest, and the majority of the basin is in fairly mountainous terrain.  
The streams in the basin are generally steep and well incised with a very few washes in 
the lowest part of the basin.  The elevations in the basin range from 2,400 meters to the 
low elevation of 750 meters at the basin outlet.  Downstream of the gauging station near 
Wickenburg, the river flows south and ultimately into the Gila River.  Precipitation events 
in the area are typically of two distinct varieties.  High intensity, short duration 
thunderstorms are common in the late summer months while rainfall from slower moving 
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frontal systems generally occur in the winter and spring months (CH2M Hill, 1990).  Fig. 
1 provides a location map for the Hassyampa River basin. 

3.2 Data Collection 
The data that were collected for modeling the watersheds with CASC2D included digital 
elevation data, land use/land cover data, soil data, channel cross section and roughness 
data, precipitation data, and stream flow data.  Elevation data for the model was obtained 
from the United States Geological Survey (USGS) in the form of 1:250000 scale Digital 
Elevation Model (DEM) (USGS 1987).  The drainage basin area was determined using the 
TOPAZ (TOpographic PArameteriZation) model (Brigham Young University, 1998), and 
the resultant elevation grid resampled to a spatial resolution of 200 meters.   

 

 
Fig. 1  Hassyampa River Vicinity Map 

 
Overland routing in CASC2D requires a Manning n roughness parameter for each grid 

cell.  Manning n values were assigned based on the land use and vegetative cover that 
exists on a given cell.  Land use / land cover data at 1:250000 scale were obtained from 
the USGS which provide raster coverage at a spatial resolution of 200 meters (USGS, 
1990), and roughness coefficients based on data from Engman (1986) were assigned 
based on the land use category.  

To compute infiltration, CASC2D uses the Green-Ampt approach that requires values 
of saturated hydraulic conductivity, effective porosity, capillary suction head, and soil 
moisture deficit for each cell.  Soil data were obtained from the Natural Resources 
Conservation Service (NRCS) State Soil Geographic (STATSGO) Data Base (USDA, 
1994), and parameters assigned based on data from Rawls, Brakensiek, and Miller (1983). 

No detailed cross-section data were available for the Hassyampa River basin, so 
channel properties for that basin were assumed to be similar to those in the Cave Creek 
basin based on topography and contributing drainage area.  Channel data for the Cave 
Creek basin were obtained from a floodplain delineation study that was performed during 
1997 for the Flood Control District of Maricopa County, Arizona (George V. Sabol 
Consulting Engineers, 1997a and 1997b). Similarly, channel roughness values for the 
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Hassyampa River basin were assigned based on those for similar channels in the Cave 
Creek basin. 

3.3 Model Calibration and Verification 
The CASC2D model of the Hassyampa River was calibrated using observed precipitation 
and discharge data from an event in February 1995. The two principal criteria used in the 
calibration process were the peak discharge and the time to peak. Adjustments were made 
to the initial assumed values for the soil moisture deficit and surface roughness parameters, 
and Table 1 provides a summary of the modeled peak and time to peak compared to the 
observed data.   

Table 1  Calibration Results for Hassyampa River– February Event 

Hydrograph Peak Flow Time to Peak 
Observed 13,061 cfs 2,700 min 
CASC2D 13,796 cfs 2,697 min 

% Difference 5.6 % 0.1 % 
 

 
Fig. 2a  Rain, Surface Depth and Cumulative Infiltration - Time = 24 hours. 

 
Fig. 2b  Rain, Surface Depth and Cumulative Infiltration - Time = 36 hours. 
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Fig. 2c  Rain, Surface Depth and Cumulative Infiltration - Time = 48 hours. 
 

 
 

Fig. 2d  Rain, Surface Depth and Cumulative Infiltration - Time = 60 hours. 
 

As an illustration of the types of spatial and temporal output that are available from 
CASC2D, Fig. 2 provides color images from the CASC2D model output for the February 
calibration event on the Hassyampa River watershed.  This figures contains images of the 
rainfall, surface water depth, and cumulative infiltration volume at one specific snapshot 
in time, and similar images can be produced for any or every time step throughout a 
simulation. 

Fig. 3 shows the CASC2D computed and the observed hydrographs for this calibration 
event.  Data were available for one additional runoff event from March 1995 with which 
to verify the calibration parameters for the Hassyampa River model.   
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For verification of the model, the calibration parameters were used, with the exception 
of the initial soil moisture conditions.  The initial soil moisture deficit for the March event 
was adjusted to a 10% deficit in the verification process.  With this sole adjustment to the 
model parameters, the model was run and the validation hydrographs are shown in Fig. 4. 
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Fig. 3  Hassyampa River Calibration Hydrographs - February Event 
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Fig. 4  Hassyampa River Validation Hydrographs – March Event 

 
4. FORECASTING 

4.1 Background 
In the field of hydrology, the term forecasting refers to the estimation of conditions at 
some specific future time.  Forecasts may be classified based on the forecast lead-time, 
where lead-time refers to the time interval into the future for which the forecast is made. 
Forecasts with lead times less then 7 days may be referred to as short-term forecasts and 
long-term forecasts are those with longer lead times that may extend up to several months 
into the future.  Short-term forecasts are generally used for flood warning, real-time 
operation of water control structures, and for military operations.   

When choosing a conceptual or deterministic model with which to perform forecasting, 
the basic choices include models based on channel routing, those based on rainfall-runoff 
processes, or some combination thereof.  In determining which class of model best fits the 
forecasting application, one primary criterion is the relationship between the required 
forecast lead time and the hydrologic response time of the basin, which is often measured 
as the time of travel from the most remote point in the basin to the forecast point.  If the 
required forecast lead-time is greater than the hydrologic response time of the basin, then 
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it is necessary to incorporate forecast of future precipitation into the model.  If the forecast 
lead-time is shorter than the response time of the basin and that response time is 
dominated by routing of the flood through the channel system, then flow forecasts may be 
based on flow observations made upstream of the forecast point using channel routing 
models.  This situation will exist for larger river systems such as the Mississippi.  If the 
forecast lead-time is shorter than the response time and the response time is dominated by 
the overland flow or time of concentration in the basin, then a rainfall-runoff model may 
be used to generate forecasts using observed rainfall from the basin.  This will typically be 
the case in smaller watersheds.  Another criterion to consider is the ratio of the spatial 
scale of the precipitation event to the spatial scale of the basin.  If the areal extent of the 
precipitation event is much smaller than the size of the watershed, then a model that 
assumes uniform precipitation over the entire basin may prove to be inaccurate.  In such 
cases the watershed must be subdivided into smaller sub-basins in order to capture the 
spatial distribution of the rainfall event adequately (Lettenmaier and Wood, 1993). 

Each of the above scenarios could conceivably lead a forecaster to select a different 
model, i.e., a rainfall-runoff model, a channel routing model, or some combination of both.  
However, the CASC2D model simulates both the rainfall-runoff and channel routing 
processes in a basin such that it could theoretically function in any of the scenarios 
discussed in the previous paragraph.  The grid-based structure of the model also lends 
itself ideally to capturing the spatial distribution of even the smallest precipitation events.  
It is from this foundation that an investigation of the feasibility and applicability of the 
CASC2D model for flow forecasting has been pursued and is presented herein. 

4.2 Modeling Procedure 
The procedure followed by Jorgeson (1999) for using the CASC2D model to predict peak 
flow using radar data consisted of the using the calibrated CASC2D model of the 
Hassyampa River basin with calibrated radar rainfall data as the precipitation input.  The 
response time of the Hassyampa River watershed is less then 24 hours, and for this work 
the assumption was made that the required forecast lead-time is greater than 24 hours.  
Thus, it was desirable to incorporate forecasts of future precipitation into the modeling 
process.  These precipitation forecasts were generated from the radar rainfall images and 
were combined with observed precipitation to create the rainfall input file for the model at 
each forecast time increment.  The forecast procedure was started when the first rainfall 
was forecast to fall over the basin, and the input data were updated at 30-minute intervals 
as new observed data became available through the end of the event.  The following 
sections describe the process that was followed for generating precipitation forecasts, how 
those forecasts were combined with observed precipitation, and how the procedure was 
conducted to use updated precipitation information throughout each of the events. 

4.3  Precipitation Forecasts 
The approach that was used to generate precipitation forecasts involved extrapolation of 
precipitation patterns based on estimated velocity data from radar images.  In this 
approach, observations of a storm from two successive radar images at 30-minute time 
intervals were inspected, and the centroid of the rainfall pattern from each observation 
was determined.  Then, based on the movement of the centroid over the 30-minute time 
interval between the two observations, an estimate of the velocity of the storm was 
generated.  For example, if during a particular 30-minute time interval the centroid of a 
rainfall pattern moved 10 km in an easterly direction, then the velocity of the storm was 
estimated as 20 km/hr to the East.  The assumptions were then made that this estimated 
velocity would remain constant into the future and that the spatial rainfall pattern would 
remain constant.  Based on these assumptions, the most recent rainfall pattern was simply 
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extrapolated into the future.  This is illustrated in Fig. 5 and 6 that show the rainfall 
pattern at two points in time.  In Fig. 5, the location of the centroid is shown as 354900 
(meters East), 3785050 (meters North).  Fig. 6 shows this same storm 30 minutes later 
when the centroid of the rainfall pattern is 362850, 3785000.  So, during this 30 minute 
time interval the centroid of the storm moved 7.95 km East and 0.05 km South.  To 
generate the forecast of future precipitation, the assumption was made that the rainfall 
pattern would remain constant and would continue to move over the watershed at a 
constant velocity.  Thus, the rainfall pattern in Fig. 6 was moved in space at a constant 
velocity of  15.9 km/hr East and 0.1 km/hr South until it passed over the watershed. 
 

 

V 

Fig. 5  Radar Precipitation at 21:00              Fig. 6  Radar Precipitation at 21:30 
 

It is apparent from viewing Fig. 5 and 6 that at this point in the rainfall event 
precipitation is already falling on the watershed.  At the point in the forecast process when 
the first precipitation was observed to actually fall on the watershed, that observed 
precipitation was used as the rainfall input to the model up to that point in time and the 
extrapolated rainfall as described above was used as the forecast precipitation.  Again, this 
procedure was repeated every 30 minutes using updated radar observations through the 
end of the event.  There are certainly other methods of generating precipitation forecasts 
from radar observations, and this method is but one approach that does have the advantage 
of simplicity and ease of application, and for short term forecasts the accuracy of this 
approach has been shown to be reasonably close to that of more complex methods.          

4.4  Peak Flow Prediction 
Using the precipitation forecasts discussed in the previous section, predictions of peak 
flow were generated with the CASC2D model of the Hassyampa River basin for the 
February and March events.  The approach followed in this process was to run the model 
starting with the first observable precipitation that was forecast to proceed over the basin.  
This first forecast step occurred before any precipitation actually hit the watershed and 
was repeated with updated radar rainfall data at 30-minute intervals until the precipitation 
event stopped and runoff from the basin receded.  Prior to any rainfall actually falling on 
the basin, only forecast precipitation was used in the models.  Once precipitation actually 
fell over the watershed, the model was run with the observed radar rainfall data as input 
up through the time at which the forecast was being generated.  From that point forward in 
time, the precipitation input was generated from the precipitation forecasts as detailed in 
the previous section.  This process was repeated using updated data every 30 minutes 
throughout each of the two events. 
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4.5  Peak Flow Results 
At each 30-minute time interval throughout both of the precipitation events, the CASC2D 
model of the Hassyampa River was run two times.  One run used only observed 
precipitation up to that point in time, and the other run used observed precipitation up to 
that point in time and forecast precipitation forward in time.  The CASC2D program was 
modified for this purpose to accept two rainfall input files.  The first input file contained 
the observed precipitation data, and the second input file contained the most recent radar 
image and the projected velocity with which that rainfall pattern should proceed across the 
watershed.  Using that velocity data, the rainfall pattern was moved the appropriate 
distance at each 30-second model time step to simulate the movement of that storm over 
the watershed.  The model used the observed rainfall data up to the point in time at which 
the forecast was being made, and from that point in time forward the model switched to 
the forecast data.  Updated information was incorporated at 30-minute time intervals to 
generate new input files for the observed and forecast precipitation and the model was 
rerun using these updated data. 
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Fig. 7  Forecast Model Results with Precipitation Forecasts (February Event) 

 

0
50

100
150
200
250
300
350
400
450

30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60

Time (hr)

D
is

ch
ar

ge
 (m

3 /s
)

Lead = -13 hr Lead = -11 hr Lead = -9 hr

Lead = -7 hr Lead = -5 hr Observed Hydrograph

 
Fig. 8  Forecast Model Results with Precipitation Forecasts (February Event) 
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The following results depict the model output for both model runs at each 30-minute 
time interval throughout the forecast process.  Incorporation of the precipitation forecasts 
did increase the lead time at which the total precipitation for each event was estimated, so 
flow forecasts using the observed and forecast precipitation should be able to predict the 
peak discharge for each event several hours earlier than using the observed precipitation 
alone.  Fig. 7 and 8 show the forecast model results for the February rainfall event that 
were made at lead times of -13, -11, -9, -7, and -5 hours along with the observed 
hydrograph for the event. 

Fig. 7 contains results for the model runs with precipitation forecasts included, and Fig. 
8 includes model results with only observed precipitation accounted for.  Fig. 7 shows that 
the precipitation forecasts 11 hours prior to the peak enabled the model to forecast the 
event peak within about 10%.  Fig. 8, on the other hand, shows that when only observed 
precipitation was accounted for, the event peak was not forecast to that level of accuracy 
until about 5 hours prior to the occurrence of the peak.  Thus, incorporation of the 
precipitation forecasts increased the forecast lead-time by 6 hours for this event.  This 
same procedure was used for the March event on the Hassyampa River.  Fig. 9 and 10 
show the model results for the March event made at lead times of -11, -9, -7, and -5 hours 
along with the observed hydrograph for the event. 

 
5. CONCLUSIONS 

The CASC2D distributed watershed model was used to simulate rainfall-runoff events on 
the Hassyampa River watershed in Central Arizona.  The CASC2D model was calibrated 
using observed rainfall data and observed stream flow data for an event that occurred in 
February 1995.  The model was also validated using data from a March 1995 event after 
changing only the antecedent soil moisture condition.  The model was able to reproduce 
the peak flow from this validation event matching both the peak runoff and time of peak 
extremely well. 

An application of the use of radar rainfall data as input to the CASC2D model was then 
presented.  In this application, radar images were used to generate precipitation forecasts 
based on a method of linear extrapolation of the precipitation pattern.  The CASC2D 
model for the Hassyampa River was used with radar data for two precipitation events.  For 
each event, the model was run both with precipitation forecasts and without precipitation 
forecasts at 30-minute intervals.  This approach shows that the CASC2D model can be 
used with precipitation forecasts from the WSR-88D radar data to increase the lead-time 
at which the peak runoff for an event might be predicted.  Results indicated that the 
forecast lead-time was increased by as much as 6 hours on the Hassyampa River with the 
precipitation forecasts. 

 
ACKNOWLEDGEMENTS 

Support for the research documented in this paper was provided by the U.S. Army 
Engineer Research and Development Center through their Long Term Training and In-
house Laboratory Independent Research (ILIR) programs.  Permission to publish was 
granted by the Chief of Engineers. Support at the CSU Center for Geosciences under 
ARO/DAAL01-98-2-0078 is also gratefully acknowledged. 
 
REFERENCES 
Brigham Young University, 1998.  WMS Reference Manual, Engineering Computer Graphics Laboratory, Provo, 

UT, 466p. 

 32



CH2M Hill,  1990.  Final hydrologic and Hydraulic Report for Cave Creek / Carefree Flood Delineation Study, 
prepared for Flood Control District of Maricopa County, Phoenix, AZ. 

Engman, Edwin T,  1986.  Roughness Coefficients for Routing Surface Runoff, Journal of Irrigation and Drain-
age Engineering, Vol 112 (1), ASCE, pp. 39-52. 

George V. Sabol Consulting Engineers, Inc,  1997a.  Cave Creek above Carefree Highway Floodplain Delinea-
tion Study - Technical Data Notebook Hydrology - Existing Condition, prepared for Flood Control District of 
Maricopa County, Scottsdale, AZ. 

George V. Sabol Consulting Engineers, Inc,  1997b.  Cave Creek above Carefree Highway Floodplain Delinea-
tion Study - Technical Data Notebook Hydraulics - 100-Year Floodplain and Floodway (Natural) Delinea-
tion, prepared for Flood Control District of Maricopa County, Scottsdale, AZ. 

Jorgeson, J.D. 1999.  Peak Flow Analysis using a Two-dimensional Watershed Model with Radar Precipitation 
Data, Ph.D. dissertation, Civil Engineering Department, Colorado State University, Fort Collins, Colorado, 
192 p. 

Julien, P.Y., B. Saghafian and F.L. Ogden. 1995. Raster-based Hydrologic Modeling of Spatially-varied Surface 
Runoff, Water Resources Bulletin, AWRA, Vol. 31(3), pp. 523-536. 

Lettenmaier, D.P. and E.F. Wood.  1993.  Hydrologic Forecasting, Chapter 26 in Handbook of Hydrology, 
Maidment, D.R., Ed., McGraw-Hill, New York, NY. 

Rawls, W.J., Brakensiek, D.L. and Miller, N.  1983.  Green-Ampt Infiltration Parameters from Soil Data, Jour-
nal of Hydraulic Engineering, ASCE, Vol. 109(1), pp. 62-70. 

U.S. Department of Agriculture (USDA).  1994.  State Soil Geographic (STATSGO) Data Base - Data Use In-
formation, Soil Conservation Service, Miscellaneous Publication Number 1492, Fort Worth, TX, 106p. 

U.S. Geological Survey (USGS).  1987.  Digital Elevation Models - Data Users Guide 5, U.S. Department of the 
Interior, Reston, VA, 39p. 

U.S. Geological Survey (USGS).  1990.  Land Use and Land Cover Digital Data from 1:250000 and 1:100000 
Scale Maps - Data Users Guide 4, U.S. Department of the Interior, Reston, VA. 1990, 54p. 

 

 33



 

34 

Flood Defence ’2002, Wu et al. (eds)© 2002 Science Press, New York Ltd., ISBN 1-880132-54-0 

Keynote lecture: 
Flood defense in The Netherlands: a new era, a new approach 

 
H.T.C. van Stokkom  
Ministry of Transport, Public Works & Water Management, Division East, Gildemeesterplein 1 
6800 ED Arnhem, The Netherlands, E-mail: h.t.c.vstokkom@don.rws.minvenw.nl 

 

A.J.M. Smits 
University of Nijmegen, Nature Conservation of Stream Corridors  
Toernooiveld 1, 6500 GL Nijmegen, The Netherlands 

Abstract: Intensive land use and far-reaching alterations to the fluvial hydrosystem, made feasible by 
technological developments in the past century, have reduced the hydromorphological resilience of 
the Rhine and Meuse river basins. Because the hydromorphodynamic processes could be controlled to 
a greater extent, residents of the riverine areas lost their sense of the natural dynamics of river systems, 
and further urbanization of areas prone to flooding took place without the potential dangers being 
recognized. It was particularly in the low-lying polders of The Netherlands that the potential damage 
from flooding increased tremendously over time. The Dutch Ministry of Transport, Public Works and 
Water Management is currently trying to achieve sustainable water and river management by 
developing and implementing a new approach to flood defense. In addition to the implementation of 
technological measures, the government aims to create more space for the rivers, combined with 
objectives from other policy areas, including the reconstruction of rural areas, development of the 
ecological infrastructure, surface mineral extraction, land use and other area-specific projects such as 
housing schemes.  

 

This approach is not confined to The Netherlands: similar concepts have recently been introduced 
at various other locations in the Rhine and Meuse river basins. The new approach requires land-use 
changes and introduces new scientific research issues relating to land and water use, 
hydromorphology, river management and socio-economics. This paper discusses this new approach 
and related scientific developments.  

 
Keywords: sustainable flood defense strategies, hydromorphology, habitat restoration, 

socio-economics, public-private enterprises. 
 

1. INTRODUCTION 

Located in the delta formed by the Rhine and Meuse rivers, The Netherlands has a long 
history of adapting the natural water and river systems to user functions such as housing, 
agriculture and shipping. Fig 1 provides an overview of the Rhine and Meuse river basins. 
The “everlasting fight” against floods in this small country, much of it situated well below 
sea level, is legendary. Large parts of The Netherlands are still subsiding, while the sea level 
is rising. Approximately 25% of the country is currently situated below mean sea level (by 
up to 6.7 m). Without the dikes and dunes along the coast, 65% of the most densely 
populated part of The Netherlands would be flooded every day. Huisman et al. (1998) 
presented a historic overview of geographic and hydrological aspects of The Netherlands 
and described the organizational and legislative developments of water management. 
Originally, the water boards, Netherlands oldest democratic institutions, took care of flood 
protection and land reclamation. However, the water boards tended to focus on regional 
interests, which frequently led to controversial management measures and sometimes to 



 

dangerous situations. Since 1798, the overall responsibility and coordination of water 
management in The Netherlands has been a governmental task (Van de Ven 1976), and the 
Directorate-General of Public Works and Water Management (Rijkswaterstaat) was created 
to fulfill this task. 
 

 
Fig. 1  The Rhine and Meuse basins. For extensive data see Middelkoop and Van Haselen 1999. 

The spectacular technological developments of the past century allowed far-reaching 
alterations to be introduced to the hydrosystem in the Rhine and Meuse river basins. In the 
short term, these alterations benefited agriculture, navigation, and flood protection. 
However, the large-scale reclamation of wetlands and the regulation and harnessing of 
rivulets reduced the hydromorphological resilience of both river basins. This meant that the 
water and sediment discharge patterns were affected in such a way that periods of high or 
low precipitation rates are now immediately reflected by extreme high or low water levels 
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in the river. The large-scale draining of agricultural land and the expanding urbanized areas,  
consisting almost completely of impervious materials, caused rapid run-off of rainwater and 
subsequent high water discharge peaks in the river. River regulation schemes and the diking 
of floodplains augmented this problem (Dister et al. 1990). For instance, the length of the 
river Meuse downstream of Grave has decreased by nearly 30 percent due to meander 
cut-offs (Middelkoop and van Haselen 1999). In addition, the morphological resilience of 
both river basins was affected by the large numbers of sluices, weirs, dams, groins and 
fortified riverbanks which impeded the replenishment of the bed load. In the Rhine, this has 
resulted in ongoing riverbed erosion at several locations (Anonymous 1993). 

The above developments came about gradually. Technological innovations made it 
possible to alter the hydrosystem in favor of particular user functions and people started to 
lose their sense of the natural hydrodynamics of river systems and the related threat of 
flooding. Further urbanization of areas prone to flooding was undertaken without 
recognizing the potential danger. It was particularly in the delta, in the low-lying polders of  
The Netherlands, that potential flood damage increased tremendously in the course of time. 
After the near floods of 1993 and 1995, the countries along the rivers Rhine and Meuse 
realized that the traditional approach to land and water management had to be 
fundamentally changed, an awareness that was further raised by the high water discharges 
of 1998. Within the context of an international agreement, it was decided that considerable 
efforts would be made in the near future to restore the resilience of the Rhine and Meuse 
river basins (Anonymous 1995). Each country was to select the appropriate measures to 
restore the hydromorphological resilience of the relevant part of the river basin, from the 
perspective of the river basins as a whole. Up to now, the countries of the Rhine river basin 
have made considerable progress in selecting and implementing these measures 
(Anonymous 1998), and the countries of the Meuse river basin are expected to follow suit. 

2. FLOOD DEFENSE STANDARDS IN THE NETHERLANDS: DESIGN  
WATER DISCHARGES AND DESIGN WATER LEVELS  

It took some time for people to recover from the anxiety caused by the floods of 1993 and 
1995. In 1995, some 250,000 people were evacuated from their homes for some days due to 
the questionable stability of dikes that had been exposed to protracted flooding and had 
become saturated with water. The estimated economic damage to agriculture, industrial 
activities and private enterprises amounted to about 1 billion US dollars. Thereupon the 
Dutch government adopted a policy aimed at minimizing the potential damage, raising 
awareness among the public, improving international early-warning systems and 
developing measures to increase flood safety levels, preferably in an international context.  
The government immediately decided to initiate the so-called Major Rivers Delta Plan 
(Olsthoorn and Tol 2001), which stipulated that all river dikes had to be adapted to meet 
current standards. However, as a result of the near floods in 1993 and 1995, the design 
discharge in the river regions of The Netherlands will end up being higher than those used 
up to now as a basis for calculating dike heights (design water levels).  

The design discharge is derived using a statistical analysis of discharge peaks that have 
occurred in the past (Silva et al. 2001). For example, measurements in the Rhine at Lobith 
(where it enters The Netherlands) have been taken since the year 1901. Firstly, a so-called 
homogenization of the flow measurements series is conducted. The Rhine catchment area 
has changed a great deal in the course of time, which has resulted in changes to the river’s 
discharge characteristics: the same precipitation pattern in the catchment area now leads to 
a different flood wave at Lobith, in terms of height as well as shape, than was seen at the 
beginning of the 20th century. In order to derive the design discharge under the present 
circumstances, discharge peaks measured in the past have been corrected to accommodate 
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alterations in the catchment area that have occurred in the 20th century.  
In terms of height, width and slope, dikes are designed to withstand the discharge of 

floodwater for a pre-determined length of time, based on specific technical guidelines. The 
design water level forms an important starting point, this being the water level that the dike 
must be able to hold back safely. This water level has a certain probability of occurring that 
corresponds to the level of protection chosen for the various dike regions. These levels of 
protection, which can be regarded as safety standards, are laid down in flood management 
legislation. Additionally, factors such as wind set-up and wave run-up are taken into 
consideration, for which a certain freeboard is maintained. This has resulted in the dike 
rings in the areas of the Rhine branches nearly all having a safety norm of 1/1250 per year. 
In other words, the probability that the river water will rise above the design water level 
must not be higher than 1/1250 in one year. In the western part of the country, safety norms 
are significantly higher, for instance 1/2000 up to 1/10000 in the “Central Netherlands” dike 
ring, a region including the cities of Amsterdam, The Hague and Rotterdam, and the area 
they enclose. This is associated with the greater economic interests and population densities, 
but also with the difficulty in predicting storms at sea, which carry a higher risk of victims, 
and with the fact that seawater is salty and thus causes greater damage in the event of 
flooding.  

In 2001, the design water levels were reviewed within the context of the flood 
management legislation. For the Rhine branches, it was decided to increase the design 
discharge at Lobith from 15,000 to 16,000 m3 /s. Without the implementation of further 
measures, this also means higher design water levels. If the design discharge at Lobith is 
known, then the design water levels on the Rhine branches can be calculated, using 
two-dimensional computer models simulating water discharge and water levels in the river. 
The design discharge is set at the upstream boundary of the model, i.e., at Lobith. The 
model then calculates the discharge across the three Rhine branches and the corresponding 
water levels. 
 
3. ROOM FOR THE RIVERS 

In its Fourth Memorandum on Water Management, the Dutch government stated that 
engineering measures that are sustainable are preferred to meet the desired level of safety 
(Anonymous 1999). This means that measures should be devised and implemented which, 
despite the increased design discharge, prevent a new round of raising and reinforcing dikes. 
Thus, expanding the floodplain of a river by moving dikes further inland is preferred to 
raising the dikes. Taking the effects of climate change (increased rainfall and rising sea 
levels) into account, merely raising the dikes is pointless in the long term. Moreover, 
periodically reinforced and raised dikes may give local authorities and citizens a false sense 
of security, resulting in extensive private and public investments for structures inside the 
embanked areas. Therefore, the Dutch government has initiated a shift from “traditional” 
flood protection policies (i.e. merely dike raising and draining polders) towards creating 
increased water discharge capacity, i.e., creating more room for the river. Changing 
land-use functions and creating more room for the river is difficult but effectively 
anticipates future developments. Within this context, concrete management measures have 
been formulated, some of which had already been considered earlier, while others were new. 
With respect to the projects included in this plan, particular attention was given to 
increasing the water discharge capacity of the rivers and other goals within the framework 
of the Action Plan on Flood Defense for the Rhine (1998). Additional funding has been 
provided by the European Commission to implement these projects in the Rhine and Meuse 
basins. Moreover, studies carried out in The Netherlands during the period 1995-2002 have 
examined the options for increasing the water discharge capacity as well as the storage of 
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water (called “Meuse works” for the Meuse river; “Room for the Rhine Branches (RfR)” 
for the Rhine branches; “Integrated Exploration of the Lower River regions (IVB)” for the 
downstream sections of the Rhine branches and Meuse; and “Water Management in the 
Lake IJssel Region (WIN)” for the lake IJssel region). All of these studies have made it 
clear that water management can no longer been seen as a separate issue, unrelated to nature 
conservation policies and spatial planning. As the Dutch government puts it: “By opting for 
room for the river, possibilities elsewhere in the river regions will need to be found for a 
number of activities. Room for the river will not be able to exist without consequences for 
the public planning policy in the rural areas” (Anonymous 2000). The results of these 
studies are being used in some surveys at regional and national levels to determine the 
appropriate set of measures for each river section in The Netherlands. The 
Directorate-General for Public Works and Water Management bears the overall 
responsibility for selecting and implementing the appropriate flood defense measures along 
the Rhine branches and the river Meuse in The Netherlands. The decision-making process 
will take place within the context of the national Key Planning Decision procedure, which 
includes public participation in the decision-making process, and provides the legislation 
(including expropriation if necessary) required to implement the selected measures.  

The Dutch government realizes that policies and management measures can only be 
successful with sufficient public support. Therefore, local and regional authorities as well as 
non-governmental agencies are involved in these studies. In the meantime, additional 
spatial planning policies and legislation have become operative (since 1995), protecting the 
(remaining) floodplain area against building and housing projects (Anonymous 2001). 
 
4. CLIMATE CHANGE AND A NEW APPROACH TO WATER MANAGEMENT 

IN THE 21ST CENTURY 

4.1 Climate Change 
Future climate changes could influence precipitation levels to such a degree as to result in 
extreme discharges in the Rhine and Meuse. Under such circumstances, however, it can also 
be assumed that flooding and/or supplementary water storage measures along the upper 
Rhine would lead to an upper limit to the discharge in the downstream direction. 
Developments in the levels of precipitation in the central and northern sections of the Rhine 
and Meuse catchment areas in particular will influence the level of discharges in The 
Netherlands. An approximate analysis taking flooding along the Upper Rhine into 
consideration shows that, assuming a 4° C temperature increase in the next century (the 
highest estimate for the climate effect in 2001), a discharge increase at Lobith of 18,000 
m3/s around 2100 cannot be ruled out (Silva et al. 2001). If floods and storage measures 
along the Upper Rhine are not taken into account, a 4°C temperature increase would mean a 
discharge at Lobith of more than 19,000 m3/s. One must also remember that the Lower 
Rhine imposes a limit on the amount of water that can reach The Netherlands: 17,500 to 
18,000 m3/s, which is the estimated discharge rate at which flooding can occur along the 
Lower Rhine.  

For the last 1000 years, sea water levels measured along the Dutch coast have become 
higher and higher. This is caused not only by the sea level rising in the absolute sense of the 
word, but also by the coastal areas subsiding. The combination of these two effects is called 
relative sea level rise, and it amounts to 20 cm per century. It is expected that this trend will 
continue in the near future.  

Like river discharges, the consequences of climate change on sea level must also be taken 
into account. Various scenarios have been developed for this situation. The mid-range 
estimate of a 1°C increase in temperature around the year 2050 would cause a relative sea 
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level rise of 25 cm. The highest estimate of a 2°C increase corresponds to a sea level rise of 
45 cm around 2050. The sea level rise in 2015, the year envisioned for achieving sustainable 
flood defense in The Netherlands, can be derived from these previous figures; the highest 
estimate will then be around 15 cm (Silva et al. 2001). 

4.2 New Approach  
For centuries, spatial planning in the low-lying Netherlands has been a matter of separating 
land and water and maintaining this separation. The Netherlands has benefited from this, 
considering the fact that two-thirds of the gross national product (around 2000 billion US 
dollars annually) is generated domestically (Anonymous 2000). However, climate changes 
are increasing the likelihood of floods and water-related problems. In addition, the 
population density continues to grow, as does the potential of the economy and, 
consequently, the vulnerability of the economy and society to flood disasters. These two 
undesirable developments add up in terms of safety, creating a growing risk with even 
greater consequences. As such, the safety risk is growing at an accelerated pace (safety risk 
= probability of flooding multiplied by flood damage). In 1999, the junior minister of 
Transport, Public Works and Water Management and the president of the Union of Water 
Boards established the Advisory Committee on Water Management in the 21st Century 
(Anonymous 2000). This Committee was charged with “developing recommendations for 
desirable changes to the water management policy in our country, focusing on the 
consequences of climate change, rising sea levels and land subsidence”. In 2001, this 
Committee produced some guidelines for future water management in The Netherlands. 
The Dutch government enacted these guidelines in the new approach to ensure safety and 
reduce water-related problems in the 21st century. They comprise: 

1) Awareness; citizens are insufficiently aware of problems associated with water. The 
government will improve communication on the nature and scope of these risks and, 
in addition to its own efforts, will offer individuals the opportunity to contribute to 
risk reduction. 

2) Three-step-strategy; the need for a new approach to ensure safety and reduce 
water-related problems founded on a number of underlying principles; 

- anticipating instead of responding; 
- not shifting water management problems to others, by following the three-step 

strategy (retaining, storing and draining) and not shifting administrative 
responsibilities to others; 

- allocating more space to water in addition to implementing technological 
measures. 

3) More room for the river; in addition to implementing technological measures, 
allocating more space for the (occasional) storage of water is required. Wherever 
possible, this space must also serve other objectives that are compatible with water 
storage.  

4) Spatial planning; the primary goal is maintaining the discharge capacity of the river 
by legislation preventing non-river-linked human activities in the floodplains and by 
adapting municipal zoning schemes. Furthermore, within the context of spatial 
planning, a “water test” must prevent the gradual decrease in the space allocated to 
water caused by land-use, infrastructure, housing and other projects. For the Rhine 
branches, a study has been conducted focusing on water storage areas or dike 
relocation based on a possible future design discharge of 18,000 m3/sec.  
Subsequently, a study has been initiated on the pros and cons of so-called 
“emergency storage polders” in order to cope with discharges even higher than 
18,000 m3/s.  
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5) Knowledge; the new water management approach imposes new demands on the 
coordination and distribution of knowledge and on education relating to water and 
river management. 

6) Responsibilities; the government, provincial authorities, water boards and municipal 
authorities are all responsible for ensuring safety and limiting water-related problems. 
Administrative agreements about the division of tasks and co-operation must ensure 
rapid and effective implementation of measures. A review has been conducted to 
assess the suitability of the relevant present legislation for a rapid implementation of 
“room for the river” projects and to see if this legislation needs to be adapted. 

7) Investments; developments in terms of climatic change and land subsidence, as well 
as the new approach, require repeated additional investments in both the national and 
regional water management systems. 

8) International co-operation; international co-operation on flood protection and water 
management must be intensified.  

As regards the latter point, considerable efforts have been invested and clear results have 
been obtained. In particular, the co-operation within the International Commission on the 
Protection of the river Rhine and the political agreement on a mutual approach between the 
German NordRhein-Westphalen region and the Dutch province of Gelderland and the 
Directorate-General of Public Works and Water Management deserve to be mentioned here. 
This agreement was prolonged for another five years by the respective governments on 23 
May 2002. Although the specific measures on both sides of the German-Dutch border may 
differ in character, (such as that the new dikes to be constructed in Germany are one meter 
higher than required by Dutch standards), the exchange of information, knowledge and 
views has led to an open and fruitful co-operation. Thus, a cross-border decision support 
system is under development and the respective dike design concepts and parameters are 
being compared and attuned. This co-operation has also led to a computer-assisted model 
for improved calamity management (Anonymous 2001a). Furthermore, a bilingual 
magazine is issued periodically to inform the public of the progress being made. During the 
successful cross-border conference in November 2001 in Nijmegen, The Netherlands 
(Smits et al. 2002), civilians, young people and scientists worked together in developing 
proposals for improved flood protection awareness.  

In the context of the International Commission on the Protection of the Rhine river 
(ICBR) a so-called “Rhine Atlas” was published (Anonymous 1998). This is a collection of 
maps showing the potential damage that would result if a breach of the dikes should occur 
along the river Rhine. The purpose of this “atlas” is to increase the awareness of 
decision-makers involved in spatial planning, flood management and water management. 
The total amount of potential damage was found to add up to 100 billion US dollars for the 
entire catchment area of the river Rhine, including 80 billion US dollars for the Dutch 
section. 

In the above list, point 2  (three-step-strategy) is of particular interest because it extends 
beyond the borders of The Netherlands and can be applied to small and large stream 
corridors, even to the level of entire river basins. In fact, other Rhine and Meuse riparian 
states have already adopted similar concepts. The innovative character of the new approach 
lies in the way this three-step strategy is implemented. In contrast to the traditional 
approach, which primarily involved engineering measures (such as dikes, sluices, weirs and 
dams), solutions are now preferably sought in restoring the natural hydromorphological 
processes of stream corridors, expanding the floodplains with previously reclaimed land 
and adapting user functions. The following section illustrates this new approach with some 
practical examples related to small rivulets (catchment area) and sections of the rivers 
Rhine and Meuse. 
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5. IMPLEMENTING THE THREE-STEP STRATEGY  

5.1 Catchments Area: Retaining Water by Restoring the Hydromorphodynamics of 
Rivulets 

Although water boards and river managers have acquired great expertise in regulating 
rivulets and rivers, they have little experience in reversing this process without increasing 
flood risks and adversely affecting the waterway (in terms of navigation). Recently, there 
have been attempts to restore the dynamic hydromorphology of small streams and rivulets 
at several locations in the catchment area of the Rhine and Meuse (Nijland and Cals 2001). 
Harnessing structures have been removed from the banks and in some cases wooden 
constructions or tree trunks have been deliberately placed in the stream to increase the 
hydromorphodynamics. While at first, these experiments merely aimed to improve 
biodiversity by restoring the morphological diversity of the hydrosystem, a 
morphologically diverse hydrosystem with riparian vegetation also retains water in the 
catchment area. Moreover, it provides better conditions for the replenishment of 
groundwater supplies and bed load, reducing riverbed erosion (In contrast to some river 
systems, the Rhine is a sediment-poor hydrosystem.). These advantages are lacking with the 
traditional methods of retaining water (by means of sluices and small dams). At present, 
numerous projects are being carried out in the Rhine and Meuse basins to stimulate the 
interaction between water flow and sediment (hydromorphological processes), with 
financial support from the European Union and various ministries of the Rhine and Meuse 
riparian countries.  

5.2 Upstream Aand Midstream River Sections: Temporarily Storing Water and 
Delaying Run-Off 

In the midstream and lower parts of the river basin –especially in The Netherlands– 
discharges of inflowing rivulets river branches should be preferably fine-tuned in time and 
add up to the expected discharge of the main stream. In addition to water retainment in the 
upper parts of the river basin as described in the previous section, water should be stored 
temporarily in the rivulet systems themselves or, for instance, in medium-scale retention 
areas.  

Another example of retention by habitat rehabilitation instead of building dams, but on a 
larger scale, is to be found along the so-called “Grensmaas”, the section of the river Meuse 
which forms part of the border between Belgium and The Netherlands (Leussen et al. 2000). 
This river section is being transformed into a natural riverbed, which functions as a natural 
retention area. Modified gravel extraction is used to widen the floodplains, and an attempt is 
made to restore the original hydromorphological processes. Navigation is limited to an 
existing shipping canal parallel to this river section. The “Grensmaas” project is a joint 
Dutch-Belgian undertaking. 

In the lower parts of The Netherlands, polders allow people to live safely along the main 
rivers. As we have seen, water boards play an important role in water management and 
flood defense in these areas. Apart from dike surveillance and maintenance, water boards 
strive to create more room for water storage by pumping water from the polder into the river 
system. This strategy is used to cope with periods of heavy precipitation.  Besides measures 
along the rivulets and mid-sized rivers, the respective catchment areas offer opportunities 
for retaining or temporarily storing water. These opportunities frequently have serious 
impacts on present zoning schemes for new housing activities or industrial estates. 
Municipal authorities have the final responsibility for these schemes, whereas regional or 
national governments have limited powers in this regard. Therefore, the water boards have 
intensified their communication with municipal and regional authorities to induce them to 
adapt physical plans. A so-called water test is being added to the present legislation to 
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examine the future effects of proposed zoning schemes in terms of water and flood 
management standards (Anonymous 2001). 

 

 

 
Fig. 2  Examples of experiments aimed at inducing hydromorphodynamics in formerly regulated streams. 

Top photograph; In order to stimulate the interaction between water flow and sediment, tree trunks  
are fixed in the bank of a rivulet (“Sandbach” Iffezheim, Germany) or wood debris is deliberately 

Left  in a stream (“Geul”, Maastricht, The Netherlands; next photograph). In both cases,  
the channel becomes shallower and wider, and the water discharge decelerates. 
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5.3 Increasing the Water Discharge Capacity of The Main Stream 
Land reclamation has severely reduced the original floodplain areas of both Rhine (Havinga 
and Smits 2000) and Meuse (Van Leussen et al. 2000). At some locations, the riverbed has 
become extremely constricted due to urban developments (“hydraulic bottlenecks”). From 
this perspective, measures that increase the storage capacity of the riverbed are now 
preferred to raising dikes (Anonymous 2000). 

Further downstream of the Rhine tributaries, proposed measures concentrate on creating 
more room for the river by moving dikes further inland (as happens, e.g., near the cities of 
Nijmegen and Arnhem), lowering floodplains and removing hydraulic obstacles from them. 
Van Alphen  (2002) describes the study and decision process regarding the hydraulic 
bottleneck in the river Rhine near Nijmegen.  

A number of possibilities can be identified for creating more room for the river 
–increasing the river’s cross section or water discharge capacity–, ranging from (a) moving 
dikes further inland, (b) constructing river bypasses, (c) lowering groins, (d) dredging the 
riverbed in sections of the river where sedimentation occurs, (e) removing obstacles such as 
non-flooding areas in the floodplain, summer embankments or ferry ramps, (f) lowering 
floodplains, for instance by digging secondary channels, frequently combined with land-use 
changes from agriculture to habitat restoration and recreation (Pruijssen 1999). Fig. 3 
provides a schematic overview of the various types of measures, roughly ranked in order of 
decreasing efficiency.    

Close co-operation with water boards, governmental agencies, municipal and regional 
authorities, institutes, universities, non-governmental bodies and interested civilians has 
yielded an inventory of large numbers of options for measures along the branches of the 
river Rhine in the Dutch part of the basin. These options have been screened and collected 
in a so-called “toolbox”, a user-friendly decision support system which enables the river 
manager to design combinations of measures along a river section to meet the desired 
increase in water discharge capacity. Apart from the net hydraulic effect of each 
combination of measures, the toolbox also estimates the total costs and environmental 
effects. This tool has proved to be very powerful, not only in planning measures but also in 
communicating with the people and authorities involved. 

In parallel to the planning and design processes, quite a number of projects along the 
Rhine branches have been carried in recent years. The Bakenhof project –moving dikes 
further inland near Arnhem–, the reconstruction of the weir island near Driel and the 
replacement of the railway embankment near Oosterbeek will be addressed in the keynote 
speech of this conference. 

For the next decade, the Dutch government has set aside about 3 billion US dollars for 
“room for the river” projects. Additional funds will be made available in due course for the 
construction of so-called emergency storage polders in the upper part of the Dutch section 
of the river Rhine and for long-term measures relating to design discharges of 18,000 
m3/sec. Because high water discharges and near floods are erratic, it is crucial that the 
administrators make efforts to prevent flood awareness among the public from fading.  
 
6. FOCAL POINTS FOR THE FUTURE  

Following the high-water situations in 1993 and 1995, the international co-operation in 
flood defense has gained momentum. Public opinion, which was extremely critical of dike 
reinforcements in the preceding decade, changed totally into public support for a rapid dike 
reinforcement program. Local and regional authorities developed a renewed awareness of 
flood protection issues, which had almost disappeared after the last serious high discharge 
situation in 1926. The government is now using various means to stimulate awareness and 
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keep citizens alert, providing a basis for generating sufficient public support for the 
implementation of the new approach to flood defenses, land use and water management. In 
this respect, the government can probably learn from past experiences in major 
international projects (such as road and railway construction projects) which also involved 
changes in land use. 
 

 
Fig. 3  Overview of measures aimed at increasing water discharge capacity, roughly ranked in 

 order of decreasing efficiency (a-f). 
 

6.1 International Cooperation 
Authorities of the Rhine and Meuse riparian states have become aware that sustainable 
flood defense can only be achieved when the entire catchment area is taken into 
consideration. The formulation of flood action programs for the Rhine and Meuse 
catchment areas was the direct result of the declarations of Arles and Strasbourg 
(Anonymous 1998), and was accomplished for the Rhine through the actions of the treaty 
participants in the International Commission for the Protection of the Rhine (ICBR). The 
“Rhine Action Program on Flood Defense” was approved at the 12th conference of Rhine 
Ministers, held in Rotterdam, The Netherlands (Noteboom 1998). It proved politically 
impossible to co-ordinate the formulation of an action plan within the the Commission for 
the Protection of the Meuse. Accordingly, a Flood Defense Task Force for the Meuse was 
established, whose function is similar to that of the International Committee for the 
Protection of the Rhine against Pollution (ICR). The “Meuse High Water Action Plan” was 
established by the Dutch and Belgian ministers in Namurs, Belgium, in 1998 (Anonymous 
1998a). The European Union supported the implementation of these plans with the 
formulation of the INTERREG IIc program (IRMA) during 1997-2001.The objectives of 
the Rhine Action Plan on Flood Defense are: (a) reducing the damage risks by 10 % by the 
year 2005 and by 25% by the year 2020; (b) reducing extreme floods downstream caused by 
the regulated section of the upper Rhine, aiming at a reduction by 30 cm in 2005 and by 70 
cm in 2020; (c) increasing public awareness of flood risks; and (d) improving the flood 
warning system. 

The Meuse High Water Action plan is in all respects less ambitious and concrete than the 
plan for the Rhine, quantifying neither concrete objectives nor concrete measures. In 
addition, no estimate of the investment required is provided. Nevertheless, the plan does 
embrace a number of basic strategic principles that also form part of the plan for the Rhine: 
(a) increasing awareness and developing an approach to the risks, (b) employing the 
three-step-strategy approach of retaining, storing and draining water, (c) expanding space 
for the Meuse and its tributaries; and (d) improving the prediction and warning systems. 
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6.2 Funding 
It is unrealistic to assume that the governments of the Rhine and Meuse riparian countries 
will finance all the required measures and activities to achieve sustainable flood defense. 
Therefore, new economic incentives have to be found to facilitate these changes. For 
example, recreation in habitat rehabilitation areas may provide alternatives for the 
agricultural sector. In The Netherlands, agricultural production has become so efficient that 
this sector is suffering from over-production. Therefore, it is expected that a considerable 
area of the present farmland will become available for other spatial user functions within 
two decades (Anonymous 2001).  

A particular focal point for the future is that of finding additional sources via 
public-private enterprises. At present some projects (e.g. the “Grensmaas” project) combine 
gravel and sand production with floodplain lowering and/or widening. The preliminary 
results demonstrate that public-private enterprises related to gravel and sand extraction are 
complex and difficult to put in to practice. More efforts by the government as well as private 
enterprises have to made in the near future to improve this co-operation.  

Another economic driving force can be found in the construction and selling of houses. In 
The Netherlands, living near riverbeds is becoming increasingly attractive because of 
habitat rehabilitation projects and recreational opportunities. Up to now, the Dutch 
government has been extremely cautious about housing projects near riverbeds, to prevent 
further reduction of floodplain areas by urban development. However, private enterprises 
have recently suggested some interesting ideas combining “adapted” urban planning with 
moving dikes further inland and the excavation of side channels. Finding a good balance 
between a sustainable flood defense strategy and the quality objectives of spatial planning 
will be a challenging task for the Dutch government in the present era.  

6.3 Knowledge 
Last but not least, the knowledge infrastructure relating to water management and 
sustainable flood defense needs to be improved. The interaction between governmental 
institutions, universities and other educational institutions should be intensified. New 
insights must be more rapidly incorporated in educational programs, as must new scientific 
questions relating to this issue. In the near future, difficult choices will have to be made with 
respect to land use, if we wish to achieve sustainable flood protection. Without a proper 
understanding among citizens of the functioning of hydrosystems and what is required to 
restore the resilience of river basins, there will be insufficient support for “difficult” 
decisions (e.g. changing land use, moving dikes further inland, etc.). It is the government’s 
task to ensure proper education on this subject at schools, universities and among the 
general public.For instance, technical curricula should focus more on how to manage 
dynamic river systems without bridling the hydrosystem so much that it loses its resilience. 
In practice, this means that engineers should focus more on an understanding of 
hydromorphological processes and how to adapt various user functions to the natural 
dynamics of hydrosystems. Some suggestions for this have already been discussed by Smits 
et al. (2000). Non-technical curricula should focus on the public perception of risks, 
land-use changes and economic mechanisms and processes which can accelerate the 
implementation of the new approach to flood defense. 
 
7. CONCLUDING REMARKS 

The high water discharges of the rivers Rhine and Meuse in 1993, 1995 and 1998 –the 
highest since 1926– caused a considerable change in governmental policy, public awareness 
and international co-operation in terms of flood protection and inland water management. A 
rapid dike reinforcement program was introduced; existing water discharge capacity was 
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protected by legislation, leading to a restrictive policy on land-use functions; the concept of 
“room for the river” and a corresponding program were developed, aiming at a long-term 
increase in the rivers’ water discharge capacity; international co-operation on measures, 
public awareness and early-warning systems was intensified; and a calamity approach using 
emergency storage polders was initiated. Flood protection measures between and outside 
the dikes are being anchored in physical planning and relevant policies. This new policy and 
flood protection approach have raised quite a number of new questions and issues on floods, 
water and land management, which will have to be answered and addressed in the near 
future. This will give rise to an extensive scientific agenda and will initiate global scientific 
co-operation aimed at dispersion and development of knowledge. 

The need for innovation of flood defenses and water management in general appears to 
be widely accepted in The Netherlands. However, much more is required, as was recently 
stated by the junior minister for Transport, Public Works and Water Management: “It will 
demand creativity, energy, time and money. Protecting The Netherlands from floods will 
require repeated investments over a long period of time” (Anonymous 2000). 
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Abstract: In recent years there has been a growing concern worldwide about climate change and the 
corresponding apparent increase in the risk and frequency of flooding and the implications for a 
wide range of river basin management issues. The paper describes the United Kingdom 
government's approach to implementing Catchment Flood Management Plans (CFMPs), which will 
provide a large-scale strategic planning framework for the integrated management of flood risk to 
people and the development of the natural environment in a sustainable manner.  Following on 
from this introduction to the U.K. approach to high-level flood management, details are given of a 
study, based in the U.K., where the environmental issues relating to water management are often in 
conflict with issues relating to minimising flood risk. 
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1. INTRODUCTION 

In recent years many countries have experienced considerable changes in their climate and 
meteorological conditions that have led to increased river flood levels and an increased 
frequency in flooding.  For example, in the autumn of 2000, the U.K. experienced the 
wettest autumn for over 270 years (Environment Agency, 2001). Many parts of the 
country were severely disrupted by the floods; many homes were flooded, possessions lost, 
businesses closed and transport systems brought to a standstill. Lessons were learnt from 
previous floods in 1998 and flood defences and warning systems undoubtedly reduced 
flood damage. However, the cost to the U.K. insurance industry etc., was still estimated to 
be $1.4 billion (Environment Agency, 2001). 

Flooding is a phenomenon that cannot easily be prevented. However, flood protection 
and improved flood forecasting can reduce the impact of floods. Following these recent 
extreme floods in the U.K., the Minister for Flood Management within the U.K. 
Government's Department for Environment, Food and Rural Affairs, commissioned the 
President of the Institution of Civil Engineers to carry out an independent review of the 
technical approaches to flood risk management in England and Wales (Institution of Civil 
Engineers, 2001). In parallel with this study, the U.K. government's Department for 
Environment, Food and Rural Affairs (previously the Ministry of Agriculture, Fisheries 
and Food) and the National Assembly for Wales have introduced Catchment Flood 
Management Plans (CFMPs). These are intended to provide a large-scale planning 
framework for integrated management of flood risk to people and the developed and 
natural environment in a sustainable manner. 

This strategy of adopting a catchment based, more holistic approach, is aimed at 



reducing flood risk by: 
• encouraging the provision of adequate and cost-effective flood warning systems; 
• encouraging the provision of adequate technically, environmentally and economically 

sound and sustainable flood defence measures; and  
• discouraging inappropriate development in areas at high risk from flooding. 

These catchment-based assessment studies include: data collection, analysis, modelling 
and flood risk management policy considerations and lead, through consultation, to 
CFMPs.  These studies are led by the U.K. Environment Agency, involve other flood 
defence and land-drainage operating authorities, and encourage wide consultation on 
future flood-risk management. Fundamentally, a CFMP must be based on a sound 
understanding of the hydrological, hydraulic and hydrogeological processes at work in the 
catchment, that influence the generation and dissipation of all types and frequencies of 
river flooding. 
 
2. PRINCIPLES OF CATCHMENT FLOOD MANAGEMENT PLANS 

The principles and scope of CFMPs can be appreciated by understanding their role in 
relation to other plans and water management initiatives. Linkages with other strategies 
and plans are shown in Fig. 1. 

The CFMPs are initiated through a scoping study. This study is based on existing 
information, knowledge, experience and professional judgment of local experts, and 
identifies concerns and uncertainties. Areas of concern may range from inadequate data 
from which to understand the catchment processes to high priority flood risk where urgent 
action is required. Ultimately it is intended that all national data available for a catchment 
will be collated and will be available through a GIS framework, before undertaking a 
CFMP scoping study. The scoping study needs to set out clearly the objectives of the 
CFMP, which will relate to the holistic management of flood risk in the defined catchment 
area. 

The subsequent catchment flood management plan builds upon the findings of the 
scoping study report and incorporates detailed analyses, such as catchment modelling and 
more extensive data collection programmes. This approach is intended to ensure that 
expensive investigations are clearly focused and targeted at the correct areas and abortive 
works minimised. It is intended that the CFMP process continues and that CFMPs are 
maintained and updated with new information etc., and essential monitoring and 
modelling studies etc., are implemented. A CFMP should identify the most suitable 
approach to managing and mitigating flood risk for the catchment under consideration. 

Sustainable catchment management policies will be based on an appropriate 
understanding of the catchment processes, including: flood hydrology, flood routing, 
hydrogeology and geomorphology, and an ability to predict through modelling the effects 
of flood defences, land use change and developments on such processes across the 
catchment. 

They will avoid, as far as possible, tying future generations into inflexible and 
expensive options for defence. Ideally, the implementation of policies should have no 
significant detrimental effect on the environment and, where possible, opportunities will 
be sought for environmental enhancement. This will not always be possible, but should be 
a key goal at the CFMP level. 
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In some cases it may not be possible to base decisions on a full understanding of the 
catchment processes. In such circumstances an initial broad-brush approach, which 
highlights the main factors influencing policy selection, will be more appropriate. For 
various reasons, current or past policies may become infeasible or unacceptable at some 
stage. For example:  
• current standards of protection may become inappropriate in relation to the flood 

hazard; 
• development and land-use patterns may have changed substantially from those 

originally envisaged; 
• current defences may have a limited residual life and improvements may not be 

economically viable; 
• improvements to flood capacity may only be realistic in conjunction with other 

projects, such as city-centre redevelopment, bridge reconstruction etc.; and 
• risks to the built or natural environment may become unmanageable due to climate 

change. 

A CFMP should therefore identify the combination of policies that are likely to be 
feasible and flexible over the next 50 years. This may involve continuing to implement the 
current policy or implementing an alternative policy at some time within the next 50 years. 
 
3. PLAN PREPARATION 

The guidelines for producing a Catchment Flood Management Plan are summarised as a 
flowchart in Fig. 2. The guidance provides a consistent procedure for determining the 
current and future flood risks associated with a particular catchment and defining the 
preferred long-term and sustainable solution to flood risk management. 

The main steps in preparing a CFMP are as follows: 
Step 1 – Define Catchment 
The first step in producing the CFMP is to define the boundaries of the catchment that 
the plan is to cover. The term 'catchment' here can apply to both large complex systems, 
comprising numerous interlinked sub-catchments, as well as to small individual 
catchments with simpler processes. 
Step 2 – Scoping Study 
The aim is to highlight the major issues for flood risk management and identify urgent 
needs. The scoping study should:  

• investigate and summarise current processes; 
• collate all readily available data; 
• identify gaps in the data and seek to infill; 
• identify large-scale development issues; 
• identify major uncertainties; and 
• identify significant sensitivities. 

The scoping study should also highlight areas of concern and establish priorities for 
urgent action 
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Step 3 – Collect Catchment Data 
Following the scoping study and consultation, the next step is to gather and collate all 
specific data pertaining to the catchment, thereby enabling the catchment processes and 
flood risks to be fully understood. The following information needs to be gathered:  

• flood management, e.g. defences, flood warning, flood maps, historic flood 
information; 

• catchment processes, e.g. hydrology, hydrogeology, hydraulics, morphology, 
climate; 

• economics, e.g. flood damage, capital investment, maintenance and operational 
costs for existing schemes; 

• environment, e.g. nature conservation, archaeology, recreation, landscape;  
• land use and planning, e.g. statutory plans, local plans; 
• social aspects, e.g. population profiles at risk, sites of major high risk facilities, 

such as hospitals, etc.; and  
• existing models, e.g. integrated catchment, hydrological, hydraulic etc. 
Usually a GIS format will be used as the main basis for storage, access analysis and 

presentation of this information. 
Step 4 – Understand Catchment Processes 
A proper understanding of the catchment processes is fundamental to the holistic 
development of catchment management data. The predominant processes are the 
hydrology and hydraulics of the catchment and river system under flood conditions. The 
U.K. approach is increasingly to shift towards a broad-scale modelling initiative, where 
the objective is to produce a modelling system that will allow the prediction of flood 
risk under current and future climate, management, land use and planning scenarios. 
Step 5 – Identify Likely Scenarios 
Catchment plan policies should be tested against a range of possible future changes. 
Such changes may comprise combinations of:  land development, climate change, 
land-use change, social values etc. 
Step 6 – Identify Change in Catchment Processes 
The potential range of future catchment responses feeds into the evaluation of future 
flood risks that, in turn, provide a sound means of testing the sensitivity of flood risk 
management policies. 
Step 7 – Determine Existing and Future Flood Risks and Problem Areas 
Areas at risk from flooding are those areas where land or property is inundated from 
main and non-main rivers, minor and major watercourses, and from frequent as well as 
catastrophic events. One of the objectives of CFMPs is to determine areas of future risk 
that may not be currently known. The stages in developing a broad understanding of 
existing flood risks are: 

• evaluate available data on flood risk, 
• determine existing flood envelopes, 
• estimate flood damages, and 
• estimate flood risk. 

Step 8 – Identify Opportunities and Constraints 
Based on a comprehensive understanding of the catchment processes and likely future 
scenarios affecting the catchment, existing and future flood risks and problem areas 
need to be identified. Subsequently, different flood-risk management policies for each 
scenario need to be appraised in order to define the preferred flood-risk management 
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plan. 
Step 9 – Appraisal Plan Policies 
For each identified future catchment scenario the impact on flood risk/problem areas 
and the relevant opportunities/constraints need to be identified. For each scenario, a set 
of flood-risk management policies for all flood-risk areas needs to be appraised to help 
define the preferred flood-risk management plan. 
Step 10 – Assess Effect on Catchment Responses and Flood Risks 
This step acknowledges that a solution implemented to solve or reduce a flood risk at 
one geographical location within the catchment may impact (beneficially or 
detrimentally) upon flood risk elsewhere along the catchment. 
Step 11 – Define Proposals and Determine Preferred Plan 
The regulatory authority, i.e. the Environment Agency in the U.K., and the local 
planning authorities will appraise the potential flood-risk management proposals and 
define the preferred CFMP. 
Step 12 – Consultation on Preferred Options 
In addition to early consultation at the scoping study phase, in finalising the CFMP it is 
imperative that all representations from consultation are considered and incorporated. 
The main objectives of the consultation are to:  

• identify and collect the views of all stakeholders; 
• ensure that all options have been considered with the CFMP process; and 
• gain support for the preferred management policy. 

Step 13 – Completion and Dissemination of Plans 
On completion the U.K. regulatory authority, namely the Environment Agency, will 
disseminate the CFMPs widely and use the feedback as the basis for its flood risk 
management strategy in adopting the final CFMP.  The main aim of dissemination is 
to:  

• raise awareness among stakeholders and the public of the flood risk management 
plans; 

• inform and support the planning process by influencing long-term land-use policies 
and discouraging inappropriate developments at risk from flooding; and  

• provide information to the flood-defence function within the regulatory authority as 
to the long-term objectives for flood-risk management. 

The completed CFMPs are disseminated in various formats, including:  hard copy, 
CD-ROM or via a web page on the internet. 
Step 14 – Plan Review 
Finally, the CFMP needs to be actively maintained and updated between regular reviews. 
In addition, the CFMP may identify specific data requirements to enable gaps in 
catchment information to be filled and thus allow more sustainable long-term flood risk 
management options to be defined. This type of monitoring may include:  asset 
management surveys, hydrometry, flood monitoring, topographical surveys, flood 
damage assessments, environmental asset surveys, socio-economic surveys, major 
catchment developments and major flood events. 
 

5. MANAGEMENT PLAN OUTPUTS 

The outputs from a final CFMP will include: 
• an assessment of flood risk management objectives; 
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• preferred long-term and sustainable policies for catchment management; 
• an assessment of the risks and uncertainties associated with the preferred catchment 

management plan and a data assessment of the current position within the 
catchment;  

• a clear statement estimation of the residual risks; 
• a timetable for future reviews and, where appropriate, revisions to the CFMP; 
• an up-to-date list of key references; and  
• a prioritised programme for future studies/monitoring and production of strategy 

plans. 
In particular, studies that might be needed to address uncertainties associated with the 

preferred policies should be identified. 
In summary, the CFMP contents should include: 

• information on catchment statistics and processes; 
• catchment maps showing long-term standards of defences, important flood storage 

areas, floodplain limits, likely flow routes in extreme events, proposed 
developments, land use and designated sites; 

• identification of the opportunities, constraints, pressure and issues relating to flood 
risk management within the catchment; 

• potential options for flood risk management and identification of the preferred 
plans; 

• a report of the consultation process; and 
• a programme of future activities. 

For further details of Catchment Flood Management Plans as being introduced in the 
U.K., see Halcrow Water 2001. 

 
6. ISSUES IN A U.K. RIVERINE BASIN 

The principle of Catchment Management has been applied to the Fylde Coast and Ribble 
River Basin in the U.K., where major concerns have arisen in recent years as a result of 
the coastal receiving waters failing to meet the European Union (E.U.) Bathing Water 
Directive mandatory standards, particularly during times of flood. 

The Ribble river basin is situated on the North West coast of England, near the town of 
Blackpool - one of the U.K.'s largest seaside towns and a key tourist centre. At the mouth 
of the estuary there are two well-known seaside resorts, namely Lytham St. Anne’s and 
Southport, and both have been designated E.U. bathing waters (see Fig. 3). The area has 
three main centres of population, namely the towns of St. Anne’s and Southport, located 
on the north and south coasts of the Ribble estuary, and the town of Preston that straddles 
the Ribble near the tidal limit. In order to improve the water quality, North West Water has  
invested  over  $500 million on  the Fylde coast  and in the Ribble river basin over 
the past 10 years. Examples include upgrading various wastewater treatment works from 
primary treatment to UV disinfection. Storm discharges have been reduced by 
construction of 260,000m3 of additional storage. 

Although the decrease in the input of bacterial loads has resulted in a marked reduction 
in the concentration of bacterial indicators, elevated coliform counts are still encountered, 
particularly during flood conditions, and the bathing waters continue to fail to comply 
with the E.U. Bathing Water Directive (1976) mandatory standards. The mandatory 
coliform standards given in the directive to assess compliance require that there be no 
more than 10,000 total coliform counts per 100ml. For bathing waters to comply with this 
directive then 95% of samples must meet these standards. The water quality failures have 
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become a major threat to the local tourist industry. Considerable fieldwork has been 
undertaken by the Environment Agency and North West Water to investigate flooding 
issues and how these relate to adverse water quality conditions.  The main objective of 
the study was to quantify the flooding impact on various sewerage infrastructure inputs 
into the Ribble river basin and the receiving coastal waters. 

 

326000 330000 334000 338000 342000 346000 350000 354000 358000 362000
411000

413000

415000

417000

419000

421000

423000

425000

427000

429000

431000

433000

Bullnose

Penwortham
Blue Bridge

Darwen Boundary

Ribble Boundary

Tarleton Lock

Douglas River

7milepost

Downstream 1-D Boundary

3milepost

Upstream 2-D Boundary

Upstream 1-D Boundary

Measuring Discharge

Tide Survey Point

Measuring Water Elevation

Wanes Blades Bridge
Douglas Boundary

11milepost

 
Fig. 3  Schematic Illustration of Model Coverage Area 

 
In undertaking a comprehensive numerical model study of the basin, studies were 

undertaken using Cardiff University’s Environmental Water Management Research 
Centre's 1-D and 2-D models, namely FASTER and DIVAST.  The FASTER model is a 
1-D algorithm for simulating hydrodynamic, solute and sediment transport processes in 
well-mixed rivers and narrow estuaries. The model solves the St. Venant equations using a 
finite volume approach with a varying grid size (see Falconer et al, 2001). In this 
application the model was used to predict water elevations, discharges, salinity, total and 
faecal coliform levels and sediment concentration distributions. 

Likewise, the DIVAST model is a 2-D algorithm based on solving the Reynolds 
Averaged Navier-Stokes equations. The model solution is based on a finite difference 
formulation of the governing depth integrated equations of mass, momentum and solute 
transport, with the equations being solved using an Alternating Direction Implicit scheme 
(see Falconer and Chen, 1996). The model simulates the two-dimensional distribution of 
currents, water surface elevations, various water quality indicators and sediment transport 
fluxes in the model domain. 

The main area of interest in this study was from the outer seaward boundary, of length 
41.2km, to the tidal limit of several rivers, with a width at the limit of typically less than 
10m. Such a difference in the modelling scale made it almost impossible for either a 1-D 
or 2-D model to be used alone. Therefore a linked 1-D and 2-D modelling approach was 
used, with the domain being divided into two sub-domains.  This required using a 1-D 
model to simulate water elevations, discharges and concentration levels in the river 
channels and a 2-D model to simulate water elevations, velocity components and 
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concentration levels in the estuarine and coastal waters.  In order to increase the accuracy 
of the numerical model and, at the same time, reduce the effort required to run two 
separate models, a complex dynamically linked approach was established, with the two 
models being integrated into one single model. 

An initial problem with the model study was the absence of recent bathymetric data of 
the basin.  Data were acquired by the Environment Agency using a variety of methods, 
including:  (i) data collected by conventional surveying techniques, used in the rivers 
Ribble and Douglas; (ii) LIDAR (Light Induced Direction and Range) was used for the 
floodplains in the outer estuary, where there were significant changes in the bathymetry; 
and (iii) sidescan sonar was used in the permanently wet regions of the estuary and the 
coastal waters. 

In order to ensure that the integrated model could be used to predict accurately the 
impact of future improvement works and climate changes on the river basin, the model 
was calibrated for elevations, currents, salinity, suspended solids, faecal and total 
coliforms and faecal streptococci against six sets of data.  Three of the datasets were used 
for initial calibration and the other three were used for model verification.  The six sets of 
hydrodynamic and water quality data were collected during winter and summer for flood 
and drought conditions respectively.  Measurements were taken for different tidal ranges, 
including neap and spring tides.  Measurements were also taken at the tidal limits of the 
rivers and the seaward boundary, to provide boundary conditions at the weirs for the 
model.  Measurements were also taken within the domain at 11 milepost, 7 milepost, 3 
milepost and Preston Bullnose (see Fig. 3). 

The 1-D model contained 5 reaches and 922 cross-sections, with the distance between 
consecutive cross-sections being generally less than 50m.  For the 2-D model the grid 
size was chosen to be 66.7m.  Calibration runs of the model showed that in the 1-D zone 
the Manning roughness varied, but was in the range 0.021 to 0.028, and in the 2-D domain 
the Nikuradse equivalent sand grain roughness was used, with a calibrated value of ks 
being found to be 20mm. 

Faecal coliform was used in the study as the main water quality indicator organism.  
Since faecal coliform is influenced by many factors, calibration of a water quality model is 
generally more difficult than for a hydrodynamic model.  The calibration not only 
depends upon the accuracy of the hydrodynamic predictions and the quality of the 
measured data, but also on the decay rates of the indicator organisms which are controlled 
by external factors.  The intensity of light, temperature, salinity, toxic substances, settling 
of organism populations after floods, re-suspension of particles associated with floods are 
all known to influence the decay rate (see Auer and Niehaus, 1993). In this study different 
decay rates were used for day and night times, for flood and drought conditions and for 
sea and fresh water conditions across the catchment. 

For the calibration tests excellent agreement was obtained between the hydrodynamic 
and faecal coliform predictions for the river basin, with typical examples of comparisons 
being shown in Fig. 4 and 5.  It can be seen that the elevations and velocities were in 
close agreement with the measured data (see Fig. 4).  Similarly, comparisons of the 
predicted and measured faecal coliform concentrations at all the calibration points showed 
that the model was able to predict this water quality indicator satisfactorily, with the error 
ranging from 24.8% to 56.6%. The calibrated flood event values of T90 for the 2-D and 
1-D regions were 72 and 85 hours for daytime, and 106 and 142 hours for night-time 
conditions.  For dry weather conditions the corresponding calibrated T90 values were 37.3 
and 50.1 hours for daytime and 80.8 and 132.2 hours for night-time conditions 
respectively.  The measured and predicted coliform indicator levels at all of the 
calibration points were found to be much greater for flood events, in comparison with 
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drought events.  It was also interesting to note that for all flood events the coliform inputs 
from the catchments into the upstream reaches of the Ribble and Darwen rivers were 
significantly larger than for the corresponding dry weather loads. 
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Fig. 4  Comparison of Predicted and Measured: (a) Water Levels (b) Current Speed and (c) Current Direction 
for Conditions at 7 Milepost in June 1999 
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Fig. 5  Comparison of Predicted and Measured Faecal Coliform Concentrations at 7 milepost in June 1999 
 
Finally, a series of baseline simulations were undertaken for a range of river flows, tidal 

conditions and meteorological conditions.  In addition to these baseline simulations, a 
number of scenario simulations were also undertaken to establish the impact on the coastal 
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receiving waters of further investments in the wastewater treatment works (such as UV 
disinfection) at a number of sites along the rivers.  The results showed that, whilst UV 
disinfection and storage tanks would undoubtedly reduce the effluent coliform inputs from 
the sewage works, the diffuse source inputs from the catchment were significant during 
flood conditions and little could be done to reduce the adverse impact. 

 
7. CONCLUSIONS 

Details are given of the development, formulation and implementation in the U.K. of 
catchment flood management plans.  The plans are leading to reducing risks in rivers by:  
(i) encouraging the provision of adequate and cost-effective flood warning systems; (ii) 
encouraging the provision of adequate technically, environmentally and economically 
sound and sustainable flood defence measures; and (iii) discouraging inappropriate 
development in areas at risk from flooding. 

The concept of catchment flood management has been applied to the Ribble catchment 
in the U.K., with the aim being to address issues relating to flooding and, in particular, 
non-compliance of the coastal bathing waters with the E.U. Bathing Water Directive.  
The holistic catchment studies showed that one of the main causes of non-compliance was 
diffuse source pollution from the agricultural regions of the catchment.  The studies also 
showed that extra investment in the wastewater treatment works across the catchment 
would do little to reduce the high coliform levels under flood flow conditions. It is 
unlikely that these definitive conclusions would have been established without the 
discipline of a catchment wide holistic management plan. 
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Abstract: Present day problems related to the sustainable and effective management of floods are 
seen to require a broad approach which should incorporate an integrated view of strategies, policies, 
plans, specific projects and other measures of social and institutional character. The selection and 
implementation of effective and optimised strategies and of their component actions are nowadays a 
common and important challenge in many regions, notably in developing countries, characterised by 
their expanding populations, growing needs and limitation of available resources. The paper is 
focused on one aspect of this complex: it attempts to highlight the need for an integration of 
structural and non-structural measures to achieve a successful solution of flood related problems. 
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Coping with floods: complementarity of structural  
and non-structural measures 
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The selected examples illustrate different situations and contexts and put in evidence the need to 
match these measures along different phases of development and implementation of projects dealing 
with floods. The paper presents some conclusions as a contribution to orient further needed efforts 
in the continued search of the optimal balance  between structural and non-structural measures to 
manage floods. 
 
Keywords: flood management strategies, structural and non-structural measures, linkages, case 

histories 
 
1. INTRODUCTION 

It is common knowledge that floods and flood induced inundations are stochastic 
phenomena  occurring in nature, often influenced by anthropic action. A broad 
classification of the types, causes and main factors which contribute to the intensity of 
floods is presented in Table 1. 
 

Table 1  Causes and main factors of floods 

RIVER FLOODS 
Causes of floods: 

rainfall; snow and icemelt; ice jams; landslides; 
failure of control works; tidal influences. 

Factors which condition flood intensity: 
basin factors -area, landscape, elevations, climate, geology, soils, 
vegetation, anthropic influences on basin; drainage network factors; 
channel factors. 

COASTAL and ESTUARINE FLOODS 
Causes of floods:  

coastal storm surges; tides; earthquakes. 
Factors which condition flood intensity:  

conditions at sea; 
coastline configuration; offshore water depth variation; estuary shape. 

 



 

Losses resulting from floods can be very important as observed in a significant number 
of major events which occurred in very distinct river basins and coastal ranges of the 
world characterized by a large diversity of phisiographic and climatic conditions. 
Although floods are more frequent in regions of wet climate affected by land or coastal 
storm phenomena, it should not be considered a surprise to witness some destructive 
occurrences  in, for instance, arid or semi-arid land stretches or along comparatively 
tranquil coastal ranges. Losses due to inundations are multifold and include loss of human 
life, loss of animal life, loss of vegetation and a large variety of economic losses of 
tangible and intangible nature -see Table 2. 
 

Table 2  Examples of major losses due to floods 

DIRECT LOSSES 
• Tangible losses 

Primary:     physical damage to property 
Secondary: restoration or rehabilitation cost 

• Intangible losses 
Primary:     loss of human life 
Secondary: illness of flood victims 

INDIRECT LOSSES 
• Tangible losses 

Primary:     disruption of traffic and trade     
Secondary: reduced purchase power 

• Intangible losses 
Primary:     increased hazard vulnerability 
Secondary: emigration and loss of confidence 

 
The fundamental task of flood management can be seen as directly related to the 

avoidance or reduction of flood related losses through preventive, corrective and 
compensatory actions which normally have to include a variety of measures from the 
policy and planning level to the implementation and operation level. 
 
2. FRAMEWORK OF STRATEGIES AND MEASURES TO COPE WITH 

FLOODS 

Following a line of present day thaughts (e.g. Miller, 1997) the reduction of flood 
damages requires a combined application of three different strategies to the problem of 
flooding. 

A first approach, “keep the flood away from people”, has as objective to contain or 
reduce floods through measures such as the construction of dams and reservoirs, dykes 
and levees. In addition to these structural measures, soil and water conservation 
programmes are also part of this strategy. In spite of its success in numerous applications 
over millenia of the history of humanity it has become clear that this strategy is not 
sufficient to completely cope with the problem since considerable expenditures in flood 
protection works were not able to avoid substantial flood losses in recent times. 

A second strategy approach recognizes that any structure to contain floods will be 
overcome by others of larger magnitude and attempts to avoid the use of flood prone areas 
as a central thaught (“keep people away from floods”). In present times this simple 
prescription can not be followed in full since many valuable developments are located in 
areas which are subject to flooding. A practicable path corresponds to actions such as a 
specific consideration of envolved risks at planning level, preventive minimization of 
potential damages, implementation of non-structural measures such as floodproofing of 
individual objects, flood forecasting and warning to minimize the opportunities for 
damage. 
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Finally, a third line of strategy is based on the acceptance of flooding conditions and 
concentrates on actions for the eventuality of floods to minimize damage and to promote a 
fast return to normality after the flood has occurred. Such an approach could be called 
“accept floods and clean up afterwards”. It certainly can be realized that such an approach 
is basically unavoidable in flood threatened regions. 

The conceptual inadequacy of any of these approaches considered in an isolated manner 
as well as the accumulated past experience demonstrate that sustainable and effective 
solutions to flood problems have necessarily to incorporate a balanced view of strategy 
options and the use of an adequate combination of structural and non-structural measures 
to be implemented before, during and after the occurrence of floods. The definition of 
strategies and policies for flood control is not an easy task and still represents an important 
challenge at present and for the future. Consideration has to be given to many aspects such 
as local conditions, awareness and concerns of population involved, availability of 
resources, advantages and negative impacts of adopted measures and the variable nature 
of social and economic perceptions and awareness. Table 3 provides an overview of the 
typical advantages and disadvantages of the most commonly adopted structural and non-
structural measures together with proposals for further improvements.  
 

Table 3  An overview of structural and non-structural flood related measures,  
their relative advantages, disadvantages and improvement priorities. 

MEASURES TO COPE 
WITH FLOODS 

STRUCTURAL NON-STRUCTURAL 

CLASSIFICATION EXTENSIVE 
• reshaping of land surface 
• protection from erosion 
• delay of runoff processes 
• increase of infiltration 
• urban works 

 
INTENSIVE 

• levees, dikes, floodwalls 
• dams and reservoirs 
• floodways and diversion  
        works 
• polders and fills 
• drainage works 

 

REGULATION 
• zoning 
• coding 

 
FLOOD DEFENCE 

• forecasting 
• warning 
• floodproofing 
• evacuation 
• relocation 

 
INSURANCE 

• governmental 
• private 
• mixed 

ADVANTAGES • runoff delay and increase of 
        infiltration 
• flood attenuation 
• downstream discharge  
        control 
• groundwater control 

• no significant environmental 
        changes 
• improved organizational 
        relations in the area 
• effectivity in dealing with  
        flood impacts and damages 

DISADVANTAGES • reduction of floodplain 
       fertility 
• high potential of  ecological
        impacts 
• morphological changes 
• land subsidence 

• raise of property value and  
        invasion of floodplains 
• higher level of insurance  
        coverage needed 

IMPROVEMENT 
PRIORITIES 
 

• reforestation 
• erosion control 
• soil conservation 
• retention ponds 
• impact mitigation of  
        reservoirs 
• construction of platforms 
        and polders in floodplains 

• institutional and legal  
       frameworks 
• implementation of insurance  
        systems and coverages 
• forecasting/warning systems 
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Relevant improvements aiming at gains of effectivity and efficiency in the development 
and implementation of flood management systems are still commonly needed in spite of 
the progress achieved in recent decades. Such improvement needs include: 

• technical and scientific research as, for instance, in the context of environmental 
relations and impacts involving floods, flooded areas and populations living in 
such areas; 

• advances in flood forecasting, warning and emergency preparedness systems; 
• further development and enforcement of legal and institutional frameworks 

favourable to the support of integrated flood management practices; 
• increase of public participation in flood management; 
• allocation of more resources to extensive structural measures such as reforestation, 

erosion control and other soil conservation practices; 
• development of better established flood insurance policies and insurance systems 

for flood damages. 
 

3. CASE HISTORIES 

The integration of structural and non-structural measures to achieve optimal strategies for 
flood management is certainly not a recent idea and has, in one way or another, been 
present in numerous water management practices. In a commonly adopted methodology 
the definition and implementation of flood management strategies can be seen as 
composed of the following logical sequential steps: 

• definition of flood management objectives and some general criteria; 
• identification of possible alternatives for structural measures - mainly intensive, but 

also some extensive, at least marginally; 
• optimal choice of a solution based on a comparison between required expenditures 

and expected damages (implicitly a cost-benefit analysis involving risks); 
• consideration of non-structural measures completing the adopted solution. 

Strategies and plans defined on these grounds can be reviewed and updated whenever 
considered necessary as, for instance, in the case of modified objectives and criteria 
adapted to changing scenarios. This systematization, although representing a workable 
way to go, fails to take full advantage of the potential synergies resulting from a broader 
integration of possible structural measures (intensive and extensive) and non-structural 
measures (regulation, flood defence, insurance) already during the planning and 
implementation process. A few selected examples are presented in the sequence to 
illustrate synergies which can be achieved in an integrated approach. 

3.1 A flood event on the Tocantins River, Amazon Basin, Brazil, during the 
construction of the Tucurui Project 

The Tucurui Dam and Hydropower station are located on the lower course of the 
Tocantins River, a tributary of the Amazon in northern Brazil. With its 4,000 MW first 
phase, completed in 1984 and a second phase of 4,125 MW to be completed in 2003, this 
Project corresponds to the largest executed construction in the Amazon Basin up to this 
date. The catchment area of the Tocantins in Tucurui is 758,000 km2 and floods can be 
very significant due to intense rainfall over large areas of the catchment during the wet 
season extending from November to April. Design discharges are 56,000 m3/s for river 
diversion during construction (25 years return period) and 110,000 m3/s ultimate spillway 
capacity based on PMP/PMF studies. During the first months of 1980 an unprecendent 
flood occurred on the Tocantins and discharges at Tucurui reached a peak of almost 
70,000 m3/s during the month of March. Retro-analyses of this event carried out 
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subsequently indicate that this event could be associated to a return period of about 400 
years. At the time of occurrence of this flood the construction site was protected by a 
cofferdam which constricted the river to about 1/3 of its normal width. 
 

 
Fig. 1  The Tucurui construction site before the 1980 event. 

 
Flood protection measures implemented and prepared before this event included: 
• a cofferdam designed for the river diversion discharge of 56,000 m3/s, with a 

possibility to carry out some heightening of the crest elevation in a short time, a 
typical structural measure prepared to be expanded, if necessary; 

• a flood forecasting system consisting of (i) data acquisition in different parts of the 
catchment mainly consisting of rainfall and streamflow gages; (ii) 
telecommunication of data and results to the site and the planning offices; (iii) 
rainfall runoff and flood routing models to predict river flow conditions in Tucurui; 

• as a complementary tool, a reduced scale physical hydraulic model was also 
available to replicate and evaluate flow conditions at the site. 

During the dramatic sequence of events occurred in 1980, these provisions and their 
interaction played a very significant role to overcome the highly critical flood situation: 

• as the exceptional rainfall event developed over time, flood forecasts resulted in the 
decision to progressively raise the cofferdam height in time to avoid its 
overtopping and breaching and the destructive flooding of the large scale and fully 
equipped construction site during a peak of activities of this multi-billion US$ 
Project; 

• the heightening of the cofferdam went on until reaching an upper limit defined by 
the site geometry and stability; 

• beyond this point decisions to be taken became even more dramatic and even more 
dependent on continuously updated forecasts and had to consider the option of an 
evacuation and planned breaching/controlled flooding of the construction site to 
avoid a major destruction of catastrophic proportions involving heavy economic 
losses and very important delays in the construction schedule; 

• on the basis of forecasts, the latest safe date for the controlled breaching was 
defined and full scale preparation for a possible evacuation of the construction site 
was started; 
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• as the date of planned breaching approached, the uncommonly lengthy, intense and 
widespread rainfall event receeded and ceased in important parts of the Tocantins-
Araguaia catchment, upstream of the construction site; 

• the forecast of flood conditions in Tucurui allowed then to verify that highest water 
levels and critical hydraulic conditions would not cause overtopping or destruction 
of the cofferdam, although the safety margins were extremely limited; 

• the decisions taken of first postponing and later cancelling the planned breaching 
operation demonstrated to be entirely correct and the very critical flood situation 
was overcome without any major shortcomings or damages. 

The case of the 1980 flood in Tucurui shows the interdependence and synergies 
resulting from a combination of structural measures such as cofferdam heightening and 
non-structural measures such as flood forecasting, preparadness plan to evacuate the site 
and plan to proceed to a controlled inundation of this site. The appropriate combination of 
these measures of very different character but complementary to each other resulted in a 
combined strategy and appropriate decisions which demonstrated to be very successful in 
avoiding substantial damages and other associated shortcomings. Consequences could 
have been very different without an integration of these measures at planning and 
operation level, in particular in a case involving high level of flood related uncertainties, 
typical for the amazonian rivers. 

3.2 Flood management in urban areas. The cases of Taipei and Sao Paulo 
Clear examples of the need to integrate structural and non-structural measures to cope 
with floods and the resulting advantages in doing so are found in the recent practice of 
flood management in urban areas. Examples of efforts to integrate, at least to some extent, 
the full range of possible options can be found in many urban areas. Solutions are 
complicated by the fact that urbanization has, in most cases, been a process of historical 
development motivated by tendencies and driving forces which did not result in rational 
use of space and integrated planning. With the growth of urban centres, highly complex 
situations arose in many cases, even further aggravated by the need to correct adverse 
conditions, uprate and repair run down and non-operational infrastructure, create and 
promote zoning concepts and rational use of urban space in a continuous rush against time. 

Two particular situations are briefly presented here in view of their relevance and since 
they represent a good illustration of efforts being undertaken in urban areas. 

•  Taipei 
Taipei is a heavily populated city which has a high inundation potential. Average 

annual rainfall amounts to 4,000 mm and urban areas were flooded two or three times 
annually. 

A flood protection plan, approved in 1973, was implemented until 1996. It consists 
mainly of structural measures including 2 reservoirs, 79 pumping stations, 124 water 
regulation gates, a flood-bypass channel and 68 km of dikes totalling an investment of 
about 5 billion US$ (excluding the reservoirs). Design return period for this project is 200 
years corresponding to a flood discharge of 23,500 m3/s of the Tanshui, an estuarine 
channel network, passing through the most densely populated area of the city. A 
sophisticated operation and flood warning system was established to manage the 
components works of this plan. 

Three typhoons corresponding to return periods over 200 years occurred in 1998, 2000 
and 2001 and caused severe damages in the urban area. Additional structural and non-
structural measures were proposed to solve the problem. They include a 1,310 m3/s 
capacity bypass canal, a series of detention basins, channel dredging works, dikes, 
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pumping stations, the upgrading of the flood warning system and a weather radar. Such 
measures budgeted at about 3 billion US$ will be completed in 2007. 

•  Sao Paulo 
The 18 million inhabitants urban area of Sao Paulo extends over a hilly landscape 

crossed by a river and channel system including the Tiete, the Pinheiros and some minor 
tributaries. With the fast growth of the urban population and area ( an increase of 2 to 18 
million persons between 1950 and present days), the flooding of lower parts of the city 
became more frequent in time, resulting in the unbearable situation of areas being flooded 
several times every year even as a consequence of not so exceptional rainfall events. The 
reasons for these occurrences are mostly related to the progressive changes in the 
characteristics of the catchment areas by urbanization as well as the growing limitation of 
the urban drainage system capacity. In other words, an increase of inundation frequency  

 

São Paulo

Fig. 2  Guarapiranga reservoir, its catchment and the metropolitan area of São Paulo. 
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and of the intensity of inundations is mainly consequence of an increase in run-off 
coefficients and of the progressive siltation and obstruction of the drainage system which 
requires a higher level of maintenance and repairs. 

The problem has been first approached by a number of intensive constructive measures 
for the main urban drainage infrastructure. A notable case, in this context, was the need to 
rehabilitate the Guarapiranga dam, constructed outside of the urban area in the beginning 
of the 20th century and which has become a part of it. This rehabilitation included (i) an 
increase of the safety of the embankment dam by flattening its downstream slope (ii) the 
construction of an auxiliary spillway to decrease the risk of overtopping and to achieve a 
very high standard of safety (PMP/PMF or similar, taking into account the urbanization 
process in the catchment area) and (iii) a modification of the multi-purpose reservoir 
operation, including the provision of flood control in the 200 million m3 capacity reservoir. 
Before these interventions the dam had been under serious risk of overtopping and failure. 

Subsequently, under growing constraints, an increased attention was given to extensive 
structural measures such as retention ponds and reservoirs distributed in different parts of 
the larger urban area. A typical example is the Pacaembu underground reservoir, located 
adjacent to one of the main brazilian soccer stadii, which regulates flood flows resulting 
from intense rainfall events and avoids exceeding the capacity of the existing urban 
drainage system. Such measures have been proven to be very useful and have been 
progressively completed by non-structural measures including forecasting and warning 
systems, system operation control, emergency preparadness plans, zoning activities, 
among others. The situation of Sao Paulo is however still critical and more would need to 
be done to achieve a satisfactory state of protection against floods and limitation of risks. 

The challenges facing flood management in urban areas are considerable. They derive 
from the usually too fast and not well ordered process of urbanization and modification of 
natural conditions in the catchment areas, from the increased hazards in many large cities 
located in low lying floodplain areas as well as, in many cases, from the poor state of 
maintenance and operationality which limit even more the already critical capacity of 
flood control systems. Experiences in urban areas have, to a large extent, confirmed the 
need and the sinergy gains resulting from a composition of strategies and use of structural 
and non-structural measures. 

3.3 Some policy aspects of flood management in The Netherlands 
With half of its present land territory located below mean sea level of the North Sea, the 
fight against flooding has represented an objective of essential importance in the country. 
After centuries of development of protection works along the coast and along the main 
water courses in the region (Rhine, Maas and Scheldt), two major projects implemented 
during the second half of the 20th century strongly contributed to further advances in land 
reclamation and further progress in managing floods. These are the Zuiderzee Project in 
the northern coastal range and the Delta Project in the South (delta of the Scheld river). As 
of today, water management practices in the country, in general, and flood management, 
in particular, have reached a good level of integration with other national policies. As an 
example, the linkages between water management, flood control and use of land are very 
strong in the country. 

Recent concerns have been motivated by a number of observations and thaughts such as: 
• changes in the local climate, the hydrology of the Rhine and Maas and the regime of 

storm surges in the North Sea; 
• an accelerated rise of the sea level; 
• increasing urbanization; 
• the development of large scale underground works for traffic, industry and housing; 
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• the eventuality of a “super storm” surge exceeding previous forecasts; 
• the eventuality of “super floods” on the Rhine or the Maas also exceeding  previous 

forecasts; 
• the possibility of joint occurrence of such storm surges and river floods. 
 

 
Fig. 3  Schematic representation of the Delta Project in the South of The Netherlands 

 
Among the relevant aspects of present date flood management the following are of 

particular interest: 
• a promotion of extensive structural measures such as revitalization of flood plain 

areas as, for instance, along the Rhine and the Maas; 
• the consolidation of non-structural measures such as zoning and seasonal use of 

floodplain areas (e.g. along the Maas river); 
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• a review of flood related policies and increase in safety requirements on the basis of 
probabilistic approaches and public consultations; the consequent enhancement of 
part of the intensive structural measures of the past as, for instance, the heightening 
of dikes along the coast and interior. 

 
It appears certain that flood management policies and developments in the future will 

still introduce modifications in the present day practices. It also looks likely that non-
structural measures ( and some of the extensive structural measures as well) will still gain 
further importance in the years to come. 

The brief case histories presented portray very different contexts of environment, scope 
and specific flood management objectives to be reached. However they have much in 
common. In first place they all underline the importance of combining intensive and 
extensive measures with non-structural measures to achieve an optimal strategy. In second 
place they provide a view of the synergies that can result from such an integration and 
harmonization of different flood control measures at planning, implementation and 
operation levels. Lastly, the cases also illustrate the fact that, in current flood management 
practice, there is still no recognizable applied methodology which takes into account the 
full scale of possible measures to cope with floods at an early stage of planning. Society 
response to the threats and risks of flooding has, in many cases, been more reactive than 
active and resulting strategies are often a composition of fragmented steps. 
 
4. TOWARDS AN IMPROVEMENT OF FLOOD MANAGEMENT STRATEGIES 

Recent years have witnessed the occurrence of severe floods in regions located all over 
the world. Floods account for about a third of all natural catastrophes; they cause more 
than half of all fatalities; they are responsible for a third of the overall economic losses; 
their share in insured losses is relatively small, with an average of less than 10% ( Berz, 
1999). It is therefore not a surprise that floods have become a focus of woldwide attention 
also in the sense of realizing how vulnerable and unprepared societies are to actively cope 
with such events which are expected to become even more common in the future. 
Investments made in numerous countries to increase the level of safety against flooding in 
floodable areas located in river basins and coastal ranges have been very large but still 
have not been able to modify the global picture of losses and damages resulting from 
floods. It has become increasingly clear that the search for sustainable and optimized ways 
to cope with floods needs a more comprehensive and broadly based response from society 
in general or, in other words, flood management has necessarily to be the concern of all 
population living in areas under flooding risk. To support this search, some important 
changes in planning and decision making are necessary. In fact, one can recognize close 
similarities between the process of developing strategies and solutions for flood related 
problems and the already broadly accepted and, in many countries, legally required 
Environmental Impact Assessment process. This is shown in Table 4. 
 

Table 4  Similarities between the processes of environmental and flood management. 

PROCESS ENVIRONMENTAL IMPACT ASSESSMENT “COPING WITH FLOODS” 
Objective sustainable environmental management sustainable flood management 
Nature of impacts socio-economic, ecological, physical socio-economic, ecological, 

physical 
Risk assessment environmental risk assessment flood risk assessment 
Strategy assessment strategic environmental assessment flood strategy assessment 
Mitigation measures preventive, corrective, compensatory structural, non-structural 
Public participation public hearing public consultation 
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On such grounds the process of planning and decision making related to flood 
management could follow procedures and methodologies applicable to Environmental 
Impact Assessment and also use its tools and accumulated experience. Some specific 
supporting activities to promote this idea are: 

• development of probabilistic flood risk assessment models of broad applicability, to 
become a standard tool for planning; 

• systematic evaluation of the potential of structural and non-structural measures to 
cope with floods in the regions of interest; 

• development of specific check lists, matrices and methods for the evaluation of flood 
impacts; 

• improvements in modelling and predicting the potential damages due to floods; 
• establishment of guidelines for the systematic application of the well known  phases 

of Assessment, namely screening, scoping, prediction and mitigation, management 
and monitoring, auditing; 

• definition of criteria for the assignement of weights to different flood related impacts; 
• definition of comprehensive performance criteria for flood management on the basis 

of social and economic indicators; 
• refining the mechanisms of public participation in decisions related to floods. 
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Abstract: Flood is one of the major natural disasters that threatens many human lives and causes 
significant economic losses globally every year. The design and performance analysis of a flood 
defense system are complex decision-making processes involving multiple criteria and uncertainties. 
This paper presents an over view of risk-based design procedure and offers possible means to extend 
from its present form of application to multi-criteria decision-making framework. 

 

Keywords: flood defense system, risk, natural disasters 

1. INTRODUCTION 

Floods are one of the major natural disasters that often threaten human lives and cause 
significant economic losses around the world. The history of mankind is filled with the 
stories of our struggles with floods to protect human races and to sustain the progression 
of our civilizations. Even with centuries of experiences on flood defense and tremendous 
amount of progresses have been achieved, flood still appears to enjoy being 
public-enemy-number-1 in the category of natural disaster. Berz (2000) recently compares 
flood disasters with earthquakes, storms, and other forms of nature disasters in the world. 
The study indicates that floods contribute to 58% of total death and 33% of economic 
losses. Great majority of flood related death toll and economic losses occurred in 
developing countries.  

It is interesting to observe in Berz’s summary statistics that, over the period of 
1988-1997, there is a trend of increasing number of flood events as well as economic 
losses globally. This might be due to global climate change, land use, and population 
growth. As the world population continuously to grow for years to come, the number of 
people potentially exposed to flood risk will increase. Furthermore, the economic loss due 
to floods is expected to continuously increase as more commercial activities and their 
values would increase simultaneously. 

Decisions for a flood defense system are multi-dimensional which involve a set of 
goals and constraints arising from political, environmental, social, economical, and 
engineering aspects. Engineering design often is at the final stage for finding technical 
means to best accomplish the project goals. Over the years, the engineering design 
concepts have been evolved as the science and technology in dealing with flood issues 
progress and improve. Reliability analysis methods have been applied to design hydraulic 
structures with or without considering risk costs.  Risk costs are those cost items incurred 
due to the unexpected failure of the flood defense systems and they can be broadly 
classified into tangible and intangible costs. Tangible costs are those measurable in terms 



of monetary unit which include damage to properties and structures, loss in business, cost 
of repair, etc.  On the other hand, intangible costs are not measurable by monetary unit 
such as psychological trauma, loss of lives, social unrest, damage to environment, and 
others. Without considering risk costs, reliability has been explicitly accounted for in the 
design of various flood defense systems, such as storm sewer systems (Yen and Ang, 
1971; Yen et al, 1976; Yen and Jun, 1984), levees (Tung and Mays, 1981a), dams and 
spillways (Tang and Yen, 1993), and storm surge protection work (Vrijling, 1993). Cheng 
et al. (1993) demonstrated how to apply the reliability anaysis method to calculate the risk 
reduction associated with freeboard in dam design. Melching et al. (1987) suggested 
different flood peak-risk curves for forecasting and for design. However, it is the 
risk-based least cost design of hydraulic structures that has the most potential for 
significant application of reliability analysis. This paper focuses on the concept of 
risk-based design, analysis and its related developments and implementations. 

2. RISK-BASED DESIGN CONCEPT 

The concept of risk-based design and analysis in engineering has been recognized for 
many years.  As early as in 1936, the United States Congress passed the Flood Control 
Act (U. S. Statutes 1570) in which consideration of failure consequence in the design 
procedure was advocated.  The economic risks or the expected flood losses were not 
explicitly considered until early 1960's.  Pritchett's work (1964) was one of the early 
attempts to apply the risk-based concept to hydraulic design of highway culverts. At four 
actual locations, Pritchett calculated the investment costs and the expected flood damage 
costs on the annual basis for several design alternatives. The results indicated that a more 
economical solution could be reached by selecting smaller culvert sizes compared with the 
traditional return period method used. The conventional risk-based approach considering 
inherent randomness of hydrologic processes has been applied to the design of highway 
drainage structures, such as culverts (Young et al., 1974; Corry et al., 1980) and bridges 
(Schneider and Wilson, 1980). Also, inherent randomness of hydrologic processes is 
integrated with reliability analysis in seismic, structural, and geotechnical aspects in the 
design of new dams (Pate-Cornell and Tagaras, 1986) and evaluation of alternatives for 
rehabilitating existing dams (McCann et al., 1984; Bureau of Reclamation, 1986).   

The basic concept of risk-based design is shown schematically in Fig. 1.  The risk 
function accounting for the uncertainties of various factors can be obtained using the 
reliability computation procedures. Alternatively, the risk function can account for the 
potential undesirable consequence associated with the failure of hydraulic structures.  
For simplicity only the tangible damage cost is considered herein. 

Risk costs associated with the failure of hydraulic structure cannot be precisely 
predicted from year to year. A practical way is to quantify it using an expected value on 
the annual basis.  The total annual expected cost (TAEC) is the sum of the annual 
installation cost and annual expected damage cost which can be mathematically expressed 
as 

TAEC(x) = FC(x)×CRF + E(Dx)     (1) 

where FC is the first or total installation costs that is the function of decision vector x 
which may include the size and configuration of the hydraulic structure; E(Dx) is the 
annual expected damage cost associated with the system failure; and CRF is the capital 
recovery factor, which brings the present worth of the installation costs to an annual basis, 
calculable by 
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with T and i being the expected service life of the system and the interest rate, 
respectively. 

A
nn

ua
l C

os
t

Project Size, X

Annual Total 
Expected Cost

Annual Expected 
Damage Cost

Annual Installation
Cost

Optimal 
Project
Size

A
nn

ua
l C

os
t

Project Size, X

Annual Total 
Expected Cost

Annual Expected 
Damage Cost

Annual Installation
Cost

Optimal 
Project
Size  

Fig. 1  Schematic Diagram of Risk-Based Design 

Referring to Fig. 1, as the structural size increases, the annual installation cost increases 
while the annual expected damage cost associated with the failure decreases.  The 
optimal risk-based design attempts to determine the lowest point on the total annual 
expected cost curve. Mathematically, the optimal risk-based design problem can be stated 
as 

Minimize     TAEC(x) = FC(x)×CRF + E(Dx)    (3a) 
subject to    gj(x) = 0, j = 1, 2, ..., m     (3b) 

where gj(x)=0, j=1,2,..., m are constraints representing the design specifications that must 
be satisfied. In general, the solution to Eqs.(3a-b) could be acquired through the use of 
appropriate optimization algorithms. The selection or development of the solution 
algorithm is largely problem specific. In general, the design capacity (or dimension) of a 
hydraulic system holds a one-to-one correspondence with the design return period (or 
annual failure probability). The return period corresponding to the optimal risk-based 
design is also called the least total expected cost (LTEC) return period. 

3. RISK CONSIDERATIONS IN DESIGNING HYDRAULIC SYSTEMS 

The design philosophy for various hydraulic systems has been evolved over several 
decades starting from the adoption of judgment- or experience-based design of a particular 
protection level (say, the largest flood event or fraction of it in record). Safety factor is 
frequently employed to implicitly account for the presence of uncertainties. However, the 
value of safety factor is determined primarily on the basis of judgment or experience of 
the designer. 

For many years, hydrologic risk dealing with the random occurrences of extreme 
rainstorms or floods has been practiced through the frequency analysis. This allows 
quantification of the occurrence probability (or return periods) of floods on which the 

 73



level of protection is based. Once the design return period is determined, the 
corresponding design hydrologic quantity remains fixed throughout the whole design 
process.  Again, the selection of the design return period for a flood defense system is a 
complex procedure involving the consideration of economic, social, legal, environmental 
and other factors.  However, the procedure does not account for these factors explicitly.   

The risk-based hydraulic design is a procedure, which evaluates among alternatives by 
considering the trade-off between the investment cost and the expected economic losses 
due to failures.  Specifically, the conventional risk-based design considers the inherent 
hydrologic uncertainty in the calculation of the expected economic losses.  In the 
risk-based design, the design return period is a decision variable instead of being a 
pre-selected design parameter value as with the return period design procedure.   

4. DATA REQUIREMENTS IN RISK-BASED DESIGN 

Design of a hydraulic structure, by nature, is an optimization problem consisting of an 
analysis of the hydraulic performance of the structure to convey flow across or through 
the structure and a determination of the most economical design alternative.  The 
objective is to minimize the sum of capital investment cost, the expected flood damage 
costs, and operation and maintenance costs.  The information needed for the risk-based 
design of hydraulic structures can be categorized into four types: 

(a) Hydrologic/physiographical data include flood and precipitation data, drainage area, 
channel bottom slope, and drainage basin slope.  They are needed to predict the 
magnitude of hydrologic events, such as streamflow and rainfall by frequency analysis 
and/or regional analysis. 

(b) Hydraulic data include flood plain slopes, geometry of the channel cross-section, 
roughness coefficients, size of structural opening, and height of embankment.  They are 
needed to determine the flow carrying capacities of hydraulic structures and to perform 
hydraulic analysis. 

(c) Structural data include material of substructures and layout of structure. 
(d) Economic data include (1) type, location, distribution, and economic value of 

upstream properties, such as crops and buildings; (2) unit costs of structural materials, 
equipment, operation of vehicle, accident, occupancy, labor fee; (3) depth and duration of 
overtopping, rate of repair, rate of accidents; (4) time of repair, length of detour.  

In the design of hydraulic structures, the installation cost is often dependent on the 
environmental conditions such as the location of the structure, geomorphic and geological 
conditions, soil type at the structure site, type and price of construction material, hydraulic 
conditions, flow conditions, recovery factor of the capital investment, labor and 
transportation costs.  In reality, these cost-affecting factors would result in uncertainties 
in cost functions used in the analysis.  However, the incorporation of the economic 
uncertainties in the risk-based design of hydraulic structures remains to be developed 
although some preliminary issues have been touched upon by Tung (1994). 

5. EVALUATIONS OF ANNUAL EXPECTED FLOOD DAMAGE COST 

In the conventional risk-based hydraulic design, economic risk-costs are calculated 
considering only the randomness of hydrologic events.  In reality, there are various types 
of uncertainties in a hydraulic design.  Advances were made to incorporate other aspects 
of uncertainty in the design of various hydraulic structures.  For examples, both 
hydrologic and hydraulic uncertainties were considered in the design of highway drainage 
structures (Mays, 1979; Tung and Mays, 1982; Tung and Bao, 1990), storm sewer 
systems (Yen and Ang, 1971; Yen and Jun, 1984; Tang et al., 1975), levee systems (Tung 

 74



et al., 1981b), and river diversion (Afshar et al., 1994). Inherent hydrologic uncertainty, 
along with parameter and model uncertainties, were considered in design of levee system 
(Wood et al., 1977; Bodo et al., 1976).  

In risk-based and optimal risk-based designs of hydraulic structures, the thrust of the 
exercise, after uncertainty and risk analyses are performed, is to evaluate E(Dx) as the 
function of the PDF's of loading and resistance, damage function, and the types of 
uncertainty considered.   

Conventional Approach - In the conventional risk-based design where only inherent 
hydrologic uncertainty is considered, the structural size x and its corresponding flow 
carrying capacity qc, in general, have a one-to-one, monotonically increasing relationship.  
Consequently, the design variable x can alternatively be expressed in terms of design 
discharge of the hydraulic structure.  The annual expected damage cost, in the 
conventional risk-based hydraulic design, can be computed as 

*
c

*
1 c

q

(D | x) =  D(q| ) f(q) dqqE
∞

∫        (4) 

where qc
* is the deterministic flow capacity of a hydraulic structure subject to random 

floods following a PDF, f(q); and D(qqc
*) is the damage function corresponding to the 

flood magnitude of q and hydraulic structural capacity qc
*.   

Note that Eq.(4) considers only the inherent hydrologic uncertainty due to the random 
occurrence of flood events, represented by the PDF, f(q).  It does not consider hydraulic 
and economic uncertainties.  Furthermore, a perfect knowledge about the probability 
distribution of flood flow is assumed.  This is generally not the case in reality. 

Incorporation of Hydraulic Uncertainty - Uncertainties also exist in hydraulic 
computations for determining the flow carrying capacity of the hydraulic structure.  In 
other words, qc is a quantity subject to uncertainty. To incorporate uncertainty feature of 
qc in the risk-based design, the annual expected damage can be calculated as 

c

2 1c c c c
0 0q

(D) =    D(q | ) f(q) dq  g( ) d  =  (D | ) g( ) dq q q q qE
∞ ∞ ∞ 
 
  
∫ ∫ ∫ c cqE    (5) 

in which g(qc) is the PDF of random flow carrying capacity qc.   
Extension of Conventional Approach by Considering Hydrologic Parameter 

Uncertainty - Since the occurrence of streamflow is random by nature, the statistical 
properties such as the mean, standard deviation and skewness of the distribution 
calculated from a finite sample are also subject to sampling errors.  In hydrologic 
frequency analysis, a commonly used frequency equation for determining the magnitude 
of hydrologic event of a specified return period TR-year is 

TRTR =  +  q Kµ σ        (6) 

in which qTR is the magnitude of hydrologic event of the return period TR-year; µ and σ 
are the population mean and standard deviation of hydrologic event under consideration; 
and KTR is the frequency factor depending on the skew coefficient and distribution of the 
hydrologic event. 

Consider floods being the hydrologic event that could potentially cause the failure of 
the hydraulic structure. Due to the uncertainty associated with the estimated values of µ, σ, 
and KTR in Eq. (6), the flood magnitude of a specified return period, qTR, is also a random 
variable associated with its probability distribution (see Fig. 2) instead of being a 
single-valued quantity presented by its “average”, as commonly done in practice. Hence, 
there is an expected damage corresponding to the TR-yr flood magnitude which can be 
expressed as 
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where E(DTR|qc*) is the expected damage corresponding to a TR-year flood given a 
known flow capacity of the hydraulic structure, qc

*; h(qTR) is the sampling PDF of the 
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Fig. 2  Schematic Sketch of Sampling Distribution of Flood Magnitude Estimator 

flood magnitude estimator of a TR-year return period; and qTR is the dummy variable for a 
TR-year flood. To combine the inherent hydrologic uncertainty, represented by the PDF 
of annual flood, f(q), and the hydrologic parameter uncertainty, represented by the 
sampling PDF for a flood sample of a given return period, h(qTR), the annual expected 
damage cost can be written as  

* *
c c
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2 c TR c TR TR

q q
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∫ ∫     (8) 

Incorporation of hydrologic Inherent/Parameter and Hydraulic Uncertainties - To 
include hydrologic inherent and parameter uncertainties along with the hydraulic 
uncertainty associated with the flow carrying capacity, the annual expected damage cost 
can be written as 
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Based on the above formulations for computing annual expected damage in risk-based 
design of hydraulic structures, one realizes that the mathematical complexity increases as 
the more uncertainties are considered. However, to obtain an accurate estimation of 
annual expected damage associated with the structural failure would require the 
consideration of all uncertainties, if such could be practically accomplished. Otherwise, 
the annual expected damage would, in most cases, be under-estimated, leading to 
inaccurate optimal design.  It has been found that, without providing full account of 
uncertainties in the analysis, the resulting annual expected damage is significantly 
under-estimated, even with a 75-yr long flood record (Bao et al., 1987; Tung, 1987). 
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6. RISK-BASED DESIGN CONSIDERING INTANGIBLE FACTORS 

The above descriptions of risk-based design consider only tangible economic costs 
consisting of structural costs, operation/maintenance costs, and flood related damages. 
Other than the economic factors that can be quantified in monetary terms in the design of 
flood defense systems, there are other intangible factors that are non-commensurable and 
cannot be quantified. Some of the intangible factors might work against the principle of 
economic efficiency. Examples of intangible factors that are considered in the design and 
planning of flood defense systems may be potential loss of human lives, stability of water 
course, impacts on local society and environment, health hazards after floods, litigation 
potential, maintenance frequency of the systems, and others. Plate and Duckstein (1988) 
list a number of performance measures, called the figures of merit, in the risk-based 
design of hydraulic structures and water resource systems. The optimal risk-based design 
obtained from the above framework only provides the most economically efficient flood 
defense system, which may not be acceptable when other intangible factors are 
considered. 

Consideration of all or some of these factors would provide a much more complete 
picture of the problem than the conventional risk-based design and analysis which 
considers only the quantifiable economic aspect of the problem. As more intangible 
factors are considered in the risk-based design of flood defense systems, the problem 
becomes a multi-objective or multi-criteria decision-making (MCDM) in which economic 
efficiency is one but many factors to be considered simultaneously. Use of a 
multiple-criteria approach enhances more realistic decision-making and the design 
frequency or system capacity so determined will be more acceptable in practice and 
defensible during litigation or negotiation with others. 

There are methods of varying degrees of sophistication developed to deal with 
multi-criteria decision-making problems (Zeleny, 1982; Steuer, 1986). A simple yet quite 
effective method is the “simple additive weighing (SAW) technique”.  The technique 
involves an analysis of an information matrix consisting of a decision-maker's subjective 
evaluation of their preference by assigning ratings to each of the criteria involved for a 
number of alternatives under consideration. A typical information matrix for a MCDM 
problem is shown in Fig. 3.  The relative merit of each alternative is judged on the basis of 
its final rating computed by 
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Fig. 3  Information matrix for the SAW Method  
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in which Fi is the final rating for alternative i; Rij is the rating for alternative i with respect 
to criterion j; Wj is the weight representing the relative importance of criterion j; N and M 
are, respectively, the total number of alternatives and criteria. 

It was possible to use the MCDM to extend the risk-based design and analysis to 
include the intangible factors. In relating to the problem of determining multiple-criteria 
risk-based design, the criteria would include the economic (tangible) factors and those 
intangible factors that are considered to be relevant to decision makers. Using the SAW 
method, the design variables (such as the scale of flood defense system or its 
corresponding level of protection) have to be discretized into alternatives. Further, the 
decision-makers or engineers must devise a numerical rating system to reflect their level 
of desirability of different alternatives under various criteria as well as the relative 
importance of the criteria. In general, the determination of the list of alternatives for 
consideration should use the economically efficient risk-based design alternative as the 
lower bound. Consideration of additional intangible criteria (factors) such as 
environmental would generally lead to the adoption of a higher level of protection.  
Hence, the upper bound for project alternative in decision-making could be properly 
chosen according to relative importance of the project and consequence of the failure. 

For practical implementation of the MCDM to incorporate intangible factors in 
risk-based analysis for highway drainage structure design, Tung et al (1993) adopted a 
system of verbal rating from 'Very Desirable' to 'Less Desirable' for design alternatives in 
terms of return period from 2-yr to 200-yr. Criteria considered include economic 
efficiency, litigation potential, maintenance frequency, and public service. To facilitate 
numerical analysis in the framework of SAW method, numerical ratings (0-10) associated 
with different verbal ratings were established through extensive survey among engineers 
in highway departments at the State and federal levels in the United States. 

In the study of Tung et al (1993), the uncertainty nature of numerical ratings associated 
with verbal ratings was quantified through the use of fuzzy membership function. The 
calculation of final rating for each alternative by Eq. (10) was conducted by applying 
fuzzy arithmetic (Kaufmann and Gupta, 1985). Based on the calculated membership 
function associated with each of the alternative, the optimal alternative can be identified 
by choosing the one having the shortest 'distance' to that of the 'Very Desirable' one. 
Based on the defined membership function for the rating 'Very Desirable', one could 
determine the extended-LTEC design frequency from integrated consideration of tangible and 
intangible factors. 

7. RISK-BASED DESIGN WITHOUT FLOOD DAMAGE INFORMATION 

In general, risk-based design and analysis of hydraulic engineering systems requires 
information with regard to various flood-related damages. Such information requires 
extensive survey for type and value of various properties, economic and social activities, 
and other demographical related information in the regions that are affected by flooding. 
Hence, flood-related damage information is very much location specific with little that 
can be generalized from other places. For areas where flood-related damage data are 
unavailable, the conventional risk-based analysis cannot be implemented.  

Realizing that in any design or analysis of flood defense system, one normally would 
have to conduct hydraulic simulation to delineate flood zone and other related flow 
characteristics, such as water depth and flow velocity. The hydraulic characteristics, 
combining with property survey data, would allow estimating flood damage for a 
specified flood event under consideration. In the situation where flood-related damage 
data are unavailable, the risk-based analysis of relative economic merit of different flood 
defense systems can still be made by the following modifications. That is, one can replace 
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the flood-related damage functions by relevant physical performance characteristics of the 
flood defense systems that are either required inputs for hydraulic modeling or can be 
easily extracted from model outputs. For examples, useful physical performance 
characteristics in urban drainage systems design and analysis could be pipe length (or 
street area) subject to surcharge, volume of water surcharged, maximum (or average) 
depth and velocity of overland flow. Although these performance characteristics may not 
completely reflect what the flood damages are, they are nonetheless providing good 
indication about the potential seriousness of the flooding situation. 

For a given design, the corresponding annual installation cost can be estimated. Also, 
the system responses under the different hydrologic loadings can be obtained by a proper 
hydraulic simulation model. An example hydraulic simulation outputs for an urban 
drainage system in Hong Kong designed with a 5-year capacity is shown in Table 1(a). 
Each row corresponds to rainfall event of a specified return period. The hydraulic 
responses of the system tabulated in Table 1(a) can be used in Eq.(4) through numerical 
integration to arrive the annual expected hydraulic responses under a system capacity. The 
process can be repeated to consider other design alternatives or protection levels to obtain 
Table 1(b) for decision-making.  

Table 1  Hydraulic Performance of Example Urban Drainage System 

(a) Hydraulic responses of urban drainage system designed for 5-yr protection 
Level of Protection: 5-yr Storm 

Storm with T= Exc. Prob. Non-exc. Prob. Flood Vol. (m3) Flood Depth (m) Flood Area (m2) 
2-yr 0.5 0.5 0 0 0 
5-yr 0.2 0.8 0 0 0 

10-yr 0.1 0.9 141 10 864 
20-yr 0.05 0.95 487 28 1875 
50-yr 0.02 0.98 605 34 2020 
100-yr 0.01 0.99 811 42 3838 
200-yr 0.005 0.995 1313 62 5046 

(b) Annual cost needed to improve existing system to different levels of protection 

Protection Level Installation 
Cost ($M)

Annual 
Cost * ($M) 

Annual Expct. 
Surcharge Vol. (m3)

Annual Expct. 
Surcharge Area (m2)

Annual Expct. 
Surcharge Depth (m) 

Existing 0 0 727 1777 24.5 
2-yr 4.05 0.34 89 372 4.9 
5-yr 5.80 0.49 52 209 3 
10-yr 7.74 0.65 10 53 0.6 
20-yr 9.25 0.78 6 36 0.4 
50-yr 16.80 1.41 0.14 2.4 0.02 

100-yr 18.26 1.53 0.05 0.9 0.003 
200-yr 18.37 1.54 0 0 0 

* The interest rate is 8% and the service life is assumed to be 40 years  

Based on the annual project cost of the system and the expected hydraulic response of 
the system, a trade-off analysis can be performed by examining the marginal improvement 
due to one unit of increase in capital investment. Referring to Fig. 4, it is observed that the 
annual expected surcharge volume decreases as the annual capital cost of the system 
increases due to the level of protection gets higher. The marginal improvement (in terms 
of reduction in surcharge volume) due to one unit capital investment cost can be written as 

C 
SV  - MR
∂
∂

=        (11) 
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in which SV = surcharge volume; C = capital investment; and MR = marginal reduction in 
surcharge volume. As can be seen that the value of MR starts very high from the existing 
system and drops to an annual capital cost around HK$0.6M (which corresponding to 
10-yr protection) beyond which the rate of reduction in surcharge volume for additional 
capital investment becomes negligible. From the trend of marginal improvement, a 
decision-maker would be able to choose a sensible alternative for project implementation. 
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Fig. 4  Annual Project Cost vs. Annual Expected Surcharge Volume 

8. CONCLUDING REMARKS 

The concepts and theory of reliability analysis and risk-based design of hydraulic 
structures have been around for sometimes. Yet, the applications of probabilistic 
design/analysis to real-life hydraulic engineering projects are largely staying at the stage 
of hydrologic frequency analysis. There still exists reluctance and resistance in accepting 
and implementing these methodologies to practical problems. One major difficulty that 
might hinder practical application of risk-based design could be the availability of reliable 
flood related damage data. This would require commitment from the governments to 
support the collection and compilation of economic and social data, while continues data 
collection for hydrologic and hydraulic information. In absence of economic data, this 
paper illustrates a viable alternative for conducting risk-based analysis which appears to 
be technically sound. Also, the risk-based analysis could be expanded to a multiple 
criteria decision-making framework to consider both tangible and intangible factors. 

ACKNOWLEDGMENTS 

This article is dedicated to the memory of my dear friend and mentor, Professor Ben Chie 
Yen, whose unexpected passing at prime age of 67 was a tremendous loss for water 
resource engineering community. Professor Yen dedicated his career to the well-being of 
humanity through education, research, and service in water resources engineering. Of 
relevant to this conference, he made significant contributions to solutions of flood related 
problems, in particular, bring in the reliability and risk-based concepts into the design and 
analysis of hydraulic engineering projects. 

REFERENCES 
Afshar, A., Barkhordary,A., and Marino, M.A. (1994). “Optimzing river diversion under hydraulic and 

hydrologic uncertainties.” Water Resour. Plan. and Mgmt., 120(1): 36-47. 
Berz, G. 2000. "Flood disasters: lessons from the past - worries for the future." Water and Maritime Engg., Inst. 

of Civil Engineers, 142. 
Bao, Y., Tung, Y.K., and Hasfurther, V.R. 1987. “Evaluation of uncertainty in flood magnitude estimator on 

annual expected damage costs of hydraulic structures.” Water Resour. Rsrch., 23(11): 2023-2029. 

 80



Bodo, B. and Unny, T.E. 1976. “Model uncertainty in flood frequency analysis and frequency based design.” 
Water Resour. Rsrch., 12(6): 1109-1117. 

Bureau of Reclamation. 1986. “Guideline for decision analysis.” ACER Technical Memo., No. 7, U.S. Dept. of 
Interior. 

Cheng, S.T., Yen, B.C., and Tang, W.H. 1993. “Stochastic risk modeling of dam overtopping.” In: Reliability 
and Uncertainty Analyses in Hydraulic Design, edited by B.C. Yen and Y.K. Tung, 123-132, ASCE. 

Corry, M. L., Jones, J.S., and Thompson, D.L. 1980. “The design of encroachments of floodplain using risk 
analysis.” Hydraul. Engg. Circular, No.17, U.S. Dept. of Transp. Federal Highway Admin., Washington, DC. 

Kaufmann, A. and Gupta, M.M. 1985. Introduction to Fuzzy Arithmetic - Theory and Applications. Van 
Nostrand Reinhold Company Inc. New York, NY. 

McCann, M.M., Franzini, J.B., Kavazanjiam, E., and Shah, H.C. 1984. “Preliminary safety evaluation of existing 
dams, Vol. 1", Report prepared for Federal Emergency Mgmt. Agency by Dept. of Civ. Eng., Stanford 
University, CA. 

Mays, L.W. 1979. “Optimal design of culverts under uncertainties.” J. of Hydraul. Engg., 105(5): 443-460. 
Mays, L.W. and Yen, B.C. 1975. “Optimal cost design of branched sewer systems.” Water Resour. Rsrch., 11(1): 

37-47. 
Melching, C.S., Wenzel, H.G., and Yen, B.C. 1987. “Application of system reliability analysis to flood 

forecasting.”  In: Application of Frequency and Risk in Water Resources, edited by V.P. Singh, 335-350.  
D. Reidel Publishing Co., Dordrecht, The Netherlands. 

Pate-Cornell, M.E. and Tagaras, G. 1986. “Risk cost for new dams: economic analysis and effects of 
monitoring.” Water Resour. Rsrch., 22(1): 5-14. 

Plate, E.J., and Duckstein, L. 1988. “Reliability based design concepts in hydraulic engineering.” Water Resour. 
Bulletin, 24(2): 234-245. 

Pritchett, H.D. 1964. “Application of the principles of engineering economy to the selection of highway 
culverts.” Stanford University, Report EEP-13. 

Schneider, V.R. and Wilson, K.V. 1980. “Hydraulic design of bridges with risk analysis.” Report 
FHWA-TS-80-226. U.S. Dept. of Transp. Federal Highway Admin., Washington, DC. 

Steuer, R.E. 1986. Multiple Criteria Optimization: Theory, Computation, and Application.  John Wiley and 
Sons, Inc., New York, NY. 

Tang, W.H., May, L.W., and Yen, B.C. 1975. “Optimal risk-based design of storm sewer networks.” J. of 
Environ. Engg., 101(3): 381-398. 

Tang, W.H. and Yen, B.C. 1993. “Probabilistic inspection scheduling for dams.”  In: Reliability and 
Uncertainty Analyses in Hydraulic Design.  Edited by B.C. Yen and Y.K. Tung, 107-122, ASCE, New York, 
NY. 

Tung, Y.K. and Mays, L.W. 1981a. "Risk and reliability model for levee design," Water Resour. Rsrch., 17(4): 
833-842. 

Tung, Y.K. and Mays, L.W. 1981b. “Optimal risk-based design of flood levee systems.” Water Resour. Rsrch., 
17(4): 843-852. 

Tung, Y.K. and Mays, L.W. 1982. “Optimal risk-based hydraulic design of bridges.” J. of Water Resour. 
Planning and Mgmt., 108(2):191-202. 

Tung, Y.K. and Bao, Y. 1990. “On the optimal risk-based designs of highway drainage structures.” J. of Stoch. 
Hydrol. and Hydraul., 4(4): 311-324. 

Tung, Y.K., Hasfurther, V., Wacker, A.M., Bao, Y., and Zhao, B. 1993. "Least total expected cost (LTEC) 
analysis for selecting a defensible design flood frequency for highway drainage structures in Wyoming." 
Technical Report, Wyoming Water Resour. Center, Univ. of Wyoming, Laramie, WY, 444 + xv pp. 

Tung, Y.K. 1987. “Effects of uncertainties on optimal risk-based design of hydraulic structures.” J. of Water 
Resour. Plan. and Mgmt., 113(5): 709-722.  

Tung, Y.K. 1994. “Probabilistic hydraulic design: a next step to experimental hydraulics.” J. of Hydraul. Rsrch., 
32(3): 323-336.  

Vrijling, J. K. 1993. “Development in Probabilistic Design of Flood Defenses in the Netherlands.” In: Reliability 
and Uncertainty Analyses in Hydraulic Design, edited by B.C. Yen and Y.K. Tung, 133-178, ASCE. 

Wood, E.F. 1977. “An analysis of flood levee reliability.” Water Resour. Rsrch.,  13(3): 665-671.  
Yen, B.C. and Ang, A.H.S. 1971. “Risk analysis in design of hydraulic projects.” Stochastic Hydraulics, 1st 

International Symposium on Stochastic Hydaulics, pp.694-709. 
Yen, B.C. and Jun, B.H. 1984. “Risk consideration in design of storm drains.” Proceedings, Third 

IAHR/IAWPRC International Conference on Urban Storm Drainage, 2: 695-704, Chalmers Univ. of 
Technology, Goteborg, Sweden,  

Yen, B.C., Wenzel, H.G., Jr., Mays, L.W., and Tang, W.H. 1976. “Advanced methodologies for design of storm 
sewer systems.” Rsrch. Report, No. 112, Water Resour. Center, Univ. of Illinois at Urbana-Champaign, IL. 

Zeleny, M. 1982. Multiple Criteria Decision Making. McGraw-Hill Book Company, New York, NY. 

 81



Flood Defence ’2002, Wu et al. (eds)© 2002 Science Press, New York Ltd., ISBN 1-880132-54-0 

Keynote lecture: 
Flood risk = hazard × exposure × vulnerability 

Wolfgang Kron 
Geo Risks Research Dept., Munich Reinsurance Company, Munich, Germany 
E-mail: wkron@munichre.com 

 82

Abstract: Worldwide, flooding is probably the number one cause of losses from natural events. No 
region in the world is safe from being flooded. As the flood risk is a function of the flood hazard, 
the exposed values and their vulnerability, the increase in flood losses must be attributed to changes 
in each of these aspects. While flood protection measures may reduce the frequency of inundation 
losses, appropriate preparedness measures lessen the residual financial risk considerably. Besides 
public and private measures, insurance is a key factor in reducing the risk for individuals, 
enterprises and even whole societies. In recent years, the demand for flood insurance has been 
growing. This is forcing the insurance industry to develop appropriate solutions. At the same time it 
is vital for the insurers to know the probable maximum losses they might face as the result of an 
extreme event.  

 

 
Keywords: flood types, flood disasters, flood risk, flood preparedness, flood insurance  

 
1. INTRODUCTION 

In many parts of the world, flooding is the leading cause of losses from natural 
phenomena and is responsible for a greater number of damaging events than any other 
type of natural hazard. Roughly half of all losses due to nature’s forces can be attributed 
to flooding. Flood damage has been extremely severe in recent decades and it is evident 
that both the frequency and intensity of floods are increasing. In the past ten years losses 
amounting to more than US$ 250bn have had to be born by societies all over the world to 
compensate for the consequences of floods. There are countries, such as China, in which 
flooding is a frequent, at least annual event, and others, such as Saudi Arabia, where 
inundation is rare but its impact sometimes no less severe. No populated area in the world 
is safe from being flooded. However, the range of vulnerability to the flood hazard is very 
wide, in fact wider than for most other hazards. Some societies (communities, states, 
regions) have learnt to live with floods. They are prepared. Others are sometimes 
completely taken by surprise when a river stage (or the sea) rises to a level neighbouring 
residents have never experienced before in their lives.  

The dramatic increase in the world's population and in particular in certain regions 
creates the necessity to settle in areas that are dangerous (Kron, 1999b). Additionally, the 
movement of political, social and other refugees, increased mobility and the attractiveness 
of areas that have a beautiful natural environment and a mild climate lead to people 
settling at places whose natural features they do not know. They are not aware of what can 
happen and they have no idea how to behave if nature strikes.  

During the last few decades many flood plains have been occupied by residential areas 
and industrial parks. These areas are usually flat and not necessarily good for agricultural 



use. The nearby rivers have been tamed and confined in narrow strips by dikes, and cheap 
and attractive land has been reclaimed. Towns and villages declared these areas residential 
areas and, therefore, many potential buyers of property counted on there being no flood 
hazard to be feared.  
 
2. TYPES OF FLOOD 

In insurance contracts, flooding is defined as a “temporary covering of land by water as a 
result of surface waters escaping from their normal confines or as a result of heavy 
precipitation”. There are three main types of flood and a number of special cases (Munich 
Re, 1997). The main types are: storm surge, river flood, and flash flood; special cases 
include tsunami, waterlogging, backwater (e.g. caused by a landslide that blocks a water 
course), dam break floods, glacial lake outburst floods (GLOF), groundwater rise, debris 
flow events and others. 

Storm surges can occur along the coasts of seas and big lakes. They bear the highest 
loss potential of water-related natural events, both for lives and for property. Improved 
coastal defence works have prevented very high losses in developed regions during the 
recent past, but the loss potential of storm surges remains huge. 

River floods are the result of intense and/or persistent rain for several days or even 
weeks over large areas sometimes combined with snowmelt. The ground becomes fully 
saturated and the soil’s capacity to store water is exceeded. It behaves as if it were sealed 
and the precipitation runs off directly into creeks and rivers. The same effect is produced 
by frozen ground, which also prevents the water from infiltrating the soil. River floods 
build up gradually, though sometimes within a short time. The area affected can be very 
large in the case of flat valleys with wide flood plains. In narrow valleys the inundated 
area is restricted to a small strip along the river, but water depths are great and flow 
velocities tend to become high, with the result that mechanical forces and sediment 
transport play a major role as a cause of damage. Although inundation due to river floods 
starts from a water course and is somewhat confined to its valley, the areas affected can be 
far greater than those hit by storm surges.  

Flash floods sometimes mark the beginning of a river flood, but mostly they are local 
events relatively independent of each other and scattered in time and space. They are 
produced by intense rainfall over a small area. The ground is not usually saturated, but the 
infiltration rate is much lower than the rainfall rate. Typically, flash floods have an 
extremely sudden onset. A surge may rush down a valley that does not even have a creek 
at its bottom. Such a flood wave can propagate very quickly to locations some tens of 
kilometres away, where the rainstorm is not even noticeable. From this fact comes the – 
probably true – saying that “in a desert more people drown than die of thirst”. Forecasting 
flash floods is almost impossible, with lead times for early warnings in the order of 
minutes. Although flash floods usually occur in a relatively small area and last only a few 
hours (sometimes minutes), they have an incredible potential for destruction.  

Flash floods are not only associated with fast flowing water in steep terrain, but also 
with the flooding of very flat areas, where the slope is too small to allow for the 
immediate runoff of stormwater. Instead, water accumulates on the surface, in – 
sometimes not even noticeable – depressions or in other lower lying areas such as street 
underpasses, underground car parks and basements. Hence, the term flash denotes 
something that happens quickly and not something that moves quickly.  

Flat areas are also prone to another kind of widespread flooding which is called 
waterlogging. In China this is a common phenomenon. Extended rainfall of considerable 
depth – in some areas associated with the term “plum rain [mei yu]” because of its 
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occurrence during the season when the plums ripen (June-July) – inundates sometimes the 
whole landscape. 
 
3. RECENT FLOOD DISASTERS 

Reinsurance companies, due to their worldwide activities, are among the best sources for 
natural disaster statistics (Kron, 2000; Munich Re, 2000). Their analyses focus on three 
aspects: the number of people affected (fatalities, injured, homeless), the overall economic 
damage to the country hit, and the losses covered by the insurance industry.  

Natural disasters with thousands of deaths almost always hit poor countries and are 
mainly caused by earthquakes. The poverty aspect is related to the higher vulnerability in 
less developed countries (poorer quality of structures, more people), the cause 
(earthquakes) to the sudden onset of such events, which strike without warning. In the past 
(more than 10 years ago), floods were also responsible for a huge number of deaths. This 
is not so anymore today, because early warning has become more operational, more 
reliable and hence more effective.  

In the statistics of economic losses floods take a leading position. While two 
earthquakes (Kobe: US$ 100bn; Northridge: US$ 44bn) still have been the costliest 
natural disasters so far, floods, which usually affect much larger areas than earthquakes 
and occur much more frequently, have at least the same importance. Not only the great 
disasters, but also the vast number of small and medium-sized events cause tens of 
billions of dollars of losses every year for economies and severe distress to people. 
Probably, floods are responsible for more damage than all other destructive natural events 
together. Additionally, the financial means societies all over the world spend on flood 
control (sea dikes, levees, reservoirs, etc.) is a multiple of the costs they devote to 
protection against other impacts from nature.  

Table 1 shows the greatest flood losses in recent years. It is apparent that China is the 
country whose economy suffers most and most regularly from such disasters. It also 
becomes clear that great flood losses can occur in practically any region of the world.  

 
Table 1  The costliest floods of the past 10 years (original values, not adjusted for inflation) 

  Rank  Year Country/countries Economic losses    Insured 
 (mainly affected regions)  US$ bn     (%) 
 1 1998 China (Yangtze, Songhua) 31 3 
 2 1996 China (Yangtze) 24 2 
 3 1993 USA (Mississippi) 21 6 
 4 1995 North Korea 15 0 
 5 1993 China (Yangtze, Huai) 11 0 
 6 1994 Italy (North) 9.3 <1 
 7 1993 Bangladesh, India, Nepal 8.5  0 
  2000 Italy (North), Switzerland (South) 8.5  6 
 9 1999 China (Yangtze) 8 0 
 10 1994 China (Southeast) 7.8  0 
 11 1995 China (Yangtze) 6.7  1 
 12 2001 USA (Texas) 6.0  58 
 13 1997 Czech Rep., Poland, Germany (Odra) 5.9  13 

 
The insured share of flood losses from these major events has usually been relatively 

small. For the insurance industry windstorms are clearly the most critical loss events, 
simply because the insurance density is highest for this type of peril. However, a tendency 
towards higher insurance densities for flood may be observed worldwide and, in particular, 
a tendency towards extreme single insurance losses due to water. A good example of this 
is Tropical Storm Allison, which drenched the Houston/Texas area with over 750 mm of 
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rain in just five days in June 2001 and caused insured losses of US$ 3.5bn. With economic 
losses of US$ 6bn this event ranks 12 in Table 1, having by far the highest share of 
insured losses of the 13 events listed. 

Table 1 does not reveal any trend. However, a distinct change in flood losses over time 
becomes apparent in Fig. 1. Here the losses from great flood disasters for each year since 
1950 are plotted vs. time. The average annual losses from such catastrophes in the period 
since 1990 have become a multiple of the values in the previous decades.  

Natural catastrophes are classed as being great if they cannot be handled by the affected 
country/region alone, but require interregional and international assistance. This is usually 
the case when thousands of people are killed, hundreds of thousands are made homeless, 
or when a country suffers substantial economic losses, depending on the economic 
circumstances generally prevailing in that country. Great catastrophes can be analysed 
very well in retrospect because even records that go back several decades can still be 
investigated today. If the statistics were based on all the loss information collected 
(including small and medium events), the influence of advanced communication 
technology over the past decades would introduce an unacceptable bias.  
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Losses that have been experienced describe the past. What we expect in the future must 
be based, on the one hand, on these experiences, but, on the other hand, on the analysis of 
each loss event too in order to determine the respective factors that exerted their influence 
on it. From this analysis we can derive an expected value for a (future) loss, which we call 
risk. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

As atAs atAs at 
 

 

Fig. 1  Great Flood Disasters 1950 - 2001 
 
4. DEFINITION OF RISK 

The term risk is understood in different ways by different people. While this plurality in 
usage may often be of no consequence, risk should be defined – for scientific discussions 
– in an unambiguous and consistent way. In the scientific community it is widely agreed 
that risk is the product of a hazard and its consequences. Where there are no people or 
values that can be affected by a natural phenomenon, there is no risk. In a similar way a 
disaster can only happen when people are harmed and/or their belongings damaged. A 
very strong earthquake in an uninhabited region without human property cannot cause 
disaster. Similarly, a strong earthquake in a well-prepared region will not be catastrophic. 
In a poorly prepared region, however, even a moderate tremor may cause a devastating 
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catastrophe. The earthquake hazard is clearly highest in the first case, while the 
earthquake risk is highest in the third case. Hence, three components determine the risk: 

1. the hazard i.e. the threatening natural event including its probability of occurrence; 
2. the exposure, i.e. the values/humans that are present at the location involved; 
3. the vulnerability, i.e. the lack of resistance to damaging/destructive forces. 

In its most simple form the risk is computed by multiplying these three components. If 
we combine exposure and vulnerability to form the variable C denoting the consequences 
resulting from a single event with the probability P, we can write the risk – from only this 
one event – as 

R = C P                                                                 (1) 
Usually, however, natural hazards do not manifest themselves in one single event with 

a given probability of occurrence, but in many different forms with an almost infinite 
number of variations. In the case of the hazard being flood discharges Q, Eq. (1) must 
therefore be written in an integral form 

∫
∞

=
aQ

dQQfQCR )()(                                                       (2) 

where C(Q) are the costs/losses caused by a given discharge Q and f(Q) is the probability 
density function of the discharge. The integration must be performed for the whole region 
above the flood value Qa, for which losses start to occur. 
 
  f(Q)  F(Q) = 1.0 
 F(Q)  )()( oQQeQf −−= λλ
 
  )(1)( oQQeQF −−−= λ

 
 probability density function of discharge maxima 
 
 
 

    0 Qo  Q 
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 C(Q) 
 C(Q) 
 
 

 0 Qa Qb Q 
Fig. 2  “True” probability density function of discharge maxima, approximated probability density  

function f(Q), cumulative distribution function F(Q), and consequence function C(Q) 
 

In general, this integration cannot be done analytically, except for certain specific 
combinations of C(Q) and f(Q). For example, if we choose a linear function of C(Q) for 
Qa<Q<Qb with values C(Q) = 0 for Q < Qa and C(Q) = Cmax = const. for Q > Qb, and the 
1-parameter exponential distribution for discharges with probability density function 

)()( oQQeQf −−= λλ                                                     (3) 

(Fig. 2), Eq. (2) can be integrated directly and written as 
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After some calculations we obtain (Kron, 1993) 
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In practice, such analytical calculations for assessing the risk are seldom possible, 
mainly because the data base is usually very thin. Instead, simplified procedures are 
applied (Munich Re, 1997). 

 
5. REASONS FOR THE INCREASING FLOOD RISK 

The fact that flood catastrophes are becoming more and more frequent and severe – and 
the flood risk therefore higher – although protection and preparedness measures have been 
improving, is addressed in the following by highlighting some aspects of each of the three 
components that determine the risk. 

5.1 Increasing hazard 
Over the past decades there have been a number of developments that have certainly 
caused changes in the flood hazard, i.e. in the occurrence frequency and magnitude of 
high flows. Practically all of these developments must be attributed to human activities, 
even the ongoing shift in the hydrologic regime due to climate change. 

The development of new settlement areas directly leads to a reduction in the storage 
volumes of natural retention areas. Flood plains are occupied by new settlements or 
otherwise heavily used. This often requires river training in the form of channel 
straightening and dikes that sometimes even prevent agricultural areas from being flooded. 
In this way flood peaks and their propagation velocities become higher and increase the 
flood hazard downstream. In a similar way, the increase in anthropogenic ground sealing 
by parts of the catchment being covered by impermeable or at least less permeable 
surfaces such as houses, roads, parking lots, etc. causes a further increase in the runoff and 
– in some cases – in the peak flows in the rivers. However, one should be wary of blaming 
the above changes for the increase in the flood hazard everywhere. While they may have 
dramatic consequences in some areas (particularly in small catchments), their influence 
usually becomes smaller and finally almost negligible as the size of the catchment and 
river network increases. A flood along a large river is not created by impermeable urban 
areas, it needs quasi-impermeable rural areas as well. This “natural impermeability” is 
caused by antecedent rainfall that soaks the soil and uses up its storage capacity.  

Lumped assumptions that link higher flood peaks to higher flow velocities are not valid 
either. In a dentritic river system the crucial point is how the hydrographs from the various 
branches act together, i.e. how they are superimposed on each other. Hence, a faster 
propagating flood wave from a major tributary may even be advantageous if it enters the 
main river before the peak has arrived there, and therefore alleviates the situation. 

One certain consequence of faster flowing water is the increased erosion of the channel 
and its bed. This may increase the threat to bridge piers and abutments, dikes and 
embankments, and reduce the storage capacity of reservoirs where the sediments settle. 
But as far as the higher flood hazard is concerned, erosion processes in the catchment are 
a more important factor. In many places, a change in the use of land (agricultural areas 
instead of pastures and forests) is a major reason for a dramatic increase in the sediment 
transport rates of rivers and deposition rates in downstream reaches. This deposition not 
only causes the bed levels to rise, but also leads to the retention areas along the rivers 
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being filled with sediment and hence more and more inactivated. The water-covered areas 
along the Yangtze River between Yichang and Jiujiang shrank from 15,000 km2 in 1945 
to 300 km2 in 2000. More than 1,000 lakes with a total volume of 50bn m3 disappeared. 
Dongting Lake's bed has been rising at a rate of 4.5 cm per year; of its 19th century area of 
6,300 km2 a mere 2,700 km2 is left and the storage capacity has fallen from probably well 
above 40bn m3 to 17bn m3 (Yu, 2001). In the Jinjiang reach, the Yangtze River bed today 
is 8 to 15 m higher than the surrounding flood plain (Wu et al., 2001). These 
developments seem to be the main negative consequence of the deforestation of areas in 
the river's upper sub-catchments in Sichuan. The often blamed increased runoff from 
deforested areas probably has a less decisive influence on floods in cases where hundreds 
of millimetres of rain fall. 

Finally the implications of a changing climate should not be forgotten. In many places 
the hydrologic impact of climate change on floods is not primarily due to the increased 
annual rainfall depth but to the shift in the seasonal rainfall pattern. A strong tendency 
towards a higher variability in weather parameters (e.g. rainfall intensity) is expected, 
leading to more pronounced extremes, in terms of both flood and drought. On the global 
scale the expected temperature increase of 1.3 to 5.8°C by the end of this century will lead 
to higher rainfall amounts and to higher probabilities of extremes. 

5.2 Increasing exposure 
The dramatic increase in the world's population and in particular in certain regions 
certainly constitutes the main reason why losses from natural disasters have been almost 
exploding in recent decades. The increase in losses from natural events is a direct function 
of the number of people who – must or wish to – settle in flood-prone areas, and a 
function of the increasing values they possess and their greater susceptability. 

Flood plains (and coastal plains) are – if one neglects the flood hazard – well suited for 
development. They are flat, provide easy access to process and cooling water, allow 
transport of raw materials and products by boat and are easy to develop with roads, water 
and power networks and other lifelines. The river is usually thought to be “tamed” by a 
dike, and residents and property owners feel safe, especially if no major event happens in 
the first few years after they have occupied the land. In such a situation, huge values are 
built up in the form of buildings, equipment and stocks. Additionally, many jobs are 
dependent on the industries and businesses located on flood plains, which becomes a 
problem as soon as production or business is interrupted by inundation and people cannot 
work or even go to work.  

Generally speaking, people today own more things than ever before and things with 
higher values too. The boiler for the central heating system, a freezer, a high-tech washing 
machine and many other such items are typically located in the lower parts of a building, 
most often in the basement. Due to their weight or because they are fixed to the building, 
some of these devices are difficult to move to a higher level when a flood rises. 
Furthermore, many home owners have changed their basements from storage rooms for 
coal, wood, potatoes, apples, preserves, and all kinds of unused or seldom used stuff into 
party cellars, children’s playrooms and home offices equipped with computers.  

The situation is basically the same in businesses and industrial buildings too. Here, 
electronic and electrical installations such as computer centres, air-conditioning control 
centres and elevator machinery are the typical – and highly vulnerable – contents of 
basements. Underground car parks for employees and customers are component parts of 
most new office buildings. Although cars are relatively easy to remove, they still represent 
a very high loss potential which could be realized in the event of a flash flood when there 
is no lead time for warning.  
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5.3 Increasing vulnerability 
In former times, most of the belongings were hardly susceptible to damage by water. The 
ones that were could be carried to a safe place and even if they were lost, the damage was 
relatively minor. Today’s contents often suffer total damage when they get in contact with 
water. Especially electric and electronic machines, appliances and other devices are highly 
vulnerable to humidity and – flood waters always contain it – dirt and other pollution 
particles. 

The change from stove heating to central heating is maybe the most important 
difference. Not only the central heaters are installed in the basement and cannot be 
removed, but there are also oil tanks that can lead to severe pollution when they are 
flooded. This means, much more effort has to be put into the flood protection of low-lying 
parts of residential buildings. 

Additionally, the movement of political, social and other refugees, increased mobility 
and the attractiveness of areas that have a beautiful natural setting and a mild climate lead 
to people settling in environments whose natural features they do not know. They are not 
aware of what can happen and they have no idea how to behave if nature strikes. 

An important aspect is the already mentioned feeling of security many people have 
along water courses. Improved and sometimes sophisticated flood control systems 
consisting of reservoirs, retention basins and levees make sure that floods with a high 
frequency (once every few years on average) do not cause any problems. People ignore 
the fact that they live in areas endangered by floods and often “forget” their proneness in a 
surprisingly short time after a flood they have actually experienced, and after a period of 
raised awareness they return to ignorance.  

Recent large flood events in Europe have revealed some factors that influence the 
extent of flood losses. In December 1993 and in January 1995 the Rhine River – and some 
of its tributaries – experienced two extreme floods with recurrence intervals of more than 
50 years in its middle and lower reaches. The economic losses from the second event 
(US$ 320m) were only about half as big as those from the first (US$ 600m), although the 
two events were of comparable size. One of the main reasons for this difference was the 
fact that the previous flood event was still fresh in people's minds, i.e. they knew what to 
do when the water rose again, and they had learnt some lessons and had taken appropriate 
action (e.g. replacing oil burners and tanks with gas heating). 

In contrast, practically no lessons were learnt in Northern Italy from a flood event in 
1994. Settlement practice in Italy is still far from being monitored and controlled 
effectively. Houses are often still built very close to torrent-type creeks and rivers. These 
were destroyed in large numbers by the raging waters in 1994 – and again in 2000. 
Besides flooding many areas, the torrential rainfall in October 2000 – up to 740 mm in 
four days at some locations – also triggered numerous disastrous landslides and debris 
flows.  

Italy is not an atypical example though. The land-use situation in other countries is not 
good either. The floods in the United Kingdom in the autumn of 2000 led to various 
political initiatives aimed at stricter land-use regulations, and the very same aspects were 
discussed in Germany after the May 1999 flood in southern Bavaria. In China, polders 
built to store flood waters are today occupied by millions of people and not usable 
anymore. One example is Jinjiang polder on the Yangtze River. It would be impossible to 
evacuate the 600,000 residents in time if a big flood happened. And they would face an 
inundation depth of 6-9 m. 
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6. THE PARTNERSHIP FOR RISK REDUCTION 

A loss event will happen practically anywhere sooner or later. The lower the frequency of 
such incidents, the stronger the tendency of the threatened individuals, companies, etc. to 
shift the responsibility for protection and preparedness to public authorities and agencies 
(state, provincial, local governments, non-governmental disaster assistance and relief 
organisations, etc.). This attitude also depends, of course, on the respective society. While 
the people in some countries tend to prefer not to worry about natural hazards and ask the 
government to take care of the risks (and pay for this “service” in the form of taxes), the 
people in other cultural environments tend to rely much more on themselves. Both 
extremes are not ideal. The most efficient way to cope with nature's destructive forces is 
on the basis of a cooperation between the people and the government plus a third 
component, the insurance industry. An integrated approach must be adopted, in which all 
three components have to be involved (Fig. 3). Among them the tasks can be shared to 
come up with an efficient and hopefully optimal strategy for risk reduction, which also 
means loss reduction and disaster prevention. Only combined efforts that include 
initiatives, activities, awareness, preparedness, appropriate response to an event, etc. by 
the three groups allow minimization of the total costs and prevent and mitigate the 
impacts from floods and other natural events.  
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Public authorities

 
People affected Insurance industry 

 

Fig. 3  The partnership for risk reduction  
 

Minimization of costs, however, does not necessarily mean minimization of losses. 
Costs also include the financial means necessary to provide a certain minimum level of 
protection by building and maintaining the basic disaster control measures. Structural and 
non-structural measures are very expensive. Their costs increase non-linearly with the 
level of protection. Hence, a compromise must be found between the cost of construction 
and expected losses. If, as an example, constructing a flood control system that is 
designed for a 50-year recurrence interval costs 10 CU (CU = currency units) plus 0.5 CU 
per year for maintenance, personnel and interest, the total cost during an assumed lifetime 
of 30 years is 10 + 30 × 0.5 = 25 CU. If, instead, a scheme providing a 100-year safety is 
constructed with basic costs of 25 CU and overheads of 0.7 CU/yr., the total amount is 25 
+ 30 × 0.7 = 46 CU. Further assuming expected losses from events larger than 50-year 
events to be 1 CU per year, for events larger than 100-year events 0.6 CU per year, we 
obtain a loss reduction by going from the 50-year scheme to the 100-year scheme of (1 – 
0.6) × 30 = 12 CU during the 30-year lifetime. This is much less than the difference in 
costs of 46 – 25 = 21 CU. In this case the increase in safety is – from a purely monetary 
point of view – not justified.  

Such calculations become difficult if non-monetary losses and benefits are involved, in 
particular the threat to human lives. Among further features that may also influence the 
decision and make the decision-makers refrain from deciding on the basis of cost-benefit 
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analyses are: endangered natural habitats (which may be affected negatively either way, 
by the high-safety or by the low-safety option, depending on the specific case), 
inconvenience for – maybe only certain – people, and even such aspects as national pride. 

In general, a society must agree upon the basic flood protection level for everybody, 
which is paid by the whole community, i.e. by the affected and by the not affected citizens 
alike. While one society is willing to provide a high level, the other shifts responsibility 
for protection to the individuals, who must then decide how much risk they want to bear 
themselves and how much they want to transfer to insurance. According to this decision 
the responsibility is distributed among the three components of Fig. 3.  

6.1 Public authorities 
The public sector is responsible for the basic needs that are not directed to individuals but 
to a larger part of the community. Measures to be provided by the state include 
• flood control management: 
 - structural measures such as dams, reservoirs, retention basins, polders, levees, 

flood bypasses, flood channels, diversions, etc. 
 - non-structural measures such as monitoring, forecast, runoff control, early 

warning systems  
• preparedness measures 
 - education and information of the public 
 - communication systems, dissemination of warnings, alarm plans, evacuation 

plans 
 - selection and training of personnel for emergency staff 
• relief services 
• land-use planning and enforcement of land-use restrictions 
• immediate re-establishment of lifelines and speedy reconstruction of damaged infra-

structure after a disastrous event 
• grants, low-interest loans, tax relief for badly hit disaster victims (individuals and 

companies). 

6.2 People affected 
Given a basic level of protection, this second group is the one that can reduce material 
losses most effectively. Preparedness means taking appropriate measures which protect 
buildings and particularly their inside from being damaged by a flood. Structural measures 
provide continuous protection, non-structural measures allow people to cope more 
effectively with a flood event. Preparedness starts with the use of water-proof concrete 
(e.g. coated concrete) for the lower parts of a building (basement and ground level), 
continues with having temporary strengthening devices available (e.g. steel shutters for 
basement windows, stop logs for shutting underground car parks etc.), and ends with 
emergency equipment such as sandbags, sand, shovel and other necessary tools. The most 
effective way to reduce losses is to move goods to a higher elevation, where they are safe 
from flood, at the onset of an event. Preparedness and emergency actions require 
awareness of the threat by the people concerned and their willingness to reduce losses. 
The incentive for the latter may be dampened or encouraged by various boundary 
conditions that are closely related to the state’s flood warning and flood control systems as 
well as to the financial assistance provided either by the state or by insurance in case of 
loss. This makes it clear how intertwined the contributions of the three components of the 
risk reduction triangle in Fig. 3 are and how crucial it is to have a well-balanced 
preparedness scheme.  
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6.3 Insurance industry 
Besides public and individual measures, insurance is an important factor in reducing the 
financial risk for individuals, enterprises and even whole societies where natural hazards 
are concerned. Proper insurance can considerably mitigate the effects that extreme events 
have on them and can prevent them from being ruined. 

The purpose of insurance is to protect the insureds from excessive losses that threaten 
their living or business conditions substantially. Insurance is not meant – though often 
used – to compensate relatively minor damages. While from the point of view of an 
insured who has paid his premiums for many years it is understandable that he is 
interested in being reimbursed even in the case of a minor loss, this demand is exactly the 
reason why premiums are higher than they could be. Insurance companies regulate small 
claims usually without detailed investigations because this unbureaucratic feature of 
customer service is a very powerful promotion instrument.  

One very important contribution the insurance industry can make towards loss 
reduction is to raise the willingness of home and business owners to defend their property 
against flood damage. At a first glance insurance may not seem to enhance this 
willingness. On the contrary, being insured makes people themselves believe to be less 
vulnerable, and, as a consequence, usually less concerned, often somewhat indifferent and 
sometimes even welcoming the destructive event. While the latter observation is not 
necessarily widespread it certainly is far from being absent. With adequately structured 
premiums, however, insurance is a powerful means of motivating the insureds to take 
measures aimed at loss reduction. The key to this goal is a deductible, i.e. the share the 
insured contributes to his losses during an event. 

The measures taken by the insurance industry go beyond simply providing monetary 
assistance in the event of a claim. They execute loss analyses and build up loss databases. 
With risk inspections they make a contribution to a better design of structures so that 
future events will be less harmful. Finally, they contribute – through publications, 
seminars and lectures – towards education and towards creating awareness among the 
public, the decision makers and the technical experts.  

6.4 The role of reinsurers 
Billion-dollar catastrophes cannot be born by a local insurance market without major 
damage to the insurance industry itself. Even in strong markets such as the United States, 
great events leave their traces. Hurricane Andrew wiped out about a dozen primary 
insurance companies in the American Southeast in 1992. The burden from claims 
exceeded by far the capacity of these companies, and they went bankrupt. To prevent such 
things from happening and to protect themselves from bankruptcy, insurance companies 
must assess the probable maximum losses they may be confronted with and prepare for 
them. One – often the main – aspect of preparation is to seek reinsurance. Reinsurance is 
nothing but insurance for insurance companies.  

While most insurers concentrate their business on a particular country or region (e.g. 
the United States, Europe) most reinsurance companies do business worldwide. How 
effectively this idea of transferring local losses via the reinsurance sector to a worldwide 
system works is shown by the example of another hurricane, Gilbert, which hit the 
Caribbean in 1988. Jamaica in particular suffered great losses; its economy was hit by 
losses amounting to about US$ 1bn, of which 70% was insured. These US$ 700m would 
have destroyed the Jamaican insurance industry completely. It survived because nearly 
99% or US$ 690m was reinsured and was therefore paid by the world’s reinsurance 
industry. For the local companies a mere 10-million-dollar obligation remained.  

A reinsurance rate of more than 95 percent is typical for developing countries. In 
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developed countries, reinsurance rates range between 50 and 90%, depending on the 
strength of the primary insurance companies in the region. Since reinsurance costs money, 
large primary companies tend to keep a larger portion of the risk themselves. Two 
examples: the series of winter storms in Europe in 1990 cost insurers US$ 9.8bn, of which 
the reinsurers paid 6.4 billion (65%); of Hurricane Andrew’s 17-billion-dollar insured 
losses bill 50% was paid by the reinsurance sector. 

 
7. FLOOD INSURANCE 

The basic problem in flood insurance is the difference in the demand for cover from 
potential clients who are exposed to flooding and the offer made by the insurance sector 
(Kron, 1999a). Most people have a certain – and they think good – perception of the flood 
hazard they are exposed to. The ones who have already experienced flooding on their 
property are aware of the threat, others – even if they live close to a river – ignore the 
danger or just do not believe that they can be affected at all. Often their perspective is 
wrong though. About half of all losses from floods occur far away from major rivers and 
outside major events that hit large areas and whole river systems. Instead, these loss 
events (flash floods) occur in relatively small areas, but with potentially extreme intensity 
and with high frequency (although not at the same site). Even property on the slopes high 
above the valley floor may be damaged by excessive rainfall that runs off on the surface 
and right into the houses. If this is made known to the majority of the people, the 
conditions for effective flood insurance are good.  

To river floods, only a relatively small proportion of the cover for buildings and 
contents in any given insurance market is exposed. However, the areas affected are always 
the same and flooding on a specific river occurs at almost regular intervals and cannot be 
regarded as an unforeseeable event. Only people in these flood-prone areas seek insurance. 
On the other hand, those whom the insurance companies are willing to give cover are not 
interested, because they feel their exposure is low. Hence, if an insurance company 
wished to sell individual policies on a voluntary basis, the insurance premiums would 
have to be so high that policyholders would normally find them prohibitive. This 
phenomenon is called adverse selection or antiselection.  

In the case of the storm surge hazard the effect of adverse selection is even more severe. 
Furthermore, the extremely high loss potential during a single event in connection with a 
very low probability that it happens, makes the calculation of premiums difficult (this is 
the problem of multiplying a very low and a very high number or “zero times infinity”). 
Therefore storm surges are, in general, not insurable. 

In contrast to this, flash floods have a relatively uniform probability in time and space. 
The necessary geographical spread of objects at risk is given and the community of 
insureds is large, i.e. the frequency of someone being hit by an extreme event is low. As a 
consequence, the premiums can be kept low, too. Consumer demand for insurance 
protection could be developed on a broad front, and adequate premiums can be calculated 
with a relatively high degree of reliability. Hence, flood damage caused by flash floods is 
insurable without any problem. 

There is no reasonable insurance solution that can possibly make insurance companies 
settle all the losses that may be incurred. Instead, a certain amount has to be borne by the 
insureds before the insurance becomes effective, i.e. deductibles must be introduced. Such 
a structure has advantages for both the insurer and the insured. On the one hand, the 
insurer does not have to settle masses of small losses and saves – besides loss 
compensation money – a lot of administrative costs. On the other hand, the client may 
only become insurable at all if he pays a share of the losses. 
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7.1 Hazard zonation 
Premiums for flood insurance must reflect the individual exposure. It would be unfair and 
inexplicable to clients if each member of an insured community had to pay the same 
premium not taking into account the individual risk his property is exposed to. In mass 
business – i.e. for private homes and small businesses plus their contents – the effort 
required to assess the exposure of a certain building must be seen in the context of the 
annual premium income for one such object, which is in the range of perhaps US$ 50–100. 
Therefore, an individual assessment of the risk and the calculation of an individual 
premium for these objects are impossible, so that the premium must be fixed on the basis 
of a flat-rate assumption. For this, zones with a similar flood hazard must be identified 
and/or defined, within which the premiums are constant. 

The German insurance industry, for instance, recently established a rating system that 
defines the exposure of all areas of the country to river floods according to three exposure 
classes: 
I small exposure Areas that are affected less that once per 50 years on average; 

objects there are insurable without restriction. 
II moderate exposure Areas that are affected by floods in the recurrence interval range 

of 10 to 50 years; objects in these areas are basically insurable. 
III high exposure Areas on flood plains that are affected by floods with recurrence 

intervals of up to 10 years; objects in these areas are in general 
not insurable, but under certain conditions they may become so. 

In order to come up with a zonation system that covers the whole of Germany, the areas 
along all significant water courses had to be considered. These water courses were defined 
by a digital river network called “ARC-Deutschland” (scale 1:500,000; total length of the 
rivers included: 35,110 km). The required task was to (a) provide different T-year 
discharges in and (b) compute the corresponding water levels and flooded areas at any 
cross-section of each of the chosen water courses. The hydrological and hydraulic 
computations were carried out with the help of a Geographic Information System (Kron 
and Willems, 2002). An example of zonation is shown in Fig. 4. 

 

 

 zone III

 zone II 
 Exampletown

Fig. 4  Example of the flood hazard zonation by the German insurance industry 
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7.2 Flood PML assessment  
Like clients, insurance – and reinsurance – companies must protect themselves against 
high losses in order to assure their survival. Therefore, they are required to perform 
accumulation control, i.e. assess the probable maximum loss (PML) they may experience 
during an extreme event. Each company must decide on the reserves it needs and its 
reinsurance requirements. PML calculations are based on scenarios that assume a major 
event hitting a large area or an area with a high concentration of values. It is not obvious 
beforehand which scenario will determine the worst case for a given company as the 
expected losses depend on the company's portfolio, and particularly on the spatial 
distribution of its liabilities. For each company a different scenario may determine the 
PML. 
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Fig. 5  Accumulation scenarios for flood losses in Germany (1 = Rhine; 2 = Danube;  
3 = Weser-Ems; 4 = Elbe; 5 = Odra; 6 = South; 7 = Centre; 8 = North) 
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PML models have been available for many years as a means of calculating maximum 
losses from earthquakes and windstorms. For the analysis of floods, such tools were not 
available until recently. Flood events are much more influenced by small-scale and local 
aspects, which include soil conditions and topography, the exact location of objects 
(elevation) and the effectiveness of flood control measures. Therefore, such models 
require considerably more detail and sophistication. 

A model developed by Munich Re in cooperation with the Institute for Applied Water 
Resources and Geoinformatics (Kron and Willems, 2002) makes it possible for the first 
time to carry out accumulation analyses of flood events occurring in Germany. Eight 
different accumulation scenarios were chosen. They represent regions that may be hit by 
an extreme flood simultaneously. It is unlikely that the whole country will be affected by 
such an event at one and the same time. In the PML analysis the values of liabilities of a 
given portfolio affected in each scenario are determined and the probable losses estimated 
for fictitious 10-year to 200-year flood events. 

The calculations are carried out in five steps. First the discharges for given frequencies 
are determined using hydrologic stochastic regionalization (hydrologic analysis). With the 
river network and digital terrain model the water levels and the corresponding flooded 
areas can then be determined (hydraulic analysis). As only property damage is of interest, 
flooded settlement areas are identified (spatial analysis). The expected losses are 
estimated from the number of objects affected and loss averages (portfolio analysis). This 
is done on the basis of post code areas because portfolio data are aggregated in this form. 
The final step consists of summing up the loss values for all post codes in the regarded 
flood accumulation zone to obtain the probable maximum loss (accumulation).  
 
8. CONCLUSIONS 

It is commonly agreed that the flood risk is increasing worldwide. As the risk must be 
considered a product of hazard, exposure and vulnerability, each of these components 
must be taken into account and analysed if one is looking for the reasons for this increase. 
It turns out that the main driving factors are the almost exploding development in the 
values people place in flood-prone areas and the much higher vulnerability of the things 
they own. Additionally, increased – though sometimes forced – mobility brings people 
into areas whose natural features they are not familiar with. As a consequence, they do not 
know how to react in an extreme situation. On top of this, the hazard situation concerning 
hydrological events is also changing as a result of the ongoing process of climate change, 
which in most regions has a tendency to intensify extremes.  

Risk reduction must therefore not only address hazard reduction, e.g. through the 
erection of flood protection structures, but also aim for the integration of each individual 
in this process. Insurance, as a third component, completes the individual's financial risk 
management. The extent of insurance affected people/companies may want can be chosen 
between the extremes of “no cover – no premium” and “full cover – high premium”, 
depending on the individual judgement of the risk situation. 

Flooding has become an important topic for the insurance industry and its significance 
will continue to grow in the future. The increasing demand for insurance cover and the 
pressure for proper insurance concepts from all sides is forcing the insurance industry to 
develop solutions for flood cover. Various countries have already established insurance 
schemes for this type of hazard, some in the form of insurance pools, others on an 
individual basis. The types of contract range from obligatory to completely voluntary 
coverage, and from all-risk policies to flood-only policies. There are advantages and 
disadvantages in all these concepts and none can be declared the best. It is certainly 
advisable, however, to offer multi-hazard packages, thus combining the flood risk with 
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other risks such as earthquake, landslide, windstorm, hail, subsidence, snow-load, etc. to 
avoid adverse selection. 

In Germany, the insurance industry is currently promoting flood insurance and has 
started to tackle the problem by establishing flood hazard zones. The identification of the 
different zones has been achieved in a concerted action not only by the whole community 
of German insurers (and some reinsurers) but also in close cooperation with public water 
resources authorities. Despite the fierce competition in the market the intention is clearly 
to come up with a unique zonation system valid for all companies that will even help the 
state in its efforts to enforce land-use planning that is compatible with the flood hazard. 

Parallel to the primary insurers that need risk zoning for the purposes of acquisition and 
designing a premium structure, reinsurers – as part of their service to the primary 
insurance companies and in the interest of their own business – need hazard zoning to 
calculate the expected losses that the insurance industry might face as the result of an 
extreme event threatening a company's existence. It was with this in mind that Munich Re 
developed the world's first flood loss accumulation model for an entire country. The 
model has been operational for Germany since 1999. A similar model has just been 
developed for the United Kingdom, models for other countries will most likely follow 
soon. 
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Abstract: Flood had been recognized as the most severe natural hazard in ancient China. Chinese 
people have accumulated abundant experiences in fighting against flooding disasters for millenaries. 
Especially in the past half century, a large-scale construction of engineering flood-control system 
has improved its flood control capacity obviously, which plays an important role in ensuring the 
rapid socio-economic development. However, affected by the climatic fluctuation and human 
activities, significant changes of the flood control situation are taking place in China. In the new 
century, the flood control system has to face a series of challenges, and the flood management 
strategies must be adjusted accordingly.  
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1. INTRODUCTION 

Flood control is an age-old problem in China. Early in Qin Dynasty of 2,500 years ago, 
our sages had realized that “A man who is adept at running a state should eliminate Five 
Hazards. One is flood; one is drought; one is harmful weather including storm, fog, hail 
and frost; one is pestilence, and one is fire. These are called the Five Hazards. Flood is the 
most severe one among the Five Hazards”(Guanzi, On the Land Appraisement). 

Such kind of recognition, on the one hand, shows that flood has been the most severe 
hazard to the Chinese nation from time immemorial due to its essential geographical and 
climatic conditions. On the other hand, it is said that flood control should be the duty of 
the governor. Furthermore, whether giving priority to the flood control and taking 
effective countermeasures in flood management is an essential mark to evaluate the 
governor if he is adept at running the state. 

China is a vast country, laid on the east side of Eurasia and facing the west Pacific 
Ocean, with the highest mountain Everest on the west border. The violent exchanges of 
energy and materials between the largest continent and ocean of the world and atmosphere 
form its complicated geological structures and meteorological conditions, which offer 
diverse environments for engendering flood hazards. In general view, the topographic of 
China is higher in the west and lower in the east, presenting in three distinguished steps. 
Thus, many large rivers exist in the mainland flowing eastward to sea, by which fertile 
deltas and vast alluvial plains are formed on the middle and lower regions of river basins. 
On the middle and upper reaches, there distribute many valley flats and basins. Most part 
of east and middle regions of China are governed by monsoon climate and tropical 
cyclones with uneven distribution in space and time of precipitations and high intensity of 
rainstorms. Because major rivers in China distribute in different climate zones as torrid, 
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subtropical, warm-temperate and temperate zones, the features of rainfall and flood are 
quite different in each river basin. Due to the huge population in China and most of them 
living in alluvial plains and valley flats, which are also the places for floods discharge and 
detention, the conflicts that people contest with flooding for floodplain are of long 
standing, and become more severity today. Eliminating flood hazards is a fundamental 
demand for living and developing of the Chinese nation. 

“A man who wishes to run the country well should give priority to the flood control” is 
a golden saying handed down from generation to generation in the Chinese nation. From 
“Dayu leading river control” in ancient China to the large-scale construction of flood 
control engineering system in the new China, a great deal of glorious achievements of 
flood control have been left in the history records. Up to now, China has built and 
reinforced over 270,000 km dikes of various standards, constructed more than 10,000 km 
sea dikes, built 85,000 reservoirs of large, medium and small sizes with the total storage 
of 518.4 billion m3. All these projects have put floods under efficient control. Besides, 
China has developed 97 flood detention and storage zones for such major rivers as the 
Yangtze river, Yellow river, Huai river and Hai river with the total area of 30,000 km2 and 
total volume of 107.8 billion m3, which can guarantee the safety of key middle and 
downstream areas when the floods exceed the dike standards. China has also dredged the 
riverbed of major river systems to enlarge the discharge channel of the Huai river and Hai 
river into the sea. Enclosing and border dikes have been constructed and rehabilitated in 
some cities and South China, a lot of drainage facilities have been built with the total 
installed capacity of 41,570 MW, which has greatly improved drainage capabilities. 
Statistics show that 700,000 km2 water and soil erosion areas have been improved to 
reduce sedimentation in the rivers. With over 50 years of hard work, China has formed a 
flood control engineering system with the focus on major rivers and lakes, which has 
provided basic guarantee for economic development, improvement of living standards, 
social stability and ecological and environmental improvement.  

During the 100 years, the progresses in social civilization as well as science and 
technology have broken through the restrictions one after another for the growth of 
population and economics. It allowed the population in the world growing explosively 
from 1.6 billion to 6 billion, and the ratio of urban population in the total world population 
rising dramatically from 10% to 50%. Spring up of modern industries and rapid extension 
of urbanization, have met the demands of human’s development, and expanded the 
existing spaces and improved the living conditions. In the meantime, it has also changed 
the structures of ecological environments that formed in the earth through the history, as 
well as the pattern of material circulation and energy transformation. Such kind of rapid 
changes not only have brought us a series of new issues referred as “population”, 
“resources” and “environment”, but also made the old issues of “natural hazards” to be 
more complicated and more rigorous. Disaster reduction and sustainable development 
becomes the common task of the human being.   

China, as a big country on the developing way and an ancient civilization one with 
flood control experiences over thousands years, has faced a serious phase of flood hazards 
occurrences. This paper is prepared to introduce the changes of flood control situation in 
China, and to analyze the causing of such changes, which shows that in the new century 
the flood prevention system will face a series of challenges and the conventional flood 
control strategies have to be adjusted.   
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2. CHANGES OF FLOOD CONTROL SITUATION IN CHINA AND ITS 
CAUSING ANALYSIS 

The changes of flood control situation in China are mainly indicated as (a) the decline of 
the flood carrying capacities in river courses and flood detention capacities in wetlands 
which caused the flood stages higher and higher at the same discharge; (b) 
Flood-protected areas rely more on dikes for their safety that aggravate hardships in flood 
fighting; (c) inundated areas caused by river outflows have decreased, but that caused by 
local rainstorms increased; (d) the densities of inhabitants and properties in flood prone 
areas increased sharply, which have aggrandized flood damages and emerged the scarcity 
of flood-protected level in urban areas; (e) casualties in flood plains decreased, but the 
rate of casualties caused by torrents and mud-rock flows in gullies and valleys, and storm 
surges along coastlands increased; (f) the conflicts among different regions during flood 
control operations aggravated and hardness in harmonizing enlarged; (g) the management 
and maintenance of the flood control engineering system become more important, and 
demands on information system and decision-support system increased, and so on.  

From 1950s to 1980s, the annual mean flood losses account for a about 20 billion Yuan 
RMB. However, it approached 80 billion Yuan in 1991, and outstripped 100 billion in 
1994 and exceeded 200 billion in 1996, and reached 248.4 billion in 1998. It has kept in a 
trend of rapid increase in 1990s, and amounted to 1~4% of the nation’s total GNP, about 
10~20 times higher than those developed countries as USA and Japan. Such severe 
situation forced our disaster researchers to discuss flood control problems from the views 
of social and economic, ecological and environmental, as well as technical aspects, in 
order to find a more comprehensive approach for training the floods, as well as running 
the country well.  

Table 1  Urban Population in China  

Year 1952 1970 1980 1984 1987 1990 2000 
Urban population (106) 39 93 191 240 276 302 461 
Rate of the Total (%) 8.30 11.2 19.39 23.01 25.32 26.41 36.1 

Table 2  Comparison of urbanization among 3 Economic Regions in China (1992/2000) 

Items Total of 
the Nation 

The Coastal
Region 

The Central
Region 

The Western 
Region 

Land area Area（106km2） 
Percentage（%） 

9.6 
100 

1.371 
13.6 

2.441 
26.7 

5.665 
59.7 

Total Population Amount（106） 
Percentage（%） 

1185.2/1263.3
100 

485.4/536.2
41.3/42.5

416.7/439.4
35.8/34.8

265.7/286.7 
22.9/22.7 

City 
Town 

Number 
Number 

570/667 
15062/20312

284/300 
6804/7479*

215/247 
4590/4682*

107/120 
3668/3965* 

Urban population Amount（106） 
Percentage（%） 

242.9/461.4
100 

115.0/235.9
47.34/51.

86.6/146.7
35.63/32.

41.4/78.8 
17.03/17. 

Density of City & 
town 

Number of population103 
/104km2 of urban area 

 
253/481 

 
838.9/1721

 
354.6/601

 
73.0/139 

 Source: Coastal Region of China: Sustainable Development in 21 Century (Lu Dadao,1997); data of 2000 
obtained from the 5th national census; data with * is the data of 1996. 

  Table 3  Urbanization Level of the Coastal Region(1994/2000) 

Areas Beijing, Tianjin, 
Shanghai Liaoning Guangdong, 

Shandong, Jiangsu
Zhejiang, 

Fujian, Hainan 
Hebei, 
uangxi 

1994 55-68 45 31-36 20-25 15 Urbanization 
level（%） 2000 72-88 54 39-55 40-49 20-28 

  Note: According the data from (Yao, 1987); the Urbanization Level refers as the urban population/ total 
population; data of 2000 obtained from the 5th national census. 
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Fig. 1  Flood losses in China since 1980s
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Fig. 2  Fluctuation of annual mean precipitation in China (State Climate Center of CWB , 1998) 
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Fig. 3  The evolution of the opening regions in China (Lu Dadao, 1997) 
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Fig. 4  Rapid economic growth in China since 1980's
(China statistical annals,2001)
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Fig. 5  Compareson of GDP growth in three economic zones,
(China statistical annals, 2001)
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In 1990s, China has been subject to repeated flood hazards (Fig. 1), which shows not 

only the effects from natural climatic fluctuation (Fig. 2), but also the new issues appeared 
along with the social -economic development. Since the end of 1970s, China has come 
through a series of significant reforms, and the opening areas were expanded from the 
coastal region to inland progressively (Fig. 3) that promote the economic growth (Fig. 4). 
The urbanization process has been speeded up obviously (Table 1), while the differences 
among the Eastern, Central and Western economic regions were enlarged (Table 2 and 
Fig.5), even in the Eastern region, the rate of developments were quite different (Table 3). 

China is now experiencing two significant transformations. One is in social aspect, i.e. 
transforming form the society relying mainly on the agriculture economics to the society 
mainly on the industries and service trades; and from a traditional society composed 
mainly of agricultural population to a modernized society mainly of urban population. 
Another is in economic and political aspects, i.e. transforming from the directive planned 
economic system to the marked economic system; from a conventional political system of 
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centralization to the socialist democratic political system (Hu Angang, 1999). Being in 
such a period of transformation, the conventional flood control situation has also been 
changing obviously in China, and the present flood control system is now facing a most 
severe challenge. Some superiority in large scale flood control engineering construction 
formed in the directive planned economic system has been weakened, while the 
democratic and legislation system that is reliable under the marked economic system has 
not been formed completely. The conventional institution for planning, design, investment 
and management of flood control system has been not seasoned with the demands of flood 
prevention in modern societies.  

The rapid urban growth brought us not only the prosperities but also a series of new 
issues, in which the urban water issues including the escalation of water hazards, the 
shortage of water supply and the aggravation of water pollution, have become an essential 
problem concerned with the sustainable development. The differences between the urban 
type and rural type flood hazards are shown in Table 4.  

Table 4  Comparison of flood disaster features between modern type and traditional type 

Classification Traditional rural type Modern urban type 
Causing Mainly by natural factors  Man-made factors increased, even to be the dominant 
Species River flood overflow, storm surge, 

rainstorm, levee-breach flood 
Increase of man-made floods, such as, dam-breach 
flood, accidents of burst of the water supply conduits 

Affected area To be the inundated area, larger but 
clear 

The inundated area decreased, but the affected area 
may be enlarged, and become uncertainty 

Affected 
Probability 

Floods with different return periods 
may form different flooding areas 

Odds of big flood still exist, the flooding possibility in 
suburban district may be increased  

Affected 
objects 

Floodplain, farmlands, villages,  
towns and cities 

Upper reservoir area, newly urbanized area, 
underground spaces such as subway and basements 

Time During the flood season with 
certain periodicity 

Maybe brought forward or deferred artificially; the 
accident of water supply system may occur at any time  

Duration Related to area, duration of the 
rainfall and geographic features Maybe prolonged or shortened artificially 

Damage 
species 

Mainly in crops, farmhouses, farm 
tools, and casualties of life  

Assets of industry and commerce, public facilities、
family properties, urban lifeline system 

Influences Causing famine, plague, larger 
casualties, poverty, transport 
interruption, severely affected area 
may be recovered in several years  

with duplex effects to enlarge or to reduce the disaster，
the total damage increased, the affected area much 
more exceed the flooded area, some loses may be 
unable to recuperate, but can be recovered rapidly  

Flood control 
measures 

Flood control system in lower level, 
flood fighting  

Flood control and drainage system and regulation in 
higher level, flood proofing, storm flood storage in city 

Disaster 
mitigation  

Evacuation, victims have to bear 
the risk 

Disaster forecasting and warning system, social 
safeguard system consummated gradually  

Since the land use conditions have been changed by human activities, the 
rainfall-runoff correlation in many river basins transformed obviously. The decline of 
forestation coefficient,  aggravation of soil erosions, and rapid disappear of wetlands，
which are also the consequences mainly caused by human activities, have created 
influences on flood control situations. However, the conservancy and restoration of 
environments are restricted due to the lack of necessary investments. 

3. PRELIMINARY ESTIMATION OF THE FLOOD PREVENTION SITUATIONS 
IN CHINA IN THE NEW CENTURY 

In the 21 Century, China is facing new challenges in flood prevention and disaster 
reduction. In the initial stages of the new century, China is developing in a period of rapid 
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economic growth at an annual rate of around 7%. It is estimated that by the middle of this 
century, the population in China will increase to 1.5 -1.6 billion from current 1.3 billion, 
and the urban population may rise from 36% to 50% -60%, i.e. the total urban population 
will increase from 460 million to about 800 million. In the context of such development, 
the changes of flood control situation can be estimated basically as follows:  

(1) The pressure on demands of grain and farmland will increase. Because (a) 
expanding of urbanized area and infrastructure construction in large scale will led to a 
constant decrease of the farmland; (b) the agricultural development in arid and semi-arid 
regions in north and northwest China that take environment degeneration as expenses are 
hardly to hold on; (c) “arable land abjuration” phenomena in the developed regions will be 
hardly reversed, and so on, it is almost unavoidable to utilize and develop in flood-prone 
areas and cause severe confliction between mankind and floods in land using.  

(2) Along with the urbanization process, the normal operation of the modern societies 
may rely more and more on the life-line systems as water supply, power supply, gas 
supply, sewerage plants and networks, traffic and transportation, and communications. In 
case of suffering from the large flood event, the stricken area must be much larger than 
the flooded area, and indirect and intangible losses will be more than the direct economic 
losses, the burden of recovery and reconstruction will be much heavier than before. The 
regulation of medium and small rivers in urbanized area and the prevention of “urban type 
floods” will become more important.  

(3) The decrease of natural flood storage function in river basins and discharge capacity 
in channels, will lead to flood occurring more frequent with high level in low discharges, 
that may aggravate the burthen in flood fighting. The traditional strategy of heightening 
embankment will enlarge the flood risks as a whole. How to establish a new relationship 
between man and nature that may break away from vicious circle becomes a more exigent 
demand. 

(4) With the economic growth and the improvement of living standards, the demands 
for flood protection and security will be growing. In the case of flooding, people will ask 
for not only the safeguard for their life and properties, but also the maintenance or 
recovery as soon as possible of the normal order of production and their live. 

(5) During the early stages of the new century, the ’water crises’, represented by 
aggravation of water hazards, shortage of water resources and depravation of water 
environment, will still tend to be intensified. The gains and losses based upon the flood 
risk between the human and nature, and among regions, will be more sensitive. The 
differences in the value judgments and the conflicts of the advantages and disadvantages, 
will lead to the decrease of the concerted space among different flood management 
schemes. 

(6) Along with the socio-economic development and enhancements of the integrated 
national power, the investment capacity to the flood prevention system will be buildup. 
Through the flood risk management, it is possible to heighten the capacities of flood 
prevention, emergency responses, and resiliencies.  

The changes of the flood control situations in China in the new century indicated that 
the development of the flood prevention system has entered an important period of 
adjustment in its strategy.  

4. DISCUSSION ON THE ADJUSTMENT OF FLOOD MANAGEMENT 
STRATEGIES OF CHINA IN THE 21ST CENTURY 

During the transformation from agricultural society to the modern society, the 
conventional mode that is aim at controlling floods will be escalated to a higher level of 
flood management to meet the demands of ensuring sustainable development. Flood 
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management is defined as a collective noun that refers to a series of activities of 
regulating flood control behaviors, reducing vulnerability and enhancing resilience of 
societies, and so on, in order to harmonize the relationship between human and nature 
according to the principle of sustainable development. It is the inevitable way for 
adjusting flood control strategies, and the certain process for the progress from 
quantitative change to qualitative change. 

4.1 Selection of Flood Risk Management Mode  
Under the huge pressure of population and provisionment, and the restriction of the 
socio-economic conditions, it is impossible for China to abandon development and land 
use in the flood-prone areas. To eliminate the flood risk by high investments in a short 
term, or to avoid flood damage by crucial restrictions of development in the flood prone 
areas, are all the modes of management being short of consideration in risk features. 
These are not modes proper to China. 

According to the realistic conditions of China, we have to select the mode of flood risk 
management, i.e. to combine structural and non-structural measures as an integrated 
whole with a view to local conditions on the basis of careful study on flood risk 
characteristics and evolutionary trends of various river systems. Non-structural measures 
should be utilized to impulse such structural measures that must be more propitious to 
overall and long-term benefits, reinforcing with policies of risk sharing and risk 
compensation, which may form a new water management strategy of living with rivers 
and floods. Only by this strategy, can we control the flood risk under acceptable level and 
promote interactions between man and nature to get rid of vicious circle.  

4.2 The Essential of the Flood Risk Management  
In order to explore the mode of flood risk management with Chinese features, it is 
necessary to realize the essential of the flood risk management in grasping the direction, 
chance and tolerance of strategic adjustment. 

It is the essential of flood risk management that to modulate the interests concerned 
with flood risks existing objectively among communities and between man and nature by 
means of integrated measures of legislation, administration, economy, techniques, 
education and engineering. (a) Flood phenomena in natural world and flood disasters 
confronted by communities reflect complicated risk-based relationships among man and 
nature. (b) Under the conditions that the floodplains have been highly developed, the 
flood control activities in large scale always predicate the readjustment of interests among 
different regions. (c) The ultimate purpose of the flood risk management is to ensure a 
harmonious development of the flood management system with the whole socio-economic 
system. Its final target is to realize the maximum benefits of the whole system for a long 
term. (d) The floods control alternatives created basing upon the flood risk management 
will be no longer the projects that strive for the maximum benefits for local region in a 
short term with minimum costs. It will be not the alternative that may be self-imposed by 
the local region. Thus, it is important to combine the structural measures and the 
non-structural measures in carrying out the flood risk management, which need to carry 
out forcibly by legislation, to fulfill through administrative organizations, to induce by 
economical means and to be supported by science and techniques. (e) Obviously, it is 
impossible to get the desired results in carrying out the flood risk management in a short 
time. It should be taken as a long-term strategy, and be persisted in generations, and then 
the flood control situation in a river basin may turn to the benign circulation.  
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4.3 The Outlines Should be Stressed in Carrying out Flood Risk Management  
(1) Living and developing in flood risks is an inevitable reality in China. We should 
firmly set up a sustainable flood control concept and seek for a developing way 
compatible with flooding. 

(2) A security system for flood disaster reduction should be developed 
comprehensively to suit the demands of socioeconomic development. A stable investment 
mechanism for flood control should be ensured, which will increase simultaneously with 
the economic development in certain rate, and be shared by the government at all level.  

(3) The flood control structural measures will play a leading role in the establishment 
of security system for flood disaster reduction for a long time to come. It should be 
important to improve our flood control capability step by step and decrease the risk of 
flood hazard effectively, and meanwhile, to take account of the benefits of society, 
economic and environment. 

(4) The criterions for the optimum integration of flood control works and its rational 
assessment should be: (a) To make the most of the flood carrying and storage capacity of 
the natural river courses and lakes; (b) Do not increase more flood-carrying burden to the 
river courses; (c) To maintain the inherent flood retarding and retention functions of the 
river basin; (d) To limit the harmfulness of the flooding flow as much as possible. 

(5) Flood fighting plays an important role in making the most of the effects of the 
present flood control systems. The technical level should be raised in flood fighting, and 
the flood control and operation command system and the technical support and logistic 
system should be enhanced.  

(6) The emergency management for big flood events should be improved through 
amplifying the legislation system concerned with flood control to enhance the 
coordination of the departments concerned and make definite responsibilities for all links 
in the flood risk management. 

(7) Comprehensive capability construction should be enhanced for the whole society in 
the aspects of disaster prevention and mitigation. The non-structural measures should be 
put into the right course of planning, investigation and management, and the trend of 
man-induced flood disaster should be overcome. 

5. CONCLUSIONS 

The 21st Century will be the century of water. To solve the water issues will rely on the 
renovation of value concepts, advancements of science and technology and the adjustment 
of social operational mechanism. Disaster reduction and sustainable development are 
closely linked in the new century. As a large developing country with huge population, 
China need learn from the advanced countries, and meanwhile, we should contribute our 
efforts to the progress of the world. 
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Abstract: Over the past four decades, changing land use patterns have led to the reduction in upland 
flood storage capacity and increased lowland runoffs in many parts of Hong Kong. A variety of 
measures have been developed to protect semi-rural areas, new towns, and metropolitan areas from 
flooding – including real time warning systems, village polder schemes, river training, stormwater 
diversion and storage schemes. Many of these flood control schemes share certain characteristics: 
intense storms and high inflows, tight space constraints and scarce land availability, proximity to 
densely populated areas and congested underground utilities, and enhanced backwater effect due to 
coastal reclamation. The design of these flood control schemes often involve complex three- 
dimensional flows: complicated subcritical-supercritical transitions, free surface and surcharged 
flows, and spatially varied flow at 3D junctions. Such designs can be effectively explored and 
studied in undistorted physical models supplemented by mathematical model calculations. In this 
paper, the characteristic hydraulic challenges and solutions of these schemes are illustrated by 
reference to the Tai Hang Tung Storage Scheme and the Kai Tak Transfer Scheme. These two 
projects, which are in an advanced stage of construction, constitute the essential components of the 
West Kowloon Drainage Improvement Scheme.  

 

 
Keywords: urban flooding, stormwater management, flood storage, flow diversion, underground 

storage tank, side weir, hydraulic transitions, drainage tunnel, interception structure, 
supercritical spatially varied flow 

1. INTRODUCTION 

The long term average annual rainfall in Hong Kong is 2,200 mm; about 80 percent of the 
rain falls between May and September.  The wettest month is August, with an average 
monthly rainfall of 391 mm. The topography of drainage basins consists typically of steep 
upland terrain and relatively flat valley floor in the downstream semi-rural or densely 
populated “new towns” or metropolitan/urban areas.  Over the past forty years, changing 
land use patterns (in particular the conversion of farm land to fish ponds and increasing 
urban areas) have resulted in the loss of flood plain storage and increased runoff. For 
example, agriculture land (cultivated and fallow) have decreased from 2830 ha in 1963 to 
925 ha around 1990; on the other hand, the fish pond area increased from 665 ha to 990 ha, 
and developed urban area from 460 to 1465 ha respectively (Mott Macdonald 1990). In 
addition, the 1990s witnessed several unusually warm years, which seems to be correlated 
with record high rainfalls.  For example, 1997 was the fourth warmest year on record, 
with an average temperature of 23.4 o C; an extremely high annual rainfall of 3,343 mm 
was recorded, with extensive flooding in West Kowloon.  The rainfall also exhibited 
significant spatial and temporal variability.  In 2001 (the fourth wettest year), the annual 
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rainfall was 3,091 mm; 1,368 mm of rain (62 percent) fell on the Northern New 
Territories in June 2001 alone, causing wide spread flooding.  

A variety of measures have been developed to protect semi-rural areas, new towns, and 
metropolitan areas from flooding – including real time warning systems, village polder 
schemes, river training, stormwater diversion and storage schemes. Many of these flood 
control schemes share certain characteristics: high intense storms and inflows, the need to 
design conveyance systems under tight space constraints, proximity to densely populated 
areas and congested underground utilities, and enhanced backwater effect due to coastal 
reclamation. The design of these flood control schemes often involve highly complex 
three-dimensional flows: complicated subcritical-supercritical transitions, free surface, 
surcharged and two-phase flows, and spatially varied flow at 3D junctions. Such designs 
can be most effectively explored and studied in undistorted physical models supplemented 
by mathematical model calculations. Over the past 15 years, we have undertaken a 
number of significant modeling studies that include: the River Indus Model Study (1987); 
the Tai Lam Chung Side Channel Spillway (1994); the Yuen Long Bypass Floodway 
(1998), the Tai Hang Tung Storage Scheme (THTSS) and the Kai Tak Transfer Scheme 
(KTTS; 2000-01).  In this paper, the characteristic hydraulic challenges and solutions are 
illustrated by reference to the hydraulic design of the THTSS and the KTTS schemes 
(Fig.1). These two schemes constitute the West Kowloon Drainage Improvement -- Stage 2 
Project that are being implemented to solve the flooding problem in MongKok - a major 
residential and commercial district of the Hong Kong Special Administration Region of 
China. 

2. TAI HANG TUNG STORAGE SCHEME  

Fig. 2a shows a schematic outline of the critical reach of the stormwater drainage system. 
Under existing conditions, the upstream stormwater runoff from Tai Hang Road and Tat 
Chee Road are conveyed in underground storm drains; the combined flow passes through 
a steep culvert downstream to join with the Boundary Street Nullah in an open conduit.  
The total flow (Qmax=110 m3/s for a 1 in 50 year design storm) is discharged into a steep 
1.5 km long culvert under Nullah Road leading to the Hong Kong Harbour. Due to rapid 
urbanization, the existing drainage system (designed for 1 in 10 year storm) failed to cope 
with severe rainstorms in recent years; there are a number of flooding “black spots” in 
Mongkok (e.g. Location A).  

Rather than digging up roads and widening/adding existing sewers, which would be 
highly disruptive to the busy traffic and interfere with numerous existing underground 
structures and utilities, an upstream storage scheme is devised. The economic drainage 
improvement plan calls for the construction of a 100,000 m3 underground storage 
underneath the Tai Hang Tung Recreation Ground. Part of the flood flow will be 
intercepted by a system of side weirs. The stormwater that overflows into the underground 
tank will be temporarily stored; the flow diversion serves to attenuate the flood peaks and 
prevent downstream flooding. The success of the scheme depends on the proper 
functioning of the side weir system and the hydraulics at the channel/weir junctions. For 
example, too early a spill into the storage tank may use up needed storage capacity for a 
later storm peak.  

Due to the complicated turbulent flows in the stormwater drainage system (including 
subcritical and supercritical open channel flows, pressurized flow in closed conduit, side 
weir overflows, and transitional flows at culvert junctions), a 1:22 undistorted Froude 
scale physical model of the THTSS system was built (Lee et al 2000; Henderson 1969; 
Novak 1981). Experiments were conducted to: a) study and optimize the design of the 
side weir system and the inlet and hydraulic transition; and b) provide the side weir 
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head-discharge characteristics for a one-dimensional numerical unsteady flow model 
developed to study the flow within the side weir system. The inflow hydrographs are 
obtained from catchment-wide drainage network models. River/drainage network models 
can be used to screen design alternatives and study catchment response provided the local 
flow behaviour at critical junctions or nodes is known. However, these 1D models by 
themselves are incapable of giving workable hydraulic designs. In addition, the side weir 
discharge characteristics for such drainage systems has previously not been investigated. 
The sensitivity of the system response to weir level, as well as the use of the storage tank 
to intercept part of the backflow (against steep gradient) from the Boundary Street Nullah 
also need to be addressed.   

2.1 Hydraulic Scale Model Design And Experiments 
2.1.1 Design Parameters of the THTSS System 
Fig.2 and Table 1 show the basic layout and parameters of the THTSS model: i) the Tai 
Hang Tung road culvert (8 m x 2.5 m), with a maximum inflow of Qmax = 46.5 m3/s; ii) 
the Tat Chee Road culvert with Qmax = 11 m3/s, and iii) the Boundary Street Nullah (7 m x 
2.6 m) with Qmax = 48.7 m3/s (BBV 1999). Table 1 shows the typical normal and critical 
depths in the system  

In the storage scheme, overflow weirs must be designed to allow the safe spill of the 
large stormwater flows into the underground tank when the water level in the THT culvert 
exceeds the weir level. The heart of the THTSS scheme lies in the weir design, and the 
hydraulic transition linking: i) the THT upstream to the weir system; and ii) thereon to the 
Tat Chee Road inlet and the downstream Tai Hang Tung system. A number of weir 
layouts and transitions designs have been studied and discarded; various considerations 
led to a scheme with three side weirs each of 8 m width and 30 m length (Fig.2): a flow 
through weir (W1) with invert level at 4.5 m PD; and two dead end weirs (W2 and W3) 
with a slight adverse bottom slope; the weir level is set at 5.5 m PD. The concept is to 
intercept most if not all of the THT overflows in the weirs W1 and W2, and to intercept 
the Tat Chee Road inflows as well as part of the Boundary Street nullah backflows into 
weir W3. i.e. the design minimizes the interaction between the stormwater flows from 
either side of the weir system; any undesirable hydraulic behaviour can hence be 
minimized.   

Table 1  Design parameters of the THTSS stormwater culverts 
Parameter 

 
 

Channel 

Design 
flow 
Qmax 

(m3/s) 

Bed slope 
 

S0 

Normal 
depth 

yn 
(m) 

Critical 
depth 

yc 
(m) 

Froude 
number 

/V gy  
Section 

Tai Hang 
Tung 

Culvert 
46.48 0.0028 1.60 1.51 0.91 

 
 

8m(W)×2.5m(H) 

Tat Chee 
Culvert 10.99 0.0050 surcharge 1.14 Surcharge 

 
 

2.9m(W)×1.45m(H) 

Boundary 
Street Culvert 

(upstream) 
48.74 0.0027 1.88 1.70 0.87 

 
 
 

7m(W)×2.6m(H) 

Boundary 
Street Nullah 
(downstream) 

38.80 0.0027 1.50 1.39 0.89 

 
 
 

7.6m(W)×3.85m(H) 
 

 109



Fig. 1  Tai Hang Tung Storage Scheme and Kai Tak Transfer Scheme for urban flood control  

 
Fig. 2  Schematic diagram of Tai Hang Tung Storage Scheme and triple weir system  
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Extensive experiments have been performed to study the detailed flow in each side 
weir channel as well as alternative inlet junction designs. In a typical experiment, a 
prescribed steady inflow is fed into the inlet ends of Tai Hang Tung culvert, Tat Chee 
Road culvert, and Boundary Street Road Nullah, and the downstream water level at 
Boundary Street Nullah adjusted according to preset values. The piezometric head along 
the side weirs, velocities at key points, and side weir flows are accurately measured  
2.1.2 Head-Discharge Characteristics of Side Weirs 
The flow in each side weir is a spatially-varied flow. The lateral discharge per unit weir 
length, qw, from the side weir (for double side) is related to the local head on the weir Hw 
= y - yw via a side-weir discharge coefficient CM:  

           2 3/ 22 2
3

q C gHw M= × w                 (1) 

where y = water depth, and yw is the level of the weir crest from the bottom of the weir 
channel. The experimental results (Fig.3) show that the discharge coefficients CM of weir 
W1, W2 and W3 are not a constant. CM decreases with the Froude number /F V gy=  
where V is the average velocity in the cross-section. As the flow velocity increases 
(increasing F), the “spilling efficiency” decreases. The data appear to follow a generalized 
form of the relation previously established for irrigation lateral weirs  (Subramanya 
1972):  

         
2

0 2
3(1 )

2M M
F

F
= −C C

+
                   (2) 

where CMo = 0.611 + 0.075 Hw/yw.  
2.1.3 Performance of Side-weir System for Different Hydraulic Transitions  
Experiments were carried out at low, medium and high flow conditions to study the side 
weir discharge capacity and the flow pattern of the different junction designs; these are 
conditions taken at representative instants of the hydrograph, obtained from the 
HydroWorks model. A variety of options of the inlet design were considered; initial tests 
quickly narrowed down to three options that involve the use of airfoil shaped piers, steps, 
and bends placed in the transition to aid the flow. Experiments, however, show that best 
performance is obtained with no obstruction and the transition shape shown in Fig. 4. 
With this design, the flow pattern is generally smooth. At low flow, the stormwater from 
Tat Chee Road flows towards Boundary Street with a stagnation region.  At medium 
flow, the flow from Tat Chee Road impinges on the opposite wall of the junction and is 
split into two streams, one directed to weir W3 and the other to Boundary Street.  At 
high flow, back flow from Boundary Street (against bottom gradient) joins the flow from 
Tat Chee Road towards W3. The combined flow is discharged satisfactorily in the 
downstream Boundary Street Nullah without overflowing the banks (overtop level = 6.7 
m PD). The flow visualization confirms the design concept; i.e. the flows from either side 
of the weir system do not interact strongly.     
2.1.4 Effect of Bottom Slope and Support Column 
The experimental results reveal marked three-dimensional effects at the inlet sections to 
W2 and W3 and near the dead ends. The physical model has been invaluable in providing 
insights to the problem.  As an example, for an inflow from the Tai Hang Tung upstream, 
a distinct hydraulic jump occurs at the entrance to Weir W1 (Fig.5a, left view). Such an 
unexpected flow behaviour is not desirable, as the system can spill into the side weir 
prematurely at a lower flow than anticipated. This phenomenon can be traced to the 
mismatch of specific energy between the Tai Hang Tung Nullah and at the side Weir W1, 
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and the wavy conditions can be greatly reduced by increasing the bed slope of the Tai 
Hang Tung culvert from 0.0004 to 0.0028 (Fig.5a, right view). A second important feature 
is the presence of support columns in the weir channels. In Fig.5b, we show the side weir 
system with the installation of two major square shaped (850 mm) support columns at the 
entrance to weir W2.The dramatic flow separation around the square pier (right view) 
leads to a noticeable depression of the water surface downstream in Weir W1; 
consequently the flow in W1 will not spill along a significant length of the weir (left view) 
- a clearly undesirable situation. This led to the use of a streamlined pier with a 
sharp-edged cutwater as support column, with much improved results (Fig.5c).  

2.2 Numerical Model Results  
The one-dimensional, unsteady, free-surface flow in open channels is governed by the 
mass and momentum conservation equations. The numerical model solves the full Saint 
Venant equations (with the side weir overflows accounted for) using the four-point 
Preissmann scheme, and is capable of handling both subcritical and supercritical, free 
surface and surcharged flows.  Super-critical and transitional flows are handled through 
a technique described by Havno and Brorsen (1986), whereby the influence of the 
convective terms in the momentum equation is proportionally reduced to zero as the flow 
approaches critical flow (F = 1). It is then possible to maintain the double-sweep 
algorithmic structure for subcritical flow characteristic over the whole domain of solution, 
including subdomains of supercritical slows. The method is adopted because the 
magnitude of convective acceleration term in supercritical drainage flows is usually an 
order of magnitude less than the friction and gravity terms. With this technique, the 
detailed shape of the hydraulic jumps will not be simulated; however, the jump's general 
location can be determined by an examination of Froude numbers. The pressurised flow in 
closed conduits is simulated by the governing equations on the basis of the  “Preissmann 
slot” idea (Preissmann 1961; Cunge and Wegner 1964). The model can also deal with a 
branched channel system including bifucations and confluences. Extensive computations 
against analytical test cases have confirmed the validity of the numerical model. More 
details can be found elsewhere (Lee et al 2001).  

Using the experimentally derived side weir discharge coefficients, the model can be 
used to study side weir behaviour and system performance. Fig.6 shows example 
comparisons of predicted levels and velocities in side weir W3 (steady flow). Overall, the 
flow patterns along the side weirs can be simulated, but due to the existence of a hydraulic 
jump the difference between the computed and measured values along weir W1 is relative 
large. The numerical model predictions of total side weir flow agree reasonably well with 
observations (Table 2); for the high flow condition, the predicted flow is in excellent 
agreement with measurements. However, the predicted total side weir flow is somewhat 
greater than the measured value for medium inflow; the discrepancy of about 20 percent is 
acceptable as many three-dimensional details cannot be considered by the 1D model.  
Note that up to 50-60 percent of the total inflow is intercepted by the side weir system for 
the medium and high flow conditions. Fig.7a) shows the design inflow hydrographs at the 
Tai Hang Tung road, Tat Chee Road and Boundary Street for a 1 in 50 year storm. For 
this unsteady flow computation, it can be seen that without the THTSS, the peak flood 
level exceeds the road level of 6.7 m PD; with THTSS the flood is contained; the peak 
level is reduced by about 0.8-0.9 m (Fig.7b). The unsteady model calculations thus 
confirm and complement the physical model experiments. The model can be used to 
derive the required capacity of the storage tank as well as optimal weir level settings. 
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3. KAI TAK TRANSFER SCHEME (KTTS)   

The success of the THTSS depends on an upstream diversion scheme – the Kai Tak 
Transfer Scheme; Fig.1 shows a schematic diagram of the layout of the stormwater 
transfer route. Under existing conditions, part of the stormwater runoff from upstream is 
conveyed in a steep box culvert (1:64 bed slope) underneath Waterloo Road, a trunk road 
in Kowloon. For a one in 50 year flood, a maximum flow of 65 m3/s runs along the 
Waterloo Road culvert to join with the downstream Boundary Street nullah which flows 
into the Mongkok area. The Kai Tak Transfer Scheme aims to divert about two-thirds of 
the design flow from the Waterloo Road culvert (3.1 m wide by 2.9 m deep) into a 4 m 
diameter underground tunnel (the Kai Tak Transfer Tunnel) by means of an interception 
structure, thus relieving downstream flood prone areas in MongKok of the stormwater 
load. The 2 km long tunnel will be constructed in soft ground and runs underneath parks 
and roads to discharge in the Kai Tak Nullah in East Kowloon. The success of the scheme 
depends on the ability of the interception structure to divert the desired flow in a 
hydraulically satisfactory manner for all flows. The basic channel parameters are given in 
Table 3.  
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Fig. 3  Measured side weir discharge coefficient for Weir W1, W2, W3 as a function of Froude number 

Cm=Cmo*(1-3Fr2/(Fr2+2)) 
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Fig. 4  Observed flow patterns in inlet junction (final design)   
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Table 2   Summary of measured and predicted weir overflows for triple weir system 

Side weir overflow (m3/s) Inflow   (m3/s) Measured  S0 = 0.0028 Flow 
rate Tai Hang Tung Tat Chee Road Boundary Street W1 W2 W3 Total 

Predicted 
(total) 

Low 7.84 3.08 14.63 1.83 1.09 2.32 5.2 0.98 
Medium 26.03 7.98 37.14 10.22 1.79 17.03 28.4 36.95 

High 46.48 10.99 48.74 15.44 24.97 23.61 64.1 64.34 

 

 
Fig. 5  Significant flow features observed in THTSS model: a) hydraulic jump due to mismatch of specific 

energy; b) malfunctioning weir flow due to square support column; c) weir flow with streamlined cutwater piers 
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Fig. 6  Example comparison of computed versus measured water levels and velocities in weir system 
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Table 3  Representative parameters of the Kai Tak Transfer Scheme (free flow condition) 

Prameters 

Waterloo Road 
upstream of 
interception 

structure 

Waterloo Road 
at interception 

structure 

Waterloo Road 
downstream of 

interception 
structure 

Interception 
structure 

Kai Tak 
Transfer 
Tunnel 

Design flow 
Q(m3/s) 30 From 30 to 10 10 20 20 

Length (m) 50 37.5 60 40 420.5 

Bed slope 1 in 64 1 in 64 1 in 180 Vertical drop 
6.37m 1 in 1000 

Normal depth 
(m) 1.49 From 1.49 to 

0.98 0.98  2.72 

Critical depth 
(m) 2.12 From 2.12 to 

1.02 1.02  1.80 

Fr. Number 1.70 From 1.70 to 
1.07 1.07  0.45 

Section  
 

3.1m (W) x 
2.9m (H) 

Shown in  
Fig.8  

3.1m (W) x 
2.9m (H) 

Shown in  
Fig.8 

 
D = 4m 

 
Practical constraints dictate that the interception structure must be designed to intercept 

and convey the required flow from the Waterloo Road into the tunnel underneath 
Hereford Road (Fig.1); it needs to achieve a drop of 6.4 m within a distance of about 40 m 
and keep a 1.5 m clearance from an existing sewer main and a freshwater supply main 
running parallel to (at different elevation) the Waterloo Road culvert (Fig.8a). For a 
typical flow of 30 m3/s, the normal depth along Waterloo Road is 1.5 m (F=1.7). Thus the 
interception structure is essentially a supercritical takeoff from a supercritical flow. In 
view of the complicated three-dimensional diversion flow, a 1:25 undistorted Froude scale 
hydraulic model study is carried out.  The physical model covers a 60 m reach of the 
Waterloo Road culvert flow, the interception structure, and 500 m reach of the tunnel, 
extending to beyond Shaft B (Fig.1).  Fig.8b) shows the perspective view of the initial 
design of the transition structure (the model is a mirror image of the prototype): consisting 
of a relatively straight spillway chute accounting for most of the drop in elevation, and a 
transitional bend leading into a 4m square tunnel which is connected to the circular 4 m 
tunnel at Shaft A. The provision of a sufficient length of model tunnel beyond Shaft A 
also permits useful qualitative observations of the air entrainment and release behaviour in 
the complicated two-phase flow. 

Extensive model tests were performed for representative upstream flows of Q = 10, 20, 
30, 40, 50, 65 m3/s covering the entire range of free flow and surcharged conditions. The 
downstream boundary conditions at the model limits are obtained from an independent 
Hydroworks calculation for the entire catchment. For low flows (Fig.9a), it is observed 
that the free surface flow near the diversion is analogous to an energy conserving 
spatially-varied flow, discharging non-uniformly into the interception structure. The flow 
in the interception structure is highly three-dimensional and consists of a spiral flow down 
the spillway chute, with clear zones of recirculation and separation. A concentrated jet 
stream is observed towards the outer bend - the jet impinging on the outer part of the 
structure is deflected 180 degrees; at higher flows this leads to intense air entrainment and 
a highly complicated two-phase flow. Fig.9b (top) shows the view of the observed flow 
down the interception structure leading to a hydraulic jump past Shaft A. For Q ≥ 40 m3/s 
both the upstream Waterloo Road flow and the downstream tunnel flow are surcharged, 
and the hydraulic jump in the tunnel is forced to occur on the spillway chute; the flow 
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near the diversion remains a highly turbulent two-phase flow. A second hydraulic jump is 
also observed on the Waterloo Road flow downstream of the diversion; this jump appears 
to arrest all the hydraulic control from downstream. In addition, a tornado vortex 
emanating from the outer corner of the interception structure (point S) is clearly observed 
(Fig 9b, bottom).  The measured hydraulic grade line along the transfer tunnel route for 
different flows are shown in Fig.10. Detailed flow studies show that the diversion works 
very similarly to a side weir of zero height. Fig.11 shows the measured free surface and 
specific energy contours in Waterloo culvert near the diversion outlet; Fig.12 shows 
example spatial varied flow predictions of discharge and level along the diversion 
structure.  

4m x 4m

3.1m x 2.9m

Fig. 8  Schematic diagram and perspective view of the KTTS interception structure 
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Fig. 9  Observed flow features in KTTS interception structure 
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In general, the results show that the required flow diversion of about 60 percent can be 
achieved. However, the flow in the interception and transition structure is highly turbulent 
and unstable; leading possibly to undesirable flow-induced vibrations.  Model tests show 
that the design can be improved by the following measures (Fig.13): i) a splitter wall 
down the middle of the interception structure, dividing it into two compartments, thus 
effectively reducing the chute width and strength of the cross-wave disturbance; ii) a 
sharp cutwater of incident angle 10 degrees to the oncoming flow at the upstream end of 
the splitter wall; iii) a precisely rounded outer corner of the diversion structure, at the 
location S; iv) the installation of stilling blocks in the square tunnel to promote and fix the 
hydraulic jump before Shaft A; and v) the provision of air vents on the interception 
structure and outlets near Shaft A.  

Fig. 13  Final design for the KTTS interception structure   

4. CONCLUSIONS 

Some characteristics of the hydraulic design of large urban flood control schemes in Hong 
Kong have been summarized. The successful design of these schemes depends on an 
understanding of the highly complex 3D junction flows. Both the physical model tests and 
the numerical model results indicate that THTSS and KTTS can enhance the flood control 
capacity to cope with a one in 50-year rainstorm. The proposed designs with minor 
modifications are being adopted, with the aim to achieve flood protection by 2004. The 
schemes are environmentally acceptable and can be built safely with minimal public 
disruption. The scheme will reduce the length of storm drains required from 94 km to 48 
km, with savings of nearly one billion dollars. Additional examples of urban flood control 
schemes can be found in the references.  For example, the Yuen Long Bypass Floodway 
was designed under difficult land availability constraints - its success depends crucially on 
the use of the jet principle to lower water levels at a critical river junction, thus enabling 
the required flow diversion into the floodway (Lee et al 1998).  
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Abstract: The combination of quantitative reliability analysis with minimisation of the construction 
cost is presented as a tool for the design of flood defences. It is shown that the method can be used 
on the level of individual structures and on the level of systems of flood defences. On the level of 
structures, the method provides the geometry of the structure as a function of the required safety 
level, the environmental conditions and the cost of construction materials. On the level of systems, 
the method provides the optimal allocation of failure probabilities to individual structures to reach a 
required maximum flooding probability of the protected area. 

 

Keywords: Reliability analysis, probabilistic design, reliability-based design, optimization, 
flood defences 

1. INTRODUCTION 

The Netherlands is a lowlying country that depends on an extensive system of flood 
defences for its existence. Following a major flooding disaster in 1953, statistical analysis 
of observed water levels was adopted as a tool to define the designing requirements of 
flood defences. Thus, the first element of a reliability-based design approach entered the 
Dutch regulation as early as 1956 (Delta Committee, 1961a). Over the years, considerable 
developments have taken place in the field of reliability-based design. The principles of 
reliability-based design were formulated by Turkstra (1962). Important principles for the 
calculation of reliability are due to Cornell (1967b) and Hasofer and Lind (1974). 

The current Dutch regulation with regard to the protection against flooding is still 
based on the statistical analysis of observed water levels as proposed by the Delta 
Committee. Over the years it has become clear that an approach based on the uncertainty 
of water levels only omits important uncertainties relevant for the design of a flood 
defence structure, e.g. the uncertainty on the wave conditions in front of coastal flood 
defences. 

Over the past two decades, the Dutch Technical Advisory Committee for Flood 
Defences (TAW) has recognized the discrepancy between the facts of nature and the 
methods for design of flood defences. This has resulted in a research program aimed at the 
development of reliability-based design methods and ultimately risk-based design 
methods for flood defences. 

The current paper describes the results of recent research into reliability-based design 
methods for large-scale flood defence systems. 

 
 



2. OUTLINE OF RELIABILITY ANALYSIS OF FLOOD DEFENCES 

The area now called the Netherlands has seen permanent human occupation for the last 
1200 years. Due to sea level rise and land level recession, the people were confronted with 
flooding with an increasing frequency. Efforts to protect settlements from flooding started 
locally. Locally constructed flood defences were gradually extended and connected to the 
flood defences of neighbouring settlements. Thus, a number of areas protected by a closed 
ring of flood defences came into existence. Such a ring or system of flood defences is 
called a dike ring.  

The first step in the reliability analysis of a dike ring is the definition of the main 
function and derived from that the definition of failure. Several functions may be allocated 
to a flood defence system, but the primary function is the retention of high water levels to 
prevent flooding of the area protected by the system. Therefore, the definition of failure is 
given by: "water enters the protected area". 

Failure of the dike ring occurs due to failure of one or more of the parts of the ring. 
Every part may fail due to a variety of failure modes. The second step in the reliability 
analysis of a dike ring therefore consists of a thorough qualitative risk analysis. Such an 
analysis consists of a break-down of the ring into distinct elements (or structures) and a 
break-down of the elements into individual failure modes. The results can be conveniently 
represented in a fault tree. In the fault tree, the definition of failure is given in the top of 
the tree and the logical connection of this so-called top event to individual causes of 
failure is shown. The qualitative analysis should in principle be exhaustive. The reason for 
this is that any cause of failure that is not recognised in the qualitative analysis will also 
not be considered in the quantitative analysis that follows. 

The third step in a reliability analysis of a dike ring is the quantification of the 
probability of failure on the level of individual failure modes. To this end, every 
individual failure mode has to be cast in a reliability function. The general form of a 
reliability function is given by: 

( ) ( ) ( ), ,g R S= −z x z x z x,       (1) 

where R is the resistance of the structure; S is the loading on the structure; x is the vector 
of stochastic input variables; z is the vector of design variables. 

The reliability function is defined in such a way that negative values indicate failure of 
the structure by the failure described in the reliability function. The probability of 
occurrence of a failure mode written in the form of Eq. (1) is given by: 

( ) ( )( ) ( )
( ), 0

, , 0f
g

P P g f
<

= < = ∫ x
z x

z x z x x xd      (2) 

Eq. (2) is the volume integral of the joint probability distribution of the stochastic input 
conditions over the domain where the reliability function indicates that the failure mode 
occurs. An analytical solution of Eq. (2) is generally not available. Over the years a 
number of calculation methods have been developed. Once the probability of failure on 
the level of failure modes is quantified, several methods are available to calculate the 
probability of occurrence of the top event are available. See Melchers (1999) for an 
overview. More details on the application to coastal structures are given in Oumeraci et al. 
(2001) and Voortman (2002). 
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3. METHOD OF RELIABILITY-BASED OPTIMISATION OF FLOOD DEFENCE 
STRUCTURES 

Using the methods briefly outlined in the previous section, the probability of failure of a 
system of any complexity can be established as a function of the vector of design 
variables z. The calculated failure probability can be used to judge the acceptability of a 
certain design alternative. If a maximum value of the failure probability is defined, the set 
of acceptable values of the design variables is given by: 

( ){ };| f f maxD P P= ≤z z        (3) 

where Pf;max is the maximum acceptable value of the failure probability. 
In general, Eq. (3) describes an infinite number of acceptable geometries. Therefore, an 

additional requirement is necessary to limit the choice to one alternative. From the 
viewpoint of rationality it appears appropriate to require the costs of protection to be 
minimal, provided the structure meets the pre-defined failure probability requirement. In 
other words, the appropriate geometry of the flood defence is found by solving the 
following minimisation problem: 

( )
( ) ;

min

s.t.  ,f f max

I

P P≤
z

z

z x
       (4) 

where I denotes the cost of the structure. 
In general the requirements of cost minimisation and meeting the failure probability 

requirement are conflicting. This means that an increase of a design variable (for instance 
the crest level of a dike) decreases the failure probability but at the same time increases 
the cost of the structure. Therefore the minimisation problem of Eq. (4) generally leads to 
a unique solution, provided the space of the design variables is continuous. Fig. 1 shows a 
simple example of reliability-based optimisation of a flood defence structure. 

 

 
Fig. 1  Graphical representation of reliability-based optimisation 
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A software tool to solve the optimisation problem of Eq. (4) can be developed on the 
basis of readily available routines for reliability analysis and numerical optimisation 
(Voortman, 2002). 

4. METHOD OF RELIABILITY-BASED OPTIMISATION OF FLOOD DEFENCE 
SYSTEMS 

As stated before, the reliability of a Dutch dike ring can be calculated by splitting the ring 
in a number of individual sections or structures. Optimisation of such a system can in 
principle be performed directly on the basis of Eq. (4). In that case, the optimisation 
problem is given by: 

( ) ( )
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; ;
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I I
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z

z x

z        (5) 

where Isys denotes the cost of protection on system level and Pf;sys the probability of failure 
of the system. 

The number of elements of the vector z is approximately N times larger than the 
number of elements of z in Eq. (4). Solving the optimisation problem on system level in 
this way directly leads to the optimal geometry of every structure in the ring. From the 
optimal geometry, the failure probability of every structure can be derived using 
quantitative fault tree analysis as outlined previously. This approach is dented the 
top-down approach, because the optimisation problem is formulated on the level of the 
dike ring and the properties of the individual structures are derived from the full ring 
optimisation. 

The top-down approach is the most obvious method when thinking about optimisation 
of large-scale systems. The approach is attractive if the number of design variables in the 
system is fairly limited. An example of the top-down approach is the optimisation of a 
land reclamation project in the North Sea by Stroeve and Sies (2001). For most large-scale 
systems, the number of design variables is large and the top-down method then becomes 
less transparent and possibly hard to handle from a computational point of view. An 
alternative approach is found when noting the following properties of quantitative fault 
tree analysis: 
 The probability of failure of an individual structure is a function of its own design 

variables, but not of the design variables of other structures; 
 The probability of failure of the ring is a function of failure probabilities of the 

individual structures and of the dependence between them. 
Therefore, an alternative formulation of the reliability-based optimisation of a dike ring 

is given by: 
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where p is a vector of failure probabilities by structure. 
At first sight, it seems that this formulation shifts the problem to establishing the cost 

of protection by individual structure as a function of its failure probability. This however 
can be performed by performing reliability-based optimisation of every individual 
structure for a range of failure probability requirements. As observed before, the number 
of design variables in the optimisation of an individual structure is considerably less than 
the total number of design variables. It is shown in Voortman (2002) that the bottom-up 
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approach is computationally more efficient than the top-down approach in most cases. 
Furthermore, the approach appears to provide more insight in the properties of optimally 
designed flood defences because it allows the analyst to deal with small partial problems 
first before embarking on a full system analysis. 

5. DESCRIPTION OF THE CASE STUDY 

The method of reliability-based design is applied to the 86 km long coastal flood defence 
system of the Dutch province Groningen (Fig. 2). 
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Fig. 2  Case study area with flood protection system and break-down in eleven sections 

The flood defence system of the province Groningen borders a shallow estuary called 
the Wadden Sea. The boundary between the Wadden Sea and the much deeper North Sea 
is formed by a chain of islands. In the figure the boundary between Wadden Sea and  

 
North Sea is indicated by a dashed line. A reliability analysis of the flood defence system 
of the province Groningen is performed in TNO (1998). The system consists largely of 
dikes that can be broken down into a system of dike sections. The sections are defined in 
such a way that the hydraulic conditions along each section can be considered 
homogeneous. Therefore, a new section is defined every time there is a considerable 
change in the bottom level in front of the structure or if there is a change in orientation of 
the structure. 

Inspection of Eq. (2) shows that for a quantitative reliability analysis of flood defences, 
the description of the joint probability distribution of environmental conditions is essential. 
Experience from earlier research indicates that the reliability of coastal structures is 
generally dominated by the uncertainties on the hydraulic conditions. The hydraulic 
conditions relevant for the design of the flood defences are: 

• Water level; 
• Wave height; 
• Wave period. 
All three aspects of the hydraulic conditions are strongly influenced by the wind field 

over North Sea and Wadden Sea. Therefore a strong dependence between the three 
quantities is present that has to be accounted for in the description of the joint probability 
distribution (JPDF). Vrijling and Bruinsma (1980) developed the conceptual model for 
hydraulic conditions shown in Fig. 3. 

Along the lines of Vrijling and Bruinsma, Voortman (2002) developed a model for the 
boundary conditions along the dike ring Groningen. Reliability-based design of the 11  
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Fig. 3  Conceptual model for hydraulic design conditions (after Vrijling and Bruinsma, 1980) 
 
 

 

Fig. 4  Schematised dike cross section with design variables 

 
Fig. 5  Fault tree of a dike section 
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dike sections is performed using a set of six design variables to describe the geometry of 
the structure (Fig. 4). 

In the case study, the fault tree shown in Fig. 5 is used to describe flooding through a 
dike section. 

A large number of failure modes can be responsible for the three causes of failure 
shown in Fig. 5. In this study, four failure modes are selected that are thought to a 
conservative description of failure of the structure (Table 1). 

Table 1  Overview of failure modes applied to quantify the probability of initial failure 

Fault tree main branch Failure modes 
Internal erosion Piping model of Bligh (TAW, 1999) 

Breaching through inner slope 
Wave overtopping (v.d. Meer and Janssen, 1995) 
Overflowing (included in definition of wave overtopping) 
Uplifting inner revetment (Voortman, 2002) 

Breaching through outer slope Failure of pitched block revetment (Hussaarts et al., 1999) 
 

All failure modes used are initiating failure modes, which means that their occurrence 
is a prerequisite for the occurrence of failure of the structure. Between initial failure and 
full failure of the structure, some residual strength is present. However, the quantification 
of this residual strength is still a subject of research. 

The costs of the structure are quantified by considering the cost of distinct elements of 
the structure (Fig. 6). 

The unit costs by cost component are given in Table 2. 

Table 2  Overview of cost variables 
Cost component Price per unit Remark 
Dike volume 4.6 €/m3 Price of filling sand including construction 
Revetment outside 227.3 €/m3 Pitched concrete blocks. Price includes construction 
Revetment inside 45.5 €/m3 Clay cover including construction 
Space use 100 €/m2 Assumed value 

 

 
Fig. 6  Cost components of a dike section 

6. RELIABILITY-BASED DESIGN OF INDIVIDUAL FLOOD DEFENCES 

The sections of the flood defence system shown in fig 2 differ in the elevation of the sea 
bottom in front of the structure, the position with respect to the offshore islands and the 
orientation of the structure. The optimisation of the dike cross section will be shown for 
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locations 1 and 5 in fig 2. Table 3 illustrates the differences in bottom level and hydraulic 
climate for the two sections. The table shows the bottom level in front of the section and 
the expected values of the hydraulic conditions corresponding to a wind speed with a 
probability of exceedance of 10-4 per year. 

Table 3  Hydraulic conditions conditional on a wind speed with probability of exceedance of 10-4 per year 

 Section 1: Ommelander Section 5: Eemshaven East 
Bottom level (CD +m) 1.70 -1.56 
Wind speed (m/s) 37.8 37.8 
Water level (m) 6.46 6.55 
Significant wave height (m) 2.30 3.79 
Spectral peak period (s) 5.94 7.18 

The different locations show a small difference in water level. More important is that at 
Eemshaven the wave conditions are more severe than at Ommelander. The lower bottom 
level at Eemshaven can be considered the main cause of the difference. For a given wind 
speed, there is still uncertainty on the hydraulic conditions which is fully accounted for in 
the reliability-based design procedure. The more severe hydraulic conditions are reflected 
in the dike profile that results from reliability-based optimisation. Table 4 shows the 
design variables for optimised dike profiles at Ommelander and Eemshaven for a failure 
probability of 10-4 per year. 

Table 4  Optimised geometries of two dike sections in the Dutch dike ring Groningen 

 Section 1: Ommelander Section 5: Eemshaven East 
Crest level (CD +m) 11.8 13.0 
Seaside slope (1:n) 9.4 9.6 
Thickness revetment (m) 0.41 0.62 
Sea side berm width (m) 0.0 0.0 
Sea side berm level (m) n.a. n.a. 
Land side slope (1:n) 3.0 3.0 
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At both locations, the optimisation indicates that it is not cost-effective to apply a sea 
side berm. Increasing the width of the sea side berm reduces wave overtopping but has no 
effect on the stability of the revetment, since the steepest part of the profile is decisive in 
that respect. Flattening the sea side slope has a favourable effect both on wave 
overtopping and revetment failure. Due to the flatter slope, the necessary revetment 
thickness decreases which reduces the cost considerably. 

The effect of the more severe hydraulic conditions at Eemshaven are clearly reflected 
in the geometry of the optimal profile. All design variables (except for the berm geometry) 
that have an effect on the resistance of the structure against wave attack have a higher 
value at Eemshaven. The differences in the geometry of the dike section are also reflected 
in the construction costs by section. For the same probability of failure, the structure at 
Eemshaven is approximately 40 % more expensive than the structure at Ommelander 
(Fig.7). 

7. RELIABILITY-BASED DESIGN OF THE FLOOD DEFENCE SYSTEM 

Following the bottom-up approach shown in Eq. (6), optimisation of the full flood defence 
system can be performed in the space of the failure probability by dike section. To this 
end, the cost of protection by dike section should be established as a function of the 
failure probability by section. This can be achieved by first optimising each of all eleven 
dike sections of the dike ring Groningen for a range of failure probabilities. For every 
combination of location and probability of failure, the influence factors are obtained from 
the level II reliability calculation that is an integral part of the optimisation procedure. The 
influence factors can be used to quantify the dependence between the structures by a 
correlation coefficient (Voortman, 2002). Thus, sufficient information is available to 
establish the probability of failure of the system of dike sections by means of the method 
of Hohenbichler and Rackwitz (1983). The cost on system level is found by adding the 
costs of the individual structures. Optimisation of the failure probability by section can 
now be performed. From a practical point of view it can be convenient to have one design  
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failure probability for all individual sections. The cost of protection on system level is 
shown in Fig. 8 for both options. In addition, the upper and lower bounds of the cost on 
system level are shown. The upper and lower bound are obtained by analysing the costs 
under the assumption that the system probability of failure equals one of the fundamental 
bounds proposed by Cornell (1967). 

From the result it can be concluded that for an accurate estimate of the cost on system 
level, it is necessary to consider the correlation between the sections. This is illustrated by 
the large difference between the upper and lower bound estimates of the cost of protection. 
Adopting the same design probability of failure by section for all sections increases the 
costs on system level by 1.5 % in comparison to the mathematical cost minimum. This 
small cost increase appears to be outweighed by the practical advantages of having the 
same design failure probability for every structure. 

9. DISCUSSION AND CONCLUSIONS 

The method of reliability-based design of flood defences enables design optimisation for a 
predefined failure probability of the structure or system of structures. The method is able 
to deal with all relevant failure modes and all relevant uncertainties. On the level of 
individual flood defences, the method provides insight in the optimal geometry of the 
structure. On the level of systems of flood defences, the method can be used to establish 
the optimal failure probability for individual structures, given a failure probability 
requirement on system level. 

When applied to individual flood defences, the results indicate that the optimal 
geometry is strongly influenced by interaction between failure modes. Interaction between 
failure modes takes place through design variables and boundary conditions that have 
influence on more than one failure mode at the same time. The results suggest that in 
design optimisation, all relevant failure mode should be accounted for simultaneously. 

Reliability-based design of a system of flood defences illustrates that the dependence 
between elements of the system has an important influence on the system probability of 
failure and therefore on the cost estimate. When applied to the flood defence system of the 
Dutch province Groningen, it is shown that a practical choice of design failure probability 
by section can be adopted without causing a large deviation from the optimal system 
design. 

ACKNOWLEDGEMENTS 

The results in this paper are based on research that was supported by the Dutch Ministry 
of Public Works and Water Management (contracts RKZ-642 and DWW-1528) and forms 
part of the Delft Cluster program (project DC 02.02.03). 

REFERENCES 
Cornell, C.A (1967a), "Bounds on the reliability of structural systems", Journal of the Structural Division, ASCE, 

93 - pg. 171-200 
Cornell, C.A. (1967b), "A proposal for a reliability-based code suitable for immediate implementation:, 

Memorandum to members of ASCE task committee on structural safety 
Delta Committee (1961a), "Final report and interim-advices (in Dutch)", Delta Report, considerations 

concerning storm surges and tidal movements, volume I 
Hasofer, A.M., and Lind, N.C. (1974), "An exact and invariant first-order reliability format", J. of the Eng. Mech. 

Division ASCE, pg. 111-121 
Hohenbichler, M., and Rackwitz, R. (1983), "First-order concepts in system reliability", Structural Safety, pg. 

177-188 

 132



Hussaarts, M., Vrijling, J.K., and Van Gelder, P.H.A.J.M; Looff, H. de; Blonk, C. (1999); "The probabilistic 
optimisation of the revetment on the dikes along the Frisian coast", In I.J. Losada (ed.), Proceedings Coastal 
Structures '99, volume 1 

Meer, J.W. van der, and Janssen, J.P.F.M. (1995), "Wave run-up and wave overtopping at dikes", In: Wave 
forces on inclined and vertical wall structures, pg. 1-27 

Melchers, R.E (1999), "Structural reliability, analysis and prediction (2nd ed.)", Wiley, Chichester 
Oumeraci, H., Allsop, N.W.H., Groot, M.B. de, Crouch, R., Vrijling, J.K., Kortenhaus, A., and Voortman, H.G 

(2001), "Probabilistic Design Tools for Vertical Breakwaters", Balkema, Rotterdam 
Stroeve, F.M. and Sies, E.M. (2001), "Integral optimisation of land reclamation in the North Sea", Proceedings 

IABSE-conference safety, risk and reliability - trends in engineering 
TAW (1999), "Technical report sand transporting pipes (in Dutch)", Technical Advisory Committee for Water 

Defences, The Hague 
TNO (1998), "Case study GroFriland", Report prepared for TAW 
Turkstra (1962, 1970), "Theory of structural design decisions", University of Waterloo 
Voortman, H.G. (2002), "Risk-based design of large-scale flood defence systems", Phd-thesis Delft University 

of Technology (forthcoming) 
Vrijling, J.K. and Bruinsma, J (1980), "Hydraulic Boundary Conditions", Symposium on Hydraulic Aspects of 

Coastal Structures 
 

 133



Flood Defence ’2002, Wu et al. (eds)© 2002 Science Press, New York Ltd., ISBN 1-880132-54-0 

Abstract: The concept of human vulnerability against natural disasters is analyzed in a systematic 
framework. Starting with a general discussion of the factors that influence human vulnerability a 
framework is presented in which floods are seen as causative events that disrupt the workings of a 
society. The vulnerability is expressed through the risk against extreme events as a first 
approximation, but it is indicated that this definition is not sufficient to capture all elements of 
vulnerability. A disaster is defined as a condition where the vulnerability index exceeds a critical 
vulnerability index. Due to global change, the risk changes with time, and we find that creeping, or 
slow onset disasters, may lead to conditions where the vulnerability index is exceeded even if no 
extreme sudden onset event occurs, whereas under conditions of ordinary vulnerability below the 
threshold set by the critical vulnerability a disaster occurs only under conditions of  rapid onset 
extreme events. 
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1. INTRODUCTION 

Planning for sustainable development depends on clearly stated objectives of what should 
be accomplished for reaching development goals. It is necessary to have available planning 
tools that permit to set priorities, such as performance indices for different development 
objectives. These indices must be based on values, not only on economic criteria, but also 
on social, ecological, health and other quality of life criteria. Among the issues that are 
affecting both quality of life and sustainability is resistance of populations or population 
groups against extreme adverse external influences, such as resistance against floods. The 
counterpart of resistance is the vulnerability.  Needed is an index that permits to compare 
resistance and vulnerability on the one hand, and on the other hand permits to compare local 
conditions with conditions elsewhere. Such an index must depend on the size of the 
population: it is different for a family, a community, a city, a region, or a country. It is the 
purpose of this paper to provide a framework for the use of such indices in the context of 
global change. 

At this time only components of such a comprehensive index exist, and research is 
needed to develop useful parameters for describing quality of life and sustainability in the 
context of flood security, as affected by global environmental change.   In the context of 
disasters, and specifically in the context of floods, no indices seem to exist at this time. In 
the social sciences there  exists a large body of literature in which causes of vulnerability are 
discussed qualitatively by means of practical examples on the effect of change on regional 
or local social structures and on components of a social system. In the natural sciences, 
studies concentrate on natural phenomena. Discussion of global change effects on floods 
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has, in the hydrological literature, been restricted to looking at the influence of climate 
change on hydrological systems, as it may or may not lead to more extreme natural events. 
For example, predictions of future climate developments by means of mathematical models 
(global climate models = GCMs) yield changes of the frequency of occurrence of weather 
pattern associated with extreme events (Bardossy and Caspari, 1990). By combining the 
conditional distribution of rainfall quantities to weather pattern, it is possible to infer that if 
the frequency of weather patterns associated with extreme events increases, then the 
frequency of extreme events increases also (Bardossy and van Mierlo, 2000). This was used, 
for example, in conjunction with the drought index of Bahlme and Mooley (Bahlme and 
Mooley, 1980) to predict the future incidence of droughts (Bogardi et al. 1994). Other 
approaches are based on forecasting floods and droughts on the basis of El Nino ENSO 
occurrences to provide the basis distribution to which rainfall events are attached through 
conditional probabilities  

But the effect of global change is not restricted to natural events such as droughts and 
floods. For obtaining a comprehensive index one must also develop models which include 
the consequences, i.e. the effect that natural disasters have on people, such as human 
impacts on the environment, which set the background for potential disasters. This effect is 
encapsulated in the concept of vulnerability. Vulnerability is at the center of an interaction 
complex where natural conditions as influenced by climate change impact on the state of 
society. In the international discussion of the concept of sustainable development, 
vulnerability is seen to depend on numerous factors, schematically indicated in Fig.1. 
Among them are deforestation, urbanization, or land degradation (for example Walling, 
1987). These factors cause impairment of  human security - in  extreme cases leading to the 
occurrence of disaster.  
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Fig. 1  The influencing factors determining vulnerability towards natural disasters (Source: report on the 

UNU/RTC on Human Security, Planning committee for a prospective Research and Training Center  
in Bonn of the United Nations University, Bonn 2001)  

In order to use the information of Fig.1 for decision making, it is necessary to quantify its 
different parts. It is the purpose of this paper to outline a framework by means of which this 
can be accomplished. 
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2. RELATIONSHIP BETWEEN VULNERABILITY AND DISASTER 

It is usual to assume disasters as conditions where due to an extreme event a group of people 
are so much affected that they can no longer cope without outside help. For defining what is 
meant by a disaster in the context of global environmental change, one must start with the 
concept of vulnerability. Vulnerability is sometimes defined as a measure for the ability of a 
population to handle extreme events. We assume that a quantitative measure of 
vulnerability exists, such as a vulnerability index. This index may be an index of 
sustainability, or some kind of economic index. In the context of such a definition of 
vulnerability a disaster is a condition where the momentary index of vulnerability, which 
we shall call V, exceeds some critical threshold Vcrit, i.e. a critical value of the vulnerability 
index.  

We shall later return to the issue of defining a vulnerability index. Let us assume for now 
that such an index exists and that there exists some critical value Vcrit which defines the 
border between the domain of no disaster and disaster, or between ability to cope and not to 
cope. A disaster occurs if the critical index is exceeded. This can be caused  by a slow onset 
event – also called a creeping event Us, resulting in a vulnerability Vs(Us) - or by a rapid 
onset event Ur, such as a flood, resulting in V U , which describes the additional 
increase in vulnerability. The characteristics of an event U = U

(r r )
s + Ur is that it is an extreme 

deviation from some average or normal condition. A drought qualifies as well as an 
earthquake or a chemical factory explosion. However, if we are limiting ourselves to global 
change effects, then chemical explosion and other industrial causes, are outside the scope of 
our subject. Since it is not clear in all cases, when a cause is industrial, we shall have to 
decide in each case where to draw the line between man made natural and industrial causes. 

 

time

V     = critical index of vulnerability

V = actual index 
of vulnerability

time to "slow onset disaster"

same extreme event causing disaster

time to extreme event, 
 not causing disaster

trajectories of recovery

pdf of vulnerability 
index development

measure of vulnerability

 crit

 
Fig. 2  Schematic presentation of the relationship between vulnerability and disaster as a function of time. 

With these assumptions the effect of change on the vulnerability can be illustrated 
schematically by Fig. 2. The actual vulnerability index is V, it may be slowly changing with 
time due to the factors of Fig.1, for example, the number of people exposed to the extreme 
event may be increasing, or relative vulnerability may increase due to degrading of the land 
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or reduction of financial resources available for coping. A slow onset disasters is found to 
occur if the critical vulnerability index is exceeded due to slowly changing events Us, as 
shown by the slowly varying curve of the average vulnerability index Vs(Us). This is the 
condition for a slow onset disaster. At any given time t, the actual state of vulnerability is 
found by drawing a vertical line through the diagram Fig.2.  

If we wish to specify the potential vulnerability of a population at a later time, then we 
have to make a forecast. Because forecasts always are subject to uncertainty, there exists an 
error band around our forecasts: this error band is specified by a probability density 
function (pdf) of Vs(Us), shown in Fig.2 for the case of making a tentative forecast  at  time 
t = 0. Note that the error band increases in width with time. The further we want to 
extrapolate our vulnerability estimates into the future, the wider will be the error margin. 
Uncertainty of the forecast leads to uncertainty of time to disaster TR.  There exists a pdf 
f(TR|Us) for the time to disaster, which in principle can be found from a Monte Carlo 
simulation of possible trajectories of vulnerability development.  

A rapid onset disaster is caused by a rapid onset event Ur, such as a flood or an 
earthquake, which increases the vulnerability index by V U  and moves the total V= V(r r ) s 

+V  over the vulnerability threshold. The rapid onset event shown in Fig.2 is superimposed 
over the slowly changing vulnerability index V

r
s. Rapid onset events may lift the 

vulnerability index temporarily or permanently over the threshold value Vcrit. This is 
indicated by the dashed curves in Fig.2. If a rapid onset extreme event strikes at a time when 
the initial vulnerability index Vs is low, a vulnerability change due to the event may not lead 
to exceedance of the critical index, and the population recovers by its own resources. The 
recovery period is measured in terms of the resilience, which is defined as the ability of the 
population to recover from a disaster. Resilience is another important term, which we shall 
discuss below.  

If we want to forecast, the rapid onset event has to be described by a pdf f(Ur), and the 
result of a forecast is the prediction of a probability of exceeding the critical threshold. Note 
that this exceedance probability is not the same as the usual exceedance probability of 
hydrology: it refers to the vulnerability, which is related, but not equal, to the hydrological 
exceedance probability. Let the vulnerability of the slow onset effects be Vs, with pdf f(Vs), 
having a mean value  Vsµ  and a variance of 2

Vsσ , and let the incremental increase in 
vulnerability due to the rapid onset event be Vr with pdf  f(Vr), with mean value Vrµ and 
variance  2

Vrσ . We can assume that both slowly varying component Vs and rapid change 
component Vr are fully random and uncorrelated, i.e. each is described by a Gaussian 
distribution.  The sum V = Vs + Vr is also a normal random variable with mean 

V V Vr sµ µ + µ=  and variance: 2 2
V Vr V

2
sσ σ σ= + . Consequently, the two variables can be 

estimated independently and superimposed afterwards. It then becomes possible to estimate 
the probability of a disaster at time t by finding the exceedance probability for V(t) >Vcrit. In 
a more general analysis, the critical vulnerability may also be considered a random variable, 
depending on many factors, and second moment analysis may be the way of obtaining a 
safety index to be used as decision quantity for evaluating alternative approaches to the 
problem of vulnerability reduction: similar to using the failure probability obtained by 
second moment analysis as decision variable in stochastic design (Plate, 1992) 

3. ON THE DEFINITION OF VULNERABILITY 

An attempt by social scientists to describe the interaction of human factors, environment 
and human security is indicated in Fig.3. The interaction chain is seen as a series of 
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interaction loops, where stressors impact on a vulnerable society, whose vulnerability is 
determined by the factors that are shown in Fig.1. Vulnerability is a multi-component, socio 
- economic issue, depending on many factors, such as exposure of the population, relative 
vulnerability of different groups of population, income of the people as affecting self help 
capacity etc. Key concepts for what should be considered in a definition of vulnerability 
have been proposed by Downing and Washington (1998), to quote: 

a. “vulnerability is a relative measure. The analyst, whether the vulnerable themselves, 
external aid workers, or society in broad terms, must define what is a critical level 
of vulnerability. 

b. everyone is vulnerable, although their vulnerability differs in its causal structure, its 
evolution, and the severity of the likely consequences. 

c. vulnerability relates to the consequences of a perturbation, rather than its agent. 
Thus, people are vulnerable to loss of life, livelihood, assets and income, rather than 
a specific agent of a disaster, such as floods, windstorms, or technological hazards. 
This connects vulnerability on the social system rather than on the nature of the 
hazard itself. 

d. The locus of vulnerability is the individual related to social structures of household, 
community, society and world system. Places can only be ascribed a vulnerability 
ranking in the context of the people who occupy them.” (end of quote) 

A suitable index of vulnerability will have to combine all these factors into a number, 
which is meaningful to base decisions on. A possible approach for obtaining such numbers  
is through an extension of the concept of stochastic design, as is used in engineering. 
Stochastic design is based on defining resistance and load for a system, which in the present 
case is the vulnerable society. The resistance describes the ability of the affected population 
to cope with an extreme event, consequently, it is equal to the critical vulnerability Vcrit.  It is 
a function of many factors: technical factors, such as the degree of protection provided by 
technical measures, for example dikes and reservoirs for flood protection, or building 
traditions taking account of local vulnerability against earthquakes, storms, or floods, as 
well as on non -technical factors, including the financial potential of the community, the 
ability of populations to help themselves, the social structure of the community and others, 
as listed by Downing and Washington (1998). The effects of an extreme event combine into 
the load on the social system, which is indicated by two components: the magnitude of the 
load, i.e. of the civic disturbance caused by the extreme event, and the length of the time to 
recovery after the extreme event.  

When the extreme event happens, resistance and load must be compared. If the 
resistance is larger than the load, the effects of the extreme event can be overcome without 
causing a disaster. If the resistance is smaller, a disaster strikes and outside help is required. 
An analysis of this situation can be for an actual event in real time, for which the load has to 
be forecasted, or it can be for planning purposes, i.e. for events that may occur in the future. 
In preparatory planning for precautionary measures, resistance and load must be associated 
with probabilities, i.e. they cannot be based on potential extreme load and resistance, but on 
a suitable combination of possible resistance and possible load.  

In the terminology of risk management for natural disasters the term resistance has to be 
replaced by a critical vulnerability Vcrit, and the term load is replaced by actual vulnerability 
V. Actual vulnerability describes the impact of the actual extreme event, and the critical 
vulnerability is equal to the load which a community at risk can tolerate before it needs 
outside help. A disaster occurs for the condition V > Vcrit, i.e. if the resistance towards 
disaster is overcome by the results of an extreme event. This inequality implies that it is 
possible to express vulnerability by one-dimensional numerical quantities.  

 138



The diagram Fig. 2 assumes that vulnerabilities are exact numbers, that develop in time. 
Actually, however, it is not possible to identify a clear time development, because both V 
and Vcrit are: 

a. depending on many different factors,  and  
b. they are uncertain, partly because the factors controlling them are uncertain, and 

partly because it is not possible to exactly predict the future development.   
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Fig. 3  A framework for analyzing vulnerability: Source: Kasperson/SEI Risk and Vulnerability Program Report 
2001/01, adapted from Clark University and Stockholm Environment Institute (replacing natural variability by 

natural extremes, to focus on disaster consequences). The point is that the interaction  
of human security and global change is to be seen in the framework of disaster mitigation 

A method for capturing at least part of this uncertainty and diversity is by describing 
vulnerabilities as risks, as used in the theory of reliability (Ang and Tang, 1984, Plate, 2000). 
For example, as a first approximation, the expected number of expected fatalities due to 
natural rapid onset events may be taken: some definitions say that a natural event leads to a 
disaster if more than x persons are expected to lose their lives. Or one may use a monetary 
definition: the critical index separating a disaster from extreme event is reached if the 
expected losses exceed x numbers of US$. In both cases, the vulnerability index is a single 
parameter. A more general approach should combine these and other factors into the 
definition of a population vulnerability, and to incorporate the uncertainty into the 
probability for occurrence of a vulnerability of a particular magnitude. In this way, the 
decision variable for future development is the expected value of the vulnerability, in a 
statistical sense. The advantage of this approach is that each of the factors contributing to 
vulnerability can be assessed separately, and the probabilistic aspects considered after the 
vulnerabilities of the components have been determined. 

Vulnerability defined as the expectation of vulnerabilities of different kinds should have 
a designation that is useful and easy to understand. This is why the term risk, RI, is used to 
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describe the expected value of the vulnerability. It can be expressed by a discrete double 
sum: 

[ ij ij i
i j

RI n K P]= ⋅ ⋅∑ ∑        (1) 

RI in Eq. (1) is defined as function of the number nij of the objects or persons (the elements 
at risk E) in element class j with consequence Kij subjected to a natural or other threatening 
event of event class i  (index i), whose probability of occurrence is Pi. According to 
probability theory Eq. (1) is the discrete form of an expected value.  

The inner sum of Eq. (1) is the total consequence of an extreme event in class i: 

i ij
j

V n Kij= ⋅∑         (2) 

which may be called the class vulnerability of all elements towards an event Ui in class i. It 
consists of the number nij of objects or persons in class j affected  by an event in event class 
i multiplied by the quantity Kij which quantifies the consequences occurring for the 
individual element at risk Ej in class j if an event Ui occurs. The quantitative value of 
vulnerability is found from an analysis of actual damages which occurred in the past. Kij is 
the elemental vulnerability Kij of each element in element class j if event i occurs. A good 
way of quantifying Kij is to write: 

 ij ij jK kϕ= ⋅         (3) 

which consists of two parts. The first is the quantity kj. This is the maximum effect that can 
occur for any event i – it can be, for example, the loss of life, or of health, or, for material 
objects, the replacement value of the object. The second part ijϕ is the relative vulnerability, 
i.e. the percentage of maximum affected, on the average, by the extreme event in class i. For 
example: it can be the fraction of houses that are destroyed by an earthquake, or it can be the 
average percentage of damage caused to each of the houses. Or in terms of human health: it 
can be the fraction of fatalities, or it can be the average percentage of impairment of health 
suffered by a person. If it can be described as a function of a single factor, for example, in 
the case of a flooding event as function of the flood level in class i , then Eq. (1) applies with 
Pi being the probability that event i occurs. However; the vulnerability may depend on 
many factors, each having a different probability function Pi. In that case Pi is the 
probability for the occurrence of the combination of all effects leading to vulnerability Kij.  

The risk as defined in the preceding section may not be conservative enough for decision 
making. Because it is an expected value, one has to assume that the actual value to occur in 
the future will be higher in approximately 50% of all cases. Therefore, the risk averse 
decision maker will use a more conservative value for estimating the vulnerability as 
decision variable, perhaps a lower value may be more appropriate, such as the 80% quantile 
which is that value of V which is exceeded in 80% of all cases. This value has to be found 
from an extreme value analysis of the vulnerability, obtained by fitting a probability 
distribution to the vulnerability values calculated for event U.   

Furthermore, it will be necessary  to incorporate other factors into an index of 
vulnerability, for example by writing V = g(U, Π ), where Π  is a vector of socio-economic 
parameters.  This can be seen by comparing disasters of the same financial consequences, 
but in different countries, such as occurred in December 1999 in France and in Venezuela. 
Land slides in Venezuela and subtropical storms in France both caused damage valued at 
roughly 10 Billion US$ - with 123 casualties in France, versus 30,000 casualties in 
Venezuela!  Furthermore, France recovered rapidly - had a high resilience - whereas 
Venezuela will need years of recovery time, i.e. its resilience is very low. (World Bank, 
2000). This example shows that neither costs nor number of casualties is sufficient to define 
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the index of vulnerability: it has to be a suitable combination of potential monetary losses,  
potential losses of lives, and resilience. Although attempts have been made to define 
suitable vulnerability indices for response to natural hazards, in particular in the 
sociological literature (for example, Blaikie et al.,1994) research is needed to identify a 
composite index, which can be used as a decision tool for regional decision making. An 
example is the Human Development Index HDI proposed by UNDP (2000) that 
incorporates many different factors by giving them different weights. The HDI is, however, 
an index to identify the development level of a country, whereas the disaster vulnerability 
index should be valid for different sizes of regions, ranging from the community level to the 
national level. The vulnerability index should be a combination of the appropriately 
weighted expected number of fatalities, expected monetary losses, or other factors, such as 
health related consequences. These factors not only define vulnerability. They also are 
indicators of resilience, i.e. the ability of a population to reach a condition after a disaster 
where outside help is no longer required. Note that the terms vulnerability and resilience are 
here used to mean two different things: vulnerability is the pre-existing condition that exists 
when the extreme event occurs plus the added stressor due to the event, whereas resilience 
is the capability of recovering from the extreme effect of the disaster. These two properties 
need not be the same, although they may depend on some of the same factors.  

4. DEFINING RESILIENCE 

The ability of a population to recover after an extreme event is called resilience. The higher 
the resilience, the more a society is capable of overcoming the aftermath of a disaster. 
Resilience is inversely related to the recovery time TR , which is easier expressed 
analytically than resilience.  
 

U = measure of extreme event

f(TR|U1)

f(U,TR)= const

E{TR|U1}

TR 

f(U) U1

E{TR|U}

 
Fig. 4  Definition for the probabilities associated with resilience 

Assume that we have an extreme event U that causes a disruption of ordinary living 
conditions, such as a flood caused by the discharge of a river exceeding a critical discharge. 
Let this event have a probability density function (pdf) given as f(U). The recovery time TR 
after the beginning of the event is a random variable depending on U, with a joint 
probability density distribution (jpdf) f(U, TR). This is schematically shown in Fig. 4. A 
conditional pdf f(TR|U) is associated with each value of U. The best estimate for the time TR 
is the conditional expectation E{TR|U}, conditional on the event U. 

TR is not only related to the event U, but it depends strongly on the vulnerability. This is 
schematically indicated in Fig.5, where the relationship of the expected value of TR is 
shown as function of the event U for three different cases of resistances, or critical 
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vulnerabilities U(Vcrit). For illustration, the Human Development Index is used as parameter 
describing the vulnerability. For countries with a high HDI, the time TR is likely to be short, 
and Vcrit  is high, whereas for countries with low HDI the reverse is true. This provides the 
hypothetical framework for a more complete analysis of vulnerability. To make this 
approach work, it is necessary that the data needed for this concept are made available. In 
contrast to the data for the HDI, these data may not be part of standard national statistics. 
For obtaining such data research based on the cooperation of natural and social scientists 
could be very fruitful. 

Ucrit=U(Vcrit|HDI low)

E{TR|Ucrit} medium HDI

TR 

f(U)
U1 = Ucrit

E{TR|U} high HDI

Ucrit=U(Vcrit|HDI high)

Ucrit=U(Vcrit|HDI medium)

E{TR|U} low HDI

 
Fig. 5  A hypothetical combination of recovery time, critical vulnerability, and magnitude of extreme event 

Resilience as measure of ability to recover should be a property of a society that is not 
only associated with a disaster: recovery is necessary even if an event does not cause a 
disaster. Attempts at defining resilience quantitatively in this sense have been made by 
Loucks et al. (2000). 

As a contribution to the discussion of resilience an approach based on the analogy to the 
concept of reliability may be considered. It associates resilience with the probability 
distribution of TR. As an element of the pdf for TR a resilience function ß(TR= tR) can be 
defined (see the appendix) which is the conditional probability for the effect of the event U 
to be overcome at time tR if it had not been overcome earlier - a rate that is similar to the 
hazard function of reliability theory (Ang and Tang, 1984). ß(tR) has the dimension 1/time, 
being a recession coefficient or time constant for the pdf f(TR), as shown in the appendix. 
The associated probability distribution for TR is: 

0

( )

( ) 1

TR

R Rt dt

RF T e
β− ⋅∫

= −      (4) 

Although ß seems to be more abstract than TR , it has the advantage of being quantified 
more readily for yielding appropriate formulae for describing f(TR). It makes sense to 
assume that ß does not change with time, i.e. that the ability to cope is not dependent on the 
time to recovery. If ß is independent of time tR , then one obtains an  exponential pdf for TR.  

Note that the probability F(TR) for any tR  being smaller than TR increases with ß, which is 
contrary to the intuitive notion of resilience. Therefore, one should define the time 

( ), 1 ( ,2U Uτ βΠ = Π

2Π

)2  to be the parameter describing resilience. Just like V, this quantity 

depends on event U and on a set of socio - economic parameters expressed by the vector 
. For a given parameter pair U,Π , the resilience increases with increasing critical 

vulnerability (resistance) of the population. But if the event U increases, decreases. 
Although we can assume that the risk equation is a good starting point for quantifying 
effects of extreme events, it is not clear how different parameters have to be combined into 
a meaningful vulnerability index for the elements at risk. We can at this time only state that 

2
( , )2Uτ Π
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resilience must be one of the factors to consider in a vulnerability analysis. Further analysis, 
based on observed data is needed to complete this concept. 

5. EFFECTS OF ENVIRONMENTAL CHANGE ON VULNERABILITY 

It was shown that Eq. (1) is well suited, in conjunction with appropriately defined 
vulnerabilities Kij, to generate an index of vulnerability. It has the additional advantage that 
the effect of global change is easily incorporated, because Eq. (1) is composed of factors 
whose change with global change processes is readily recognized and amenable to analysis.  

To show this, we first look at the inner sum, which is the class vulnerability, and see how 
it changes with global change effects. It is evident that the number of elements at risk nij 
may change with time: a larger number of people may live tomorrow in the disaster prone 
area than today. This is the case in many urban areas of the large megacities in developing 
countries, where the new residents have to settle in dangerous areas, such as in land slide 
prone hilly environments. We may also have changes in individual vulnerability Kij. These 
changes may be of two kinds: first changes in the value kij, obviously not valid if risk is 
defined as expected number of fatalities, but quite significant if vulnerability is defined in 
monetary terms. For example, kj could be the increase in replacement value of the goods 
that can be destroyed through an extreme event. As second effect we may see a change in 
the relative vulnerability, for example people that move into an endangered area from the 
outside may be in higher danger from the threatening event than the natives because they 
lack the experience of natives with similar events. Or there may be an increase in the 
number of children or feeble persons among the affected populations. 

Consider next the influence of change on the outer sum, i.e. on the distribution of 
probability Pi. It depends on the event for which the risk is to be defined. In the case of an 
unknown condition of vulnerability, whose distribution of probability  Pi is known, the best 
estimate for this vulnerability is the expected value, which is the risk according to Eq. (1). If 
the vulnerability changes gradually as a result of gradual, but known (deterministic) 
environmental changes, then the probability is 1, and the risk is equal to the vulnerability 
(the inner sum). If the trend of the changes can be predicted exactly, i.e. the vulnerability is 
increasing with time, then the condition can be identified at which the vulnerability will 
exceed a critical value.  

If the changes are not deterministic but uncertain, then the outer sum is to be taken over 
all events i, i.e. in order to define the risk it is necessary to know the whole probability 
distribution for the events i. For the case of slowly changing but uncertain conditions Pi is 
the probability for obtaining a certain state of vulnerability Kij. In this case the vulnerability 
is a random variable with a (discrete) probability Pi for state i. Such probability densities are 
shown schematically in Fig.2. Uncertainty may influence coping actions. A population near 
a critical threshold may already be above critical, but because the indicators are uncertain, 
the population may believe that it still is in a condition below critical.  

For the slow onset disaster the risk equation Eq. (1) can also be used directly as a 
forecasting equation for estimating the effect of a future environmental change: it may 
denote the probability that at some future time the risk exceeds the critical level. 

For the case of rapid onset events we may find also that the probability function Pi 
changes with time, due to climate effects, or due to human influences, such as floods which 
change due to technical flood protection measures. This probability distribution has to be 
combined with the probability distribution of the slowly evolving vulnerability index, as 
was described above. The determining probability distribution usually is the distribution of 
the extreme rapid onset event, - flood, storm, earthquake, fire. Obviously, global change – 
both due to climate and due to human interventions – affects the probability P for a large 
class of events, i.e. those that are caused by meteorological factors or by changes in land use, 
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whereas it has no effect on other causes, such as earth quakes or volcanism. Compared with 
this quantity the variability due to vulnerability may be small, and its change can be 
expressed through a deterministic curve, i.e. by the time development of the expected value 
of the vulnerability in Fig.2.  

6. CONCLUSIONS 

It was shown in this paper how one could model the development of human vulnerability by 
means of methods which are known from the theory of reliability. We have seen that the 
risk, with a suitably defined vulnerability function, may offer a framework for analysis of 
vulnerabilities of populations - populations ranging from villages to nations. The 
comparison of the actual vulnerability, or of the vulnerability caused by a natural extreme 
event, can be used for making decisions on allocating funds for different measures for 
mitigating natural disasters. Coping actions for bringing the state of vulnerability back to 
conditions below critical have to be found through engineering or through planning 
measures, and the calculation of the vulnerability in terms of costs - real construction cost 
and hidden social costs - can yield valuable decision support information.  

APPENDIX: OBTAINING THE RESILIENCE FUNCTION 

For defining the resilience function, we consider the pdf f(TR) of TR, as is shown in Fig.A-1. 
Associated with the density function is the probability: 

 .      (A-1) { } ( ) ( )
0

tR
P T t F t f T dTR R R R R≤ = = ⋅∫

Through probability function F(TR) and pdf f(TR), the resilience function is obtained.  
We obtain the conditional probability {P T t dT T tR R R R R≤ + ≥ }

}

of the recovery occurring 

in the interval dTR at time tR, after not having occurred during time TR < tR, through the 
relation: 

{ , } { } {P T t T t dT P T t dT P T tR R R R R R R R R R≥ ≤ + = ≥ + ⋅ ≤       

( ) ( )[1 ]F tR⋅ −t dTR Rβ= ⋅  (A-2) 

where Eq. (A-1) has been used. Furthermore, we have introduced the definition: 

{( )t dT P T t dT T tR R R R R R Rβ ⋅ = ≤ + ≥ }

}

    (A-3) 

i.e. the right side of Eq. (A-2) is a joint probability function written in terms of the 
conditional probability ß(tR).dTR. However, it is also evident that the joint probability can be 
written as: 

{ } { } { ,P t dT P t P T t T t dTR R R R R R R R+ − = ≥ ≤ +     (A-4) 

Furthermore, since: 

( ) ( ){ } { }P t dT P t F t dT F tR R R R R R+ − = + −      (A-5) 

we obtain the differential equation: 
( ) ( ) ( )

lim ( ) 1 ( )
0

F t dT F t dF tR R R R t F tRdT dT dTR RR
β

+ −
R = = − →

   (A-6) 
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f(TR)

TR = tR

TR 

dTR 

f(TR)

 
Fig. A-1  defining the resilience function 

which has the solution: 

( ) ( )
0

( ) 1 exp
Rt

R R R R RP T t F t T dTβ
  ≤ = = − − ⋅ 
  
∫     (A-7) 

This is the function describing the probability for TR to exceed tR.  This relationship is well 
known from the theory of reliability (Ang and Tang, 1984, Plate, 1992), where ß is the so 
called hazard rate, and TR is the time to failure.  
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Abstract: The loss potential from flooding damage in the Netherlands is enormous. Losses in the 
order of 100 billion Euro resulting from sea floods and 50 billion Euro for river floods are 
conceivable. Recently, relative small river flooding events occurred in December 1993 (loss of 100 
million Euro) and January 1995 (loss of 80 million Euro). In September 1998, heavy rainfall 
occured causing losses of some 500 million Euro.  
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In the Netherlands a combination of damage sharing and construction of flood defences has been 
applied over many centuries. Recently it has been studied if insurance could be added to this mix. 
Insurance of whatever form is a tool for spreading negative consequences rather than removing 
them. It will be concluded that insurance of catastrophical floods seems not to be attractive, but that 
insurance of damage as a result of local heavy rainfall may be attractive.  

Keywords: flood damage, insurance, design of flood defences 

1. INTRODUCTION 

Insurance of risks of natural hazards has been studied in literature only very recently 
(OBrien (1997), Nutter (1999), Kunreuther (2001), Kunreuther et al. (2001), Ermoliev et 
al. (2001), White (2001), and Kunreuther and Linnerooth-Bayer (2002)).  

Iwan et al. (1999) reviews the international Decade for Natural Disaster Reduction, a 
United Nations program for the 1990s, which focused attention on the increasing losses 
caused by natural hazards and which promoted actions to reduce their impacts. During this 
period in the United States, disaster managers and other officials increased emphasis on 
mitigation relative to response and recovery, especially in programs of the Federal 
Emergency Management Agency. Many other nations and international organisations 
undertook similar efforts. Iwan et al. (1999) argues that beyond the Decade, efforts should 
focus on improving risk assessments; implementing mitigation strategies; improving 
technologies supporting warnings and the dissemination of, and response to, warnings; 
improving the basis for natural disaster insurance: and assisting developing nations. 

Grossi and Kunreuther (2001) focus on the role of homeowners and insurance 
companies in managing the hazard from earthquake risk. Specifically, they consider 
alternative earthquake disaster management strategies for a typical homeowner and a 
small insurance company in the Oakland, California region. These strategies involve the 
adoption of mitigation measures and the purchase of earthquake insurance by the 
homeowner and the purchase of an indemnity contract (e.g. excess-of-loss reinsurance) by 
the insurer. They also focus on how uncertainty impacts these disaster management 
strategies. Specifically, they illustrate the impact of structural mitigation and risk-transfer 
mechanisms on the insurer's performance when there is uncertainty in the company's risk 
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profile. This risk profile is captured through a loss exceedance probability (EP) curve, 
representing the probability that a certain level of monetary loss will be exceeded on an 
annual basis.  

In this paper insurance of risk of flooding will be analysed. First, the principles of 
insurance will be briefly described, followed by the current practice in the Netherlands as 
well as solutions in other countries. The flood loss potential in the Netherlands is 
enormous, as investigated in Sec. 4. The paper furthermore contains a mathematical 
treatment of an insurance premium calculation in case of an optimal flood defence 
protection scheme by the government (Sec. 5).   The paper ends with a summary of the 
Dutch insurance policy on floods and with some final remarks.  

2. PRINCIPLES OF INSURANCE 

Insurance is contractual arrangement that provides for compensation by an insurer to an 
insured party for loss resulting from a possible event. The insurer conducts its operations 
by amassing relatively small contributions, premiums, from many persons who are 
exposed to the risk of occurrence of an unforeseen event in order to create a fund to 
reimburse those clients who actually suffer from such an occurrence.  

A prime requirement is the independence of the events. This requirement is difficult to 
fulfill in case of flooding where many properties will sustain damage at the same event. 
The insurance should be spread over many different river basins, coastal areas and polders 
to guarantee a sufficient degree of independence. 

It is important to realise that there is a big difference between insurance of fire events 
and flood events. Insurance to fire risk is very common. Consider the following 
illustrative example about an area with 10,000 houses with an average value of 200,000 
Euro per house. 

Assume that there are two risks in this area: 
1. fire: average of 10 fires per year  
2. flood: average of 1 flood in 1000 years with all houses destroyed. 
The average risk is in both cases 200 Euro per year per house. However, fires are 

independent events, whereas, on a country scale (or rather river basin scale), a flood is a 
dependent event which causes destruction at the same time to a large number of objects. A 
(re)insurance company would be willing to insure flood risk if it can be considered the 
same as fire risk; i.e. by considering floods or other natural hazards on a world scale as 
independent events. In this way the (re)insurance company has found compensation 
outside the country (floods and possibly other natural hazards in other countries). 

It is however also possible to follow another approach. In this approach based on social 
cohesion the population of an entire country agrees to cover the possible loss due to 
flooding of a sub-group living in a flood prone area. In order to keep the possible 
payments affordable the sub-group should be relatively small. 

If the sub-group is relatively large the damage sharing is not feasible and investing in 
flood protection (e.g. dikes) becomes a better alternative. Insurance reduces the loss for 
the individual in case of a flood, but flood protection reduces only the frequency of 
occurrence of the loss. The sub-group still faces the, although smaller, possibility of ruin. 

3. FLOOD HAZARDS AND INSURANCE: CURRENT PRACTICE 

Of all the natural hazards encountered in the world, floods are the most frequent, they 
cause the largest number of deaths, and they generate the largest economic losses. 
Therefore, the insurance industry has shown great reserve and caution when granting 
protection for flood damage or has refrained from offering this type of cover altogether 
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(MRC, 1997). However, people living in regions affected by floods may acquire financial 
security against flood risks, and ask for compensation if a flood has become reality. This 
poses a problem for both the state and the insurance industry. It is a problem for the state 
because the demand for compensation in case of a disaster is always high, and cost 
sharing by the total society seems to be the solution. However, the loss potential can be 
very high, and the state does not wish to provide full coverage for all potential losses. In 
the Netherlands, there is a law for compensation of the natural catastrophes, but floods 
from the sea are explicitly excluded (because of high potential losses). The insurance 
industry is also not in a position to provide any coverage. In the Netherlands insurers 
normally exclude flood risk. The insurance industry, particularly brokers, therefore uses 
alternative measures, such as the help of the international insurers and the reinsurance 
industry. In several countries new financial instruments are used to redistribute risk, such 
as pooling systems. Instruments such as catastrophe bonds pay an attractive return if a 
specified catastrophe does not occur, and return nothing if the catastrophe does occur. It 
should be noted that insurance of whatever form always remains a tool for spreading 
negative consequences rather than removing them. 

In Barnhoorn (1995) an overview is given of possible insurance solutions for 
earthquake and flood risks. An analysis of 19 different countries has shown that the 
following categories can be made:  

1. Compensation rules by the government 
a. ad hoc 
b. by law 

2. Insurance systems with governmental support 
a. compulsary insurance of natural risk 
b. voluntary insurance with financial support of the government 

3. Insurance solutions without governmental support 
a. insurance possibilities with pool organization of insurers 
b. insurance possibilities with competing insurers 

The enormous range of solutions shows that it is not easy to find the optimal mix of 
compensating the damage. This is mainly due to the fact that the classical insurance 
solution does not work properly, because of the spatial dependencies, the governmental 
involvement with the water management system, and the perceptions of risks. The Dutch 
government has chosen compensation rules by law. In januari 1998, ‘The Calamities 
Compensation Act’ (WTS) came into existence. In this Act it is stipulated that, under 
certain circumstances, the State pays compensation for loss or damage which is not (to be) 
insured. 

4. THE FLOOD LOSS POTENTIAL IN THE NETHERLANDS 

Floods in the Netherlands can have many causes, such as local heavy rainfall, 
embankment failure of a small storage reservoir, river floods and sea floods. The different 
events all have a different probability and a consequence. The highest losses will occur if  
there is an breach in the flood defences along the river Rhine or along the coast.  

The highest impacts of floods are caused by floods from the sea or the largest rivers. In 
the Netherlands about 70% of the properties is at flood risk because either they lie below 
sea-level or below the river water-level. Flood protection along the Dutch coast has 
always received much attention. Flood defences are designed to withstand floods with an 
exceedance probability of 1/4,000 up to 1/10,000 per year. The target probability of 
failure for river dikes is between 1/1,250 and 1/2,000 per year and measures are being 
implemented to reach this goal for inadequate dike sections. Fig 1 provides a map of the 
Netherlands with its dike ring areas and target probabilities (TAW, 2001). 
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Fig.. 1  Safety per dike ring area in the Netherlands (TAW, 2001). 

In Table 1 an overview is given of the losses in the Netherlands in the last 50 years. 
There has been one disaster: the flooding in 1953. The other events produced a lot of 
publicity, but the damages were relatively low. The government (tax payer) compensated 
the damages which happened in the nineties. There is no flood insurance since the flood 
event in 1953, because after the event it was realised that insurance companies can 
become bankrupt if they continue to cover the flood damage. At this moment, no  
insurance company offers standard compensation of flood damage.   

All losses caused by the river floods were uninsured. Especially the high water 
situations in the Meuse valley in 1993 and 1995 inflicted considerable damage on the 

Table 1  Overview of flood damages in the Netherlands 
 (in prices of the year where the disaster occurred, so the flood damage of 1953 in price of this year will  

be -- with an average inflation rate of 4% -- a factor 7 higher). Source: Jak en Kok, 1999. 
Event Damage (billion euro) Victims 
Disaster South West Netherlands  1953 0.7 1835 
Meuse 1993 0.1 - 
Evacuations of 200.000 people Rhine 1995  0.2 - 
Meuse 1995 0.08  
Extreme Rainfall 1998 0.5 - 
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properties in the lower parts of the valley. These properties were not insured against 
floods, because the Dutch insurance industry excludes flooding from rivers or the sea. The 
reason is that the exposure would be too large, because the potential losses are dependent. 
Although the likelihood is very small, an extreme discharge of the Rhine could flood a 
quarter of the Netherlands. The loss would exceed the carrying capacity of the Dutch 
insurance companies (even the capacity of reinsurers cannot make flood risks insurable). 
The losses that were inflicted on the owners of the properties in the lower part of the 
Meuse valley came in the end under consideration of the government that decided to cover 
them fully. So the owners were in fact compensated by the Dutch taxpayers. It should be 
noted that insurance does not lower the cost for the owner, it only distributes it over time.  

The potential loss is much higher than the losses which have occurred. In Table 2 an 
overview is given of four selected areas. Note that the gross national product of the 
Netherlands is 400 million euro per year, and in order to compensate the flood damage of 
300 billion euro, each inhabitant has to pay some 20.000 euro per year, which is the 
average salary of an employee.    

Table 2  Overview of four selected events with flooding of part of the Netherlands. The probability of flooding 
depends on the location, and is between (order of magnitude) 0.001 and 0.0001 per year. Source: DWW, 2000. 

Dikering area Damage (billion euro) 
6 Groningen en Friesland 70 
14 Centraal-Holland 300 
43 Betuwe, Tieler- en Culemborgerwaarden 10 
21 Hoeksche waard 7 

   
Given the loss potential of a certain area, as well as the probability of flooding of the 

area, the optimal level of flood protection can be derived from a mathematical point of 
view. The model leads to an estimation of the annual insurance premium, which the 
population has to pay to the insurance company or as tax money to the state. The 
description of the model is subject of the next section. 

5. INSURANCE PREMIUM UNDER OPTIMAL FLOOD DEFENCE DESIGN 

The principle of a reliability-based economic optimal structural design for flood defence 
can be explained with the following illustrative example (Van Dantzig, 1956). Assume 
that an existing structure has a height of h0. The structure will be heightened to an optimal 
height h (Fig. 2). There are costs involved with this heightening, which are a function of X 
where X = h - h0. The total cost of heightening the structure with length X may be 
assumed to be linear by: 

I=cf+cvX                      (1) 

where cf is the initial fixed cost and cv the subsequent variable cost of heigtening the 
structure per meter.  

Assume F is the maximum load distribution function per year with known parameters. 
If the load is higher than the resistance, we assume that there will be a loss c (independent 
of the value of the load; i.e. a step loss function (extension for making this loss function 
more general exist)). The expected loss over the unbounded design time of the structure is 
given by: 

D=(1-F(h0+X))∀(1-∀)-1c                  (2) 
where ∀is the discount factor with ∀=[1+(r/100)]-1 and r is the discount rate. Discounting 
costs is based on the fact that the utility of a certain amount of money decreases in time 
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from the standpoint of the present. The present discounted value of an amount c in year n 

is equal to ∀nc. Note that 
1 1

i

i

αα
α

∞

=

=
−∑ , if we start counting from year 1 (for 0<∀<1). 

Summation of both types of costs gives the objective function which has to be 
minimized over the design variable X in order to find the optimal design: 

dI/dX+dD/dX=0                   (3) 

 
Fig. 2  Simplied model for dike heightening. 

In Van Dantzig’s (1956) model, the only failure mechanism of dikes that is considered 
is overtopping. If the applied water level h is higher than the dike height H, then 
inundation takes place with a total damage of c. The probability of inundation can be 
modeled in many different ways (Van Gelder, 1999). 

Simple closed-form expressions for the optimum design can be obtained for several 
PDF’s, as will be shown next. The closed-form expressions can be used to understand the 
significance of certain parameters in the design load determination. 

If the total costs formula is given by the expression: 

0( ) [ ] (1 ( ))
1f vc h c c h h c F hα

α
= + − + −

−
               (4) 

Then the optimal height follows from the equation: 
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α
−

=                          (5) 

If F ~ Exp, 0( ) 1 exp{ ( ) }F h h x λ= − − −  it can be derived that: 
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This corresponds to a failure probability of: 
1v

opt
c

p
c

αλ
α
−

=                 (7) 

Notice that the optimal failure probability is independent of the location parameter x0. 
Therefore, using “exponential uncertainty modelling”, the behaviour of the optimal 

design and probabilities of failure can be described as follows: 
A larger location parameter leads to higher optimal design according to Eq. (6), but has 

no influence on the optimal probability of failure according to Eq. (7). A larger scale 
parameter leads to smaller optimal design (Eq. (6)) and a higher probability of failure (Eq. 
(7)). 
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If F ~ Gumbel, the approximation e-x.1-x+O(x2) for |x|<<1 can be used, leading to 
exactly the same solution as in the Exponential case. 

If F ~ Normal,     12log 2vc
h

c
αµ σ

α
−= + − 

 
σ π 

   (8) 

If F ~ LogNormal, 2 4 2 1exp 2 ( log[ 2 ])vc
h

c
αµ σ σ σ µ σ π

α
 −

= − + − +  
 

       (9) 

If F ~ Weibull,    
1/

11/1 1
1

vc
h lambertW

c

δ
δ
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δ δ δ

−
 − −    = +     −    
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α

     (10) 

The LambertW function satisfies:  

      LambertW(x) * exp(LambertW(x)) = x .              (11) 

The probabilities of failure are given by substituting the expressions (8) to (11) in the 
corresponding CCDFs. 

Given the optimal probabilities of failure popt, the insurance premium follows from the 
multiplication of three factors A popt c, in which A contains the costs and profit of the 
insurance company (A=2). If the state acts as an insurance company, then A=1 (the state is 
a 'non-profit organisation').  

In case of an exponential load distribution, the insurance premium IP becomes 
independent of the loss c (according to Eq. (7)): 

α
αλ −

=
1AcIP v         (12) 

This is a remarkable result, but is caused by the fact that the flood defence has been 
designed in an optimal sense. In case of other load distributions, other IP's can be 
determined by Eqs. (8) to (11). 

Eq. (12) represents an annual premium to be paid by the population of the flood-prone 
area to the insurance company (or to the state as tax money; A=1). The costs of possible 
flood damage will be paid by the insurance company (or the state in case they act as 
insurer). The availability of an accurate flooding probability model and the existence of an 
optimal flood defence line are important assumptions in the model derivation. 

6. FLOOD INSURANCE POLICY IN THE NETHERLANDS 

After each extreme event with damage the demand for compensation of the damage is 
high. This results in high pressure on the government. One of the issues is solidarity with 
the victims of the flood or more economical reasons: without compensation a lot of 
companies would have become bankrupt (especially agricultural companies in the extreme 
rainfall events in 1998). The government in the Netherlands decided in 1998 that a special 
committee has to investigate the question whether the water management system was up 
to adequate standards or that measures have to be taken to increase the performance of the 
system. One of the issues of the committee was the flood insurance policy: members of 
the government had the idea that flood insurance can limit the pressure on the government 
to compensate the damages.  

In august 2000 the committee advised the government to distinguish between three 
different types of events (Committee water management 21st century, 2000): 

• Failure of the primary flood defences (along the sea and the big rivers and lakes): 
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not attractive to have insurance for these risks  
• Failure of the regional flood defences (along the small rivers and canals): to be 

investigated  
• Damage as a consequence of local heavy rainfall: there should be the possibility to 

have insurance for this type of damage.   
Note that the committee did not advise about the damage that can occur in the 

floodplains, or in the not protected areas in the coastal zone.  
The government decided to accept the recommendations of the committee. There is no 

policy to have flood insurance for failure of flood defences. The association of the 
insurance companies supported the flood damage of content and dwellings can be part of 
the property insurance, but only if this damage is a consequence of local heavy rainfall 
and not of failure of flood defences. As a result new (rainfall) cover was introduced to the 
property market in January 2000. The events covered are precipitations defined as ‘direct 
precipitation: damage as a result of heavy rain, snowfall, hail or melt water that entered 
the building unforeseen’ and ‘indirect precipitation: damage as a result of water that 
entered the building unforeseen, if this water is a result of flooding due exclusively to 
heavy local rainfall’. Heavy local rainfall is defined as being at least 40 mm precipitation 
in 24 hours, 53 mm in 48 hours or 67 mm in 72 hours, on or near the location where the 
damage occurred.  

At this moment the agricultural damage can not yet be covered by insurance. The 
government appointed a special group to set up an agreement between the agricultural 
sector, the reinsurance companies and the government. There are common interests: the 
agricultural sector wants to have compensation of all damages in case of extreme events, 
and the government wants to have insurance possibilities for these risks. But the 
agricultural sector also wants to have acceptable premiums. This makes involvement of 
the government necessary. The government however only wants to have involvement if 
the damage exceeds a very high threshold of the total damage per year. Until now there is 
no agreement between the different parties. 

7. FINAL REMARKS 

The highest impact of floods in the Netherlands are floods from the sea and the large 
rivers. There is a strong tradition of mitigating the impacts of floods by building flood 
defences. As a consequence, the impacts of floods are very high so that insurance of these 
impacts can not realized without support of the government. However, for the government 
there seems to be no reason to contribute to premiums in order to compensate the flood 
damages, because flood damage mitigation might be more attractive. If there is a flood, 
there is no formal agreement that the losses will be compensated by all Dutch tax payers. 
It is a question of solidarity (between the victims and the other members of the society) 
that the damages are compensated.  

Damages as a result of local extreme rainfall events are less severe than the losses of 
floods from sea or river. Therefore it is attractive for the government to have insurance 
options for these risks, because it reduces the pressure on the government to compensate 
these damages. Nevertheless, these risks and also the larger flood damage risks need 
establishment in risk partnership of the state, the insurers and the reinsurers. Risks of 
natural disasters and failing flood defences  are interesting to compare with impacts of 
man-made accidents such as large scale nuclear power plant accidents: the nuclear power 
industry has never been required to have full commercial insurance for its activities.   

Currently, in the Netherlands, the Calamities Compensation Act’ (WTS) compensates 
most of the flood damage which is not (to be) insured. 
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Abstract: Analysis of hydrological data collected before & after the construction of several major 
projects on the upper Yellow River reveals that their impact on the fluvial processes in the Lower 
Yellow River channel is significant, due to increased flow regulation and runoff abstraction in the 
upstream area. Observations indicate that the fluvial processes in the lower reaches of the Yellow 
River is the most seriously affected, because of the huge annual sediment transport in the Lower 
Yellow River channel (1.6×109 tons on long-term average). The natural seasonal variation in river 
runoff has been reversed because of the construction of two major reservoirs in the upper reaches, 
and depositions in the main channel of the Lower Yellow River have been developing at an 
alarming rate in the past two decades. Such a development leads to substantial reduction of 
discharge capacity in the river channel and therefore to higher risks during flood season. Less runoff 
and fewer flushing floods also lead to more pollution in the river and a worsening water quality.  

 

Keyword: Yellow River, hydro-power generation, fluvial processes, environmental impact, flood 
hazard 

1. INTRODUCTION 

The Yellow River is the second largest river in China, with an annual runoff of 58.0×109 

m3 on long-term average. According to recent statistics, about 52% of the annual runoff 
has been consumed for various purposes within and beyond the boundary of its basin, and 
less than a half of the runoff (27.3×109 m3/yr) finally got to the river mouth. Such a water 
use practice has been regarded as reasonable in a semi-arid area like the Loess Plateau in 
North China, where mean annual rainfall is 466mm, and the estimated total water demand 
in the Yellow River basin will be between 65.2×109 to 72.3×109 m3/yr by the year 2010. 
However, with reduced flow, regulated runoff process and a flattened hydrograph, the 
Yellow River may have lost one of its most important functions, i.e., the capability to send 
huge amount of silt into the Bohai Gulf.  

2. NATURAL RUNOFF AND SEDIMENT TRANSPORT WITHOUT 
REGULATION 

Table 1 shows the average annual runoff and sediment load entering the upper, middle 
and lower reaches of the Yellow River, respectively, from which it can be seen that runoff 
and sediment yields from the three parts of the river basin have very different proportions 
(measured during 1919-1960, after Qian & Zhou 1964). The upper reaches of the Yellow 
River (upstream of Toudaoguai, see Fig. 1) produces 53.9% of the river’s total annual 
runoff, but only delivers 8.9% of the total annual sediment yield, i.e., discharge from this  



Table 1  Runoff and sediment load entering the upper, middle and lower reaches of the Yellow River 

Percentage of Total (%) River reaches Drainage area
(×104km2) 

Length
(km) 

Natural Runoff
(×108m3) 

Sediment Load
(×108ton) Runoff Sediment load 

Upper 36.8 3461.3 312.6 1.42 53.9 8.9 
Middle 36.2 1234.6 246.6 14.9 42.5 93.1 
Lower 2.2 767.7 21.0  3.6  
Total 75.2 5463.6 580.2 16.0   

 

 
(a)  Annual runoff of the Yellow River 

 

(b) Annual sediment transport of the Yellow River 

Fig. 1  Long-term averaged annual runoff and sediment transport in the Yellow River (1919-1960)        
(after Qian & Zhou1964) 

part of this area has very low sediment contents. The middle reaches (between 
Toudaoguai and Huayuankou, see Fig. 1) generates 42.5% of the river’s annual total 
runoff, while its sediment yield accounts for 93.1% of the total annual sediment transport 
in the Yellow River. In fact, nearly every piece of loess detached from the Loess Plateau 
can be sent into the Middle Yellow River channel, as fine silt is easily transported through 
rills, gullies and all the tributary channels. The lower reaches have a negative contribution 
to sediment transport due to deposition in the river channel. Fig 1 shows that, for natural 
conditions (i.e., before major regulation and abstraction works were built), while both 
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upper and middle reaches are equally important contributors of runoff, the middle reaches 
can be regarded as the single major contributor of sediment yield. 

Table 2 is a summary of measured annual runoff and sediment transport data during 
flood season and dry season at three control gauge stations, which shows that the upper 
reach (Lanzhou and Toudaoguai stations) and middle reach (Huayuankou station) have 
similar runoff patterns, i.e., percentage of flood season runoff (from July to October) to 
their respective annual total runoff is about 60%. It should be noted that percentage of 
sediment yield during flood season to the annual total is greater than 80% in the middle 
reach. This type of sediment yield is usually generated by summer storm events and enters 
the river channel in the form of hyper-concentrated flows, before it is diluted by “clear” 
flood runoff from the upper reaches. A major part of the sediment yield can then be 
transported further downstream and eventually into the Bohai Gulf. 

Table 2  Runoff and sediment load of upper, middle and lower reaches at different times of the year  

Runoff (×109m3) Sediment transport (×109 ton) 
Gauge station Period of 

measurement Flood 
season(1)

Dry 
season(2)

Total
(3)

Ratio of
(1) to (3)

(%) 
Flood

season(4)
Dry 

season(5)
Total 
(6) 

Ratio of 
(4)to (6) 

(%) 
Lanzhou 1937.7～1968.10 20.98 13.56 34.54 60.7 0.1005 0.0217 0.1222 82.2 

Toudaoguai 1937.7～1968.10 17.05 10.64 27.69 61.6 0.1402 0.0296 0.1698 82.5 
Huayuankou 1950～1960 28.28 18.91 47.19 59.9 1.4459 0.2593 1.705 84.8 

Table 3  Flood peaks observed during 1950∼1959 at Huayuankou Station (Wang et al 1998) 

Discharge (m3/s) 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 15000 20000 
Number of peak floods 

larger than a given discharge 65 63 55 46 36 28 20 12 9 7 1 1 

 
Peak flood discharge propagated from upper reaches during flood season is very 

important because of its flushing effects. Flood discharge larger than 4000m3/s would 
result in channel scour throughout the Lower Yellow River reaches. Table 3 indicates that, 
in the lower reaches, flood peaks greater than the critical value of 4000m3/s would occur 
4∼5 times each year on average during the 1950s, when there was no major flow 
regulation or over-abstraction. 

3. FLOW REGULATION AND ABSTRACTIONS ON THE UPPER YELLOW 
RIVER 

Longyangxia Reservoir and Liujiaxia Reservoir are two major hydropower projects 
upstream of the City of Lanzhou on the upper Yellow River, which were put into full 
operation in 1986 and 1968, respectively. The total effective capacity of the two reservoirs 
is 23.6×109 m3, which has been used as carry-over storage ever since 1986. Table 4 is a 
comparison between these two projects and other well-known examples of flow regulation 
works. Annual increase in surface runoff consumption is 1.2×109 m3 on average in the 
upper Yellow River reaches, according to observations during the last 50 years, from the 
1950s to the 1990s. 

Table 5 and Fig 2 clearly indicate the magnitude of changes in runoff processes due to 
flow regulation by the reservoirs. Typically a volume of 4×109 ∼5×109m3 runoff will be 
detained during each flood season and released through power plant outlets in the 
following dry season. This operation has caused a dramatic decrease in runoff at 
Toudaoguai station during flood seasons, with percentage of flood season runoff to total 
annual runoff dropped from 62% to just 40% there. This situation is not expected to 
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change soon because a decline in flows in the entire basin occurred during the 1990s and 
tend to persist. 

Table 4  Effective capacity of typical regulation projects 

Project name/ 
Operation date Country River Total Capacity

(×109m3) 

Effective 
Capacity 
(×109m3)

Annual Runoff
at dam site 
(×109m3) 

Ratio of effective 
capacity to annual 

runoff (%) 
Longyang/1986 24.7 19.4 60.2 

Liujia/1968 Yellow River 5.7 4.2 32.2(Lanzhou) 13.0 73.2 

Three-Gorges/2011
China

Yangtze 39.3 22.2 451.0 4.9 
Aswan/1970 Egypt Nile 168.0 90.0 84.0 107.1 

Table 5  Average annual runoff and sediment transport at Toudaoguai Station (Zhao & Shen 1998) 

Annual volume of runoff (×109m3) Sediment transport (×109ton) Period of 
measurements Flood 

season(1)
Dry 

season(2) 
Annual
total (3)

Ratio of (1)
 to (3) (%)

Flood 
season(4)

Dry 
season(5)

Annual 
total (6) 

Ratio of (4) 
 to(6) (%) 

1934∼1968 17.05 10.64 27.69 62 0.14 0.03 0.17 83 
1986∼1994 6.96 10.44 17.4 40 0.028 0.018 0.046 61 

Regulated volume 
during 1986-1994 

by the two reservoirs
-5.26 +2.8 -2.46  -0.047 +0.007 -0.04  

 
 

 
Fig. 2  Input and output hydrographs of the Longyangxia Reservoir in 1992 (Zhao&Zhang 1997) 

4. FLOW AND SEDIMENT TRANSPORT AT HUAYUANKOU AFTER 
REGULATION 

Hydrological data collected at Huayuankou Station during different periods (1950∼1960 
and 1986∼1993) shows long-term changes in both the hydrograph and the total annual 
runoff which cannot be attributed completely to climate changes. Table 6 is a summary of 
the observations, from which it can be seen that during the second period (1986∼1993):  

(1) There is an average 52.7% reduction in flood season runoff, with a 49.9% 
reduction in flood season sediment transport, i.e., the reductions are almost in 
equal proportion. In other words, the drop in flood season sediment yield in the 
middle Yellow River reaches has been offset exactly by reduction of flood season 
runoff due to regulation or consumption of clear water in the upper Yellow River 
reaches;  

(2) Flood season runoff dropped to just 46% of the total annual runoff, while sediment 
transport became 91% of the annual total, which means that strong regulation of 
“clear” water runoff in the upper reaches combined with a weak control of 
sediment yield in the middle reaches has lead to a more disadvantageous situation 
for sediment transport in the lower reaches downstream of Huayuankou.   
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Table 6  Average annual runoff and sediment transport at Huayuankou Station (Zhao & Zhang 1997) 

Annual volume of runoff (×109m3) Sediment transport (×109ton) Period of  
measurements Flood 

season(1)
Dry 

season(2)
Annual 
total (3) 

Ratio of (1)
 to (3) (%)

Flood 
season(4)

Dry 
season(5)

Annual 
 total (6) 

Ratio of (4) 
to(6) (%) 

(a)   1950∼1960 28.28 18.91 47.19 60 1.446 0.26 1.706 85 
(b)   1986∼1993 14.18 16.74 30.92 46 0.684 0.064 0.748 91 
Long term change
 (%) [(a)-(b)]/(a) -49.9 -11.48 -34.48 - -52.7 -75.2 -56.1  

 
Table 7 further confirms the above observation, which indicates that fewer number of 

larger peak floods has occurred during the period of 1990∼1996, compared with 
observations in the 1950s. 

Table 7  Number of larger peak floods occurred at Huayuankou during different periods 

Discharge (m3/s) 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 15000 20000 
1950∼1959 65 63 55 46 36 28 20 12 9 7 1 1 Number of peak 

floods larger than 
 given discharge 1990∼1996 24 20 17 7 4 3 1 0 0 0 0 0 

5. EFFECTIVE TRANSPORT DISCHARGE AND HYPER-CONCENTRATED 
FLOW IN THE LOWER REACHES 

Field study shows that water discharges in the range of 1000∼2000m3/s can cause serious 
deposition in the Lower Yellow River channels, but peak floods greater than 4000m3/s 
will create a flushing effect throughout the lower reaches. Therefore the disappearance of 
larger floods in the lower Yellow River reaches has profound impact on its fluvial 
processes. 
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Fig. 3  Accumulated sediment transport at Sanmenxia Station  

The influence of flow regulation can also be examined through changes in long-term 
effective discharge, i.e., the discharge related to the maximum value of the product of 
discharge frequency and the corresponding sediment transport rate. The two curves in Fig 
3 are based on daily-mean sediment transport and discharge data collected at Sanmenxia 
(200km upstream of Huayuankou) in flood seasons during 1934∼1953 (natural condition) 
and 1987∼1990 (regulated condition), respectively. It can be seen that the effective 
transport discharge was 3250m3/s during the first period, which dropped to just 1750m3/s 
during the second period. The accumulated amount of sediment transport at Huayuankou 
Station by both discharges during the two periods is the same, i.e., 0.16×109ton/yr. 
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However, it is obvious that the subsequent sediment deposition in the lower reaches 
during the respective periods has been very different, as a flow rate of 1,750m3/s is not big 
enough to carry the same sediment load downstream in the same way as a discharge of 
3,250m3/s did. 

In fact, the major consequence of flow regulation and water consumption has been an 
increased number of hyper-concentrated flows in the lower reaches. Fig 4 shows the 
frequencies of daily mean sediment concentration measured during to two periods, which 
indicates a much greater chance of hyper-concentrated flows (with a sediment 
concentration of 200∼300kg/m3) during the second period, although total sediment 
transport was much larger during the first period (1.39×109ton per flood season, compared 
to 0.83×109ton per flood season during the second period). 
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Fig. 4  Frequencies of daily mean sediment concentration at Sanmenxia Station 

6. DEPOSITION IN THE MAIN CHANNEL AND INCREASED RISK DURING 
FLOOD SEASON 

With less large floods and more hyper-concentrated flow in the last few decades, 
deposition in the main channel becomes a major problem in the lower Yellow River 
threatening the flood defense works. A comparison of the respective amount of floodplain 
deposition and main channel deposition in the lower Yellow River reaches before and 
after major water regulation & abstraction works is summaries in Table 8, from which it is 
clear that the sections of Aishan-Luokou-Lijin (a 274km long section upstream from the 
river mouth) has changed its deposition pattern from floodplain deposition only 
(during1950∼1959 ) to main channel deposition only (during1986∼1993). Other sections 
further upstream also show similar changes except for the section of  Tiexie-Huayuankou 
(a section with larger bottom slope), where the increase in main channel depositions in the 
period of 1986∼1993 is not so significant.   

The discharge capacity of the Lower Yellow River channel has fallen sharply in the last 
few decades because of serious deposition in the main channel, and flood stage for the 
same discharge has increased to a dangerous level. At Huayuankou Station, a peak flood 
of 22300m3/s in 1958 only reached a water stage of 94.42m above sea level. In contrast, a 
peak flood of 6260m3/s there resulted in a water stage of 94.33m on August 16, 1992, and 
another peak flood discharge of 7680m3/s in 1996 raised the water stage to 95.33m. 
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Another consequence of main channel deposition is that the channel becomes less stable 
and migrated more frequently between the levees, with uncertain flow directions, making 
protection of the levee more difficult. 

Table 8  Observed flood plain deposition and main channel deposition during different periods (×108ton) 

Period Deposition types 
Tiexia 
∼ 

Huayuankou 

Huayuankou
∼ 

Jiahetan 

Jiahetan
∼ 

Gaocun

Gaocun
∼ 

Sunkou

Sunkou
∼ 

Aishan

Aishan 
∼ 

Luokou 

Luokou 
∼ 

Lijin 
(a)Main channel deposits 0.32 0.16 0.14 0.15 0.04 0.01 0 
(b)Floodplain deposits 0.30 0.41 0.66 0.78 0.20 0.19 0.25 
(c) Total (a)+(b) 0.62 0.57 0.08 0.93 0.24 0.20 0.25 

1950 
∼ 

1960 (a)/(c)  (%) 52 28 18 16 17 5 0 
(a)Main channel deposits 0.24 0.45 0.27 0.19 0.10 0.20 0.14 
(b)Floodplain deposits 0.16 0.11 0.07 -0.02 0.03 0 0.01 
(c) Total [=(a)+(b)] 0.40 0.56 0.34 0.17 0.13 0.20 0.15 

1986 
∼ 

1993 (a)/(c)  (%) 61 80 79 113 81 100 96 

7. CONCLUDING REMARKS  
Comparison of field observation during different periods, i.e., both before and after major 
flow regulation and abstraction works in the upper reaches of the Yellow River were built, 
has indicated that the river now has more sediment content per unit water volume than 
before. This is because “clear” water runoff from upper reaches during flood seasons has 
been regulated to get downstream during dry season or simply was consumed locally, and 
less water is available to dilute the hyper-concentrated flash flood pouring into the middle 
reaches from the Loess Plateau. The increase of hyper-concentrated flow in the lower 
reaches of the Yellow River has turned the river channel stability into a more unstable 
regime, made it increasingly difficult to protect the levees, and resulted in higher risk 
during flood seasons.  

No other rivers in the world can be so seriously affected by flow regulation and over 
abstraction like the Yellow River of China. Therefore the strategy for water use in the 
Yellow River basin needs to be shifted from development-oriented to 
river-functioning-oriented, i.e., runoff in the river should not be over-abstracted to achieve 
economic gains, but should be spared sufficiently so that the river can maintain some of 
its most important natural functions, such as transporting huge amount of sediment from 
the Loess Plateau into the Bohai Gulf.  
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Abstract: This paper presents the methodology and procedure for risk assessment and zoning of 
flood damage caused by heavy rainfall based on the “macro-zonation concept” in which regional 
macro-information such as meteorological triggering factor, natural and socioeconomic factors 
contributing to flood damage generating, and historical flood damages etc. is considered. In this 
study, Yamaguchi Prefecture in Japan is selected and its flood damage risk caused by heavy rainfall 
is assessed and zoned based on statistical data related to maro information. 
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1. INTRODUCTION 

The flood damage caused by heavy rainfall is one of the most important natural disasters 
in Japan, and affects human life and social development. Moreover, the frequency of its 
occurrence and disaster risk are considered to increase recently with global warming. 
Therefore, the study on risk assessment and zoning of flood damage caused by heavy 
rainfall is very important to make strategies for preventing and mitigating flood damage 
caused by heavy rainfall. 

Risk assessment of natural disasters is defined as the assessment on both the probability 
of natural disaster occurrence and the degree of danger caused by natural disasters (Zhang 
and Hayakawa, 1999). In Japan, previous studies on risk assessment of flood damage 
caused by heavy rainfall include those by Okimura and Sugimoto (1995), Suzuki et al. 
(1994) and Mizutani (1993) etc. They are based on limited factors contributing to flood 
damage. We assume that natural disasters result from the interaction of both physical 
impact (hazard) and human and environmental vulnerability (Mizutani, 1993; Carrara and 
Guzzetti, 1993). The factors which contribute to flood damage triggered by heavy rainfall 
include broad aspects related to meteorological triggering factor, natural factors in 
connection with the earth surface conditions and socioeconomic factors in connection 
with conditions of human being and society etc. However, these factors and their 
interrelation have not been fully considered in the previous studies.   

From this point of view, the methodology and procedure for risk assessment and 
zoning of flood damage caused by heavy rainfall were developed, whereby flood damage 
caused by heavy rainfall is regarded as the result of interactions among natural conditions, 
social and economical conditions and some complex chronological changes on the 
macro-zonation basis, from the viewpoints of climatology, geography, disaster science 
and environmental science and so on. The main objectives of this paper are (1) to identify 
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and quantify key factors related to flood damage, (2) to evaluate their contribution to 
damage, and (3) to develop a methodology to assess and zone flood damage risk caused 
by heavy rainfall.  

2. MATERIALS AND METHODS  

2.1 Study Area 
Yamaguchi prefecture is located at the western tip of Honshu Island and bordered by 
Shimane and Hiroshima prefectures to the east. Its north and west sides face the Sea of 
Japan and its south looks toward the Seto-naikai (the Inland Sea) as shown in Fig. 1. The 
total land area of the prefecture is 6,110km², while the total population is 1.54 million. 
Yamaguchi prefecture is situated in the area where extratropical disturbances are active. 
Severe meteorological phenomena on various scales such as typhoon, the Baiu front in 
early summer, extratropical cyclones and the front in the seasons from autumn to spring 
sometimes bring about heavy rainfall. It causes many kinds of flood damages. 
Consequently, Yamaguchi is susceptible to flood damage caused by heavy rainfall. 

Yamaguchi prefecture is administratively divided into 56 counties which comprises of 
14 cities, 37 towns and 5 villages. In this paper, taking meteorological data available into 
account, 19 districts which only are installed AMeDAS (Automated Meteorological Data 
Acquisition System) are chosen as the study areas (Shade parts as shown in Fig.1).  
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  Fig. 1  Location of Yamaguchi prefecture in Japan and range of the study area in this paper 

2.2 Statistical Data  
In this paper, the statistical data of flood damage obtained from “the Disaster of 
Yamaguchi Prefecture” (Yamaguchi Prefectural Fire and Disaster Prevention Division), 
monthly and daily precipitation in AMeDAS observation points from “the Weather 
Monthly Report of Yamaguchi Prefecture” (Simonoseki Local Meteorological 
Observatory) and social and economic data from “the Statistical Yearbook of Yamaguchi 
Prefecture” ( Yamaguchi Prefectural Statistical Division) from 1965 to 1994 were used for 
the analysis. 
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2.3 Analytic Methods 
2.3.1 Weighted comprehensive analysis 
This method assumes that the degree of the influence of each factor j on a particular object 
i to be assessed is discriminated as the quantification value of the indicator j is different, 
the total of the influences on this object can be expressed by Eq. (1) (Zhang and Wei, 
1994). 

                              (1) j

m

j
iji WCQVCV ∑

=

=
1

where CVi is the comprehensive value of the assessment object i, QVij is the quantification 
value of the indicator j with respect to the assessment object i (QVij ≥ 0), WCj is a weight 
on the indicator j (0 ≤ WC j≤1) and is computed by using AHP, and m is the number of 
assessment indicators.  
2.3.2 AHP (Analytic Hierarchy Process) 
The Analytic Hierarchy Process (AHP) (Satty, 1980) is a decision analysis method, which 
combines both quantitative and qualitative criteria in decision problems. Briefly, there are 
following five basic steps in applying the AHP in practice: (1) structure the decision 
hierarchy; (2) collect data by pairwise comparisons; (3) check consistency of material 
judgments; (4) apply the eigenvector method to compute weights; and (5) aggregate the 
weights to determine a ranking of decision alternatives. 
2.3.3 Grey relation analysis 
Grey system theory was originated by Deng (1982). The fundamental definition of 
“greyness” is information being incomplete or unknown, thus an element from an 
incomplete message is considered to be of gray element. “Grey relation” means the 
measurements of changing relations between two elements that occur in a system over 
time. The analysis method, which measures the relation among elements based on the 
degree of similarity or difference of development trends among these elements, is called 
“grey relation analysis”.  

Let X be a factor set of grey relation, x0∈X represents the referential sequence, xi∈X 
represents the comparative sequence. x0(k) and xi(k) represent the respective numerals at 
point k for x0 and xi. If the average relation value γ(x0(k), xi(k)) is a real number, then it can 
be defined as (Deng, 1982) 
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where γ(x0, xi) is designated as the grey relational grade in xi correspondence to x0. γ(x0(k), 
xi(k)) is the grey relational coefficient of the same at point k, which is given as follows: 
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where ξ is the distinguished coefficient (ξ∈[0,1]). The smaller the value of ξ is, the larger 
the distinguished ability is, and ξ=0.5 generally.  

3. THE CONCEPT FRAMEWORK OF RISK ASSESSMENT OF FLOOD 
DAMAGE CAUSED BY HEAVY RAINFALL   

The meaning included in flood damage risk can be classified into a potential threat (flood 
damage generating potential), and the direct damage caused by heavy rainfall. A flood 
damage caused by heavy rainfall is a phenomenon of composite nature in which the 
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natural and social factor overlapped, the grade of the damage changes with the natural and 
social characteristics of an area, and the distribution of flood damage serves as a 
phenomenon of diversity. Therefore, the degree of flood damage risk caused by heavy 
rainfall is related not only to potential danger factors of flood damage, states and changes 
of flood damage, but also to socioeconomic development level and resistance capacity 
against the flood damage of the area. From this viewpoint, the conceptual framework for 
flood damage risk caused by heavy rainfall was created (Zhang et al., 1998; Zhang, 2000): 

RCSEPLCSPDFDR ++++=  
It provides a rationale for the choice of indicators included in the risk assessment of the 

flood damage and the way in which they are combined, and also suggests that five main 
factors contribute to region’s the flood damage risk: (1) Potential danger of flood damage 
caused by heavy rainfall (PD ) represents the natural factors that cause flood damage, 
determines the value of hydrological abstraction and their spatial-temporal dynamics, 
velocity of overland flow in the area and, consequently, the situations and severity of 
flood damage; (2) The state of flood damage caused by heavy rainfall (S) represents the 
flood damage history and its extent; (3) The change of flood damage caused by heavy 
rainfall (C) shows how the flood damage changes with time; (4) The socioeconomic 
development level of the area (SEDL) describes the socioeconomic development level of 
the damaged area, and determines the vulnerability of the area to flood damage; and (5) 
Resistance capacity against flood damage caused by heavy rainfall of the area (RC) 
indicates both the capability of disaster prevention from flood damage and recovery 
capability from its impact. In this paper, we use the indicator of the ratio of amount of 
damages (in money term) to the GDP of the normal year before flood damage occurring 
to measure the resistance capacity against flood damage caused by heavy rainfall of the 
area. The larger the value of this indicator is, the lower is the resistance capacity against 
flood damage caused by heavy rainfall of the area, and also the higher is the degree of 
flood damage. 

4. THE INDICATOR SELECTION AND QUANTIFICATION OF RISK 
ASSESSMENT OF FLOOD DAMAGE CAUSED BY HEAVY RAINFALL 

The conceptual framework is operationalized by representing each of the five main factors 
with a set of scalar, measurable indicators. Table 1 shows the indicators and their 
evaluation formulas of risk assessment of flood damage caused by heavy rainfall. For 
more detailed descriptions of the factors, indicators, and data sources see Zhang (2000). 

The indicators identified for use in risk assessment of the flood damage have a variety 
of units, e.g., yens, houses, and number of people. These indicators are scaled so that they 
are all unitless, and then they are combined. The theoretical foundation for indicator 
quantification is based on identifying and evaluating key factors related to the flood 
damage risk and their contribution to the flood damage. In the paper, in order to identify 
and evaluate key factors related to the flood damage risk and their contribution to the 
flood damage, the grey relation analysis and the regression analysis are used. In the grey 
relation analysis, since it is thought that the flood damage frequency (I9) and the flood 
damage index (I6) among 12 indicators are the main factors which contribute to the 
potential of flood damage and the extent of flood damage by the heavy rain, here I6 and I9 
are considered as the referential sequence, shown as R6 and R9 respectively, and the other 
10 indicators are made into the comparative sequence, shown as Ci (i=1, 2, 3, 4, 5, 7, 8, 10, 
11, 12). γ(6,i) and γ(9,i) were designated as the grey relational grades in R6 and R9 
correspondence to Ci respectively. Then, γ(6,i) and γ (9,i) are calculated respectively, and 
average grey relational grades γi (i=1, 2, 3, 4, 5, 7, 8, 10, 11, 12) of respective flood 
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damage factors obtained from the mean value of respective grey relational grades based 
on Eq. (2) and Eq. (3) by using the average data sequence that each attribute of raw data is 
normalized by dividing each value by its respective mean values are shown in Table 2. 

Table 1  Indicators of risk assessment of flood damage caused by heavy rainfall  
Factor Indicator Evaluation formula Code 

Average precipitation 
from April to October 

Average of precipitation from April to 
October (mm) I1 

One-hour maximum 
rainfall Maximum of one-hour rainfall (mm/hr) I2 

Geographical features 
index 

Ratio of land area between 0m and 100m 
to total land area (%) I3 

Soil index Ratio of sum of grey lowland soil area and 
yellow soil area to total soil area (%) I4 

Potential danger of flood 
damage generating 

caused by heavy rainfall 
(PD) 

Vegetation index Ratio of vegetation (forest, grassland etc.) 
area to total land area (%) I5 

Flood damage index FDI = Ip+Ih+Ie* I6 The state of flood 
damage caused by heavy 

rainfall(S) Crop damage area Crop damage area caused by heavy rainfall 
(ha) I7 

Heavy rainfall 
frequency 

Ratio of rain days of 100mm and over to 
statistics years (%) I8 The change of flood 

damage caused by heavy 
rainfall (C) Flood damage 

frequency 
Ratio of number of damage times to statistics 

years (%) I9 

Population density Ratio of total population to total land area 
(Personal/km2) I10 The socioeconomic 

development level of the 
area (SEDL) GDP per unit area Ratio of GDP to total land area 

 (100 million yen/km2) I11 
Resistance capacity 

against flood damage 
caused by heavy rainfall 

of the area (RC) 

Resistance damage 
index 

Ratio of amount of damages (money value) to 
GDP of the normal year before flood damage 

occurring (%) 
I12 

   * where FDI represents flood damage index and the larger the value of the index is, the severer the loss 
extent of flood damage caused by heavy rainfall is. Ip, Ih and Ie express the normalization index of persons 
damaged number (p), houses damaged number (h) and economic losses (e) respectively and are calculated 
as following (zhang et al; 1998): 

 
For p ≥ 102 (houses), h ≥ 103 (persons) and e ≥ 102 (100 million yen) 

,1log10 −= pIp   ,    2log10 −= hIh 1log10 −= eIe
For p < 102 (houses), h <103 (persons) and e <102 (100 million yen) 

,10/ 2pIp =       ,10/ 3hIh = 210/eIe =

Table 2  Grey relation analysis of flood damage risk factors caused by heavy rainfall 

Grey relational grades 
(γ(6,i)) corresponding to 
the1st the referential 

sequence (Q6) 

Verification results at 
the threshold value 
of grey relational 

grades of 0.2 

Grey relational grades 
(γ(9,i)) corresponding to 
the 2nd the referential 

sequence (Q9) 

Verification results at 
the threshold value of 
grey relational grades 

of 0.2 

Average grey 
relational 

grades 
 (γi) 

γ(6,1) = 0.2976 Close γ(9,1) = 0.6578 Close γ1 = 0.4777    
γ(6,2) = 0.2979 Close γ(9,2) = 0.6372 Close γ2 =  0.4676 
γ(6,3) = 0.3067 Close γ(9,3) = 0.4750 Close γ3 = 0.3909  
γ(6,4) = 0.3088 Close γ(9,4) = 0.6395 Close γ4 = 0.4742   
γ(6,5) = 0.2941 Close γ(9,5) = 0.5974 Close γ5 = 0.4458   
γ(6,7) = 0.3917 Close γ(9,7) = 0.2076 Close γ7 = 0.2997   
γ(6,8) = 0.2990 Close γ(9,8) = 0.6535 Close γ8 = 0.4763  
γ(6,10) = 0.2900 Close γ(9,10) = 0.3695 Close γ10 = 0.3298  
γ(6,11) = 0.2404 Close γ(9,11) = 0.3135 Close γ11 = 0.2770  
γ(6,12) = 0.2148 Close γ(9,12) = 0.3635 Close γ12 = 0.2892   

 
As can be seen from the grey relation analysis results in Table 2, the ranking of the 

grey relational grade can be conducted from a higher grade to lower grade: 

111271035248196 γγγγγγγγγγγγ >>>>>>>>>>=       
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In addition, the regression analysis of the flood damage index and the other factors is 
carried out to find out the concrete relationships between the respective factors related to 
the flood damage and the flood damage as shown in Fig. 2. 

 
Fig. 2  Relationships between flood damage index and the other assessment indicators  
(* and ** represent insignificant at p < 0.05 and p < 0.01 significant level respectively) 

 
Fig. 2 shows that there are relatively good positive correlations between the indicator I6 

and I1, I2, I3, I4, I7, I8, I9, I10, I11 and I12, i.e., the greater these indicators are, the larger the 
grades of flood damage caused by heavy rainfall are, however, there is a close negative 
correlation between the indicator I6 and I5, i.e., the smaller the vegetation index is, the 
larger grades of flood damage caused by heavy rainfall. Therefore it turns out that the used 
indices are the factors effective in risk assessment of flood damage caused by heavy 
rainfall. Moreover, the research method can be used as a practical approach for assessing 
flood damage risk caused by heavy rainfall since it is easy to calculate. Based on the 
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results as shown in Table 2 and Fig. 2, risk assessment indicators of flood damage caused 
by heavy rainfall are quatificated in consideration of the maximum and the minimum 
value of the raw data of each assessment indictors by using the method of scaling value 
and point scoring method (Ohmura, 1983). The result is shown in Table 3. 

Table 3  Criteria and values of quantification on risk assessment indicators  
of flood damage caused by heavy rainfall 

Assessment 
indicator Criteria Ran

k 
Evaluated 
score (QV) 

Assessmen
t indicator Criteria Rank Evaluated 

score (QV) 
≥250 1 5 ≥210 1 5

230–249 2 4 180–209 2 4 
210–229 3 3 150–179 3 3 
190–209 4 2 120–149 4 2 

Average 
precipitation from 
April to October 

≤189 5 1

Heavy 
rainfall 

frequency
≤119 5 1 

≥35 1 4 ≥3.0 1 4
33–34 2 3 2.0–2.9 2 3 
31–32 3 2 1.0–19 3 2 

One-hour maximum 
rainfall 

≤30 4 1

Flood 
damage 
index 

≤0.9 4 1 
≥60 1 5 ≥200 1 5

45–59 2 4 180–199 2 4 
30–44 3 3 160–179 3 3 
15–29 4 2 140–159 4 2 

Geographical 
features index 

≤14 5 1

Flood 
damage 

frequency
≤139 5 1 

≥80 1 4 ≥49.5 1 4
75–79 2 3 29.9–49. 2 3 
70–74 3 2 9.9–29.8 3 2 Soil index 
≤69 4 1

Resistance 
damage 
index 

≤9.8 4 1 
≤50 1 5 ≥800 1 5

51–60 2 4 600–799 2 4 
61–70 3 3 400–599 3 3 
71–80 4 2 200–399 4 2 

Vegetation index 

≥81 5 1

Population 
density 

≤199 5 1 
≥200 1 5 ≥10.5 1 5

150–199 2 4 7.5–10.4 2 4 
100–149 3 3 4.5–7.4 3 3 
50–99 4 2 1.5–4.4 4 2 

Crop damage area 

≤49 5 1

GDP per 
unit area 

≤1.4 5 1 

5. ESTABLISHMENT AND APPLICAYION OF RISK ASSESSMENT MODEL OF 
FLOOD DAMAGE CAUSED BY HEAVY RAINFALL  

On the basis of the above-mentioned conceptual framework, the risk assessment model of 
flood damage caused by heavy rainfall can be described by using weighted comprehensive 
analysis and AHP, as follows: 

  
1

m

i ij
j

jFDRI QV WC
=

= ∑                           (5) 

where FDRIi is the flood damage risk index caused by heavy rainfall. This corresponds to 
the degree of the flood damage risk caused by heavy rainfall, that is, the higher FDRI is, 
the higher the degree of the flood damage risk is caused by heavy rainfall.  

A weight is a numeric value assigned to an evaluation criterion that indicates its 
importance relative to other criteria in the decision situation. The larger the weight 
becomes, the more importance is given to the criterion. According to the formulated 
structure of risk assessment of flood damage caused by heavy rainfall, the weight of the 
objective hierarchy and attribute hierarchy can be analyzed. Weights are obtained by 
using AHP, then the average weights (Fig. 3) are derived after the consistency 
verification. 
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Potential danger of flood damage 
generating caused by heavy 

rainfall 

Risk assessment of 
flood damage caused 

by heavy rainfall 

The state of flood damage caused 
by heavy rainfall 

0.19 

The change of flood damage 
caused by heavy rainfall 

0.32 

 The socioeconomic development 
level of the area 

0.06 

Resistance capacity against flood 
damage caused by heavy rainfall 

of the area 
0.01 

Average precipitation from April to 
October 

0.10 

One-hour maximum rainfall 
0.08 

Geographical features index 
0.08 

Soil index 
0.08 

Vegetation index 
0.08 

Flood damage index 
0.18 

Crop damage area 
0.01 

GDP per unit area 
0.01 

Population density  
0.05 

Heavy rainfall frequency 
0.15 

Flood damage frequency 
0.17 

Resistance damage index 
0.01 

Goal                 Objective                         Attribute 

 

Fig. 3  The weights structure of the flood damage caused by heavy rainfall according to AHP 
          (The numbers are the weights of each hierarchy) 
 
In order to assess the degree of flood damage risk caused by heavy rainfall, a criterion 

of risk assessment of flood damage caused by heavy rainfall is created according to the 
four-grade system (Ohmura, 1983) based on the computed results of the flood damage risk 
index caused by heavy rainfall, by using the data in Yamaguchi Prefecture from 1970 to 
1994, and then, based on the criterion, the degree of flood damage risk caused by heavy 
rainfall in Yamaguchi Prefecture are assessed and zoned (Fig. 4). The degree of flood 
damage risk caused by heavy rainfall in Yamaguchi Prefecture shows that the places 
where flood damage risk caused by heavy rainfall is high are distributed centering on the 
area in the Seto Inland Sea. This explains  much of the causes that heavy rain frequency 
is relatively larger, and heavy rain intensity, socioeconomic development level, and 
population density are also high there. 
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Fig. 4  Risk zoning of flood damage caused by heavy rainfall in Yamaguchi Prefecture 
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LUDING REMARKS 

Based on the “macro-zonation con
caused by heavy rainfall are prese
flood damage generating, situations and changes of flood damage, region’s socioeconomic 
development level and resistance capacity against the flood damage. Application of the 
proposed methods to Yamaguchi Prefecture of Japan has shown that they are useful in 
performing the risk assessment and zoning of flood damage caused by heavy rainfall. The 
process and result will help decision maker design the flood damage protection measures, 
and develop strategies for the flood damage prevention and mitigation activities. 
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Abstract: Floods are natural, sometimes disastrous, events that can threaten life, damage property 
and disrupt communications.  Over 10% of the total land area of England and Wales is at risk from 
extreme flood events.  Even where there are defences, flooding can still occur due, for example, 
culverts becoming blocked and defences being breached. 
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Section 105 of the UK Water Resources Act 1991 and Department of Environment (DoE)/MAFF 
joint circular 30/92 (Circular, 1992) seeks to limit development and/or settlement in ‘flood risk 
zones’.  The new Planning Policy Guidance Note 25 (PPG25) (DTLR, 2001) for England and the 
Technical Advice Note 15 (TAN 15) (Welsh office, 1998) for Wales on Development and Flood 
Risk require the Environment Agency to provide information to local authorities about the extent of 
floodplain and other information for assessing flood risk. This ensures that the Environment Agency 
is brought into the consultative process for any proposed developments within or impacting on 
floodplains. 

The Environment Agency has established a programme to produce flood risk maps for England 
and Wales. These maps are being used to help curb inappropriate development in flood risk areas, 
and to help reduce the risk to life and damage to property from a flood event. 
Web-based indicative flood risk maps covering England and Wales are now available to help 
property owners assess their vulnerability to flooding. The floodplain extents are presented against a 
backdrop of Ordnance Survey maps at a scale of 1:10,000. A backdrop of Ordnance Survey maps at 
1:50,000 scale is being made available to the general public. The site uses postcodes to identify 
specific areas. These are the first flood outlines published anywhere in the world to offer this level 
of detail with complete coverage for England and Wales. 

This paper gives the background to, and details of, flood risk mapping and means of controlling 
development affecting floodplains in England and Wales.  It describes the relevant techniques used 
in acquiring topographic data.  In particular, the application of remote sensing techniques in 
acquiring large scale detailed topographic data is discussed. Tools, techniques and procedures used 
in estimating flood levels, generating flood risk maps and flooding databases, particularly the 
application of GIS techniques are described. 

Mott MacDonald is one of the consultants responsible for the production and delivery of flood 
risk maps and associated hydrodynamic models linked to cartographic bases under a three year 
framework agreement with the Environment Agency of England and Wales. 

 
Keywords: LIDAR, GIS, floodplain, modelling, flood risk mapping.  
 
1. INTRODUCTION 

Historically, river floodplains have been favoured locations for living.  The floodplain 
provides fertile land for crops, and a flat topography on which it is relatively easy and 
cheap to build.  The river has been a convenient corridor for communications and a source 
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of power and food.  These advantages of developing on the floodplain have outweighed 
the disadvantage of intermittent flooding, particularly where low value infrastructure and 
housing was the norm and flood proofing common in earlier times. 

Over 90% of the UK’s rivers have been altered by man in some way (CIWEM ,1996).  In 
earlier periods, they were often altered to provide power, transport and facilitate better 
communication, whilst more recently, it has been to reduce incidence of flooding.  The 
extent of built development in floodplains over the centuries has meant that engineering 
works have been necessary to defend properties against the risk of flooding.  The 
projected increase in number of households in parts of England will increase pressure to 
build in areas at risk of flooding. 

England has suffered a number of major flood events during the last few decades.  The 
most notable events include the 1947, 1953, 1998 and 2000 floods, although the severity 
of flooding varied regionally.  Over 10% of the total land area of England and Wales is at 
risk from extreme flood events (Floyd, Ash et al., 2000).  

The impacts of flooding vary in their nature, scale and extent.  Development 
constructed without regard to flood risk can endanger life, damage property and result in 
wasteful expenditure on remedial work, both on the development site and elsewhere.  
Even where there are defences, flooding can still occur due to a range of factors such as 
culverts becoming blocked and defences failing.  Current understanding of climate change 
indicates that flood events are likely to become more frequent and extreme in the future. 

A sustainable approach to flood management will involve the avoidance, wherever 
possible, of development in areas at flood risk.  Where development needs to be located in 
the floodplain, it should be provided with an appropriate level of flood protection. 

The threat of flooding needs to be managed in an environmentally sensitive way. 
Flooding is part of the natural cycle of events that helps sustain ecosystems. In extreme 
circumstances, however, and sometimes when human activity has worsened its impact, 
flooding can destroy ecosystems and habitats, wash away soil and destroy the buildings 
and infrastructure on which the economy and society depend. Potential damage from 
flooding is both uncertain and unpredictable but it can be significant. Because of this the 
UK Government considers that the objectives of sustainable development require action 
on development and flood risk to be based on the precautionary principle. Therefore, the 
Environment Agency has established a programme to produce flood risk maps for 
England and Wales. The flood risk maps are a useful tool to assist with managing 
development on floodplains and other areas at risk from tidal or surface water flooding. 
The maps will be used as an aid in preventing inappropriate development in flood risk 
areas. 

 
2. PLANNING POLICY 

Section 105 of the Water Resources Act 1991, DoE/MAFF joint Circular 30/92 (Circular, 
1992), the new Planning Policy Guidance Note 25 (PPG25) (DTLR, 2001) for England, and 
the Technical Advice Note 15 (TAN 15) (Welsh office, 1998) for Wales on Development 
and Flood Risk require the Environment Agency to provide information to local 
authorities about the extent of floodplain, and other information for assessing flood risk. 

PPG25 demands commitment to floodplain management, requiring full consideration of 
the loss of flood storage and the effects of infill.  The guidance aims to strengthen the co-
ordination between land-use and development planning in flood-risk areas and to ensure 
that new development does not lead to additional flood risk (DTLR, 2001). PPG25 explains 
how local authorities should consider flood risk at all stages of the planning and 
development process in order to minimise future damage to property and possible loss of 
life.  It also emphasises the importance of acting on a precautionary basis and outlines 
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how climate change is to be taken into account.  The guidance sets out the means by 
which flood risk issues should be addressed in regional planning guidance, development 
plans and in the consideration of planning applications. It sets out the roles and 
responsibilities of various bodies in the development process.  This enables the 
Environment Agency to influence development patterns in a pro-active, rather than a re-
active, way in accordance with the Government’s plan-led approach. 

 
3. RESPONSIBILITIES OF THE PARTIES IN THE DEVELOPMENT PROCESS 

The primary responsibility for safeguarding land and other property against natural 
hazards such as flooding is with the owner.  There is no statutory duty on the government 
to protect land and property against flooding.  Operating authorities have permissive 
powers to carry out flood defence works in the public interest. 

The responsibilities of various parties in the development process defined in PPG25 are 
summarised below. 

3.1 Responsibilities of the Environment Agency 
The Environment Agency has a supervisory duty for all matters relating to flood defence, 
with responsibility for main rivers and sea defence.  It has the lead role for managing the 
dissemination of flood warnings.  Under Section 105 of Water Resources Act 1991, the 
Environment Agency has a duty to survey matters relating to flooding, including the 
identification of areas where flood defence problems are likely. 

3.2 Responsibilities of Local Authority 
Local authorities are the operating authorities for ordinary watercourses, except in internal 
drainage districts, where the powers rest with Internal Drainage Boards (IDBs).  Local 
planning authorities are responsible for the control of development, both in the floodplain, 
where it will be directly affected by flooding or affect flooding elsewhere, and other parts 
of the catchments, where it has the potential to affect the run-off characteristics and 
aggravate flooding downstream. 

3.3 Responsibilities of the Developer 
The developer is responsible for: (i) determining whether any proposed development will 
be affected by flooding and whether it will increase flood risk elsewhere; and (ii) 
satisfying the local planning authority that any flood risk can be successfully managed 
with the minimum environmental effect; to ensure the safe development and secure 
occupancy of any site. 

3.4 Responsibilities of Landowners 
All landowners are responsible for protecting their property against flooding. 
 
4. APPROACH TO FLOOD RISK MAPPING 
4.1 Selection of Sites for Flood Risk Mapping 
The publication of DoE 30/92, Development and Flood Risk in December 1992, and the 
Memorandum of Understanding agreed by the National Rivers Authority (NRA), the 
predecessor of Environment Agency, and the Planning Authority Associations in March 
1994, have given the Environment Agency a statutory duty to carry out Section 105 
surveys, i.e. flood risk mapping.  Floodplains have been defined as all land adjacent to a 
watercourse or the coast over which water flows in the time of flood or would flow but for 
the presence of flood defences. 

The approach to Section 105 Surveys is to concentrate on planning ‘hotspots’ i.e. where 
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the development pressure is greatest.  These ‘hotspots’ have been identified by each 
Regional Office of the Environment Agency through liaison with the respective Planning 
Authority.  A list of priority sites is drawn up to drive the future flood risk mapping.  Most 
regions of the Environment Agency produced a matrix using some or all of the following 
factors (weighted) to prioritise the sites: 

 Local Planning Authority (LPA) perceived needs (reflecting development pressure); 
 Environment Agency (EA) perceived needs (reflecting development pressure); 
 Major and minor flooding problems as reported primarily to the EA; 
 Data availability; 
 Cost estimate for flood risk mapping. 

4.2 Flood Risk Mapping Procedure 
The Environment Agency in England and Wales is producing flood risk maps of all main 
rivers in the ten regional areas. Typical steps involved in present day flood risk mapping 
are: 

Step 1 Identify and prioritise ‘hotspot areas’ as described at Section 4.1; 
Step 2 Produce inception report.  The inception report is required to cover the following 

aspects: 
 Assessment of the availability, suitability, quality and coverage of hydrometric 

and topographic data; 
 Identification of additional information required and means of gathering such 

information; 
 Choice of the most appropriate methodology for establishing the flood water 

levels, and the method for producing the flood risk maps for the object 
catchment and river network; 

 A cost estimate and programme for carrying out all the necessary tasks. 
Step 3 Acquire relevant data; 
Step 4 Carry out hydrological analysis, including determining design flows and flood 

hydrographs if necessary; 
Step 5 Carry out hydraulic modelling if necessary, and determine flood levels for given 

return periods of flood event using steady state or transient state models as 
appropriate; 

Step 6 Produce flood risk maps.  The basic steps assuming use of GIS involve: 
 Creating a ground surface using GIS based on detailed topographic data; 
 Creating water surface in the GIS based on model results or water levels for a 

known flood event using GIS; 
 Delineating the intercept of the water surface profile and the ground surface to 

produce the flood outline. 
Step 7 Create a flood information database, including observed and/or  simulated flood 

discharges, water levels and flooding extent, using GIS; 
Step 8 Dissemination of flood risk information. 
Each ‘hotspot’ location has its own characteristics and flooding issues.  Therefore, one 

approach suitable for a specific hotspot may not be appropriate for other locations. 
It has been proven that producing a thorough inception report at an early stage of the 

project of flood risk mapping is very important to the success of the overall assessment.  
A good inception report can help ensure: 

 The best utilisation of available information; 
 The utilisation of the most appropriate techniques in gathering any additional 

information; 
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 The choice of the right tools to estimate the flood flows and flood water levels 
and flooding extent; 

 The smooth execution of the project to a high quality standard within budget 
and in accordance with the estimated programme. 

4.3 Flood Risk Mapping Data 
Hydrometric, catchment and topographic data are needed in the process of establishing 
flood levels, and determining the extent of floodplains. The quality of the hydrometric and 
topographic data is of the utmost importance to the success of flood modelling and flood 
risk mapping. 

Over the last few decades an extensive hydrometric network has been developed in 
England and Wales.  It is now operated and maintained by the Environment Agency.  The 
network collects rainfall, river flow and water level information.  These are fundamental 
systems in all countries. 

However, various techniques are used to collect topographic data.  These include aerial 
survey/photogrammetry, and ground survey of river channels, storage areas and structures.  
Recently a remote sensing technique, Laser Induced Detection and Range (LIDAR), has 
been used by the Environment Agency to gather the topographic data of floodplains. 

LIDAR is an airborne mapping technique.  It uses a laser to measure the distance 
between the aircraft and the ground.  The aircraft’s position is determined using the 
satellite global positioning systems (GPS).  The aircraft’s known position and laser 
distance measurements to the earth’s surface, along with concurrently measured GPS 
signals at known ground reference points are used to provide a corrected digital elevation 
model(DEM).  The aircraft flies at a certain height above ground level and a scanning 
mirror enables a swathe of a few hundred metres wide to be surveyed during a single 
flight path.  A wide floodplain is covered by several laterally overlapping flight paths.  
Individual measurements are made on the ground at small intervals (say two metres), 
allowing a highly resolved model of the terrain to be generated.  Products that can be 
generated from the LIDAR data include: geo-referenced spot levels (i.e. each spot has x, y 
and z attributes); contour coded elevation models; height contour plots; and three-
dimensional perspective views that enable easy visualisation of surveyed areas. 

The main advantage of using the LIDAR technique is its relatively low cost and quick 
acquisition of detailed terrain data in digital format over a large area.  It is approximately 
10 to 20% of the cost of photogrammetry.  The LIDAR technique enables the production 
of a cost-effective terrain map suitable for flood risk mapping. 

4.4 Modelling 
Estimating the probability of flooding and its associated extent of floodplain inundation 
has been, and will continue to be, a challenging issue due to hydrological and hydraulic 
uncertainties.  Current hydrological practice in the UK is dominated by the methodologies 
described in the recently completed Flood Estimation Handbook (FEH).  The mechanism 
for estimating design flows, flood hydrographs and other hydrological parameters is 
detailed with supporting parameter values. 

Where there is insufficient information to establish flood characteristics from records, 
hydraulic models are often employed to estimate the water levels and the extent of 
flooding for a flood event of a given return period.  Fig. 1 shows a model representation of 
a river network. 

The use of river modelling techniques has often proven crucial in identifying areas 
subject to flooding and hence to flood management and development control.  
Hydrodynamic modelling also provides the basis for creating a better engineering solution, 
and for reaching agreement on planning applications.  Moreover, modelling can be 
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applied to large areas and offers decision makers the opportunity to consider hydraulic 
solutions which take account of an entire catchment rather than a specific area of interest 
and to evaluate the outcome of ‘what-if’ scenarios. 

Models being used include: ISIS (HR Wallingford & Halcrow software), Hydro-1D 
(Mott MacDonald software) and HEC-RAS (USBR, mainly for steady state analysis). 

 

 
Fig. 1  Model Representation of a River Network 

 
4.5 Application of GIS in Flood Risk Mapping 
In the past, topographical data was largely stored and presented in paper format, and 
spatial data was not geo-referenced.  These data formats are of limited value in flood risk 
mapping because of inherent difficulties in extracting and manipulating spatial data.  
These limitations are overcome when the data is gathered digitally as with the LIDAR 
techniques and manipulated by a geographic information system (GIS). 

Spatial data collected using different techniques, such as conventional survey methods 
and remote sensing techniques, can be integrated into one system.  This allows users to 
access and relate different types of information more effectively. 

GIS technology offers considerable benefits to flood risk mapping because of the 
spatial nature of catchment analysis. The application of GIS in flood risk mapping enables 
the spatial data to be processed and manipulated very quickly and efficiently by computer, 
thus eliminating the tedium and cost of some repetitive manual operations. Additionally, 
geographic information is easier to retrieve, update, and use/present. 

Both ArcInfo/ArcView and MapInfo are being used as the basic GIS tools. MapInfo is 
being directly linked to the EA’s Floodplain Information System. Effective interfaces 
have been created between the hydrodynamic modelling packages and the GIS softwares. 

4.6 mapping outputs 
As an interim measure, the Environment Agency has prepared indicative flood risk maps 
for England and Wales.  Currently, the flood risk maps are produced based on the 
approximate extent of floods with a 1% annual probability of exceedance for rivers (i.e. 1 
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in 100-year flood), and 0.5% annual probability of exceedance for coastal areas (i.e. 1 in 
200-year flood) under present expectations or the highest known flood.  However, the 
maps do not take account of the presence of defences or the likelihood that flood return 
intervals will be reduced by climate change. 

The Environment Agency itself can only provide limited emergency response.  
Therefore, emphasis is being placed on informing the public so they can be better 
prepared to help themselves during times of flooding.  To achieve this, in addition to 
various other measures, web-based mapping covering England and Wales is now made 
available by the Environment Agency to help property owners assess their vulnerability to 
floods.  The floodplain extents are presented on Ordnance Survey maps at a scale of 
1:10,000.  A 1:50,000 scale version is being made publicly available.  These are the first 
flood outlines published anywhere in the world to offer this level of detail and complete 
coverage for England and Wales.   Fig. 2 shows a screen dump of an indicative floodplain 
map from the EA’s web site: http://www.environemtn-agency.gov.uk/. 

 

 
Fig. 2  A Screen Dump of an Indicative Floodplain Map from EA’s Web Site 

 
5. CONCLUSIONS AND RECOMMENDATIONS 

 Flood risk maps need to be reviewed and updated on a regular basis.  Any future 
changes in the catchment and possible changes in hydrological conditions and their 
effects should be properly incorporated and reflected in the flood risk maps to 
ensure the information released to the public is up to date and reliable. 

 Production of a good inception report at the early stage of a project will not only 
enable more realistic budgeting and programming of the flood risk mapping project, 
but also help ensure that the most appropriate approach is used, and the project is 
completed to a high standard within budget and according to programme. 
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 The LIDAR technique enables the production of a cost-effective terrain map 
suitable for flood risk mapping. 

 River modelling can help identify areas subject to flooding and hence help flood 
management and development control. 

 GIS technology offers considerable benefits to flood risk mapping.  GIS not only 
enables spatial data collected using different techniques, such as integrating 
conventional methods and remote sensing techniques into one system, but also 
enables spatial data to be processed and manipulated quickly and efficiently by 
computer.  This eliminates the tedium and cost of many repetitive manual 
operations.  Geographic information is easier to retrieve, update, and use through a 
GIS. 

 Flood risk maps are a useful tool to assist with managing development in 
floodplains and other areas at risk from tidal or surface water flooding.  They are 
being used in curbing inappropriate development in flood risk areas and help in 
reducing the risk to life and damage to property from flood.  They enable more 
open and better-informed decisions to be made. 
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Abstract: The transition on the flood strategies from flood control to management is the 
catchphrase in modern society. The zoning methods of flood risk should be considered as the basis 
of flood management. The delineation of flood frequency, hazard and disaster are introduced in the 
paper. Three major river basins are selected to delineate the flood risk based on flood inundation 
frequency. Some conclusions are expected to provide the referees for the policy on flood control 
and disaster reduction in China. 
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1. FLOOD AND FLOOD MANAGEMENT 

Floods are the major natural disasters in China. Floods cause most serious danger and 
greatest losses. Dealing with the floods has been being the political focus in Chinese 
history, and concerned the layout of the national economy and social development. After 
the devastating floods in 1998, the Chinese government immediately issued a guiding 
policy of “closing hillsides for forestation, converting farmland to forestry, removing 
polder-dikes for floodway, returning cropland to lake, building town for resettlement, 
providing infrastructure for relief, strengthening main dikes and dredging river courses”. 
The new policy constitutes the dramatic adjustment on flood strategies in China. It has 
become a common understanding among water managers and engineers alike to develop 
and improve a flood control and disaster reduction system combining structural and 
non-structural measures with twin objectives of flood control and disaster reduction. The 
adjustment dealing with the floods has been occurring in many countries throughout the 
globe. American responses to flood disasters launched first a policy of containing the 
floods with levees construction as the core. The following philosophy was involving in 
controlling the floods with the adjunctive operation of reservoirs and overflow basins. 
However, the great flood of 1993 in USA showed that the policies to mitigate flood losses 
by containing and controlling the floods had failed. The record 1993 flood urged the 
formulation of a more comprehensive and coordinated approach to protecting and 
managing human and natural systems to ensure sustainable development relative to 
long-term economic and ecological health (FIFM, 1994). Flood mitigation in U.S.A. is 
ushering the era of the management of floods and floodplains with the intergovernmental, 
inter-sectoral, and interagency coordination dovetailing with an array of economic, 
environmental, social, and other trends. The strategies of flood defense of two selected 
countries showed that the transition on the flood strategies from flood control to 
management is the catchphrase in modern society.  



Flood management based on sustainable development is aiming at training the floods 
and adjusting human activities to attain the goal of flood and human in harmony. Flood 
risk analysis and management is the key prerequisite of flood management. Flood is a 
random natural hydrological event. Flood can produce favorable and adverse impacts on 
human activities and surroundings. Flood risk is descriptive narratives of probability and 
uncertainty of adverse impacts on human activities and surroundings due to flood events. 
The delineation of flood risk should be plotted to forecast and reduce the flood losses in 
the efficient management of flood risk. The zoning of flood risk can provide the referees 
for defending the floods, mitigating the losses, and managing development in flood-prone 
regions. Since the devastating floods on the Yangtze River, Neng River and Songhua 
River in 1998, the Chinese government has adopted an active fiscal policy to increase 
input in the water infrastructure development by issuing government bonds. The new 
philosophy of flood mitigation was focused on harmonious coexistence between mankind 
and natural environment. According to the situation of dramatic economical development 
with the multi-pressures of excessive population, deficient cultivated-land, poor 
infrastructure, vulnerable environment, rapid urbanization and economy globalization, the 
delineation of flood risk is becoming urgent and important. 

2. ZONING METHODS OF FLOOD RISK 

Flood risk zoning is a method to assess the distribution of flood risk in space. The 
different results of zoning are produced based on the diverse indicators. The indicators are 
used currently including flood frequency, hydraulic features (inundation depth, inundation 
duration, flow velocity, arrival time etc.), and flood expected losses. Zoning of flood risk 
based on the flood expected losses should be considered as the leading methods at present. 

2.1 Zoning of flood frequency 
Flood frequency is usually selected as 2-year, 5-year, 10-year, 20-year, 50-year, 100-year, 
200-year, and 500-year-recurrence in the zoning of flood risk with the flood frequency as 
index. The results can be manifested in sketch Fig. 1. The probability of flood inundation 
can be shown in flood frequency zoning map, which was adopted by flood insurance in 
USA. In fact, Fig. 1 showed the inundation of diverse flood frequency in pristine situation. 
The inundation should change when the works of flood control were constructed. 
 

Channel 

Fig. 1  Sketch map of zoning of flood risk  

5-year-recurrence

2-year-recurrence

10-year-recurrence

2.2 Zoning of flood hazard  
Spatial distribution of probability of inundation can be denoted in the zoning of flood 
frequency. However, the diverse impacts can result from the different features of 
inundation in the same flood recurrence. Based on the zoning of flood frequency, the 
spatial distribution of flood hazard is considered to farther understand the in-depth 
features of flood risk. 
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The hazard features of floods are involving in water depths, inundation duration, flow 
velocity, arrival time, transport sedimentation (sediment, floating and polluting matters) 
and the likes. The detailed zoning of flood risk can be obtained in the inundation regions 
based on the hazard features. The above-mentioned zoning map was conducted by IWHR 
(Liu, 1993), including the following ranking of flood risk: 

Utmost dangerous area is the region of the first arrival (within 6 hour) of flooding. In 
general, there is fast velocity and bad destroy occurring in the region. The danger arises in 
the case of timely evacuation in the flooding. 

Heavy disaster area is the region of probable heavy loss and imperiled people and 
properties due to the floods, especially in the region with inundation depth over 1m and 
sustained duration over 24 hour. 

Light disaster area is the region of probable light loss and no imperiled life due to the 
floods, for example in the region with less than 0.5m water depth and short than 12 hour 
sustained duration. 

Safe area is the region with no inundation in the flooding period, such as the 
surrounding of the flooded area, highland and artificial structure besieged by the floods, 
and the region protected by the enclosed and circled dikes. 

In addition, the special zoning based on single hazard factor can be produced as follows: 
maps of inundation depth, inundation duration, arrival time, velocity distribution, 
sedimentation distribution, contamination distribution and so on. 

2.3 Zoning of flood loss 
The zoning index of flood loss is the expected flood loss denoted by unit area ( RMB 
Yuan/hm2, RMB Yuan/km2). The zoning of flood loss should identify the inundation area 
and hazard features in the case of diverse flood frequency, and estimate the distribution 
and vulnerability of people and properties in the flooded region due to the special flood 
recurrence to obtain the expected casualties and loss. 

In order to assess the benefits of projects of flood control, major basin commissions 
and provincial departments of water resources have conducted the flood loss with the 
integrated loss per hectare as the index under their jurisdiction in the 1980s. The 
information of the loss per hectare embodied primarily the feature of zoning of flood loss. 
However, the above-mentioned zoning method is a rude one because of large computed 
unit area and no consideration of flood frequency in a special flood. The expected loss 
ranking and smaller computed unit should be considered in the finer method based on the 
flood analysis (frequency and hazard features zoning), social and economic analysis, 
flood-proofing capacity and damage analysis. 

In the present situation, the magnitude of annual loss per km2 is from 10,000 Yuan to 
1,000,000 Yuan in the rural region, poor developed and developed region. Therefore, the 
ranking of the expected loss per unit area should be proper as follows: less than 10,000 
Yuan/km2, 10,000~100,000 Yuan/km2, 100,000~500,000 Yuan/km2, 500,000~1,000,000 
Yuan/km2, and larger than 1,000,000 Yuan/km2. 

The zoning maps and decision support information can de obtained according to the 
different zoning indices. For example, flood frequency zoning can be conducted for 
identifying the inundation area of the diverse flood recurrence, zoning of flood hazard 
features for land use planning and evacuation system designing in the flood-prone regions, 
zoning of flood loss for flood insurance and the expected loss information. The zoning of 
flood risk in Yangtze and Haihe River basins are presented as follows. 
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3. CASES OF ZONING OF FLOOD RISK IN SELECTED RIVER BASINS 

3.1 Case for the Yangtze River basin 
Weighed by the probability of riverine flooding inundation, the flood-prone regions in the 
middle and low reach of Yangtze River can be classed as the five following risk zones in 
the existing system of flood control. 

First-level risk zone, which accounts for the area of 1,000 km2 with maximal 
inundation frequency, involves local rural levees including the riverine and non-planned 
polders. The existing capacity of flood control of these water works is below the 
10-year-recurrence. In the case of relative flood, these rural levees may be breached to 
submerge the regions protected by the dikes. 

Second-level risk zone involves the civilian reclaimed polders with the existing 
capacity of flood control of 10- or 20-year recurrence. These poor developed rural regions 
distribute mainly in the lake zones. These polders were listed for meeting the need of the 
minimum requirements in the planning of flood control. Some polders may flood if the 
floods rise after the breach of the riverine and non-planed polders. 

Third-level risk zone covers overflow basins or detention regions with the area of 
11,800km2. The overflow basins may be operated according to the planning of flood 
control in the circumstance of ensured polders or provincial and national protected zones 
endangered by the major floods. The probability of operation is the flood recurrence from 
20 years to 50 years. The very important overflow basins such as the Jingjiang Division 
Region and Honghu Detention Region, should not be usually operated considering the 
layout of flood control, even in the case of the failure of the ensured polders. 

Forth-level risk zone embraces the ensured polders and provincial protected zones 
safeguarded by the Grade 2 national embankments. Several ensured or provincial 
protected zones may fail if the major floodwater advances after the operation of the planed 
overflow basins. The odds of inundation are around 50 or 100 years flood recurrence 
weighed by the integrated capacity of flood control. A few regions may inundate below 
50-year-recurrence according to the flood situation and operation schemes. 

Fifth-level risk zone constitutes national protected zones safeguarded by the Grade 1 
national embankments including Jingjiang Embankment, Wuwei Embankment, Jianghan 
Tele-dike, South Riverine Levee, Wuhan City Dyke, and Nanjing City Dyke etc. These 
regions may drown only in the case over 100-year-recurrence based on the wise scheduler 
in the existing water works system. 

3.2 Case for the Haihe River basin 
Weighed by the probability of riverine flooding inundation, the flood-prone regions in the 
Haihe River basin can be classed as the five following risk zones in the existing system of 
flood control. 

First-level risk zone involves alluvial or drift regions adjunct to above Grade 2 tributary 
streams. The existing capacity of these flood resistant works is below the 
10-year-recurrence. In the case of relative flood, these rural levees may be breached to 
submerge the regions protected by the levees. 

Second-level risk zone involves alluvial or drift regions adjacent Grade 1 tributary 
streams and some detention or division basins with low capacity of flood defense. These 
regions may resist the flood with 10- or 20-year recurrence interval. 

Third-level risk zone covers floodplains and several medium or small cities adjacent to 
Grade 1 tributary streams and several main streams such as Wei River. They should 
defend the flood with 20- or 50-year recurrence interval. 
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Forth-level risk zone embraces provincial protected zones and some major cities 
safeguarded by major embankments adjacent to main streams. There is the capacity of 
flood resistance of the flood with 50- or 100-year recurrence in the zone. 

Fifth-level risk zone constitutes national protected zones and the metropolises of 
Beijing and Tianjing. The standard of flood control is more than 100 years recurrence 
interval. 

3.3 Case for the Yellow River basin 
The Yellow River was notorious as the suspending river. Major floods occurring in the 
Yellow River have being fixed human eyes in the long history. Chinese governments have 
been making a concerted effort to control the catastrophic floods of Yellow River. 
Weighed by the probability of riverine flooding inundation, the flood-prone regions in the 
middle and low reach of Yangtze River can be classed approximately as the five following 
risk zones in the existing system of flood control works 

First-level risk zone contains the vast floodway region across remote levees in the two 
banks of lower reaches of Yellow River. This region can transport the flooding and 
sediment, mitigate the flood peak, and store the suspended load. The probability of 
inundation is below the 10 years recurrence interval. 

Second-level risk zone involves alluvial or drift regions adjacent Grade 1 tributary 
streams of the upper and middle reaches and partial section of main stream prone to 
ice-jam floods. These regions may resist the flood with 10- or 20-year recurrence interval. 

Third-level risk zone covers the Ningxia-Mongolia section of the upper reach, the 
lower reach of Qin River, and the surrounding of Dongpinghu Division Region. They 
should defend the flood with 20- or 50-year recurrence interval. 

Forth-level risk zone embraces Beijindi Detention Region. The temporary measure 
dealing with the scarce floods is planned after the completion of Xiaolangdi water 
complex. The detention zone will abolish for the minimal operation due to economy 
power..The capacity of flood resistance of the flood in the zone can be considered as 50- 
or 100-year recurrence interval. 

Fifth-level risk zone constitutes vast Huang-Huai-hai plain following the col outlet. In 
the case of no major river course occurred, the northward breach may affect the southern 
plain of Haihe River basin, and the southward breach the vast region of eastward Shaying 
River and northward Huai River of Huai River basin. Total affected area may involve 
some 120,000km2. As a whole, the standard of flood defense may beyond 100 years 
recurrence interval, even above 1,000-year-recurrence by conjunctive operation of 
Sanmenxia, Xiaolangdi, Luhun and Guxian reservoirs. 

4. CONCLUSIONS 

The delineation of flood risk on three river basins is produced primarily based on the 
zoning method of flood risk. The diverse features of flood risk in the three river basins are 
obvious due to their dramatic topology and climate. The capacity of flood fighting has 
improved because of the extended mass construction of flood control in China. However, 
the delineation of flood risk should be fined based on the synthesis of hydrological data, 
social and economic information, the operation of existing water works, and flood routing 
results. Such fined zoning of flood risk should provide the referees to the decision of flood 
management. 
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Abstract: Assuming that the population model of a flood stochastic process is known, the effect of 
the model and parameter estimation methods on the precision of the design flood-control storage 
(DFCS) is calculated and analyzed by Monte Carlo simulation methods. Two simulation models are 
considered in this paper: the Disaggregation model, and the seasonal AR(1) model. Furthermore, 
two parameter estimation methods are considered: the Moments method (MOM) and the Probability 
Weighted Moments method (PWM). The bias and efficiency of DFCS is considered as the 
performance measure for its precision. Some conclusions for using stochastic models to simulate 
flood processes are obtained. 
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1. INTRODUCTION 

The procedure of design flood-control storage DFCS calculated by traditional methods is 
as follows:(1)Determination of a so-called ‘design flood hydrograph’ with a given design 
frequency;（2）Calculation of DFCS for the above design flood hydrograph through 
reservoir flood regulation. Then the DFCS is called the design flood-control storage with 
the same occurrence frequency as its design flood hydrograph. However, from experience, 
it is well known that this last assumption of equal occurrence frequencies is often not true. 
From the late 1970s, application of stochastic simulation methods to calculate DFCS 
began to receive more attention; in particular in China (Chen, 1992; Ding and Deng, 
1988). As long as the simulation model, including model structure and parameters, are 
correct, the calculation of DFCS can be performed without using the equal occurrence 
frequency hypothesis. Therefore a lot of studies on stochastic simulation have been carried 
out during the past 30 years (Chen, 1992; Ding and Deng, 1988; Ding and Liu, 1997). 
Although some new advances have been obtained, the above research is limited in two 
respects:（1）Establishment of a suitable stochastic simulation model for the observed data;
（2）Study of the influence of the applied storage regulation and the equal-frequency 
hypothesis on the precision calculation of DFCS, which is estimated by  traditional 
methods by assuming a population stochastic simulation model. 

Because hydrological processes are extremely complex and the length of observed data 
is usually very short, the simulation model fitted to the observed data may not fully reflect 
the real hydrological process characteristics. In other words, there exists some difference 
between the simulation model and the population model. The difference is composed of 
two aspects, one the difference in model structure, and the other the difference in the 
model parameter estimations. 
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Although the existence of the above two uncertainties has been known by hydrologists 
for a long time, it is still unknown what the influence is on the precision of the design 
water conservancy parameters (especially the parameters of DFCS) caused by the two 
uncertainties. This is the main reason that the stochastic simulation method is not widely 
used in practice. 

In order to promote wide practical application of the stochastic simulation method, it is 
necessary and important to concentrate on the problem of uncertainty influence. In this 
paper, the influence of the two above-mentioned uncertainties on the precision of DFCS is 
analyzed, for which some useful results are obtained. 

2. STUDY METHODOLOGY 

The study methodology is as follows: (1)Collect recorded data of the annual flood process 
for the control station of the reservoir concerned;(2) Establish a suitable stochastic 
simulation model for the above hydrological process;(3)Consider the above simulation 
model as a population model of the hydrological process concerned, calculate DFCS for 
different design frequencies, consider the above calculated DFCS as population design 
flood-control storage; (4)Generate K sets of samples where each sample has n years of 
flood processes (n takes different values);(5)Establish a simulation model for each set of 
samples with n years of data by using a given stochastic model (including a given model 
structure and given parameter estimation method). In order to study the uncertainty 
influence, different simulation models and different estimation methods of model 
parameters are considered (Van Gelder, P.H.A.J.M., 2000);(6)According to a long enough 
annual flood hydrograph generated by the above simulation model established for each set 
of samples, DFCS at different design frequencies may be calculated through reservoir 
flood regulation;(7)Calculate the difference (bias and efficiency) between the estimated 
DFCS and the population DFCS at different design frequencies from the K set of 
samples;(8)Analyze the influence of different values for n, different parameter estimation 
methods and different simulation models on the precision of DFCS. 

3 DEVELOPMENT OF POPULATION SIMULATION MODEL ASSUMED 

3.1 Data and models selected 
Two simulation models are selected as possible population models, the Disaggregation 
model and the Seasonal AR(1) model. The data for establishing the population model is: 
30 years (1954-1983) of annual flood processes at Wulong hydrological station on a 
tributary, the Wujian, of the Yangtze River. The annual maximum 20 mean daily 
discharges are selected for each year.  

3.2 Model structure, parameter estimation and data generation 
3.2.1 Disaggregation model 
The basic formula of the model is  

   Y=AX+Bε                      (1) 

where X is the key series of flow values and Y is a column matrix (n×1) containing the 
seasonal flow values which sum to X. Although X and Y are referred to flow values, it 
should be remembered that they have zero means and are transformed values. ε  
represents a completely independent random vector (n× 1) with mean zero, standard 
deviation one, and skewness SC ε ; it is a stochastic term of the model. In the paper, n is 
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equal to 20, and the estimation method for the parameters A, B, SC ε  is the Moments 
method. 

tε

tSε

t

Generation of the flood process may be divided into two steps: (a) generation of the 
key series for X; (b) disaggregation of the key series. The flood volume of 20 days is 
generated by the following model: 

X=EX×  ( CvX ×RNG+1)         (2) 

where EX,Cv , are the mean, coefficient of variation and skewness of X respectively. 
RNG is an independent random variable which follows a Pearson-III distribution with 
mean zero, variance one, and skewness .For each day the flow value is generated by 

Eq. (1).When parameters EX, ,  are estimated by the Moments method, we 

abbreviate this with MOM. Similarly, if EX, , are estimated by the probability 
weighted moments, we abbreviate it with PWM. The estimation method of the model 
parameters is PWM for establishment of the population simulation model. 

X XSC
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3.2.1 Seasonal AR（1） model 
The basic formula of the Seasonal AR(1) model is 

, , 1 1( )t t t t t t tx x a x x bτ τ ε− −− = − +            (3) 

where t = 2, 3, … , 20; is the mean daily discharge of  year and  day; tx ,τ
thτ tht tx  

is the expected value of the mean daily discharge of  day; tht  is the r.v. of P-III 

distribution with mean 0, standard deviation 1, and skewness C ; are the 
coefficients to be determined, they are a function of t. 
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The derivation of the model parameters  is very easily performed from Eq. (1) 
by MOM. Its estimation formulae is: 
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where  is the sample correlation coefficient between the day and  day 
discharge,
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ts  is the sample standard deviation at the day. It is also necessary to give 
the parameter estimation value 
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SC ε , because tε  obey the Pearson-III distribution. 
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where  is the skewness at the day discharge. StC tht
It can be seen from Eqns (1), (2) and (3) that it needs only to estimate the parameters 

EX, Cv, Cs and  of each day in order to determine the parameters in the simulation 
model.  

1r

3.3 Tests for simulating the flood hydrograph 
The interval test method ( σ± ) is used in this paper. Details of this test method may be 
found in (Chen, 1992). The input for the test contains the daily discharge characteristics 
and the characteristics of annual maximal flood volumes with a given time period. The 

 187



characteristics of the daily discharge is composed of the mean, Cv, Cs, maximal and 
minimal values of the daily mean discharges, one step auto-regressive relation coefficient 

. The characteristics of the annual maximal flood volumes of a given time period 
consist of mean, Cv, Cs of annual maximal flood volumes of given time periods t, t=1d, 
3d, 5d, 7d, 10d, 13d, and 17d. 

1r

Results calculated by the above test (annual maximal flood volumes) are listed in Table 
1. The results show that the seasonal AR(1) model and DIS model are able to reflect the 
flood process characteristics of Wulong hydrological station. So the above two models are 
considered as population stochastic simulation models. 

Table 1  Test results of the interval test of characteristics of annual maximal flood volume (AR(1) model). 

t        Mean(m3/s) Cv Cs 
(days) Observed Simulated σ  observed simulated Φ observed simulated σ  

1 9.98 9.80 0.835 0.336 0.425 0.067 0.672 0.973 0.690 
3 26.17 25.93 2.178 0.351 0.423 0.064 0.702 0.912 0.593 
5 39.19 39.50 3.260 0.356 0.418 0.062 0.710 0.853 0.560 
7 50.80 51.16 4.153 0.367 0.412 0.060 0.760 0.805 0.541 
10 64.84 65.85 5.205 0.363 0.407 0.058 0.882 0.720 0.525 
13 76.34 78.30 5.999 0.340 0.397 0.056 0.800 0.648 0.513 
17 90.52 91.23 6.732 0.350 0.383 0.053 1.035 0.594 0.511 

4 UNCERTAINTY EFFECTS ON THE PRECISION OF DFCS BY MONTE- 
CARLO METHODS 

4.1 DFCS calculated by stochastic simulation method 
Flood control-storage (FCS) for a year in which the annual flood process is known 
depends only on the reservoir flood regulation model. For convenience, a simplified flood 
regulation mode, the constant releasing discharge method, is used in this paper. It is 
obvious that there is a FCS value for each year through calculation using the above flood 
regulation method, so there are N FCS values for N years of annual flood processes. 
When N is large enough, it is easy to calculate DFCS for different given probabilities. The 
value of N is 10,000 for calculating the population DFCS. 

Concerning the simplified flood regulation, the procedure of FCS calculation for one 
year is explained as follows: (1)A constant safety releasing discharge Qs for downstream 
of the reservoir is assumed (according to experience,Qs=6000 /s );(2)A flood 
regulation is considered for which Qs is constant;(3)An accumulative water volume after 
the flood regulation in the reservoir is calculated and denoted with V(t);(4)FCS=Max(V(t)) 
(t takes values from the beginning to the end of a one-year flood process).  

3m

4.2 Design schemes of the Monte-Carlo experiment 
4.2.1 Design schemes of the experiments. 

1. Population simulation model: seasonal AR(1), and DIS; 
2. Model fitted to the data generated by the population simulation model given the 

model parameter estimation methods. 
For each population model, there are four simulation models to simulate: 

(a) Seasonal AR(1) with MOM; (b) Seasonal AR(1) with PWM; (c) DIS with MOM; (d) 
DIS with PWM. 

The sample size n of each sample:  n=30,100.There are in all (4×4=) 16 design 
schemes. 

 
 

 188



4.2.2 Evaluation measures 
Bias and efficiency of the design flood-control storage are considered as the standard 

for evaluating the performance of the precision calculation of DFCS.  Let  represent 

the population value of DFCS (i=1,2,3,4, =1/500, =1/400, =1/200, 

=1/100), 

0
PiV

p1p 2p 3

4p j
PiV  represents DFCS estimated by the  generating sample. thj

For clarity, bias and efficiency of DFCS are indicated by ,  respectively. 
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where K is the number of generated samples by Monte-Carlo experiments. When  is 
more than 0, it means that DFCS is positively biased. The more the value of | | is, the 
more biased the estimation for DFCS.  indicates the index of efficiency. The larger 

 is, the worse the efficiency of DFCS is. 

PiEV

PiEV

PiSV

PiSV

5. RESULTS AND ANALYSIS 

The calculation results of all 16 design schemes are listed in Table 2. Some primary 
conclusions from Table 2 are expressed as follows: (1)When the structure of the 
simulation model is the same as the population one, no matter which estimation method of 
the model parameters is used, the relationship between the precision of DFCS and n is in 
direct proportion.(2)When MOM is used to estimate the parameters of the simulation 
model, the precision of DFCS and n is also in direct proportion.(3)When PWM is used to 
estimate the parameters of the simulation model, the precision of DFCS and n is not 
always in direct proportion. See in Table 2 the schemes 15, and 16. 

Summarizing, the precision of DFCS increases generally as the sample size n increases, 
but not always. 

Table 2  Results of  bias and efficiency of design flood-control storage  

No Population 
model 

Simulation 
model 

Estimation
method n EVp1 EVp2 EVp3 EVp4 SVP1 SVp2 SVp3 SVp4 

1 AR(1) AR(1) MOM 30 5.8 5.0 3.0 -0.2 28.3 27.7 24.4 21.8 
2 AR(1) AR(1) MOM 100 2.3 1.6 1.8 -0.6 17.0 16.0 14.6 12.7 
3 AR(1) AR(1) PWM 30 6.8 6.2 5.2 2.0 26.1 25.7 23.7 20.7 
4 AR(1) AR(1) PWM 100 -2.9 -2.9 -2.1 -3.0 13.1 12.8 12.1 11.8 
5 AR(1) DIS MOM 30 -5.2 -3.9 -2.4 -3.2 26.1 26.4 24.5 23.1 
6 AR(1) DIS MOM 100 -5.1 -3.6 -2.6 -3.3 16.4 16.2 14.6 14.0 
7 AR(1) DIS PWM 30 -1.5 -0.2 0.6 -0.4 28.1 28.5 26.3 24.7 
8 AR(1) DIS PWM 100 -4.3 -2.8 -2.1 -2.7 15.5 15.3 14.0 13.6 
9 DIS DIS MOM 30 -5.1 -4.4 -0.7 -0.5 31.8 32.0 31.6 30.1 

10 DIS DIS MOM 100 -4.6 -3.8 -0.7 -0.5 17.9 17.6 17.0 16.0 
11 DIS DIS PWM 30 1.9 2.4 5.7 5.4 31.5 31.9 31.9 31.1 
12 DIS DIS PWM 100 -3.7 -2.8 -0.2 -0.1 16.4 16.1 15.4 14.7 
13 DIS AR(1) MOM 30 -6.4 -8.0 -4.6 -4.7 22.9 22.9 22.5 21.6 
14 DIS AR(1) MOM 100 -7.4 -9.0 -5.9 -5.9 15.4 15.8 13.3 12.1 
15 DIS AR(1) PWM 30 -7.8 -8.9 -4.2 -4.4 22.9 22.5 21.9 21.4 
16 DIS AR(1) PWM 100 -17.5 -18.1 -12.5 -10.2 20.3 20.6 15.7 14.1 
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When the structure of the simulation model and population model is the same, the 
precision of DFCS by using PWM as the estimation method of model parameters is better 
than by using MOM. However, when the structure of the simulation model and population 
model is different, the above conclusion is not always correct. 

When the population model is seasonal AR(1), it is better to use the seasonal AR(1) 
model to simulate data than to use DIS for calculating DFCS. 

When the population model is a DIS model, and the estimation method of the 
simulation model parameters is MOM, it is better to use the seasonal AR(1) model than to 
use DIS model. Especially when n is relatively small (n=30), the precision of DFCS by 
using the seasonal AR(1) is much better than that by using the DIS model. The results 
show that it is not always better to use a simulation model which is the same as the 
population model rather than using a different model to the population model.  

The sampling error of DFCS may be calculated by the stochastic simulation method. 
Assuming that a reservoir is constructed near the Wulong hydrological station, and the 

flood regulation mode is the same as the mode used in this paper, the sampling error of 
DFCS at different design frequencies may be obtained from Table 2. It may be seen from 
Table 2 that the values of  SVp of DFCS with a design frequency p=1% are usually less 
than 30% if n=30, and for n=100, the values of SVp (p=1%) usually are less than 15%. It 
is very useful to determine the dimension of the reservoir concerned. 

6. CONCLUSIONS 

The paper has attempted to contribute to decreasing the effect of uncertainties regarding 
model structure and the parameter estimation methods on the determination of DFCS. A 
model that may well reflect real flood process characteristics has relatively few model 
parameters, and a rather robust model parameter estimation method should be selected. It 
is also very important to use reliable flood records (including historical and 
paleo-historical floods) which are as long as possible when a simulation model is needed. 

The paper has shown a framework (considering 16 design schemes) in which future 
extensions can be implemented. Different flood regulation modes and multi-stations flood 
generation will be the subject of future investigation. 
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Abstract: In connection with the problem that how the ability of flood control system to resist the 
over-standard flood can be improved during the flood control planning work, the Compound 
Poisson model is used to calculate the over-standard flood risk in this paper. Several flood control 
planning schemes are compared by their ability to decrease the over-standard flood risk. The results 
show it is practical for the flood risk analysis to be used in decision making for flood control 
planning. 

 

 
Keywords: flood control planning, flood control system, flood risk analysis, compound Poisson 

model 

1. INTRODUCTION 

The flood control system mainly consists of reservoir, levee and flood spreading area with 
a certain flood control standard. The natural flood is a stochastic event. No matter how 
high the flood control standard, there is a non-zero probability of a flood event exceeding 
that standard. So the risk analysis for the over-standard flood is very important for flood 
control planning and the construction of flood control systems. 

Traditional flood risk analysis, based on the flood frequency analysis, only gave the 
mean annual probability that the flood discharge exceeds a certain value. As the 
hydrological study develops, the concept of risk is introduced into the flood analysis. A 
typical study uses the risk value function that was derived from the classic probability 
theory by Yen（1970）.This function is used to calculate the risk value encountering the 
over-standard flood during the future n years. But it is still based on the traditional flood 
frequency analysis. To avoid the limitations of traditional flood risk analysis, a new kind 
of method based on stochastic point process theory is proposed. Li and Xu (1988) 
researched the possibility of using the Poisson model in flood risk analysis including the 
model conditions, parameter estimation and model fit test. Xu et al. (1988,1991,1998) and 
Deng et al. (1989) studied the characteristics of flood stochastic processes, such as 
clustering and memorizing characteristics, and discussed the application of the clustering 
stochastic process and renewal process model. Xiao et al.(1993,1996) applied the Weibull 
distribution and the renewal process model to study the annual over-standard flood risk 
for a flood control system and non-overflow cofferdam. In their study the newest flood 
information and engineering conditions were considered. 

The studies mentioned above show that in order to make the theoretically calculated 
results reflect the engineering reality, the flood risk study should consider stochastic flood 
processes, and specific object to apply the corresponding method. In this paper the 



Compound Poisson model is applied to calculate the over-standard flood risk value of 
different planned operation schemes. This research provides a quantitative evaluation for 
the ability of different flood control planning methods to resist the over-standard flood 
and the theoretical foundation for decision making in flood control planning.  

2. MODEL AND ALGORITHOM 

The Compound Poisson process is the generalization of Poisson process. It is a kind of 
risk value model based on stochastic point process theory and is superior with the typical 
characteristic discussing the frequency problem in time domain. Its flow threshold for the 
sample selection can be very low, and the discharge or the flood peak exceeding the 
threshold may be selected as the samples. Correlation between the samples is allowed. 
With these advantages, the Compound Poisson model not only efficiently uses the 
existing information, but also objectively simulates the statistical characteristics of the 
flood process. The influence of clustering in the Poisson model is decreased.   

In order to derive the Compound Poisson model, two basic hypotheses are needed 

(Deng and Xu, 1989; Xiao and Han, 1993): 
Let Nt  indicate the number of flood peak clustera within (t0,t0+t), and apply it to the 

Poisson process with the parameterλ： 
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Let nk indicate the number of flood peak in the kth flood peak cluster, so nk is independent 
stochastic variable with the same distribution, and p{nk=l}=q(l). 

Then according to the frequency distribution that describes nk , a different kind of 
compound Poisson stochastic point process model can be derived. In this paper, it is 
assumed that nk follows a Poisson distribution with the parameter Λ: 
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According to the definition of a probability generating function in stochastic point 
process theory, this kind Compound Poisson model has probability generating function: 

( 1)( ) exp{ [ 1]}zF z t eλ Λ −= −                （3） 

So the derived function to calculate the risk of encountering one or more over-standard 
floods in future t years is (see ref. [3], [5] and [9]): 

( ) 1 exp[ ( 1)].R t t eλ −Λ= − −            （4） 

Parameter estimation 
The moment method is applied to estimate the parameterλand Λ.  The first order 

derivation and second order derivation of function (3) about z may be obtained, and then 
the mean and variance can be derived as: 

EX tλ= Λ                      （5） 

(1 )DX tλ= Λ +Λ                      （6） 

Specially, when the length of a cluster is one year, i.e. t =1,  the parametersλand Λ 
are: 

1DX
EX

Λ = −               （7） 
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EXλ =
Λ

                     （8） 

3.CASE STUDY 

The over-standard flood risk in a flood protection system can be defined as the probability 
that the flood protection system cannot realize its expected function when it encounters 
over-standard flood during its operating life. The Compound Poisson model was applied 
to calculate the probability (risk value) that the flood peak still exceeds the safe channel 
discharge volume at the Sanjiangkou flood control station on the Lishui watershed, under 
different operating scenarios. With this probability determined, the reliability of different 
operating schemes can be evaluated, hence this statistical mechanism becomes the 
foundation for decision making in the selection of reasonable schemes for flood control 
planning. 

Flood control system 
Lishui watershed’s flood protect system comprises three reservoirs respectively located on 
the main stream, Lishui river, and the branches, Loushui river and Dieshui river, the levee 
and the flood plain at downstream (fig. 1). The objective of flood protection is to control 
water volumes such that the 50-year design flood through the operation of flood control 
system is maintained at a discharge level lower than 12000m3/s, the safety threshold for 
the downstream channel at Sanjiangkou station,.  
 

        Loushui river              Dieshui river 
 
 
             Jiangya reservoir 
                                      Zaoshi reservoir               Songli area 
                                                              
    Lishui river        Yichongqiao reservoir                       Sanjiangkou           levee 
                     

Fig. 1  The flood control system of Lishui catchment 

Flood control operation schemes 
According to the characteristic of flood control system in Lishui catchment and the flood 
control objective, considering that the research of Ychongqiao reservoir is not yet in 
processing, two flood control operation schemes is discussed. One is the united operation 
of Jiangya reservoir and Zaoshi reservoir before the Yichongqiao reservoir is built. The 
second, after Yichongqiao reservoir is built, will be to integrate operation of the three 
reservoirs (see Table 1). 

Result 
According to the objective of flood control, the discharge threshold at Sanjiangkou station 
was selected as 12000m3/s. The flow series at  Liulinpu, Changtanhe and Zhaoshi 
stations, which are lacated on the Lishui, Loushui and Dieshui rivers respectively, are 
from 1954 to 1988, additionally including 1991 and 1998 typical year and the 50 year 
recurrent design flood.  Through operation of the flood control system, the draw off 
discharge of the reservoirs under different operation schemes is obtained. Then through 
flood routing, the flood process at Sanjiangkou station is calculated. In this paper, the 
length of cluster is selected as 1 year, therefor by applying the Compound Poisson model, 
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the probability that the flood peak at Sanjiangkou station exceeds 12000m3/s , the 
maximum safe discharge for the channel, can be calculated in future each year. 

 
Table 1  The two kinds of operation schemes (m3/s) 

 Reservoirs
               draw off discharge 

operation schemes 
Jiangya Zaoshi Yichongqiao 

united operation of two reservoirs 1700 compensative --- 
fixed discharge operation 2000 1900 6300 Integrated operation 

of three reservoirs Compensative operation 1700 compensative 6300 
(According to “The Zaoshi hydro-junction at Dieshui river in Hunan province ----- the researching report of 

the integrated  operation of three reservoirs ”, Changjiang Water Resources Commission, Wuhan,1999) 
One of the fitness-test, 2x  test, is adopted in this paper. Its statistical variable is : 

                   
2

2

0

( )k
i i

i i

n p Nx
p N=

−
=∑                  （9） 

where k is the number of the divided group according to the size of cluster, pi is the 
calculated theory frequency number: 
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The calculated 2x  is compared with the critical value  known from the 2
1 ( )fαχ −

2x  
distribution table, in which α is the significance level. Then the null hypothesis, the flood 
process following compound Poisson distribution, is accepted if , and 
rejected if . 

2 2
1 ( )fαχ χ −≤

2 2
1 α− ( )fχ χ>

Let t =1, using function (7) and (8) to estimate parameter λand Λ (see Table 2.). α 
is selected as 0.05. the fitness-test shows that the flood process in Lishui catchment 
follows compound Poisson distribution. The annual over-standard flood risk of different 
operation schemes in future years calculated by function (4) is shown in Fig. 1.  

Fig.1 illustrates that due to the function of the flood control system, the flood risk at 
Sanjiangkou station is decreased. The safety of the downstream Songli area is improved. 
Comparing the different operation schemes, the integrated operation of three reservoirs is 
more efficient than the united operation of two reservoirs to decrease the flood risk of 
Lishui catchment, so it is proven that Yichongqiao reservoir is critical for the flood 
control system. Additionally, compared with the operating scheme using fixed discharge 
from three reservoirs, the compensative operating scheme of three reservoirs is more 
efficient in decreasing the flood risk. Therefore, according to the result of flood risk 
analysis, the recommended integrated operating scheme includes three reservoirs with the 
Jiangya and Yichongqiao reservoirs operating at a fixed discharge, while the Zaoshi 
reservoir operates as a regulator. 

Table 2  The parametersλand Λof different operation schemes 

after the flood control system built 
integrated operation of three reservoirs 

          operation
           scheme

 parameter 

no 
reservoirs united operation 

two reservoirs fixed discharge 
operation 

compensative 
operation 

Λ  1.19 0.086 0.016 0.008 
λ  0.31 0.46 0.72 0.88 
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Fig. 2  Over-standard flood risk curve of Sanjiangkou station 

4. CONCLUSIONS 

Based on Stochastic Point Process theory, the Compound Poisson model is studied and 
applied to the over-standard flood risk analysis. A case study on flood control planning for 
the Lishui catchment is given. The study shows that the Compound Poisson model 
considering the frequency problem in the time domain is suitable to describe the 
stochastic characteristics of the flood peak process. The case study illustrates that the 
flood risk analysis is practical in decision making for flood control planning.  
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Abstract: In this article an overview is given of methods available in literature to estimate the loss 
of life caused by floods. The methods are described and applied to a case study to study their 
applicability for flood hazard determination in the Netherlands. Besides, a framework for the 
further research on loss of life modelling in the Netherlands is presented.  
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1. INTRODUCTION 

Large parts of the Netherlands lie below sea level and are threatened by river floods. 
Without the protection of dunes, dikes and hydraulic structures more than half of the 
country would be almost permanently flooded. In 1993 and 1995 extremely high river 
discharges occurred, which made large scale evacuations necessary. Other more recent 
disasters, such as the crash of the El Al Boeing in Amsterdam in 1993 and the explosion 
of the fire works storage in Enschede in 2000, have lead to increasing awareness of risks 
that face society and it’s citizens. In the future climate change and the accompanying sea 
level rise and higher river discharges will lead to an increase of flood hazards that face the 
Netherlands. Due to these developments a research program is started by the Road and 
Hydraulic Engineering Division, part of the Ministry of Transport, Public Works and 
Water Management to study the impacts of floods. Aim of this research is to gain more 
insight in the flood hazards that face the Netherlands and to form a basis for the future 
societal debates concerning flood protection. Part of this research program is an extensive 
study on loss of life modelling (in Fig.1).  

Earthquake, volcanic eruption 
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Worldwide

Fig. 1  Loss

 

Number of fatalities
 

Windstorm 
Flood 
Others 

 
 of life caused by floods and other natural disasters in the year 2000 (Munichre, 2000) 

196



If considered on a global scale floods pose a big threat to people all over the world. In 
the year 2000 the death toll for floods was about 6000, making floods one of the most 
severe types of the natural disasters. 

Although loss of life is seen as one of the major consequences of floods, a limited 
number of methods are available to estimate the number of fatalities in case of flooding. 
This article presents an overview of methods developed for the estimation of loss of life 
and studies their applicability for determination of flood hazards in the Netherlands. The 
results of this study form the basis for the further research on fatality modelling for sea 
and river floods in the Netherlands. The final aim of the research program is to develop a 
method to predict the number of fatalities for floods in the Netherlands, taking into 
account the characteristics of the flood and the effect of an evacuation before or during 
the flood. The finally developed method can be used to determine the flood risks in the 
Netherlands and will be an important tool in assessing the safety benefits and the 
effectiveness of risk reducing measures. 

This paper is structured in the following way. An overview of methods and studies is 
given in section 2. Some of the described methods are applied in a case study to estimate 
the number of fatalities for an existing flood prone area in the Netherlands in section 3.  
Section 4 summarizes the results. Based on these conclusions a proposal for the 
framework of a fatality model and a description of the further research activities is given 
in section 5.  
 
2. OVERVIEW OF LOSS OF LIFE MODELS 

The number of fatalities caused by a flood is determined by a large number of 
characteristics, which can be divided into two groups (Waarts, 1992):   

 Hydraulic characteristics of the flood: water depth, rate of rising, stream velocities, 
wind, temperature.   

 Area characteristics: Factors which describe the typical characteristics of the area 
and the inhabitants: population (density), land use, systems for warning and 
emergency assistance.  

Problems in modelling loss of life caused to floods include: the lack of insight in the 
causes of drowning and the interdependency between the variables. Most methods will 
therefore limit themselves by considering a few of the characteristics mentioned above in 
estimating loss of life. In the text below the results of an extensive study of literature on 
loss of life models for floods are summarized. For every method a brief description is 
given of the methodology, the hydraulic and area characteristics taken into account, and 
the field of application (for example dam-break or river flood).  

By Waarts (1992) two relations between the water depth and mortality are derived from 
data from the 1953 flood, in which a storm surge on the North Sea inundated a large part 
of the South West of the Netherlands and caused 1800 deaths. 

3 1.16.
1 0.665.10 . h

h e−∂ =  

3 1.27
2 0.4 10 h

h e− ⋅∂ = ⋅ ⋅  
where: 
δh,i mortality: fraction of the inhabitants of the area drowned (i=1,2) 
h water depth (metres) 
Mortality rises rather quickly for water depths above 5 metres. This effect can be 

explained by the fact that most houses will be completely flooded above these depths. A 
limitation of this method is that the relations only based on data from one event, the 1953 
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flood. It can be questioned whether the circumstances during that flood and the 
characteristics of the area during that time still represent the current situation in the 
Netherlands. For example building strength and warning systems may have undergone 
many changes since 1953.  

In the current “Standard method for predicting damage and casualties as a Result of 
Floods ”(HKV, 2000) loss of life due to a river of coastal flood in the Netherlands is 
modelled by the following relation:  

0fng =                             For h < 3m or v < 0.3 m/hr 

    1fng =                              For h > 6.25m and v > 2 m/hr 

( (8.5 exp(0.6 6) 0.15, 0),1) ( (8.5 exp(1.2 4.3) 0.15, 0),1)f MIN MAX h MIN MAX vng = ⋅ ⋅ − − ⋅ ⋅ ⋅ − −

where: 
fng mortality (probability of drowning) 
v rate of rising of the water (metres / hour) 
The function is based on the analysis of Waarts of the 1953 flood, the derivation of the 

effect of the rate of rising of the water is given in (van Manen, 1994). The mortality as a 
function of h and w is shown in Fig. 2.  
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Fig. 2   mortality (fng) as a function of water depth and rate of rising (HKV, 2000) 
 

The method includes the same limitations as the functions of Waarts. Moreover the 
outcomes of the calculations, i.e. number of fatalities, are influenced to a large degree by 
the value chosen for the rate of rising of the water.  

Based on observations of the 1953 floods in the Netherlands a model is developed by 
TNO (Vrouwenvelder, 1997) for sea and river floods. The model takes into account three 
causes of drowning: the collapsing of buildings nearby the dike breach, the collapsing of 
buildings caused by wave attack, and other causes of drowning.  
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It is observed that houses are washed away due to high stream velocities nearby 
breaches. The fraction of people that drown due to this effect is modelled by:  b bP f⋅
where: 

Pb probability of dike breach nearby a residential area 
fb the fraction of houses at dike breach that is washed away due to high stream 

velocities (it is assumed that the area destroyed has a surface of the quadrate of 
the width of the breach)  

The number of fatalities caused by collapsed buildings due to wave attack can be 
modelled with the relation derived by (Waarts, 1992), which is based on an analysis of the 
structural strength of buildings: 

ss fP ⋅   and   rdf s ⋅⋅⋅= − 8.1310α

where: 
Ps probability of storm (1 for a coastal flood, 0.05 for a river flood)  
fs probability of collapsing of a building given a storm 
α material factor  
d flood water depth in metres 
r shelter factor, for a further explanation see (Vrouwenvelder,  1997) 
The loss of life  due to other causes is modelled by the relation (fng) as is included in the 

standard method. The total number of fatalities can be found by analysing every segment 
of the area for the three causes of drowning and by summing up the results: 

( ) iN f P f P f fngd b b s s= + ⋅ + ⋅ ⋅ −∑ (1 )Ne  

where: 
Nd number of fatalities for a certain flood 
fe fraction of the people evacuated 
Ni number of inhabitants for a segment of the area i 
No further description of the evacuation factor is given in the report, while this might 

have a significant effect of the total loss of life.  
For determination of loss of life for sea and river floods in the Netherlands another 

method is proposed in (Jonkman, 2001). The first function of Waarts is used to determine 
probability of drowning as a function of the water depth for a given flood pattern: Pd|i(h). 
Also proposed is a relation to take into account the effects of high stream velocities on 
buildings and humans. The function is based on the results of tests aimed to predict 
human instability in flood flows conducted by Abt et al (1992). Critical velocities as 
found in these tests seem to correspond quite well with critical velocities for buildings as 
reported in (Waarts, 1992). Therefore the following function is assumed to represent 
mortality both for people in- and outside buildings due to high stream velocities: 

| ( ) ( | )d i cr N
uP u P u u i µ
σ
−= > = Φ 

 

  With   µ = 1.8 m/s      and      σ = 0.48 m/s 

where: 
u  stream velocity (m/s) 
Pd|i(u) probability of drowning as a function of u, given flood i 
P(u>ucr|i) probability that stream velocity u is larger than the critical stream 

velocity (ucr), in which people drown given flood i 
ΦN(x) normal distribution of variable x 

Also a simplified model for evacuation is introduced. The probability of a successful 
evacuation or flight is assumed to be a function of the time available for evacuation.   
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where: 
t  time available for evacuation (hours) 
20  constant (hours) 
Pe|i(t) probability of a successful evacuation as a function of evacuation time 

for a given flood pattern i 
P(t>tcr|b) probability that t is larger than the critical evacuation time (tcr) given 

flood pattern i 
Evacuation time, water depth and stream velocity will all be a function of the location 

inside the area. It is also assumed that drowning through water depth and stream velocity 
are disjunct events. The probability of drowning in a flood i given an evacuation can be 
written as: 

| , | | |( , ) (1 ( ( , ))) ( ( ( , ) ( , )))d i evac e i d i d iP x y P t x y P u x y P h x y= − ⋅ +    | , ( , ) 1d i evacP x y ≤

 
 
 

0.05 ( , ) ( ( ( , ) ( , ))))| |
t x ye P u x y P hd i d i

− ⋅= ⋅ + x y

By Brown and Graham (1988) a function is proposed to estimate loss of life for dam 
breaks as a function of the time available for evacuation: 
   0.5 P  for w < 0.25 hrs 
 L =  P0.6  for 0.25 hrs < w < 1.5 hrs 
   0.0002 P for w > 1.5 hrs 
where: 

L loss of life 
P population at risk  
w warning time (hours) 
The procedure is derived from the analysis of 24 major dam failures and flash floods. 

The formulas show severe discontinuities. For example for P = 10.000 the loss of life 
jumps from  251 to 5000 at w = 0.25 hrs, and then jumps from 2 to 251 at w = 1.5 hrs.   

DeKay and McClelland (1993) distinguished “high lethality” floods, for example in 
canyons, and “low lethality” floods, for example on a flood plain. The following relations, 
again a function of population and evacuation time, have been proposed.  

    for “high lethality” 1)012.4838.3(513.0 )207.51( −−+= wePPL
1822.0513.0 )207.51( −+= wePPL                   for “low lethality” 

In both functions loss of life decreases very quickly when warning time is increased.  
By Graham (1999) a framework for estimation of loss of life due to dam failures is 

presented. Recommended fatality rates are provided based on the flood severity, the 
amount of warning and the understanding of the population of the flood severity. 
Quantitative criteria for flood severity criteria are given in the form of water depth and the 
depth – velocity product. Three categories of warning time are distinguished: no warning, 
some warning (15 – 60 minutes) and adequate warning (> 60 minutes). The understanding 
of the flood is determined by the fact whether warning is received and understood by the 
population at risk. The recommended fatality rates, based on the classification in the three 
categories of 40 historical dam breaks, are shown in the Table 1. 
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A similar method, following the principles of Graham, is developed in the Rescdam 
project (Reiter, 2001). The approach of Graham is supplemented with factors considering 
the vulnerability of the area and its population. Also an extra factor for the warning 
efficiency and the effect of rescue actions is taken into account.    

The models mentioned above approach the problem of determining loss of life on a 
macro-level. Most of the relations obtained are based on statistical analyses of data from 
historical floods. In literature another type of methods can be found which considers the 
problem on a more detailed level and focuses on the mechanisms of drowning.  

 
Table 1  Fatality rates derived for dam breaks as a function of flood severity, amount  

of warning and understanding of the flood severity (Graham, 1999) 
Fatality Rate 

(Fraction of people at risk expected to die) Flood Severity Warning Time 
(minutes) 

Flood Severity 
Understanding Suggested Suggested Range 

no warning not applicable 0.75 0.30 to 1.00 
vague 15 to 60 precise 
vague 

HIGH 

more than 60 precise 

Use the values shown above and apply to the number of 
people who remain in the dam failure floodplain after 
warnings are issued. No guidance is provided on how 
many people will remain in the floodplain. 

no warning not applicable 0.15 0.03 to 0.35 
vague 0.04 0.01 to 0.08 15 to 60 precise 0.02 0.005 to 0.04 
vague 0.03 0.005 to 0.06 

MBDIUM 

more than 60 precise 0.01 0.002 to 0.02 
no warning not applicable 0.01 0.0 to 0.02 

vague 0.007 0.0 to 0.015 15 to 60 precise 0.002 0.0 to 0.004 
vague 0.0003 0.0 to 0.0006 

LOW 

more than 60 precise 0.0002 0.0 to 0.0004 
 
A very detailed study in which many causes of drowning are considered is undertaken 

by the Utah State University Institute for Dam Safety Risk Management (McClelland, 
1999). In this study the basic variables for a flood are identified and their value for 
empirical prediction of loss of life is analysed with data from a large number of floods. 
The understandings and results from this study are intended to provide a foundation for an 
improved life-loss estimation model.  

The specific problem of instability of people in flood flows is studied by Abt et al 
(1989). A series of human subjects were placed in a flume and tested to determine the 
velocity and depth of flow which caused instability. A relationship has been derived to 
estimate the product number (P.N.) of water depth and velocity, at which a human subject 
becomes unstable as a function of the height and weight of the subject:  

20.022.(2.2 / 25.4) 1.09. . 0.0929 G LP N e + + =    

where: 
P.N. product number of stream velocity and waterdepth (m2/s) 
G weight of the person (kg) 
L length of the person in (m) 
By Lind and Hartford (2000) theoretical relations for the stability of three mechanical 

models, representing the human body, in flood flows are derived. Due to similarities in 
the three functions the following empirical function for the stability of persons in flood 
flows is proposed, which is calibrated with the results of the tests by Abt et al:   
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0( , , , ) 0Z K G h u K G h u= − ⋅  

where: 
Z(K0,W,h,u) Stability failure function 
K0  Constant with an average value of 0.10 kg-1/2 m2 sec-1 and a variation 

coefficient of 0.18, for derivation see (Lind, 2000) 
By Green (2000) hazard criteria for loss of life due to the combination of stream 

velocities and water depth are given for people wading through water, cars in flows and 
buildings in streaming water. Similar, but more qualitative, relations for the judgement of 
human stability as a function of water depth and velocity are given by U.S. Bureau of 
Reclamation (1988).  

British Columbia Hydro (Hartford, 1997) has developed a procedure for the estimation 
of loss of life due to dam failures. The algorithm takes into account the hydraulic 
characteristics of the flood, the presence of people in the inundated area and the 
effectiveness of evacuation. Calculations result in different values for loss of life for 
different times of the year, week and day. The assumptions in the model are mainly based 
on experts judgement and are to a limited extent supported by research results. A more 
advanced version of the model, expanded with two dimensional flood modeling and more 
extended drowning mechanisms, is described by Assaf and Hartford (2001). Drowning 
can occur in three different states of presence: when the building in which a person stays 
is destroyed, when a person walking outside is overwhelmed by the water, or when a 
person fleeing in a vehicle is overwhelmed by the water.  
 
3. CASE STUDY: APPLICATION OF METHODS 

To study the applicability of the described models for the specific situation in the 
Netherlands a case study has been performed. For a selected flood of an area in the 
Netherlands loss of life calculations have been made with the models. The studied area, 
"Betuwe, Tieler- en Culemborger Waarden" (BTCW), is situated in the eastern part of the 
Netherlands and measures about 80 by 25 kilometres. The polder is inhabited by 
approximately 360.000 persons and has an estimated economic value of about 40 billion 
Euros. It is threatened by river floods, in the north by the Lek river and in the south by the 
Waal river. Dikes that surround the whole polder (or dike-ring as it is called in the 
Netherlands) achieve protection against high water. A two dimensional flood simulation 
has been made for a dike breach near the city of Nijmegen. The following output of this 
simulation is used: the maximum water depth, the maximum stream velocity, the time 
after breach that the water reaches a certain location. However, due to the nature of the 
various models and the available flood data it was not possible to determine loss of life 
with all of the models described above. In table 2 the results of the calculations are 
shown. 

The models developed for dike breaks in the Netherlands (waterdepth relations h1 and 
h2, Standard method and the model of Jonkman) give outcomes of the same magnitude. 
This can be explained by the fact that these models are calibrated with (the same) data of 
the 1953 flood in the Netherlands. The models developed for dam break (Graham, Brown 
& Graham) give relatively low values of loss of life due to the large evacuation time 
available. Application of two of the stability relations (Abt et al, Lind and Hartford) for 
people in flood flows results in high number of fatalities, when it is assumed that all 
inhabitants are present outside in the flood flow. Although unrealistic, the fact that most 
people will be inside their houses during the flood  is not taken into account. The 
differences in outcomes between the three groups of models (Dutch dike break models, 
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dam break models and stability functions) are very large. A further interpretation is given 
in the next section. 
 

Table 2  Loss of life calculations for a flood of the Betuwe Tieler- en Culemborger 
Waardenwith various models 
Model Loss of life fraction of population 

H1 (Waarts, 1992) 23.792 6.6% 
H2 (Waarts, 1992) 23.861 6.6% 
Standard method 5236 1.5% 
Jonkman 2074 0.6% 
Graham 720 – 7200 0.2% - 2.0% 
Brown & Graham 72 0.02% 
Abt et al 36.461 10.1% 
Lind and Hartford 87.564  24.3% 

 
4. CONCLUSIONS 

The modelling of loss of life caused by floods is a complex problem. Our understanding 
of the matter is still limited: many factors influence loss of life and the insight in these 
factors, the underlying processes and causes of drowning is still lacking. Furthermore 
little suitable data is available from historical floods for calibration of developed relations. 
In this article an overview is given of models that are used for the determination of loss of 
life caused by floods. The models studied can be classified into two types, empirical and 
physical models.   

Empirical models are based on a statistical analysis of historical information. From 
historical flood records relations can be derived between the characteristics of the flood 
and the fraction of the people at risk that will lose life. Physical models are based on the 
analysis of the physical processes during a flood (for example instability of people in a 
flood flow and the structural strength of buildings) or the simulation of behaviour during 
a flood (for example evacuation simulation). Also models are found which combine 
elements from both methods. An example is the method proposed by TNO, consisting of 
an empirical part: a statistical function of loss of life and a physical part: the modelling of 
collapsing of buildings with relations.  

Depending on the flood type and type of area different variables will be most 
significant in predicting loss of life. Three fields of application can be distinguished. In 
the Netherlands some models are developed to predict loss of life for sea and river floods. 
These methods are calibrated with data from the 1953 flood in the Netherlands. In the 
USA and Canada some relations for assessing loss of life for dam breaks are developed, 
in which the most important variable is the time available for evacuation. These relations 
are based on analysis of historical dam breaks (Brown, deKay, Rescdam) or provide a 
simulation of the relevant processes (BC Hydro). Also some relations for predicting 
human stability in flood flows, based on tests in flumes, have been found. In table 3 an 
overview is given of the models described in this paper, their field of application, the 
hydraulic characteristics which are taken into account, and their type (physical or 
empirical). 

In order to study the applicability of the models for flood fatality calculations in the 
Netherlands some of the methods have been applied in a case study to estimate loss of life 
for the flood of an existing area in the Netherlands. The differences in outcomes between 
the three groups of models (Dutch dike break models, dam break models and stability 
functions) are very large and can be explained by the fact that for different fields of 
application different flood characteristics will be relevant in determining loss of life. This 
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is the reason why models developed for dam break cannot directly be applied for a dike 
break in the Netherlands and vice versa. 

Finally it can be concluded that the studied models are not a sufficient basis for a 
reliable estimation of loss of life caused by floods in the Netherlands. A very important 
factor which is missing in some of the currently used models and has to be taken into 
account in loss of life modelling is an evacuation. Also insight in the causes of drowning 
and the empirical relation with flood characteristics is not sufficient. Following these 
conclusions a framework for the development of  a loss of life model for the situation in 
the Netherlands is suggested in the next section.   

 
Table 3 Overview of the models and their main characteristics and type 

(emp = empirical, phys= physical) 
  Flood characteristics   

Model field of  
application 

Water-
depth 

Stream-
velocity

Rate of 
rising

Evacuation 
time 

Type 

Waterdepth relations by 
Waarts, H1 and H2 

NL: dike break +    Emp 

Standardmethod NL: dike break +  +  Emp 
TNO NL: dike break + + + (+) Emp / phys 
Jonkman NL: dike break + + + + Emp / phys 
Brown & Graham dam-break    + Emp 
DeKay & McClelland  dam-break    + Emp 
Graham dam-break (+) (+)  + Emp 
Rescdam, Reiter  dam-break (+) (+)  + Emp 
Abt, Witler, Taylor general + +   phys 
Lind, Hartford general + +   phys 
Green, FHRC general + +   phys 
BC Hydro  dam-break +   + phys 
BC Hydro Life Safety Model dam-break + + + + phys 
Poldevac NL: dike break    + phys 
 
5. SUGGESTED APPROACH FOR LOSS OF LIFE MODELLING 

In this final section the framework for the research program on loss of life in the 
Netherlands is given, as it will be executed by the Road and Hydraulic Engineering 
Division. Firstly general data from about 1300 floods, as included in the CRED 
International disaster database (The database is maintained by the Centre for the Research 
on the Epidemiology of Disasters, http://www.cred.be/emdat/intro.html), is analysed. It is 
investigated whether differences in mortality (fraction of the inhabitants that does not 
survive a flood) for different types of floods (for example flash flood or coastal flood) and 
different regions can be found. Results of this analysis will be presented in a future paper. 
However, the results of the database analysis are not suitable for a more detailed 
estimation of loss of life. Therefore a framework for further studies is developed based on 
the conclusions of section 4.  In the assessment of loss of life two relations have to be 
considered. One relation to take into account the effect of evacuation, describing the 
presence of the inhabitants as a function of time after flooding (evacuation relation), and 
one relation which combines hydraulic characteristics and the presence of inhabitants in 
order to determine loss of life (drowning relation). The two relations are shown Fig. 3.  

 204



      
 

 
In the year 2002 eff

more insight in the flo
evacuation will be dev
the standard method, w
years (2003 – 2005) 
evacuations during flo
inhabitants has to be ta
a person present in a 
different states of pre
These drowning relatio
from floods abroad a
incorporation of the d
hazards in the Netherla
global problem. There
will be necessary. The
foundation of a better u
 
ACKNOWLEDGEM

First author’s research
Ministry of Public Wo
to thank Matthijs Kok 
 
REFERENCES 
Abt, S. R., Wittler, R. J., and

proceedings of the 1989
society of civil engineers

Assaf, H., and Hartford D. 
decision making, 2001 

Brown, C. A., and Graham W
1303-1309, 1988 

DeKay, M. L., and McClell
based approach, Universi

Graham, W. J. A procedure f
Green C. Assessing vulner

Centre, 2000 
Münich Re group, Topics 20
Hartford, D. N. D., Assaf, H
HKV lijn in water; N. Vri

Damage and Casualties a

 

Fig. 3  Framework for loss of life modelling in the 
orts will focus on collection of relevant literature and data to gain 
od processes and the causes of drowning. A model for preventive 
eloped and the currently used loss of life model in the Netherlands, 
ill be re-calibrated with data from floods abroad. In the following 

a more detailed evacuation model will be developed, including 
ods. In the final loss of life model the state of presence of the 
ken into account. Chances of surviving will differ greatly between 
house and someone outside in the water flow. In the final model 
sence will be identified with accompanying drowning relations. 
ns for different states will be obtained from data and observations 
nd experiments. Last step in the research program will be the 
eveloped model in the full risk assessment framework for flood 
nds. Finally it can be stated that loss of life caused by floods is a 

fore, in the further study on loss of life, international collaboration 
 exchange of ideas, experiences and data from cases will lay the 
nderstanding and prevention of loss of life caused by floods. 

ENTS 

 is supported by the Road and Hydraulic Engineering Division, 
rks and Water Management of the Netherlands. The authors wish 
and Stephanie Holterman for their contributions to this paper. 

 Taylor, A. Predicting human instability in flood flows, In: Hydraulic Engineering – 
 National Conference on Hydraulic Engineering; Ports, M.A. (ed.); 1989 American 
 
N. D. Physically-based modeling of life safety considerations in water resources 

. J. Assessing the threat to life from dam failure, Water resources Bulletin, 24(6): 

and, G.H. Setting decision thresholds for dam failure warnings: a practical theory-
ty of Colorado, Boulder, 1991 
or estimating loss of life caused by dam failure, report DSO-99-6, sept. 1999 
ability to flooding, working document published by the Flood Hazard Research 

00 – Annual review: Natural catastrophes 2000 (www.munichre.com) 
., and Kerr, I. R. The reality of life safety consequence classification, 1997 
sou van Eck; M.Kok; A.C.W.M.Vrouwenvelder, Standard method for Predicting 
s a Result of Floods, 2000  

205



Jonkman, S. N. Overstromingsrisico’s: een onderzoek naar de toepasbaarheid van risicomaten (Flood risk: An 
analysis of the applicability of risk measures, in Dutch), Delft University of Technology, 2001 

Lind, N., and Hartford, D. Probability of human instability in a flooding: A hydrodynamic model, In: 
Proceedings Applications of statistics and probability; Melcher, R.E.; Stewart, M.G. (editors); Balkema, 
Rotterdam, 2000, p1151 

McClelland, D. M., and Bowles, D. S. Life-loss estimation: what can we learn from case histories?, Proceedings 
of the Australian Committee on Large Dams (ANCOLD) Annual Meeting, Jindabyne, New South Wales, 
Australia, November 1999 

Reiter, P. Rescdam: Loss of life caused by dam failure, the Rescdam LOL method and its application to 
Kyrkosjarvi dam in Seinajoki (summary of the final report), 19-6-2001 

U.S. Bureau of Reclamation, U.S.Department of the interior, Downstream hazard classification guidelines, Acer 
technical memorandum no. 11, 1988  

van Manen, S. E., Hartsuiker, G., van Gelder, P., and Kraak, A.  Inundatie in Limburg; een risico-beschouwing, 
Deelrapport 9, Schademodellering, Onderzoek Watersnood Maas, (in Dutch), Ministry of Transport, Public 
Works and Water Management, 1994 

Vrouwenvelder, A. C. W. M., and Steenhuis C. M. Tweede waterkeringen Hoeksche Waard, berekening van het 
aantal slachtoffers bij verschillende inundatiescenario’s (Secondary flood defences in the Hoeksche Waard, 
calculation of the number of fatalities for various flood scenarios, in Dutch), TNO 97-CON-R0332, 1997 

Waarts, P.H. Methode voor de bepaling van het aantal doden als gevolg van inundatie (Method for determining 
loss of life caused by inundation, in Dutch), TNO, september 1992 

 206



Flood Defence ’2002, Wu et al. (eds)© 2002 Science Press, New York Ltd., ISBN 1-880132-54-0 

Abstract: This paper establishes a real-time assessment model (in cooperation with satellite remote 
sensing) that can be used in estimating flood damage losses for the southern water system of Haihe 
River in Hebei Province. Analysis and study of the regularity of the economic losses of 63.8 type 
and 96.8 type flood damage in the southern water system of the Haihe River also incorporated 
socio-economic development. Through this analysis and study, an effective way to make a quick 
assessment of losses from regional flood damages was identified. It also provides references for 
flood relief decisions made by the government and charge ratios utilized by insurance companies. 
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1. SENSE OF REAL-TIME ASSESSMENT 
Flood damage has always been a serious hidden issue in China. With the rapid 
socio-economic development, the per unit area of fixed assets increases constantly and the 
corresponding per unit area losses increase after the occurrence of a flood event. This 
trend makes it increases the urgency to identify areas that can not sustain flood related 
losses. Therefore, the government needs to be able to make timely and thorough 
assessments of regional flood damage potentials at different levels to if it is to utilize 
scientific management in flood relief efforts. 

Traditional statistical data of economic loss are collected by professionals after the 
occurrence of a flood event. If loss data is not timely and reference materials for 
government agencies are no accurate, then emergency decisions that need to be made will 
be faulty. Under these scenarios, real-time assessment providing immediate and accurate 
data gives leaders the vital information necessary to make clear decisions in fighting and 
flood relief planning. Real-time assessment also provides assurance companies value 
information with which projections and planning can be made.  

2. CURRENT DOMESTIC AND EXTERNAL ASSESSMENT PROBLEMS THAT 
THIS STUDY WILL ADDRESS 

Assessment of flood damage losses is a difficult problem all over the world. Currently, 
only a few developed countries have made progress in this effort. For instance, in the 
USA, flood insurance is used by every family and so loss data can be gotten directly from 
the insurance companies after flood. In Japan, there are information networks in place for 
investigation on flood damage. Loss data is gathered through these information networks 
after flood and assessment measures can be decided and implemented much more 
efficiently.  
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China began very late in the study and assessment of flood damage losses. It began in 
the late 1980’s and has made steady progress during in that 10 year period. However, up 
to now there has been no consistent method of assessment in common use. The main 
cause for this is the weak basic research and compounded by the complexity of flood 
damage itself. 

Study on real-time assessment models used in regional flood loss estimates is important 
and needs to be strengthened. Usually catastrophic flood loss is caused by flooding at the 
basin level. This type of flooding covers a wide area affect a diverse cross section of 
environments and socio-economic situations. This diversity makes it difficult to compile 
consistent statistics for use in timely flood damage assessment. In spite of the difficulty, 
flood loss data is still urgently needed by authorities during after flooding to make 
effective decisions. This study describes a new way to make a real-time assessment of 
flood losses that combines macro and micro methods to establish a real-time assessment 
model that can be relied on. 

3. BASIC TRAIN OF THOUGHT FOR THE ESTABLISHMENT OF A 
REAL-TIME ASSESSMENT MODEL 

To be practical, the model should meet the following two demands, the first is that the 
assessment results should be acceptable and the second is that real-time assessments 
should accurately reflect the final total.  

3.1 How to make the assessment results acceptable? 
The first step is to insure that data sources provide accurate data; the second step is 
insuring that the assessment process follows the best scientific practices available.  

The data used in this study are mainly from investigations and reports of flood damages 
in Hebei Province. Specific sources are Socio-economic Statistics Yearbooks (formally 
published) and Hebei Province Water Conservancy Yearbooks. Both sources are known 
for reliable and accurate reporting.  

The assessment method adopted in this study can be referred to as the “flood damage 
repeat method” or “historical model method”. Analysis refereed to economic losses 
caused in different years when historical flood events occurred and comparison of flood 
damage loss changes. 

3.2 How to realize real-time assessment? 
Real-time assessment model standards need to be established. The curve that a 63.8 type 
and a 96.8 type flood loss create was established through analysis and study on the 
regularity that a 63.8 type (once in fifty years) and a 96.8 type (once in twenty years) 
flood damage in the southern water system of Haihe River, Hebei Province. Based on the 
data, a 63.8 type and a 96.8 type flood, damages can be forecasted in the future. Real-time 
assessments can also be made with different frequencies and numerical values inserted 
into the formula as needed. Secondly, current techniques depend on satellite surveys and 
computer modeled information (data bases, GIS, system integration, etc.). 

4. CASE INTRODUCTION ON THE REAL-TIME ASSESSMENT MODEL 

4.1 Method and Steps for the Establishment of the Model 
Select a typical flood year (63.8 type and 96.8 type flood in the southern water system of 
the Haihe River was selected in this paper) and collect and sort types of property loss data 
during typical years (63.8 and 96.8). Flood damage loss data in August of 1963 was based 
on numbers produced by the Hebei Provincial Water Conservancy Department. Flood 
damage loss data in August, 1996 verified by the State Flood Proof Headquarters and 
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collected by the Hebei Provincial Flood Proof and Drought Resistance Office in 1996. 
Decide repeat year. In assessment flood damage losses, economic data from the 

previous year is typically selected for use in calculation. Therefore, 1981, 1986, 1991, 
1996 and 2001 were selected as repeats years in this paper because readily available 
sources of comparative data were available for 1980, 1985, 1990, 1995 and 2000 (more 
complete in the Statistical Yearbook). 

Analyze all kinds of factors that influence changes in flood damage repeats and 
quantify them. The change coefficient of loss rates (namely the change rate of the loss rate 
for all types of properties), conversion coefficient of price index (2000 was selected as the 
base year for pricing) and the conversion factor of property value increase (namely the 
increase speed of the property) were selected as the quantified indexes that influence 
change in flood damage losses. Additionally, these factors can be determined respectively 
during the calculation of flood damage repeat. 

The property loss that results from a 63.8 type and a 96.8 type flood event in each 
typical year (1981, 1986, 1991, 1996 and 2001) can be calculated and the relation curve 
between the direct economic loss of 63.8 type and 96.8 type flood damage and property 
(GDP value in the southern water system of the Haihe River) functions can be established 
on the basis of the loss value in the base year of flood damage (1986 and 1996). Using this 
information, all kinds of influence coefficients determined. Then the real-time assessment 
models for flood damage losses can be gotten through repeating the process. 

4.2 Key Technology for the Establishment of the Model 
4.2.1 Standardization of Assessment Indexes 
At present, flood damage questionnaires, which include questionnaires about basic 
conditions in agriculture, forestry, animal husbandry and fisheries, industrial, 
communications, and water conservancy facilities are issued by the State Flood Proof 
Headquarter and are widely used in the flood proof offices of each province. To cooperate 
with this and also considering the common use of this model and the availability of data, 
the property losses reflected in this paper are divided into four types. These types are 1) 
Losses in agriculture, forestry, animal husbandry and fisheries 2) Losses in industry and 
communications 3) Losses in water conservancy facilities 4) Property losses and other 
losses of individuals in rural and urban areas. 
4.2.2 Data Sources for the Assessment Index 
Losses from a “63.8” type flood occurred in 1986. A “96.8” flood is calculated according 
to the statistics the losses in a “63.8” and “96.8” flood investigated by Hebei Provincial 
Water Conservancy Department in 1986 and 1996. The investigation on the flooded area 
of “63.8” flood made by Hebei Provincial Water Conservancy Department in 1994 (see 
Table 1). 

Table 1  Loss from the “63.8” Type Flood Occurred in 1986 and “96.8” Flood (Hundred million) 

Type of property Loss from “63.8” type flood Loss from “96.8” flood 
Loss in agriculture, forest, husbandry and fishery 44.99 104.738 
Loss in industry and communication 51.20 81.130 
Loss in water conservancy facilities 10.77 28.844 
Loss of rural and urban residents and other losses 128.82 76.438 
Total loss 235.78 291.150 
 
4.2.3 Quantification of Factors Influencing the Change of Flood Losses 
There are many factors that influence changes in flood damage losses. Factors such as the 
type of property, the components of all types of property and their change, the proportion 
of each loss in the total loss and the economic development level of the flooded areas all 
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play a role. The change coefficient of the loss rate, conversion coefficient of price index 
and the conversion factor of property increases are quantified and used in this paper to 
reflect all of the influential factors mentioned above. Each influential factor value can be 
determined with “63.8” type flood (as the values investigated in 1986 are used in this 
paper, 1986 is selected as the base year for a “63.8” type flood) occurred in 2001 
(1986-2001) as an example. 

4.2.3.1 Determination of the Change Coefficient of Loss Rate a 
With the economic development and the constant adjustment of structures, loss values 

change even when floods happening regularly occur in different years. The change value 
is the change coefficient of loss rate a, namely the change rate of the loss rate of all types 
of properties. Both formulas and experiences are used in this paper in determining the 
change coefficient of loss rate. 

(1) Determination of the change coefficient of loss rate in agriculture, forestry, animal 
husbandry and fisheries: 

a1=ηr/ηb 

of which,ηr and ηb are the total loss rate of all types of property in a repeat calculation 
year and the base damage year respectively. 
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On the basis of formula (1)，the calculation formula of the total loss rate in agriculture, 
forestry, husbandry and fisheries is as follows: 

ηt=（ka×ηa+kfr×ηfr+kh×ηh+kfh×ηfh）/（ka+kfr+kh+kfh） 

for which, ηis the total loss rate in agriculture, forestry, husbandry and fisheries in flood 
years and basic flood year.  
ηa,ηfr,ηh andηfh are the loss rates in the base flood year (1986) in agriculture, 

forestry, husbandry and fisheries respectively. 
Ka,kfr,kh and kfh are the proportion of output values for agriculture, forestry, husbandry 

and fisheries in the total output value in damage repeat year (2001) respectively.  
Based on information gathered by the Hebei Province in 1986, the loss rates from a 

“63.8” type flood that occurred in 1986 was 93.8% for agriculture and 13.2 % for forestry, 
husbandry and fisheries. The proportion for output values of agriculture, forestry, 
husbandry and fisheries in the total output value was 76.9:3.7 and 18.6:0.8 in 1985 and 
54.82:1.64 and 39.73:3.81 in 2000. 

The total loss rate in 1986 and 2000 can be calculated as follows on the basis of the 
loss rates of each type of property and their proportions.  

ηb=（76.9×93.8％+3.7×13.2％+18.6×13.2％+0.8×13.2％）/ 

（76.9+3.7+18.6+0.8）=75.2％ 

ηc=（54.82×93.8％+1.64×13.2％+39.73×13.2％+3.81×13.2％）/ 

（76.9+3.7+18.6+0.8）=57.4％ 

a1=ηc/ηb=57.4％/75.2％=0.763 
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(2) Determination of the loss rate in Industry and Communications（a2）: 
There are few adjustments to make in the structure of industry and communication, so 

1.0 can be used in a2 temporally.  
(3) Determination of the loss rate in water conservancy facilities (a3) 
The southern water system of Haihe River has improved as a result of the flood 

standards that were set in 1963. In 1939 and again Luanhe in 1962 the Hebei Provincial 
Flood Proof System drafted flood fighting guidelines regarding the “storage in upper 
streams, evacuation in the middle streams, drainage in the lower streams and appropriate 
detention”.  As a result of these guidelines, the effectiveness of loss prevention has been 
improved remarkably. However, during this time projects did go unfinished and poor 
engineering quality combined with aging and out of repair facilities have reduced the 
effective life of flood prevention projects to a 10 to 20 year span. The flood proof 
standards in cities don’t meet the once in 50 years standard with the exception of 
Tangshan Municipality and Shijiazhuang Municipality. A standout example of a city 
particularly vulnerable is Xingtai City which is estimated to have flood measures with a 
life span of no more than 10 years. Moreover, some cities and developing areas don’t even 
build basic protection works against flooding[6]. Even though investment in water 
conservancy facilities was increased since the floods in August of 1996, the results remain 
insufficient to defend against serious flooding. Therefore, it understood why the loss rate 
of water conservancy facilities was increased from 1986 to 2001. The change coefficient 
of loss rate can use 1.1 on the basis of the construction after 1996. 

(4) Change coefficient of loss rate of the family properties of urban and rural residents 
and others (a4) 

Family property of urban and rural residents includes buildings, factories, transport 
vehicles, furniture, household appliances, clothes and textiles, articles of everyday use, 
foodstuffs, livestock and poultry. The loss degree of family property from flood damage is 
not only related to the flood depth, flood duration and flow speed, but also the character 
and flood–enduring degree of these factors themselves. As many urban residents live in 
buildings that are two or more stories in height, their conditions did not change much from 
1986 to 2001. Therefore, the family losses were mainly experienced in outlying rural 
areas. Given the economic development, the character of buildings of rural residents have 
constructed in recent years has seen drastic change. Now constructed with more 
substantial bricks and concrete, these structures are far better able to withstand flooding 
than their sun-dried mud bricks predecessors. Therefore, in view of the improvement of 
buildings, the loss rate of rural buildings in 2000 fell from that of 1986. Correspondingly, 
the loss rates in other family property will see a reduction as well. However, distribution 
of buildings constructed with bricks and concrete has been uneven and in suburbs and 
scarce in the outer suburbs, so losses in outer suburbs will be higher than that in suburbs. 
Moreover, with the adjustment of crop patterns, as people move into empty flood plains 
that have not seen floods in years, creates serious damage potential as flood proof 
facilities meet minimum standards if at all and are in high-risk zones to begin with. In the 
event of a flood, losses will be very serious and cause a sharp increase the loss rates. 
Though these factors make calculations more complex, then general trend in damage loss 
is downward over time. It is estimated that the loss rate in 2000 will lower than in 1986, a4 
can use 0.8 as the loss rate. 

4.2.3.2 Determination of the Conversion Coefficient of Price b 
To enable the calculated results to be comparable, the price levels should be identical. 

In this paper, 2000 is selected as the base price year. According to the conversion of price 
indexes in Hebei Province, b value is 2.612 when the price in 1986 is converted to 2000. 

 

 211



4.2.3.3 Determination of the Conversion Factor of Property Increase c 
The conversion factor of property increase is the increase rate of all types of properties, 

namely the ration between the value in the report period (2001) hm and the value in the 

base period ho. 
0h

h
c m=  or (k is the mean increase rate of all types of 

properties) (Hao and Du, 1993) 

nkc )1( +=

All kinds of property values (fixed asset value) are scarce in the statistical data. 
Relevant indexes can be used to replace the increase rate of all kinds of properties. The 
data scope is among the seven municipalities and prefectures, namely Shijiazhuang, 
Handan, Yingtai, Baoding, Cangzhou, Langfang and Hengshui in the southern water 
system of Haihe River. The data averages of the whole province can be used to replace 
places without data at the prefecture level.  

The total output value in agriculture, forestry, husbandry and fisheries (in seven 
municipalities and prefectures) can be used to replace the property increase rate in 
agriculture, forest, husbandry and fisheries c1; 

The total output value in industry and communication (in seven municipalities and 
prefectures) can be used to replace the property increase rate in industry and 
communication c2; 

The increase rate of newly increased fixed asset (data at provincial level) can be used to 
replace the property increase rate of common engineering facilities c3. The fixed asset 
investments of individuals in rural and urban areas (data at provincial level) can be used to 
replace the property increase rate of individuals in rural and urban areas c4. All of the data 
mentioned above are unified at the price level in 2000. 

On the basis of the above principle, all kinds of factors influence values in a “63.8 ” 
type (the basic year is in 1986) and “96.8” type flood can be replaced and repeat and 
values for flood repeat can be gotten. 
4.2.4 Loss Calculation of Flood Repeat 
The formula to calculate all kinds of property loss in flood damage repeat is as follows: 

Y (calculated year)=Y (basic year) cba ×××  
The results when “63.8” type and “96.8” type flood damage repeat can be calculated on 

the basis of the above analysis and the value of a, b and c determined (see Table 2).  
4.2.5 Establishment of the Model 
The total loss that “63.8” type and “96.8” type flood repeat in each year can be gotten 
according to Table 3. GDP of the southern water system of Haihe River (including seven 
municipalities and prefectures) are shown in Table 4. With the total loss as ordinate and 
GDP (property values would be preferable but are currently unavailable) as abscissa. The 
relation curve between the direct loss and property can be established, the assessment 
model can be gotten through a power series as the fit curve (see Fig. 1). 

The above chart shows the curve of a “63.8” type (once in 50 years) and “96.8” type 
(once in 20 years) flood loss changes with property; the real-time assessment model of 
flood loss established by the author. Consulting flood frequency, the concept of flood 
damage frequency is introduced in this paper, where flooded area is used to control flood 
damage frequency. It is determined as “63.8” type flood (once in 50 years) when the 
flooded area is 2.982 million hectares (estimated data by Hebei Provincial Water 
Conservancy Department in 1994) and it is determined as “96.8” type flood (once in 20 
years) when the flooded area is 1.226 million hectares (estimated data by Hebei Provincial 
Water Conservancy Department in 1996). 
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Table 2  Total Loss When Flood Repeat and GDP[9]（Price in 2000） 

Damage Year Repeat Year GDP（X） Loss in Repeat Year（Y） 

1986 1981 449.90 342.37 

1986 1986 827.09 615.80 

1986 1991 1059.07 693.57 

1986 1996 2074.57 1242.19 

1986 2001 3746.74 1598.91 

1996 1981 449.90 78.91 

1996 1986 827.09 136.28 

1996 1991 1059.07 159.02 

1996 1996 2074.57 281.25 

1996 2001 3746.74 402.86 

 

Real-time Assessment Model of Flood Loss in Hebei Province
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Fig. 1  Quick Assessment Model of Flood Loss in the South Water System of Haihe River, Hebei Province 

4.2.6 Use of the Model 
With the model established above, losses can be directly gotten from the above curve 
when a flood with the same frequency (“63.8” type and “96.8” type flood) occurs in the 
southern water system of Haihe River. Losses can also be gotten from the above curve 
when a flood with a different frequency occurs through value interception. An appropriate 
intercepted curve can be selected on the basis of flooded area. The flooded area and flood 
scope can be gotten through remote satellite sensing. 

5. CONCLUSIONS 
(1) A new way to quickly assess flood losses in large areas is proposed; 
(2) Quick assessment can be realized in spite of data shortage by using the proposed 

model; 
(3) The model has proven popular and practical by experts in the field; 
(4) The technical method used in this model can be extended to other flood areas where 

basic data is available.  
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Abstract: The Western Niger Delta is an extensive low-lying area exposed to flood risk for several 
months during the year from excessive discharge from sediment-laden Niger River, high rainfall 
from the area and coastal storm surges. This study employs remote sensing data and GIS to 
delineate and classify the susceptibly of the study area to flood risk. Economic and social 
implications of regular seasonal flooding of the area were also considered. The results show that a 
total land surface of about 3183.45km2 lies below 5m and 1407km2 of this lies below 1m. 88 built 
up areas (30 % of the total) with total area of about 9.69km2, and 78.1km2 of cultivated lands are 
always at the risk of serious impact by seasonal flooding. Local adaptive strategies of the 
inhabitants was examined and environmentally sustainable and locally appropriate coastal zone 
management strategies for flood management in the study area are suggested 

 

 
Keywords: GIS, elevation, flood risk, land resources, coastal zone management 
 
1. INTRODUCTION 

Natural environmental hazards such as earthquakes, volcanoes, hurricanes and tornadoes, 
droughts, forest and grass fires, floods, landslide (mass wasting), etc are often commonly 
described as acts of God. However, Hewitt & Burton (1971) observed that it is important 
to establish the place of damaging events within the overall context of man’s ecology. 
This is because many of the natural elements that cause damage are under more normal 
circumstances sources of livelihood, and man’s activities are closely integrated in them. 

White (1974) defines natural hazard as an interaction of people and nature governed by 
the coexistence state of adjustment in the human use system and the state of nature in the 
natural events system. Extreme events, which exceed the normal capacity of the human 
system to reflect, absorb or buffer them, are inherent in hazard. An extreme event is taking 
as any event in a geophysical system displaying relatively high variance from the mean.  

Floods, which may be defined as unusually high rates of discharge often leading to the 
inundation of lands adjacent to the streams (Ward, 1975), is one of the commonest and 
most recurring environmental hazards or extreme events known to man. Globally, and in 
Nigeria in particular, widespread flood progressively cause devastating ecological havocs 
by destroying lives, properties, agricultural lands and social infrastructures (Fubara, 1987). 
The situation becomes even more critical where the area in question is susceptible to both 
seasonal flooding due to high discharge from the upland rivers, and coastal storm surges 
from the ocean. Such is the case in the Niger Delta coastal wetlands of Nigeria. 

This paper thus provides an insight into the flooding problems, flood risk and defense in 
a portion around the lower segment of the Forcados River in the western part of the Niger 



Delta. The objective of the study is to generate information about the land resources, 
human and social-economic infrastructures that are highly susceptible to flood risk in the 
study area and  recommend appropriate flood preventive, mitigation and adaptation 
strategies vis-à-vis the cultural and environmental perception of the local dwellers. 
 
2. THE STUDY AREA 

The Niger Delta is an extensive low-lying coastal wetland area sandwiched between the 
Atlantic Ocean (Gulf of Guinea) and the tropical rain forest belt of Nigeria. The area 
adopted for this study lies approximately between longitudes 50E – 60 E and latitudes 50 
N–50 30’N. It covers an area of about 3,500 square kilometers.  It is bothered to the west 
by the Atlantic Ocean. The major vegetation consists of freshwater swamps forest, 
mangroves, marsh, palm bush and tidal flats that are almost bare. 
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Fig. 1  Nigeria - drainage and the study area 

 
2.1 Relief, geology and drainage  
The study area falls into the sedimentary basin of West Africa. The area is virtually flat 
with few outcrops of the belt of post cretaceous sediments that are much younger around 
this area than the rest of the Niger Delta. This area, according to Wright, at al, (1985) is 
believed to have been formed from the growth of the Delta into the Gulf of Guinea 
following gradual retreat of the sea after a short-lived Paleocene transgression on to the 
late cretaceous coal measures. The soil consists of abandoned beach ridges near the coast; 
extensive mangrove swamps, wooded back swamps and freshwater swamps soils are 
found further away from the coast. The single dominant physical feature that has 
influenced all other physical-biological constituents of the study area (like the rest of the 
Niger Delta) is drainage. The Niger River produced intricately woven networks of creeks, 
rivers, rivulets, inlets and canals in the study area as shown in Fig. 1. The Forcados and 
Ramos rivers, which are distributaries of the Niger, are the major drainage systems within 
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the study area and all other small creeks; rivers and rivulets are connected to these major 
rivers. 

2.2 Flood regime in the Niger Delta 
Flood regime in the study area is influence to a high extent by 3 major factors which are: 
the discharge from the Niger river, the heavy annual precipitation (rainfall) around the 
study area, and the regular tidal movement and occasional storm surges from the gulf of 
guinea. The Niger River flows over a distance of 1,271km in Nigeria. It is a complex II 
regime river that receives input from several large tributaries of which the Benue is the 
most important in Nigeria. The Niger has two distinct flood seasons in Nigeria. According 
to Oyebande (1995), the first is the black flood that originates from the high rainfall areas 
in the headwaters at the Guinean highlands. The peak rate of discharge during this period 
is about 2000m3s-1. The second is the white flood with peak discharge of about 4000-6000 
m3s-1 and with lots of sediments. The white flood results from combination of high rainfall 
at headwaters and runoff from local tributaries in Nigeria, including Sokoto-Rima, 
Kaduna, and Benue and Anambra river systems. This peak discharge with a sediment load 
of about 40000x1000tyr-1 (Folorunsho, 1998) often reach the lower Niger around 
September/October when incidentally, rainfall at the study area is at its peak. The month 
of May to October represent those months with average monthly rainfall exceeding the 
long term monthly mean in the study area.  The Niger River records the highest amount of 
discharge between July and November with peak discharge reaching 19,000m3 in October. 
Correspondingly, peak stage height reading of 41ft is also recorded in October. Tidal 
movement and coastal storm surges often exacerbate this already grievous situation. Tidal 
information recorded at Forcados in the study area according to Dublin Green et al (1997) 
shows 1.402m, 1.128m, 0.152m, 0.823m and 0.427m for mean high water spring 
(MHWS), mean high water neap (MHWN), mean low water spring (MLWS), mean low 
water neap (MLWN) and mean mean sea level (MMSL) respectively. However, at violent 
tides and storm surges, mean high water spring could be as high as 4m. This cause back 
discharge to the distributaries thereby raising water levels and flooding of adjoining lands. 
 
3. METHODOLOGY 

Data and data sources - the data used for this study are:  Landsat TM satellite imagery 
acquired in March 1988,  (dry season), path 188 Row 56, with original spatial resolution 
of 30mx30m resampled to 25mx25m, Nigerian 1:50,000 topographic map sheets 
(Forcados 317 NW, NE & SE and Burutu 318NW,NE, SW and SE) were acquired from 
the Federal Surveys Department for the purpose of extracting the names of settlements 
and locations (by digitizing). They also serve as the base/ancillary data for interpreting the 
Landsat TM imagery. A DEM of the area produced from 1:250,000 map of the study area 
was also used.    

Procedure – A subset of the Landsat TM imagery created for the study area was 
imported into Arcview GIS 3.1 software. Image georectification, resampling, and 
enhancement was done using Image Analyst 1.1 extension.  The enhanced image was 
visually interpreted and classified into feature classes using the head-up digitizing method. 
This becomes important against the inherent limitations of the automatic (supervised and 
unsupervised) classifications methods at differentiating terrain features with highly similar 
or homogenous spectral reflectance characteristics (e.g. sand bar and built up areas on 
coastline) in such an environment like the study area. A one-meter interval contours were 
generated from a 90m posting (horizontal accuracy) DEM of the study area produced from 
1:250,000 topographic maps of the study area.  The one-meter interval contour was 
converted to a triangulated irregular network (TIN) surface using Arcview’s 3D Analyst. 
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The TIN was further converted into a GRID surface of 50mx50m. The GRID file was 
opened as an image analysis data and the image was classified into 30 categories (classes) 
using the Arcview’s Image Analysis extension. The resulting categorized image was 
vectorised using Arcview Spatial Analyst. The resulting vector layer (polygon) was 
overlaid with the vector layer (polygon) generated from visual analysis of the Landsat TM 
imagery. This was done to show extent of each area that falls within a given elevation 
value range. A query was also constructed to return the total areas and land resources at 
risk in areas that are <= 1m above sea level. 
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Fig. 2  Research Methodology 

4. DISCUSSION OF RESULTS 

The study area is about 3560km2 in extent. The area is typically low lying with elevation 
ranging between 0m and 13m above sea level, and the gradient decreases westwards 
towards the gulf of guinea as shown in the 3D scene of the area shown on Fig. 3.    

 
Fig. 3  3D scene of the Study Area 

 

 218



The major land use/land cover classes include built up areas, water bodies (rivers and 
lakes), mangrove, marshlands, swamp, cultivations/farmlands, thickets and secondary 
growths, palm bush and scrubland. The major land use of social importance – built up 
area/settlements and farmlands exhibit noted distribution patterns. While the settlements 
are located along the raised riverbanks and beach ridges, the farmlands are found along 
the river valleys, encompassing the settlements and along old river channels and 
meandered belts as shown on Fig. 4.   
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Fig. 4  Study area - Built Up areas, Cultivations and Farmlands 
 

A summary of the total area under each elevation category is shown on table 3. 
Excluding the areas covered by water bodies (rivers and ocean), about 3,183.45 km2 
(763039.2 acres) representing about 63% of the total study area falls under 5m elevation, 
while 1,407 km2 representing 28% of the area falls under 1m elevation. 

 
Table 1  Land surface under each contour surface 

MEAN_
LAYER SUM_AREA (sq m)

Area_Sq 
Km %

MEAN_
LAYER

SUM_AREA 
(sq m) Area_Sq Km % 

*0.00 1412030686 1412.031 28 3 73288129.2 73.2881 1.45 
0.04 11152082.5 11.1521 0.22 3.22 39035327.9 39.0353 0.77 
0.13 17625218.21 17.6252 0.35 3.45 44732030.6 44.732 0.89 
0.29 27112798.24 27.1128 0.54 3.7 54392649 54.3926 1.08 
0.5 36450525.81 36.4505 0.72 3.99 192931565 192.9316 3.83 

0.74 43163817.16 43.1638 0.86 4.15 40333628.4 40.3336 0.8 
1.0 1202276334 1202.276 23.9 4.35 44748645.2 44.7486 0.89 

1.19 69443860.63 69.4439 1.38 4.57 44817582.9 44.8176 0.89 
1.41 78282270.04 78.2823 1.55 4.79 41517140.7 41.5171 0.82 
1.63 81477145.95 81.4771 1.62 4.99 95487046.4 95.487 1.9 
1.83 76369008.76 76.369 1.52 5.25 26634797.7 26.6348 0.53 

2 752398548.4 752.3985 14.9 5.77 89454450.7 89.4545 1.78 
2.28 43900688.4 43.9007 0.87 7.63 220831664 220.8317 4.38 
2.54 38300433.64 38.3004 0.76 13.76 105976810 105.9768 2.1 
2.77 34220114.93 34.2201 0.68     

*Include part of the ocean 
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Furthermore, from the analysis of land resources data generated from the satellite 

imagery, there are 293 built up areas (settlements) covering about 37.8km2 (9350 acres), 
in addition to several hundreds of small villages and fishing camps that are not directly 
interpretable from the imagery. Cultivated lands accounts for 299km2 or 74118 acres 
representing about 6% of the total area. Water bodies accounts for about 1118km2 
representing 25% of the total area, while the rest is dominated by other land cover classes 
including mangrove, forest, palms and thickets. However, 88 of these settlements 
representing 30% of the 293 built areas with total area of 9.69km2 or 25.6% of the total 
area built up; and 78.1km2 or 26.1% of the total farmland area within the study area are 
lying within and below 1m elevation. In essence these land features and areas are always 
at the risk of inundation by flood year in and year out. 
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Fig. 5   Areas with elevation 1m and below 

 
5. ECONOMIC AND SOCIO IMPLICATIONS OF FLOOD PROBLEMS AND 

FLOOD DEFENSE STRATEGIES IN THE STUDY AREA  

Bruce, (1990) commenting on the probability of sea level rise as a result of global 
warming observed that 12-15% of Egypt’s arable lands and other densely populated low-
lying coastal areas and estuaries are susceptible to devastating inundations due to surges 
during coastal storms. The social and economic implications of the seasonal flooding of 
this study area for almost 6 months in the year are rather great. This comes in form of 
social dislocations, loss of economic activities and livelihood sources and yearly 
migration from the extremely low-lying to relatively higher grounds. Farmlands, Lakes 
and ponds (that serve as sources of drinking water), and fishponds and aquacultures   are 
also inundated, resulting in eutrophication of lakes and ponds, and therefore forced shifts 
in livelihood sources at flood seasons. Important towns such as Forcados, Burutu, Bomadi, 
and Ekeremor are among the acutely affected built up areas. The last three settlements are 
administrative headquarters, with each having a population of over 30,000 people.  The 
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study area is also part of the oil and gas fields of the Niger Delta with lots of oil and gas 
infrastructures in place. Though flooding problems in the area may not pose formidable 
problem to oil exploration and other activities, oil and hazardous chemical spillage, which 
is a regular pollution problem in the Niger Delta, can be exacerbated by the flood problem. 
Oil and chemicals travel faster on water than any other medium, and at high tide rapid 
cleaning response strategies are difficult to implement. Hence the probability of an oil 
spill being more devastating at flood season is quite high. This always causes social and 
health problems to the inhabitants.     

An important consideration is that the magnitude of flooding problem and terrain of the 
study area and the Niger Delta in general makes implementing hydraulic or construction 
based adaptive solutions such as raising/construction of dykes difficult and 
environmentally non-sustainable. The local inhabitants know so much about themselves 
and their environment, and this knowledge is being put to use. Over the years flood 
defense mechanisms has been implemented wholly through their knowledge and 
perception of the environment. Some of these defense mechanisms include the followings: 
Seasonal economy – the local people run a type of dual economy that is wholly controlled 
by seasons. Farming and fishing (plus other coastal resources allied industries such as mat 
making, gin bottling, boat making, etc) form the main economy. At periods of low flow 
usually Mid November to May, fertile alluvial raised beach ridges and riverbanks are 
intensively cultivated for vegetables, cereals, seasonal fruits and sometimes yam species. 
The crop calendar is arranged such that by the approach of the next flood season (high 
flow), the crops are ready for harvest. At peak flood season, the people shifts to full time 
fishing and other coastal resource based economic activities. In this case not much threat 
is posed to their food security.   

Appropriate technologies for local constructions – another major defense mechanism 
employed by the people is the mode, methods and materials of building constructions. 
Houses are usually or in most cases constructed with thatched palm fronds supported by 
strong mangrove trunks. These houses are also raised up to about 1m-1.5m above the 
ground level. At high flood level, paddle canoe becomes the only mobility source to reach 
these houses.  

Seasonal migration to higher ground – at high flood when most lakes and fishing ponds 
are inundated; some inhabitants especially of the extreme low-lying fishing camps and 
villages often migrate to the relatively higher grounds where new settlements are 
constructed. Some others, especially the virile young men do migrate to oil and gas 
construction sites and upland towns and cities such as Warri, Ughelli, Sapele and Port 
Harcourt in search of daily/monthly paid employment. Many of them migrate back to the 
swamp and coastal settlements when flood has considerably receded. 

 
6. RECOMMENDATIONS FOR SUSTAINABLE FLOOD MANAGEMENT IN 

THE NIGER DELTA 

The nature of the flooding problems and the difficult and sensitive edaphic components of 
the Niger Delta may not permit holistic hydraulic or engineering solution to the flood 
problem. Hence in addition to the various appropriate adaptive responses by the local 
people, an integrated coastal zone management approach to flooding problems is required 
for effective flood management in the study area and the Niger Delta. This should involve 
integrating the planning of waters of the Niger with its adjoining lands, i.e. planning water 
and water related land resources or coordinating the planning of the flow resource with 
that of the landscape element as observed by Falkenmark, (1983). There is therefore the 
need for sensitivity mapping of the Niger Delta with the view to classify and delineate the 
areas according to susceptibility and vulnerability to flood risk; as well as the human, 
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social, economic, cultural and ecological values at risk. There is also the need for land use 
and resource planning with the view to locate local coastal resources that will provide 
alternative viable income and livelihood sources to the inhabitants in areas where less 
ecological hazard risks are involved. As part of the integrated coastal zone management 
planning, more research should be conducted into the feasibility of the proposed dredging 
of the lower Niger River especially as it relates to flood conveyance and flooding 
reduction. More gauging stations and ocean parameters monitoring stations should be set 
up in the study area and the Niger Delta to enhance monitoring and better prediction of 
flood and flooding problems in the area. Such information if obtained at real time are 
capable of being converted into sophisticated systems for early warning (EW) information 
that can be disseminated to the inhabitants as at when necessary. Correspondingly, refuge 
platforms should be constructed in strategic areas closer to major human habitation. More 
information and education to the inhabitants on ways of improving local adaptive 
strategies is also necessary. Finally, a GIS databank to monitor, natural risk and hazard, 
land use and other planning activities in the Niger Delta is necessary. 
 
7. CONCLUSIONS 

This study has highlighted flood risk and hazard assessment, as well as local adaptative 
strategies in the western Niger Delta. Integrated coastal zone management strategies that 
require collaborative efforts from the local inhabitants, governments and international 
organizations are urgently required to forestall a probable flood disaster in the near future. 
With the probable increase in climatic variability, and its expected global warming and 
anticipated accelerated sea level rise, it is clear that there is the urgent need for capacity 
building towards sustainable adaptative and preventive flood management strategies to 
save the people and resources of the study area from future catastrophe.   
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Abstract: Flood damage assessment plays an important role in modern flood hazard mitigation. By 
analyzing the assessment process, three flood damage assessment modes of the fine scale mode, the 
medium scale mode and the macro scale mode are discussed in this paper. The fine scale mode is 
incomparable when evaluating flood losses of urban areas and benefit of single flood-control project, 
but its limitation is due to lack of necessary information esp. in China. The medium scale mode is 
very useful and widely applied in rapid flood damage assessment. Although, compared with the fine 
and medium scale mode, the macro scale mode is now insufficiently developed in China, it will be 
increasingly important in the macro-decision making of flood damage alleviation. Additionally, case 
studies of Guangzhou city and Huntai River are demonstrated as examples respectively in this 
paper. 

Keywords: flood damage assessment, scale, mode 

1. INTRODUCTION 

Among natural hazards, flood is a major source of disasters in China, where about 1/3 
cultivated land, 1/2 population and 2/3 assets are suffered from flood damage. 
Furthermore, the specific geographical location, and the action of the global warming 
including socio-economic and flood condition add complications to Chinese flood and 
water management. Flood damage assessment plays an important role in flood hazard 
mitigation in China. Since 1980’s much progress has been made in flood damage 
assessment model, embodying the broadening of the assessment idea, innovation of series 
of approaches and methodologies and improvement of the objectivity and rationality of 
assessment results. Research experiences show that flood damage assessments are heavily 
based on the estimation process. There will be three flood damage assessment modes with 
different scales according to the estimation process introduced in this paper, which 
recently have been widely applied to appraise flood damage of urban areas，flood 
detention areas and even basin areas in China. 

2. PROCESS OF FLOOD DAMAGE ASSESSMENT 

Flood damage is the result of flood action on human society, and reflects relationships 
between humankind and nature. Generally, there are two necessary factors resulting in 
flood hazard.  

(1) Disaster-forming factor and environment of disaster; 
(2) People and assets in the flooded area, called exposures. 
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 Not only flood natural characters but also social factors are taken into account in 
appraising flood damage. Natural characters are characterized by the time, the place, the 
area, the intensity and the overflowing process of flood. Socio-economic factors are 
depicted with population, family properties, industrial & commercial enterprises, 
agriculture and infrastructures of flooded area. As Fig1 showing, the assessment process 
involves, identifying flood natural characters by different methods and obtaining 
socio-economic factors from different sources, then through a computational model that 
employs standard loss-rate relationships data to estimate the total flood damage of flooded 
area. The spatial analysis is also an important step in the whole estimation. With a lot of 
information spatially located, the damage value and distribution can both be obtained. In 
each step, different scales can be chosen to accomplish estimation. From the viewpoint of 
the assessment scale, the flood direct damage assessment method can be divided into three 
modes: the fine scale mode, the medium scale mode and the macro scale mode. 

 

Spatial analyzing 

Economic investigation information 
Economic statistical information

Model simulating 
Remote sensing 
Flood cases analyzing

Flood cases investigation 

Fig. 1  Process for flood damage assessment 

Loss-rate relationship 

Flood losses 
(Value, spatial distribution)

Social-economic factors 
(Type, value, spatial 

distribution) 

Food natural characters 

(Intensity, frequency, spatial 

distribution)

3. FLOOD DAMAGE ASSESSMENT MODE OF FINE SCALE  

In this mode，the effect elements of hazard are analyzed thoroughly. First, flood characters 
such as submerged scope, water depth/level, velocity, duration and arriving time at 
different flood frequencies are reached by flood cases analyzing or flood simulation model 
simulation. The mechanism of flood simulation model is to solve the equations of 2D 
unsteady flow (Saint-Venant equations) using the calculus method of finite difference. 
The study region is divided into small grids according to the landform. The scale of the 
regular grids is taken as small as 500m×500m in urban area and some complicated 
landforming regions, and the water depth and velocity of each grid are calculated once 
every ten seconds approximately.  

To match the precision of flood characters, it is necessary that the socio-economic data 
collection units should be much accurate. In the existing statistical system of China, towns 
in rural areas and streets in urban areas are the smallest statistical units. If it is demanded, 
more detailed socio-economic data of villages or blocks are required in fine scale mode by 
special and representative investigations.  

The susceptibilities of different socio-economic sectors are various. In response to the 
flood loss rate analysis, the index system of socio-economic should have clear hiberarchy 
and detailed items. In the standards “regulation for economic benefit analysis calculation 
and evaluation of existing flood control projects” (SL206-98), there are ten sectors 
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introduced as top-level classes. It is obvious that this taxonomy is only suitable to rural 
areas. China is now urbanizing rapidly, more and more industrial and commercial sectors 
are developed. In some experts’ opinions, some new branches, such as transportation, 
postal & telecommunication service, storage, and educational institute etc., should be 
added to the top-level class. Furthermore, industrial sectors should be sorted into 
metallurgy sector, power sector, chemical sector, and machinery sector etc. Every branch 
can be detailedly sorted again by enterprise dimension into the large, the medium and the 
small, by management character into the national, the collective and the individual, or by 
loss sorts into fixed assets and circulating funds. So, an integrated socio-economic 
structure system could be established to match the assessment result. 

The spatial location of flood factors and socio-economic information is a necessary 
condition to objectively assess the flood damage. Using GIS technique, it is much 
convenient to analyze the natural and social-economic characters and establish 
relationships between them according to geography coordinate. In fine mode, the scale of 
digital maps is not less than 1/10,000, and layers of maps are needed to correspond with 
socio-economic sectors. 

Susceptibility analyzing is the key step in flood damage assessment. Usually flood 
loss-rate is taken to describe the susceptibility of exposures, which relates to the landform, 
the socio-economic development, flood intensity, flood intervals, flood forecasting, 
damage saving activities and so on. To a certain region, flood intensity is regarded as the 
prime element. In order to obtain flood loss-rate, loss-rate databases are firstly set up in 
term of assets sorts and properties respectively, then relationships between actual flood 
loss-rate and flood variables such as water depth, duration and velocity are established on 
the basis of historical and economical data, and other factors can be taken as adjustment 
parameters according to various backgrounds. The regression approach appears to be 
particularly useful for the refinement of data at disaggregated levels of flood variables.  

The successful application of the fine scale mode heavily depends on the fine-level 
damage data and high-quality, detailed-level hydraulic and hydrological information. 
Moreover, its calculation amounts are vast. Initially, this mode is applied to evaluate the 

to
to
to
to
to

Fig. 2  Distribution map of the maximum submerged depth  
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economic feasibility of different flood-control projects. Recently, with the high 
improvement of computer technique this mode is particularly useful for flood damage 
assessment of urban areas and main flood-protection zones due to the high calculation 
accuracy and comprehensive calculation results. Flood damage assessment of Guangzhou 
city is an example of this assessment mode. 

Simulating flood conditions by the equations of 2-D unsteady flow, the calculation area 
of Guangzhou City is 468km2 and features of rivers and topography are reflected with 
1,991 irregular grids. By the simulation model, each grid has its depth, duration, arriving 
time and velocity. Combined with GIS, flood variables are displayed on the digital map of 
1/10,000. Fig 2 is the distribution map of the maximum submerged depth with different 
color representing different water depth. Five types urban assets of Haizhu district are 
considered in this program. The loss-rate of urban assets under different water depths is 
showed as table1 and the duration and velocity are taken as the parameter to adjust all the 
data. Using the flood damage assessment model, we divided Haizhu district into 207 
blocks and calculate flood losses of all types in each block. 

Table 1  Flood Loss-rate of Urban Assets 

Water-depth（m） Assets type 
<0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 >3.0 

House 8.0 12.0 17.0 21.0 26.0 31.0 35.0 Dwelling First stair of building 3.0 6.0 9.0 12.0 16.0 19.0 22.0 
Family property 9.0 19.0 26.0 33.0 38.0 46.0 58.0 

Fixed asset 10.0 15.0 18.0 22.0 26.0 29.0 32.0 Industry 
enterprise Circulating funds  14.0 20.0 23.0 28.0 31.0 34.0 37.0 

Fixed asset 12.0 16.0 20.0 25.0 29.0 34.0 38.0 Commercial 
enterprise Circulating funds  16.0 21.0 25.0 30.0 34.0 39.0 43.0 
Engineer facilities 8.0 12.0 17.0 22.0 27.0 32.0 35.0 

4. FLOOD DAMAGE ASSESSMENT MODE OF MEDIUM SCALE 

This mode is widely applied in China. Actual experiences show that we usually have to 
instantly appraise potential or actual flood losses of extensive submerged areas. Due to the 
limitation of time, basic information, and calculation amount, it is impossible to adopt the 
fine scale mode. Since the medium scale mode can harmonize the contradiction of 
precision and calculation amount, so this mode is sound and feasible in dealing with the 
actual program.  

Although flood factors from simulation model is much comprehensive, it will take 
much time and efforts to collect the high-quality basic data. Besides hydraulic simulation 
model, four methods have been used to identify flood variables: (1) Establishing the 
relation curves or functions of water level and submerged areas, discharge and submerged 
areas, rainfall depth and submerged areas etc, and then by the regional hydrologic data 
identifying the submerged area. (2) Obtaining water-surface curve by applying 1-D or 2-D 
unsteady flow model or analyzing historical flood cases, and then combining the 
topographic data to establish the relationships between water level and submerged area in 
each section. Because of applying the historic data of actual floods to build the relation 
curves, these two methods are both reliable in identifying flood variables, but the 
precondition of them is that the potential flood is continuance of historical flood cases, 
which usually can’t be met because of the environmental changes such as new 
flood-control constructions. (3) Through flood volume that causes disaster to determine 
flood scope. (4) Remote sensing is proved to be an effective method to instantly identify 
the submerged scope of actual floods. Moreover, by remote sensing, the submerged depth 
can also be derived.  
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In the medium scale mode, the flood susceptibility of assets usually is described by the 
rank correlation between loss-rate and water depth. Other flood characters that can’t be 
reached easily by these methods are ignored temporarily. Towns are regarded as the 
smallest of socio-economic investigation units. Generally, yearbooks of county are 
satisfied. In the same way, classes of socio-economic can be simplified relatively such as 
farming, forestry, animal husbandry, fishery, industry, construction and commercial sector 
etc. If permitted, the division could be more detailed.  

This mode is usually applied in regions where information is deficient, research area is 
larger and socio-economic classes are simple, for example the region majoring in farming. 
The flood damage assessment of Huntai River is a typical example of the medium scale 
mode. The whole calculation area is about 358km2, Fig. is the water depth distribution 
map of 1995’ flood. Since it is the investigation result, the scale of water depth 
distribution is rather larger. It is an agriculture region, so only affected population and 
crops losses are considered. The relationship between loss-rate and water depth as 
followings: the loss-rate of crops is 80% when water depth less than 1m and the loss-rate 
of crops is 100% when water depth more than 1m. 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 3 Water Depth Distribution of Huntai River
 

5. FLOOD DAMAGE ASSESSMENT MODE OF MACRO SCALE 

After decade’s years of practice of flood hazard mitigation, people have recognized that, 
in order to solve flood issues and problems, the thinking of flood mitigation must be 
shifted from flood control oriented towards flood risk management oriented, and strategic 
study of flood reduction should be paid more attention from macroscopic view. Compared 
with the fine and medium mode, the research of the macro mode is quite deficient esp. in 
China. In this mode the assessment area is larger, usually taking a whole river basin as the 
study area. A river basin is a complicated system with capacious area, interlaced rivers, 
and numerous uneven developing economic sectors. If using the fine scale mode or 
medium scale mode, too many factors should be taken into account, so, the macro scale 
mode is the better choice to estimate the flood damage of river basins or even the whole 
country. Some experts figure out that it is satisfied if the result of macro assessment has 
proper magnitude and rational distribution. Although this opinion looks somewhat rough, 
it shows the specialty that macro mode is required to control the whole magnitude without 
too much accurate. 
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Considering the essential factors and rationally simplifying the process are the key idea 
of this mode. The following method are adopted currently:  (1) Using an index to 
describe the economic development of flooded area, such as GDP, gross output value of 
industry and agriculture and so on. Taking the macro flood loss-rate, the ratio of expected 
annual damage to GDP, as susceptibility. For example, the macro flood loss-rate of China 
is 2.24% in 1990’s;  (2) Following the idea of fine mode, determining the flooded area 
approximately by landforms or actual flood cases analysis. Using a set of synthetical 
indexes, such as per capita flood damage or per hectare flood damage, to describe 
economic development and assets flood susceptibility. These indexes are usually suitable 
for flood potential damage assessment and flood-control benefit analysis in rural areas. To 
the region where economic sectors are various and economic structures are complicated, 
adopting synthetical indexes will cause much deviation. Since synthetical indexes lie on 
economic development, flood intensity and the location of the study region, indexes 
should be adjusted according to the difference among them. (3) Remote sensing can also 
be used to evaluate the flood losses of river basin, but it has limitation when appraising 
potential flood losses. 

To the flood damage assessment of river basin, flood risk zoniation is a feasible 
approach. On the basis of flood spatio-temporal distribution, flood frequency, and damage 
degree, establish flood risk zone, objectively and sufficiently reflect the region difference 
and comparability of flood risk, and then carry out the research of flood characters 
analysis, flood damage assessment, flood risk estimation and measures designation in 
each flood risk zone to meet the requirement of macroscopic decision-making. 

6. CONCLUDING REMARKS 

The fine sale mode is incomparable when evaluating flood losses of urban area and 
benefit of single flood-control project. But the successful application of this mode heavily 
depends on the fine-level damage data sets, accurate spatial information, and detailed 
hydraulic and hydrological information. In China, establishment of high-quality, fine-level 
standard spatial, and hydraulic and hydrological information appears to be feasible, but 
collection the detailed flood damage data sets has some limitations. The scanty 
information is insufficiency to accomplish susceptibilities analysis of various exposures, 
which prevent the fine scale mode from being applied widely. So, the medium scale mode 
is the good choice currently in China. Although with complementarities of information 
and improvement of assessment techniques, in some way the medium mode is likely to be 
substituted by the fine mode, it’s merit of high efficient is still very useful in rapid flood 
damage assessment. The macro scale mode is now still on developing, econometric model 
and input-output model are likely to be used in flood loss modeling from the macro view. 
One unassailable thing is that macro mode research will be more and more important in 
the macro-decision of flood hazard mitigation.  

The above division based on assessment scale is my understanding from experience of 
flood damage evaluation. Of course, there are not rigid boundaries among these three 
modes. Seeing that flood damage assessment is very complicated, only keeping scales of 
natural characters, socio-economic factors and susceptibility analysis to match each other 
could ensure the precision of whole model, otherwise results will certainly not be sound 
because of uneven scales and methods. In brief, the choice of assessment scale and the 
assessment method should respect to the data sources, the assessment target, the execution 
feasibility and the specialty of research region. Only when data analyzing, parameter 
selecting and methods applying are reliable, could assessment results be very valuable in 
damage mitigation without the embarrassment of information deficiency. 
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Abstract: Based on the characteristics of flood control system in the middle reach of the Yangtze 
River basin, a multiple-input single output linear system model is proposed by using the principle 
and method of modern system engineering. Four inter-basins, Shashi, Luoshan, Hankou and 
Dongting Lake, are selected for flood simulation case study. The model is applied to these 
inter-basins and the simulated flood hydrographs are compared with those depicted from observed 
data. The results are satisfactory with high model efficiencies and low relative errors. The model 
will provide technical support and service for flood forecasting and flood dispatch decision as well 
as risk analysis in this region. The 1954 and 1998 large floods are chosen for prototype of the Three 
Gorges reservoir’s design flood. The risk of flood control system in the river reach of the Yangtze 
basin is analyzed based on the reservoir operation regulations and flood detention area management 
rules. It is shown that the construction of the Three Gorges Project will significantly reduce the 
flooding risk in the middle and lower river reach of the Yangtze basin.  

 

Keyword: flood control system, Three Gorges Project, flood simulation, risk analysis 

1. INTRODUCTION 

Large floods occurred continually in the Yangtze River basin during the 1990’s, 
especially the 1998 basin-wide larger flood, which caused great economic losses and 
property damage. Flood prevention and disaster reduction has become an important 
scientific research that is related to the national social and economic development. The 
Three Gorges Project (TGP) will bring about a considerable benefits for the flood control 
situation in the middle and lower river reach of the Yangtze basin. The flood control 
system of the Yangtze River, centered on the Three Gorges Reservoir (TGR) and assisted 
by embankments, regional flood diversion schemes and reservoir operation, can control or 
reduce flood damages greatly. However, the risk of the flood control system of the 
Yangtze River basin has long been a concern problem and still remains.  

To study the flood defend risk problem in the middle and lower river reach of the 
Yangtze River basin, the process of flood routing must be simulated accurately, 
combining with the optimum operation scheme of the TGR, to reflect the changes of flood 
in the river channel and the effect of storage and discharge from flood defend measures. 
The TGR has two designed operation schemes: one is compensation operation for the 
Jingjiang River reach; the other is compensation operation for the Chenglingji region. The 
former takes the water level of the Shashi hydrological station as controlling criterion, and 
regulates the flow in the Yangtze River under different conditions of inflow by operating 
on the TGR, to assure that the water level in the Shashi station is below the safety level. 
The latter do compensation operation according to the inflow from the Yichang to the 



Chenglingji intervening basin, in which the outflow discharge of the TGR is decided by 
the flow at the Chenglingji station, and thus it not only assure the safety for the Jingjiang 
River but also play an important role in reducing flood diversion in the vicinity of the 
Chenglingji region. The principals of these two schemes are to increase flood defend 
standards, to use as least as possible regional flood diversion and detention, and finally to 
make the floods discharge through the Yangtze River safely. 

2. STUDY AREA CHARACTERISTICS 

The middle and lower reach of the Yangtze River basin is not only a region where flood 
disasters occurred frequently but one that is highly populated and advanced in economy.  
Fig. 1 shows the schematic map of the Yichang-Hankou, and the Dongting Lake 
inter-basins of the Yangtze River. The Dongting Lake is a flood channel type of lake in 
conjunction with the Yangtze River through the Songzikou, Ouchikou and Taipingkou 
and other four rivers (Xiangjiang, Zishui, Yuanshui and Lishui), then regulates and 
discharges the water back to the Yangtze River. There are large flood diversion and flood 
detention areas in the Jingjiang and Chinglingji regions. Also embankment or dykes in the 
area may break to discharge flood that make the river-lake relationship very complex. All 
kinds of contradictions interlock together and consequently make the flood defend 
situation very difficult and thus the flood control system is considerably complicated 
(Zeng, 2001). 

 

 
Fig. 1  The schematic map of the Yichang-Hankou and Dongtinhu inter-basins of the Yangtze River 

Some research work has been carried out in recent years to study flood routing and 
simulation in this region. The Yangtze River Academy of Science (1994) introduced the 
one-dimensional hydraulic model to simulate flood from the Yichang to Wuhan river 
reach. The model has been tested with the 1993 and 1994 flood data and the results are not 
satisfactory. Nanjing Research Institute of Hydrology and Water Resources (1995) build a 
two-dimensional and unsteady flow model to simulate flood in the main river, river 
network, lakes and the dike-surrounded area. This method needs many hydraulic data that 
are difficult to get in practice. Li and Ni (2001) adopted a model combining hydraulics 
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and hydrology to simulate and study the floods in the Dongting Lake basin, and applied it 
on the 1980,1982 and 1995 large floods to consider the influence of sediment transport on 
water level. 

Although the precedents have accomplished much work and achieved some significant 
progress, flood simulation and forecasting precision still need further improvements due 
to the highly complicated water system in the middle reach of the Yangtze River basin 
and the Dongting Lake region (Zeng et al., 2001). This study applies the theory and 
method of system engineering, builds a multiple inputs single output system model, 
simulates and studies the flood routing, and accommodates technology support for flood 
forecasting, flood control operation decision making and risk analysis in this region. 

From the viewpoint of the system theory, the flow routing can be derived by the 
method of system simulation using the inflow data of the main river and tributaries and 
precipitation on the intervening basin. Take the Shashi, Luoshan, Hankou and Chenglingji 
as outlet control stations, there will be the following four inter-basins: (1)Yichang-Shashi, 
(2)Yichang-Luoshan, (3)Yichang-Hankou, and (4)Dongting Lake inter-basin. The inputs 
of the Yichang-Shashi inter-basin are: the inflows at the Yichang, Qinjiang, Zhuzhanghe, 
and precipitation on the intervening basin. The inputs of Yichang-Luoshan inter-basin are: 
the inflows at the Yichang, Qinjiang, Zhuzhanghe, Xiangjiang, Zishui, Yuanshui, Lishui 
and precipitation on the intervening basin. The inputs of Yichang-Hankou basin are: the 
inflows at the Yichang, Qinjiang, Zhuzhanghe, Xiangjiang, Zijiang, Yuanjiang, Lijiang, 
Huangzhuang and Lushui stations and precipitation on the intervening basin; and the input 
of the Dongting Lake basin are: the inflows at the three channels (Songzikou, Taipingkou 
and Ouchikou) in the main Yangtze River, controlling stations (Xiangtan, Taojiang, 
Taoyuan and Sanjiangkou) on the four rivers (Xiangjiang, Zishui, Yuanshui, Lishui) in 
Hunan province and precipitation on the intervening basin. 

3. MULTIPLE INPUTS SINGLE OUTPUT SYSTEM MODEL 

The fundamental equation of the multiple inputs single output linear system model can be 
expressed as (Kachroo and Liang, 1992): 

∑
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where xj is the jth input variable series, y is output series; uj is the ordinate of the pulse 
response function. If xi represents the net precipitation in the basin (or input flow) and yi is 
the flow of cross-section at the outfall in the basin, these variable series should be 
equivalent from the point of theory, but in practice, error invariably occurred between 
them. That is to say, the area surrounded by the time axis and pulse response function 
usually does not equal to 1, which value is defined as gain factor representing the ratio of 
the total output to the total input: 
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where Hj and m(j) are the ordinate of pulse response function and memory length 
corresponding to xj of the jth input series separately, m(j) means that effect of any input xj 
last only m time intervals, and et is error term. In practice, the value of gain factor of G is 
often given between 0.9 and 1.1, a constant value. The Yangtze River and Dongting Lake 
basins have strong systematic characteristics when viewed from the whole, but if each 
tributary reach is taken as research objective, there will exist a certain difference. In order 
to reflect the basin characteristics better and to simulate the mechanism of forming runoff, 
the gain factor of G is stipulated as a function value that can change. 

The key issue of this model is to get the ordinate h of pulse response function and 
identify the value of memory length m. The value of h can be estimated by the method of 
least squares. If estimated vector value of h is denoted as H, then equation (4) can be 
written as  

                      Y XH ε= +                             (5) 
whereεis the vector of square of least error. The solution of least square to equation (5) is  
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the multiple-input single output system model can be written in the form of a matrix: 
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where (1) (2) ( )( )J TH H H H=  
If self-correlation and inter-correlation of a certain extent exist in many input series, 

then in equation (6), matrix of TX X is likely to be a sick matrix to make the pulse 
response function identified unreasonable. Therefore, imposing constraints on J input 
series respectively, the objective function H, which is to be estimated by optimizing and in 
the control of J constraints, can be build: 
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then the expression to identify response function is 
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where KI  is unit matrix of a certain integer K. If the memory length of each unit matrix 

is the same, that is 1 2 JI I I= = , the identified objective function of response function 
is 

 233



1min( )
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the memory length of m is dependent on storage capacity and areas of the basin, which is 
finally derived by trial and error method based on the personal experiences and 
judgments. 

4. RESULT ANALYSIS OF FLOOD SIMULATION 

The following four criteria are often selected to assess the performances of a hydrological 
model: (1) the determination coefficient of the model (R2), i.e., the model efficiency (Nash 
and Sutcliffe, 1970); (2) the relative error between the observed and estimated total runoff, 
RE; (3) the relative error between the observed and estimated flood peak discharge, QE; 
(4) the time step difference between the observed and estimated flood peak discharge, TD. 

Table 1  The simulation results of the multi-inputs, single output system model. 

Period of calibration Period of verification Control 
station 

number of 
Inputs  R2(%) RE(%) R2(%) RE(%) 

Shashi 4 98.78 0.11 98.38 1.37 
Luoshan 5 97.49 0.14 97.47 0.71 
Hankou 7 97.93 0.09 97.74 1.16 

Chenglingji 6 89.35 1.32 82.33 1.61 

Table 2  The relative error and time step difference between observed and simulated flood peak discharge.  

       1995        1996         1998 Control 
station QE(%) TD QE(%) TD QE(%) TD 
Shashi 4.86 +1 5.58 +1 3.07 0 

Luoshan 1.12 +1 2.38 0 1.56 0 
Hankou 1.17 +1 0.36 0 4.99 -1 

Chenglingji 2.11 0 0.72 0 3.70 +2 
 
The daily discharge and rainfall data of the large flood years (1981-1983, 1995, 1996 

and 1998) are chosen for model calibration and for model verification respectively. The 
observed flow data series of each control station in the main Yangtze River and other 
tributaries are selected and the intervening basin mean rainfall is calculated by weighted 
average of many gauging stations. Table 1 shows the input number of system model in 
each intervening basin, determination coefficient of model in calibration and verification 
period, and relative error between observed and simulated total runoff. Table 2 lists the 
relative error and time difference between observed and simulated flood peak discharge. 
Fig. 2 plots the observed and simulated flood hydrograph in 1998 at the Hankou 
hydrological station, in which precipitation is the daily mean rainfall of the 
Yichang-Hankou inter-basin. Considering the river-lake relationship in the middle of 
Yangtze river, highly complicated flood forming and confront of the main river and 
tributaries and other factors, some technical treatment should be conducted on the input 
number of model and data series. For example, the three inflows (Songzi, Taiping and 
Ouchi) connecting the Yangtze River to the Dongting Lake might be accumulated to be 
one input for the Dongting Lake basin and thus the structure of model could be simplified. 

Table 1, Table 2 and Fig. 2 show that the proposed multiple inputs single output system 
model has acquired a high simulation precision. In the period of calibration and 
verification, the determination coefficients of model at three control stations of the 
Yangtze River have exceeded 97%; the largest relative error between observed and 
simulated total runoff is only 1.37%. There are six inputs together in the Dongting Lake 
basin: the four rivers (Xiangjiang, Zijiang, Yuanjiang and Lijiang) in Hunan province, the 
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three diverting inflows of the Yangtze River to Dongting Lake, and precipitation in this 
intervening basin (with area of 51000 km2 and without control station). The river network 
in the lake region and the river-lake relationship are considerablely complicated, but the 
model has yet acquired high simulation precision. The above four criteria in all the basins 
are over Chinese National Hydrological Forecasting Standards with first class, which 
suggests that the model is reasonable and feasible. This model not only has such merits as 
conception clarity, structure simplicity and not parsimonious requirements for data, but 
also has a high simulation precision. 

 
Fig. 2  The observed and simulated 1998 flood hydrograph at the Haokou hydrological station 

5. RISK ANALYSIS FOR FLOOD CONTROL SYSTEM 

The risk herein means that under different frequency of designed flood of TGR, how 
much is the risk corresponding to the flood control system of the Yangtze River basin 
after the upstream flood is regulated by the TGR. The 1954 large flood (with flood 
diversion) and the 1998 large flood (without flood diversion) are chosen as prototype and 
thus the designed flood in the Yichang hydrological station (representing the TGR) can be 
acquired by the method of enlarging at the same frequency, the result of which is the basis 
of calculation and analysis. According to the TGR’s operation rules, the outflow discharge 
can be calculated and the flow on the main river and tributaries of intervening basin can 
be routed to the control stations. Taking safety discharge in each flood controlling point as 
judgment criterion, the designed floods that surpass the corresponding safety discharge at 
each controlling station are regarded as critical designed flood. These floods, whose 
corresponding frequency is bigger than that of the critical designed flood, may cause 
damage and destruction and thus the corresponding designed frequency is regarded as the 
risk for the Yangtze River flood control system. 

The designed floods of different frequency (P=5, 2, 1, 0.5, 0.33, 0.2, 0.1 and 0.01 
percent) at the Yichang hydrological station are computed. According to the TGR’s 
operation regulation, taking the flood defend limiting water level (145m) of the TGR as 
the starting level, the critical designed flood of control stations at Shashi, Luoshan and 
Hankou are estimated. The relationship between water level and discharge, the application 
principles and method of flood diversion and flood detention in the Jingjiang, Honghu and 
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Dujiatai areas are all available and provided by the Yangtze River Commission. Table 3 
lists the results of flood operated by TGR at different frequency, which take the 1998 
large flood as typical type. Table 4 gives the risks at three control stations of the Yangtze 
River under the condition of flood diversion or without flood diversion. Taking the 1998 
flood as typical pattern, the return period of TGR critical design floods could reach 225 
(or 1000) and 220 (or 1100) years at the Shashi and Luoshan control stations in the 
condition of without flood diversion (or with flood diversion) respectively.  

TGP is the most important project functioning as a backbone in the flood control 
system to protect the area in the middle and lower reaches of the Yangtze River. Its 
favorable geographical location makes it possible to effectively control the huge flood 
from the upstream of the Yangtze river. The flood prevention function of the TGP is 
re-examined by using the observed flood data in 1998. After regulated by the TGR, the 
peak outflow discharge is 51800 m3/s and the highest water level of TGR is 162.7m. 
Table 5 gives the observed and calculated the highest water level at gauged stations in the 
middle of the Yangtze River reach. The results show that under the condition of the 1998 
flood, the TGR can greatly release the strained situation of the middle and lower river 
reach of the Yangtze River basin if conducting the compensation operation for the 
Jingjiang River area. The highest water level in the Shashi, Luoshan and Hankou 
hydrological stations decreased to 0.86m, 0.78m and 0.44m respectively.  

Table 3  The Three Gorges reservoir flood regulation results for the 1998 design floods   

Design frequency（P%） 0.01 0.1 0.2 0.5 1 2 5 
Return period  T（year） 10000 1000 500 200 100 50 20 
TGR Water level (m) 179.49 175.24 175.11 174.83 174.67 170.21 161.32 

 Table 4  The risk analysis results at gauged stations in the Yangtze river for the 1998 design flood 

without flood diversion with flood diversion   Control station T risk T risk 
   Shashi 225 0.00444 1000 0.001 
   Luoshan 220 0.00455 1100 0.00091 
   Hankou 180 0.00566 1000 0.001 

Table 5  The observed and calculated the highest water level at control stations in the Yangtze River in 1998 

 Control station observed Regulated by TGR Lower water level  

   Shashi 45.22 44.36 0.86 
   Luoshan 34.95 34.17 0.78 
   Hankou 29.43 28.99 0.44 

6. CONCLUDING REMARKS 

The proposed multiple-input single output linear system model has been used to simulate 
and route flood in the middle river reach of the Yangtze basin and obtained satisfactory 
results. The model will provide technical support and service for flood forecasting and 
decision-making for the flood control system. The TGP will play a significant role in 
flood prevention and reduce the flooding risk in the middle and lower river reach of the 
Yangtze basin.  

ACKNOWLEDGEMENTS   
This study was financially supported both by National Natural Science Foundation 
(50179026) and Ministry of Education of China.  
 

 236



REFERENCES 
Ge, S.X. 1999. “Modern flood forecasting technology.” Beijing: Chinese Water Resources and Hydropower 

Press. 
Guo, S. (ed.), 2000. “Reservoir comprehensive and automatic control system”. Wuhan: Wuhan University of 

Hydraulic and Electrical Engineering Press. 
Kachroo, R.K., and Liang, G.C.1992. “River flow forecasting, algebraic development of linear modeling 

techniques”. Journal of Hydrology, Vol.133, pp.17-40. 
Li, Y.T., and Ni, J.R., 2001. “Influence of sediment transport on water levels in the middle Yangtze River”. 

Water International, Vol.26, No.2, pp.191-196. 
Liang, G.C., Kachroo, R.K. and Wen, K.1992. “River flow forecasting, applications of linear modeling 

techniques for flow routing on large catchments”. Journal of Hydrology, Vol.133, pp.99-140. 
Ministry of Water Conservancy and Electrical Power, 1985. “Hydrological forecasting standards and 

regulations”, Beijing: Water Conservancy and Electrical Power Press.  
Nash, J.E., and Sutcliffe, J. 1970. “River flood forecasting through conceptual models”.Journal of Hydrology, 

Vol.10, pp.282-290. 
Yangtze River Commission of Water Conservancy. 1997. “Research on integrated   application and reservoir 

operation for the Three Gorges Project.” Wuhan: Hubei Science and Technology Press. 
Zeng, G.M., Xie, Z., Zhang, S.F., and Luo, X. 2001. “Flood disaster and non-engineering mitigation measures in 

Dongting Lake in China”. Water International, Vol.26, No.2, pp.185-190. 

 237



Flood Defence ’2002, Wu et al. (eds)© 2002 Science Press, New York Ltd., ISBN 1-880132-54-0 

Computer aided safety assessment system of river dikes 

Zeping Xu, Jianhui Liang, and Yu Shao 
Department of Geotechnical Engineering, China Institute of Water Resources and Hydropower 
Research, Beijing 100044, China 
E-mail: xuzp@iwhr.com, liangjh@iwhr.com , and shaoyu@iwhr.com 

 238

Abstract: The design principles and main functions of the computer aided dike safety assessment 
system are introduced briefly. The system, which has a user-friendly interface, is a practical 
application system. It has an open structure for future extension and also has a smooth connection 
with the design database. Reliable programs of slope stability analysis and seepage analysis are 
provided in the system. All the related analysis programs are consistent with the present dike design 
criteria. According to the analysis results, the system can present the key data related to the safety 
status of the river dikes, which may helpful to the decision-making of flood control. 

 

Keywords: safety assessment, river dikes, computer system 

1. INTRODUCTION 

In the flood control management, dike engineering is one of the most important parts. For 
protecting people’s life and properties, river dike is the last defence in most of the 
situations. In China, the construction of river dikes has a long history. But at present, 
some of the river dikes are in poor situations due to disrepair. To assess the safety 
situations of the dike is very important in flood control planning. And it is also the 
important information for the decision-making in flood control management. With the 
rapid development of the computer technology, to use computer as an assistant means for 
the safety assessment of river dike is the most effective way.   

2. DESIGN PRINCIPALS AND DEVELOPMENT TARGET 

For most of the river dikes, the main problems that affect its performance are the slope 
stability and the seepage stability of the dike at different water levels. By considering this, 
the development of the safety assessment system will mainly focus on checking the slope 
stability of the dike and the seepage stability of the dike and foundation. For user’s 
convenience, the system must be simple and practical. It should be provided with a 
user-friendly interface. The connection between the system and the design database will 
be smooth. At the same time, the structure of the system will be open for the future 
extension.  

3. SYSTEM ENVIRONMENT 

According to the requirement of the system design guideline, the client/server structure is 
used in the system. The system can be operated in a local area network. The hardware 
device includes: server, personal computer, printer and plotter. The operating system is 
Windows 9x or NT. The coding languages are Visual C++ and DVF (digital visual 
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FORTRAN). DVF is used for developing analysis programs. Visual C++ is used for 
developing graphic user interface. The developing of the graphic system uses open GL. In 
the system design, modular structures are accepted. Every executing modules are 
controlled by the main control program. Besides, the system also has the connecting 
interface with the design database and the Web publishing system. The composition of the 
system is shown in Fig 1. 

Web 
Database

Post-processing AnalysisPre-processing

Safety assessment system

 
Fig. 1  The composition of the system 

4. MAIN FUNCTIONS 
The system mainly has following functions: (1) According to the design standard of river 
dikes, to check the operating safety of the dikes. The checking contents are: crest level, 
stability of the dike slopes (upstream and downstream), seepage stability of the dike slope, 
seepage stability of the dike foundation, etc. (2) According to the computational results of 
the safety checking, to give the general safety evaluations of the river dikes.  

During the operation, the system can get basic information from the database in the 
network server, which includes: section dimension, foundation layers, material properties, 
etc. After the pre-processing of those data and input some supplementary data, the system 
can perform slope stability analysis and seepage analysis. In the slope stability analysis, 
both simplified mode and precise mode are included. In the seepage analysis, 
transformable mesh format is accepted. By using the system interface, the analysis results 
can be sent to the Web publishing system. 

5. DEVELOPING STEPS 
The developing steps of the whole system are: 

(1) To determine the contents and the scopes of the dike safety assessment by the 
design standard of river dikes. There two stages in the system development. The 
first stage will implement the functions of the safety checking of slope stability 
analysis and seepage analysis. The second stage will implement the functions of 
the stress and deformation analysis of dike, stability of the wave wall, etc. 

(2) According to the contents of the dike safety assessment, design the interface 
connecting to the design database. 

(3) Design and developing the graphic user interface and the graphic system by the 
general developing guideline. 

(4) Developing the related analysis programs for the safety assessment. 
(5) Developing the safety evaluation software and the result presentation programs. 
(6) Developing the interface connecting to the Web publishing system.  
(7) Developing the Web publishing system for presenting the result of the safety 

assessment. 
(8) Case study. 
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6. CHARACTERISTICS OF THE SYSTEM 

(1) The development of the system consistent with the present standard and the 
guideline of river dike design. 

(2) The analysis programs in the system cover most of the main computational 
methods in the dike designing. It also satisfies the computational requirements of 
the main engineering treatment measures in the river dike engineering. 

(3) The system has a user-friendly interface. It uses menu-driven methods in the 
operation. 

(4) The basic information for computation can be easily inputted on the screen. 
Whenever there are changes in the dike, users can easily modify its data for 
analysis. 

(5) All the results of the assessment can be presented on screen or output to printer in 
the form of graphs. 

(6) Online help is provides in the system to facilitate the users.  

7. OUTPUT INFORMATIONS 

The main output information of the assessment is as follows: 
(1) The factors of safety for the slope analysis of the dike slopes at the different 

working situations. The corresponding position of the slip plane. 
(2) The flow net distribution and the seepage gradient in the dikes at the different 

working situations. 
(3) Description of the general safety evaluation of the dike. 

8. SYSTEM GUI 

The graphical user interface of the system is composed of menu bar, tools bar, shortcut 
button, status bar, working area, etc. (as shown in Fig. 2) The working area is divided into 

Fig. 2   System’s graphical user interface 
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two parts. The left area is the user’s input area. The right area is the graphics display area. 
The user’s input area will used for defining the dike section, input soil properties and 
other related data. The graphics display area will used for displaying the graphics related 
to the dike section, computational mesh, etc. Corresponding to the coordinate input in the 
user’s input area, the graphics can be displayed in the graphics display area 
simultaneously. The main control data for the analysis is inputted via dialog box. For the 
most commonly used data, it can be set in the dialog box as a default data.  

9. ANALYSIS PROGRAMS 

The analysis programs for the safety assessment in the system are: slope stability analysis 
program STAB and the seepage analysis program STSE. The main functions of the two 
programs are: 

(1) STAB: The program is a slope stability analysis program by using the limit 
equilibrium method. Its computational methods include most of the commonly 
used methods, such as: Fellenius Method, Bishop’s Simplified method, 
Mogenstern-Price method, etc. It can simulate the circular slip plane and the 
non-circular slip plane. The program uses the optimum method to search the most 
dangerous slip plane and the minimum factors of safety. 

(2) STSE: The program is a seepage analysis program by using the finite element 
method. It can deal with most of the complex boundary conditions in dike 
engineering. Besides, the program can also simulate the different foundation 
treatment measures, such as: upstream and downstream blanket, relief well, 
drainage ditch, etc. 

10. CONCLUTIONS 

In summary, the general designing of the safety assessment system is focus on the 
practicability and the opening of the system. During the development of the system, 
modern programming techniques are used. And it also tries to follows the present 
developing trends of the computer technology. The system has rather friendly interface 
and good analytic functions. The application of the system will fully promote the levels of 
flood control management and river dike designing. 
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Abstract: Due to growth population and immigration of the people from the country to the cities, 
many places along the rivers have been occupied and urbanized.   

Integral flood risk evaluation methodology 
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When a flood occurs life losses and extensive social and property damages may happen. To 
prevent or at least diminish this, it is necessary to have a flood risk evaluation that prevents the 
construction of dwellings in dangerous zones and that allows the implementation of policies and 
contingency plans.   

On the other hand, in the last decades new techniques have been developed, like: digital aerial 
photography, remote sensing based on satellite imagining, and better analytical and numerical 
models that provide us with tools with great potential that allow to feed and to calibrate zoning 
models in a better and a more economical way.   

In this work, an integral methodology of risk evaluation and zoning that takes in consideration 
hydrological, geomorphologic, hydraulic and sociological data is proposed. As an application and 
validation of the method, a stretch of 22 km of the Nazas river in the vicinity of three cities: Torreon, 
Gomez Palacio and Lerdo  (Mexico) is studied. The results are presented as danger, vulnerability 
and risk maps and, among other things, shown that for peaks greater than 350 m3/s (5 years return 
period) there are urban, industrial and agricultural zones in danger of being inundated.   

Finally, several recommended urban growth policies and a contingency plan to reduce the flood 
damages is proposed. The method can be applied in other areas with similar flood problems and can 
be used in the elaboration of a national flood risks map.   

 
Keywords: flood risk evaluation, zoning models, Nazas River, flood risk map 
 
1. INTRODUCTION   

In many countries the fast occupation and urbanization of areas along the rivers creates 
big problems. When a flood occurs life losses and extensive social and economical 
damages may happen.   

To avoid, or at least diminish this, it is necessary to evaluate the flood risk and to 
prevent the construction of dwellings in dangerous zones taking in consideration not only 
the present but also the future.   

Flood risk evaluation has been made with traditional methods that have limitations and 
depend, many times, on the judgment of the responsible; so, it is necessary to use new 
technology that has been developed in the last decades, like: digital aerial photography, 
remote sensing based on satellite imagining, and better analytical and numerical models 
that provided us with tools with great potential.    

In this work, an integral methodology of risk evaluation and zoning that takes in 
consideration hydrologic, geomorphologic, hydraulic and sociologic aspects is proposed.     
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2. METHODOLOGY   

The integral methodology of risk evaluation and zoning proposed is shown schematically 
in Fig. 1.  

To illustrate the application of the method a specific urban zone, with a population of 
950,000 inhabitants, was chosen.   

General recommendations

Elaboration of hazard, 
vulnerability and risk map

Processing of the imaging  Hydraulic analysis 

Remote sensing imaging  
adquisition 

Hidrologic analysis 

Determination of the zone 
characteristics 

  
Fig. 1  Risk evaluation methodology 

 
The Lagoon Region is an example of urban area (Torreon, Gomez Palacio and Lerdo) 

of great social and economical importance that is located in the flood plain of the Nazas 
river in the northern-central part of Mexico, between the parallel 22º 40´ and 26º 35´ of 
North latitude and the meridians 101º 30´ and 106º 20´ of West longitude. 
 
3. RIVER NAZAS 

The basin of the river Nazas is a closed one and has a surface of 59,632 km2, the river is 
born in the union of the rivers Ramos and Sextin and has a total length of 400 km until it 
ends in the, most of the time, dry Mayran Lagoon. In Fig. 2 a map showing the 
localization of the zone is presented.  

 

Fig. 2  Localization of the Dis
 

4. DISTRIBUTION OF THE PRECIPITATION 
The mean annual precipitation on the basin was 32
The maximum rains were in the high parts of the bas
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trict studied 

0 mm during the period 1931-1995. 
in on the rain season, June to October, 



being the maximum one of 1,043 mm in 1958. The minimum rains are presented in the 
central and lower parts of the basin in the months of February to April. The climate is 
classified as cold steppe in the higher zones, and hot desert at the end of the river. 
 
5. REGISTERED RIVER NAZAS FLOODS 

In the month of September of 1917 it rained intensely in the high basin of the river Nazas, 
causing a peak discharge of 3,453 m3/s that over flowed the banks causing serious 
damages to crops, railroad lines, and inundations in Gomez Palacio. 

In September of 1944, another intense rain was presented, with a registered peak flood 
of  6,128 m3/s.  

From the available data  the Mayran Lagoon, at the end of the river, in the last 92 years 
has only received water of the Nazas in the years of 1936, 1938, 1941, 1944, 1958, 1968, 
1991 and 1992. 

After the construction of the Lazaro Cardenas Dam (finished on 1946 and 250 km 
upstream of the urban zone) there have been eight dangerous floods, mainly the 1968 one. 
At that time it was just finished another upstream dam, the Francisco Zarco, 30 km from 
the cities, that reduced the peak flow from 3360 m3/s to 1738 m3/s.  
 
6. FREQUENCY ANALYSIS   

The frequency analysis of maximum discharges was done at the Fernandez Canyon 
Station, on the Francisco Zarco Dam, during 1968 to 1995. To this data several 
distributions of probability were adjusted, being the Mixed Gumbel distribution the one 
with better adjustment, Table 1:  

Table 1  Error for different distribution of probability 

Distributions of probability Error 
Exponential 9336.3 

Gamma two parameters 1018.7 
Gumbel 1216.5 

Mixed Gumbel 815.5 
Log-Normal 940.7 

Nash 1242.4 
Normal 1353.4 

Pearson type III 1604.4 
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Fig. 3  Design hydrograph for  a 100 year period  return 
 

Accepting this distribution, the maximum discharges for 2, 5, 10, 20, 50 and 100 years 
of return periods were estimated. Finally, as shown in Fig. 3 a design hydrograph for a 
100 year period return, following the Soil Conservation Service method was calculated.  
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7. CHARACTERISTICS OF THE NAZAS RIVER PORTION STUDIED 
The river stretch studied was 22 km long. 110 transverse sections each 200 m wide were 
used including five bridges. The Manning coefficient used was 0.030 and the hydraulic 
coefficients of contraction and expansion for gradual transitions were 0.1 and 0.3,  
respectively. 

The flow profiles calculation was made: for permanent flow with the HEC-RAS 
program and for the no-permanent flow with a Fortran program (NET-RIVER) developed 
by Berezowski- Cruickshank (1968) which requires a mesh plain of the zone. The results 
obtained with the HEC-RAS program for five different discharges are presented in Fig 4.  
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Fig. 4  HEC-RAS profiles 

 

 
Fig. 5  Flooded areas for the most critical condition 

 
The no-permanent calculations were made for only one discharge of 1,900 m3/s that 

corresponds to a 100 years return period. In Fig 5 are depicted the flooded areas for the 
most critical condition. 
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8. ANALYSIS OF HAZARD,  VULNERABILITY  AND FLOOD RISK  

As proposed by van Westen (1997) the following definitions are accepted: 
Flood hazard: the probability of occurrence of a potentially damaging phenomenon. 
Flood vulnerability: the degree of loss resulting from the occurrence of the phenomenon. 
Flood risk: the expected degree of loss due to a  particular natural phenomena. 
 
9. HAZARD FLOOD ANALYSIS 

The degree of hazard flood of a certain zone can be evaluated in function of the following 
factors: 

1.- Hydrologic   2- Geomorphologic 
3.- Hydraulic   4.- Sociologic 

Hydrologic: It refers to the hazard due to the probability of occurrence of the 
phenomenon, this implies the period of return of the maximum discharges. 
 

Table 2  Levels of hazard suggested by the authors 

Return period 
(T, años) 

Maximum discharge 
(m3/s) 

Probability of 
excedency 

Level of Hazard  

10 550 0.100 Moderate 
20 1000 0.050 Moderate 
50 1600 0.020 High 

100 1900 0.010 High 
 
Geomorphologic: It depends on the study of the terrestrial relief, on its origin, history and 
current dynamics;  for  the present case this zone was considered as a Terrace, that is:  a 
plane or weakly inclined surface, defined by abrupt changes of slope formed by the action 
of the river erosion and accumulation. 

The land slopes in this study have a smaller angle of inclination than three degrees. This 
implies that the flood hazard in the whole area of the flood plain, with exception at the 
central part of the river, can be considered as HIGH. 
Hydraulic The hydraulic hazard factor depends on the water depths during the time the 
flood occurs. These were calculated at the center of each of the 12 meshes  on the flood 
plain for a 100 years return period discharge for the no-permanent flow condition. 
Minimum, mean and maximum water elevations were found, and based in these results 
three levels of damages are suggested. Table 3. 
 

Table 3  Levels of hazard 

Depth (m) Levels of hazard 
y < 0.20 Low 

0.20<=y<0.5 Moderate 
y>=0.5 High 

 
Sociologic: To estimate the sociologic factor a multitemporal analysis based on the 
remote sensing of satellite imaging (multispectral scanner) was used. In three different 
times: 1970, 1980 and 1990 the urban limits were measured and a spatial pattern rate of 
growth, that allowed to appreciate the future growth of the three cities, was estimated. 
 
10. VULNERABILITY FLOOD ANALYSIS 

In this item three main aspects are considered:   
Human life vulnerability (HV): Exposition of people to the threat of flood danger, which 
varies according to population's density.  The authors assign to this aspect a weight of 0.5.  
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Infrastructure Vulnerability (IV): It refers to the type of existent urban infrastructure 
that exist such as: bridges, roads and housing. (in  this case houses with more than two 
rooms and  with an average of occupants of 4.85 people per house). A weight of 0.3 is 
suggested.   
Social vulnerability (SV): It establishes the vulnerability of the community, considering 
their social condition,  to establish the capacity of handling any danger or  threat of flood 
hazard. A weight of 0.2 is assigned  

Therefore, the overlapping of these vulnerability aspects produces a total vulnerability 
(V) given by:   

V = 0.5 (HV) +0.3 (IV) + 0.2 (SV) 

11. RISK  FLOOD ANALYSIS 

The risk (R), that can not be null inside the flood area and should be revised periodically,   
depends  of the flood hazard and vulnerability, that is: 

R = f (H,V) 

Three levels of risk were considered: High, Moderate and Low.   
In Table 4 the resulting  levels  of risk suggested are shown: 
 

Table 4  Levels of risk suggested  by  the authors. 

Hazard/Vulnerability High Moderate Low 
High High High Moderate 

Moderate High Moderate Moderate 
Low High Moderate Low 

 
High risk, represents a situation with a high hazard and vulnerability with difficult 
mitigability.  
Moderate risk,  produces physical damages, inclusive human losses and wounded people, 
and loss of basic infrastructure that can be mitigated   
Low risk, generates low social and economic consequences whose origin can be avoided 
or annulled with feasible technical, economic and social measures.   

Fig. 6. Shows the zonning of the area studied with the proposed levels of risk. 
 

12. CONCLUSIONS AND RECOMMENDATIONS 

To reduce the damages caused by floods it is essential to formulate strategies for the 
prevention of disasters. The first step is to delineate the flood hydrograph, identifying the 
nature and extension of the problem, and showing if it is possible that flood conditions 
happen. Previously, the geomorphologic factor gives information about the extension of 
the flooded area and permit  to assign the level of flood hazard of the zone.  

The third step is to calculate the water levels along the river and in the flood plains with 
a permanent model, to see the elevations in the river, and with the no-permanent one to 
estimate the water volume that overtops the river banks and  spill over the adjacent area. 

Finally, the last step is to consider the sociologic and economic effects considering not 
only the present but the future growth of the urban, industrial and agricultural area. 

The studied zone presents different soil uses that go from the agricultural, dairy, 
industrial and residential. The results of the study show flood threats close to the natural 
bed of the river that affect industrial, residential and some agricultural use. This implies 
the necessity of to follow policies of urban development, to correct and regulate the 
occupation of the areas at risk.  
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Fig. 6  Risk flood zoning of the area studied 

 
It is suggested to carry out a study of economic and technical feasibility, to define the 

viability of the canalization or the modification of some transverse sections, of the river 
Nazas in at least the urban area.  

The prevention of disasters and the elaboration of contingency plans consist of  a  wide 
range of measures, long and short term, with the purpose of saving lives and to reduce  
material damages.  It is recommended to use an integral methodology of risk evaluation 
and zoning, that takes in consideration hydrologic, geomorphologic, hydraulic and 
sociologic information, and that employs the new techniques developed in the last decades. 
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Abstract: Many cities, that population and assets are concentrating, suffered tremendous damages 
from inundation and the function of lifeline, etc. had damages in Japan. In mountainous area, many 
houses were swept away by flooding flow due to the influence of sedimentation and woody debris. 
We investigated the measures against flood disaster prevention analyzing the cause of flood 
disasters last 5years. Moreover, we introduce the available methods such as protective forest and 
high graded levee. 

 

Keywords: afflux by bridge, washing away by flooding, overflow breaching, scour, flooding at 
underground space, high graded levee, protective forest 

1. CAUSES OF FLOOD DISASTERS 

Flood disasters are damages caused by the process: intensive rainfall  flood  
inundation. The causal factors are derived from various major causes and minor causes. In 
each process, these causal factors are secondarily linked, are mainly man-made, and 
include measures to reduce flood disasters but also induce flood disasters. It is also 
necessary to note that major causes include those with differing temporal and spatial 
scales and extremely different characteristic phenomena. Minor causes include 
urbanization, the state of flood control systems, and factors influencing these.  

Table 1  Major causes and minor causes of flood disasters 

<Major factors> <Minor factors> 
Primary factors: intensive rainfall  typhoon, seasonal 

front, low pressure, others 
 urbanization (including artificial waste 

heat) *? 
Secondary factors: flood  localization and shortening of 

intensive rainfall and concentration of its 
runoff 

 increasing runoffs, shortening of 
confluence time interval caused by 
urbanization and river improvement 

Tertiary factors:  inundation  breach or overflow of 
levee and inner waters 

 inadequate levee section, weak locations 
inside a levee, interrupted or inadequate 
inner water drainage functions 

*)  As a result of providing artificial waste heat to the heart of an urban area to perform a numerical analysis 
based on a local weather model, the authors obtained rainfall necessary for causation of 20 mm/hr. 

 
The author announced a categorization of major causes of urban flooding at a one-day 

seminar on public works planning (T. Suetsugi, 2000). The following are common causal 
factors (with examples). 

[1] Urbanization of regions prone to inundation: Neya River, Denuu River, Tenpaku 
River, etc. 



[2] Unbalanced status between river improvement and urbanization: Tsurumi River, 
Mekujiri River, etc. 

[3] Increase in runoff accompanying drainage basin development: Tsurumi River etc. 
Advancing urbanization covers ground with asphalt and concrete, reducing the 

permeation and proportionally increasing the runoff. The construction of sewerage 
systems and channels shortens the time required for flood propagation. Because of the 
resulting speeding up of phenomena, flood protection measures and evacuation are not 
taken in time, and the flow volume at the peak of the flood discharge increases, exceeding 
the flow capacity of rivers, causing disastrous flooding of the land. Phenomena occur 
rapidly, but because the flood discharge is over soon, river improvements aimed at the 
peak flow volume of the flood discharge are inefficient. It is, therefore, necessary to take 
runoff control measures to restore the original sound water cycle in order to return 
hydrological phenomena to their pre-urbanization condition. 

2. LESSONS TAUGHT BY FLOOD DISASTE  

It is said that in recent years, many flood disasters have been caused by intensive rainfall, 
but the hourly rainfall (70 mm/hr or more) sh RSown in Fig. 1 has occurred at an average 
of only about 18 locations each year, and not at a particular large number of locations in 
recent years (Suetsugi, 2001). This impression may be a result of the fact that since 1998, 
flood disasters have occurred in the core cities of Niigata, Kochi, Fukuoka, and Nagoya. It 
can be concluded that it is important to take measures not only on large rivers that was a 
priority in the past, but also on medium and small rivers that flow through cities. 

Of course, the breaching or overflowing of a levee on a large river has high damage 
potential by threatening to cause a severe disaster in its drainage basin, so attention should 
be paid to measures to prevent these accidents from occurring. Since the early 1970s, 
disastrous flooding has occurred successively on large rivers, such as the Tama River 
(1974), Ishikari River (1975) and the Nagara River (1976). But the levees on such large 
rivers have rarely been breached or overflowed in recent years.  

’80

17.7 

’95’90’85 

Note: If intensive rainfall data for hilly lands or islands of varying sizes is included, it occurred at approximately 
30 locations/year. 

Fig. 1  Number of Locations of Intensive Rainfall of 70 mm/hr or More (1979 – 1998) 
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2.1 Flood Disasters on Narrow Valley Plains 

August 1998: Yosasa River, a tributary of the Naka River (Nasu Town etc. in Tochigi 
Prefecture) 
• Steep gradient  Violent channel fluctuations  Land and buildings 

washed away 
• Runoff of intensive rainfall   River widened by erosion of 

its banks 
Expansion of the area flooded upstream 
Bridge damage Approach embankment eroded 

and washed away 
 Approach foundation ground 

eroded and washed away 

• Afflux of the flood waters by  
bridge approach embankment 

 Bridge girders washed away 
• Sediment discharged from behind the revetment   Revetment stands alone, and a channel 

forms behind it 
• Channel blocked at bridge by  Overflows because of the afflux Flood disaster occurs 
 woody debris   

   

(1) Floodplain before the flooding 

  

(2) Floodplain after the flooding 
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Fig. 2  Washing away of houses etc. by the flooding flow 

Fig. 3  Sketch of the inundation damage 

Because in a narrow valley plains, the flooded area is limited, the flooding flow 
velocity is high, threatening to wash away houses and land. The velocity at the 9 
kilometer point (Terago Bridge, gradient: 1/120) on the floodplain of the Yosasa River 
was calculated as between 4 and 5 m/s at fast locations (Tachi, Suetsugi et. al. 2001). 
Because of its high velocity, the water flowed in a straight line away from the river course, 
greatly altering the watercourse. As shown in Figs. 2 and 3 (about 800 m downstream 
from the Ishibokko Bridge), the flood waters sometimes flowed through a drainage basin 
different from that of the river course, causing severe damage by, for example, washing 
away houses, farmland, and trees on the floodplain.  

Originally, windbreak forests grew in the Yosasa River Basin to provide protection 
from wind blowing from the mountains, and these often prevented houses from being 
washed away. In the section of the Yosasa River between the Tohoku Motorway Bridge 
and its convergence point with the Kuro River (14 km), the percentage of houses 
downstream from a row of trees that were washed away was about half the percentage of 
houses without a grove of trees that were washed away. This occurred because the fluid 
force (v2h) of the inundation flow was reduced by these rows of trees.  

Turning to bridge damage, while the Yosasa Bridge on the Yosasa River (National 
Highway No. 294) was damaged, the Hiyohara Bridge that is a nearby bridge across the 
Kuro River and on a road of similar scale was not damaged. Because the Yosasa Bridge is 
38 m long and there is an approach embankment on the left bank extending 79 m into the 
floodplain, the width of the flowing water on the floodplain was narrowed to 1/3 its 
normal width at the bridge, forming a difference in water level above and below the 
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bridge of more than 1m. Although this did not damage the bridge piers, it washed away 
about 60 m of the approach road at the same time as it washed away the left bank 
abutment. The Hiyohara Bridge was about twice as long as its road embankment. 

2.2 Flood Damage on an Alluvial Fan 

August 1998 Abukuma River (Tochigi Prefecture, Fukushima Prefecture)(K. Tokita et. al., 2001) 
• Long duration high water level leakage flood fighting activities prevents leakage 

breaching 
  Leakage from the toe of the berm, foundation leakage from 

the toe of the back slope 
• Water colliding front scoured?      flooding flow caused by overflow      erosion of the 

levee and the protected land      reverse breaching 
• Overflowing at the convergence point      breaching (first flood peak)      expansion of the 

breaching (second flood peak) 
Unique characteristics of the disaster on the Abukuma River are leakage damage to the 

back water levees on the main river course and its tributary and damage to bridge 
abutments and bridge piers on the tributary. Because the flood had two peaks and the spell 
of rain was prolonged, the back water levees on the upstream Abukuma River and on its 
tributary the Ose River leaked. In this section, the longitudinal gradient of the riverbed is 
gentle, and the levees are high. Despite the leakage, as a result of vigorous activities by 
floodfighters and by Fukushima Pref. and the Ministry of Land, Infrastructure and 
Transport, leakage breaching was prevented. The abutments were damaged by scouring of 
the revetment and the riverbed, and the bridge piers by localized riverbed scouring. 

And overflowing caused a flood disaster. The flood waters flowed through locations 
where the ground elevation was low, overflowing the levee from the protected land side, 
causing a reverse breaching (Fig. 4). And overflow damage occurred at the convergence. 
It has already been said that overflow occurs easily at convergence points and where the 
riverbed gradient changes and this disaster supports those views. According to the section, 
overflow causes breaching and in some cases, the breaches in the levee were lengthened 
by the second flood peak.  

 

 

Fig. 4  State of damage near the convergence of the abukuma River and the hori River 

2.3 Flood Disaster on an Alluvial Plain 

June 1999 Mikasa River (Fukuoka City) ( T. Suetsugi, 2000)  
• (1) Flooding from the sewer (1) Flooding from 10 to  Flooding on the subway, 
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 system  30 cm underground malls, etc. 
 (2) Overflowing Flooding of about 1 m  

caused by (1) and (2) 
 

The sewerage system was constructed to deal with between 1/5 and 1/7 of the planned 
rainfall. In the past, it was also provided for 52 mm/hr (excess probability of 1/5) in 
Fukuoka City. The flooding occurred because intensive rainfall in excess of this 
probability fell. Although the quantity of flood waters discharged from the sewer system 
was not high, it rose as quickly as an overflow flood (Fig. 5). 

A look at past flooding by sewerage systems reveals that generally it expands to cover 
an area about as large as a schoolyard, it can be controlled by temporarily storing it in this area. 

The results of the simultaneous analyses of the flow inside a sewerage system and 
flooding by a sewerage system in a model drainage basin has shown that if a sewerage 
system is improved without adequately improving the condition of the river course where 
the sewerage system discharges its contents, the cost of the damage caused by a flood 
disaster may actually rise(Kuriki, Kinouchi et.al,1994). Consequently, it can be concluded 
that the overall flood safety of an entire drainage basin must be increased by carrying out 
improvements with consideration given to balancing the safety of the river and the 
sewerage system. 

 

 

Fig. 5  State of the inundation around hakata station 

3. APPLICATION TO DISASTER PREVENTION ADMINISTRATION 
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3.1 Overflow Breaching 

Levees are basically earth embankments, and once water overflows a levee, it is at high 
risk of breaching. The overflow breaching process (Fig. 6) begins with the scouring of the 
toe of the rear slope in particular by the shear force of the flowing water, resulting in the 
repeated intermittent collapse of destabilized lumps of soil (because the permeating water 
increases the weight of the soil, reducing its shear strength) and ending with the scouring 
of the foundation of the levee (River Hydraulics Div., 1982 and K. Yamamoto, T. 
Suetsugi et. al.,1985). Three out of four breaches were caused by overflow. The next 
chapter describes facility measures to prevent overflow: measures that guarantee slopes 
with the strength to withstand the shear force of overflowing water. Even if breaching 
cannot be completely prevented, if it is possible to delay it as long as possible, emergency 
measures such as evacuation can be taken.  
 

 

Fig. 6  Process of breaching caused by overflow 

3.2 Damage By Flooding 

If water breaches or overflows a levee, causing flooding on the land, this flood damage 
occurs to a degree depending on the size of the river and range of the floodplain. The most 
severe flood damage occurs in narrow valley plains where the flooding flow washes away 
houses and land. As shown by actual flood disasters, measures such as planting rows of 
trees to reduce the damage are necessary. Methods used in drainage basins where the 
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gradient of the floodplain is gentle include constructing secondary levees that protect 
urban districts and the draining of flood water through a network of channels formed by 
connecting small rivers, irrigation water drainage channels, and urban channels (M. Kuriki, 
T. Suetsugi et al., 1997). Other emergency measures are the construction of emergency 
drainage channels such as those on the Agano River or the Kokai River (T. Suetsugi, 
2000). 

As shown by the Yosasa River disaster, if the approach embankment of a bridge is 
longer than the bridge, there is a danger that the flood flow will be narrowed at the bridge 
location, causing the afflux of the water, resulting in severe damage to the bridge and the 
expansion of the area submerged by the flood waters. 

4. RESEARCH AND DEVELOPMENT OF DISASTER PREVENTION MEASURES 

4.1 Overflow Breaching 

Overflow countermeasures  High graded levees 
Through overflow breaching experiments performed by the National Institute for Land 

and Infrastructure Management, it has developed high graded levees that can withstand 
overflow conditions for up to 3 hours (Fig. 7). This type of levee is constructed by 
executing slope toe works on the toe of the back slope where the highest shear force is 
produced by the overflowing water, protecting the crest with paving work, and covering 
the rear slope surface with layers of waterproof sheet. The levee slope surface had better 
be a single flat slope, and its gradient is about 1:3. The study has revealed that the slope 
toe work must be long enough to reliably repel hydraulic jump and at least as deep as the 
maximum scouring depth. And at the same time, to prevent leaking, drain work to drain 
the water is installed at the toe of the back slope. The results of two-dimensional 
experiments using a levee with height of 3 m and width of 2.3 m show that in a case 
where it is covered with layers of sheets that are 15 cm wide, although a little surface 
erosion was seen after 30 minutes of overflow, no erosion that would cause a particular 
problem was seen up to 3 hours of overflow. High graded levees of this kind have been 
executed in the Naka River and in the Shin River.  

 

 

Fig. 7  Example of the basic structure of a high graded levee 

4.2 Damage by Flooding 

Preventing a flood from washing away houses  Protective forests 
During the Yosasa River flood disaster, forests growing upstream from houses 

prevented many of them from being washed away by the flooding waters. By forcing the 
flooding waters to flow to the sides, forests provide a “water repelling effect” that tends to 
slow the velocity downstream from the trees, lowering the fluid force (v2h) acting on 
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houses. As shown in Fig. 8, the area where the fluid force of flooding waters is reduced by 
50% or more by a forest is about 3 times the width of the forest (T. Suetsugi, K. Tachi, et 
al., 1998 and T. Suetsugi, 1998). The fluid force in the diagram is the fluid force in a case 
where there are no trees made dimensionless. This method has been implemented on 
floodplains since ancient times, and it can be seen in the drainage basins of the Oi River 
and Kano River. 

 

(1) Results of fluid force experimented 
Note:  It is represented by the range of half the channel width. 

 (2) Results of calculation of fluid force 

Fig. 8  Dimensionless fluid force reduced by protective forests 
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Abstract: The Nile Forecasting System (NFS) was developed to provide tools and information for 
water resources planning and management in the Nile Basin. The tools include mathematical models 
for simulating flow regime of the Nile, inflow forecasting, river and reservoir routing, reservoir 
control, historical and real-time information about hydrological and meteorological process 
occurring in the whole Nile Basin. 

 

Because of the lack of adequate hydrometeorological data, the METEOSAT satellite data was 
utilized to obtain more detailed spatial resolution of the distribution of precipitation over the basin. 
A distributed hydrologic system was designed to take advantage of the satellite derived precipitation 
as well as known physical characteristics of the river basin from Geographic Information System 
(GIS). 

To estimate the rainfall over the Nile Basin, which is the main driving force of the hydrological 
models, remote sensing technology was applied. The NFS receives continuous METEOSAT satellite 
imagery data, and processes it to produce rainfall estimates using satellite precipitation estimation 
techniques. Observed real-time precipitation data is also considered as input to NFS.  Precipitation 
estimates are computed on a grid or multiple grids of resolution of 5.5 km by 5.5 km, and used as 
input into a distributed hydrological modeling system being developed for the Nile Basin.  
The hydrological modeling system consists of water balance model, hillslope routing model, and 
channel model, reservoir routing model and hydrological GIS sub-system. Flows, stages and mean 
areal rainfall distribution over the Nile Basin are generated in real-time by the NFS and can be 
displayed via a user-friendly User Interface for any part of the basin and at a number of locations 
along the River Nile.  

Meanwhile, the NFS provides the decision-makers in Egypt with a timely forecast of the Nile 
River inflows into the High Aswan Dam. These forecasts are in a form of daily inflow traces based 
on the Extended Stream-Flow Prediction technique. 

The Decision Model for High Aswan Dam (HAD) is an operational model, which uses these 
traces as the driving input. Accordingly, it determines the operational strategy of the High Aswan 
Dam, which optimizes the function of the dam. Furthermore, as conditions change, decisions can be 
re-evaluated and revised as often as desired. The objective of this paper is to present different 
components of the NFS system and how it is used in managing high floods and supporting the 
decision makers in managing High Aswan Dam. 
 
Keywords: GIS, flood management, distributed models, rainfall estimation, flood forecasting, 

remote sensing 

1. INTRODUCTION 

The Ministry of Water Resources and Irrigation (MWRI) of the Arab Republic of Egypt 
exert permanent efforts in developing and improving use of the country's limited water 
resources. 



It was recognized that the MWRI could not fulfill such options without support of an 
operational hydrological, monitoring & forecast system for the Nile River, in particular 
when the available inflow to the High Aswan Dam (HAD) reservoir approaches or 
becomes less than the agricultural demand. When the average supply is significantly 
greater than the average demand, major benefits from real-time forecasting are probably 
minimal. However, when the demand approaches or exceeds the available supply, which 
would then have to be augmented by over-year storage, a reliable seasonal forecast of the 
magnitude of the expected supply (inflow into the HAD reservoir) becomes extremely 
valuable. At the other hand, short-term forecasts become very valuable (both magnitude 
and timing) for operating the reservoir when it is nearly full or nearly empty.  

Given the tight situation of water management in Egypt, the most important benefit 
from the Nile Forecast Center and its MFS system may well be the ability to simulate the 
consequences of changes in the River system and in the climatological and hydro- 
meteorological regime of the Basin. The MFS center is developing and using hydrologic 
models that simulate the complete water balance for the entire Nile Basin. The simulation 
ability developed would allow assessing the consequences for Egypt of planned or actual 
water abstractions and of works across the river in the upstream countries, in order to plan 
appropriate adjustment measures.  

The general aim of the center is to provide tools and information for water planning 
and management. To this end the Nile Forecast Center and its MFS system will provide to 
planners and decision-makers in Egypt with: 
 Timely forecasts of the Nile River inflows into the High Aswan Dam reservoir;  
 Real-time information about hydrological and meteorological processes occurring 

in the whole Nile Basin; and   
 Tools to simulate the flow regime of the Nile and assess the possible consequences 

of changes, man-induced or natural, in the Basin. 
Two main approaches are used to simulate river runoff by mathematical models: They 

are lumped parameter models and distributed parameter models. The lumped parameter 
models are simple, flexible and easily adjustable but they require input and output 
information for a long period to calibrate parameters for every basin (usually with a 
watershed area not much more than 5 - 10 thousand sq. Km). Distributed parameter 
models are more physical and include more understandable physical parameters but they 
require much more geographical information to utilize them. 

2. MAIN COMPONENTS OF NILE FORECAST SYSTEM (NFS) 

The NFS has the following main components (Fig. 1): 
 Real-time capture of raw satellite Infra red, Visible and Water vapor images through 

Primary Data User System (PDUS) as well as reception of observed raw 
meteorological data and weather analysis/forecast charts through Meteorological 
Data Distribution (MDD) system; 
 Hydro climatic and GIS Data Base Component;  
 Rainfall Estimation Component based on different spectral bands of satellite images;  
 Simulation and Forecast Component for Blue Nile, White Nile, Atbara and Main 

Nile; 
 Extended Stream flow Prediction (ESP) Component; 
 Data Assimilation/System Updating Component; 
 Data and System Archiving Component;  
 User Interface. 
 Publishing unit.  
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Fig. 1  General Concept of NFS 

2.1 The Preprocessor Component 
The principle job of the preprocessor component of the NFS is to convert incoming 
hydro-meteorological raw source data into precipitation estimates required by hydrologic 
models to produce simulations and forecasts. METEOSAT imagery data are automatically 
entered into a designated directory on the workstation via Ethernet from software supplied 
by the vendor. An automatic sequencing of all the processors occurs once a day in the 
evening. 

The MFS system is unique because very little observed precipitation data are available 
in the Nile basin. Therefore, a major source of rainfall data becomes satellite estimates at 
the METEOSAT grid resolution. The preprocessor quality controls half-hourly imagery 
data, converts imagery data to estimates of rainfall, filters high frequency noise from the 
precipitation estimate, and merges the satellite estimate data with observed precipitation 
analysis. 

Initially, it is investigated that the use of existing satellite precipitation estimation 
techniques developed by Reading University/U.K., Bristol University/U.K., GOES 
Precipitation Index developed by Arkin, the Progressive Refinement Technique as well as 
the Convective Stratiform Technique (CST) (Newby, 1992). By early 1993 a unique 
Hybrid Climatological Technique was developed (Schaake, Newby, 1993) which uses cold 
cloud duration data for different temperature thresholds. Analogues gridded fields are 
created using raingauge data only. Observed daily precipitation is interpolated using 
optimal statistical interpolation that takes into account the probability of zero rain, the 
skewed distribution of rain on rainy days, and the spatial correlation structure of the rain 
(Schaake, 1993). Because both satellite and gauge only analyses are noisy, the forecast 
component uses a merged gridded fields as weighted values of both fields for each pixel. 
In the operational version the preliminary weight factor is a constant and the forecaster 
can change it. New objective procedures are being developed to determine the 'best' 
merged estimates. 
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The gridded merged rainfall estimates are written to the database that will be used by 
the forecast component to compute runoff and to do hydro-meteorological analysis. A 
mean areal precipitation time series is also available for pre-selected sub areas.  

The physical basis for making satellite precipitation estimates over the Nile basin is that 
most of the rain is produced by convective storms that extend high into the atmosphere.  
Infrared data measures cloud top temperatures, which reflect cloud height. 

Storms, especially tall ones produce most rain are easily detected in the infrared 
imagery. The general physical premise underpinning the infrared-based estimation 
procedures is: 
    I- the heaviest rain occurs as the clouds grow most rapidly. 
    II- the coldest cloud tops indicates areas of most rapid cloud growth. 

Accounting for the effects of orography and other meteorological factors occurring in 
the Nile, significant data analysis that must be organized in steps is required. The first step 
was to implement existing satellite estimation techniques and to consider the strengths and 
weakness of each. These data are the digital data for the satellite images in different 
spectral bands, the observed rainfall data at the gages to validate these techniques. Fig. 2, 
shows a sample output of the preprocessor component that is a map of gridded rainfall 
distribution over the Nile basin. 

 

 
Fig. 2  A Sample Output of the Preprocessor Component 

2.2 Rainfall/Runoff Methodology 
The rainfall/runoff component includes a distributed modeling system divides the basin 
into grids. Input data to the models consist of precipitation and potential evaporation. 
Output information consists of discharges at key locations along the Nile. These data and 
hydro physical characteristics of soils are very restricted in space and time for the Nile 
Basin. There are good geographical data such as stream network and elevation data. 
Distributed parameter models with features of lumped parameter models were developed 
for the Nile Basin using geographical data.  

The Nile Forecast System (NFS) is based on the quasi-rectangular grid at the 
METEOSAT projection (average grid cell size is 5.5 x 5.5 km). Each grid cell imitates a 
small basin with generalized hill-slopes and stream channels.  
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Precipitation and Potential evapotranspiration are determined for each grid cell. 
Because of the large area, every pixel is assumed to have a stream channel routing through 
it, and the outflow from one pixel “dumps” into one neighboring (the downstream) pixel. 
 Three basic models are normally executed at every grid cell, which are: 

1) Water balance model. 
2) Hillslope model. 
3) Channel routing model. 

Each model has driving input, parameters, state variables, model equations, and output. 
Each model contains nonlinear model equations to compute the outflows and uses a form 
of the storage equation to compute new states at the end of each time step. The use of state 
variables and storage equation ensures that the volume is preserved. Each model has the 
following generic logic: 
  Outflow = function of (Inflow, Parameters, Prior State) 
  New States = function (Prior States, Inflows, Outflows, Parameters) 

2.3 Models Parameters Estimation 
Hydrologic parameters in the NFS models can be derived in two ways. First, physical 
parameters can be directly taken or inferred from measured basin properties. Second, any 
of the parameters may be calibrated using historical rainfall and runoff. 

Table 1 

Water Balance     Hillslope     Channel 
Inflows      
Rainfall (mm/day)     Total runoff (mm/day)   Hillflow (CMS/day) 
PET (mm/day)     
Outflows 
Total runoff (mm/day)    Hillflow (CMS/day)    Flow (CMS) 
Surface runoff (mm/day) 
Groundwater runoff (mm/day) 
Actual ET (mm/day) 
States 
Upper Deficit (mm)    Depth (mm)     Flow Area (M^2) 
Lower Deficit (mm) 
Parameters 
DMAX-max lower deficit (mm)   Slope      Slope  
QMAX-max groundwater flow, mmd*  Roughness     Roughness 
KSM-groundwater factor    Length (m)     Length (m) 
KDM-size factor of upper layer         Pixel Area (km^2) 
KDT-time scale             a, b (m) (shape) 
*The term mmd above is short for millimeter per day 

 
Using basin properties provides sound physical basis for estimation and can be quite 

fast using GIS methods. Also, parameters are not dependent on availability of historic data, 
so spatially varied values for each pixel can be obtained. The values however are 
dependent on the quality and resolution of the measured properties. Thus, wherever 
possible, parameters were inferred from physical properties. Physical parameters can be 
either directly taken from geographic measurements or can be inferred from regional type 
relationships to basin properties, such as area and stream order. For example, slope is 
usually directly measured; but channel shape can be inferred from geomorphic 
relationships of shape to drainage area. Parameters that were not yet related to physical 
properties or had unavailable geographic data were subjectively calibrated instead. 

The GIS has gridded databases of elevations, stream network, and drainage area. These 
data were used directly to produce gridded parameter values of slope, length, and pixel 
area for the channel and hillslpope models. Several prior studies (in various countries) 
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have investigated the relationship roughness to slope, drainage area, type of channel bed, 
and channel vegetation. Channel roughness coefficients were estimated from slope and 
basin area using a relation ship obtained from analysis of 20 streams in the U.S. that were 
similar to those in the Blue Nile Basin. Hillslope roughness and channel shape parameters 
were simply assumed values that were constant over the basin. Based on sensitivity 
analysis and comparison of simulated and observed hydrographs for Diem, Roseires, and 
Khartoum, and the hill-slope roughness is assumed to be 0.5, and channel shape was 
assumed to be triangular with parameters A and B equal to 2 meters and 1, respectively. 

Actually, the concept of deriving slope and length for these models from gridded 
elevations is subject to interpretation. Lengths in a gridded field are generally measured 
along the length, width, or diagonal of a pixel. However, water in nature often follows a 
more twisted and tortuous path than can be represented in gridded fields depending on the 
resolution of the grid. Thus, real-flow lengths may be longer than those measured by 
gridded fields. Sometimes, gridded lengths are multiplied by factors based on basin fractal 
ratios to increase the flow length. 

3. FORECAST QUALITY AND STABILITY 

This part will give an idea about the performance and benefits of the NFS during different 
situations.  Each year the NFC issues a comprehensive analysis about the performance 
and accuracy of the forecast system.  Since the establishment of the center in 1991, the 
experience gained in forecast and dealing with different flood situation is recognizable.  
The MPWWR key decision-makers are getting more and more relying on different 
analysis prepared by the center.  We consider this as a good remark of the success of the 
center in fulfilling the set objectives. 

During the flood year 1998/1999, 1999/2000, and 2000/2001 that were a high flood 
years, in 1997/1998, which was around average year, in 1996/1997 which, was above 
average year; the performance of the center is considered good.  The accuracy of the ESP 
forecasts varied from 70% to 90% based on the lead time that associated with the issued 
forecasts and on the time of the year where the forecast was issued. 

4. FORECAST PREPARATION AND DISSEMINATION 

Both the Nile Forecast System (NFS) and the Decision Support System (DSS) are used for 
issuing the following: 

 Daily rainfall maps over the Nile basin areas.  These maps combine observed 
 data, satellite estimates, and climatic averages.  They issued also on daily, 
weekly, monthly and seasonal basis. 

 Hydrographs at key locations within the Nile basin for various conditions  and 
input scenarios. 

 Incremental and accumulated extended streamflow projections – associated with 
uncertainty envelope, with different time spans. 

 Soil moisture deficit maps, on daily, monthly, seasonal basis. 
 Issuing quantitative precipitation forecasts for 1,2,3,4 and 5 days over the Nile 

basin. 
 Trade off for different operation strategies of the High Aswan Dam (HAD). 
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Abstract: For study on the possible influence of estuarine reclamation upon the flood control 
capacity of the Shenzhen River Regulation Project, a 2-D finite difference hydrodynamic model in 
an orthogonal boundary-fitting curvilinear coordinate is developed and applied to the integral 
river-estuary-bay water area of Shenzhen region. The hydrodynamic effects of flooding water into 
swamps and creeks of a large-scale mangrove forest and the momentum transfermechanism at the 
interface between main channel and flood plain flows are taken into account. The Manning 
roughness coefficients and the depth averaged eddy viscosity coefficients in the mangrove swamp 
and creek and in the compound channel are treated with different methods. Two test cases 
demonstrate that the present model is efficient and applicable. The detrimental effect of the 
estuarine reclamation is evaluated. The optimum scheme to excavate the range of reclamation is 
proposed on basis of the flood defence requirements of both Shenzhen and Hong Kong.  

Keywords: flood control capacity, Shenzhen River Regulation Project, hydrodynamic model, 
mangrove forest, compound channel flow 

1. INTRODUCTION 

The Shenzhen River is the boundary river between Shenzhen and Hong Kong. Owing to 
the narrow riverbed, the Shenzhen River meanders on the flat alluvial-marine plain and is 
subject to tidal influence. During storm the flooding water could not drain quickly into the 
Deep Bay, and hence resulted in frequent flooding. Both sides of Shenzhen River were 
inundated almost every year.  People living on both banks suffered serious economic 
losses and severe hardship from frequent floods. For example, Only the two flood 
incidents on June 16th and September 26th 1993 caused direct economic losses of 1.4 
billion yuan RMB to Shenzhen, and also resulted in serious losses to Hong Kong. 

After many negotiations between Shenzhen and Hong Kong administrations, finally 
both sides determined the scheme of the Shenzhen River Regulation Project, whose 
primary purpose is to control flooding in the lower catchment of Shenzhen River. After 
completion of the project, the flood control capacity of Shenzhen River will raise from 
two-year return period to fifty-year return period. However, the recent reclamation nearby 
the Shenzhen River mouth occupies the partial river channel. The issue of whether the 
estuarine reclamation will lead to the decrease of flood control capacity of the Shenzhen 
River Regulation Project draws the attentions of relevant departments.  

A 2-D finite difference hydrodynamic model in an orthogonal boundary-fitting 
curvilinear coordinate is developed and applied to the integral river-estuary-bay water 
area of Shenzhen region for the prediction of possible influence of estuarine reclamation. 
In this study, the hydrodynamic effects of flooding water into a large-scale mangrove 
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forest are taken into account and the complex compound channel flow is considered. The 
influence of estuarine reclamation upon the flood control capacity of the Shenzhen River 
Regulation Project is evaluated and the optimum scheme to excavate the range of 
reclamation is proposed on basis of the flood defence requirements of both Shenzhen and 
Hong Kong. 

2. OUTLINE OF SHENZHEN RIVER REGULATION PROJECT 
The Shenzhen River originates near Niuweiling in the Wotong Mountains, draining from 
northeast to southeast into the Deep Bay. Its watershed area covers 312.5 km2, of which 
187.5 km2 lies on the Shenzhen side. Before the realignments at Liu Pok and Lok Ma 
Chau bends, the total length of Shenzhen River was 37.0 km long, and the main course 
(from Sancha River mouth to Shenzhen River mouth) was 16.1km long. The major 
tributaries on the Shenzhen side are Shawan River and Buji River, and Wotong River is 
the principal branch on the Hong Kong side. The width of Shenzhen River upstream of Lo 
Wu Port is less than 15m, the average width of river reach from Lowu Port to Huanggang 
Port is about 40m, and the average width from Huanggang Port to the river mouth is about 
70 m. A sketch map of integral river-estuary-bay water area of Shenzhen region is 
illustrated in Fig. 1.  

 
 

Fig. 1  Sketch Map of Integral River-Estuary-Bay Water Area of Shenzhen Region 

For improvement of the flood control capacity of Shenzhen River, a three-stage 
regulation scheme was determined in 1985. The stage I works involve the realignments of 
Liu Pok and Lok Ma Chou bends, Lo Wu bridge protection works, and the construction of 
Futian sluice gate. Stage II works is the more extensive dredging works downstream of Lo 
Wu railway bridge. Stage III works is the regulation of the river upstream of Lo Wu 
railway bridge. The stage I works began in May 1995 and was completed in April 1997. 
The stage II works started in May 1997 and was completed in December 2000. The stage 
III works began in 2001 and will be completed in 2004.  

The compound river geometries were adopted along almost the whole project, because 
they ensure reasonable depths at low flows, which provide a suitable habitat for fish and 
other wildlife, while the flood plains provide conveyance for floods. The typical 
compound river geometry is illustrated in Fig.2. Other kinds of channel geometries such 
as vertical profile and mixed profile were employed in the partial river reaches due to 
restriction of buildings and local terrain. The designed width of riverbed at the Shenzhen 
River mouth is 130 m, and that of upstream reach is scaled down at 6:1000. The designed 
elevation of riverbed at the Shenzhen River mouth is –5.0 m, that of reach from the 
Shenzhen River mouth to the Buji River mouth is scaled up at 1:10000, that of river reach 
from the Buji River mouth to the Wotong River mouth is scaled up at 1:7500, and that of 
upstream reach from the Wotong River mouth is scaled up at 1:5000. 
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After completion of the whole project, the flood water level in Shenzhen River and its 
tributaries will be distinctly reduced, and the flood discharge of the lower reach of 
Shenzhen River will be raised from 600 m3/s to 2100 m3/s. The flood control capacity of 
the Shenzhen River Regulation Project is up to fifth-year return period. 

excavated riverbed

dumped riprapdumped riprap

concrete-lined bottom concrete-lined bottom

 
Fig. 2  Typical Compound River Geometry  

3. HYDRODYNAMIC MODEL 

The hydrodynamic model used in an orthogonal boundary-fitting curvilinear coordinate 
can be described by a group of 2-D depth-integrated equations of mass conservation and 
momentum of flow motion. 

The depth-integrated equation of mass conservation can be written as: 
1 [ ( ) ( )] 0C Du C Dv

t C C η ξ
ξ η

ζ
ξ η

∂ ∂ ∂
+ +
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=        (1) 

where ζ  is water surface elevation; D h ς= +  is the total water depth, in which h is the 
still water depth; u and v are the velocity components in the η  and ξ directions, 
respectively; 2C x y2

η η η= +  and 2 2C x yξ ξ ξ= + , are the Lame coefficients in the η  and 

ξ direction, respectively； t is time.  
The momentum equations for flow motion in the η  and ξ  horizontal coordinate 

directions can be expressed as: 
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； f is Coriolis parameter; g is 

the acceleration due to gravity; AH  is the depth mean (horizontal) eddy viscosity 
coefficient; , is the Chezy parameter, R is the hydraulic radius and n is 
Manning coefficient. 

1/ 6 /C R n=

The computational domain is illustrated in Fig.1. The length in the south-northward 
direction is 10.254 km and that in the west-eastward direction 22.045 km. The region is 
divided into an 89×385 mesh system. The time step is set to be 3 s. At the offshore 
boundary a non-reflective tidal graph is imposed, while the discharge conditions are 
employed at the upstream boundaries of the Futian River mouth, Buji River mouth, the 
Wotong River mouth and the Sancha River mouth. The Double-Sweep-Implicit 
finite-difference scheme (Yan et al., 1999) is adopted to solve the momentum and 
continuity equations, which employs a space-staggered grid with the velocities located at 
the edge of the grid cell and with the other main variables being located at the center of 
the cell. The finite-difference equations, which are a tri-diagonal matrix, can be resolved 
by TDMA method. A moving boundary treatment is considered so that the flooding mass 
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flux can be provided by the surface gradient at the water-land boundary when the water 
elevation at the seaward front is higher than the basement level at the adjacent landward 
grid. 

It should be mentioned that there is a large scale of mangrove in the side of Hong Kong 
nearby the Shenzhen River mouth, as shown in Fig3. Because the mangrove forest lies 
right in the opposite riverbank of the estuarine reclamation, the hydrodynamic effects of 
flooding water into a large-scale mangrove forest must be taken into account. Researches 
have been conducted of the actions of currents through vegetation in an attempt to 
understand the flow field in a mangrove forest. Petry and Bosmajian (1976) introduced a 
method of force balance to estimate the Manning friction coefficient due to vegetation and 
boundary roughness, and suggested that flow is resisted mainly due to the drag force of 
vegetation. Wolanski et al. (1980, 1985, 1992) also studied the flow field of tide on 
mangrove and simulated the flow field in a mangrove swamp and creek by using the 
Manning roughness coefficient in their computational model. They suggested that the 
Manning roughness coefficient be on the order of 0.2~0.4 in a swamp and 0.02~0.04 in a 
creek. Mazda et al. (1997) found that the drag coefficient with increasing value of the 
Reynolds number in which the characteristic length scale would be determined by the 
mangrove root’s spacing. Harada and Imamura (2001) estimated the drag coefficient and 
the inertia coefficient by measuring the pressure acting on the mangrove model and 
obtained that the drag coefficient is essentially proportional t the mangrove volume. Saad 
et al. (2001) performed two series of calculation to estimate flooding effects on water 
levels, one is to allow the flooding over swamp and the other is not to allow the flooding. 
Results shown that flooding over the swamp reduces the water elevation at high level. In 
this study, both the drag resistance due to mangrove roots’ system froots and the bottom 
friction fb are considered in the swamp zone. For the bottom friction, fb=0.08, is adopted 
because the bottom sediment consists of mud. Although the drag coefficient is considered 
to vary with the depth of the water reflecting the complex mangrove roots’ system, a 
constant value of 1.0 is used for simplicity, and the corresponding drag resistance due to 
mangrove roots’ system can be calculated in terms of the following relation presented by 
Saad et al. (2001): 

0
0

1 ( ) ( )
2

D

roots D rootsf C d z N z= ∫ dz                    (4) 

 
Fig. 3  Location of Estuarine Reclamation on Downstream Side of Shenzhen River Mouth 
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where CD is the drag coefficient; d0 is the diameter of a mangrove root; and Nroots is the 
number of roots per unit bottom area. It should be noted that both d0 and Nroots are 
functions of the height from the bottom and may vary with mangrove species and 
vegetated conditions. Rhizophora stylosa, which is the dominant species there, has a root 
configuration such that prop roots are ramified from the main stem. The average value of 
prop roots Nroots is 16 N/m2 and that of roots perimeter 0.13 m. Substituting those values 
into Eq. (4) yields froots as 0.33D, and the corresponding Manning roughness coefficient 
can be calculated in terms of the following relation:  

3[( ) ] /(2 )roots bn f f D= + × g                      (5) 

The depth averaged eddy viscosity coefficient within the mangrove forest zone is 
another key factor to be considered, for the horizontal mixing is important to exchange the 
momentum between slack water over a swamp and relatively fast flow in a creek. 
Nakatsuji et al. (1996) purposed a wide range of values on the depth averaged eddy 
viscosity coefficient. The appropriate value, however, is still remained unknown. In this 
study, a value of 1.25 m2/s, which would be close to average value, is employed 
regardless over a swamp and in a creek. 

In the Shenzhen River, compound channel flow is complicated by the existence of a 
region of turbulent shear at the interface between main channel and flood plain flows, 
which takes the form of a momentum transfermechanism. The component flow of the 
compound cross-section retards channel velocity and discharge, while increasing the 
corresponding parameters on the flood plain.  Myers et al. (2001) carried out an 
experimental compound channel research programme including fixed and mobile main 
channel boundaries with two flood plain roughnesses. Velocity and discharge 
relationships were explored illustrating the complex behavior of compound river channels 
and calling attention in particular to the errors incurred in applying conventional 
methodologies such as the single channel method and the divided channel method to 
discharge assessment in overbank flows. Neither method takes account of momentum 
transfer across the main channel and flood plain. Conventional methods may lead either to 
over-estimation of discharge capacity, which is dangerous, or to under-estimation of 
capacity which results in over design and wastage of resources.  A two-dimensional 

ε−k  turbulence model is applied in this study to the simulation of compound channel 
flow. The depth average turbulent eddy viscosity coefficient over the flow field in the 
Shenzhen River is evaluated by means of the commonly used parabolic eddy viscosity 
formula, which has been adopted due to computational ease and its contribution to many 
practical applications. This is achieved by relating the depth average turbulent eddy 
viscosity coefficient to two local turbulent parameters, namely the turbulent kinetic energy 
and its dissipation rate. On the other hand, the momentum transfer- mechanism is 
enhanced by the different roughness coefficients of flood plain and main channel. The 
Manning roughness coefficient in the flood plain is taken to be 0.014~0.017 for the 
concrete-lined bottom, and that in the main channel be 0.016~0.020 for the excavated 
riverbed. The Manning roughness coefficient in the transition between the flood plain and 
the main channel is set to be 0.030~0.035 for the dumped riprap. 

4. COMPUTATIONS AND ANALYSIS 

4.1 Verifications 
Two test cases are carried out for verification of present model. Firstly, the tidal level data 
and such synchronous hydrometric measurements as velocity and discharge at seven 
hydrometric sections from 15th to 23rd, May 2000, are employed. Among those 
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hydrometric sections, there are three sections situated in the Deep Bay nearby the 
mangrove zone and others on the Shenzhen River. Comparisons of field survey data and 
computations of tidal level, flow field, and discharge demonstrate that satisfactory 
agreements are obtained. Secondly, the flooding water elevation along the Shenzhen River 
under the hydrometric and topographic conditions of the design and plan stage is used. 
Herein the boundary condition at the upstream of the Shenzhen River is the peak flood 
with fifty-year return period and that on the Deep Bay is the tidal graph with ten-year 
return period. The topographic manuscript of scale 1:2000 in 1996 year is without 
estuarine reclamation. Comparison between the design flooding water elevation and the 
computations shows consistent. The pairing figures are left out due to limited space, 
which have been described by Zheng and Yan (2001) in detail. 

4.2 Influence of estuarine reclamation on flood control capacity  
The hydrometric boundary condition at the upstream of the Shenzhen River is the peak 
flood of fifty-year return period and that on the Deep Bay is the tidal hydrograph with 
ten-year return period. The topographic plan in 1996 year is changed only in the region of 
estuarine reclamation. 

Fig.4 shows the comparisons of flooding water elevation along the Shenzhen River 
with and without the estuarine reclamation. It can be seen that the flooding water 
elevation along the river reach from Shenzhen River mouth to Chiwei would drive up and 
the maximum rise in level is up to 0.317 m at the Shenzhen River mouth. The estuarine 
reclamation would result in reducing the flood control benefit of the Shenzhen River 
Regulation Project because it occupied the partial river channel. The influence of the 
estuarine reclamation on the flooding water elevation becomes smaller with the increasing 
of upstream distance to the Shenzhen River mouth.  
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Fig. 4  Flooding Water Elevation along Shenzhen River 

Table 1 gives changes of the flood discharge at different locations along the Shenzhen 
River. Computations show that the estuarine reclamation would reduce the flood 
discharging capacity of the lower reach of Shenzhen River and the maximum decrease of 
flood discharge is 140 m3/s at the Shenzhen River mouth. There is no influence of the 
estuarine reclamation on the flood discharge in the upstream reach of Chiwei section.  

 272



Table 1  Changes of flood discharge with fifty-year return period  

Location Chainage Design Discharge (m3/s)   Real Discharge (m3/s) 
Sancha River mouth 12+542 870 870 
Wo tong River mouth 9+720 1 500 1 500 
Buji River mouth 8+420 1 800 1 800 
Chiwei 6+540 1 900 1 900 
Futian River mouth 5+200 2 000 1 920 
Huanggang Port 3+500 2 100 1 980 
Shenzhen River mouth 0+000 2 100 1 960 

 
Fig.5 shows the change of the flood control capacity at the section of the Shenzhe 

River mouth. It can be found that on the frequency curve of the design discharge the 
corresponding frequency is 3.3% to the real flood discharge of 1960m3/s at the Shenzhen 
River mouth due to the estuarine reclamation. The flood control capacity of the Shenzhen 
River Regulation Project will decrease from fifty-year return period to thirty-year return 
period. 
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Fig. 5  Calculation of Flood Control Capacity at Shenzhe River Mouth 

4.3 Optimum excavating scheme 
The present model is applied to seeking the optimum excavating scheme for decreasing 
the excavation of reclamation range as far as possible on basis of the flood defence 
requirements of both Shenzhen and Hong Kong. As seen in Fig.4, the flooding water 
elevation along the Shenzhen River under the optimum topographic condition would be 
lower than the design one. The flood control requirements would be satisfied. Therefore, 
the excavating range of about 2/5 and the bed elevation of the being excavated part of 
–1.5m  (in the Yellow Sea Elevation System) is recommended. 

5. CONCLUDING REMARKS 

A two dimensional orthogonal body-fitted finite-difference numerical model is established 
and applied to the integral river-estuary-bay water area of Shenzhen region for study on 
the possible influence of estuarine reclamation upon the flood control capacity of the 
Shenzhen River Regulation Project. In this study, the Manning roughness coefficients and 
the depth averaged eddy viscosity coefficients both in the mangrove swamp and creek and 
in the compound channel are treated with different methods. Two test cases demonstrate 
that the present model is efficient and applicable.  
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Computations show that the partial occupation of river channel due to the estuarine 
reclamation would decrease the flood control capacity of the Shenzhen River Regulation 
Project from fifty-year return period to thirty-year return period.  

The excavating range of about 2/5 and the bed elevation of the excavated part of –1.5m 
(in the Yellow Sea Elevation System) is recommended to be the optimum scheme on basis 
of the flood control requirements of both Shenzhen and Hong Kong. 

REFERENCES 
Harada, K. and Imamura F., 2001. “Experimental Study on the Resistance by Mangrove under the Unsteady 

Flow.” In: Proceedings of 1st Asian and Pacific Coastal Engineering Conference, pp. 975-984. 
Mazda, Y., Wolanski, E., King, B., Sase, A., Ohtsuka, D., and Magi, M., 1997. “Drag Force due to Vegetation in 

Mangrove Swamp.” Mangrove and Salt Marshes, Vol. 1, No.3, pp.193-199. 
Myers, W. R. C., Lyness, J. F., and Cassells J., 2001. “Influence of Boundary Roughness on Velocity and 

Discharge in Compound River Channels.”  Journal of Hydraulic Research, IAHR, Vol. 39, No. 3, pp. 
311-319. 

Nakatsuji, K., Ooya, Y., and Shiono, K., 1996. “Boundary Fitted Curvature Transformation for Applying to 
Meandering Creek in Mangrove Estuaries.” Flow Modeling and Turbulence Measurements, pp. 623-630. 

Petry, S. and Bosmijian, G., 1976. “Analysis of Flow through Vegetation.” Journal of Hydraulics Div., pp. 
871-884. 

Wolanski, E., 1998. “Numerical Modeling of Flow in a Tidal Creek-mangrove Swamp system.” In: Proceedings 
of 21st IAHR Congress, pp. 19-23. 

Wolanski, E., Mazda, Y., and Ridd, P., 1992. “Mangrove Hydrodynamics.” In: Robertson, A. I. and Alongi, D. 
M. (eds.), Tropical Mangrove Ecosystem, American Geophysical Union, pp.43-62. 

Wolanski, E., Jones, M., and Bunt, J. S., 1980. “Hydrodynamics of a Tidal Creek-mangrove Swamp System.” 
Australian Journal of Marine and Freshwater Research, Vol. 31, pp. 431-450. 

Yan Yixin, Zhu Yuliang, and Xue Hongchao, 1999. “Hydrodynamics for the Formation and Development of 
Radial Sandbanks.”  Science in China (Ser.D), Vol. 42, No. 1, pp. 13-21. 

Zheng Jinhai and Yan Yixin, 2001. “Numerical Study on Estuarine Reclamation Issue nearby Shenzhen River 
Mouth.” (in Chinese) Technical Report, Research Institute of Coastal and Ocean Engineering, Hohai 
University. 

 274



Flood Defence ’2002, Wu et al. (eds)© 2002 Science Press, New York Ltd., ISBN 1-880132-54-0 

The holistic approach to flood management 

Kamran Emami 
Kurit Kara Engineers, Tehran, Iran 
E-mail: emami@kuritkara.com, emami@iranrivers.com 
 

S.A. Chavoshian 
Iranian Water Resources Management Organization, Tehran, Iran   
E-mail: chavoshian@iranrivers.com 

 275

Abstract: As dawn breaks on the 21st century, humanity is confronted with three fundamental 
problems that are interrelated in a complex system: water crisis, sustainable development and flood 
mitigation. Solutions of these problems will above all need a holistic approach emphasizing the 
importance of the whole and the interdependence and interactions of its parts. In 1990’s, the 
non-structural approaches to flood management were established in many countries and integration 
of structural and nonstructural approaches has been increasingly used. The benefits derived from 
this trend in flood management are found to be immense. This is supported by a case study of the 
Sistan province in southeast Iran. The history of floods and droughts in the Sistan plain extends to 
hundreds of years ago. During the past fifty years, major floods have occurred in 1957, 1982 and 
1991 with tens of millions of dollars in total damage and unimaginable human suffering. The 
droughts for their part have prevented the development of this impoverished province. For example, 
the notable drought of 1971 was so severe that 70 percent of the population were forced to emigrate 
to other provinces. Chahnime off-channel reservoirs, constructed in 1980, effectively prevented a 
similar disaster during 1984-1986 droughts. 

 

After the floods of 1991, two alternatives were proposed for flood mitigation of the Sistan plain. 
The first one was an option of flood control through huge levee construction. The alternative 
scheme was based on holistic approach and called for addressing drought and flood problems by 
construction of more reservoirs and diverting the flood peak into the reservoirs by using 
nonstructural approaches. The scheme would have resulted in enormous saving and reduced 
construction time, nonetheless, financed by the world bank, the flood control levees was constructed 
after 7 years. When the worst drought in the history of the region began in 2000 and extended for 3 
years, it became apparent what the region needed most were more reservoirs and holistic thinking. 

Keywords: Holistic approach, flood management, non-structural approaches 

1. INTRODUCTION 

A global debate over the conflict between flood control and flood management strategies 
in recent years and especially in the aftermath of the 1993 Midwest flood in the United 
States, has been undermining the dominance of the structural flood control in major rivers 
of the world (ICID, 1999)(Williams, 1994), (Denning, 1994). The goal of holistic flood 
management is to reduce the hazard to lives and property by the most cost-effective 
measures, recognizing that not all flood risks can be eliminated. The underlying 
assumption is to commit to long-term management of all factors that affect flood risk. 
This requires a management scheme that includes a system approach to the optimum 
water resources (including floods) utilization, forecasting and monitoring and the ability 
to change policy in light of new information and emergence of sophisticated technologies. 
When a region relies exclusively on flood-control structures instead of using them as one 
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of many possible components of a flood-management strategy, there is a tendency to 
believe that the flood danger has been eliminated and to disregard other risk management 
methods such as elevating structures. This can result in increased damage when flooding 
occurs, because the property at risk is now more valuable and the increased damage can 
outweigh the benefit of less frequent flooding afforded by the project. (Williams, 1994) 

Analysis of worldwide experience has shown that a flood protection plan should be 
developed for major catchments to identify the necessary action during the pre flood 
period to achieve “optimum initial conditions”, and during the actual event and the period 
after the flood. In the downstream reaches of many rivers the water travel time is in days, 
even weeks, and here the different services have sufficient time to organize protection, 
mobilize staff and equipment and even construct structures for protection. For example, 
during the 1996 and 1988 floods in China which are described as the worst in hundreds of 
years, millions of soldiers and civilians were deployed to shore up dikes with sandbags 
and anything on hand and officials considered breaching embankments upriver if 
necessary to divert the flow and avoid an epic disaster. Similarly, the sparing of Kansas 
City and St. Louis from deep flooding may unquestionably be credited in large part to the 
corps’s upstream and local facilities, as well as to the collapse of the Chesterfield levees 
and myriad agricultural levees. (Federal Interagency Floodplain Management Task Force, 
1995).  

2. HOLISTIC APPROACH TO FLOOD MANAGEMENT  

In early 1990’s, non-structural measures as an integrated approach, were practically 
unknown or disregarded in most of the countries having (hidden) flooding problems. 
Since then many countries all over the world, which thought that they had been able to 
mitigate floods have suffered again from severe floods and there has been quite some 
rethinking on the effectiveness of structural measures as applied on the own (ICID, 1999).  

The non-structural approaches to flood management evolved in 1990’s and ICID 
published a manual on the subject in 1999, 11 years after the formation of the related 
working group. According to the manual “non-structural approaches to flood management 
comprise those activities which are planned to eliminate or mitigate adverse effects of 
flooding without involving the construction of flow modifying structures”. In 2000, 
Iranian working group presented an alternative definition for non-structural measures as 
follows: 

Table 1  Non-structural flood management measures 
Category Measure Nature Timing Aim 

Hydraulic Analysis Non-structural Before the event Both 
Flood forecasting Non-structural Just before the event Both 

Zoning Non-structural Before the event Keep people off the flood 
Floodplain management Non-structural Before the event Keep people off the flood 

Insurance Non-structural Before and After 
 the flood 

Reduce vulnerability &  
Keep people off the flood 

Catchment management Non-structural Before the event Keep flood off the people 
Flood response planning Non-structural Before the event Keep people off the flood 

Seasonal reservoir 
management Non-structural Before the event Keep flood off the people 

Planning 
Measures 

Decision making Non-structural Before the event Both 
Flood Fighting Structural Just before & During flood Keep flood off the people 
Flood warning Non-structural Just before & During flood Keep people off the flood 

Real-time reservoir 
management Non-structural Just before & During flood Both 

Evacuation Non-structural During flood Keep people off the flood 
Emergency assistance Non-structural During and after flood Keep people off the flood 

Response 
measures 

Flood evaluation Non-structural During and after flood Both 
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“Non-structural measures are designed to keep people off the flood or are taken during, 
just ahead or immediately after a flood event or have a non-structural nature”. Any one of 
these three criteria would be enough to establish a method as non-structural. In this 
context, seasonal or real-time management of the reservoirs which are not discussed in the 
ICID manual are assigned as non-structural measures which are presented in table 1 (ICID, 
1999). 

The present study considers the comparison of holistic flood management strategies for 
flood control schemes in Sistan province, Iran 10 years after initiation of the construction 
of the flood control structures and at the end of the worst drought the region experienced 
in its history. 

3. GENERAL GEOGRAPPHY AND WATER RESOURCES OF THE SISTAN 
PROVINCE  

The Sistan plain is formed by the delta of the Hirmand River and covers an area of 
250,000 ha. in the southeastern part of Iran. The ground elevations vary from 480 to 500 
m.s.a.l. with an average gradient of 0.0004. The climate of the Sistan plain is arid 
continental, which is characterized by low annual rainfall, high temperatures in summer 
and low temperatures in winter. The average annual rainfall is 40 mm while the average 
pan evaporation is about 4000 mm (Emami, 1993). 

 
Fig. 1  General Map of the Region 

The Hirmand river, which rises from Hindu-Kush mountains in Afghanistan, is the 
major water resource of the region. The catchment area of the Hirmand river is about 
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350,000 sq. km including the vast desert areas which make no real contribution to the 
river. The river is 1,000 km long and rises from Koh-Baba about 40 km west of Kabul 
with several tributaries inside Afghanistan . At the point of its entry into Iran, the Hirmand 
river bifurcates into two branches : the Sistan river and the  Parian river. The Sistan river 
runs across the Iranian territory for about 60 km before reaching Hamun-e-Hirmand lake. 
The Parian river flows along the international border and ends at Hamun-e-Pozak lake in 
Afghanistan (Fig. 1). The Hamun lakes are connected in floods of the Hirmand river and a 
considerable volume flows through Shile - a natural connecting channel - to Goud-e-Zerre 
depression in Afghanistan (Emami, 1993).  

Three diversion dams have been constructed on this river Viz. Kohak, Zahak  and 
Sistan diversion dams. The construction of Kohak diversion dam, which is only 2000 m 
downstream of Hirmand Fork, has brought about the gradual increase of the annual 
volume of the Parian river in comparison with the Sistan river. The ratio of the annual 
volumes of the two rivers which was approximately 2 to 1 in favor of the Sistan river in 
1950s, is now 2 to 1 in favor of the Parian river. Three reservoirs (Chahnime 1, 2 & 3) 
with a total storage of 700 MCM  (350 MCM live storage) serve as off channel storage 
fed through an inlet channel off-taking at Hirmand Fork. An escape channel connects the 
reservoirs to the Sistan river, upstream of the Zahak Diversion Dam (Emami, 1993). 

4. THE DROUGHTS AND FLOODS OF THE SISTAN PLAIN 

The history of floods and droughts in the Sistan plain extends to hundreds of years ago. 
During the past forty years, major floods have occurred in 1957, 1982 and 1991 with tens 
of millions of dollars in total damage and unimaginable human suffering. The total 
damage caused by the floods in the past forty years is the greatest incurred damage among 
the Iranian provinces. The droughts for their part have prevented the development of this 
impoverished province in 1971,1984 and 1985. For example, the notable drought of 1971 
was so severe (the annual flow of Sistan River was 5% of long-term average) that 70 
percent of the population were forced to emigrate to other provinces (Emami, 1993). On 
the other hand, construction of Chahnime reservoirs greatly alleviated the effects of two 
successive droughts in 1984 and 1985.  

Table 2  The Damage Caused by Major Floods in the Past 40 Years in Sistan 

Year Flooded area  (ha) Demolished houses 
1957 23000 2150 
1981 7500 1410 
1991 80000 15000 

5. THE FLOOD MITIGATION SCHEMES  

Following the calamitous flood of 1991, the authorities decided that a flood alleviation 
scheme should be undertaken and the consulting engineers were asked to investigate and 
advise. The proposed flood control plans involve levee construction, channel 
improvements and a diversion canal as shown in the Fig. 3. On the other hand, two 
different off-channel reservoirs, Chahnime 4 (800 MCM) and Khatam (1800 MCM), are 
now under investigation. These two reservoirs would be constructed to the west and south 
of the existing reservoirs. The consultants have rejected depleting the reservoirs and 
allocating some storage for anticipated floods on the ground that the reservoirs are 
primarily meant for irrigation and consequently only the surcharge storage of the 
reservoirs have been allocated for flood control. In this regard, the consultants have 
pointed out that "for most of the wet years, the Chainmen reservoirs would be filled 
before May and therefore, little or no capacity would be available for later flood 
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diversion". Nonetheless as the present study indicates, up to 60 % of the design flood peak 
can be diverted into the reservoirs by adoption of the flood management policies. (Tehran 
Sahib, 1992), (Emami, 1993) 

 
Fig. 2  The Flood Control Alternatives for Sistan Project 

6. THE IMPORTANCE OF THE RESERVOIRS  

A modified Transition probability (TP) matrix method which can handle variable demands, 
yearly sedimentation and evaporation was developed for a yield analysis of the reservoirs. 
Applying modified TP to the monthly flows of the Sistan River the probabilities of failure 
of Khatam and Chahnime1-3 reservoirs (with total live and dead storage of 1600 and 1200 
MCM respectively) for different rule curves are determined and are demonstrated in Fig.4. 
The reservoir failure return periods given in Fig.4 evidently warrant the construction of 
Khatam reservoir. Four dry years in the last ten years also reiterate the significance of this 
requirement 
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Fig. 3  The probabilities of failure (shortages) of Khatam and Chahnime1-3 Reservoirs 
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Fig. 4  The probabilities of failure (shortages) of reservoirs with pumping of dead storage 

Fig. 3 indicates that even after Khatam reservoir is constructed the risk of having dry 
months is still high. In this regard, the dead storage of the reservoirs with a volume of 
1200 MCM should not be overlooked. It is quite feasible to pump water during droughts 
and by pumping of the upper 6 meter of the dead storage; a volume of 750 MCM would 
be available. Incorporating this assumption into the modified TP model, another yield 
analysis is performed and the results are given in Fig. 4. It is quite evident from the figure 
that by construction of Khatam reservoir and pumping up to 750 MCM of the dead 
storage, the possibility of occurrence of major droughts can be eliminated. 

7. FREQUENCY ANALYSIS OF THE FLOODS  

Considering the area of the Hirmand river basin (350,000 sq. km.) and scarcity of the 
hydrological data on the one hand, and the availability of daily flows of the Sistan River 
for 45 years on the other hand, statistical methods were adopted for assessment of river 
flow characteristics. The results of the analysis are summarized as follows:   
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 The seasonal flood characteristics of the Sistan River are illustrated in fig. 5 (Emami, 
1993). It is quite evident that the occurrence of major floods is very improbable from June 
to January. 

The winter floods of the Sistan River are quite different from the spring floods. The 
spring floods demonstrate much higher volumes while the larger instantaneous flows 
occur in winter. ( Fig. 6)  
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Fig. 6  The Volumes of 100-year flood of the Sistan River 

8. HYDROLOGICAL FORECASTING  

In view of the information revolution and ever increasing application of weather radars 
and satellites, the importance of early flood forecasting and improved flood management 
is increasingly recognized. Long-term and Short-term hydrological and meteorological 
forecasts substantially contribute to improved flood management through more adequate 
reservoir operation:  

• Using El Nino and La Nina, meteorologist can predict floods and droughts in many 
countries months in advance. These predictions are extremely valuable for reservoir 
management. [Obasi, 1997] 

• Flood forecasting has been used as an alternative response for PMF at Saluda dam in 
the United States [Colon, 1989]  

• For Terzaghi dam it was found that by adopting a rule curve for reservoir operation, 
the PMF could be passed with no modification to the existing spillway [Lee, 1989]. 
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• According to Swedish guidelines for evaluation of design flood, the reservoirs can be 
emptied before the start of the snowmelt, and then assumed to be refilled as in a year 
with a very large snowpack, but without knowledge in advance of the extreme flood 
[Lindstrom et al, 1992].  

• For Iranian rivers, reservoir simulations indicate that allocating a considerable 
reservoir volume to flood control in certain months would not decrease the reservoir 
yield substantially if long-term inflow forecasting can distinguish an extremely dry 
year from a wet year.  

Considering the relatively small volumes of the winter floods, the surcharge storage of 
the reservoirs with a volume of 200 MCM can be for diversion of about 65% of the peak 
flow into the reservoirs. Furthermore if hydrological forecasting can determine whether a 
year is wet at the end of the winter, the conservation reservoirs can be turned into an 
important component of the flood alleviation scheme. In wet years, the reservoirs can be 
managed so that there is a fair chance of their filling by the end of the flood season and no 
sooner. Thus a midseason flood can be stored and then release in part. The same strategy 
is suggested by Swedish guidelines for evaluation of extreme floods. The reservoirs are 
emptied before the start of the snowmelt, and then assumed to be refilled as in a year with 
a very large snowpack, but without knowledge in advance of the extreme rainfall [Goran, 
1992]. Accordingly the hydrological forecasting and warning systems attains great 
importance. In the Hirmand river basin, spring floods results from melting of snow on 
Hindu-Kush Mountains. Due to the scarcity of hydrological data of the basin, only the 
monthly discharges in fall and winter have been used in the forecasting model. The 
correlation coefficient of the forecasting model is 0.9  (fig. 7). The accuracy of the 
forecasting model is in contrast with the fact that precipitation, depth of the snowpacks; 
temperatures during winter, soil moisture and other hydrological parameters have not been 
used. Kabul precipitations for 13 years are available and the correlation coefficients for 
these years would increase substantially (fig. 8). So incorporation of the precipitation and 
the temperatures of Kabul in winter into the forecasting model would result in 
achievement of more accurate forecasts which can guarantee the desired reservoir 
operation. (Emami, 1993), (Janssen, 1993), (Maclaren, 1980) 

The results of the hydrological forecasting can be summarized as follows:  
1) The hydrological forecasting of the Sistan River based upon monthly flows in 

autumn and winter is capable of predicting floods and droughts in spring with a fair 
degree of certainty.  
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Fig. 7  The Observed and Forecasted Average Annual Flows of the Sistan River 

 
2) The incorporation of precipitation and temperatures of Kabul into the forecasting 

model would result in more accurate forecasts. In this respect, remote sensing techniques 
should not be overlooked. (DePodesta, 1991) 
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3) During the notorious flood of 1991, the greatest flood wave took more than a week 
to reach Iran from the beginning of the rainstorm in Afghanistan. So by incorporating the 
real-time meteorological and hydrological forecasts, a considerable volume of the stored 
water can be released from the reservoirs during the early rising stages of the floods. The 
released volume would outweigh any possible underestimation of the forecasts. 
Furthermore excluding the droughts, the probability of the river volume in June exceeding 
250 MCM is 90%. This fact gives assurance against any overestimation of the river 
volume in the forecasting. (Cabal, 1992), (Chang, 1991), (Cuena, 1992) (Department of 
Technical Cooperation for Development, 1983). 

4) In the coming years more sophisticated technology and more data would enhance the 
accuracy of the forecasts. Consequently the adaptability and flexibility of the flood 
alleviation system is advantageous  

5) The feeder canal can be enlarged in a few months. Accordingly, till construction of 
the reservoirs is completed, the forecasting model will provide a fair degree of safety 
against probable floods by diverting the probable flood waters into the existing reservoirs. 

6) Fig. 7 demonstrates the enhanced accuracy of forecasting extreme events, i.e. floods 
and droughts, in comparison with normal years. It should be pointed out that the 
forecasting model always overestimates the river flows during droughts; apparently as the 
result of the unusual water allocations in Afghanistan when the river flows are extremely 
low.     
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Fig. 8 The R-Squared for Data fitting of the Sistan River Flows 

9. FLOOD CONTROL VS. FLOOD MANAGEMENT 

1) As seasonal flood characteristics are strongly developed in the Sistan River, use of the 
water supply reservoirs for flood alleviation offers great economical advantages. Even 
preliminary investigations show that the flood mitigation through diversion of flood 
waters into the reservoirs would reduce the total cost of the project by more than 90 
percent (Emami, 1993). 

2) The records of past floods clearly reveal that winter floods are much more 
devastating than spring floods. In this regard, breaking of the levees in winter is much 
more likely than failure of reservoirs because winter floods demonstrate relatively high 
peak flows and low volumes. Furthermore the failure of the reservoirs has a "ductile " 
nature versus the absolutely brittle nature of levees breakage. Since the feeder canal is 
rather short, it is feasible to enlarge the canal in order to guarantee an extremely ductile 
failure of the system (Williams, 1994). 

3) Hopes that the dikes will contain the flood may persist to within only a few hours of 
their failure. Consequently when overtopped or breached, dikes may make matters 
considerably worse. The flood waters enter suddenly and catch people unprepared, or at 
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least with short warning. Conversely, using the real time flood forecasting and the 
reservoir volume available, a much more realistic hazard evaluation would be prepared. 
(Denning, 1994), (Williams, 1994)     

4) The performance of the flood management schemes would improve drastically with 
elapse of time due to the emergence of more sophisticated technologies, more reliable data 
and decreased uncertainties of the various parameters involved. 

5) The reservoirs have great potentials for recreation and fishing industry. The 
introduction of the management schemes would enhance the feasibility of utilization of 
these potentials (Emami, 1993). 

6) The Chah-nime reservoirs have been intended for irrigation, but during the past 
floods, especially the notorious 1991 flood, the diversion of flood waters into the 
reservoirs decreased the damage considerably. If only the discharge capacities of the 
inflow and outflow canals had been adequate, the disaster of 1991 could have been 
averted. On the other hand, the Sistan River has washed out the dikes again and again in 
the last 50 years; the higher the breached dikes, the heavier the incurred damage (Emami, 
1993).         

7) The flood management strategies rely on the feeder canal for discharging the floods 
into the reservoirs, whereas most of the flood volume should flow through the Sistan 
River in flood control schemes. In this regard, the prediction of the hydraulics of the 4 
km-long straight excavated canal is much more reliable than that of the 60 km-long, 
unstable meandering alluvium river. Furthermore the environmental losses resulting from 
the enlargement of the feeder canal would be much less than those of the flood control 
structures (Petts,1989),(Skipwith,1989).8) If an extraordinary flood occurs, the proposed 
levees will be overtopped and the consequent sedimentation in the river would drastically 
decrease the discharge capacity of the river and the remaining flood control structures 
would be extremely vulnerable even to minor floods. On the other hand, even during the 
extraordinary floods, the main structural components of the management system ( the 
feeder canal and the conservation reservoirs ) are preserved.  

10. EXTREME DROUGHT OF 2000-2002 

As result of very unusual low precipitation in Afghanistan and unusual water allocations 
in Afghanistan, the Hirmand River with average annual flow of more than 5000 MCM at 
the Iran-Afghanistan border, virtually dried up for 3 years from April, 2000. During the 
notable drought of 1971 when the river flow stopped for 6 months, 70 percent of the 
population was forced to emigrate to other provinces. Still in the drought of 2000-2002 
which has been unprecedented in the region, Chahnime reservoirs saved the region and no 
drought-related emigration has been reported. Now 10 years after the flood management 
versus flood control debate, it has turned out that holistic thinking and the reservoirs are 
the keys of drought and flood management in Sistan.  

11. CONCLUDING REMARKS 

It has been shown in this paper that extremely effective drought and flood alleviation in 
the Sistan delta could have been achieved by substituting a flood management scheme by 
reservoirs for the flood control alternative of huge levee construction along the 60 
km-long river.  Unfortunately extremely efficient flood management scheme with much 
less expenses and shorter construction time was disregarded and supported by the world 
bank, the construction of the levees started in 1994 and continued for 7 years. On the hand, 
the flood management alternative would have resulted in construction of more reservoirs 
and implementation of low cost but effective non-structural measures. As a result the 
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region would have been much less vulnerable when the extreme drought of 1999-2002 
began.  
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Abstract: Due to its special geological and hydrological values, Dongting Lake played a key role in 
the flood defense system of Yangtze River in the past hundred years, but the people there who 
contributed a lot to guarantee the safety of Jingjiang Dyke and the Wuhan City during flood 
emergency also suffered a lot. The aim of this paper is to develop a sustainable strategy to improve 
the flood storage capacity of Dongting Lake and minimize the damage of flood, which focuses more 
on the comprehensive and sustainable future of Dongting Lake than traditional strategies did. By 
characterizing the relationship between Dongting Lake and Yangtze River and analyzing the most 
serious floods in this area in 20th century, this paper shows that the Lake is indispensable to the 
flood defense system of the Yangtze River Basin as a key detention area of extra flood water and 
will keep this role even after the Three Gorges Project puts into operation. Quantitative evaluations 
on practical or expected performance of both engineering and non-engineering measures are 
proposed, such as strengthening the dykes, removing polders to transfer flood, enlarging the 
capacity of the rivers, returning farming lands to lakes, accelerating the construction in the flood 
diversion and detention areas, improving the arrangement of the flood regulation reservoirs in the 
downstream areas of the four rivers( Xiangjiang,  Zijiang, Yuanjiang and Lishui, Hunan), etc. 
Evaluations are also achieved on some planned projects, such as the regulation of the Three Gorges 
Reservoir in light of the water lever of Chenlingji, the Sankou river channel harnessing and the 
Chenglingji-Hankou river channel harnessing, etc. Finally, this paper presents a novel flood 
defense-mitigation system with emphasis on the improvements of the relationship between Yangtze 
River and Dongting Lake, the flood storage capacity, and the standard of dykes. 

Keywords: sustainable strategy, flood defense and mitigation, Dongting Lake, Yangtze River. 

1. INTRODUCTION 

Located to the south of the middle reaches of Yangtze River, Dongting Lake is the largest 
freshwater lake in China (Shown in Fig 1).  Dongting Lake is a flood channel type lake 
in conjunction with the Yangtze River and the other four main rivers in Hunan 
(Xiangjiang,  Zijiang, Yuanjiang and Lishui). Mountains surround the lake valley on the 
east, south and west, and a lake plain lies to the north. The total area of the lake region is 
18780 km2, 3998 km2 of which is natural water area (Huang, 1999). In its western and 
southern parts, the four rivers flow into the lake and in its northern part, the Yangtze River 
flows into the lake through Songzi, Taiping and Ouchi channels. The storage capacity is 
more than 20 billion m3 and the mean annual flow is 301.8 billion m3. The mean annual 
sediment yield into the lake is estimated at 129 million m3, 100 million m3 of which silts 
up in the lake.  Dongting Lake region in Hunan Province covers four cities, 15 towns, 
and 15 state-owned farms with an area of 32,064 km2, of which the dyke-surrounded area 
is 15,200km2. The Dongting Lake region contributes to great productions of grain and fish. 
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Grain production in the region is about 25 percent of that of the whole Hunan Province 
and the outputs of hemp, cotton, and silk are 90, 80, and 50 percent, respectively (Wang, 
1998).  

 
Fig. 1  Location of Dongting Lake in China 

 
Due to the special climate in this area and complicated relationship between Dongting 

Lake and Yangtze River, serious flood disasters have taken place frequently in the 
Dongting Lake region. During the last decade of 20th century, heavy disasters occurred in 
5 years  and super-heavy disasters  occurred in 1996 and 1998 (Zeng, 2001). In this 
paper, the special causes of flood in the Dongting Lake region are discussed, and an 
integrated sustainable strategy is presented correspondingly. 

2. KEY ROLE OF DONGTING LAKE IN THE FLOOD DEFENSE SYSTEM  

2.1 Retaining the Excess Flood from Yangtze River 
The excess flood in the middle reaches of Yangtze River ( Jingjiang River) is held up at 
two narrow channels. The first one is Songzi River, located at the upstream of Jingjiang 
River. Its safe charge is 60,000m3/s, but in the past 100 years, there have been 26 years 
when the discharge was greater than that flow. The second bottleneck reaches from 
Chenglingji near Yueyang City to Luoshan with the safe discharge less than 60,000 m3/s. 
Since 1951when the floods from Yangtze River and the four rivers were combined, there 
have been 30 years that the discharge is greater than the safe limitation, and the discharge 
in 1954 even reached 110,000m3/s. These tremendous excess floods from Yangtze River 
can’t be resolved by common hydraulic project, and were retained by Dongting Lake and 
the Hong Lake together before the latter was closed. But now, only Dongting Lake carries 
this burden. Statistics showed that in 1996, 1998 and 1999, in which heavy flood disasters 
occured, excess floods stored by the Dongting Lake were 307.3m3/s, 302.6m3/s and 
282.1m3/s, respectively (Huang, 1999). In this way, the safety of Jingjiang Dyke and 
Wuhan City were assured. 

2.2 Retaining the Excess Flood from the Four Rivers 
Xiangjiang, Zijiang, Yuanjiang and Lishui are the direct tributaries of Yangtze River, the 
max flood peak flow of which are 20,300m3/s, 15,300m3/s, 29,000m3/s and 17,600m3/s, 
respectively (Shown in Fig 2). Floods from the upstream reaches of Yangtze River and the 
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four rivers are combined and retained in Dongting Lake before they flow into the 
downstream of Yangtze River. Without this process, water level in the downstream 
reaches of Yangtze River must be much higher during floods, which will affect the 
discharge of the four rivers, and will even cause a widely dyke-broken in the upstream of 
the four rivers. 
 

 
Fig. 2  River System of the Dongting Lake  

3. IMPACTS RESULTED FROM THE CHANGES OF RELATIONSHIP 
BETWEEN DONGTING LAKE AND YANGTZE RIVER  

3.1 Shortening the Jingjiang River channel 
From 1967 to 1969, channels in Zhongzhouzi and Shangchewan Sections of Jingjiang 
River were shortened, so were the channel in Shatangzi Section in 1972. Totally 80.6 km 
channel was cut in these projects, which increased the mean annual flow of Jianli section 
by 12 percent, thus enlarged the discharge flow of Jingjiang River. But these projects also 
caused increased sediment and reduced flow in Luoshan River, which meant that the 
excess floods must be retained in Dongting Lake for more time and the water level of the 
lake rose in case of the same flood volume of previous year. According to the report from 
the expert panel employed by the Hydro and Power Department of Hunan Provincial 
Government, the safe discharge of the Luoshan River is between 560,000 and 
580,000m3/s in case of the estimated volume─320 billion m3, while the volume of excess 
floods near the Chenglingji reaches 50 billion m3, which is far greater than the estimated 
volume (Wang, 1999). 

 288



3.2 Enclosing of Lakes 
In 1950s, the total area for flood retaining in the Yangtze River Basin was over 12,736 
km2, which mainly consisted of Dongting Lake in Hunan Province, Hong Lake, Gaiyang 
Lake, and Dongxi Lake in Hubei Province, and the natural water area in Hunan and Hubei 
Province were 4350km2 and 8386km2, respectively. However, most of those natural lakes 
in Hubei Province which conjunct with the Yangtze River were enclosed in the later 
several decades and couldn’t serve for retaining flood any more. Dongting Lake had to 
carry this burden lonely, which led to the worsen water condition in the lake region.  

3.3 Increased Sediment 
When floods from Yangtze River and the four rivers flew into Dongting Lake, a mass of 
sediment was carried into the lake, most of which would silt up in the lake   finally. 
Statistics on sediment from 1951 to 1998 showed that, the mean annual amount of the 
sediment carried into the lake was 173.02 million tons, 139.61 tons of which came from 
the three channels (Songzi, Taiping and Ouchi), and the mean annual amount of the 
sediment discharged from the lake was 44.75 million tons, thus the net sediment amount 
was 132.54 million tons (Wang, 1998). Sediments led to the rising of the beds of  
Dongting Lake and relative rivers. According to the geographical data of 1950s and 1990s, 
during the past 50 years, the bed of Dongting Lake has been raised 3 to 4m averagely, and 
the max height of rising, 7m, was estimated in its northwest part. Rising of the bed 
directly caused the rising of the water level, which intensified the threat of floods on the 
lake region.  

4. SUSTAINABLE STRATEGY FOR FLOOD DEFENSE AND MITIGATION 

4.1 Raising the Dyke Height of Chenglingji  
Firstly, the aim of raising the dyke height of Chenglingji is to adapt to the shortening of 
the Jingjiang channel. Due to shortening the Jingjiang channel, the discharge capacity of 
the Luoshan River was weakened, which raised the water level at Chenglingji in case of 
the same flood volume of previous year. Analysis result shows that, the discharge capacity 
of the Luoshan River can meet the estimated standard none but the dyke height of 
Chenglingji reaches 35.8m. Otherwise, many polders in the Dongting Lake region, even 
some protected area, must be given up for retaining the excess floods. 

Secondly, this measure can compensate the decreased area of natural lakes. From 1954 
to now, area of natural lakes in the Yangtze River Basin has been reduced by 8,000km2, 
1,600km2 of which is in the Dongting Lake region. Raising the dyke height of Chenglingji 
can compensate this lose to some extent.  

4.2 Improving the Channels in the Lake Region 
The Dongting Lake region is the most difficult area in China in terms of flood defense and 
mitigation, which is attributed to the huge volume of floods and sediment, the weak dyke 
system, and the complicating river system. Songzi River has three tributaries, while Ouchi 
River has six tributaries. Such a complicated river system must be simplified by 
improving the main channels and cutting some tributaries, thus the total length of dykes in 
the lake region can be reduce by 410 km at least. The flood channels in the southern and 
western parts of Dongting Lake should be dredged up as well as the upstream reaches of 
the four rivers, and some reaches of Zikou River, Chaowei River and the Miluo River that 
hindered the flood discharge should be widened. By these means, the condition of flood 
discharge in the lake region can be greatly improved . 
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4.3 Optimizing the Flood Regulation of Reservoirs 
Firstly, the Flood Regulation of the Three Gorges Reservoir must be optimized. After the 
completion of the Three Gorges Project, the water levels in Chenglingji Section, the east 
Dongting Lake and the south Dongting Lake will decrease greatly, by means of the 
compensation diversion in Chenglingji Section. Result of Analysis on eight typical years 
shows that, by this means, the water level in the Chenglingji Section will decrease by 0.06 
~ 0.85m, 0.05 ~ 0.80m for the east Dongting Lake (Lujiao station) and 0.05 ~ 0.51m for 
the south Dongting Lake (Yuanjiang station). Secondly, the optimization of the flood 
regulation of big reservoirs in Hunan is also important. Flood forecast and Integrated 
regulation should be enhanced, potential storage should be put into use when  
super-heavy flood occurs. 

4.4 Returning Farming Lands to Lakes 
According to the flood control policy promulgated by the Chinese government in 
1998─removing polders to transfer flood and returning farming lands to lakes, 333 
polders in the Dongting Lake region must be given up, and 158,333 families and 558,552 
people living in these polders should move out. After completion of this project, the 
natural water area and the flood retaining volume of the Dongting Lake can increase to 
778.74 km2 and 3,48 billion m3, respectively. 

4.5 Reinforcing the Dyke System 
There are many complicating factors contributing to the frequently flood disasters in the 
Dongting Lake region, among which the most basic one is the relatively low standard of 
flood control in this area. Updated statistics shows that, the average standard of dykes in 
the east Dongting Lake region can only reach five-year to ten-year frequency, while 
four-year to seven-year frequency for the west Dongting Lake. Reinforcing the dyke 
system is one of the most effective engineering measures, and should be carried out in the 
light of the dyke height of Chenglingji Section. 

5. CONCLUSIONS 

The Dongting Lake region is the most challenging area in China in terms of flood control 
and mitigation, which also plays a key role in the flood defense system of  Yangtze River 
Basin. During the past 50 years, adverse changes have been taken place on the 
relationship between Dongting Lake and Yangtze River, and seriously weakened the flood 
defense capacity of Dongting Lake. After quantitative or qualitative analysis on these 
changes, this paper presents an integrated strategy system for flood defense and mitigation 
employing both engineering and non-engineering measures, which can be helpful for the 
sustainable development of the Dongting Lake region. 
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Abstract: Management of surface runoff and protection of water and environment are key elements 
of any watershed-wide development. The necessity of analyzing the watershed area and the 
receiving water as one single system is obvious.  In order to mitigate the flood peak at the 
downstream, micro-management and source control measures that include scattered small-scale 
infiltration facilities and subbasin outlet type detention/retention ponds are commonly used in 
watershed. The optimal planning and design of this networks belongs to the large combinatorial 
optimization problems that are very difficult to handle using conventional operation research 
techniques. Genetic Algorithms (GA) forms a radically different approach to optimization. The aim 
of this paper is to apply this technique to determine the most cost-effective placement strategy of 
runoff retarding facilities under constraints of least-cost and desired level of flood peak reduction 
requirement. Genetic algorithms that were interfaced with the hydrologic model through 
encoding-decoding processes performed optimization of flood retarding schemes. Wudu watershed 
located in upstream of Keelung River basin in northern Taiwan was described in the paper to 
illustrate the methodology.       

 

Keywords: flood mitigation, genetic algorithms, stormwater management, watershed management 

1. INTRODUCTION 

The Keelung River is located in northern Taiwan and flows a distance of 86km with a 
basin area of 500km2. The watershed above Wudu is 204.41 km2. The basin is covered 
mostly with hilly terrains, and narrow plains running along the river. Within the river 
basin, there are two stream gaging stations located at Chiehsou Bridge and Wudu, and 
three rain gages at Houshaoliau, Ruefang and Wudu, respectively. The average annual 
rainfall is approximately 3665 mm and annual rainy day reaches 206 days. The average 
monthly rainfall distribution is depicted in Fig 1. The maximum average amount falls in 
the month of September with 412.2 mm. Values of other months are greater than 200 mm 
except in the months of July and August. The maximum 24-hour rainfall depths calculated 
by the method of Log Person Type III for various selected return periods for three 
raingage stations are shown in Table 1.  

Table 1  Maximum 24-hour rainfall depths for selected return periods at three raingage stations 
Return periods(yr) 

Depth(mm) 
Raingages 

2yrs 5 yrs 10 yrs 25 yrs 50 yrs 100 yrs 

Wudu 197 314 414 557 672 791 
Ruefang  230 318 374 443 492 539 
Houshaoliau  286 387 450 524 573 623 

Note: Record length：1963~1997 
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Fig. 1  Average monthly rainfall distribution for Keelung River Basin (1961-1990) 

The downstream of the basin is heavily populated, especially in the Shijr area, situated 
at immediate downstream of Wudu. In which, the population has increased 66.43% in ten 
years from 1988 to 1997. In the lower part of Keelung River basin, cities and towns have 
been fully developed and established along the river. It is difficult and expensive to 
acquire the land as required for large-scale flood control structures. Typhoons Zeb, Babs 
in 1998 and Xangsane in 2000 caused heavy flooding in the areas of Shijr and Ruefang 
(TPFCC, 1998; Hsieh and Deng, 2000). It is imperative that all feasible measures should 
be considered and taken to resolve the flooding problem in the areas. Hence, the Water 
Conservancy Agency of the Ministry of Economic Affairs proposed, based on a 200-year 
flood protection level, a master plan for Keelung River improvements, which included 
implementation plan for initial phase and mainstream flood control measures, and cost 
approximately 117.4 billion NTD (New Taiwan dollars)(WCA, 2000) for the entire 
project. In addition, Yuanshanjr diversions and flood-control reservoirs in upper region of 
basin were also suggested. At present, channel dredging and bank protection construction 
in the initial phase of implementation plan, based on a 10-year flood protection level, were 
well under way. Besides that, all were still in planning stage. 

The concept of micro-management and source control for flood mitigation has been 
increasingly recognized and adopted in the U.S., Europe and Japan as a result of past 
experiences in flood control (Takeuchi, 2000; Okamoto, 2000; Liaw, et al., 2000). The 
runoff retarding measures thus taken in the upper and middle portions of basin are the 
applications of micro-management and source control concept. The runoff retarding 
measures widely distributed facilities for surface retention, surface detention and 
infiltration of storm runoff are provided to reduce flood flows both for peak and volume. 
For a single facility, it is easy to determine appropriate dimensions to reduce the flood 
peak. However, for a complex runoff retarding system in the entire watershed, the overall 
flood reduction is influenced by the superimposed result of effects of each retarding 
facilities with different retarding types, capacities and locations provided in the system. 
Better flood reduction may be accomplished by selecting appropriate retarding facilities at 
proper locations in the subbasins within the watershed. This study applied the concept of 
micro-management and source control to the Wudu watershed located at upstream of 
Keelung River basin to retard surface runoff and reduce flood peak utilizing genetic 
algorithms to optimize installations of retarding facilities. The conceptual layout for the 
strategy was displayed in Fig 2.  
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Fig. 2  Conceptual layout of runoff retarding measures at Wutu watershed 

2. MICRO-MANAGEMENT AND SOURCE CONTROL CONCEPT 

The concept of micro-management and source control is to reduce flood peak and source 
control concept manages to suppress surface runoff volume, reduce flood peak, shorten 
duration of high flows, improve water quality, and conserve ecologic environments as 
well. The measures may be grouped into two categories: 

(1) Ground Surface Improvements: Ground cover vegetation and increasing of 
impervious area on ground surface may be implemented to reduce flood peak and runoff 
volume as well. Furthermore, making drainage channels flatter in slope, longer in length 
and rougher on surface may increase time of concentration. 

(2) Runoff Retarding Facilities: Runoff retarding facilities may be taken into 
considerations if surface improvements are unable to adequately reduce the flood peak 
and runoff volume as anticipated. Runoff retarding facilities for detention, retention, 
infiltration and/or bioretention may be added to further reduce flood peak and runoff 
volume. Appropriate locations of the facilities will be selected through 
micro-management approach. 

3. COMPUTATION PROCEDURES  

The catchment area for upstream of Wudu was divided into 35 drainage subbasins as 
delineated in Fig 3. Among them, drainage areas range from 2.27 km2 (Subbasin 15) to 
8.44 km2 (Subbasin 1). Two types of runoff retarding facilities were considered in this 
study. One was the scattered small-scale infiltration or bioretention ponds which 
installations would be evenly spread out across the entire basin. The other was the 
subbasin outlet type, which installations such as detention ponds and retention ponds 
would be at the outlet of drainage subbasin. 

In this study, computational analyses included rainfall-runoff modeling and 
optimization by genetic algorithms. The flow chart for analysis procedures was shown in 
Fig 4. They were described as follows: 
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Fig. 3  Flow chart for analysis of runoff retarding system for Wutu watershed 

Runoff retarding schemes for Wutu watershed 

Decoding

Encoding
GA Optimization model 
Set up rate of flood peak 
reduction in (%) : 
5,10,15,20,25,30 

Parameters calibration and model validation : HEC-1 

Hydrologic model 
˙River system networking : GIS 
˙Rainfall-Runoff : Input design storm and SCS unit

graph for runoff computations 
˙Channel routing : The Muskingum method 
˙Reservoir routing : The Puls method 

Fig. 4  Flow chart for analysis of runoff retarding system for Wutu watershed 

 

3.1 Rainfall-Runoff Modeling 
SCS unit hydrograph and TR 55 software package were used as rainfall-runoff model to 
compute flood hydrographs. GIS techniques were applied to subbasin delineation, 
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watershed geomorphic data analysis and drainage channel networking in the basin. With 
additions of retarding facilities to the watershed system, the Muskingum method was used 
for channel routing and the Puls method was used for reservoir routing. The hydrologic 
model developed in the study was calibrated and validated by the HEC-1 model. Genetic 
algorithms that were interfaced with the hydrologic model through encoding-decoding 
processes performed optimization of flood retarding schemes. 

3.2 Genetic Algorithms for Optimization 
Genetic algorithms, based on Darwin’s “struggle for survival among things by the law of 
natural selection” to model evolution of species, first proposed by Professor J. Holland in 
1975 (Goldberg, 1989), was employed to search and optimize flood retarding schemes. 
The genetic algorithms are defined as: 

GA=（C, F, P, S, Cr, M, T）      (1) 

where C：Coding; F：Objective function; P：Population; S：Selection; Cr：Copulation; 
M：Mutation; T：Terminating condition. 
(1) Coding for schemes 

Two kinds of subbasin outlet retarding facilities, which included detention ponds and 
retention ponds, were used in this study. Four different heights (H=0m、5m、6m、7m) and 
outlet opening widths (W=0m、1m、1.5m、2m), which were assumed rectangular shape, 
respectively were assumed for the dimensions of the pond. The case with H=0 represented 
no retarding facilities being provided. The case with W=0 represented retention pond 
provided. Both height and width of the opening were coded with binary digits. Sixteen 
combinations of H and W of the opening (and hence 16 different facilities) for each 
subbasin could be obtained. Hence, there were 2140 possible combinations of retarding 
facilities to be analyzed in the watershed.  
(2) Objective function 

The objective functions is: 

Max U(W,H)=[-COST(V), DETEN(W, H)]      (2) 

Maximum utilization, U, of the facilities was defined as maximum percentage of flood 
peak reduction, DETEN, with minimum cost, COST. In Eq. 2, V refers to volume of 
retarding facilities in m3. Percentage of flood peak reduction was computed using Eq. 3 

DETEN= ( )[ ] 100×− ori
p

cal
p

ori
p QQQ      (3) 

where = Calculated flood peak discharge with retarding facilities; and Q = 
Original flood peak discharge without retarding facilities. 

cal
pQ ori

p

The cost function (in 1996 value) was obtained by the regression result of cost data 
from 22 reservoirs previously constructed in Taiwan. 

COST=3657.4 V0.7897    r2= 0.91     (4) 

(3) Assumption for parameters 
The size of population, P, was assumed to be 50. The selection, S, of superior 

individuals was made by the vector-evaluated genetic algorithms (VEGA). Single-point 
copulation with a probability of 0.9 was assumed. A probability of 0.01 was assumed for 
mutations. Generations of descendants were assumed to be 30, 60, 90 and 100. For 
10-year flood conditions, the percentage of flood peak reduction tended to be stable when 
the number of generations approached 100. Hence 100 generations were taken as the 
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condition for terminating computations. In addition, elite solution conservation approach 
was incorporated into computations to search and optimize the flood retarding schemes.  

4. RESULTS AND DISCUSSIONS 

The 10-year flood protection level was set by the Ministry of Economic Affairs as the 
initial phase for flood control over the Keelung River basin. Hence, 10-year flood was 
used as the protection level in this study to investigate the runoff retarding schemes, 
which included scattered small-scale infiltration measures taken in certain percentages of 
watershed, and runoff retarding facilities at selected subbasin outlets. 

Infiltration facilities were used as scattered small-scale retarding measures throughout 
the watershed. The soils in the watershed were classified hydrologically as type B soil 
according to the GIS geomorphic data analysis. If the retention time was assumed 24 
hours, the depth of infiltration pond of 0.317m was required. Areas required for installing 
bioretention/infiltration ponds installed were assumed 0%, 5% and 10%, respectively, of 
the watershed area. 

In addition to the infiltration facilities, runoff retarding facilities such as detention 
ponds and retention ponds at selected subbasin outlets were installed to yield various 
runoff retarding schemes. Optimization with genetic algorithms was conducted and 14 
schemes under different conditions with best performances for runoff retarding for the 
watershed were obtained as shown in Table 2.  

Table 2  Optimization results of runoff retarding schemes for Wutu watershed 

Schemes 
No. 

Percent of basin area 
with scattered 

small-scale 
infiltration/ 

bioretention ponds

Rate of 
flood 
peak 

reduction

Subbasins with retention 
 or detention facilities 

Total number 
of subbasins 

with retention 
or detention 

facilities 

Total 
capacity 

of 
facilities 
(106 m3) 

Total cost 
(NTD) 

1 0％ 5％ 2,3,4,5,6,7,8 7 4.7 6.7 ×108 
2 0％ 10％ 1,2,3,4,5,6,7,8,9 9 5.9 8.1 ×108 
3 0％ 15％ 1,2,3,4,5,6,7,8,9,20,21,22 12 7.9 1.0 ×109 
4 0％ 20％ 1,2,3,4,5,6,7,8,9,13,14,15,16,20,21,22 16 10.2 1.2 ×109 
5 5％ 5％ 2,3,6,8,14,20 6 3.4 5.2 ×108 
6 5％ 10％ 2,3,6,8,12,13,15,21 8 4.8 6.9 ×108 
7 5％ 15％ 1,2,3,6,7,8,10,12,13 9 5.5 7.7 ×108 
8 5％ 20％ 1,2,3,4,5,6,7,8,10,12,13,21 12 7.4 9.7 ×108 
9 5％ 25％ 1,2,3,4,5,6,7,8,9,10,11,13,14,15,21 14 8.8 1.1 ×109 

10 10％ 10％ 2,12,13,28 4 2.7 4.3 ×108 
11 10％ 15％ 2,8,9,10,12,18,22 7 4.2 6.2 ×108 
12 10％ 20％ 2,7,8,9,10,12,18,22 8 5.2 7.4 ×108 
13 10％ 25％ 2,4,5,6,7,8,9,10,12,18,22 11 7.0 9.3 ×108 
14 10％ 30％ 1,2,3,4,5,6,7,8,9,10,12,18,22 13 8.2 1.0 ×109 

Notes： 
1. Cost function is derived using cost data for construction of 22 reservoirs completed in Taiwan. 
2. All schemes are based on 10-year flood protection level. 
3. Costs of scattered small-scale runoff retarding measures are not included in total cost. 
4. Depth of scattered small-scale runoff retarding facilities is assumed 0.3 m. 

 
Table 2 indicated that fewer than half of subbasins with retention pond installations 

were required to achieve the flood reduction as anticipated when scattered small-scale 
retarding measures were undertaken in the watershed. Even without scattered small-scale 
retarding measures, a flood peak reduction of 20% could be achieved merely with a cost 
of 1.2 billion NTD. Hence, runoff retarding facilities installed in the upper and middle 
part of watershed were very effective to reduce flood burden in the downstream channel. 
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Results of optimization indicated that subbasin outlet runoff retarding facilities tended 
to be selected at location in the upper and middle portions of the watershed and hardly be 
found in the lower part of watershed. Retention ponds at subbasin outlets were effective in 
reducing flood peak for floods up to a certain magnitude. However, as floods became 
larger enough such that the retention pond was filled up during the rising limb of flood 
hydrograph and became ineffective. Under such circumstances, detention ponds became 
better selection to reduce flood peak. 

5. SUMMARY AND CONCLUSIONS 

Based on the above analysis and discussions, the following summary and conclusions 
could be stated.  

1. Based on the results if scattered small-scale infiltration facilities were taken 
throughout the watershed, even fewer than one half of all subbasins with 
detention/retention pond installations were required to achieve the flood peakflow 
reduction as anticipated. Even without scattered small-scale infiltration facilities, 
certain percentage of flood peakflow reduction could be achieved by providing 
subbasin outlet retarding facilities in the upper and middle portions of the 
watershed at a reasonable low cost. It was more desirable from the socio-economic, 
environmental, and risk perspectives but a further detailed evaluation was needed. 

2. Land acquisition and refuse disposal were two major obstacles for public works in 
Taiwan. It was extremely expensive and difficult to resolve these two problems. 
However, runoff retarding measures taken in the upper and middle parts of 
watershed seemed to be feasible and deserve further considerations. 

3. For heavily populated areas in the downstream of the basin where land acquisition 
for public constructions became more and more difficult, runoff retarding measures 
taken in the upper and middle parts of basin to reduce flood burden in downstream 
channel appeared to be more practical for stormwater management in the near 
future. 
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Abstract: Floods are the most devastating hazards, which occur frequently almost every year in 
most parts of the Northern India. In the present paper an attempt has been made to analyse and 
highlight a spatio-temporal view of  Indian floods, their impact and strategies for their mitigation. In 
fact, the sudden, frequent and untimely floods have great impact not only on the human and 
livestock population but on different socio-economic activities. Moreover, such hazards pose a 
severe threat to the surviving frazile eco-system, socio-economic development and ecological 
sustainability of the affected  region. It is a true fact that floods have an intricate relationship with 
environmental degradation which could be rightly termed as man  made disaster rather than natural 
disaster. In Asia and Pacific regions, India is one of  the worst affected countries. The estimated area 
affected by the floods is 40 million ha. and the average area prone floods is annually around 8 
million ha. While the estimated annual loss due to the most destructive floods is Rs. 2104 million. 
The average affected area by floods during 1953-1996 was about 7.52 million ha followed by 3.45 
million ha. cropped area. In the same duration nearly 32.35 million people were affected. The 
average human and cattle loss was reported to 1514 followed by 95,270. Moreover, the average 
value damage done to the public utilities was Rs. 38,100.20 million including houses Rs. 13,500.93 
million. Meanwhile, about Rs. 1300.21 million were spent in the first plan (1954-56) in the country 
for the floods management purposes and consequently, one million ha. Area was protected. Actually, 
during the last few decades, it has been clearly observed that floods damage in India has depicted 
rising trends. Indeed such calamities are not a result of a single factor but a set of factors is evidently 
liable for such hazards. Occurrence of excessive rainfall, lack of proper drainage, increase in 
developmental activities, cloudbursts and discharge of excessive water in the sensitive rivers of the 
catchment areas. The other equally important parameters include over cultivation, overgrazing, 
deforestation and defective agricultural practices in the upland areas. The study also suggests some 
of the important strategies for the floods mitigation  

 

 
Keywords: hazard, frazile eco-system, ecological sustainability, cloudburst 

1. INTRODUCTION  

Floods are considered to be the most devastating hazards among all the natural calamities. 
Flood is a natural phenomenon and severe floods frequently occur almost every year in 
one part or the other part of the country causing immense loss of life, large scale damage 
to property and untold miseries to millions of people. Hence, it may be rightly stated that 
such types of natural calamities left behind a story of death, hunger, epidemic and mass 
destruction. It has been observed that the severe floods more frequently hit most parts of 
the northern India because the entire region is ecologically fragile and dominated by the 
flood prone rivers system. Though, such hazards also occur in the various other isolated 
parts of the country including low lying coastal areas relatively with moderate frequency. 



It is a fact that floods have an intricate relationship with environment degradation which 
could be relatively called man-made disaster rather than natural disaster. Hence, flood 
hazards are precisely called natural since they are result from a set of natural phenomena 
connected directly with the atmosphere and surviving topographical structure. 

Such hazards undoubtedly cause sudden disruption to the normal life and immense 
damage to the biotic and abiotic activities to such an extent that social, economic and bio-
physical mechanisms available to the living populous become inadequate to restore 
normally. Similarly, such vagaries of nature have far reaching adverse impact not only on 
the human and livestock population but also in totality on various anthropogenic activities 
posing a severe threat to the fragile eco-system, socio-economic development and 
ecological sustainability of the affected region. Moreover, such hazards also exert a heavy 
toll of damage on the flora and fauna and ultimately destabilize the national economy. 

2. SPATIO-TEMPORAL EXTENT AND CAUSES OF INDIAN FLOODS  

With it vast territory, large population and unique geo-climatic conditions, India n sub-
continent is exposed to natural catastrophes traditionally. The natural hazards like floods 
are not a rare in the Indian arena. The Indian sub-continent is amongst the World’s most 
disaster-prone area with nearly 68 per cent, out of which only 5 per cent area is considered 
to be vulnerable to floods.  

India being one of the richest country with regard to its water resources, is continuously 
suffering from the menace of floods since centuries, due to the poor management of this 
rich natural resource and unplanned development has been the another cause of floods.  
India often faces severe flood hazards occurring frequently in its different parts 
throughout its history of civilization. The country receives an annual precipitation of 400 
million ha metres of the annual rainfall, 75 per cent is received during four months of 
monsoon (June to September) and as a result almost all the rivers carry heavy load of 
discharge during this period. The problems of sediment deposition, drainage congestion 
and synchronization of the river beds compound the flood hazard in various parts of the 
country.  

It has been estimated that over 90 per cent of the total damage  to property and crops in 
India is done in the plains of north India. The total area affected annually on an average is 
about 7.5 million ha. whereas the area prone to floods is 40 m. ha. i.e. nearby one-eighths 
of the total geographical area of the country. The cropped area affected annually is about 
3.5 million ha. and it was as high as 10 m. ha. in 1988, the worst year. The average annual 
damage to crops, house and public utilities during the period 1953-96 was about 
Rs.432105.6 million, while the maximum damage was Rs. 46303 million in the floods of 
1988. As it has been already mentioned that India time immemorial has been frequently 
hit by floods. There is hardly a year when some or the other parts of the country does not 
face the spectre of floods. Almost parts of northern India particular Indo-Gangetic and 
Brahmaputra plain area are intensively affected by severe floods with moderate to high 
intensity. 

But out of them, Bihar, U.P.,Assam including West Bengal are considered to be the 
worst affected states. The other relatively equally affected states are Punjab, Haryana and 
Himachal Pradesh  (Fig. 1). The lower Narmada and Tapti Valleys, the deltas of the 
Mahanadi, Godavari and Krishna are also inundated from time to time. In exceptional 
case Tamilnadu is the merely State where some areas may however, be flooded during 
winter months. It would be more appropriate and necessary here to highlight some to the 
important and major causes of floods explaining their spatial extent. So, all such types of 
significant causes have been explained in brief with each flood-prone area in the 
following discussion: 
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3. UTTAR PRADESH  

Almost area of the entire state is affected by the flood havoc. Considerably large area of 
eastern U.P. remains in the grip of furious floods which is known as a platform of various 
major rivers and their tributaries particularly the Ganga and its tributaries both left and 
right banks. During rainy season, these all rivers receive heavy rains and inundated a large 
area of the state. Moreover, the heavy floods in the state as well as in various parts are due 
to the result of man over-exploitation of nature. Indiscriminate deforestation, overgrazing 
by cattle and unskilled agricultural practices on the marginal hill slopes. These all 
practices leads to the important reasons for Indian floods. Rapid urbanization is an another 
significant and relevant factor in the increase of floods.  

On an average, about 33 per cent of the flood damages in India are accounted for the 
Uttar Pradesh state alone. According to the latest Fig.s (1998) as many as 46, out of 83 
districts in the whole state are flood-prone. Gorakhpur is the worst affected district in the 
state whereas the other worst affected districts of eastern U.P. are Ballia, Basti, 
Sidharthnagar, Mau, Azamgarh, Gonda, Balrampur, Maharajganj, Sant Kabir nagar, Kushi 
nagar and Faizabad including the higher reaches of Garwal and Kumaon hills in the 
North-West. Apart from these, the other moderately hit districts are Allahabad, Varanasi, 
Sant Ravidass Nagar, Varanasi, Lucknow, Muradabad, Rampur, Ghaziabad and Rae-
Barely. The Ganga, Gomati, Rapti, Ghaghra and Kunao are some of the most important 
rivers responsible for floods fury in the large part of U.P. and its neighbouring areas. 

4. BIHAR  

Bihar is the another most important state, worst affected by the severe floods almost every 
year. Million of people have been subjected to misery from time to time due to the cruel 
vagaries of the Kosi in north Bihar. On an average, nearly 27 per cent of flood damages in 
India are accounted for Bihar. Actually, the entire stretch from Vaishali-Muzaffarpur to 
Darbhanga is the major flood-prone area in the state. The districts which have been 
identified as worst-affected are Darbhanga, Mudhubani, Sitamarhi and Saharsha. The 
other moderately affected districts are Muzaffarpur, Begusarai, Katihar, Bhagalpur, 
Mungher and Purnia including Godda. One of the major cause of floods in Bihar is Kosi 
which is notorious for shifting its course depositing sand and silt and causing heavy floods 
in northern part of the state. The another important cause of floods in this region is the 
uncontrolled and indiscriminate development of flood plains due to accelerating pressure 
of population.  

5. ASSAM  

The entire belt of Assam valley and most of its surrounding fertile areas are very fragile 
with disaster point of view and often remained in the grip of furious floods in every 
monsoon season. This part of the country is probably suffered first by floods in very 
beginning of  the monsoon in comparison to the other parts of the country. The mighty 
Brahmaputra is often notorious for Furious floods. The valley receives a large amount of 
water heavily laden with huge silt, debris and sand from its tributaries by the Buri Dihing, 
Dhansiri, Subansiri, Manas, Dibang and Lahit. Most of the tributaries are large streams 
and they pour great quantity of water in Brahmaputra. As a result, the river beds get silted 
up, and their water carrying capacity gets reduced and increased flow into them spills over 
the banks causing floods.  

Out of the 23 districts, 21 districts in whole of the state were severely hit by the 
catastrophe of floods. The districts which were identified as highly affected and receive 
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excess rainfall (more than 20% of the average) were Lakhimpur, Tinsukhia, Sibsagar, 
Nalbari and Kokrajhar. 

6. WEST BENGAL  

The state of West Bengal especially  most of its southern areas suffer from the flood 
hazard which is often caused by incessant rains and poor drainage. The Damodar which is 
a small river but notorious for floods. The torrential rain in the deforested Bihar plateau is 
the major contributary cause of floods in W. Bengal plain areas. Damodar river has 
repeatedly devastated large areas in the past and has been notoriously known as the “River 
of Sorrow”. In 1956 nearly 25,000 sq. km. of area was flooded in the southern districts of 
West Bengal. 

 
Fig. 1  A Map of flood prone area of India 

 
In the recent floods of 1998, the districts which were identified as worst affected  

were Malda and Murshidabad and their nearly 1.8 million ha land was affected. The 
other affected districts were Jalpaiguri and  Coach Behar followed by north Dinajpur.  

7. PUNJAB  

The plain of Punjab and Haryana is well known as one of the badly affected plains and 
it accounts for nearly 15 per cent of the total losses incurred by India. The main causes 
of floods occurrence in Punjab state is the heavy rainfall in the upper reaches of 
Himachal Himalaya and adjacent hills. The major rivers namely the Beas, Ravi and 
Sutlej continued to flow above their normal level and after reaching down stream later 
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worsen the situation by depositing large quantity of silt on fertile land and ultimately 
suddenly floods occur.  

The other equally important cause of flood in state is the occasional breaches in 
various rivers, canals including drains. The major flood-prone districts are Hoshiarpur, 
Ropar, Amritsar, Monga, Kapurthala, Phillaur, Fatehgarh Sahib, Patiala and so on. 

8. HARYANA  

This tiny but agriculturally advance state is not spared by the floods. Many times it has 
also become the victim of floods spectre. The defective and poor drainage system in the 
various parts particularly in Rohtak, Jind, Hisar and Gurgaon districts of the state are the 
main causes of floods. However, there are several other causes too like overflow of water 
and accumulation of debris and silt in the various canals and drains. The Furious floods of 
1995 have been considered the worst floods of the century in the state history. Out of 17 
districts, 10 districts i.e. Rohtak, Bhiwani, Hisar,  Jind, Sirsa, Kaithal, Sonepat, Faridabad, 
Rewari and Gurgaon were noticed to be in the grip of fierce floods. Rohtak, Bhiwani 
followed by Hisar were the identified as the worst-affected areas. 

9. HIMACHAL PRADESH  

Since many decades, the hilly state is reported to be in the clutches of flood and the main 
causes of severe and devasted floods in the state are cruel  and uncertain events of cloud 
bursts and torrential rainfall. Kullu valley and its adjacent areas have been hit by flash 
floods in the monsoon season and the river Beas claims to be destroyed and  ruined some 
times the several hundred acres of marginal land of the surrounding villages on its banks. 
The major flood hit districts are Kullu, Solan, Chamba, Rampur, Kangra and Sundernagar 
including Mandi, Hamirpur and Una. 

Apart from these above mentioned areas occasionally torrential rains  have also ravaged 
several parts of Gujarat particularly its Saurashtra region, Kerala state and other parts of 
the country. In Gujarat floods have badly affected mainly Bhavnagar, Amreli, Broach, 
Junagarh Rajkot, Surat and Bulsar districts. While in Karnataka the most affected districts 
were Dakshina Kannada, Chickmagalur, Kodagu, Hassan, Mysore and Uttara Kannada. 
However, certain parts of Kerala have also affected by rains and floods. The deltas of the 
Krishna and Godavari in Andhra Pradesh too also suffered from flood hazard including 
certain lower courses of Narmada and Tapti. 

10. IMPACT OF FLOOD HAZARDS  

In fact, the disasters are the complex and stern events of nature which pose severe menace 
to the various anthropogenic activities of the society and their impact on human life is 
multi-dimensional. Almost all aspects of social life i.e. domestic, social, economic and 
cultural are severe affected by such type of hazard. However, it is very difficult to assess 
the indirect environmental damage since plant-animal-human chain is intensively affected 
by such calamities. The direct impact of flood hazards is indeed tremendous especially on 
economy. The damage done by such hazards to infrastructure, crops, and productive 
assets of local population is massive especially on its poor strata besides huge financial 
burden of relief and rescue operations. 

Indirectly these often lead to decline in production, loss of income, unemployment, 
indebtedness of the poor and increased cost of goods and services etc. Actually, the large 
scale damage caused by floods are often result of man’s folly. Almost every year, damage 
and loss of property caused by floods run worth into thousand millions rupees. But worst 
of all are the precious lives of human-beings including their cattle wealth, lost in hundreds 
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and thousands in case of cattle. According to the new report published by the “World 
Watch Institute,” Washington based that India incurs a property damage worth one billion 
dollar a year due to heavy flooding caused by recent deforestation in the Ganga river 
valley. Even then, the total impact of flood hazards on various types of activities including 
on different sectors during the past  44 years (1953-96) are given in Table 1. 

 
Table 1  Flood affected area and flood damages in India (1953 to 1996) 

Sl. 
No. 

Item Unit Average Flood 
Damage 

Maximum Damage
(with year) 

Damage During 1996 
(tentative) 

1 2 3 4 5 6 
1. Area Affected Million ha. 7.52 17.50 7.36 
    (1978)  

2. Population Affected Millions 32.35 70.45 39.02 
    (1978)  

3. Human Lives Lost Nos. 1514 11316 1271 
    (1977)  

4. Cattle Lost Nos. 95270 618248 60171 
    (1979)  

5. Cropped Area Million ha. 3.45 10.15 3.35 
 Affected   (1988)  

6. Value of Damage Rs. Millions 4558.70 25109.00 3838.80 
 to crops   (1988)  

7. Houses Damaged Millions 1.15 3.51 0.36 
    (1978)  

8. Value of Damage Rs. Millions 1359.30 7416.00 903.20 
 to Houses   (1988)  

9. Value of Damage Rs. Millions 3812.00 20500.40 8605.90 
 to Public Utilities   (1985)  

10. Value of Damage to Rs. Millions 9999.80 46303.00 21780.60* 
 Houses,  Crops and   (1988)  
 Public Utilities     

Source : Central Water Commission (FM&DP Directorate) 
Note: Fig.s from 1991 onward are which tentative and are being finalised in consultation with State Govt. 
 : Includes Rs. 8432.70, Millions for which breakup is not available. 

 
Precisely, the flood hazards have the following impacts on the various anthropogenic 

activities including two major sectors i.e. agriculture and socio-economic conditions of 
society:  

(i) Every year millions of people become homeless, rendered for shelter for many 
days and forced to stay under the open sky. 

(ii) Millions of houses and settlements have been badly damaged and large number 
of them collapsed. 

(iii) Millions hectares of agricultural land come under deep flood water and not in 
the condition for further cultivation. 

(iv) Millions tonnes of fertile top soils have been eroded by several major rivers and 
their tributaries of the country and ultimately deposited in the seas/oceans. 

(v) Hundreds of people fled away in the flood water and equally numbers have died 
either due to lack of food availability or epidemics. 

(vi) Thousands of livestock either fled away in flood water or died in wake of fodder 
shortage. 

(vii) Thousands hectares land has been converted into waste land/barren land and 
resultantly problems of salinity and alkalinity including water logging originate. 

(viii) Due to standing of large quantity of flood water at certain places for long time, 
various types of water borne diseases spread and ground table suddenly rose up. 
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(ix) Due to flow of flood water in various rivers, tributaries, canal and drains there 
always remained the threat of beaches and seepage at several vulnerable points. 

(x) Production of certain agricultural crops including cash crops either drastically 
gone down or lose their quality and quantity. 

(xi) National and state highways including their other associated link roads have 
been submerged in flood water subsequently failure of traffic for several weeks 
or so resultantly heavy disruption of economic and commercial activities. 

(xii) Due to submergence of railway tracks in flood water in several rail route 
sections rail services are either cancelled or badly disrupted and resultantly 
villages remained cut-off from the main land. 

(xiii) The power supply has been totally damaged because almost all electric poles 
sometimes get uprooted in coastal areas by the speedy winds accompanied by 
heavy rains. 

(xiv) The telecommunication network system has also been hit on large scale. 
(xv) The rural economy has been severely affected and destabilized, because the 

main sufferers have been particularly farmers and rural dwellers of low-lying 
areas. 

11. STRATEGIES FOR FLOOD MITIGATION 

It is a well accepted fact that occurrence of flood cannot be prevented.  Though their 
adverse societal and economic impact can be reduced substantially by undertaking various 
preparedness and mitigation measures by active community involvement.  Minimising the 
loss of precious human life is the first priority in flood management.  Almost each and 
every year story of misery, devastation, death and epidemic is repeated that monsoon 
leaves in its aftermath.  But with poor planning, mismanagement of water resources, lack 
of political will and meagre money, it is very difficult task to control the frequent floods. 

Hence, it is necessary to suitably "Manage Floods" with a view to reduce the damage 
potential and avoid loss to lives of humans and cattle.  So, in this direction "A better 
understanding of behaviour of rivers" could help in order to prevent loss due to flood 
hazards.  So keeping in mind the great loss of human lives, livestock and property, the 
Government of India constituted a national policy on flood control which was launched in 
1954, still on an average, floods claim over 1500 human lives and 10,000 heads of cattle 
every year.  However, the central government time to time reviews such measures and 
takes appropriate and meaningful steps but even then, many things have gone wrong with 
the management of floods.  First and foremost in the encroachment of the river banks with 
most of the damage in floods being due to increase in population along the banks.  
Another is mass destruction of forests to earn livelihood, reclamation of more and more 
lands even within the riverines areas have caused changes in the river regime system over 
the years.  All these have led to increasing flood damage to various control measures 
undertaken in the country. 

India, besides evolving effective post disaster management operations, has also 
formulated and implemented pre-disaster mitigation programmes and sectoral 
development programmes to reduce the impact of disasters as well as reduce the socio-
economic vulnerabilities.  In the past, the general approach to tackle the problem of floods 
was to construct productive bunds or drainage channels for their houses and even 
cultivated lands.  They were constructed, however, only when there was immediate 
damage of flood.  This approach has its ancient origin and tradition in the country, 
because flood protection embankments have been extensively constructed in the Godavari, 
Krishna and Cauvery deltas in South India and also in some areas of Indo-gangetic plain.  
But in the modern period, lots of things have transformed and numbers of new techniques 
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and methods have been used by the flood experts to reduce and mitigate flood loss.  So, in 
this direction the first approach is that all the flood prone areas should be mapped and 
delineated.  While the second approach is that the latest now modern techniques should be 
applied for advance warning system by using Remote Sensing and Various Satellite 
Services.  So, the flood forecasting and warning system should be adopted because it is 
one of the most concrete and suitable followed by effective methods. 

According to the report of Indian National Committee on Irrigation and Drainage 
(INICD) 1993, on "Non-structural aspect of flood management in India" was both 
technically and economically impossible to provide protection to all flood-prone areas 
through structural measures i.e. dams, reservoirs, drainage improvement, flood wall, 
watershed management, diversion of flood waters, embankments etc.  Stressing on non-
structural measures, the Committee said it was more important to "Keep people away from 
floods than trying to keep flood water away from people".  Keeping in view to mitigate 
damage potential and property losses it is possible to achieve this by a suitable blend of 
structural measures together with non-structural measures like flood plain zoning and 
forecasting and warning system.  The structural measures are those measures which have 
been emphasizing on the attempts to modify the floods.  Whereas non-structural measures 
on the other hand lay stress on attempts to modify the susceptibility to flood damage and 
attempt to modify the loss burden.  Apart from all the above suggested strategies, 
techniques and method in order to mitigate the flood hazards, massive afforestation 
programmes should be launched by involving local people including women, school 
children and young students along the rivers,  streams and canals including drains.  
Similarly special ‘clean up’ drive should also be launched in order to remove the 
deposited debris and silt from all the vulnerable rivers and canals in the presence of expert 
engineers right before the occurrence of rainy season.   

12. CONCLUSIONS 

It has been observed that most parts of northern India are severely affected by flood 
hazards particularly Indo-Gangetic-Brahmaputra plain.  Almost all the anthropogenic and 
commercial activities are badly hampered on large scale by the flood hazards during the 
past 44 years subsequently destabilization of national economy. 

So, in order to mitigate flood hazards, there is an urgent need first of all to identify and map 
flood prone areas.  Secondly, the new modern techniques should be applied for advance 
warning system which is possible now through various satellite and remote sensing services.  
Hence, the flood forecasting and warning system should be adopted because it is one of the 
most reliable and cost effective methods and moreover, over the years, there is considerable 
improvement in the methodology and acquisition of latest technology.  Dams, embankments 
and reservoirs should be built only in those areas which are vulnerable to flood havoc.  
Massive afforestation programmes should be launched involving local people especially 
women and school children along the rivers, streams, canals including drains to strengthen 
their embankments and similarly special clean up drive should also be launched in order to 
remove the deposited debris and silt in all the vulnerable rivers, canals and drains (at local 
level) in the presence of expert engineers right before the occurrence of monsoon season.  By 
adopting all these said measures and flood management works in the country, it would be 
possible to save the precious lives of human-beings including cattle wealth and considerably 
reduced the immense flood damages in the country. 
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Abstract: Water shortage, water quality deterioration and flood disaster are three serious problems 
of the Yellow River basin. Since the 1990s, flow cutoff occurs frequently in the lower reach. The 
exhausted river water can not meet the increasing water demand, which seriously restricted the 
economic development of the river basin. The Yellow River Conservancy Commission (YRCC) 
developed the water allocation scheme in 1998, which was the first effort to put integrated flood 
control, water resources management and river management in the whole river basin in China. In 
this paper, the principles and the operation of the water allocation scheme is explained, and methods 
of the water allocation scheme and procedure are discussed. Optimization model and simulation 
model are applied in reservoir regulation, but both models have advantages and disadvantages. 
Some drawbacks of these models and methods for improvement are also discussed in this paper. 

 

Keywords: water allocation scheme, optimization model, simulation model 

1. INTRODUCTION 

The Yellow River basin is the cradle of Chinese civilization. Furthermore, there are 
abundant resources such as soil, mine, energy with numerous potential of production, 
which made this area important in the development of the national economy. However, 
the Yellow River is a complex river with the following three problems: high-bed in the 
lower reach leads to flood disaster, the exhausted river water can not meet the increasing 
water demand and the environment in the river basin is gradually destroyed. Since the 
1990s, the flow cutoff occurred frequently, and the most drought of 226-day zero flow 
occurred in river mouth of Lijin , 1997. In order to solve the water shortage problem, the 
Yellow River Conservancy Commission (YRCC) developed the water allocation scheme 
in 1998. It was the first effort to put integrated flood control, water resources management 
and river management in the whole river basin in China. The managed river reach is from 
Longyangxia to Lijin, and the managed period is from November to the next June. 

2. THE PRINCIPLE OF THE WATER ALLOCATION 

The water allocation is focused on the main channel including reservoirs Longyangxia, 
Liujiaxia, Wanjiazhai, Sanmenxia and Xiaolangdi, considering Guxian, Luhun and 
Dongpinghu Reservoir on the branches. The allocation scheme is according to the 
following three principles:  

The first principle is to satisfy the requirement of flood control and ice-jam prevention. 
The water stage must abide to a limit due to the consideration of safety. Ice-jam occurred 
in Ningxia and Inner Mongolia Reach, thus the discharge from Liujiaxia Reservoir must 



comply with the flood control limitation in the period of November till next March, the 
same as Xiaolangdi from December till next April. 

The second is to allocate water resources according to the water supply instead of water 
demand. Based on the 1987 Enactment of National Department on water ration, each 
province gets water resources pro rata. Considering the water resources demand, the 
municipal and most industrial water use has the priority to be satisfied. The irrigated water 
demand, which is 90% of total water use, is met in priority, and the detail is mentioned in 
later paragraph.  

The third is to consider the environmental water demand in the river mouth when 
allocating. The present measure is to guarantee the annual discharge of no less than 5 
billion m3 in hydrologic station of Lijin. Furthermore, Water supply is prior to the 
hydropower generation. 

3. THE PLANNING OF THE WATER ALLOCATION 

3.1 The Planning Method 
The water consumption is controlled by the sectional discharge on the border of provinces 
and river reaches. The hydrologic stations of Xiaheyan, Shizuishan and Gaocun are the 
entrance to the province Ningxia, and Inner Mongolia and Shandong, Toudaoguai, 
Huayuankou and Lijin are the entrance to the middle reach, the lower reach and the river 
mouth. Water demand for each time step is determined, resulting in targets for water 
releases from reservoirs, aquifers and lakes. Then, the water is allocated to the users 
according to the release targets, water availability, operation rules and water allocation 
priorities. Revert the annual volume of natural runoff in Huayuankou, analyze the 
available water supply, calculate the water distribution of each province by time step of 
month based on the 1987 Enactment of water ration, and then use the principle of water 
balance (1) to correct and verify different scheme on water discharge from reservoir and 
runoff process of the control section, selecting reasonable preliminary scheme. In practice, 
water allocation scheme will be adjusted at the beginning of every month or every ten 
days according to real time conditions, such as the reservoir operation, the new prediction 
of water inflow and water demand, new reservoir regulation and new scheme (by month 
or ten days) will be executed after adjusted. Ten-day scheme also considers previous 
precipitation and soil moisture.  

3.2 The Fundamental of Computation  
When determining the monthly average discharge of control section on the border of 
provinces and river reaches, some factors, such as the time of flow transmitting, water 
diversion, water inflow and water loss in each interval, returning water and water storage 
in river channel during ice period are to be considered. The formula of water balance 
principle in river channel is as follows: 

1 ,
( )

down i up i up i add i return i divert i loss i storage i
t T tq q q q q q q q
T T−

−
= × + × + + − − +， ， ， ， ， ， ，   (1) 

where 
down iq ，  is the average discharge of a month at downstream section (m3/s); 

T is the number of days in the month(day)； 
t is the time of water transmission from upstream section to downstream section (day)； 

1up iq −，  is the average discharge of the last t days of the last month at upstream section 
(m3/s); 
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up iq ，  is the average discharge of the month at upstream section (m3/s); 

add iq ，  is the average water inflow from upstream to downstream (m3/s); 

return iq ，  is the average water return from upstream to downstream (m3/s); 

divert iq ，  is the water diversion of the month from upstream to downstream (m3/s); 

loss iq ，  is the average water loss of the month from upstream to downstream (m3/s); 

storage iq ，  is the water storage in the channel (m3/s); 
The above formula is the basic equation of calculating water allocation of each 

province along the Yellow River. In the equation,  includes water loss in channel, 
evaporation and non-control diversion. In the upper reach of Ningxia and Inner Mongolia 
every year from November to the next March, there is water freezing and releasing from 
the river, and the difference of discharge between the start and the end of the ice period is 
named as 

loss iq ，

storage iq ， , which is taken into account in scheme of ice period, according to the 
rules of the river reach of Ningxia and Inner Mongolia, in freezing period, and water 
stored in channel leads to decreasing discharge in downstream section, so the reduced 
discharge storage iq ， should be assigned a negative value; while in melting period, water 
stored in channel led to increasing discharge at downstream section, so the increased 
discharge storage iq ， should be assigned positive value. 

3.3 Disposition of Some Problems 
The time of water transmission in the river channel in several years. Table 1 shows the 
travel time of flood. According to long-time data analysis, the discharge varies in a large 
range, usually from 100 m3/s to 1500m3/s. Here, we took the average discharge to estimate 
the time of transmission. For example: 

Table.1 Travel time of flood 
River reach Liujiaxia Xiaheyan Shizuishan Toudaoguai Xiaolangdi Gaocun Lijin 

Transmi-ssion Time 3 3 7 1 4 7 
 
Water storage in river channel during ice jam period. In terms of historical data 

statistics, Shizuishan to Toudaoguai has an average annual water storage of 650million m3 
(one billion in 1990s) freezing in the river channel, occurring in November, December 
and January, while in March and April, freezing water are released to form ice jam, which 
results in flooding. As to the lower reach, water storage in river channel is between 
several millions to 0.1 billion, which can be ignored. 

Water diversion and return from the irrigation district. In preliminary water allocation 
scheme, only the water return from the irrigation district is considered, while municipal 
and industrial wastewater is not taken into account. Based on the data of water return of 
each month in the 1990s, water return of Ningxia and Inner Mongolia is computed. In 
non-flood season, water return volume is 56% of water diversion volume in Ningxia, and 
13% in Inner Mongolia.  

4. WATER ALLOCATION MODELS 

4.1 Optimization Model 
Reservoir Regulation: In present, a model of “water allocation in non-flood season in 
lower reaches of the Yellow River” is on probation. The model is made to achieve 
co-regulation of Sanmenxia and Xiaolangdi reservoir. The two reservoirs are supposed to 
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be performing flood control during ice-jam period, water supply and electric generation, 
so the reservoir regulation is an issue of multi-objective decision, and the objective is 
ranked by priority: the flood control is primary, and the next is water supply, then 
followed the electric generation. Simplify the objective of ice prevention, and convert the 
constraint into discharge control in Huayuankou. The optimization model is put into 
practice by setting objective priority in reservoir regulation, the first objective function is 
the minimization of water shortage in the lower reach, and the second objective function 
is the maximization of electric generation. The computational method is Increment 
Dynamic Planning.     

The first priority of optimal objective function: 

1
min ( ( ) ( ( ) ( ) ( ) ( (2, ) ( )) ( )) )

n
p

x s t z
j

TW j W j W j W j q j Q j t jθ
=

= × + + − + ×∆∑   (2) 

where 
TW is the total water shortage in the lower reach; 

( )jθ  is the coefficient of estimating the water shortage in time step j; 
( )xW j  is the total water demand in time step j, including municipal water use, 

industrial water use and the irrigation water. 
( )sW j  is the total water loss in the river channel in time step j; 
( )tW j  is the total water use in alluvial plain in time step j; 

(2, )q j  is the water discharge out of Xiaolangdi reservoir; 
( )zQ j  is the total inflow in downstream of Xiaolangdi reservoir; 

t∆  is the length of time step j; n is the total number of time step; 
p is the index of water shortage uniformity, , the larger of p, the more uniformity 

of the water shortage; 
1p ≥

The formula of estimating the coefficient ( )jθ  

( (2, ) ( )) ( ) ( ) ( ) 0
( (2, ) ( )) ( ) ( ) ( ) 0

z z s t

z z s t

q j Q j t W j W j W j
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+ ×∆ − − − ≥
 + ×∆ − − − <

then 
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( ) 1
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j
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θ

=
=

        (3) 
no water shortage 
water shortage 

the second priority of optimal objective function: 
2

1 1
max ( ( ( , ) ( )))

n

i j
E N i j t

= =

= ×∑ ∑ j∆        (4) 

where 
E is the total energy output; 
N(i,j) is the average output of power station i in time step j, i=1 is Sanmenxia and i=2 is 

Xiaolangdi; other variables are the same meaning as the above. 
The constraint includes water balance constraint, water stage constraint, the output of 

power station constraint and the discharge of electric generation constraint. Furthermore, 
ice prevention and the environmental protection has the request of discharge out of 
Xiaolangdi reservoir, and the discharge inversion is used in computation. In ice prevention, 
the discharge is computed from Huayuankou to Xiaolangdi and in the environmental 
protection, from Lijin to Xiaolangdi dam site. 

Water distribution in the river reach: Water distribution in a river reach mainly 
focuses on the irrigation district, which is dependent on water diversion from the Yellow 
River. The three distribution methods are: distributed by proportion, distributed by weight 
and distributed by user participation. When the water supply can not meet the water 
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demand, each irrigation district gain the volume of water that equals to the water demand 
multiplying by a coefficient, which is the proportion of total available water supply and 
total water demand. This is proportional distribution; the second method sets weight by 
soil moisture of the irrigation district, the precipitation forecast and the degree of crop 
sensitivity to the water shortage, multiplying the weight by the water demand and getting 
the volume of water that should be distributed; the third method is partially determined by 
the water consumer. According to his/her experience, the user can adjust the water 
distribution in one or more districts. This method is flexible but has randomicity. The 
rationality of water distribution is largely dependent on the user’s knowledge, experience 
and the available information content. Proportional distribution is used in monthly scheme, 
and in ten-day scheme, and water is distributed by weight. 

Example analysis: water allocation scheme from January to April, 2002, is computed 
by the optimization model, the boundary condition is the measured discharge and water 
ration in the month right before the computing month, hydrologic forecast is up to the 
minute, and the computed time steps include the present month to the last month in 
non-flood season. The computed result of present month is the scheme of water 
distribution, compared to the preliminary scheme and the adjusted scheme that is used in 
practice. Following is the result of several representative station:  
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The preliminary scheme is developed based on long-time hydrologic forecast and water 
distribution index, and the optimization model is used to compute in timely conditions and 
update the preliminary scheme every month. Since the model is in probation now, the 
final scheme (monthly) is accord with the actual situation, combining the reservoir 
operation, the profit and loss of water diverted by provinces, after balancing, the final 
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scheme is to be executed. From the above result, it is observed that the value in the 
practical scheme is smaller, approximately in proportion with the computed result. 
Because in adjustment, the constraint of water stage and discharge is not working, so in 
order to reserve water for critical use or meet an emergency, the distributed water is 
managed to the minimum. 

4.2 Simulation Model  
Simulation model is not yet used in the Yellow River, but it is used in some countries for 
integrated water management. A set of River Basin Simulation Model (RIBASIM) is from 
the Netherlands, it is the combination of some modules. It enables a schematization of the 
river basin to be prepared interactively from a map. This schematization consists of a 
network of nodes connected by branches. The nodes represent reservoirs, dams, 
hydropower stations, water users, inflows, man-made and natural bifurcations, intake 
structures, groundwater aquifers, natural lakes, etc. The branches transport water between 
the different nodes. Such a network represents all of the basin’s features, which are 
significant for its water balance. It can be adjusted to provide the exact level of detail 
required. Water allocation to users can be done in several ways: at its simplest, water is 
allocated on a “first come, first served” basis along the natural flow direction. This 
allocation can be amended by rules which, for example, allocate priority to particular 
users, or which result in an allocation proportional to demand.  
4.2.1 Water allocation priority setting among the various users in the basin 
If there is enough water available in the basin all water users will get the water that is 
required to fulfill the demand. If there is not enough water for all water users then a 
priority setting among different types of users (also hydropower) and rationing procedures 
must be specified like reduction of allocated water and/or using less important water use 
as a buffer in anticipation of a critical supply situation. For each water user a water 
management priority is specified in the model data. It is even possible to split the water 
demand into two parts for which different priorities can be specified. 
4.2.2 Simulation versus optimization 
A simulation approach in which water is allocated using a routing of the water through the 
system: in most cases iterative feedback steps will then be required to create the desired 
allocation pattern; an optimization approach which allows to make simultaneous 
allocation decisions directly. Optimization directly leads to an optimal solution, according 
to a predefined set of objectives. Simulation provides "only" an illustration of the 
consequences of one pre-defined situation, as specified by us in the input of the program. 

Use of an optimization model has the advantage that it sorts automatically through the 
possible combinations based on a specified objective and a set of equations describing the 
allocation process and its limitations. The disadvantage is, however, that the trade -offs in 
allocation are rigidly internalized within a mathematical formulation; this means also that 
for practical applications the approach is limited to linear relationships and linear 
objective function. In most cases this strongly limits the possibilities to analyze different 
allocation strategies and is particularly constraining if different types of users are 
involved. 

The simulation approach is not limited to linear problems and thus more generally 
applicable but requires to make successive feedback iterations to resolve simultaneous 
allocation decisions. For a large combinatorial problem this may require a large number of 
simulations to arrive at a synthesis. The approach is however indispensable to analyze 
systems with real-time operation aspects and in most cases can handle much better the 
stochastic aspects of the problem. 
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5. CONCLUSIONS 

The theory of water resources allocation is more mature than the practice, but for the 
complicacy of the Yellow River, there are still some problems to be solved: 

The first is the time of water transmission. In the computation depicted above, the time 
of transmission is not changeable with the discharge, while it is an average of the 
discharge, this may not influence the monthly-scheme but may be an important factor 
affecting the ten-day-scheme, for the transmission time is in large proportion in the 
regulation period. 

The second is the rules of water diversion and return. Ningxia irrigation district 
diverted large volume of water from the Yellow River, and it also has a high water return 
ratio. Generally, we calculate the actual water left in Ningxia by measuring the discharge 
in boundary section, namely, the entrance and the exit. But Ningxia has more mountains 
area, hence we could not figure out the rain precipitation fallen in rill and formed to 
confluence affected by the topography, neither could we control the volume of water 
diversion. 

The third is the deviation on the inflow forecast. Hydrological forecast in non-flood 
season is not much accurate now, especially in long period prediction, it has much to be 
improved. In the above computations, we use the certain values instead of considering 
uncertain factors.  

Since water allocation schematization in the Yellow River is still in commence, some 
measures need to be improved, such as information collection and transport, water intake, 
soil moisture and the groundwater utility. On the other hand, even if these conditions are 
provided, the distribution scheme based on these conditions may not be implemented 
successfully in present situation of our country. Other measures like idea of water right 
and water market must participate in water allocation.  
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Abstract: Studies regarding the impact of climate change on extreme floods in the River Rhine 
suggest to expect higher floods in the future. To cope with these larger floods, a number of flood 
defence strategies, which are effective only on a longer run can be considered, but on the short run 
an increase of local conveyance might be the most attractive approach for the Dutch Rhine branches. 
To increase conveyance, also needed to allow for nature rehabilitation in floodplains, lowering of 
floodplains is one of the measures that might be considered. To identify optimal combinations of 
measures in landscaping strategies a decision support system, which contains a one-dimensional 
hydrodynamic model, is used. Additional studies to optimise strategies have been carried out using a 
Genetic Algorithm, exploring its potential for inverse use of the simulation model. 

 

Keywords: River Rhine, flood defence strategies, nature rehabilitation, inverse model use, Genetic 
Algorithm 

1. INTRODUCTION 

After the peak flows of 1993 and 1995 on the River Rhine and Meuse in the Netherlands 
and the 1997 flood of the Oder River in Poland, Czech Republic and Germany, traditional 
approaches of flood defence strategies in Europe have been re-evaluated. The need for 
such a re-evaluation has also been underlined by the fact that studies into the impact of 
climate change on extreme floods in the River Rhine, suggest to expect higher peak flows 
in the future (Kwadijk, 1993 & IPCC, 2001). 

Since the early 90-ies, the European Commission has initiated various research 
programmes regarding the impacts of climate change on (Trans-boundary) river basins 
(e.g. IRMA – Interreg Rhine-Meuse Activities and EUROTAS – European river flood 
occurrence and Total risk Assessment System) and the development of tools to assess the 
causes and consequences of increasing runoff and flood flows (Casale et al., 1996, 
Balabanis et al., 1999 and Blyth et al., 2001). The International Commission for the 
Protection of the Rhine (ICPR) has developed management strategies to mitigate future 
flood damages (ICPR, 1998). On the national level, flood management policies, strategies 
and plans have been derived to cope with larger peak flows and floods (Min. TPW&WM, 
2000). 

To cope with larger peak flows, a number of flood defence strategies can be considered. 
Generally, five guiding principles have been defined in the sequence of (i) integrated 
approach, (ii) storage, (iii) reduced runoff, (iv) awareness and (v) catchment approach 
(ICPR, 1998 & Silva et al., 2001a). The implementation of these principles implicitly 
refers to altering flood defence strategies, i.e. from ‘fighting against floods’ to ‘living with 
floods’ or ‘make way for expanding rivers’. In the Netherlands for instance, levee 



reinforcement and heightening is considered as a measure in flood defence which is only 
considered when any other method appears not to be effective (Min. TPW&WM, 2000). 

For the Rhine branches in the Netherlands, an increase of local conveyance might be 
the most attractive approach on the short run. Increased conveyance is also necessary to 
allow for nature rehabilitation in floodplains, which otherwise would result in increased 
Design Water Levels (DWL’s). To increase conveyance, lowering of floodplains is one of 
the measures to be considered. 

Recently, a decision support system (DSS) was developed to assess and identify 
optimal combinations of measures (Silva et al., 2001b). Within this so-called Landscape 
Planning River Rhine DSS (LPR-DSS), landscaping strategies, which consist of essential 
combinations of measures, can be analysed. The DSS consists of a one-dimensional 
hydrodynamic model (Sobek), which simulates discharges, water levels, sediment 
transport and bed levels and includes several additional modules to analyse impacts on 
riverine functions. To optimise strategies, additional studies were carried out using a 
Genetic Algorithm (GA), to explore its potential for inverse use of the simulation model 
(Goossens et al., 1998). 

This paper presents the main results of these additional studies and discusses the results 
in relation to the characteristics of the different Rhine branches in the Netherlands. 

2. PRINCIPLE OF GENETIC ALGORITHM OPTIMIZATION 

A GA is an optimisation algorithm whose processes are analogous to the reproduction 
processes in nature and to the Darwinistic vision on evolution, i.e. ‘the survival of the 
fittest’ (Goossens et al, 1998). It maintains a population of 100 to 150 individuals (a 
bitstring containing input parameter values for the simulation model). Hence, each 
individual represents a specific combination of parameter values. 

The genetic processes are meant to renew the population by changing individuals by 
recombining parameter values in the population. Recombination and mutation are the 
processes which perform this task. The recombination process selects pairs of individuals 
and exchanges parts of the parameter values. Mutation swaps one or more bits in the 
bitstring, changing one ore more parameter values. A factor determines the chance that 
one or both of the processes touch an individual. 

Cost functionOutputInput Model 

Adaptation

Start

Fig. 1  Schematic iterative optimisation cycle of a Genetic Algorithm. 

The evolution analogy is implemented as a mechanism, selecting individuals to be 
subjected to the genetic processes. This selection is based on an individual fitness-degree, 
representing the performance. The fitness is calculated from the results of a model run 
with the set of input parameter values, using a cost function to represent the evaluation 
criteria of the model results (see Fig 1). 

For an individual, the chance of being selected is usually proportional to its fitness. The 
algorithm runs these genetic processes over a series of generations. The selection 
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mechanism promotes improvement by selecting individuals having high fitness-degrees, 
thus selecting promising ‘genetic material’, while the genetic processes create chances for 
improvement by recombining this genetic material. 

The GA created the input files for the one-dimensional hydrodynamic model. A 
random generator has been used to initiate initial input parameter values between 
minimum and maximum boundaries of these variables. 

3. BOUNDARY CONDITIONS OF LANDSCAPING AND FLOOD DEFENCE 
STRATEGIES 
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Section 9

Section 8

Section 7

Section 6
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Section 
no. 

Upper-Rhine Waal Pann. canal Lower-Rhine IJssel 

 ∆kmax ∆wmax ∆kmax ∆wmax ∆kmax ∆wmax ∆kmax ∆wmax ∆kmax ∆wmax 
1 1.37 2.92 0.69 2.29 2.07 1.65 - - - 1.94 
2   - 2.09 - 1.68 1.65 1.37 2.88 1.99 
3   - 0.50* - - - - - - 
4   - 2.19   - 0.90 - 1.02 
5   - 1.69   - 0.43 - - 
6   - 2.00   1.13 1.85 - 1.49 
7   1.48 1.82   - 0.16 2.42 1.65 
8   - 0.50*     - 0.59 
9   - 1.25       
10   - 1.27       
11   - 0.50*       

*: adjusted maximum excavation depths after sensitivity analysis. 

Section 4 
Section 5 

Section 1 
Section 2 

Section 3

Fig. 2  Dutch Rhine branches, land-use functions and maximum values of excavation depth (∆wmax in m) and 
nature rehabilitation roughness parameter (∆kmax in m), for different river stretches (empty cells in the table 

reflect an unchanged land-use (choice for present situation). 

To explore and assess the application of a GA for inverse model use, landscaping 
strategies have been defined for the Dutch Rhine branches (see Fig 2), which include both 
flood defence and nature rehabilitation measures. The boundary conditions that 
landscaping strategies should satisfy have been assessed by a group of stakeholders 
representing different Governmental Institutes, simulating a people’s participation process. 
These boundary conditions comprised fixed longitudinal river stretches, each having a 
specific land-use function, with maximum floodplain excavation depth (∆wmax in m) and 
maximum nature rehabilitation roughness parameter (∆kmax in m; equivalent to the 
Nikuradse value) as decision variables (see table in Fig 2). For each river stretch, the 
values of decision parameters (∆w and ∆k) reflected the choice for one of the 
distinguished land-use functions (present situation, agriculture and nature rehabilitation). 
Initially, river stretches with a present situation land-use function were excluded from the 
optimisation process. In agriculture and nature rehabilitation land-use stretches, floodplain 
excavation (∆w) was allowed with a maximum until the median water level plus 0.5 m 
and the median water level respectively. Increasing roughness parameters (∆k) was only 
allowed in river stretches with a nature rehabilitation land-use function. The maximum 
increase was derived from a ‘nature development target’ for the Dutch Rhine branches 
(Postma et al., 1996). 
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The optimisation objective was defined as the composition of optimal set(s) of values 
for ∆w and ∆k variables, ensuring the present safety standards (i.e. DWL’s) with an 
increased Design Flood Discharge (DFD) scenario. The present DFD at the 
German-Dutch border at Lobith amounts 15,000 m3/s. A DFD increase of 1,000 m3/s was 
used to simulate the impact of a climate change scenario. 

The present safety standards are defined as the DWL’s along the Dutch Rhine branches, 
related to a DFD of 15,000 m3/s, and were used as the reference situation. The maximum 
allowed deviation from this reference was set on ± 2 cm. Computation results that 
exceeded this margin were rejected during the optimisation runs. 

The Dutch Rhine branches contain two important bifurcations (see Fig 2). To prevent 
undesirable increases of DWL’s on one of the Rhine branches as a result of altered 
discharge distributions at the bifurcations, a constraint was imposed allowing a maximum 
deviation of 5 m3/s from the present distribution. 

The computations with the one-dimensional hydrodynamic model were steady flow 
simulations for fixed conditions. Morphological developments, which can have significant 
local impacts on the DWL’s as well as on the discharge distributions at the bifurcations, 
were not included. 

Two important criteria, which were used in the analysis of the optimisation results, are 
the ‘nature volume’ and ‘excavation volume’. Both are determined in an appropriate way 
by the multiplication of the nature rehabilitation roughness parameter (∆k) or floodplain 
excavation depth (∆w) by the area of the floodplain (As) respectively. 

The nature rehabilitation roughness parameter (∆k) is representing the difference of the 
total hydraulic roughness of a certain ecotope distribution in a floodplain, with regard to 
the present situation. Generally the ecotope distribution is linked to the floodplain 
elevation, which determines its local physiotopes to a large extend. In this study the 
alteration of the ecotope distribution as a result of floodplain excavation is not taken into 
account, i.e. the nature volume represents a total increase of hydraulic roughness of which 
the ecotope distribution is not actually known. 

4. RESULTS 

Before the actual optimisation runs, a sensitivity analysis illustrated the effects of the 
input parameter values at the limits of their ranges. Besides, the analysis gave important 
insights in the feasibility of the study and the response of the model, as well. 

The results of the sensitivity analysis necessitated some small adjustments in the model 
schematisation. One of these adjustments refers to the relaxation of maximum excavation 
depths in some river stretches along the river Waal (see table in Fig 2). 

A cost function, which is defined as the sum of the squared differences between 
calculated DWL’s and the reference levels drove the GA-optimisation. This sum 
contained all the computation points (approximately 500) of the hydrodynamic model. In 
the cost function, over and under estimations of DWL’s contribute equally, which 
implicitly limits the excavation volumes. 

4.1 Optimisation of floodplain excavation (∆w) and nature rehabilitation (∆k) 
Initially, the computed strategies did not satisfy the given boundary conditions. This was 
mainly the result of the relative tight DWL-constraint (max. ± 2 cm), relatively limited 
excavation criteria (∆wmax) and a fixed water level (related to the DFD of 15.000 m3/s) as 
a downstream boundary condition. Even maximum excavations (∆wmax; DWL-decrease 
measure) and zero nature rehabilitation (DWL-increase measure) could not prevent an 
exceedance of DWL’s in the downstream stretches of the Rhine branches (approximately 
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10 – 15 cm) as a result of the climate change scenario. Excavation measures, which are 
more effective upstream, do not have an impact on the downstream rating curve. 

By extending the DWL-constraint to ± 5 cm, some strategies with both nature 
rehabilitation and floodplain excavation could be derived for the upstream stretches of the 
Rhine branches. The influence of the backwater curve, as a result of the fixed downstream 
boundary condition, was felt halfway up the Rhine branches. In this strategy, with an 
extended DWL-constraint, the total nature volume increased with only 9.8% of the 
maximum allowed nature volume (= 100%). To maintain the present safety standards, and 
thus compensate the DWL-increase as a result of nature rehabilitation and the climate 
change scenario, 29.8% of the maximum excavation volume was applied. 

4.2 Optimisation of floodplain excavation (∆w) with fixed nature rehabilitation 
To explore the relative poor results of the first computations, a sensitivity analysis was 
carried out by defining three different nature rehabilitation strategies, again with an 
extended DWL-constraint of ± 5 cm. A minimum strategy with a fixed ∆k = 0 in all river 
stretches with a nature rehabilitation land-use function, a medium strategy with a fixed ∆k 
= ½ ∆kmax and a maximum strategy with a fixed ∆k = ∆kmax. In the medium and maximum 
strategies, respectively 71.9 and 80.4% of the maximum excavation volume was applied 
to compensate for the increase of DWL’s as a result of nature rehabilitation and the 
climate change scenario. Compared to the initial computations (Section 4.1) with a limited 
amount of nature rehabilitation (9.8%), the excavation volume increased substantially in 
the medium and maximum strategies (to 141 and 170%, respectively). 

Fig 3 illustrates an example of the DWL-differences along the river Waal for the 
maximum nature rehabilitation strategy (fixed ∆k = ∆kmax). 
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present 
situation 

agriculture agriculture agriculture nature 
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present 
situation 

∆k [m] 0.69 - - - - - 0 - - - - 
∆w [m] 2.29 2.09 0.497 1.11 0.529 1.13 1.82 0.50 1.25 1.27 0.50 

downstream upstream 

D
W

L-
di

ffe
re

nc
e 

[m
] 

 

4.3 Opt
Finally,
GA-resu
detail. I
 

 

Fig. 3  DWL-differences along the river Waal for the maximum nature rehabilitation strategy.
imising excavation volumes with fixed nature rehabilitation 
 the total excavation volumes were optimised by (manually) analysing the 
lts of the three different nature rehabilitation strategies with fixed ∆k’s in further 

n this analysis, optimisation refers to selecting minimal excavation volumes,  
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without a substantial change in DWL’s. For this purpose, the excavation volumes and the 
Root Mean Square of DWL-differences (RMS ∆HDWL) of all the interim computation 
results were stored (see Fig 4). By selecting sub-optimal solutions (see black arrows in Fig  
4 with more or less similar RMS ∆HDWL’s but a lower amount of excavation volumes), 
new ∆w-combinations were found and analysed. Without any substantial change in 
DWL-differences, a local reduction in excavation volumes of approximately 5-15% could  
be established as a result of a better optimised spatial distribution of floodplain excavation. 
This analysis also showed that the initial optimisation for the Lower-Rhine River 
(described in Section 4.1) was already quite successful. Only a slight reduction of  
excavation volumes was found for the medium strategy. Fig 5 also illustrates the fair 
initial performance of the Lower-Rhine River (open squared dot). 
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Fig. 4  Relation between total excavation volume and the Root Mean Square of DWL-differences  
(RMS ∆HDWL) for the minimum nature rehabilitation strategy. 

5. DISCUSSIONS 

To ensure the present safety standards with the climate change scenario, the conveyance 
capacity is enlarged by floodplain excavation. Additional excavations are necessary to 
compensate for the increase of DWL’s as a result of nature rehabilitation. It is obvious 
that an increase of the total nature volume will be accompanied by an increase in the total  
excavation volume.The relation between the nature volume and excavation volume is not 
always the same for the different Rhine branches. Fig 5 illustrates these relations for the 
optimisation results, which have been described in Section 4.1 and 4.2. The ‘open dots’ 
refer to the results of the initial optimisation (Section 4.1). In general, the results show an  
increase in the excavation volume with an increasing nature volume. The most promising 
results in terms of a maximisation in nature volume and optimisation of excavation 
volume are found for the Lower-Rhine and IJssel branches. For the river Waal less 
promising results have been found. These differences originate mainly in the imposed 
boundary conditions (∆kmax and ∆wmax) on one hand and the characteristics of the Rhine 
branches on the other hand. This will be explained, using the ratio between the computed 
nature volume and excavation volume (see Fig 6). An optimal strategy contains a high 
ratio when a substantial increase in nature (volume) is compensated by a minimal amount 
of floodplain excavation. Nevertheless, it appears that the characteristics of the different 
Rhine branches are of importance as well. In this case the ratios for the river Waal are 
remarkably low. The Rhine branches consist of a compound channel with floodplains 
confined by levees. The contributions to the total discharge of the main channel and the 
floodplains during peak flows determine to a large extent the efficiency of floodplain 
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Fig 6 Ratio between computed nature volume (∆k*As) and excavation volume (∆w*As)  
for different flood defence strategies. 

excavation in terms of DWL-decreases. In the river Waal the contribution of the 
floodplains to the conveyance is relatively low (approximately 45% (van der Veen et al., 
1997)). Hence, floodplain excavation is less efficient to lower DWL’s, which reduces the 
availability of excavation volumes to compensate nature rehabilitation. On the contrary, 
the floodplain contribution to the conveyance in the Lower-Rhine and IJssel river is 
relatively high (approximately 55 and 49% respectively (van der Veen et al., 1997)). 
Floodplain excavation in these branches is more efficient in the lowering of DWL’s. As a 
result, sufficient excavation volume is available to compensate nature rehabilitation. 

The relatively high differences in the ratios of the Lower-Rhine and IJssel river are 
related to the amount of floodplain storage. The storage area in the floodplains of the 
IJssel river is approximately 15% higher (van der Veen et al., 1997). Nature rehabilitation 
in these areas does not significantly affect the DWL’s and does not have to be 
compensated. This has a positive effect on the ratios found for the IJssel river. 
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6. CONCLUSIONS 

The GA-optimisation of flood defence strategies appeared feasible and yielded substantial 
reductions of required excavation volumes. However, the method has its limitations, like 
relatively long run times and a limited number of decision variables. A major benefit 
offered the storage of selected interim computation results of the GA optimisation process. 
It allowed for sensitivity analyses and Multi Criteria Evaluations and revealed information 
about the sensitivity of individual river stretches and branches for different combinations 
of measures. GA application provided valuable cost-benefit information of potential 
measures and proved a very useful approach in the preparation of flood defence strategies. 
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Abstract: Flood retention basins often require a large volume to be effective. The volume can be 
derived simply from frequency considerations of the volume of a relevant flood wave and the water 
level to which the downstream region should be protected. If the available storage in a reservoir is 
less than required, a certain protection can still be reached, but then the time of opening the reservoir 
is crucial: both opening too late or too early results in less protection than possible. An active 
operating policy is needed, which requires probabilistic flood forecasts.  
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1. INTRODUCTION 

In many countries, retention basins for flood defence are used or considered. The required 
storage volume can be derived simply from frequency considerations of the volume of a 
relevant flood wave and the water level to which the downstream region should be 
protected. Normally, it is found that very large volumes are required for temporary storage, 
and consequently large areas will be affected, which is a problem particularly in densely 
populated countries.  

What happens if the available storage in a reservoir is less than required? A certain 
protection can still be reached, but then the time of opening the reservoir is crucial: both 
opening too late or too early results in less protection than possible. Can a passive 
operation, e.g. using a fixed overflow weir, be used? This will result in inefficient use of 
the basin. An active operating policy (e.g. a controlled gate) is needed, which uses flood 
forecasts. However, as an ideal forecast cannot be given, uncertainty has to be accounted 
for. The time of opening needs to be determined using probabilistic flood forecasts This 
requires an optimisation in terms of damage or expected peak water level.  

2. DIMENSIONING: VOLUME AND RETENTION VOLUME 

In principle, dimensioning a retention basin is very straightforward (van Dam, 1999). The 
peak of a flood wave is cut off at a discharge corresponding to the maximal water level 
allowed for safety. The volume cut off should be stored in the basin and released later. 
Two main parameters describing the form of the wave are the peak discharge Qp and the 
duration. The latter can be defined in various ways, e.g. by using the total volume 
(Gerretsen, 2002), the second moment of the hydrograph or (in this paper) the time t50 
during which 50 % of the peak discharge is exceeded. These two parameters do not 
completely specify the shape of the hydrograph. In particular, it is known that the 
peakedness (4th moment, Gerretsen 2002) is important, but we neglect this here. 
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In this paper we assume for purpose of illustration that the discharge varies with time 
as 
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which is shown in Fig. 1. Also shown is the level of cut-off Qc and the volume V between 
this line and the hydrograph, which is to be stored (see Fig. 2) 
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Fig. 1  Schematic flood wave with cut-off Fig. 2  Retention volume depending on cut-off level. 

 level and volume indicated.    

Normally, the safety level is a water level, not a discharge. Except for very fast floods, 
the relation between these is the rating curve of the river involved h h . For the 
present purpose we assume that this is known and can be extrapolated to design levels.  

( )Q=

The choice of a critical water level hc is a separate topic, which is not the subject of this 
paper. The corresponding critical discharge Qc then follows from the rating curve. The 
peak discharge Qp corresponds to an extreme flood, which, in The Netherlands, has a 
return period of 1250 years.  

3. EXAMPLE: MAAS RIVER 

As an example, yearly maximal discharges in the Maas (or Meuse) River in the 
Netherlands from 1911-1995 are shown in Fig. 3 on a Gumbel scale (i.e. on the vertical 
axis ln( ln )F− −  is plotted where F is the cumulative frequency). The data have been 
homogenized to account for changes in the river system (Gerretsen 1999). There is a 
change in slope at about Q = 2300 m3/s, which is explained by the fact that only beyond 
this value all weirs are removed and the river is more or less natural. The 1250 
return-period flood ( ln( ln )F− − =7.13) must be found by extrapolation and therefore is 
quite uncertain. According to the line fitted to the higher discharges, it could be over   
Qp = 5000 m3/s (see for more discussion Gerretsen 2002).   

The rating curve of the Maas River is shown in Fig. 4 (from Barneveld & Bastings 
1998). Suppose that all flood defence works have been designed such that no flooding 
occurs up to Qc = 3000 m3/s, corresponding to a return period of about 55 years. A 
reduction of the peak discharge from 5000 to 3000 m3/s by means of a retention basin 
gives a reduction in peak water level from 47.6 to 46.0 m,  i.e. about 1.6 m.  

What is then the required size of the basin? A typical duration of the flood waves is 
about  t50 = 5 days. Then from Fig. 2 we can find the required storage volume of a 
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retention basin V  which corresponds to a surface area of 100 km38102.5 mx≈ 2 at a 
water depth of 5 m in the basin. Such a space is very difficult to find in a densely 
populated country like The Netherlands.  

The preceding estimates are generalized in Fig. 5 for different protection water levels 
and exceedance frequencies.  
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Fig. 3  Yearly peak discharges at Borgharen (Maas River)  Fig. 4  Rating curve Maas River at Borgharen. 

with fitted straight line according to Gumbel distribution. 
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Fig. 5  Retention volume needed at different protection water levels and flood return periods. 

4. INSUFFICIENT STORAGE, OPTIMAL OPERATION 

If the available volume of a retention basin is less than needed for a certain protection 
level, it can still be used to obtain some reduction of flood levels. However, loss of 
efficiency is obtained if the basin is opened too early or too late. In the former case, the 
basin will be full before the real flood peak arrives; in the latter it will not be completely 
filled (see Fig. 6). Obviously, it is not good management to wait until the peak has passed. 
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Fig. 6  Retention basin is opened (a) too early (b) at right moment, (c) too late. 
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Therefore, it is important to determine the right time of opening. Actually, this is not 
very difficult if the hydrograph is known up to and beyond the flood peak. The opening 
level will then be such that the cut-off peak just fits in the basin (Fig. 4b). 

5. PROBABILISTIC FORECAST 

In reality, of course, the hydrograph is unknown and the only means we have is a  
forecast over a certain time. However, any forecast is uncertain, depending on 
precipitation, hydrologic processes and flood propagation in the river.  

A very crude but useful method to get a probabilistic forecast is the following (adapted 
from Klunhaar & van Os, 1999). Suppose one (deterministic) forecast is available over a 
certain period. An upper bound after a prediction time of, say, 30 h, could be assumed to 
be a linear extrapolation from the available observation. As a lower bound the discharge 
could be assumed to be back at the observed level after 30 h. The range between these 
estimated extremes can be divided in a number (say 5) of equal intervals, for each of 
which a forecast can be constructed by fitting eq. (1) to the observed value and its slope 
and the predicted value after 30 h, with 0 50, , pt t  as parameters (Fig. 7). To each a 
probability could be attached, e.g. using a triangular distribution (Fig. 8). From this 
distribution a number of forecasts can be drawn (Fig. 7), each having a probability as 
given by the shaded area.  
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Fig. 7  Possible forecasts          Fig. 8  Assumed probability of forecasts. 

A more reliable way to obtain a probabilistic forecast is of course introducing the 
uncertainties of the input parameters (observed values upstream, precipitation, hydrologic 
parameters etc.), estimating their frequency distributions and performing a Monte Carlo 
simulation to assess the range of possible forecasts. Anyway, a set of possible forecasts 
with associated probabilities is obtained: 

0

1
( ) for with probabilityj fcast j

j n
Q t t t t p
=

< <
…      (3) 

6. DECISION UNDER UNCERTAINTY 

For each particular forecast, the optimal operation of the retention basin can be 
determined (section 5). The optimal strategy is indicated by Tk, which is the time of 
opening the basin according to strategy k. In the example, the optimal strategy for the first 
three forecasts is immediate opening (T = 0). For the higher ones, the optimal times are 
0.34 and 3.7 days after the time the forecast is made.  
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However, for each decision T , still any of the possible forecasts could occur. For each 
possible outcome and each possible strategy, the effect can be identified as the result  
R

( )jQ t

kj. What do we mean by “the result”? This depends on the objectives of the river 
manager. One possibility is the cost of flooding damage still occurring. Another might be 
the peak water level reached. Also, a more general economic  “utility” might be defined. 
In the present example, based on Fig. 7, we use the peak flow Qmax occurring in each of 
the possible cases (table 1). 

Table 1  Peak discharges occurring under different strategies and forecasts 

Qmax Forecast 1 2 3 4 5 
prob  p 0.044 0.133 0.222 0.311 0.288 

T1=0 1647 1647 1647 1997 2711 
T2=0 1647 1647 1647 1997 2711 
T3=0 1647 1647 1647 1997 2711 

T4=0.34 d 1753 1753 1753 1753 2711 
T5=3.7 d 1765 1799 1860 2002 2538 

 
We don’t know which outcome will materialize, but we know the probability. 

Therefore, for each strategy, the expected result can be evaluated: 

1
( )

n

kj kj j
j

E R R
=

= ∑ p         (4) 

The strategy having the largest (or smallest, depending on the criterion) expected result 
will be chosen (Winston, 1994). For the present example, the expected peak discharges 
are given in table 2. 

 
Table 2  Expected peak discharges for various strategies

opening time expected max discharge
0 2059 
0 2059 
0 2059 

0.34 2029 
3.7 2083 

 

      u(R)   

 

      risk avoidance 

 

        indifferent 

 

    risk acceptance 

 

 

     result R 
 

Fig. 9  Risk avoidance and risk acceptance. 

Consequently, at the moment considered, the optimal strategy (in terms of peak 
discharge or water level) is opening the basin at t = 0.34 d = 8 h. Of course the whole 
procedure needs to be reconsidered at regular intervals. 
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From the theory of risk management, we know the possibility of risk avoidance or risk 
acceptance. This means that instead of the computed result a weighted result or utility 

 will be used according to Fig. 9.  ( kju R )
If such a risk avoidance or risk acceptance attitude is applied to the individual results, 

the expected result will be influenced, and therefore also the final choice of strategy. 

7. CONCLUSIONS 

The main conclusions from this paper are: 
a. Decreasing flood peaks by using retention basins for temporary storage often 

requires very large basins, for which the space may not be available. 
b. If a basin is nevertheless constructed, its operation requires a controllable intake 

structure, as otherwise the basin will not be efficiently used. 
c. In order to determine the correct time of opening the intake structure, a forecast 

with an estimate of its uncertainty is needed. 
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Abstract: Flood damage mitigation of flood plains is a very complex problem because it is greatly 
associated with a considerable variety of natural, technical, economic and social factors. In this paper 
the fundamental subjects treated in the damage mitigation study are discussed. An integrated approach 
including damage risk assessment and damage mitigation policy analysis is presented. After that, a 
probability model and a flood routing model, which is developed for flood frequency and flooding 
feature analyses, respectively, are developed. Based on the detailed information obtained by the two 
models, two kinds of decision making models for safety construction planning and for instructing 
land use are proposed. At last, the utility of these models is demonstrated by applying them in the 
Dujiatai flood diversion and storage basin to the Hanjiang River.  

 

 
Keywords: flood damage mitigation, frequency analysis, flood routing, decision making 

1. INTRODUCTION 

Flooding is by far one of the most serious natural hazards in China despite many years of 
construction of flood control works. In flood plains or other flood prone regions, population 
at risk is increasing and flood hazard losses are rising with the rapid economic development 
and the sharp population expansion. Therefore, more and more attention is paid to flood 
damage mitigation in the developmental process of China. 

Because there are numerous social, technical and natural factors related to flood damage, 
study on flood damage mitigation will cross several disciplines and cover the whole course 
from the natural process of hazard to the economic, social and environmental influences 
caused by hazard, and further to the people’s hazard-response activities (Penning-Rowsell, et 
al, 1986). Particularly, the three fields listed in the following should be stressed in this study: 

(1) Exploring the formation mechanism of hazard and the interrelation and interaction of 
various relevant factors. 

(2) Evaluating the effectiveness of different adaptation, adjustment and control 
alternatives used to reduce flood losses. 

(3) Indicating the restriction effects of severe flood hazard as well as the promotion 
effect of hazard mitigation upon resources utilization and regional development. 

As an example of systematical study on flood hazard mitigation of flood plains, an 
integrated approach is discussed in this paper and its application also is given briefly. 

2. FLOOD DAMAGE RISK ASSESSMENT  

The integrated approach is composed of two essential element components: the flood 
damage risk assessment (FDRA) and the policy analysis for development and damage 
mitigation (PADDM). The purpose of FDRA is to examine the damage severity and 



occurrence frequency. In general, the following subjects should be probed in FDRA. 

2.1 Hazard Phenomenon Analysis  
It mainly deals with such issues as flood causes, the temporal and spatial variations of flood, 
flood magnitude and occurrence frequency, flooding features including inundation depth, 
duration and frequency, etc. Certainly, the flooding features analysis plays an important role 
in flood hazard mitigation. 

2.2 Vulnerability Analysis  
Vulnerability here is defined as a quantifiable measurement of the degree of the function 
damage or the economic value loss of flood-stricken objects. It reflects the coherent 
property of an object to prevent oneself from damaging. By the vulnerability analysis, the 
relationship between economic losses caused by flooding and flood intensities could be 
obtained. For the sake of operational convenience, loss rate instead of vulnerability is often 
used in practical case analyses. A well-known example is the curve of inundation depth and 
loss rate established on historical flood loss data. 

2.3 Hazard Influence Analysis 
It is to describe and evaluate the adverse impacts of flood hazard on natural-ecological and 
social-economic systems. More exactly, the advantageous impacts of flood on the natural 
environment also should be considered. After the influence evaluation of single factor has 
been completed according to special topics, a comprehensive assessment must be carried 
out so as to specify the severity of flood hazard. Owing to the lack of quantitative data, 
qualitative evaluation methods have been widely used in the hazard influence analysis as 
well. 

3. POLICY ANALYSIS FOR DEVELOPMENT AND HAZARD MITIGATION  

People in flood plains have greatly profited from flat, fertile land and other favorable 
conditions, although serious flood hazard often struck them. So, it is not wise and certainly 
is not acceptable to forbid land use and other activities in flood plains, just for reducing 
flood losses. In China, even these regions, such as flood-prone regions, have been 
reclaimed intensely due to the sharp conflict between food demand and cultivable land. 

Obviously, the goal of efficient floodplain management should be to permit more 
reasonable use of flood plains and yet to minimize the expected flood losses. That is, the 
floodplain management aims to seek in nature what is useful and attempts to buffer what is 
harmful. 

In narrow senses, the policy analysis for flood damage mitigation mainly deals with these 
subjects as follows (Petak and Atkisson, 1982). 

3.1 Technique Analysis  
It is to analyze the technical feasibility of various measures or alternatives in a special 
region and during a certain period. These measures are usually classified into two types, i.e., 
structural measures and nonstructural measures, according to whether or not the 
characteristic of natural flood is modified.  

3.2 Economic Analysis 
Economic analysis or cost-benefit analysis is to evaluate the economic effectiveness of 
measures or alternatives feasible in technique, to rank these alternatives and put forward an 
optimal or satisfactory one. Because each alternative not only results in different economic 
effects, but also causes distinct environmental and social effects or problems, 
multi-objective or multi-criteria decision making techniques are usually used. 
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3.3 Policy Analysis 
It concerns the social, political, legal, administrative aspects associated with the 
development and management of flood plains. By policy analysis, suitable laws or 
regulations and policies should be made and implemented. Taking flood diversion and 
storage basins as an example, such items as hydraulic engineering management, safety 
construction regulation (or construction code), land use pattern, population growth rate, 
investment and assurance affairs, and so on, should be specified in the government policies. 

Since a large number of complicated factors need be taken into account in the policy 
analysis, system analysis technique has been widely applied either in flood damage mitigation 
studies as well as in reasonable resources use studies. 

4. CASE STUDY 

For demonstrating the practical value of the systematical approach as illustrated above, the 
Dujiatai flood diversion and storage basin is investigated . The Dujiatai basin is located in 
the lower reach of the Hanjiang River and near the Wuhan City. When big floods occur in 
the Hanjiang River and are not completely controlled by current reservoirs and levees, the 
Dujiatai basin will be used to divert and retard flood for protecting the Wuhan City and 
other regions. On the other hand, because the Dujiatai basin has been developed for crops 
and dwelling by constructing embankments to prevent from flooding, reducing itself 
serious flood losses caused by flood diversion must be emphasized especially. Here, five 
models developed in this research are introduced briefly (shown in Fig.1)   
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Fig.1  A systematical approach to flood damage mitigation study 

4.1 Probability Model for Frequency Analysis of Flood Diversion 
In accordance with the characteristics of the temporal and spatial variations of flood and the 
current state of flood prevention works in the Hanjiang River, a probability model of two 
random variables is established. 

Let represents the flood peak discharge appearing in the upstream reach of the 
Dujiatai floodgate, 

uQ

sQ  represents the safe discharge, i.e., maximum discharge for damage 
–free, passing through the critical downstream reach of the Dujiatai floodgate. Both and uQ

sQ are random variables. Let  represents the diverting flood discharge, thus dQ

                 Q Qd u Qs= −                             (1) if uQ Q> s

the probability distribution function ( )dF q of  can be expressed as follows: dQ

                 ( ) {d dF q P Q= ≥ } {d uq P Q Qs= − ≥                (2) }dq
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examining the downstream reach, it has been found that the safe discharge varies with the 
water level at the downstream confluence in a kind of monotonous decreasing pattern. Let z 
represents the water level, the following equation comes into being. 

( )sQ g Z=                                (3) 

                      ( ) { ( )d uF q P Q g Z= − ≥                       (4) }dq

just considering the worst status, the highest water level in a particular flood period is 
chosen to make frequency analysis. Suppose that is independent of uQ Z , the density 
functions  and of Z and are given, respectively, one can obtain the 
formula of  (Mei, and Feng, 1996)

( )f z
(f q

( )uf q uQ
)d

 . In order to investigate more accurately the 
temporal variation of flood events, the main flood period is divided into 3 sub-periods. In 
each sub-period, the frequency of the diverting flood peak discharge , which has 
different values, is calculated. 

dq

4.2 Flood Routing Model for the Dujiatai Basin  
The Dujiatai basin contains three components: the flood diversion channel, the flood relief 
channel and the flood regulation area. In modelling, the diversion channel is considered as a 
simple one of 21 reaches, but composite cross sections are introduced to account for the 
effect of storage of overflow parts at certain reaches. The relief channel is treated as a 
compound one of 19 reaches along which there exist storage cells outside the levee at some 
particular reaches. 

Suppose that the water levels at these reaches are lower than the safe top elevation of 
levee, then flood flow will be simulated by well-known St. venant equations. 

0s
Z QB
t x

∂ ∂
+ =

∂ ∂
                               (5) 
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∂ ∂ ∂
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                    (6) 

where, Q Z  represent discharge and water level, respectively, which are the functions of 
time  and flow distance

,
t x ; sB is the full width of the channel; A  is the cross sectional 

area of the main channel; K  is the conveyance factor; g  is the gravity acceleration. 
If the water level at one reach is higher than the safe elevation of levee, compatibility 

conditions will be imposed on this reach.  
The flood regulation area comprises a natural low land and several storage cells 

separated by embankments. It is simulated by a quasi 2-D model that flood propagates over 
the regulation area. Let siA  represents the area of each cell , which is defined by the 
water level 

i

iZ in the cell; represents the discharge between two adjacent cell  and 
. Thus, the following difference equation can be obtained. 

ikQ i
k

           ( )i
si i ik tn i tn k

k k i k

Z Q QA P Q Z Z
t Z

λ
∆ ∂ ∂

= + + ∆ + ∆
∆ ∂ ∂∑ ∑ Z

             (7) 

where, is the average rainfall amount on the cell surface from to iP nt 1nt + ; iZ∆ , kZ∆ are 
the increments of iZ and kZ , respectively; 0≤λ≤1. 

After it has been verified, the model is used to simulate the flow of diverting flood over 
the Dujiatai basin. As a result, the relationships between the inundation depths and the 
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flooding times are found out with regard to each storage cell [2]. 
Obviously, these two models will provide essential information for the flood damage 

evaluation and the flood damage mitigation study. 

4.3 Loss Rate Curve  
Flood damage is hard to calculate accurately because there exist a variety of factors directly 
and indirectly affecting it. For instance, flooding feature, sorts of inundated objects and 
their economic values, measures of flood proof, and so on. It is a feasible way to calculate 
the economic losses according to the sorts of inundated objects instead of each inundated 
object. 

Based on the statistical result of flood losses in these flood diversion and storage basins 
in Hubei province, it could be drawn out that the private property loss and the agricultural 
loss are ranked first and second, respectively. Hence, the safety construction for preventing 
life and property from damaging and the reasonable land use are the key measures of flood 
damage mitigation. In order to estimate the private and public property losses, the 
relationship curves between inundation depths and loss rates are established. As to 
agricultural loss estimation, more complicated methods also have be developed.  

4.4 Decision Making Model for Safety Construction  
In the process of modeling, the first step is to divide the inundated area into a series of 
sub-areas in accordance with the contour line of flooding depth. Then, to estimate the 
interior property value, the structural value and the corresponding whole value for each sort 
of structure or building. After that, different types of water depth-loss rate curve are 
presented for the whole value, the interior value and the structural value, respectively. 

A decision making model is developed. The number of objects requiring protection (e.g., 
houses) is taken as a decision making variable. The optimal objective is to minimize the 
total present value of the sum of the investment cost and expected flood loss. 

The results of the case study show that raising the ground elevations of houses still is the 
best choice to these buildings with a smaller value, either at the present or after the 
completion of following projects in the Dujiatai basin. As regards the property units whose 
ground elevations are lower than 25.0m, withdrawing from flooding buildinds would be the 
key measure of flood damage mitigation when flood diversion occurs (Mei, and Feng, 1994).  

4.5 Land Use Planning Model for Crop Allocation  
The losses of life and property are independent of the time at which flooding occurs. But 
agricultural loss has deferent characteristic. There are at least two factors needing to be 
considered in calculating agricultural losses. One is the time-dependent susceptibility of 
crops to damage, i.e., the damage to the crop by a given flood event is dependent on the age 
of the crop at the time the flood occurs. The other arises from the possible variation in flood 
frequency over the growing season. A proposed approach is to calculate the joint 
probability of a particular stage of growth and flood event in discrete intervals in the 
growing season. Then, the formula of composite crop-loss rate is obtained. 

A land use planning model allocating a crop to a piece of area is developed, In 
consideration of the flooding feature, the land quality class, the land location and area, the 
damage features of crops of various sorts. In this model, the total net benefit is determined 
by calculating the expected benefit, which is equal to the yield values of crops minus 
corresponding expected flood loss. The expected loss results from a range of flood events. 

The results show that when the loss of crop approaches its upper limit, its expected loss 
rate is equal to the flooding frequency. The flood occurrence time instead of the flooding 
depth and duration has a great influence on the crop losses in these flood diversion and 
storage basins with deeper floodwater and longer flooding duration (Mei, and Feng, 1995). 
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Abstract: The East Tiaoxi River is an important flood control area of Zhejiang province. With a 
100-year capacity of flood control in theory, Xixian Great Embankment is responsible for the safety 
of Hangzhou and the plain of Hangjia Lake. Owing to lack of a definite economic compensation 
policy for special detention basin, north embankment of the East Tiaoxi River can’t burst 
spontaneously as planned so that it is difficult to insure the safety of Xixian Great Embankment in 
the range of standard flood. With investigation, this paper puts forward an economic compensation 
policy for special detention basin when extreme floods occur in the East Tiaoxi River.  
 
Key words: the East Tiaoxi River, flood control, special detention, flood insurance, economic 

compensation policy 

1. INTRODUCTION  
The East Tiaoxi River located in the west of the Hangjia Lake is a part of Taihu Drainage 
Basin. Its mainstream—the South Tiaoxi River—originates from the south of Tianmu 
Mountain. After passing Qiaodong Village, Linan, Yuhang, the South Tiaoxi River 
converged itself with the Middle Tiaoxi River and the North Tiaoxi River which are 
located in Pingyao constitutes the East Tiaoxi River. It is connected with diversion work 
in Deqing and flows into the Taihu through Huzhou. The drainage area is 2,267km2 and 
the main river is 143km in length with dikes along both banks. The dike of right bank 
from Shimen Bridge in Yuhang to Deqing is called Xixian Great Embankment which is 
responsible for the safety of Hangzhou, the dike of left bank called north dike of Tiaoxi 
River, the dike of right bank of diversion work downstream from Deqing called the East 
Great Dike. 

The upstream of this drainage area is the center of rainstorm, where precipitation 
centralizes in high water. The maximum precipitations for 0.5 hour, 1 hour, 3 hours and 
24 hours recorded in the province have all occurred in the basin. This basin has 78% of 
highcountry, with steep slopes and rapid flow and the obstructed drainage in the lower 
channel, torrents pose a direct threat to the plain of Hangjia Lake. Floods and waterlogs 
are so frequent that about 1.92 million mu of tilled land, a population of 3.85 million and 
cities such as Hangzhou and Huzhou are affected. After the founding of new China, the 
basin experienced several floods in 1954,1962,1963,1983,1984,1996 and the flood in 
September of 1963 caused the outbreak of embankment of South Lake at escape sluice, 30 
thousand of farmland in mu submerged, the seeper in Gongcheng Bridge as high as 0.6 m, 
leading to more than 70 million yuan of economic losses. 

After liberation, according to the guideline of storage in the upstream, diversion in the 
midstream, discharge in the downstream, the basin constructed Qingshan Reservoir, 
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Duihekou Reservoir, Silin Reservoir and so on, rebuilt and strengthened Xixian Great 
Embankment, reconstructed South and North Lake flood retention basin. In order to 
relieve the threat of flood to the east plain of Hangjia Lake, the training works were 
opened which imported flood from the East Tiaoxi River to Taihu. 

2. PROBLEM DESCRIPTION 

For the East Tiaoxi River, now its capacity of flood control is once every twenty years. 
According to the report of flood control plan for main stream of the East Tiaoxi River, the 
altitude of the top of north dike of Tiaoxi River should be lower than that of Xixian Great 
Embankment by 1m, which means that when over standard floods occur north dike of 
Tiaoxi River can break spontaneously as planned and protective embankments such as 
Panban, Changle, Zhangyan, Chengqing, Shangnanhu and Yongjian can be used in flood 
diversion, meanwhile controlling the water level of the East Tiaoxi River so as to insure 
the safety of Xixian Great Embankment. By calculating, the discharge of a 100-year flood 
upstream from Pinyao is equivalent to 4730Mm3, with the total storage capacity of 
Qingshan Reservoir, Silin Reservoir, South and North Lake being 1650 Mm3 of water and 
about 1810 Mm3 may be drained off in half and three days by river diversion and 
discharge to the east. But still there is 1270 Mm3 of water to be drained. According to the 
design, temporary detention basin should storage as much as 2340 Mm3 of water. 
Therefore, as long as the layout can be realized and reasonable and scientific regulation 
can be made, a 100-year flood at the East Tiaoxi River will not pose a threat to Hangzhou. 
However, it is difficult to control the altitude of the top of north dike of Tiaoxi River in 
practice and people in special flood detention area often strengthen and heighten the 
surrounding dikes voluntarily. When the East Tiaoxi River encounters a over standard 
flood, the dikes of special flood detention area are difficult to burst spontaneously so that 
the water level of the East Tiaoxi River is so high that the safety of Xixian Great 
Embankment is endangered and the safety of flood control of Hangzhou can’t be insured 
effectively. 

On June 30th, 1996, the rainfall in three days was equivalent to 283mm in the basin 
upstream from Deqing and Qingshan Reservoir and the water level of the midstream and 
upstream of the East Tiaoxi River reached the highest in the history, with 33.86m in 
Qingshan Reservoir, 11.08m in Yuhang and 9.07m in Pingyao. Xixian Great Embankment 
and Yuhang and Wulongjian were all in danger so that the flood control safety of 
Hangzhou was threatened. It was not free from danger until the peoples’ liberation army 
did their best to rush to deal with an emergency. The discharge of this flood was as much 
as that of a 20-year flood. According to the plan, the embankments of diked areas such as 
Shangnanhu should burst out to divert the flood. But in fact there had been openings only 
in the branch of the dikes of Shangnanhu which were later blocked by the people in the 
areas. All these reasons led to the continual rise of the water level of the East Tiaoxi River. 
When the water level of Yuhang was over that of a 50-year flood, yongjian special 
detention area didn’t burst out spontaneously to mitigate the flood, leading to the 
continual rise of the water level of Yuhang, contributing to the danger of the dikes of 
Wulongjian. 

In order to ensure the safety of Hangzhou, the whole section of Xixian Great 
Embankment has been strengthened and heightened and disposed against seepage. Now 
its capacity of flood protection is once per 100 year. But this standard required by the plan 
is under the condition of flood diversion of special detention areas. If in these areas 
bursting embankments and flood detention can’t be carried out, it is difficult for Xixian 
Great Embankment to ensure safety when the floods which discharges are less than that of 
a 100-year flood occur. Based on these reasons, some experts have done special 
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researches on this, working out the implementation scheme of emergency flood diversion 
with extreme floods occuring in the East Tiaoxi River and technically studied the strategy 
which made special detention areas break embankment and storage floods. They believed 
that if necessary the ways of levee breach may be used to make special detention areas 
such as Shangnanhu, Yongjian hold over-standard floods. But only technically this 
ensured the safety of Xixian Great Embankment with a 100-year flood. In order to ensure 
the safety of Xixian Great Embankment and Hangzhou under the condition of the plan, to 
make implementation scheme of emergency flood detention with extreme floods in the 
East Tiaoxi River put in practice smoothly, the key is to support economic compensation 
policy of flood diversion losses of special detention areas. At present, the basic reason that 
leads to the dikes of special detention basin difficult to burst out spontaneously under the 
condition of over standard floods is short of an obvious and reasonable economic 
compensation policy after flood diversion in special detention basin.   

3. POLICY OF LOSS COMPENSATION OF FLOOD DIVERSION IN 
DETENTIONBASIN 

In order to ensure natural operation of retention areas and the safety of important areas 
threatened by floods, to reasonably compensate the residents’ losses caused by detention 
floods, the State Council of China worked out and issued the temporary method of 
operation and compensation of retention basin according to the flood control law of the 
People’s Republic of China. The compensation objects stated in this method did not 
include the losses of production and management enterprises such as industrial and 
commercial enterprises located in the retention basin. Simultaneously, it was stated in the 
method that the flood control plan authorized by provincial government and the operation 
and compensation methods determined in the flood control scheme should be worked out 
by provincial government.  

Because there is no definite compensation method of the operation of retention basins 
in our province, some temporary relief measures are often taken. The retarding basin 
determined in the flood control scheme of the East Tiaoxi River is composed of South 
Lake, North Lake. The special detention basin allocated in extreme flood control scheme 
includes Shangnanhu, Yongjian, Panban, Zhangyan, Chengqing and so on. South Lake 
and North Lake is natural retarding basin and the state owns the land ownership. Because 
of historical reasons, reclamation in the retarding basin of South lake by some unites and 
setting up farm contributed to the difficulty of flood diversion in South Lake in 1960’s. 
For this 7 million yuan of special funds was appropriated by provincial government after 
9906310 flood, which solved the problem of flood diversion compensation only one time. 
So flood diversion compensation has not existed in South and North Lake. However, 
special retarding basin such as Shangnanhu, Yongjian, Panban, Zhangyan, Chengqing has 
not definite flood diversion compensation policies. 

4. ECONOMIC COMPENSATION POLICIES OF FLOOD DIVERSION LOSSES 
FOR THE EAST TIAOXI RIVER SPECIAL RETARDING BASIN  

In order to propose concrete compensation implement schemes, we investigated the 
possible submerged basic condition in special retarding basin when the East Tiaoxi River 
had an urgent flood diversion (table 1). In this basin there were three types of flood 
disaster loss after artificial levee breach. First one was residents’ property loss. The 
second was property loss of production management units such as industrial and 
commercial enterprises and the third one was agricultural loss including grain loss, 
economic crop loss as well as aquiculture loss.  
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At present 《cooperation insurance to provide county with disaster relief》has been put 
into practice in special flood detention basin by civil administration, which insured 
residents’ houses and indoor property against natural disaster.  Insurance rate varies from 
3‰ to 6‰ with house structure and its average is 4%. This type of insurance was 
authorized and tried out by Ministry of Civil Affairs of People’s Republic of China and 
People’s Bank of China. Benefit association of rural disaster relief has been set up with a 
county and town as a unit. Taxes are not paid in the insurance. When there is a surplus, 
which is accumulated to complement the absence. When there is an absence, which is 
complemented by the funds of disaster relief appropriated by the state. Parts of industrial 
and commercial enterprises in the area have insured in the People’s Insurance Company 
of China and the rate of insurance against floods is 3.5‰. Because the risk of agricultural 
insurance is great, insurance company won’t and dare not insure against agriculture. 
According to the survey, flood loss rate of residents’ property caused by flooding is of the 
order of 1.9%(Table 2). The average flood loss of industrial and commercial enterprises is 
4.25 percent of amounts insured (Table 3).  

Table 1  The basic condition in special detention areas of the East Tiaoxi River 
Submerged areas（ha）  Special 

retarding 
basin Name 

Farm-
land 

Industri
al crops 

Aquic-u
lture 

Submerged 
residents 
(family) 

The number of 
submerged 
population 

The number of 
submerged industrial and 
commercial enterprises 

Shangnanhu 419.7 18.0 24.2 1429 4783 2 
Yongjian 1809.3 223.8 160.3 6853 22729 28 
Panban 986.3 53.7 4.8 3908 13700 32 

Zhangyan 150.7 14.8 50.2 550 1832 3 
Chengqing 483.6   1225 4159 13 

Total 4399.4 13965 47203 78 

Table 2  Residents’ property loss in the flood of June 30th ,1996(104yuan) 

Type 
Special 

detention 
basin 

Insured 
property Insurance 

Insurance 
settlement 
of claims 

Loss rate 
(%) 

Submerged 
depth/time 

(m/d) 
Zhangyan 368.55 0.748 6.67 1.8 3.5/22 

Panban 202.33 0.977 1.98 1.0 3/15 
Changle 10.03 0.460 0.18 1.8 1.5/15 

Shangnanhu 62.59 0.428 3.37 5.4 0.5/5 

Loss of 
flood 

disaster 
Total 643.5  12.2 1.9  

Yongjian 1313.9 3.041 10.5 0.8 /2 
Qiushan 4.7 0.021 0.13 2.7  Loss of 

waterlog Total 1318.6  10.63 0.81  

Table 3  Flood loss rate of industrial enterprise in the flood of June 30th ,1996(unit:104yuan) 

Location Name of enterprise Insuranc
e cost

Indemnity 
cost 

Loss rate 
(%) 

Submerged 
water depth/ 
time (m/d) 

Panban plastic plant, chemical plant 764.5 14.0 1.8 3/11 
Zhangyan machine works, cable works 268.0 20.3 7.6 2/15 
Yongjian part 4000 130.0 3.25 0.2/2 

The East 
Tiaoxi River 
Yuhang 
Beitang total 5032.5 164.3 3.26  

Traffic training center in qingshanhu 1066.60 16.86 1.58 1.5/ 
The second tile plant in linan 32.17 11.78 36.62 2.8/ 
Tile plant in lintian 75.75 9.18 12.12 3.0/ 
Jinyi chemical plant 79.79 22.22 27.85 2.2/ 
Huate dope plant 315.80 64.21 20.33 2.2/ 
Liquid gas station in linan 217.0 2.34 1.08 3.0/ 
A company in lintong 312.29 13.99 4.48 1.6/ 
Qinglong village 58.30 0.46 0.08 1.5/ 

Areas of 
Qinshan 
Reservoir 

total 2157.7 141.04 6.54  
total 7190.2 305.34 4.25  
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We have chosen the following two schemes for flood loss compensation for special 
retarding basin after artificial levee breach. 

4.1 The government’s compensation scheme only one time (scheme1) 
According to the statistics of 140,000 families of residents in the retention basin, 20 
percent of residents’ household property is worth 90,000 yuan and 60 percent is 50,000 
yuan and 20 percent is 20,000 yuan. The average is 50,000 yuan per family. 13,300,000 
yuan is needed to compensate with the flood loss rate being 1.9%. The total assets of 78 
industrial and commercial enterprises are 300 million yuan. The compensation amount is 
12750 thousand yuan with the flood loss rate being 4.25%. It is difficult to estimate 
agricultural loss. If calculated in practical submerged areas in mu, food supplies, 
economic crops, aquiculture are all calculated as paddy with 800 jin per mu and the 
national compensating price is 0.7 yuan per jin, so the funds of agricultural compensation 
for 66 thousand mu fields in the area are as high as 36960 thousand yuan. Therefore, 
63010,000 thousand yuan is needed to compensate by the government only one time after 
artificial levee breach in an extreme flood.  

4.2 The compensation scheme based on flood insurance (scheme 2) 
The forty-seven item of flood control act of the People’s Republic of China points out that 
the state encourages and supports to develop flood insurance. But the present flood 
insurance in our country is one of natural disaster insurance and the insurance item is 
suitable for all kinds of natural disaster and contingency. The flood risk in flood retention 
basin is not natural, so it is not included in the present flood insurance. Based on the 
present condition of the East Tiaoxi River, the method of flood insurance is used for 
reference. The loss compensation policy to implement urgent flood diversion in flood 
retarding basin when over-standard floods occur in the East Tiaoxi River is made a 
research and the compensation scheme based on flood insurance is suggested. 
4.2.1 The losses of residents’ property 
The residents in special retention basin are mobilized to take an active part in rural 
cooperative insurance against disaster. It is regulated that the flood losses caused by 
artificial levee breach of the residents without attending the insurance are not 
compensated and insured by government. Insurance standard refers to the statute of rural 
cooperative insurance against disaster. Civil administration settles a claim after artificial 
levee breach. At present, residents’ property is worth 50 thousand yuan per family or so, 
but as houses are mainly made of tiles with less flood losses, residents generally insure 
penates(not including housing) 5000 yuan and pay 20 yuan per year for insurance 
premium. Because of deficient compensation after artificial levee breach caused by much 
less residents’ property insured, if residents insure, governments should pay double 
insurance. This means each family should averagely pay 20 yuan for annual property 
insurance and governments pay each family 20 yuan per year for allowance insurance. 
Aftertime every family will pay 40 yuan for insurance as compensation when artificial 
levee breach occurs. Civil administration will settle a claim. Hereby it is concluded that 
government should pay 280 thousand yuan for insurance as allowance every year.  
4.2.2 Business enterprise 
Insurance company is authorized to afford property insurance of all industrial and 
commercial enterprises in the area. The insured units pay insurance premium according to 
annual rate of all-risks insurance and then the government increases 2‰ of AP. After that, 
either in the condition of spontaneous levee breach or artificial levee breach, insurance 
company will be always responsible for compensation. But in these areas, the insurance 
management of an insurance company may set up an absolute account and enjoy free-tax 
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treatment. The People’s Insurance Company of China and the Pacific Insurance Company 
are all going to take on the operation. It is estimated that 2‰ of AP annually paid by the 
government is 600 thousand yuan.  
4.2.3 Agriculture 
By calculating, we can obtain that 36,960,000 yuan is needed to compensate by the 
government only once time after artificial levee breach in an extreme flood, which is the 
compensation funds when over a 50-year flood occurs in the East Tiaoxi River. So we 
may consign some insurance company to take on the agricultural insurance in the area. 
The government first dispatches and after artificial levee breach, according to the practical 
submerged area, the insurance company settles a claim at national purchasing cost which 
is calculated by regarding food supplies, economic crops and aquiculture per mu as 800 
jin of paddy. At the same time, the government need pay 740 thousand yuan annually to 
insurance company in order to cover agriculture in special retention basin with insurance.  

In this scheme the government need pay for 1620 thousand yuan to insurance agent in 
order to have residents’ property, industrial and commercial enterprises and agriculture 
insured. 

5. DISCUSSIONS 

1. According to above compensation scheme, after the artificial outbreak of embankment 
occurred in an extreme flood, some economic compensation can be obtained. But this 
compensation is not enough and disaster areas have to make a certain sacrifice for a 
variety of reasons as without enough insurance in order to pay less insurance, the extent of 
insurance not including farmers’ livestock, poultry and compensation for cash crops and 
aquiculture made on the base of the areas growing crops，etc. These areas were feasible to 
occur flood in the history. Since the founding of new China with the government’s 
support there have constructed flood control reservoir as Qingshan Reservoir and have 
strengthened the dikes, causing that times and extent of hazard have been greatly 
lightened. So it is reasonable that sacrifices are made in extreme floods. 
2. Compared these two schemes, scheme 2 is better than scheme 1. Since after a flood 
disaster occurs it is difficult for government to pay 63010 thousand yuan only one time for 
compensation. But scheme 2 is that insurance companies are responsible for claims 
settlement on the base of statute of insurance. As a main body of implement of artificial 
outbreak of embankment, compensation outlays paid by the government should be 
expended yearly. This is easy to carry out and meanwhile the fact may be avoided that 
those suffering from flood price oneself out of the market owing to compensation from 
government. 
3. Scheme 2 accords with the thirty-second item of flood control law, which prescribes 
regions and units directly beneficial from the retarding basin should be under obligation to 
compensate and aid residents in the basin and the State Council of China, the provincial 
government, the municipal government, the municipal government directly under the 
Central Government should set up the system to support, compensate and aid the retarding 
basin. Thus annual 1620 thousand yuan of insurance premium may be expended from the 
special fund of water conservancy construction collected in the protected areas by Xixian 
Great Embankment.    
4. Xixian Grant Embankment is not only responsible for the safety of Hangzhou, but also 
for that of hangjiahu plain. 1620 thousand yuan of insurance annually pointed out in 
scheme two thus should be paid by the province and Hangzhou (including yuhang district) 
in a ratio of three to seven. This means 486 thousand yuan should be paid by the province 
and 1134 thousand yuan by Hangzhou. Because Xixian Grant Embankment is mainly 
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responsible for the safety of yuhang district of Hangzhou, 70 percent of insurance should 
be paid by Hangzhou. In a word, annual 1620 thousand yuan of insurance premium should 
be paid by the province, Hangzhou and yuhang district in a ratio of 3：2.1：4.9 with 486 
thousand yuan paid by the province, 340.2 thousand yuan by Hangzhou and 793.8 
thousand yuan by yuhang district. 

In conclusion, economic compensation policy for special detention area should adopt 
the compensation scheme based on flood insurance after the extreme flood in the East 
Tiaoxi River is diverted urgently. This scheme not only bases on policy definitely, but 
also is in accordance with local politic and economic conditions and easy to operate as 
well. 
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Abstract: The Yangtze River is a main artery of the Mainland Chinese economy. Three outlying 
areas around the river area the east, the middle and the west combine to form the Yangtze River 
drainage area. This drainage area has been a long standing economic hub for the majority of China 
and is currently playing a vital role in the economic development happening in the west of China. 
Beginning in the early 1990s, the increasing frequency of floods and the corresponding losses in 
property and resources in the drainage area have become an increasing concern. In light of these 
concerns it becomes increasingly necessary to closely scrutinize flood control work in the Yangtze 
River drainage area to minimize damage to both the local and national economy. Particulars in 
question are the need to revise guidelines for flood control in the Yangtze River drainage area; the 
influence of flood control on water resources and soil loss in the Yangtze River area; population 
dispersion and flood control placement; the role of flood-storage-detention areas; the necessity for 
sufficient safety standards related to flood control measures and consideration of the 1998 floods in 
light of changes in vegetation and land allotment in the Yangtze River area between 1954~1998. As 
these are taken into careful consideration and established in the form of the national law to ensure 
the prosperous opportunities for both individuals and the country. 

Keywords: flood control laws and regulations in the Yangtze River, flood-storage-detention areas 
 
There is heavy flood in the Yangtze River drain area in 1998. In the leadership of the 
Central Committee of C.P.C and the State Council of PRC, the dike of the Yangtze River 
has been saved from damage by stopping up a lot of breach in the dikes by millions of 
military and civilian along the river, the loss of flood being to decrease in lowest. 

Floods are a naturally occurring phenomena of the Yangtze River, and have always 
been a part of the river’s history. Beginning in the 1990s, the frequency of floods in the 
Yangtze River drainage area has increased causing tremendous amounts of damage to the 
area. In 1991, in response to a major flood that year, Chairman Jiang Zemin ordered a 
blasting of the Gu-Jiang Creak to allow river discharge while Premier Li Peng ordered 
similar flood diversion measures taken in Anhui.  

Why is the Yangtze River so stubborn and intractable? If people had chosen to live in 
accord with the realities of the River, making use of The Yangtze River whilst guiding 
actions by making prudent decisions based on scientific considerations it is quite possible 
that the river could have long ago been made to serve the people while maintaining its 
natural. To manage the river in the future and achieve this goal, exposing the remaining 
areas of flood danger and addressing them needs to be a major goal for the good of the 
affected areas and the country. 
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1. IS IT NECESSARY TO REVISE GUIDELINES FOR FLOOD CONTROL IN 
THE YANGTZE RIVER DRAINAGE AREA? 

Flood frequency and total are less in 1998 that in 1954. The sum of the total flooding in 
1998 is 1/10 that of 1954, yet the flood levels reached in 1998 are higher than that of 1954. 
In response to the massive damage that took place in 1954, large reservoirs have been 
placed in most of the tributaries of the upper reaches of the Yangtze River. In spite of the 
use of these reservoirs during 1998 losses from flood waters were still huge in 1998. Since 
the 1990s, the number of floods occurring has grown rapidly and similar flood events 
have been seen in the Yangtze River in 1991, 1994, 1996 and of course, 1998. The 
standards currently in place are based on the record floods of 1954. With a total flood 
flow of 102.3 billion m3, the design and allocation of the land has changed greatly since 
1954. The larger lakes which flow to the Yangtze River have lost 60 billion m3 as a result 
of by improperly managed development. Water reserves have dropped by 6 billion m3 as a 
result of felling trees wantonly. Rivers and lakes have lost more than 10 billion m3 
through the change in silt distribution associated with the change in flows. Soil erosion is 
estimated at 2.4 billions tons per in the upper reaches of the Yangtze River during the 
mid-1980s.  

Yet 102.3 billion m3 has remained the standard in flood data calculations. Were flood 
levels in 1954 representative of standards? Should this figure and the corresponding 
guidelines and regulations for flood control along the Yangtze River drainage be revised? 
Based on the demonstrated inability of the current standards to effectively control recent 
flood events, the answer is a resounding yes. Revising, upgrading and a general 
strengthening of all guidelines for flood control in the Yangtze River area necessary. 

2. HOW MUCH INFLUENCE DOES FLOOD CONTROL HAVE ON WATER 
RESOURCES AND SOIL IN AREAS SURROUNDING THE YANGTZE 
RIVER? 

The percentage of forest coverage has decreased from 20 to 10 in the Yangtze River drain 
area from 1957 to 1986. The area experiencing water and soil depletion have expanded 
from 363800 km2 to 739400 km2. This accounts for 41% of the entire area in the Yangtze 
River drainage area between 1957~1986. An investigation in 1986 revealed that annual 
soil erosion totals 2.4 billion tons in the upper reaches of the Yangtze River and 634 
million tons of silt is carried to middle and lower reaches in the Yangtze River annually. 
The sum water and soil depletion in the upper and middle have regions of the Yangtze 
River that are moved to the lower reaches totals 825 million tons per year. Totally 1.459 
billion tons of silt is carried through the Yangtze River annually, of that, 600 million tons 
of silt comes from the Chuan River. Silt levels are highest in the Yichang to Chenglingji 
(Jing River) stretch and the and Datong River to the estuary of the Yangtze River. Silt 
levels reach 164 million tons in the Jing River per year, making silt levels 480,000 tons 
per km. The result is that the  riverbed rises daily. The Jing River is the most dangerous 
section of The Yangtze River as flood waters regularly reach 10~14 m above field level 
dykes. Silt in the Datong River to the Yangtze River estuary is 725,000 tons. These factors 
contribute to a significant drop in the carrying capacity and flood-control-storage capacity 
of in the Yangtze River, yet according to the hydrological data of the Yangtze River, silt 
totals have not noticeably increased in the mainstream of the Yangtze River. If this is the 
case, how is the riverbed rising daily? Where is the additional silt coming from? Where 
did the water and soil in the Yangtze River go?  

Hydrological data that has been used to develop this information has come under more 
serious scrutiny lately. Questionable results (hydrological data), that ignore the 
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harmfulness of wanton logging and water and soil depletion in the area. Realistically, 
flood disasters are intensified as a result of water and soil depletion that results from felled 
trees and destroyed vegetation.  

Flood discharge is less than 10000m3/ s compared to the 1950s and flood levels   are 
as much as 200 cm higher than in the 1950s. How much influence does flood control have 
on depletion of water and soil in the Yangtze River? Analysis of the hydrological data 
needs to be shared with all relevant affected bureaus, so as to bring a uniform awareness 
of the realities into place.  

One must not think only of the present and neglect future. The state should take 
vigorous management measures to protect forests and illegal acts must be punished 
severely and publicly for those who both damage the environment and continue to draw 
on subsidization from the state. 

3. HOW ARE PEOPLE AND FLOOD MEASURES POSITIONED? 

The causes of flooding are the is the sum of quotas flood and the sum of flood volumes 
outstrip the carrying capacity and flood-storage-capacity in the mainstream and lakes that 
feed the Yangtze River. Floods disrupt the lives of the people in this area in significant 
ways. The ancient Yunmeng Lake serves as a short-term storage reservoir during flood 
events. The result of this role has been that the reservoir and surrounding area have been 
damaged tremendously from the resulting changes. All of reservoirs have been assigned to 
the Yangtze River by Mother Nature. The Yangtze River needs these reservoirs and 
should not be diverted from the path of these reservoirs. The close relationship between 
the Yangtze River and the reservoirs has evolved over thousands of years, and can not be 
changed casually. 

All things on earth form a natural web where all participants adhere to the same 
governing principles. Though humans are established as the preeminent intelligence on 
earth, we can not forget our link to the rest of the biosphere. Humans can not be permitted 
to monopolize the planet’s resources, because it will ultimately work against our own 
interests. 

In the intervals where the Yangtze River reservoirs are not in use, these areas come 
under the use of the population. The Yangtze River will not discuss, debate or haggle with 
humans. Though humans should accept that they live in the midst of a flood plain, humans 
insatiable hunger to occupy land drives them to take over these areas and then refuse to 
leave. The inevitable happens when the floods return and wipe out everything in their path 
reclaiming the natural reservoir areas that have always belonged to it. 

The Yangtze River is a main artery of the economy in China. It is the base of a rapidly 
developing westward expansion in the Chinese economy. Three zones in the east, the 
middle and the west combine to form the Yangtze River drainage area. This forms the hub 
of an economic powerhouse for the national economy. Unsuitable development along the 
river in the areas of lakes leading to the river has decreased usable land from 17198km2 in 
1949 to 6605 km2 in 1998. This is a net decrease 10593 km2 (62%). Holding capacity of 
the lakes has decreased 56.7 billions m3 in 22 of larger lakes that feed the river. Flood 
storage has decreased nearly 70 billions m3. This amounts to 1.8 times the storage 
capacity of the Three Gorges Project. It is also 3 times the flood control storage of the 
Three Gorges Project. It is equal to the total storage capacity of reservoirs built in the 
tributaries of the Yangtze River in 1949~1996. Flood frequency grows and causes 
increasing damage along the Yangtze River. Mr. Jiarang has promoted 3 ways of 
regulating rivers and watercourses during the late Western Han Dynasty (206B.C. ---- A. 
D. 24).  
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These measures not only restricted flooding, but also coordinated flood control with 
development and production. Using the maxim, “Ancient residents must reserve the rivers 
and lakes for flooding in advance during their development planning.” The thought of 
flood control should change from conquering floods to combining advancements with 
natural adaptations.  

Ensuring safe coexistence of humans and floods depends on the placement of the 
population in relation to the affected flood areas. Therefore, all of the development and 
harnessing of the Yangtze River must be coordinated. All the activities that 
disadvantageous to the safety and flood control of the Yangtze River should be prohibited 
and rectified and given the respect due the mother river of China that feeds both the 
people and the economy. 

4. WHAT IS THE ROLE OF A DETENTION BASIN? 

Detention basins, also called flood diversion areas, are low-lying regions and lakes that 
temporarily store flood waters by backing water up in to dams and dykes. Detention 
basins main functions is to divert floods during flood seasons or when the flow reaches 
flood diversion criteria necessary to protect downstream areas (or important areas) and 
avoid heavy losses. Since 1952, more than 40 flood diversion and impounding areas have 
been built in the middle and lower reaches of the Yangtze River. These amount to more 
than 50 billion m3 in water storage volume; playing a great role in alleviating Yangtze 
River flood disasters. During the Yangtze River flood in 1954, Jingjiang flood diversion 
projects were released 3 times during flooding, with total capacity of 12.256 billon m3. 
These releases were to protect the safety of Jingjiang dyke and Jianghan plain. 

During the Yangtze River floods of 1998, the impounding and detention flood basins 
had difficulty fulfilling their roles. Relief valves against flood and disaster were regarded 
as ornaments and water resource projects (designed to impound and divert flood waters) 
stood idle during the crisis. This phenomena was the result of immigrants migration and 
local protectionism. The impounding and detention flood basins were illegally developed 
with local governments reclaiming endangered land regarding financial income before 
safety and development of the local economy. It is even the case that government disaster 
relief encourages this behavior as local officials presume this support will compensate for 
their mismanagement. For example, many enterprises and local people get income from 
illegal development of land during non-disaster years at no loss to themselves when it is 
later destroyed as social donations and national financial distributions cover their losses 
from the illegal reclamation after the flood. The situation is made worse as local 
governments then are not willing invest in flood management measures for fear of wasting 
their own funds.  

Suggestions to solve these problems: 
1) The central government shall clearly define the role and range of flood water 

detention basins making operation standards and procedures a matter of law. 
2) Impounding detention flood basins in the river system should be scheduled for 

immediate dredging with the goal of recovering lost capacity resulting from previous silt 
deposits. According to remote measurements taken by meteorological satellites, the 
Dongtinghu lake area in 1997 (no disaster) had a max. water area of 2468 km2, followed 
by a max. water area of 4193 km2 in 1998. This represents an increase of 1725 km2 over 
1997. That is to say, an expanded lake area of 1725 km2 can be used for flood water 
detention. After completion of the Three Gorges Dam project, the water level of 
Dongtinghu lake is expected to be 2~3m lower which will decrease flood diversion of 
70~80% and recover an additional holding capacity of 700~1000 km2. Though this is the 
point of view of many officials, it does not hold water. After completion of the Three 
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Gorges, lake capacity of Dongtinghu Lake will still be insufficient to meet needs in a 
severe flood event. As accumulation progresses, the impounding and detention capacity 
will decrease. At the same time, development of the economy and the growing need for 
resources in other areas will make dredging of lakes more difficult and expensive. This is 
compounded by the illegal development of low-lying land which will need to be cleared 
thoroughly and returned to lake areas.  

3) Special provisions with the force of law should be adopted for the management and 
development of detention flood basins. 

a) The development of economic benefits in the short-term that would include lowering 
taxes in ways that encourage insurance participation. 

b) Local residents in affected areas shall be moved when and where possible. 
Transportation and communication infrastructures should be built to encourage the 
mobilization and employment of the population.  

c) The construction of staged impounding and detention flood basins (together with 
land leveling). Impound and detention flood basins at different water levels will be 
employed to control 500 million ~ 1 billion m3. Flood release will be controlled as needed 
during the flood. It is unnecessary for the flood basin to be completely filled once. During 
1998 flood events, Jingjiang flood diversion structures were ready 3 times, but were not 
utilized. The reason, the mass movement of 500 thousand people was perceived as a 
greater cost than the expected damages. Also, when the Jingjiang water levels surpassed 
45m, the flood level was expected to be around 45.20~45.30m, 400 million m3 above the 
normal resistance capacity of the Jingjiang dyke. The storage capacity of Jingjiang flood 
diversion is 5.4 billion m3. It is thought to be a little bit pity to do flood diversion for the 
extra 400 million m3. The breach of the Yangtze River negatively affected 8 million 
people in the Jianghan plain. If the flood diversion area were built into staged impounding 
and detention flood basins, the dykes safety could be relied on to divert the 400 million m3 
of the 1998 floods. 

d) It is also suggested that high efficiency recreation facilities and forest parks be built 
in the flood area. The flood risk is to be undertaken by the developers, with appropriate 
policies in place. This way, appropriate exploitation of the flood area will produce social 
benefits while permitting safe flood diversion. 

5. YANGTZE RIVER FLOOD CONTROL AND DISASTER RELIEF LAWS – 
NECESSARY 

Regulation of the Yangtze River must abide by natural rules of the tendency towards 
change and variation. Activities in affected areas must conform to realistic expectations of 
the Yangtze River area. Respecting the rule of change, actions must be guided by the 
desire to avoid damage. By meeting such requirements first, activities in the area can be 
made to serve people instead of harming them. 

Though flood Control Law executed in January of 1998, played an dramatic role in the 
Yangtze River half a year later, no one expected that by August the Party and government 
leaders would be mobilizing millions of people to fight against floods to protect Wuhan 
city with their lives. In fact, reclaiming land from lakes in out skirts of Wuhan city was in 
full swing. Though water administrative departments were aware of the dangerous 
conditions developing, they continued to excuse the development. The resulting losses 
were huge and demonstrate that the existing Flood Control Laws were insufficient. Laws 
which include upstream and mid-stream forestation, water and soil conservation, flood 
plain restoration, flood discharge standards, provisions for additional building of flood 
diversion and impounding basins, the strengthening of dykes along the river, securing 
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flood insurance, the development and treatment of flood inundation area, construction and 
management of flood control projects, land management of impounding and retention 
flood area all need to be well conceived and mindfully implemented. By putting the 
Yangtze River management under a single body of the state law, a coherent development 
can ensue.  

Currently, administrative management happens through separate departments. This 
weakens the coordinating capability during flood control and alleviation efforts. 
Coordinate regulation and management of the national water administrative authority (or 
its representative) and the provincial water administrative authority along the River, shall 
make a real enforcement of development guidelines for construction and the other 
activities possible. 

Ineffective execution of current Flood Control Laws, Water Laws and Water 
Conservation Laws has a direct connection to damages that result when these laws are not 
followed. If these laws are to work, the national and local government departments must 
come together under a single purpose as they have not in the past. 

6. CONCLUSIONS 

With social and economic development, losses caused by flood disasters have risen. 
Though the floods themselves can not be controlled by mankind, the effects can be 
alleviated by effective planning and execution. 

1) The Yangtze River flood control planning and water treatment policy needs to be 
revised, adjusted and improved in light of the great changes in water conditions and 
scientific advancements since 1954. 

2) Broadleaf planting and aggressive reforestation should be implemented to prevent 
further Water and soil loss. All factors being evaluated should be first clearly defined so 
that counter measures can be immediately and effectively implemented. 

3) The perspective of Co-existence between the people and the River will needs to be 
adopted so that the fallacy of dominating the river can be abandoned. 

4) Even after completion of the Three Gorges, safety along the river calls for more 
flood storage and detention areas as the current ones have been shown to be insufficient.  

5) Since the Yangtze River affects the national economy and the people’s livelihood the 
provincial governments should treat Flood Control and Alleviation Laws with the utmost 
respect and urgency. All activities regarding the Yangtze River should be under the strict 
control of law. 

6) Recommendation 
Further is essential to making Yangtze River flood control effective. Information about 

the impact of geologic tectonic settlement under the Dongting lake on the Yangtze River 
flood control; the impact of agricultural structure in the upper and middle reaches of the 
Yangtze River; the impact of forestry structures at the up and middle reaches on the 
Yangtze River flood control; the impact of estuaries and ocean variation feeding the 
Yangtze River; the impact of regional climate variation on the Yangtze River flood 
control and the impact of economic infrastructure arrangements on the Yangtze River 
flood control development all need to be clarified. 

Scientific consideration in conjunction with comprehensive research has the ability to 
generate informed and effective laws. If these factors can be brought together, the 
Yangtze River will provide a safe future for the people and our country.  
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Abstract: Massive floods frequently hit The area along the Huaihe River. Not only harmful to the 
safety of people's lives and property, these floods have disastrous effects on developing local 
economies exactly like those of the Huaihe River in Anhui Province. More than 50 years ago, the 
Huaihe River was brought under control through the strengthening of the non-engineering measures 
for flood control. These measures have been successful in moderating some of the effects of this 
frequent flooding. 

According to the strategic targets for sustainable development in the 21st century, one of the chief 
goals of flood disaster reduction is to raise the public awareness of flood countermeasures and 
techniques. Planning will be mapped out for prevention and disaster control of flooding as well as 
environmental protection and national economic development in the basin. As part of this planning, 
a number of issues will be researched in the building and management of the areas for the storage 
and flow control of flood water.  

Based on this research, a number of measures will be put in practice including building towns 
and flood insurance. Beyond that systems for urban flood control implemented to ensure safety of 
the people and the economy. 

Keywords: flood, countermeasures for flood disaster, sustainable development, Huaihe River Basin   

1. INTRODUCTION 
Huaihe River is one of the seven major rivers of China. The Huaihe River rises from 
Tongbai Mountain located in Henan Province. The main stream of Huaihe River flows 
eastward through Henan to Anhui and the Jiangsu Province. Joining the Changjiang River 
at Sanjiangying in Jiangsu Province, the catchment area is 190,000 km2, and has a total 
length of 1,000 km with total drop of 200 m. The upper reaches originate from mouth of 
the tributary of the Hong River, between Henan and Anhui Province. The drainage area is 
30,600 km2 with a length of 360 km and a drop of 178 m. The middle reach begins at the 
mouth of Hong River and extends to the outlet of Hongzhe Lake, covering an area of 
158,000 km2. It is 490 km in length and with a drop of 16 m. The lower reach is from 
Sanhe Sluice to Sanjiangying and exits to the Huaihe River, with the drainage area of 
164,600 km2, a length of 150 km and drop of 6 m. As fig.1, the sketch of the Huaihe River 
Basin, indicates. 

Huaihe River Basin is located in a transitional zone between the southern and northern 
halves of China. The average annual rainfall is 800~900mm in the north and 
900~1500mm in the south of the Huaihe River, The rainfall from Jun. to Sept. accounts 
for about 60% of annual rainfall. The amount of rainfall in a wet year is generally at least 
3~7 times as much as that of a dry one.  
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Anhui Province is located in the middle reach of the Huaihe River. The length of the 
main stream is 430 km, covering area of 67,000 km2. It has tillable land in excess of 2.92 
million km2 and a population of 32.4 million. Both account for about 50% of the 
Provincial total. It is one China’s most important bases of agriculture and energy 
resources. 

Fig. 1  Sketch of the Huaihe River basin. 

2. FLOOD DISASTER  

2.1 Flood Disaster 
In the middle reach of Huaihe River in Anhui Province, analysis of farming areas that 
have suffered flood disaster between 1949 and 1994 has been conducted. The annual 
average agricultural land affected is 373,000 hm2. This accounts for 56.6% of the total 
affected farmland of Anhui Province. In 1954, six major storm events consecutively hit 
the Basin, resulting in a basin extraordinary flooding. Water levels reached the highest on 
record at Bengbu City. The North Levee of the middle stream was breached in mid-stream 
of the Huaihe River in Anhui Province. 0.28 million ha of farmland and over 20 million 
people were affected by this flooding.  

2.2 The Reasons for Flood Disasters 
The major cause of flood disasters in the Huaihe River Basin is that the river system was 
repeatedly damaged by the Huanghe River repeatedly between 1194 and 1855 when an 
enormous amount of sediment from Huanghe River was deposited in the lower reach of 
Huaihe River. For this reason, the discharge capacity of lower Huaihe River is not enough 
to release flood waters from the upper stream.  

This problem is further complicated by the topography of the water system. The 
western, southern and northeast parts of the Huaihe River Basin are enclosed by 
mountains and hills accounting that account for 1/3 of the Basin. The remaining parts are 
plains, depressions and lakes. In the upper and the middle stream, the western and 
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southern segments are mountainous and hilly with steep slopes and short tributaries. The 
northern segment is wide and flat land with long tributaries in gentle slopes, which results 
in asymmetrical features of the river system.  

The Huaihe River Basin is located in the transitional zone between the southern and 
northern regions affected by land typhoons. During flood season (in summer), the 
subtropical high pressure systems of the West Pacific extends westward to northward, so 
that the Huaihe River Basin is dominated by warm and wet tropical air currents. This 
brings about ample rainfall in high concentrations lasting long periods and covering a 
wide area. 

In the middle reach of HuaiHe River, the outflow is minimal resulting in a cross current 
that is very vicious. The flood from upper and middle reaches flows together at 
Zhengyangguan with a catchment area of 88,600km2, accounting for about 56% of 
Hongzhe Lake area. The rise of the Hongze Lake bed has caused the gradient of the 
middle reach of the main stream of the Huaihe River to become very mild. The gentle 
slopes of the middle river reach is the major factor that affects the flood discharge 
capacity downstream of Huaihe River, resulting in serious flooding. Table 1 shows the 
flood discharge capacity of the river. Under the current flood control measures, if the 
discharge capacity at the Zhengyangguan Hydrology Station exceeds 3,000m3/s and that 
between Zhuengyangguan and Bengbu reach exceeds 5,000m3/s, flood flowing basins and 
flood retarding basins must be used. 

Table 1  Flood discharge capacity of riverways in the upper and middle reaches 

Hydrologic Station Huaibing Wangjiaba Sihe 
 Mouth Zhuangyangguan Guohe  

Mouth 
Hangze 
 Lake 

Trough Discharge 1500 1000 2500 3000 
Riverway Discharge  1000~2500 5000 7000 
Design Water Level

（m） 
32.1 28.6  26.5 23.5 16.0 

Watercourse Discharge 6000 4500 6000 9000  
 

To increase drainage capacity through the Huaihe River watercourse, some flood 
basins and flood retarding basins have been built in the middle reach of the Huaihe River. 
They are one of the important engineering measures used in the flood control system. 
Because those areas are productions bases as well as holding a large number of the 
population, allotting this kind of land in this area is for flood control is becoming more 
difficult. 

3. THE SYSTEM OF FLOOD DISASTER REDUCTION 
According to the guidelines for bringing the HuaiHe River under control through both 
flood storage and flood discharge, the acts of a district must be in coordination with the 
total province and that the total basin. Reservoirs were constructed in mountainous 
districts to store flood waters. The storage and flow basins were been built along the flood 
lands, lakes and depression of the Huaihe River and the primary stream. For diverting the 
floods of the Huaihe River, large artificial channels on Huaibei and Zhihuai plains have 
been constructed to support the Huaihong channels. Levees were also fortified and 
heightened to increase the ability to handle flood events. 

Flood disaster reduction systems have evolved from engineering measures to synthesis 
measures that incorporate not-engineering measures in the middle reach of the Huaihe 
River. To reduce the losses due to flooding and to relieve the constraints of floodwater 
storage basins while providing benefit to the public, a number of non-engineering 
measures has been studied and applied. Population management, construction policies and 
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flood insurance funds have been established to protect the affected areas. Large successes 
in flood disaster control have been achieved. As shown in fig. 2, Flood Control System 
Chart. 

 
Fig. 2  Flood control system chart 

3.1 Linghuaigang Flood Control Engineering 
Linghuaigang flood control engineering lies on the middle reach of main stream of the 
Huaihe River with a catchment area of 42,200 km2. It will play a key role when the upper 
and middle reach of the Basin are hit by large flooding that occurs within a 50 year 
interval. The flood prevention standards for the protection zone will be raised to last for at 
least a 100 year interval. 

3.2 Flood Flowing and Storage Projects 
Four flood storage basins with a total flood storage capacity of 6.5 billion m3 make use of 
the natural topography of dry lakes and depressions that exist. Respectively, they are the 
Mongwa, Chuenxi Lake, Chuendong Lake and Wabu Lake which have been arranged 
along the mainstream. There are 17 flood-flow basins located along the middle reach of 
the Huaihe River at present. They will be capable of reducing 20-40% of flood flow if 
they are fully utilized. Hence they are important components of overall flood control 
systems of Huaihe River Basin.  

3.3 Policy 
In 1988, the Anhui Provincial Government began to implement special policies in the 
standard flood storage and flood flow basins. Included in these special policies are 
measures to help the poor and improve medical facilities, agriculture and enterprise tax 
benefits. Water conservancy policies have also been expedited resulting in economic and 
social benefits through the combination of these soft policies.  
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3.4 Earth Platform and Embankment Village Polder 
Earth platform applies to those zones in which the population is more dispersed and the 
flood storage basins and flood flow basins must be used frequently. There are some 
disadvantages to this. A great deal of earthwork for earth platforms is required and 
disruptions of local traffic in addition to affected drinking water and unsafe sanitary 
conditions. Hence, development in these regions is still slowed by flood events.  

Embankment village polder applies to those zones in which the population is more 
concentrated experience less flood discharge. People and belongings avoid the hit of flood 
disasters in addition to development benefits to the commodity and industry of the area.  

3.5 Flood Fund and Flood Insurance 
Flood insurance and flood relief fund establishment have proven to be useful economic 
tools in flood management. The people in the affected flood area now have a means of 
compensation and the burden on the government has been eased. Flood relief funds are 
collected from corporations, industries and farmers within the flood control area of the 
Huaihe River embankment. These efforts also play an important role in controlling 
development in those areas of high flood risk. 

4. FLOOD BENEFITS 
Along the mainstream of the Huaihe River approximately 1million hm2 have been 
protected by flood control engineering. This is in addition to other important embankment 
projects such as the Huaibai Bank Levee, 667,000 hm2; the flood flow storage project, 
200,000 km2; the common embankment project of 133,000 hm2. Analysis of the economic 
benefits of flood control projects from 1949 to 1998 estimate that 5.436 million hm2 were 
saved and .5512 billion yuan were (current value) were saved. Over the course of 50 years, 
the Huaihe River was brought under control through the use of applied non-engineering 
measures. The result has greatly reduced the incidence and severity flood related damage. 
The residents of the middle reach of the Huaihe River have a stable life and are making a 
good living. Beyond the improvements in the standard of living, the environment has been 
spared tremendous damage and been able to continually improve.   

5. DEEP THINKING ON FLOOD CONTROL COUNTERMEASURES AND 
FLOOD DISASTER REDUCTION IN THE MIDDLE REACH OF HUAIHE 
RIVER 

Looking forward to the 21st, city development will continue at an accelerated rate and the 
corresponding economies will also develop to keep pace with the growth in the population 
Facing these prospects flood management and sustainable development along the Huaihe 
River Basin become vitals issues to China’s future. 

5.1 Creating Public Awareness of Flood Control and Disaster Reduction 
Flood disasters do tremendous damage to people and property. To reduce flood disaster 
losses to the lowest degree possible it is essential that the public play an active role in 
assisting in these efforts. Cooperation and support for established water and flood 
operation and management policies still has to be increased to maximize the effects of 
implemented engineering solutions. This kind of support must come from several sources 
at all levels of society. Preventative measures must be in place and the interests of the 
whole must come before the fears of short term costs. Preparing people and infrastructure 
is the key to surviving it and minimizing its damage.  
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5.2 Guideline Implementation: Bringing the Huaihe River Under Control 
The guidelines which brought the HuaiHe River under control took into consideration 
both flood storage, flood discharge, water-control and geographic conditions of the 
Huaihe River Basins. The guidelines promoted what was beneficial to society and 
abolished many harmful practices. Science and time, 50 years, have shown that these 
policies had a significant impact on impact of flood events in the river basin. In 21st 
century, further projects will need to integrate water conservancy and better harness flood 
resources to resolve the remaining problems of flood disaster: the shortage of water 
resources and water contamination. Plans will need to exceed current flood standards to 
prepare for extraordinary flood events which remain a possibility.  

5.3 Reinforcement of Flood Control Reduction in Building  
Currently in flood control, the primary levee and urban circle levees do not recover from 
flooding entirely without accident. The medium and small fluvial capacity of flood 
prevention projects do not reach the standard 20 year recurrence interval. This issue 
reveals hidden trouble that remains to be addressed. Flood losses at the area of these 
levees are severe because the Huaihe River's water level much higher during flooding and 
the capacity to drain waterlogged fields is low along the Huaihe River's depression. 

Flood prevention engineering is an important resource in controlling flood disaster. 
Flood control standards and drainage capacity of waterlogged farmland must be improved.  
Additionally, the dangerous omens that exist about reservoirs must be removed. A 
complete system of flood control reduction ought to be built in accordance with the 
economic development of the basin. Plans concerning geographic depressions, lakes and 
corresponding tributaries, water resources and soil erosion should be put in practice in a 
comprehensive way along the Huaihe River. 

5.4 Solving the Troubles of Flood Flow and Storage Basins in Operation 
One of the causes of flood control problems in flood flow and storage basin management 
is that they are not operated correctly or effectively in a timely manner. Measures must be 
taken to coordinate water resource management, agriculture, home construction, industrial 
development and commerce in the basin area. Adjusting population dispersion, safety 
prevention, flood insurance and compensatory systems of flood flow and storage basins 
will settle conflicts between these groups.  

5.5 Reinforcement of Urban Flood Prevention along the Huaihe River 
The urban plan of flood prevention must be subordinate to the Huaihe River Basin. A 
heretofore unconsidered area in the economic ecology of the region is the coal mining that 
is currently a major economic and environmental force in the region. Industries that 
impact all aspects of society should be broad into planning consideration for urban 
construction of flood prevention. These considerations combined with synthesized 
controls would link urban flood prevention with road planning, traffic design, park 
management and environmental protection. Additionally, combining urban flood 
prevention projects with the construction of urban water conservancy and consideration of 
soil resources in low-lying areas would enable the overall system to prepare for fighting 
and recovery from a super-standard flood event.  

5.6 Building Legal Systems for Flood Control 
Flood control laws must be established and refined to control reap benefits for both public 
and economic interests. As knowledge to flood control safety increases, additional 
controls will come into affect. If the flood insurance and funds provide and deliver full 
flood benefits the chessboard that is the Huaihe River Basin will operate like a well 
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conceived strategy. In the future, based on water laws currently in place, drainage area 
laws and systems which possess characteristics of the Huaihe River Basin plans and 
guidelines can be reproduced in other areas similarly affected by flood events. Flood 
control engineering, management, and operation of flood control mechanisms all deserve 
continue support so that these systems and the implementation mature in to an ideal 
model. 

5.7 Risking Management of Floods 
Identifying all the risks associated with flood events should be established and enumerated. 
Every local government should identify its own level of flood risk and make public that 
information. Policy and codes that reflect local issues and concerns need to be put in place 
to control the scale of economic development and properly allocate the distribution of 
industry and agriculture while at the same time deriving the revenues necessary for flood 
disaster reduction measures. The power of the flood events should be respected and 
planned for accordingly. 

5.8 Raising Flood Standards through Scientific and Technological Advancements 
Utilizing achievements in modern science and technological research will increase the 
effectiveness of flood prevention efforts. The technical calibre of construction and 
management of flood prevention have progressed steadily as understanding and 
experience has matured. For instance, information systems for flood management related 
to waterfall conditions, water distribution, and engineering activities will be established, 
as communications in the area are upgraded to include remote sensor equipment and 
automated examination. Through systems analysis, flood management schemes will be 
optimized and the overall efficiency of flood disaster reduction measures will increase. To 
maximize the benefits of these efforts, continued research on how to reduce engineering 
maintenance costs and how to prolong the functional usefulness of current measures in the 
Huaihe River flood control systems will be necessary. 
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Abstract: Lake Poyang is the largest freshwater lake in China with a catchment area of 162,000km2, 
and its flood prevention will cause a great influence to the regional economic development and 
social stability. There are 564 circled embankments in the lake, which protect agricultural field of 
4180.7 km2 and populations of 7.227million. These embankments take active actions to economic 
production and social stability. But some negative effects of these embankments have come out 
these years, such as they occupy too much width of the lake for flood drainage so that they have 
produced negative influence to lake flood discharge. Based upon the actual circumstances of Lake 
Poyang and elementary theory of flood hydraulics, this paper analyzes influences and contributions 
of embankment flood detention to descend lake flood water level, and discusses the embankment 
utilization forms of “flood detention during flood period and utilizing water and soil resources 
during low water period”. The criterions for flood detention with embankments, the flood detention 
frequency and the sequence of embankments putting into flood detention have been pointed out. 
Moreover, the utilization forms of water and soil resource in the circled dykes, which coordinate 
with the requirements of flood detention, have also been studied in this paper.  

Keywords: flood control in Lake Poyang, flood detention in circled embankments, soil resource 
utilization, coordinative model.  

1. INTRODUCTION 

Lake Poyang is the largest freshwater lake in China with a catchment area of 162,000km2, 
which is located at the northern district of Jiangxi Province and is very close to the south 
shore of the Yangtze River. Its main body can affect areas over11 counties and 4 cities 
including Nanchang and Jiujiang. Therefore, its flood prevention is very important to the 
regional economic development and local social stability.  

The lake has five large tributaries called GANJIANG, FUHE, XINGJIANG, YAOHE 
and XIUSHUI and several small tributaries, and its only outlet to the Yangtze River is at 
HUKOU. The five large tributaries and the Yangtze River mainly control the flood 
regimes in the lake. Flood disasters often occur in the lake during flood seasons. In order 
to control flood, there have been constructed 564 circled embankments of every sizes to 
protect agricultural fields of 4180.7 km2 and populations of 7.227million, including 17 
huge circled embankments of larger than 66.7km2(or 0.1 million mu) and 90 large circled 
embankments of 6.67~66.6km2(or 0.01~0.1million mu). People in these areas have gotten 
a great deal of progresses during flood control processes in the past, especially after the 
typical flood in 1998 a large scale of returning circled embankment field to lake has taken 
obvious efforts to diminishing lake flood disasters, but it needs to be taken attention at two 
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large problems caused by this measurement, i.e., the immigration problem and the 
efficiency problem. 

The first problem is difficult to resolve. In facts, most of the circled embankment fields 
in the lake are fertile and developed, where exists large population. The action of large 
scale of returning circled embankment field to lake requires a large number of populations 
to emigrate from the lake. It’s very difficult to find out such fertile and developed an area 
to settle these immigrates. On the other hand, a great deal of fields returned from the 
circled dykes is fallen into disuse all year. Peasants in the lake cannot accept this 
regulation, and they have tried to use the soil & water resources in the circled 
embankments during low water periods and to retire from the fields during flood period. 
But their actions are unorganized and of some blind, and then unexpected inundated losses 
cannot be avoided.  

The second problem is whether the measurement is efficient for declining flood level or 
not. As a matter of fact, the action of returning circled dykes to lake can increase the 
storage volume of the lake. But its efficiency of descending flood water level is not better 
than that with method of flood detention only during flood seasons because of two reasons: 
(1) Fields returned from circled dykes will be at natural situation, some of their volumes 
will be filled before flood arrives, and hence their efficient volume for storing flood water 
will be certainly smaller. (2) Fields returned from circled dykes will be submerged 
whether flood is heavy or not, even if the flood height is under the warning water level. 
The situation will be changed if the fields in circled dykes will be applied not for lake 
water storage but for flood detention. The second application of the fields will not only 
meet the necessity of flood detention but also resolve the immigration problem. Therefore, 
it is recommended to apply the measurement of coordinated use of the fields in circled 
dykes not only for flood detention during flood period but also for soil and water resource 
utilization during low water period. 

Previous related studies are focused at three respects: the lake hydrological 
characteristics, the influence of lake innings to flood and the forms of returning fields in 
circled dykes to the lake. XU Delang et al. (2000) analyzed the hydrologic characteristics 
of Lake Poyang, and HUANG Shue et al. (1999) discussed the catastrophic flood in Lake 
Poyang in 1998 and its monitoring method. SONG Liwang & JIN Lahua (2001) 
summarized the experience of flood control in Lake Poyang. WEI Li et al. (1999) studied 
the relative models among meteorological conditions, water level and lake surface area in 
Lake Poyang. MIN Qian (1998,1999) analyzed the influence of Lake Poyang innings to 
flood. DOU Hongsheng et al.(1999) discussed the impacts of reclamation on flood regime 
in Lake Poyang and countermeasures. HU Zhengpeng et al. (1999) analyzed flood storage 
capacity in Lake Poyang. LI Rongfang et al. (2001) made a research on the policy of 
“remove lakeside embankments for releasing floods and return grain fields to the lake” in 
Lake Poyang.  

Based upon the actual circumstances of Lake Poyang and elementary theory of flood 
hydraulics, the following will give theoretically discussions about the efficiency of flood 
detention with fields in circled dykes, and coordination model for flood detention and 
utilization of soil & water resources in the fields. 

2. ANALYSIS ON EFFICIENCY OF FLOOD DETENTION WITH FIELDS IN 
CIRCLED DYKES 

Flood detention with fields in circled dykes has three efficiencies, i.e., declining flood 
level, diminishing inundated area around the lake and decreasing the social press for flood 
control. 
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2.1 Flood Detention with Fields in Circled Dykes Declines Flood Level 
Since flood detention is adopted with the fields in circled dykes, the lake volume for 
storing flood will be increased, and the lake flood height will be certainly declined. Now, 
let us determine how much meters of flood level will be declined. 

Considering the relationship between lake surface area A  and lake water level Z is a 
function as ( )A f Z= , and there is a circled dyke with field area i diA  and inner land 
height biZ . Let the circled dyke be applied to flood detention when the lake water level 
arrives at Z . After the dyke is filled with flood, the lake flood height will decline Z∆ , 
and the lake surface area will decrease A∆ . According to the principle of water volume 
balance, we get 

( ) ( )/ 2* di biA A A Z A Z Z Z+ − ∆ ∆ = − − ∆                     (1) 

Hence, the equation for determining the lake flood level decline due to flood detention 
with fields in circled dykes can be obtained as follows. 

(0.5

AdiZ biA A Adi
∆ = −

+ − ∆ )Z Z                       (2) 

Generally, A∆ and diA  are at the same quantitative level and smaller than A , and 
then ( 0di .5 )A A∆−  is much smaller than A . Thus, a simplified form can be deduced 
from Eq.(2) as  

(AdiZ k Z Zbi )A
∆ = −                           (3) 

where  is coefficient, its value scope is 0.8~1.2.  k
For several circled dykes taken into flood detention, the decline of flood level can be 

also obtained as follows with the above methods. 

( )
1

n
A Z Zdi biiZ k

A

−∑
=∆ =                          (4) 

where n is the total amount of circled dykes taken into flood detention. 
According to Eq.(4) and based upon hydrological data, it has been calculated out the 

flood level declines in Lake Poyang under the condition of taking circled dykes into flood 
detention at three different lake water levels, the results are listed in Table 1. 

Table 1  Flood level declines under different conditions 

Level decline (m) Detention area (km2 )
Flood level 20m Flood level 21m Flood level 22m 

100 
200 
400 
600 
800 

1000 

0.17 
0.35 
0.64 
0.92 
1.17 
1.41 

0.20 
0.37 
0.71 
1.02 
1.30 
1.57 

0.22 
0.41 
0.78 
1.12 
1.43 
1.72 

 
It can be seen from Table 1 that the more the flood height is, the more the decline of 

flood height is when the area of circled dykes taken into flood detention is kept the same, 
and the more the areas are taken into flood detention, the more the decline of flood height 
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will be under the same flood height. But the more the area of circled dykes taken into 
flood detention is, the more the population and properties need to be emigrated off, and 
the more the cost of the emigration is. Therefore, it must be well balanced the benefit and 
the cost at first, and then an expected measures can be taken into action. 

2.2 Flood Detention with Fields in Circled Dykes Diminishes Inundated Areas 
around the Lake 

It can be found from the lake surface area function ( )A f Z= that the area of lake surface 
will be decreased A∆  if the flood height declines Z∆ due to the flood detention with 
circled dykes, i.e. 

'( )A f Z Z∆ = ∆                          (5) 

where  is the derivative of the function of lake surface area. '( )f Z
As to Lake Poyang, the relationship curve ZA ~ can be drawn based upon the 

hydrologic data under condition of high flood height (see Fig 1), and the function of lake 
surface area can be expressed as 

A = 237.44Z + 689.64
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Fig. 1  Curve A~Z under high flood levels 

 

             (6) 237.44 689.64A Z= +
where A is the lake surface area, km2; Z is the flood height, m. 

So,  
     237.44A Z∆ = ∆           (7) 

From Eq.(7), it can be seen that the inundated area around Lake Poyang can be reduced 
237.44km2 if the flood height will be declined 1 m due to the flood detention with circled 
dykes. Therefore, the measurement of flood detention with circled dykes during flood 
period can greatly reduce the inundated area around Lake Poyang. 

2.3 Flood Detention with Fields in Circled Dykes Decreases the Social Press of Flood 
Control around Lake Poyang 

Since the lake flood height will be declined and the inundated area around Lake Poyang 
will be reduced after certain circled dykes are put into flood detention, the population and 
industrial production affected by flood will be certainly not so much. So, social press of 
flood control around Lake Poyang will be certainly decreased. 

According to the statistics of days of flood heights presented continuously in Lake 
Poyang in 1954 and 1998 (see Table 2) and the fact that there are 234 unimportant circled 
dykes (with total area of 770 km2) whose top altitudes are under 22.0m in Lake Poyang, 
the lake flood height will be declined 1.4m and will be kept under 21.0m if let these 
unimportant dykes put into flood detention. Thus, the flood detention with circled dykes 
can make a great contribution to decrease social press of flood control around Lake 
Poyang. 
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Table 2  Days of flood height presented continuously in Lake Poyang 

 Maximum Z Days above 19m Days above 20m Days above 21m 
1954 
1998 

21.71 
22.43 

120 
95 

94 
86 

45 
66 

3. MODEL FOR COORDINATION BETWEEN FLOOD DETENTION AND 
WATER & SOIL RESOURCES UTILIZATIONS IN LAKE POYANG 

3.1 Basic Principles 
The basic principles of coordination between flood detention and water & soil utilization 
is as follows: Flood control always is at first level. It is necessary to reasonably utilize and 
exploit the water and soil resources in circled dykes under the condition of meeting the 
requirement of flood control, in order to realize the coordinative development of 
agricultural production, people’s daily life and lake flood control in Lake Poyang.  

3.2 Coordinative Measurements 
The main idea of the coordinative model is as “flood detention during flood period but 
water and soil resources utilization during low water period”. In order to adopt this idea, 
the following measurements should be taken. 

(1) All the preparation for emigrations of persons and properties from the circled dykes 
planned to flood detention must be fulfilled before the presentation of flood, and it must 
try to reduce the inundated loss as much as possible. 

(2) No permit to construct industries especially those who discharge polluted effluents, 
such as, wastewater and waste solids. 

(3) No permit to spray severe toxic pesticides in order to avoid regional environmental 
pollution. 

(4) The traditional farming method in circled dykes with possibility of flood detention 
needs to be changed to fit the short possible cultivation period, for example, seeding corps 
of short mature period, seeding aquatic economic plants instead of cotton or rice. The 
aquatic breeding must also choose aquatics of short mature period. 

(5) It is important to make hydrologic forecast and flood prediction well, and let the 
information of flood situations and tendency be well known in the lake district so that 
residents in circled dykes can arrange their productions reasonably, and it is good for keep 
the social steady. 

(6) All the unimportant circled embankments will be put into flood detention if 
necessary. As to important circled dykes, they must be strengthen and fasten, and they 
will never be inundated under the expected flood criterion.  

3.3 Conditions of Starting the Process of Flood Detention with Circled Dykes 
Conditions of starting the process of flood detention with circled dykes is determined with 
the actual dyke situations such as the dyke top altitude, the dyke strength condition and 
the area circled and so on. Based upon the coordinative idea and flood situations in Lake 
Poyang, it is recommended here that the condition of starting the process of flood 
detention with circled dykes is taken as follows. 

For circled dykes of smaller than 6.67 km2, the starting condition is the flood height 
arrives at 21.65m, which is correspondent to flood with reappearing period of ten years. 

For circled dykes of 6.67~66.7 km2, the starting condition is the flood height arrives at 
22.05m, which is correspondent to flood with reappearing period of fifteen years. 

Actually, when the lake flood height arrives at the criterion level mentioned above and 
increases obliviously, the process of flood detention can be started. 
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3.4 Sequence of Circled Dykes Putting into Flood Detention 
After flood height arrives at the criterion level for starting flood detention, put the circled 
dykes near the lake outlet into flood detention at first, then continue to let the circled 
dykes be put into flood detention according the sequence from the lake outlet to the upper 
reach of the lake, in order to increase the flood surface slope for quicken flood main flow 
speed.  

3.5 Frequency of Flood Detention with Circled Dykes 
As to a circled dyke planned to flood detention, its frequency of flood detention can be 
determined with the condition of starting flood criterion, i.e., 10% for the circled dykes of 
smaller than 6.67 km2 and 6.67% for circled dykes of 6.67~66.7 km2. 

The frequency of flood detention will directly affect the cultivating period of areas in 
the circled dykes planned to flood detention. 

4. CONCLUSIONS 

Based on actual situations of Lake Poyang and elementary principles of flood hydraulics, 
through theoretical analysis and investigation, the follows conclusions can be obtained. 

(1) The coordinative model of “flood detention during flood period and utilizing water 
and soil resources during low water period” is a practical and economical method to 
realize the coordination between flood detention and resources utilization of areas in 
circled dykes. 

(2) The efficiency of flood detention with circled dykes behaves as declining flood 
level, diminishing inundated area around the lake and decreasing the social press of flood 
control. 

(3) The criterion of water level for flood detention and its frequency have been 
determined as: 21.65m and 10% for the circled dykes of smaller than 6.67 km2; 22.05m 
and 6.67% for circled dykes of 6.67~66.7 km2. 

(4) The amounts of declining flood height and reducing area inundated around the lake 
are direct proportional to the area of circled dykes put into flood detention. 

(5) It is necessary to reduce the area of circled dykes put into flood detention under the 
condition of meeting the requirement of flood control. 

Lake Poyang is the biggest freshwater lake in China, and its flood characteristics are 
very complicate. The local government should deliver a series of regulations for realizing 
the action of coordination between flood detention and utilization of water and soil 
resources at circled dykes in Lake Poyang. 
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Abstract: In the paper, the application of network analysis in multi-objective reservoirs system 
operation has been studied. Network analysis technique has the advantage in quickness calculation 
rate and low computer memory possessed. A multi-objective hierarchical sort network analysis 
model is presented to find application in cascade multi-objective reservoirs system operation, which 
extended the network analysis technique to the field of multi-objective problem. The corresponding 
method has been  tested for the real cascade reservoirs system which is composed of four 
reservoirs and has the objectives of electricity generation, agriculture, irrigation, water supply, 
navigation, environment etc.. The presented model combines multi-objective hierarchical sort 
method with network analysis. According to network analysis theory, based on the network 
structure established, the maximal flow minimal cost algorithm has been used. The results shows 
that the model is practicable, the time-space network structure graph distinct and the algorithm 
efficient. The presented paper is a part of research achievement of National Natural Science Fund 
(No. 50099620), Hohai University Science Fund (99538473). 

 

Keywords: optimal operation, network analysis, multi-objective 
 

1. INTRODUCTION  

Network analysis method is of fast speed calculation and low cost computer memory , as 
belongs to a part of graph theory. Many linear problems can be changed into network 
model. There are three kinds of typical problems: shortest problem, maximal flow 
problem and maximal flow  minimal cost problem, as are found application. Because it is 
of loose restrict for objectives and constraints, and can get the optimal solution of whole 
operation period, dynamic program is  proverbially  used in reservoirs operation. But 
dynamic program has the shortcoming of “dimension disaster”  which is still not 
overcome. Dynamic program can be used in the system composed of a few reservoirs, so 
other methods to solve the problem has been studied, in which network analysis is used 
for reservoirs operation. Some achievements has been in the research papers[1,2,3,4,5]. 

The basic principle of network analysis is as following: firstly, the research problem is 
changed into network time-space graph according to its characteristics, then network 
algorithm is used to find the corresponding optimal solution.  

The paper discusses network analysis applied in reservoirs. The cascade power stations 
multi-objective operation network analysis model has been presented, its time-space 
network structure distinct, the algorithm efficient.   

 



2. MULTI-OBJECTIVE HIERARCHICAL SORT NETWORK ANALYSIS 
MODEL 

Supposing that there are M reservoirs, N time intervals in the reservoirs system which is 
of multi-objective, for example power generation, irrigation, water supple, the reservoir 
storage capacity used not only for power generation, fishery, but also navigation and 
tourism etc.. Its objectives is as following: 
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where: Aj is No. j reservoir power generation water volume unit cost;  Xj
i is No. i time 

interval No. j reservoir power generation water volume; Bj is No. j reservoir flood release 
loss water volume unit cost; Yj

i is No. i time interval No. j reservoir flood release loss 
water volume; Cj is No. j reservoir storage water volume unit cost; Vj

n+1 is terminal time 
of No. n interval No. j reservoir storage water volume; Dj is No. j reservoir irrigation 
water volume unit cost; Zj

i is No. i time interval No. j reservoir irrigation water volume; Ej 
is No.j reservoir fishery, navigation, tourism water volume unit cost; Vj

i is No. i time 
interval No. j reservoir fishery, navigation, tourism water volume; Fj is No.j reservoir 
water supple volume unit cost; Gj

i is No.i time interval No.j reservoir water supple 
volume. 

On the assumption that there is a cascade power stations system as showed in Fig.1. 
The multi-objective hierarchical sort network analysis model is presented to solve the 
multi-objective cascade power stations system operation mentioned before. 
Multi-objective hierarchical sort method changes the multi-objective problem into 
mono-objective problem, which can be relatively easy to solve. Its method is to sort the 
objectives according the importance of corresponding objective, then an objective 
function is solved in base of the solution of the former objective, and the final solution is 
the optimal operation scheme of prototype problem. In detail, the following is the sorted 
objectives according to the importance: 

F1(x),F2(x),...,Fp(x) 
A. The first objective function F1(x) is solved to obtain the optimal value f*

1 in the 
feasible field R: 

*
1 1max ( ) ,F x f x R= ∈                             (7) 
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Fig. 1  The Cascade Reservoirs System Brief Situation 

B. Let R*
1 represent optimal solution set, so R*

1={x∈R and F1(x)=f*
1}, then the second 

objective function F2(x) is solved to obtain the optimal value f*
2 in the feasible field R*

1: 
* *

2 2max ( ) , 1F x f x R= ∈                 (8) 

C. Let R*
2 represent optimal solution set, so R*

2={x∈R*
1 and F2(x)=f*

2}={ x∈R and 
Fj(x)=f*

j,j=1,2}. 
D. Go on the next,.at last, the p objective function Fp(x) is solved to obtain the optimal 

value f*
p in the feasible area R*

p-1 : 
* *

1max ( ) ,p p pF x f x R −= ∈           (9) 

E. Let R*
p represent optimal solution set, so R*

p={x∈R*
p-1 and Fp(x)=f*

p}={ x∈R and 
Fj(x)=f*

j,j=1,2,…,p}. R*
p is optimal solution of multi-objective problem in the sense of 

hierarchical sort. 
Definition: For minimal multi-objective problem, supposing x*∈R, if there does not 

exist x∈R,let f(x)<=f(x*), X* is the feasible solution of multi-objective problem(or Pareto 
solution). 

Theorem: The optimal solution in the sense of hierarchical sort is definitely 
multi-objective feasible solution.  

Multi-objective hierarchical sort network analysis model combines multi-objective 
hierarchical sort method with network analysis method. In the base of network analysis 
principle, according to time-space network graph, maximal flow minimal cost algorithm 
of network analysis is used. The objectives are sorted by their importance. The more 
important the objective is, the higher the unit cost is. The relative value of objective unit 
cost is of sense, and the absolute value is of no sense. 

3. THE APPLICATION OF MULTI-OBJECTIVE HIERARCHICAL SORT 
NETWORK ANALYSIS MODEL 

A basin system composed of four reservoirs will develop the resources of synthetical 
benefit and have objectives for example power generation, irrigation, water supple etc.. So 
cascade reservoirs integrated operation problem should be studied. The brief situation of 
the system is shown as Table 1. 

Table 1  Cascade power stations brief introduction 

Reservoir Normal Level
(m) 

Normal Storage Capacity 
 (108m3) 

Power Installation 
(104kw) 

Warranted power 
(104kw) 

1 780 90 108 42 
2 400 274 400 165.4 
3 223 25 140 76.80 
4 58 18 120 57.6 
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Supposing the normal reservoir water level, dead water level, power installation 
capacity，warranted power，supple water demand volume and irrigation water demand 
volume of reservoirs in corresponding month are known condition. In order to illustrate 
the calculation method, one-year material is chosen. In the beginning of calculation, initial 
reservoirs storage water level is known. In the base of basin development program, the 
order of objective importance is respectively water supple, irrigation, and power 
generation. The objective functions are shown as following:  
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where Vj
13 is No.j reservoir storage volume in the end of year; Vj is dead reservoir capacity, 

other denotations are same with the formulas (1)-(6) 
The multi-objective time-space network structure graph is illustrated by Fig. 2. There 

are four reservoirs, and 12 time intervals of month. In the Fig. 2, q is the lateral inflow 
between corresponding reservoirs; G is water supple discharge of corresponding reservoir, 
Z is irrigation discharge; X is power generation discharge of corresponding reservoir; Y is 
the discharge from release gate. The storage volume constraint condition is decided by 
corresponding reservoir normal water level and dead water level. Some reservoirs have 
their maximal control water level in specific months. The maximum and minimum 
constraints of power generation are decided by power installation capacity and warranted 
power. The initial time storage volume of No.1, No.2, No.3 and No.4 reservoir in May is 
respectively 51*108 m3, 101*108 m3,8*108 m3, 8*108 m3. Multi-objective hierarchical sort 
network analysis model is found application for the problem. The results show that the 
objectives of water supple and irrigation water are satisfied, and power output of energy is 
larger than warranted power, and total discharge from release gate minimal, as illustrated  

 

 
 

Fig. 2  The Multi-odjective Network Model Time-space Graph 

 365



Table 2  The results of cascade reservoirs multi-objective network analysis 

No.1 Res. No.2 Res. No.3 Res. o.4 Res. X 
A B C D E F

X 
B C D E F

Y
B C D E F

Z
B C D E F 

5 19 5 0 27 0 38 35 8 0 67 0 88 9 1 0 69 0 14 90 2 0 157 0 8 
6 25 5 0 27 0 31 79 8 0 34 0 152 10 1 0 44 0 13 135 2 0 157 15 13 
7 71 5 6 27 0 64 114 8 7 34 0 244 24 1 1 44 0 25 259 2 1 157 143 13 
8 52 5 7 27 0 77 54 8 8 62 0 247 10 1 1 70 0 25 66 2 1 133 0 13 
9 42 5 6 27 0 81 53 8 7 75 0 237 7 1 1 80 0 25 36 2 1 108 0 18 
10 29 5 6 27 0 72 53 8 7 76 0 226 6 1 1 80 0 25 37 2 1 114 0 18 
11 18 5 0 12 0 73 32 8 7 76 0 186 5 1 0 80 0 25 50 2 0 122 0 24 
12 13 5 0 27 0 54 19 8 7 39 0 185 3 1 0 45 0 21 19 2 0 78 0 8 
1 11 5 0 22 0 38 16 8 0 48 0 167 2 1 0 62 0 8 16 2 0 76 0 8 
2 12 5 0 11 0 34 16 8 0 61 0 125 2 1 0 62 0 8 16 2 0 76 0 8 
3 10 5 0 11 0 28 13 8 0 63 0 78 2 1 0 64 0 8 14 2 0 76 0 8 
4 11 5 0 11 0 23 20 8 0 50 0 51 2 1 0 51 0 8 27 2 0 76 0 8 
 
in Table 2. In Table 2, M represents corresponding month; X represents the lateral inflow 
between No.1 reservoir and No.2 reservoir; Y represents the lateral inflow between No.2 
reservoir and No.3 reservoir; Z represents the lateral inflow between No.3 reservoir and 
No.4 reservoir; A represents the inflow of No.1 reservoir; B represents city water supple 
volume; C represents irrigation water volume; D represents power generation water 
volume; E represents water volume from release gate; F represents the reservoir storage 
volume in the end of month. 

3. CONCLUSIONS 

Dynamic program is efficient method for water resources optimal planning and operation, 
but it has its application constraint because of “dimension disaster”, especially in the 
system composed of large number of reservoirs, as costs large amount computation. 

Network analysis model is an another tool for multi-objective reservoirs system 
operation,the structure clear, computer memory cost small, and the speed of calculation 
fast. 

Although the paper has studied the cascade power stations multi-objective optimal 
operation, the research is elementary. Non-linear problem among power generation 
amount, power generation water volume and water head, and presumption of examination 
are needed to study further. 
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Abstract: The study area of the paper is Changjiang basin flood prevention synthetic operation 
system from Etan Reservoir to Wuhan city, composed of 4 reservoirs in upstream river, Three 
Gorges Reservoir, Geheyan Reservoir, 3 Reservoirs of Dongting lake branch rivers, dikes and flood 
diversion area in middle reach. It is known that Three Gorges Reservoir is a key Project of the flood 
prevention system. Network analysis method is found the application for the complicated flood 
prevention system operation. The achievements as following: large basin Changjiang flood 
prevention system time-space network structure model is presented; the corresponding method in 
which network model is combined with flood routing model from Yichang to Hankou is obtained. 
The results show that the flood prevention system ability can be evidently enhanced by the 
reasonable integrated operation of reservoirs in main and branch rivers. Because of the 
characteristics of its distinct model structure and fast calculation rate etc., network analysis model is 
practicable，has its advantage for large basin flood prevention system real time operation according 
to the variation of inflow, obtaining various schemes for decision-maker to consult. The presented 
paper is a part of research achievement of National Natural Science Fund (No. 50099620), Hohai 
University Science Fund (99538473). 

Keywords: network analysis, optimal operation, flood prevention system 

1. THE SYSTEM BRIEF SITUATION 

Changjiang (Yangtze) basin flood prevention system is composed of reservoirs in main 
and branch rivers, dikes, flood diversion areas, river regulation projects, natural rivers and 
lakes. Natural rivers and lakes  which have natural regulation function to flood are 
component elements of water system. In the view of integrated system flood prevention 
objective, Changjiang basin flood prevention system should be regarded as a large system 
where flood prevention project measure is connected with natural water system. The 
research paper considers not only Three Gorges reservoir, but also the reservoirs to be 
constructed and being constructed. The system brief situation is shown as Fig.1 where S1, 
S2, S3, S4, S5, S6, S7, S8 and S9 respectively represent Etan reservoir, Zipingpu reservoir, 
Tingzikou reservoir, Goupitan reservoir, Three Gorges reservoir, Geheyan reservoir, 
Jiangya reservoir, Wuqiangqi reservoir and Zheqi reservoir; the notes of K13, K14 and 
K15 respectively represent Shashi, Chenglinji and Wuhan; F10 and F12 respectively 
represent Jingjiang flood diversion area and Chenglinji flood diversion area; H11 
represents Dongting lake. Changjiang basin reach above Three Gorges belongs to 
upstream reach, and the reach from Three Gorges to Wuhan belongs to middle reach. 
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2. FLOOD PREVENTION SYSTEM OPTIMAL OBJECTIVE 

The key flood prevention area in Changjiang basin is Jingjiang reach area, where ten 
millions of people and great amount of cultivated land are protected by the dike. 
According to the basin flood prevention planning scheme, the system flood prevention 
optimal object is as below:  Jingjiang reach area flood prevention criteria is 100-year 
event; if 1000-year event flood happens, flood volume in Chenglinji flood diversion area 
should be minimal in the precondition of safe floodway in Jingjiang reach area. 
 
3. FLOOD PREVENTION SYSTEM CONSTRAINTS 

3.1 Safe defense water level of some important notes in Changjiang basin middle- stream 
and downstream is as following: water level of Shashi is 45.0m; Chenglinji 34.4m; 
Wuhan 29.7m. 
3.2 The flood prevention capacity of reservoirs in main and branch rivers of Changjiang 
basin is as below: The capacity of S1 is 9.0*108 m3, S2  2.9*108 m3,S3 13.0*108 m3,S4   
2.0*108 m3,S5 221.5*108 m3 ,S6 5.0*108 m3,S7 13.6*108 m3,S8 6.2*108 m3,S9 7.4*108 m3. 
Being large flood prevention capacity, Three Gorges Reservoir is a key project. According 
to Changjiang basin program scheme concerned, after Three Gorges Reservoir is put into 
use, the criteria of Jingjiang flood diversion area is 100-year event, in other words, 
Jingjiang flood diversion area will not come into use in the case of 100-year event flood 
and the case below. The criteria of the Chenglinji flood diversion area is relatively low. It 
should be mentioned that the criteria of Jingjiang flood diversion area is different from the 
criteria of the Chenglinji flood diversion area . In the case of 1000-event flood, in order to 
protect the safe floodway of Jingjiang reach, the floodway discharge should be below 
80000m3/s. According to design report and research achievements concerned, in order to 
make Changjiang flood prevention system obtain better flood prevention benefit, 
221.5*108m3 flood prevention capacity of Three Gorges reservoir is divided into three 
parts: the first part capacity is used to compensate for Jingjiang reach and Chenglinji reach; 
the second part for Jingjiang reach in case of design criteria flood; the third part for 
Jingjiang reach in case of 1000-year event criteria flood, to prevent Jingjiang reach not to 
occur  destructive disaster. The release of reservoirs in the system should be not smaller 
than that of corresponding reservoir power installation. 

4. RESEARCH METHOD 

4.1 Network analysis model 
Firstly, the basin flood prevention system should be conformed into corresponding 
abstract topological network graph G(V,E,C,F,B),where V,E,C,F and B respectively 
represent note set, arc set，arc capacity set ，arc flow set，arc cost set in the graph G. 
Supposing that graph G includes K notes and M arcs, so it can be written in the form of 
V=[v1,v2,…,vk], E=[e1,e2,…,em ], C=[c1,c2,…,cm ], F=[f1,f2,…,fm ], B=[b1,b2,…,bm ]. Water 
volume of flood hydrograph should be regulated  not only in space, but also in time. 
Basic principle of network analysis is as following: to begin with, the problem concerned 
is presented in the form of network graph, secondly network analysis algorithm is used to 
find optimal solution. In the same way, Changjiang basin flood prevention system is 
presented as a corresponding network graph in the base of time-space relationship. 
According to the objective of flood prevention system and the time-space relationship of 
network, maximal flow minimal cost algorithm of network analysis is found application to 
optimal operation scheme from initial time to terminal time, including release hydrograph 
of reservoirs in any interval of time. 
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Fig. 1  The Flood Prevention System Brief Situation     Fig. 2  The System Time-Space Network Graph 

 

Note and arc, two basic structure elements and their interrelated parameters and 
variables are used to depict real system model. In the flood prevention system, note can 
present reservoir, flood diversion area, control note and release flood gate etc., and the 
note is divided into two types. The first type note is so called storage note, for example 
reservoir, flood diversion area etc.; the second type note is so called unstorage note, for 
example river, canal etc.. In flood prevention system model of long time intervals, a note 
represents the state of reservoir and flood diversion area; and an arc not only represents 
the movement of reservoir release, but also the state variable of reservoir and flood 
diversion area. Fig. 2 is the brief Changjiang flood prevention time-space network graph, 
where every frame is corresponding with one time interval.  The arc flow presents river 
flow, which is so called flow-arc. Because of the regulation function, initial time and 
terminal time of interval of reservoir water level may be changed, so an arc flow between 
neighboring frames presents the variable of initial time and terminal time of reservoir 
storage volume, which is so called storage-arc. It is obviously that there is no flow-arc 
between unstorage notes in different frames. Then the flood prevention system operation 
procedure can be presented in the form of network graph. According to the principle of 
flood prevention and network analysis, the unit of network flow can be cube meter or cube 
meter per second. In the network graph, on the assumption that there are a suppositional 
source and suppositional converge, the suppositional source is connected with initial 
inflow of every corresponding frames and every storage note of the first frame (t=1); the 
suppositional converge is connected with the outflow of every corresponding frames and 
every storage note of the last frame (t=n). The flood prevention system operation problem 
is changed into the network analysis model which can make the flood hydrography 
volume from a suppositional source to a suppositional converge and let flood diversion 
damage minimal in the whole procedure of flood , in the same time ,satisfying the 
constraints of every unstorage note and storage note. Variable t represents time interval; 
t=[1,2,...,n] represents a whole procedure of flood including n time intervals. In same 
frame, there may exist the arc flow transportation between unstorage notes or storage 
notes. In neigbouring frame, there may exist the arc flow transportation between storage 
notes; there is no connection between unstorage notes.  

4.2 Changjiang basin flood prevention system objective function 

                       (1) 10 10,10, 12 12,12,
1 1

[
n n

t
t t

Z Min A F A F
= =

= ∗ + ∗∑ ∑ ]t
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where A10, A12 respectively represent flood diversion storage volume unit cost of F10 and 
F12;∑F10,10,t、∑F12,12,t respectively represent accumulative total flood diversion volume 
of F10 and F12 in the whole flood hydrograph. 

4.3 Changjiang Basin Flood Prevention System Constraints 
4.3.1 arc capability constrains 

1
, , ,i j i j t iC F C≤ ≤ 2

, j                             (2) 

where C1
i,j is corresponding reservoir minimal allowed release; C2

i,j is corresponding 
reservoir downstream allowed maximal release.   
4.3.2 Storage note reservoir capacity constrains 

2
, , ,0 i i t i iF C≤ ≤                               (3) 

where C2
i,i is i reservoir flood prevention capacity; Fi,i,t is t moment i reservoir storage 

volume. 
4.3.3 Note water balance 
Unstorage note and storage note should be accorded with water balance condition as 
following: 

, , , , , , 1 , , , ,i j t j i t i i t i i t i t
j j

F F F F F i− S− + − = =∑ ∑                 (4) 

, , , , , , 1 , , 0, ,i j t j i t i i t i i t
j j

F F F F i S−− + − = ≠ T∑ ∑                 (5) 

, , , , , , 1 , , , ,i j t j i t i i t i i t i t
j j

F F F F F i− T− + − = − =∑ ∑                (6) 

where Fi,j,t is the arc flow of t moment staring at i note; Fj,i,t is the arc flow of t moment 
ending at i note; Fi,i,t-1 is the storage volume of t-1 moment i storage note; Fi,i,t is the 
storage volume of t moment i storage note; Fi,t is t moment inflow to note S (or from note 
T) 

5. CHANGJIANG BASIN FLOOD PREVENTION INCREMENT ARC 
NETWORK OPTIMAL OPERATION MODEL AND ITS METHOD 

Network analysis usually is a practical tool to solve large linear static system ,  and 
network analysis model does not concern the flow variable of arc. If the flow variable of 
arc increment (or decrement) is concerned, generally the coefficient method is used to 
solve the problem. Natural water system of Changjiang basin is very complicated, and the 
variation of water flow is affected each other. How network analysis model is connected 
with the effect of water flow transportation is a problem deserved to research. The 
problem of considering the arc flow variation is the procedure of flood routing calculation 
concerned. One-dimension unsteady Saint-Venant equations is usually used to river flow 
flood routing, which can be written as: 

0Q ZB q
X t
∂ ∂

+ ∗ − =
∂ ∂

                     (7) 

      1 0f
Z U U U S
X g t g X
∂ ∂ ∂

+ ∗ + ∗ + =
∂ ∂ ∂

                  (8) 

where: Q is discharge; Z is water level; B is width of river; q is lateral inflow; U is cross 
section even velocity; X is river longitude along the direction of water flow; t is time; g is 
gravity; Sf is friction loss。 
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Up to date, integral method can not be used to solve Saint-Venant equations to get 
analytical solution. So the discrete method is used to get numerical solution. Because of 
complicated Changjiang basin natural water system, if one-dimension unsteady 
Saint-Venant equations is used to simulate the flood routing of river, lake and flood 
diversion area, large amount of high precision information is needed, as is difficult to 
connect with network analysis model and real time system operation. The hydrological 
experience storage curve method for simulating flood routing is found application to 
combine with network analysis model. Continuous function (7) is changed to water 
balance function of river reach; dynamics function is briefly changed to storage function, 
to get approximate solution which satisfying the demand of precision. 

I dt Q dt dW∗ − ∗ =

( , )Q I=

                              (9) 

       W F                                    (10) 

where I,Q and W respectively represent inflow, outflow and storage volume of river reach. 
Formula (9) can be changed into (11) 

1 2 1 2
2

( ) ( )
2 2

I I Q Qt t W+ +
∗∆ − ∗∆ = − 1W               (11) 

where suffix 1 and 2 respectively represent initial time and terminal time of  interval. In 
the procedure of calculation, the experience storage curves are used in the base of initial 
time inflow I1, terminal time inflow I2 and initial time water level H1, the calculation 
formula (10) as following: 

1 2
1 2 1 2

2 2( ) W WI I Q Q M
t t

∗ ∗
+ − + = + =

∆ ∆
          (12) 

The trial-test method is used. After M is got out, supposing terminal time water level of 
interval is H*

2, the experience storage curve is used to calculate Q*
2 and 2*W*

2/△t. Then 
in base of (12), the calculation value M*=2*W*

2/△t+Q*
2 is got out. If │M*-M│<e ( e is 

the allowed error), Q*
2 and H*

2 are results of terminal time of interval, otherwise, the 
iteration method is used for calculation until│M*-M│<e is satisfied.  In the river reach 
above Three Gorges reservoir,the flood routing is not concerned. The flood routing is 
considered in the river reach below Three Gorges reservoir. Approximate large river reach 
storage curve is found application. In detail, the river reach from Qichang to Wuhan is 
divided into three reaches: A. For the first reach from Qichang to Wuhan, storage curve 
method considering the effect of downstream water hold is used. B. The reach from 
Shashi to Changlinji is the second reach which combines Changjiang reach with Dongting 
lake together, storage curve parametered by total inflow, Chenglinji hydrological 
relationship between water level and discharge parametered by day water level rising rate, 
considering the effect of downstream water hold. C. The reach from Chenglinji to Wuhan 
is the third reach, its storage curve parametered by total inflow, Wuhan hydrological 
relationship between water level and discharge parametered by day water level rising rate, 
considering the effect of downstream water hold. 

The maximal flow minimal cost algorithm of network analysis is found application, 
and corresponding increment chain method or inverse condition method is used for 
calculation. In the formula (1), the unit cost A10 of Jingjiang flood diversion is larger than 
the unit cost A12 of Chenglinji flood diversion area, so as try to avoid using Jingjiang flood 
diversion. The different criteria of the two flood diversion areas are regulated by Three 
Gorges reservoir water level, as is programmed in calculation. 
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6. RESULTS 

Three typical large flood hydrographs (1931,1935,1954) are used to examine the network 
analysis model, and the optimal results are as shown in following Table 1. In Changjiang 
flood prevention system, the capacity of four reservoirs in upstream river, Geheyan 
reservoir and three reservoirs in Dongting lake are relatively smaller than that of Three 
Gorges reservoir. According to reservoirs geograph site and the function in the system, 
nine reservoirs is divided into four groups. The first group is four reservoirs in upstream; 
the second group is Three Gorges reservoir; the third group is Geheyan reservoir; the 
fourth group is three reservoirs in Dongting lake.  

In Table 1, three schemes (as shown in column 1) are discussed for division of Three 
Gorges reservoir flood prevention capacity, as is mentioned before. A1: 80*108m3 for 
compensation to Jingjiang reach and Chenglinji reach; 105.5*108m3 for compensation to 
Jingjiang reach in case of 100-year event flood  or its like; 36*108m3 for compensation to 
Jingjiang reach area in case of 1000-year event flood. B1. Three parts capacity are 
respectively 100*108m3, 85.5*108m3, 36*108m3; C1. Three parts capacity are respectively 
130*108m3, 55.5*108m3, 36*108m3. Two usage cases (as shown in column 2)of four 
reservoirs in upstream river are concerned: A2. When the flood in branch river appears, 
the reservoirs flood capacity firstly is used for itself flood objective. B2. The regulation of 
reservoir flood capacity is integrated with that of other reservoirs to make minimal the 
flood diversion volume of Jingjiang and Chenglinji. Two usage order cases (as shown in 
column 3)of Three Gorges reservoir and four reservoirs below Three Gorges is concerned: 
A3. Three Gorges reservoir, Geheyan reservoir, three reservoirs in Dongting lake. 
B3.three reservoirs in Dongting lake, Three Gorges reservoir, Geheyan reservoir. In Table 
1, column T represents Three Gorges reservoir storage volume,its unit is 108m3, column V 
represents Chenglinji flood diversion storage volume, its unit is 108m3. 

Table 1  The results of flood prevention system operation  

1931 year 1935 year 1954 year 
N 1  2 3 

 T  V  T V T V 

1 A3 80.41 34.85 79.07 18.07 138.25 237.66 

2 
A2 

B3 80.41 29.90 79.93 20.09 138.25 237.27 

3 A3 79.85 13.27 80.80 3.65 146.62 202.48 

4 

A1 

B2 
B3 79.85 11.09 79.93 18.45 146.10 202.57 

5 A3 99.41 13.79 100.63 2.28 157.06 216.25 

6 
A2 

B3 100.29 13.31 86.48 18.59 155.33 217.59 

7 A3 100.32 8.55 100.63 1.79 162.18 186.84 

8 

B1 

B2 
B3 100.53 11.04 86.48 18.31 159.93 185.50 

9 A3 110.65 8.70 103.73 1.57 182.98 185.51 

10 
A2 

B3 102.01 12.48 86.48 18.59 182.98 185.81 

11 A3 116.24 8.55 103.73 1.44 187.75 157.98 

12 

C1 

B2 
B3 107.44 10.84 86.48 18.31 187.68 156.09 

7. RESULTS ANALYSIS AND CONCLUSION 

7.1 After optimal operation, three flood hydrographs are regulated to avoid the use of 
Jingjiang flood diversion area, in the same time, Chenglinji flood diversion volume can be 
evidently decreased. 
7.2 Because of its large flood prevention capacity, Three Gorges reservoir can play an 
important part in flood prevention compensation of Jingjiang reach and Chenglinji reach. 
7.3 The integration optimal operation of reservoirs in the system can observably enhance 
the flood prevention ability of Changjiang basin system. 
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7.4 The basin flood prevention system network analysis model has been found application, 
its system structure clear, the computer memory cost small, the speed of calculation fast. 
According to the variation of system inflow, it can be used for real-time operation tool to 
obtain optimal schemes for reference of decision makers.     

8. THE PROBLEM TO RESEARCH FURTHER 

8.1 Because of system complication, the variation of fluid affecting each other, the 
variation characteristics of water flow in natural water system can be considered in the 
calculation, but the computation load is very large, as need to be studied further. 
8.2 The water flow transportation relationship between flood diversion area and natural 
water system, and whether some presumption is accorded with real situation also need to 
research further. 
8.3 How to concern hydrological stochastic in the reservoirs operation will be in need for 
research further. 
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Abstract: In an interdisciplinary study at the Lower Odra River the interaction of wetlands 
restoration, flood protection and landscape development was identified. For this a sophisticated yet 
practical two-dimensional hydrodynamic model for the surface flow was combined with GIS based 
analyses of the landscape development. The results gained in the study area confirmed that the 
restoration of the floodplains will not increase the flood risk. Floodplain restoration, flood protection 
and sustainable landscape planning do not exclude themselves from each other. 
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1. INTRODUCTION 

Various natural floodplains of Germany’s rivers have disappeared or been dried out in the 
past because of the use of river dikes (levees), which had been constructed along the main 
river beds. These technical flood control measures improved the safety against flood 
endangering and changed the land use behind the dikes, but also drastically modified the 
natural functioning of wetland ecosystems. Nowadays river restoration projects are under 
study or have been realised with the support of large parts of Germany’s public. At the 
same time, the public requests to keep or improve the existing level of flood protection for 
settled areas. Regarding, for example, the severe Odra flood in 1997, there was a kind of 
"emotional" agreement among the public, politicians and media that such a flood could be 
managed without severe damages if only the flood control was better. According to the 
concerned public high priority in flood control and even the prevention of floods must be 
given to structural devices, in particular to the restoration and modernisation of dikes 
(Felgentreff, 2000). The latter measure, however, often counteracts the intention of 
restoring wetlands.  

In contrast to above mentioned public judgement, experts being involved in flood 
research and flood management generally agree that the flood regime of a river and the 
magnitude of the flood risk are the result of and response to many factors. Following 
Samuels (2000), the factors are:  

- Meteorological conditions over the river catchment being the main reason for 
extreme floods (for example for the Odra flood 1997). 

- Environmental changes like human adaptions and natural changes to land-cover, 
agricultural practice and vegetation type, density and succession. 

- Social developments and response to environmental change: the tolerance to flood 
risk decreases with increase in economic and social development. The probability of 
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flooding decreases with increasing standards of flood protection and flood defence 
systems, but the consequence of a flood when it happens, is more severe.  

- Management of flood risk by addressing both the probability (principally structural 
defences) and the consequences (mainly non-structural measures) of flooding. 

- River engineering and management practices: following the increased public 
awareness of the ecological value of the river corridor, current developments are in 
the restoration of "over-engineered" rivers and in the creation of wetlands for 
ecological enhancement and pollution remediation. 

- Conflict of use: modern river management requires sustainable policies and methods 
to resolve the conflicts in the human use and natural capacity of a river. 

- European policy and directives: the European Water Framework Directive requires 
an  integrated management of river catchments and ecosystems.   

Being aware of above mentioned factors, an interdisciplinary study on the river basin 
development of the Lower Odra river, Germany, had been elaborated. In 1997, the Odra 
river suffered from an outstanding flood disaster which caused loss of life and a damage 
of several billion US-$ in the entire basin. According to experts, an upgraded and well 
functioning flood management system could have reduced the adverse consequences of 
that flood. As a contribution to developing such a system, the study focussed on 
combining flood protection with restoration of natural flood conditions in a natural 
conservation zone of the Lower Odra. Aim was to quantify the interaction of wetlands 
restoration, flood protection and landscape development, and to provide transparent 
information to decision makers with regard to the controversial discussion on sustainable 
river basin management.   

2. STUDY AREA  

Fig. 1 shows the Odra river which extends from the Czech Republic to Poland and 
Germany. The study covers an area of about 40 km2 which is located at the Lower German 
Odra river basin close to the town of Schwedt. The area includes a 18 km long reach of 
the Odra river and is part of a cascade of semi-natural retention basins (in German: Polder) 
which are surrounded by dikes. The basins are connected with each other and with the 
main river by gates, culverts and overflow embankments. In total, the retention basins of 
the cascade have a volume of several 100 million m3. The main purpose of the cascade is 
the flood protection for the vicinity and downstream population and property. The study 
area contains the "Polder 10" which is located in a natural conservation zone. It has a 
distinct network of active and less active floodplain channels, relict channel reaches and 
small ponds. Some of the channels are cut off from the network due to filling and 
sedimentation. Presently the Polder 10 is connected with the main river by several inflow 
structures only during 4 months of the winter season. If a flood occurs, first the 
downstream structures are opened and lead to a gradual filling of the floodplains by 
backwater. Later on, additional inflow gates located along the main river are successively 
opened in dependence on the rising water level in the Polder 10. After some time the 
waters on the floodplain flow slowly through the Polder into a diversion (West Odra) of 
the main Odra river. At the end of the flooding season, the retention basin has to be 
emptied by pumps, and all gates are kept closed. During the remaining 9 months of the 
year, large parts of the floodplains are presently used for agricultural purposes, mainly as 
pasture land. Controlled flooding during the 9 months is only allowed if the discharge at 
the main Odra exceeds 1,600 m3/s which refers to a return period of about 10 years for a 
summer flood.  

Regional authorities of environmental protection and landscape planning elaborated a 
plan for the sustainable development of the Polder 10 area. The main objective is the 
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restoration of a (best possible) natural flood regime and, consequently, of the typical flora 
and fauna of the Odra wetlands. For this it is foreseen to completely open all inflow 
structures all over the year and to re-activate abandoned channels of the parent stream. In 
doing so, the natural dynamics of the mainstream flow is continuously transferred to the 
floodplains. At the same time, the agricultural use will be strongly reduced. 

The latter demand already led to conflicts with the local agricultural lobby. 
Furthermore, responsible water agencies suspected that the proposed measures will 
endanger the dike system, and (significantly) increase the flood water level in the 
floodplains due to the changed vegetation. In total, the restoration is expected to 
negatively affect the existing level of flood protection of the residents living behind the 
dikes of the Polder 10.  
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Fig. 1  Map of the Lower Odra river basin showing the cascade of retention basins  

(Polders) including the study area of Polder 10. 

3. PROCEDURAL STEPS 

The working steps of the study are outlined in Fig. 2. In a first step, the 
hydro-meteorological, topographical, ecological and land use data and conditions of the 
study area had been collected and processed. In a second step, a two-dimensional (2D) 
hydrodynamic model for the surface flow was developed for the study area and coupled 
with a GIS. Based on a calibration of the 2D model, the hydraulic investigations included 
the simulation of the existing flow conditions and of different scenarios of basin 
development according to the given landscape development plan.   

Water levels and other hydraulic characteristics obtained from the 2D simulations had 
been correlated with recorded long-term series of daily water level at relevant gauging 
stations and led to duration curves of, for example, the depth of inundation at any location 
of the floodplains. These spatial hydrodynamic characteristics were taken over by the 
ecologists and linked by a GIS with biotic and other indicators describing the flora, fauna, 
soil and land use conditions. In doing so, suitable measures of floodplain restoration in 
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combination with flood defence and landscape development could be delivered to the 
decision makers.  

 

Fig. 2  Sketch of the procedural steps of the Lower Odra study 

4. TWO-DIMENSIONAL (2D) HYDRODYNAMIC MODELLING OF FLOWS 

R le morphology of the terrain and the high demands 

ent model. The model is optimally adapted to 
sim

e the RMA2/SMS program 
pa

rated for low, medium and flood 
flow conditions using recorded hydrometric data and aerial photographs. MeadFlow's 

WITH MODEL MEADFLOW  

egarding the complex and small-sca
of accuracy required by the ecologists, the 2D simulation of flows ranging from low flows 
to extreme floods was a challenge for the interdisciplinary project team. For this the new 
2D model "MeadFlow" developed by Leismann (see Leismann and Meon, 2002) was 
applied. MeadFlow fulfils three essential demands of a sophisticated 2D application: 
accuracy, numerical stability and short computation times on a standard PC. A number of 
existing 2D program packages being internationally available, are – to some extent – 
numerically unstable. Many of them are too slow and unsuitable, if extensive simulations 
and sensitivity runs need to be performed. 

The 2D model MeadFlow is a finite elem
ulate steady and unsteady flows of complex flat river basins. With the help of 

sophisticated numerical algorithms, the simplified Saint Venant equations are efficiently 
solved by neglecting the convective inertial terms. If found necessary, the full equations 
can be applied. The hydraulic roughness can be considered by the Manning's coefficient 
or the Darcy-Weisbach coefficient. For the spatial discretisation, a Delauney triangulation 
of available elevation data is used to produce a triangular irregular network (TIN). If 
found necessary, the network can be automatically refined.  

Comparison with internationally accepted 2D models lik
ckage (US Army Corps of Eng., 1997) showed that MeadFlow provides inundation 

areas of the same accuracy but with much shorter computation times and much less 
numerical instabilities (Leismann and Meon, 2002).     

The 2D model was built up for the study area and calib

 377



fin

r flood occurs. The 
in

ite element mesh of the 18 km long reach and the floodplains contained 50.000 
triangular elements. With the help of the 2D model, solutions for an optimum flooding of 
the complex floodplain system could be found. At the same time the model provided 
accurate information needed for flood protection measures. The computation time of a 
simulation run on a common 600 MHz PC was less than 4 minutes. 

An example of the model output is given in Fig. 3. For an excerpt of the study area the 
inundated areas of two simulation runs are compared, if a mino

undated areas of the present situation (dark areas) are compared with those obtained in 
Variant 1 (grey plus dark areas) under optimised flooding conditions based on the 
demands of the landscape planners and ecologists. For the simulation of Variant 1 it was 
first assumed that the land cover has not yet changed. Further runs had been performed 
considering different stages of development of natural wetlands vegetation, and different 
flows and strategies of operation. Regarding the flood risk of the Variant 1, the following 
conclusions could be drawn:  

0.1 0 0.1 0.2 0.3 Kilometer

 
Fig. 3  Excerpt of study area: simulated inundation areas for a minor flood; dark area refers  

to present situation, grey area includes dark area and refers to Variant 

- The maxim otal flow of the 
Odra river. 

l not enlarge the danger of dike erosion.  

ence on the development of 

1 
 (optimised inflow structures and re-activated floodplain channels )  

um flow through the floodplains is about 10% of the t

- Due to the low surface slope the flow velocity of  the floodplain flow is low (0.2 
m/s) and wil

- If compared with the present situation the flood water level in the floodplain will 
rise up to a maximum of about 10 to 20 cm in depend
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the wetlands vegetation (from existing pastures to dense brushwood and finally to 
semi-terrestrial areas). This effect does not significantly increase the risk of dike 
overtopping. 
If compared with the present situation, the flood water level of the main river will  
decrease up to

- 
 about 14 cm mainly in the upper reach of Polder 10 because of the 

- 
peak flows of typical floods occurring in the 

5. GIS-BASED PREDICTION OF LANDSCAPE DEVELOPMENT  

ths, inundated 
ed with spatial 

flow at the upper 
bo

 the main river and the floodplains all over the year. Ecologically 
fa

diversion of flow into the floodplains. 
If compared with the present situation, the restored flood plains will neither 
significantly increase nor attenuate the 
Odra basin. In both scenarios, the floodplains are filled early during a medium or 
larger flood event so that no storage or flow resistance is available when the peak 
arrives. This negligible retention effect could be proved by simulating the 
propagation of various recorded and hypothetical floods having different shapes 
and times to peak.  

By means of a GIS, several spatial hydrodynamic indicators (water dep
areas, flow velocity) obtained from the 2D simulations were superimpos
biotic indicators like soil types, vegetation and land use. Aim was to assess the potential 
of development of the natural wetlands vegetation and biodiversity for different variants 
of hydraulic interaction between the main river and the floodplains.  

The following example refers to the Variant 1 which turned out to be the most suitable 
one for realisation. For this, a functional relationship between the total 

undary of the study area and the corresponding inundated area of the floodplains was 
derived on the basis of the 2D simulations. This relationship is illustrated in Fig. 4 for the 
present situation and for Variant 1. In a second step, the available long-term series 1921 to 
1998 of daily discharge of a relevant gauging station located some 20 km upstream of the 
study area was transferred to the study area. Correlation of the transferred series with the 
function of Fig. 4 led to the duration curves of inundated areas on a daily basis according 
to Fig. 5. It is obvious that the present situation provides the lowest amount of inundated 
areas due to the limited flooding period of 4 months per year and the unfavourable 
hydraulic connection between the main river and the floodplains. The inundated areas of 
the flood plains increase considerably if the flood plains are coupled with the main river 
all over the year.  

Further improvement is obtained by Variant 1. It allows an "ideal" hydrodynamic 
interaction between

vourable flow conditions through the flood plains and large inundated areas will be 
guaranteed. In further analyses the inundated areas of Variant 1 were correlated with 
water depths, duration of inundation and soil types. As a result, areas having a high 
development potential for specific wetlands vegetation like hardwood, could be identified. 
This information is essential for the prediction of landscape development as well as for the 
2D flow simulation of scenarios of development stages (progress of vegetation, expressed 
in terms of hydraulic roughness) as described in Chapter 4.   
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Fig. 4  Functional relationship between Odra discharge and corresponding inundated area in 
floodplains;derived from 2D simulations of surface flow 

Fig. 5  Annual duration curves on daily basis of inundated areas in the floodplains (Polder 10); based on 
correlation of 2D simulations of surface flow with relevant series of daily discharge 1921 to 1998  

6. CONCLUDING REMARKS 

Aim was to quantify the interaction of wetlands restoration, flood protection and 
landscape development, and to provide transparent information to decision makers with 
regard to the controversial discussion on sustainable river basin management. The 
investigations were exemplarily performed at a reach of the Lower Odra river basin. 
Above aim could be reached with the help of sophisticated yet practical software 
components: the hydrodynamic model MeadFlow was used for the 2D simulation of the 
surface flow and coupled with GIS based routines for the assessment of the landscape 
development. One of the main findings was that the restoration of the floodplains of the 
study area will not increase the flood risk. The results gained in the study area confirmed 
that floodplain restoration and flood protection do not exclude themselves from each 
other.  
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Abstract: India is one of the countries having highly potential and rich water resources. The major 
rivers are Ganga, Brahmaputra, Narmada, Tapi, Mahanadi, Godavari, Krishna and Cauvery. The 
Central water commission of India has estimated that more than two third of annually flowing river 
water in all the major river basins will continue to run as waste into the sea causing floods, while not 
much relief can be afforded to extensive drought-affected areas. This is due to rivers are inter-state or 
international in character. For instance Tamilnadu, water starved state, sharing of waters from the 45 
rivers from neighboring Kerala state has not been successful so far. With result these rivers 
originating in Kerala flow waste to Arabian Sea causing floods. This presentation gives a holistic 
approach for sharing the river basin water and brings solution to flood. The fond hope of this 
presentation is such an exercise should be attempted among other major river basins in India.  

Keywords: Floods, river, sustainability, river basin, rainfall, runoff, million-acre feet (maf), 
centimeter (cm), millimeter (mm), Million-hectare meter (MHM) 

1. INTRODUCTION 

India is a country of monsoons having immense resources in water but the distribution of 
the rainfall is not only highly uneven both in space and time but also erratic. The rainfall 
varies from 10cm in the Western part of Rajasthan to over 1000cm at Cherapunji in 
Meghalays. As a result about one third area of the country is drought prone where even 
drinking water becomes a problem whereas over 40 Million-hectare (MH) areas are 
susceptible to flood. But India’s average rainfall is about 117cm which falls over the 
geographical area of 329 MH yielding a run-off of 400 Million-hectare meter (MHM). The 
total surface flow is assessed as 187 MHM. (As shown in table No.1). Fig 1 shows average 
annual percapita availability of water in different basins. Due to variations in climate, 
topography and rainfall etc floods are occurring in various parts of the country every year, 
the magnitudes of which vary from year to year and region to region. The floods in India 
mainly occur during the monsoon months, whenever the river flow exceeds its carrying 
capacity and flow over the banks causing the bank erosion and the extensive damages to the 
establishments in the flood plain. The states of Assam, West Bengal, Bihar, Uttar pradesh in 
Brahmputra and Ganga Basins and parts of Orissa experience extensive devastation due to 
floods more frequently.  It was experienced that on an average about 8.6 MH land area is 
annually affected due to floods resulting in average annual damages of the order of Rs.2500 
Crores including damages to crops, houses and public utilities.  
 
 

 382

mailto:sansuresh86@hotmail.com


Table 1 Water Resources Potential of River Basins of India 

Average Annual 
Availability S.No Name of river basin Catchment area 

(sq.km) Water Resources 
Potential 

Potential (Mm3) 
75% dependable 

1 Indus 321452 73305 - 
Ganga-Brahmaputra-Mahna  
a) Ganga 861452 525023 436312 
b) Brahmaputra 194413 537240 491736 2 

c) Barak & Others 41723 48357 - 
3 Godavari 312812 110540 80545 
4 Krishna 258948 78124 69411 
5 Cauvery 81155 21358 19375 
6 Subernarekha 29196 12368 9855 
7 Brahmani-Baitarni 51822 28477 20051 
8 Mahanadi 141580 66879 53768 
9 Pennar 55213 6316 4393 
10 Mahi 34842 11020 5713 
11 Sabarmati 21674 3809 3146 
12 Narmada 98796 45639 30829 
13 Tapi 65145 14879 8860 
14 West Flowing Rivers from Tapi to Tadri 55940 87411 65663 

15 West Flowing Rivers from Tadri to 
Kanyakumari 56177 113532 85285 

16 East Flowing Rivers between Mahanadi 
and Pennar 86643 22520 18768 

17 East Flowing Rivers between Pennar to 
Kanyakumari 100139 16458 13930 

18 West flowing rivers of Kutch And 
Saurashtra including Luni 321851 15068 - 

19 Area of Inland drainage In Rajasthan 
desert - - - 

31000 20 Minor rivers draining Into Myanmar 
(Burma) and Bangladesh 36302 1869348 - 
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Fig. 1 Availability of water in different basins 

2. WATER AND SUSTAINABLE DEVELOPMENT 
At the earth summit the governments of the world agreed that water resources must be 
managed sustainable with full recognition of their limits.  Therefore the first and foremost 
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issue is to recognize that water resources have to be used in an efficient, equitable and 
environmentally sustainable manner.  
Planning sustainable development in a changing world 

a) The principle of sustainability postulates a development that meets the need of the 
present without compromising the ability of future generations to meet their own 
needs.  

b) Sustainability requires the consideration of changes in natural hydro-ecological 
systems and their quantification and forecasting for a planning horizon.  

c) Consideration of changes in society’s value system including there impacts of 
hydrological and waters management conditions and their quantification and 
forecast. 

3. FLOOD PROBLEMS IN INDIA 

The major river systems in India can be broadly categorized into two major groups namely 
rivers of the Himalayan region and rivers of Peninsular India. The melting snows and 
glaciers of the great Himalayan range feed the Himalayan rivers during spring and summer 
and also from rains during monsoon. They carry significant flows during the dry weather 
due to snowmelt and carry minimum flows during winter. On the other hand the peninsular 
rivers originate at a much lower altitude and flows through more stable areas. Their flow is 
characterized by heavy discharges during the monsoon followed by very low discharges 
during the non-monsoon months. From the viewpoint of flood problem, the rivers can be 
grouped under the four regions as below  

(a) Brahmputra Region 
(b) Ganga Region 
(c) Northwest Region 
(d) Central India and Deccan Region 
The Problem of floods varies from basin to basin, so also magnitude of damages caused 

by the floods. Major flood affected areas lie in Ganga-Brahmputra-Barak basins. The 
catchments of Brahmputra and Barak rivers receive very heavy rainfall ranging from 110 
cm to 635 cm per year during the four months of monsoon (June-September). The problem 
is further aggravated due to frequent occurrence of earthquakes. Owing to recurring 
earthquakes combined with deforestation and heavy rainfall numerous landslides in the 
hills occur upsetting the natural river regimes. Floods also occur in Peninsular river basins, 
which comprise of the important rivers of Central India and Deccan river region including 
Narmada, Tapi, Mahanadi, Godavari, Krishna and Cauvery. These rivers are particularly 
west flowing and have mostly well defined stable courses. Also these rivers have adequate 
capacity within the natural banks to carry flood discharge except in high floods with 
velocities exceeding 6 to 7 m/sec rising very quickly 3 to 4 m per hour to inundate the vast 
areas in lower reaches.  

4. GANGA RIVER SYSTEM 

Ganga ranks among the top ten large rivers of the world in terms of annual runoff. The 
surface water availability of the Ganges on an annual basis is about 446 million-acre feet 
(maf). The Ganga basin comprising a total area 433,938 square miles spreads over India, 
Nepal and Bangladesh.  

The present population of Ganges basin is more than 400 million and is likely to be 
doubled within next 30 to 35 years if the current growth rate is not effectively checked. The 
flows of the Ganges are highly seasonal. Although the annual flow of the Ganges is 446 maf, 
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the dry season (January-May) availability at Farakka, India amounts to only 21 maf. Floods 
during the monsoon season (July-September) and scarcity of water during dry season are 
the two extreme flow characteristics of the Ganges. Because of extreme low flow in the 
Ganges during dry seasons when there is very little rainfall, there arise upstream 
downstream conflicts over the use of water of this river. In 1975, India commissioned a 
large Barrage across the Ganges at Farakka only 11 miles upstream of the Bangladesh 
border to divert bulk of the dry season Ganges flows for the navigability to the port city 
Calcutta in the state of West Bengal. Since then India and Bangladesh have been locked in a 
serious dispute over the sharing of Ganges flows. 

For the last 20 years, India and Bangladesh had been discussing to resolve the Ganges 
sharing issue. A lasting solution, however still remains a far cry. Since 1989 there is a total 
vacuum in terms of sharing of flows of the Ganges between the two countries and currently 
there is impasse in the negotiation. Consequently the dry season flow of the Ganges in 
Bangladesh is diminishing progressively. As a result 40 million people living in one third of 
the total area of Bangladesh are facing extreme hardships in every sphere of life and living. 
The impasse in the Ganges negotiations is also creating a major obstacle in the way of 
ushering multilateral co-operation among India, Nepal and Bangladesh towards flood 
management in the basin countries, whereas mitigation of this hazard could have profound 
bearing on crop planning and agriculture strategies in the region. 

The headwaters of some of the major tributaries of the Ganges lie in Nepal, which 
contribute about 40 percent of the annual flows and 71 percent of dry season flows of the 
Ganges available at Farakka. The major difficulty of Nepal is that it does not have the 
resources to harness these rivers on its own. Nepal needs to irrigate all of its limited area as 
soon as possible to meet its growing requirement of farm produce and to generate 
employment and income. 

To every problem there is a solution if approached constructively. The co-basin partners 
could embark upon co-operation in harnessing the potentials of the Ganges and share the 
gains. A portion of the monsoon floods of the Ganges which cause widespread damage in 
the co-basin countries could be conserved in the upstream storage sites (particularly in 
Nepal) to mitigate flood intensities downstream. This is turn would enable significant 
augmentation of the dry season flows of the Ganges satisfying the reasonable water needs 
of the concerned countries. In addition, generation of large amount of hydropower from the 
storage dams could have eased the energy crisis in the basin area and create more job 
opportunities by facilitating rapid industrialization in different parts. The tremendous 
pressure on the fuel wood in the region as an energy source would also have reduced and the 
forest resources of Nepal in particular could have been saved. The upstream storage would 
also help improvement of navigation in the basin area, control salinity intrusion in the lower 
Gangetic delta and control pollution by increasing fresh water during dry seasons. 

Discussion 
There are immense possibilities of converting water of the Ganges into wealth. While so 
much could have done, achievement in terms of comprehensive management and sharing of 
water resources of the Ganges through multilateral cooperation has been practically 
negligible. Mistrust, fears, misperceptions and myths have impeded progress towards 
mutual cooperation. But this cannot be allowed to continue unabated. The integrated 
development of these common resources must be pursued in the interest of the teeming 
millions. There is no doubt that resolution of the problem of sharing the Ganges flows at 
Farakka between India and Bangladesh would remove a major irritant and create a climate 
of trust and confidence among the co-basin counties, congenial for closer cooperation. In 
the interest of all, the political and conceptual problem need be more purposefully 
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addressed especially as the underlying commonality of interests in the Ganges is 
overwhelming. The management of river basin like that of the Ganges is a matter of 
regional concern because it is a transboundary environmental resource. Isolated individual 
development cannot yield the desired and optimal results. Development and management of 
the Ganges should be holistic for which the essential pre requisite is meaningful 
cooperation among the co-basin counties. Greater transparency, joint planning, 
management and interdependence can help instill confidence to commence the journey 
towards such cooperation.  

5. WESTERN GHATS: AN OVERVIEW  
The Western Ghats are the range of mountains along the west coast of India about 1600 km 
long, 80 to 100 km wide, running continuously from the mouth of river Tapti in Dhule 
district of Maharashtra to Kanyakumari in Tamilnadu interrupted at Palghat. They are a 
steep and rugged mass of hills, with elevation varying from 100 m to 2700m towards the 
south and culminating in the Nilgiris with Dodabetta at a height of 2636m where eastern 
Ghats meet the Western Ghats after making a sweep from the other side of the peninsular. 
Western Ghats are spread over the states of Maharashtra, Karanataka, Tamilnadu, Kerala 
and Goa. Out of the total area of 16 MH covered under the Western Ghats Development 
Programme (WGDP) of Union Planning Commission, Maharashtra, Karnataka, Kerala, 
Tamilnadu and Goa constitute 36.35,27.55,17.6,17.4 and 1.1 percent of the total area 
respectively. The climate of the region is tropical upto 900m, subtropical from 900-1800 m 
and montane temperate above 1800m. Average annual rainfall varies widely from a low of 
about 500 mm to 6000 mm. Western Ghats give rise to important rivers of peninsular India 
including Godavari, Krishna, Cauvery, Kali Nadi and Periyar. The region is endowed with 
one of the rich flora and fauna and has a unique biodiversity. 

Central Soil and Water Conservation Research Institute Udhagamandalam has recently 
classified Western Ghats into five hydro ecological regions. Lower altitude high and very 
high rainfall (coastal lower ghats) followed by lower altitude low and medium rainfall 
region (rain shadow area) form major part of Western Ghats. 

Erosion hazards and land degradation problem are severe owing to high rainfall, high 
erosion, higher erodibility, steep slopes, faulty land use management and heavy water 
surplus during the monsoon period. Hydrologically, the Western Ghats region assumes 
greater importance, as it is the origin of a number of river systems in South India. 
Hydrological characteristics of the Ghat areas and uplands are typical of upland rain fed 
mountainous watershed with distinct surface and sub-surface flows contributing to stream 
flows. Both the surface and sub-surface flow paths are important with sub-surface 
component being predominant which is typical of such hilly watershed. The areas under 
thick forest and shallow forest with high infiltration rate contribute more towards 
subsurface flow while the degraded lands in the hills and foot hill areas may be responsible 
for generating relatively more surface runoff. There is increased dependence on ground 
water especially in drought affected and rain shadow areas in particular. Level of ground 
water development in Western Ghats region is about 23 percent. In Tamilnadu exploitation 
of ground water is about 60 percent while in the Western Ghats area of Karnataka about 24 
percent of net irrigated area is covered by well irrigation 

6. INDIAN NATIOANL PERSPECTIVE PLAN 

Transfer of water from one river to another, especially if it involved inter-state transfer, has 
always been a sensitive issue. The National Water Policy document lays down that water 
should be made available to deficit areas by transfer from surplus areas, including transfer 
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from one river basin to another, based on a national perspective, after taking into account 
the requirement of areas/basins. The Ministry of Water Resources has thus prepared a 
National Perspective Plan for development of the country’s water resources. 

The Perspective Plan comprises two components. First component is development of 
peninsular rivers and second component is development of Himalayan rivers. The 
peninsular development plan is expected to increase the irrigation potential of the country 
by about 16 MH besides providing large quality of hydropower, flood control and 
navigation in some reaches. The Himalayan component of development calls for 
cooperation from Nepal, Bangladesh and Bhutan. The National Water Development 
Agency a Society under the Ministry of Water Resources is conducting survey and 
investigations for firming up these development plans. 

Plans involving inter state transfer of waters require huge outlays and call for 
participation and co-operation of all concerned. Central government may have to participate 
in their implementation by way of funding, monitoring of progress and later in water 
management for ensuring coordinating operation and equitable distribution. 

7. WATER RESOURCES POTENTIAL OF TAMILNADU 

The state is drained by 17 river basins and all of them originated from Western Ghats. Most 
of the major rivers namely Cauvery, Pennar and Palar are interstate rivers and their flows in 
the state are dependent on certain mutual agreements with the neighboring states Kerala and 
Karnataka.  Rivers are state subjects and therefore there exist disputes in sharing of waters 
between states. This problem is further aggravated when the political party in power in a 
state government different from the party that rules at the center government. Moreover 
since states have been divided on linguistic basis there are a humpty number of reasons for 
disagreement. 

8. INTER BASIN TRANSFER   

A very simplistic analysis will reveals that the benefits accruing for Kerala (the neighboring 
state of Tamilnadu) from the diversion of about 43 west flowing rivers in 45 watersheds 
from Kerala to Tamilnadu territory are as follows.  As there is no storage space in Kerala the 
amount of water required of Kerala can be stored in Tamilnadu space for utilization in 
Kerala.  In these days of spiraling land costs this will be an asset to kerala.  An agreement 
can be easily reached as in the case of Parambikulam Aliyar Project (PAP).  With the 
desired water agreement and allocation, Kerala can easily provide a better quality of life by 
supplying water to domestic, irrigation and industrial sectors in time and where needed.  
The revised hydrology and water resources are bound to improve the small and marginal 
farmers all along the coastline who now barely make out a living for their families.  
Hydropower generation will pick up with assured minimum, will sustain the fresh, brackish 
and marine aquaculture throughout the years.  Soil erosion from steep mountains to flat 
lands will be arrested preserving the landscape.  The living standards of people will improve 
locally and dependence on other states and abroad will decrease.  By such diversion it is 
proposed to divert 863 Mm3, i.e. 255 Mm3 from Nirar, 71 Mm3 from Sholayar, 468 Mm3 

from Parambikulam group of reservoirs and 71 Mm3 from Anamalaiar. 

9. CONCLUDING REMARKS 

The basic cause of floods are the incidence of heavy rainfall, snowmelt or combination of 
the two, sometimes made worse because of natural or man made obstructions in the 
floodway like bridge pies, floating debris, weirs, barrages and ice jams and also their 
coincidence with tidal surge or wind in estuaries.  
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Landslides, mudflows and dam failure may also cause some rare floods. The floods in 
the major rivers are generally caused by extensive precipitation and snowmelt and they 
generally cause extensive damages in flood plains. Some times very intense rainfall in 
upland areas causes sudden increase in stage and discharge in the river, generally referred to 
as flash floods, which are sometimes made still worse because of dam failures, land slides 
etc. 

National Water Policy of India is not concomitant with its land use pattern. Therefore 
this paper reveals that inter basin transfer is a possible solution to floods in major river 
basins in India. 
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Abstract: The quantity and quality of water can be a serious problem in this century. Even in “Rio 
Grande do Sul” State, where the annual medium precipitation is considerable, can become problems 
of provisioning. Considering this problem together with the watershed management, now also 
backed by Law, a methodology was elaborated with the main objective of retaining more water in 
micro basins, through the infiltration and decreasing loses for erosion. This methodology analyzes 
parameters about the land use and its respective medium values of infiltration, obtained in the local 
of research. This methodology was applied in Soturno River Micro Basin – “Rio Grande do Sul” 
State, in Brazil. To test the viability of the application of the methodology, was compared the 
referring results the area to be forested with the same results obtained by the Physical-Conservation 
Diagnosis, traditional method. The Pearson coefficient was 0.833, confirming the great correlation 
comparing the two methods. 

Keywords: forestation, micro basin, infiltration, precipitation, erosion. 

1. INTRODUCTION 
The planning of the occupation of one micro basin is necessary in locals where growing 
uses of the water is real. 

The Physical-Conservation Diagnosis (PCD - comparative method here used) has the 
main goal to contributed for the rational and maintainable use of the renew natural 
resources through the study of the physical characteristics of the land. The information 
supplied by this diagnosis allows the formulation of measures and collect information 
about the erosion control and floods, to prevent water infiltration, the control of the 
agricultural and cattle activities and the planning and space of forest distribution. 

The proposed methodology (CFRWM), with the same objective of PCD, uses values in 
evaporation/evapotranspiration terms, infiltration, and the destiny of the water in each 
phase of the hydrologic cycle. 

This work had as general objective to evaluate the loss of water in hydrographic micro 
basins due to antropic action and to determine the compensatory forestation to restore 
these losses. 

2. GENERAL CHARACTERIZATION OF THE AREA 

Situated in the State of “Rio Grande do Sul”, Brazil, the studied area is 98.464 hectares, 
that corresponds Rio Soturno's Micro Basin and it is located between the geographical 
coordinates 29° 14' 07'' and 29° 41' 19'' South Latitude and 53° 41' 24'' and 53° 20' 17'' 
West Longitude. For the present study this sub-basin was subdivided in 13 hydrographic 
micro basins. 
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3. PHYSICAL CONSERVATION DIAGNOSIS (PCD) 

The elaboration of the Physical-Conservation Diagnosis followed the sequence: 
- Preliminary study of delimitation of sub-basin and respective micro basins; 
- Calculation of the parameters of analysis of the micro basins and evaluation of the 

land use potential; 
- Evaluation of the current land occupation; 
- Calculation of the existent conflicts between the current use and potential use and 

calculation of the deterioration (%); 
- Formulation of intervention proposals, with forest trees (forestation) and actions in 

the agricultural and cattle areas. 

4. COMPENSATORY FORESTATION FOR RETENTION OF WATER IN 
MICRO BASINS (CFRWM) 

This methodology was elaborated basing on local researches with given medium data 
precipitation on the surface of the land, percentage of precipitation that is retained in the 
surface, percentage evapotranspired and evaporated; percentage of the superficial drainage, 
drainage for rivers, lakes, and swamps; percentage that infiltrates in the surface and 
medium infiltrations of the precipitation in agreement with land uses: forest, field, 
pastures and agricultural areas. 

To determine the values starting from which the results were obtained, the results, it is 
described part of the research to proceed inside from the percentage corresponding to each 
destiny of the water in the hydrologic cycle. 

The present study was based in Bloom (1970), Odum (1988), Bunting (1971), 
Grosvenor (1996) and Rocha (1991). 

For the calculation of the volume of water lost and of the forestation areas to 
compensate this loss, was used as total area of the forests, pastures and agriculture, 
because they were the parameters considered in the infiltration calculations.   

The percentage of social areas and dams added only 0.3% of the total area of the 
sub-basin, being disrespected in the present study.   

The Fig 1 demonstrates the outline, in top plan and profile, the hydric balance in the 
sub-basin studied. 
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Fig. 1  Top plan and profile of a hydrographic sub-basin showing the local Hydrological Balance. 
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Where: 
P = Precipitation 
E + ET = Evaporation + Evapotranspiration 
R = Retained Water 
ES = Superficial Drainage   
ERLP = Drainage for Rivers, Lakes and Swamps 
I = Infiltration 
IF = Infiltration through forests 
IA = Infiltration through agricultural areas 
IP = Infiltration through fields and pastures 
ESB = Underground Drainage 
ESBe = Underground Drainage that enters in the sub-basin    
ESBs = Underground Drainage that leaves the sub-basin 
A1 = Superficial Storage 
A2 = Underground Storage 
A = A1 + A2 = Storage of water in the hydrographic sub-basin 

4.1 Calculation of the Volume of Water Lost Through Precipitation  
To obtain the values corresponding to the volumes of water lost in the sub-basin (water of 
precipitation that don’t infiltrate) it is necessary to consider the infiltrations averages 
gotten for forests, field/pastures and agriculture: 

- Forests: 150 mm/h 
- Field/pastures: 12 mm/h 
- Agriculture: 6 mm/h 
- Forests + Filed/pastures+ Agriculture = 168 mm/h 
Transforming these values into percentage, we have: 
Forests: 89.29% ⇒ (150 mm/h / 168 mm/h) x 100 
Field/pastures: 7.15% ⇒ (12 mm/h / 168 mm/h) x 100 
Agriculture: 3.56% ⇒ (6 mm/h / 168 mm/h) x 100 
We considered that 20.55% of the total precipitation are destined to the infiltration 

(Bloom, 1970), in this case: 
Forests infiltrate 18.35% that corresponds to 89.29% of 20.55%.   
Field/pastures infiltrate 1.46% that corresponds to 7.15% of 20.55%.   
Agriculture infiltrates 0.74% that corresponds to 3.56% of 20.55%.   
To determine the volume of precipitation water that is lost (water that don’t infiltrate 

and drains and is part of the 20.55% destined to the infiltration) it is necessary determine 
the following parameters (values in each micro basin): 

1) Area of forests, field/pastures and agriculture; 
2) Percentage infiltrations in each land use: forest (89.29%), field/pastures (7.15%) 

and agriculture (3.56%); 
3) Annual medium precipitation in the sub-basin. 
From this value we determined: 
- Medium volume of water received in the micro basin (m3/year); 
- Volume that evaporated/evapotranspirated (m3/year); 
- Volume retained in the land surface (m3/year). 
The water volume retained in the land surface, 55% (Odum, 1988) - of the 20.55% 

(Bloom, 1970) - is destined to the infiltration and with this percentage value was obtained 
the volume that should infiltrate. After this procedure, were determined the volumes of 
water lost in forests areas, field/pastures and agriculture, in agreement with its medium 
infiltrations and used areas in the micro basin. 
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4.2 Total Loss and Loss in Excess 
With these values of volume of precipitation water lost in the areas of forests, 
field/pastures and agriculture in each micro basin per year, we were able to determine the 
total loss and the loss in excess.   
a) Total loss: 

Forests: 10.71% (100% - 89.29%) of the total that should infiltrate (20.55%).   
Field/pastures: 92.85% (100% - 7.15%) of the total that should infiltrate (20.55%).   
Agriculture: 96.44% (100% - 3.56%) of the total that should infiltrate (20.55%).   
The total loss for each micro basin was obtained adding the losses in forests, 

field/pastures and agriculture. 
As the forests lose only 10.71% of the precipitation that should infiltrate and among the 

three land uses considered, is what more infiltrates (89.29% of the precipitation destined 
to the infiltration), this loss was considered normal.   
b) Loss in excess: 

The losses in excess in the field/pastures areas and agriculture were determined 
subtracting the percentage value of the loss in forest areas (10.71%: normal loss) form its 
respective total losses percentage, in this case: 

Field/pastures: 92.85% - 10.71% = 82.14% (loss in excess).   
Agriculture: 96.44% - 10.71% = 85.73% (loss in excess).   
To determine the loss in excess in each micro basin, the losses were added in excess of 

the field/pastures areas and agriculture. 

4.3 Forestation areas to Compensate the Loss in Excess 
To determine the area of forests to be implanted, that retains the lost water in excess in the 
sub-basin (infiltration), it is necessary consider: 

1. Number of continuous hours of precipitation infiltrated by the forests in one year 
(h/year): we divided the annual medium precipitation (in mm) for the medium infiltration 
in forest areas (in mm/h): 

N.º continuous hours of precipitation/year=precipitation (mm/year)÷infiltration (mm/h) 
2. Volume of water precipitation infiltrated by the forests per hour in a hectare 

(m3/ha/h): 
150 mm/h = 0.15 m/h (medium precipitation infiltrated in one hour by the forests).   
1 hectare = 10,000 m2  
10,000 m2 x 0.15 m/h = 1,500 m3/h in 1 hectare 
3. Volume of water precipitation infiltrated by the forests per hectare in one year 

(m3/ha/year): we multiplied the value obtained in the previous procedure by the number of 
continuous hours of precipitation in a year, obtained in the first step.   

1,500 m3/hora/ha x n.° hours continuous precipitation/year=infiltration through the forests. 
4. Forestation area: accomplished the previous procedures, the forestation area to 

compensate the loss in excess of water was gotten through: 
If 1 hectare infiltrates x m3/year 
How many hectares will infiltrate y m3/year? 
Where: 
x = volume of water infiltrated by the forests in 1 hectare (m3/year), obtained in the 

previous procedure 
y = loss in excess of water (m3/year) 
We added to the obtained area 10% of the value as reservation to compensate eventual 

losses in the planting and maintenance, being this the final result of the area to be forested 
to retain the loss in excess of water of the precipitation.   

The calculations of the losses of water and areas to be forested were accomplished for 
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each one of the 13 micro basins belonging to Rio Soturno's Sub-basin. After obtain these 
individual values was proceeded the determination of the total value for the sub-basin 
considered. 

4.4 Comparison of the Methodologies (PCD and CFRWM) with Regard to the 
Forestation areas 

To determine the viability of the studied method, was compared the results of the 
forestation areas with Physical Conservation Diagnosis traditional method. 
The regression analysis showed that the values were adjusted in a straight line and 
established a confiable interval. 

4.5 Lineal Correlation of Pearson 
The correlation of Pearson (Rp) coefficient became possible to qualify the interrelations 
so that the conclusions had statistical bases. 
This coefficient measured the intensity and the direction (positive or negative) of the 
association among two variables: X and Y. The result took in consideration a mistake of 1%. 

5. RESULTS 
Rio Soturno's Hydrographic Sub-basin was divided in thirteen micro basins, with areas 
that vary of 11,836.68 hectares (micro basin 9) to 5,102.09 hectares (micro basin 5).  

The Table 1 displays the potential use of the micro basins (A - favorable lands to the 
agriculture; B - favorable lands to the pastures; C - favorable lands to the pastures and 
forestation and D - appropriate lands to the forestation).  

Volumes of water lost in excess and forestation area in each micro basin (Table 2). 
Table 1  Potential land use for micro basin, in function of the potential uses classes (PCD Method). 

Land use (ha) Micro basin 
NO. 

Potential uses 
classes Forests Agriculture Pastures Past+Forests 

1 A 1735.40 5206.19   
2 A 1725.92 5177.77   
3 A 1301.89 3905.68   
4 A 1901.31 5703.94   
5 B 1274.65  3823.94  
7 B 4938.69  4938.69  
8 C 5223.72   5223.72 
9 C 5902.94   5902.94 
11 C 4727.83   4727.83 
6 D 3424.33    

10 D 2642.39    
12 D 3637.91    
13 D 2627.89    

Sub-basin - 41064.87 19993.58 8762.63 15854.49 

Table 2  Volumes of water lost in excess and forestation area. 
Volume lost in excess Area to be forested Micro basin 

No. 
Volume that should be 

infiltrate (m3/year) m3/year % ha % 
1 25,106,306.54 17,758,353.280 70.73 1110.208 15.74 
2 24,969,265.99 20,049,328.200 80.30 1253.439 18.13 
3 18,834,739.18 14,500,660.060 76.99 906.543 17.37 
4 27,506,668.20 20,466,858.450 74.41 1279.540 16.78 
5 18,440,544.14 14,145,468.020 76.71 884.345 17.33 
6 24,770,233.49 11,367,952.480 45.89 710.699 10.16 
7 35,724,507.98 13,592,900.470 38.05 849.790 8.59 
8 37,786,300.99 17,289,980.620 45.76 1080.930 10.31 
9 42,699,506.78 23,614,831.850 55.30 1476.340 12.47 

10 19,113,956.14 8,432,333.110 44.12 527.170 9.97 
11 34,199,194.92 21,894,019.150 64.02 1368.760 14.46 
12 26,315,149.61 12,059,341.900 45.83 753.920 10.36 
13 19,009,105.10 7,125,675.238 37.49 445.480 8.38 

Sub-basin 354,475,479.10 202,297,702.80 58.12 12,647.164 13.08 
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5.1 Comparison Between Forestation Area + Existent Forests in the two Methods 
(CFRWM and PCD) 

This comparison was just made referring values to the forestation area and area of forests 
because these common results belongs the two methods. 

5.2 Forestation Area 
Analyzing the Table 3 we observe that the two micro basins with smaller percentage of 
forestation area in PCD (micro basins 7 and 13) are also the two with smaller percentage 
of area in the CFRWM (micro basin 7: PCD = 0%; CFRWM = 8.59% and micro basin 13: 
PCD = 0%, CFRWM = 8.38%). 

Table 3  Comparison between forestation areas in the two methods. 

Forestation area - PCD method Forestation area - CFRWM method Micro basin 
NO. ha % ha % 

1 617.93 8.76 1110.208 15.74 
2 1346.67 19.48 1253.439 18.13 
3 966.21 18.51 906.543 17.37 
4 973.52 12.76 1279.540 16.78 
5 798.31 15.65 884.345 17.33 
6 305.24 4.36 710.899 10.16 
7 0.00 0.00 849.790 8.59 
8 408.03 3.89 1080.930 10.31 
9 1933.61 16.34 1476.340 12.47 
10 130.09 2.46 527.170 9.97 
11 2434.68 25.72 1368.760 14.46 
12 369.97 5.08 753.920 10.36 
13 0.00 0.00 445.480 8.38 

Sub-basin 10,284.26 10.23 12,647.164 13.08 
 

Forest areas to be forested + existent forests (Table 4) 

Table 4  Comparison between forestation and existing forests areas in the two methods. 
Forestation area + existing forests 

(PCD) 
Forestation area existing 

forests (CFRWM) Micro basin 
NO. Total area (ha) 

ha % ha % 
1 7051.34 1735.40 24.61 2227.678 31.59 
2 6911.87 1725.92 24.97 1632.689 23.62 
3 5218.92 1301.89 24.94 1242.223 23.80 
4 7627.15 1901.31 24.93 2207.330 28.94 
5 5102.09 1274.65 24.98 1360.685 26.67 
6 6996.63 3424.33 48.94 3829.789 54.74 
7 9887.08 5409.55 54.71 6259.340 63.31 
8 10,483.43 5223.72 49.83 5896.620 56.25 
9 11,836.68 5902.94 49.87 5445.670 46.01 

10 5286.20 2642.39 49.98 3039.470 57.49 
11 9467.20 4727.83 49.94 3661.910 38.68 
12 7279.63 3637.91 49.97 4021.860 55.25 
13 5315.85 2929.15 55.10 3374.630 63.48 

Sub-basin 98,464.07 41,836.99 40.98 44,199.894 43.83 
 

5.3 Statistical Analysis of the Compared Values 
The correlation of Pearson was developed to test the viability of the method CFRWM in 
relation to PCD. 

The correlation coefficient of Pearson showed a statistical positive correlation (straight 
line) with the two appraised methods. The value was 0.833. Can be considered that a 
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strong correlation exists between PCD and CFRWM. If the value found is near (+1) or (–1) 
means strongest is the correlation. 

6. CONCLUSIONS 

The method CFRWM, to determine compensatory forestation in micro basins is perfectly 
viable, whose efficiency was indicated by the correlation coefficient of Pearson and for 
the viability demonstrated in the regression analysis (software SPSS 7.5 for Windows). 
The forestation areas, to compensate the loss of water in the hydrographic sub-basin, 
added to the existent forests, are practically the same ones in the two considered methods 
(Table 4). 

This method was revealed a fast method, of easy application and more rigorous than 
the compared method (PCD), presenting larger forest covering. 

In different intensity, the loss of water was verified in all micro basins (Table 2), with 
prominence for the micro basin 9 that loses the largest volume of water (55.30%), around 
24 million m3 of water per year, of the volume that should infiltrate and for the micro 
basin 2 that loses the largest percentage in function of its area (80.30%). 
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Abstract: In this paper, the features of integrated basin management are analyzed, which include 
water resource allocation, flood control, ecological integrity and environmental sustainability, land 
usage and social and cultural requirements etc. According to the risk-based analysis technologies, 
the coordination of these features mentioned above are considered so that maximum benefits of 
scarce water resources can be achieved while effective and efficient use. The benefits should cover 
flood damage reduction, meeting water demands in industrial, agricultural and environmental 
requirements, regulation of farming practices and other considerations. An example in the project of 
water transferring from south to north is cited to illustrate the application of risk-based analysis in 
integrated basin management.  

Keywords: risk-based analysis, integration, multi-purpose decision, basin management 

1. INTRODUCTION 

The world’s freshwater resources are under increasing pressure. Growth in population, 
increased economic activity and improved standards of living lead to increased 
competition for and conflicts over the limited freshwater resources. By the 20th century, a 
great remarking of river systems occurred as humans manipulated the natural hydrology to 
meet the domestic supply, sanitation, food, fiber, and industrial needs of increasingly 
growing populations and rising standards of living. Water resources in many basins are 
fully committed to a variety of in-stream and remote purposes, degrading water quality, 
threatening river-dependent ecosystems (native floe and flora), and intensifying 
competition and strife. A combination of social inequity, economic marginalization and 
lack of poverty alleviation programmes also force people living in extreme poverty to 
overexploit soil and forestry resources, which often results in negative impacts on water 
resources. Lack of pollution control measures further degrades water resources. 

2. INTEGRATED BASIN MANAGEMENT 

2.1 Concepts of Integrated Basin Management 
Integrated Basin Management or Integrated Catchment Management (ICM) systems bring 
fragmented water use and users together (Fig.1). ICM creates a framework that deals with 
an entire basin or sub-basin, not just a single water use or administrative jurisdiction. A 
river basin can be defined by the watershed limits of a system of waters, both ground and 
surface, flowing to a common terminus. ICM integrates this system of waters within its 
broader natural environment and its social, economic, and political contexts. Basin 
organizations cut across administrative divisions used to management water, such as now 
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management pattern in China (Zeng Si-yu and Fu Guo-wei, 2001). This is their strength 
and their challenge. 
 
 

 Administrative jurisdictions (government and community); 
 Ground and surface water; 
 Upstream and downstream reaches; 
 Environmental and human uses; 
 Supply and demand management; 
 Water quality and water quantity; 
 Land and water use; and 
 Transboundary uses. 

Integrated Basin Management 

Fig. 1  ICM Elements 

2.2 Factors Impacting ICM Implementation 
Securing water for people and food production; Although most countries give first 
priority to satisfaction of basic human needs for water, one fifth of the world’s population 
is without access to safe drinking water and half of the population is without access to 
adequate sanitation. It is guessed that water supply and sanitation for urban and rural areas 
represents one of the most serious challenges in the years ahead. On another hand, water is 
increasingly seen as a key constraint on food production, on a par with, if not more crucial 
than, land scarcity. Irrigated agriculture is already responsible for more than 70%of all 
water withdrawals (more than 90% of all consumptive use of water). Also, serious 
conflicts are likely to arise between water for irrigated agriculture and water for other 
human and ecosystem uses.  
Protecting vital ecosystems; Terrestrial ecosystems in the upstream areas of a basin are 
important for rainwater infiltration, groundwater recharge and river flow regimes 
(Agarwal et Al., 2000). Aquatic ecosystems produce a range of economic benefits, 
including such products as timber, fuelwood and medicinal plants, and they also provide 
wildlife habitats and spawning grounds. The ecosystems depend on water flows, 
seasonality and watertable fluctuations and have water quality as a fundamental 
determinant. Land and water resources management must ensure that vital ecosystems are 
considered and where possible ameliorated when development and management decisions 
are made (Hatton, 2001). 
Managing risks; Variations in water flows and groundwater recharge, whether of climatic 
origin or due to land mismanagement, can add to drought and flood events, which can 
have catastrophic effects in terms of large-scale loss of human life and damage to 
economic, social and environmental systems. Water pollution creates another set of risks, 
affecting human health, economic development and ecosystem functions. Economic risks 
are also important in water resources management and development due to the often 
large-scale and long-term character of the investments required. Political instability and 
change represents yet another important risk factor for ICM. To date, relatively little 
attention has been paid to the systematic assessment of risk mitigation costs and benefits 
across the water use sectors and to the consequent evaluation of various risk trade-off 
options (Agarwal et al., 2000). 
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Ensuring collaboration across sectors and boundaries; The traditional sectoral and 
fragmented approach to water resources management has often led to governing bodies 
representing conflicting interests. Policy objectives have been set without consideration of 
the implications for other water users and without consultation across sectoral and 
institutional boundaries. As a result available financial and physical resources (including 
water) have not been employed to maximize total social welfare. There is a need to find 
appropriate ways to co-ordinate policy making, planning and implementation in an 
integrated manner across sectoral, institutional and professional boundaries and to take 
into account the even more complex co-ordination issues arising over the management of 
transboundary watercourses. 
Other aspects; All human activities need water and produce waste, but some of them need 
more water or produce more waste per job than others. This consideration has to be taken 
into account in economic development strategies, especially in regions with scarce water 
resources. Public awareness is needed in order to mobilize effective support for 
sustainable water management and induce the changes in behavior and action required to 
achieve this (Australian Capital Territory, 2000). 

The impacting factors of ICM are summarized as following Fig.2  
 

Fig. 2  Impacting Factors of ICM 

3. RISK-BASED ANALYSIS OF ICM 

3.1 Concepts of Risk-based Analysis 
Risk can be broadly defined as an estimate, either qualitative or quantitative, of the 
probability or likelihood of an event-taking place. Basin risk management is defined as the 
process used to estimate the probability for adverse effects to basin resources and receptors 
as part of an ICM. Because basin management involves evaluation of the desires of the 
basin's human residents and the needs of the natural environment, basin risk management 
incorporates components of both human health and ecological risk assessment.  
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The move to a balanced assessment is historically analogous to the changing goals of 
basin management, which originally arose out of a desire to improve selected water uses 
such as flood control, elimination of waterborne diseases, or providing various usages (e.g. 
industrial, agricultural, stock and live, navigation and fishery etc.). Basin management 
now encompasses environmental concerns such as minimum low flows, prevention of 
eutrophication, protection of critical habitats, and maintenance of sediment quality.  

3.2 Application of the Risk Analysis to ICM 
Problem Formulation; Problem formulation includes the following steps: 

 Development of information on and an understanding of general basin 
characteristics (land types, hydrology, water quality). 

 Identification of human and ecological resources and receptors within the basin 
(human population, biota and habitats). 

 Selection of analysis endpoints through an initial screening process to select 
critical or representative resources to be evaluated in the risk analysis study. 

 Identification of stressors that might adversely affect basin resources (physical, 
chemical, biological). 

 Selection of risk analysis measurement endpoints or values that will be used to 
evaluate potential risks. 

After the initial inventory of basin characteristics, resources and receptor, selection of 
the priority water uses to be protected should involve a consensus of the basin 
stakeholders. These use frame the identified analysis endpoints (e.g. maintenance of 
balanced, indigenous fishery). The stressors of concern in a basin may include physical 
(e.g. drought, flooding, water diversion, sedimentation, or alterations in habitat, light, 
thermal or energy regimes); chemical (e.g. toxic chemicals, cultural eutrophication, and 
salinization); and biological (e.g. invasive exotics, pathogens) and socioeconomic (e.g. 
legal, political, social, engineering and economic). The impacts or risks of the stressors to 
analysis endpoints are quantified by the measurement endpoints (e.g. number of 
exceedances of drinking water standards). A hypothetical basin risk analysis frame is 
illustrated in Fig.3. 
Analysis; The objectives of this phase of the risk analysis are to: 

 Identify exposure pathways and scenarios. 
 Qualitatively and quantitatively assess the level of exposure and effects on users, 

including human and ecological receptors from basin stressors. 
A primary physical stressor for human receptor is flooding within a basin. Assessing 

this stressor may involve hydrologic and hydraulic modeling, determining flood and 
available flows, and delineation of areas of inundation during flooding events. Ecological 
exposures to and effects from physical stressors may be evaluated through a variety of 
methods, including various fish and macro-invertebrate bio-assessment protocols and 
instream flow models. 
Risk Characterization; The concluding portion of the risk analysis: 

 Combines the results of the exposure analysis and predicted effects of stressors 
on basin receptor or resources. 

 Determines the potential for adverse effects to occur in the basin receptors or 
resources. 

 Provides an estimate of the uncertainty associated with the predicted effects. 
The risk analysis process is inherently uncertain. Information is often limited for a great 

many factors or parameters used in a risk analysis (e.g. runoff flows within one year, water 
demands for crops, population within basin, economic development, policy change, model 
availability etc) (Ruan et al., 2000). Consequently, the risk analysis process must make 

 399



assumptions when exact information is lack. It is therefore important to specify the 
assumptions and uncertainties inherent in the risk analysis to place the risk estimates in 
proper perspective. The identification and evaluation of key uncertainty factors or 
parameters in a risk analysis is referred as uncertainty analysis. 
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Fig. 3  Illustration of Hypothetical Basin Risk Analysis 

Uncertainty analysis can be qualitative, involving a discussion about the major areas of 
uncertainty, the assumptions made to compensate for the uncertainty, and the likely effects 
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on the risk results if alternative assumptions were made. Alternatively, uncertainty 
analysis can be highly quantitative, involving characterization of the probability 
distributions for key input variables and propagating parameter uncertainties through the 
analysis using analytic (e.g. first-order analyses) or numerical methods (e.g. Monte-Carlo 
simulation). It is critical that decision-makers who use risk analysis results understand the 
extent of the model’s limitations and its results for ICM. Furthermore, an understanding of 
cost and economic benefits, as well as local and regional social contexts, is critical to 
making informed basin risk management decisions.   

4. CASE STUDY: INTERBASIN WATER TRANSFER FROM SOUTH TO 
NORTH 

4.1 Description of the Project 
The project of water transferring from south to north is a large-scale trans-provincial water 
supply one including multi-purposes and various usage. The project consists of 13 
cascade-pumping stations, and 4 natural storage reservoirs (Hongze Lake, Louma Lake, 
Nansi Lake and Dongping Lake). 500~800 m3/s water will be pumped in Jiangdu Pumping 
Station from Yangtze River, then will be lifted step by step until 65 m of total lift head to 
Shandong Province. Furthermore, 0~90 m3/s water will be diverted to the north of Yellow 
River by gravity flow.  

4.2 Application of Monte-Carlo Simulation Method 
According to the theory of M-C simulation method and Fig.4, a stochastic model (i.e. 
indexes of risk evaluation) has been established and variables of risk analysis have been 
quantified, including probability distributions and the extents of expected values. Secondly, 
based on the distribution of each random variable, relative stochastic number has been 
produced with computer, and value extent can be determined compared with relevant 
model. Thirdly, evaluating indexes can be calculated by use of evaluation models. Finally, 
the calculating precision will be checked and statistical characteristics and distributions of 
risk-based analysis indexes can be made. Detailed process of Monte-Carlo simulation 
method will be omitted here. If readers are interested in it, please refer relevant books.  

Table 1 is the extents of risk variables, including pumping capacities and water 
diversions in various locations and planning stages when the probability is hypothesized as 
75%. In the case, simulation results show the probability of water supply more than water 
demand is about 0.8506, i.e. more than 85% time the water demand can be satisfied. The 
most important factor impacting on water demand is eco-environmental water flows. 

Table 1  Risk values at 75% probability 

1st Stage 2nd Stage 3rd Stage 

Capacity 
(m3/s) 

Water Diversion 
(108 m3/yr) 

Capacity
(m3/s)

Water 
Diversion
(108 m3/yr)

Capacity 
(m3/s) 

Water 
Diversion 
(108 m3/yr) 

Segment 

Existing Planning Existing Planning Planning Planning Planning  Planning 
From Yangtze River 400 500 50.60 89.37 600 105.86 800 148.17 
Into Hongze Lake 200 450 32.76 70.10 550 86.53 700 121.05 

Out of Hongze Lake 200 350 25.26 63.90 450 80.63 625 118.50 
Into Louma Lake 150 275 12.88 43.39 350 59.73 525 96.23 

Out of Louma Lake 50 250 10.42 43.35 350 59.71 525 97.40 
Into Down Lake 20 200 2.91 31.17 270 47.18 425 78.55 
Into Upper Lake 0 125 0 19.64 220 35.10 375 66.12 

Out of Upper Lake 0 100 0 17.65 200 33.07 350 63.20 
Into Shandong 0 100 0 14.82 170 30.21 325 59.27 

Crossing Yellow River 0 50 0 5.09 100 20.83 200 37.68 
To Jiaodong 0 50 0 8.76 50 8.76 90 21.29 
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Fig. 4  Location of the Project 
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Abstract: The Yellow River Flood Control & Hazard Reduction Software System is developed by 
joint effort of Sino-Finnish cooperation. It is a distributed implementation software system, which 
consists of five sub-systems, namely: Expert discussion and decision-making service, Information 
inquiry, Flood forecasting, Flood regulation, and Flood control database . An introduction to the 
development of the software system such as the system objectives, system structure and functions, 
the development method and the key techniques is presented, and a brief description of the further 
development and potential applications of the system are given as well. 

Keywords: development techniques, application, software system, flood control, Yellow River  

1. BACKGROUND 

Through the history of China, the frequent flood disasters in the lower reaches of the 
Yellow River have earned the river the name, “China’s sorrow”. From BC 602 to AD 
1950 the river breached 1953 dike, and a vast area of the lower reaches was flooded, 
which claimed millions of human lives. Since 1950 the China government has paid great 
attention to the harnessing and development of the Yellow River, and a much effort and 
investment have been made to improve flood defense capability in the lower reaches of 
the Yellow River. As a result, a comprehensive flood control engineering system, which 
consists of reservoirs on the main stream and tributaries, a levee system, river training 
works and flood diversion and detention works, has been built up, and a non-engineering 
flood control system which mainly focuses on flood forecasting and regulation has been 
established as well. However, during flood control practice, it was found that there are 
still some problems in non-engineering flood control system. These include the slowness 
of flood forecasting, and insufficient flood control decision-making support. To solve 
these problems, as proposed by the Ministry of Water Resource Management of China 
(MWR), the project of “Yellow River Flood Control & Hazard Reduction Software 
System” was approved by the State Development Planning Commission of China in 1993, 
and the official cooperation contract was signed by both Chinese and Finnish governments 
in 1994. The project was undertaken by the cooperation of the Yellow River Water 
Conservancy Commission of MWR (YRCC) and the Atri-Reiter Engineering Ltd, Finland. 
Its purpose was to improve the flood control and hazard reduction software system 
already used in YRCC, and to develop a comprehensive and powerful flood forecasting 
and flood regulation software system. 
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2. DEVELOPMENT OF THE SYSTEM 

2.1 System Objectives 
The objectives of the Yellow River Flood Control & Hazard Reduction Software System 
are: (1) to assemble all the required information about flood control and the models of 
flood forecasting and flood regulation into a integrated system; (2) to provide data of 
precipitation, water regime and engineering situation quickly and flexibly; (3) to forecast 
flooding accurately, precisely, quickly, decision making perform flood forecasting and 
flood regulation process conveniently. The overall goal is to provide overall technical and 
information support for with regard to flood control. 

2.2 Structure and Function 
According to the demands of flood control and hazard reduction practice, the system has 
been designed to consist of 5 sub-systems, as show in Fig.1, they are the expert discussion 
and decision-making services sub-system, the information inquiry sub-system, the flood 
forecasting sub-system, the flood regulation sub-system, and the distributed flood control 
database management sub-system. The system is intranet-based, and developed under 
distributed operating system and distributed database. From the control point of view, 
each sub-system is independent and can be executed separately. The data exchange of 
each sub-system is through access of database. 
 

 Fig. 1  The logical structure of the Yellow River Flood Control & Hazard Reduction Software System 

Flood control database management sub-system sub-system 

Flood regulation 
sub-system 

Flood forecasting 
sub-system 

Information inquiry 
sub-system sub-system 

Expert discussion and decision-making services sub-system sussub-system 

The main functions of the system are:  
(1) Data collection and storage. All the monitored data, especially the real time rainfall 

and water regime data of the whole river basin, can be collected, transferred, and stored in 
the flood control database.  

(2) Information inquiry. Besides flood real time monitoring, all the information 
including meteorological data, water regime data and engineering works data that relate to 
flood control can be retrieved. 

(3) Flood control-involved business process. These include flood forecasting, flood 
regulation and other relative function. 

(4) Decision-making support. The system is designed to provide a clear presentations 
of flood control scenarios to the decision-maker. These includes both software and the 
corresponding support hardware. 

2.3 Development Strategy and Key Techniques 
2.3.1 System development strategy  

In order to make full use of the technical expertise of both Sino and Finnish sides, and 
to ensure that the software would be finished in time and with high quality, the following 
development strategy was employed.  
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(1) The prototyping method. First develop a small system, then improve it continuously, 
unit it meets the requirements of the user.  

(2) Toolkit-based development environment. First build a toolkit that consists of a 
series of universal functions and components that might be used in different sub-systems, 
then develop animplementation system based on the toolkit. 

(3) Work distribution. According to the technical advantages of each side, the Finnish 
experts were responsible for developing the general tools, and the Chinese experts were 
responsible for developing the hydrological database and the implementation software.  

(4) By means of the toolkit-based development environment, each sub-system was 
developed by the experts of the partner organizations who were the most experienced and 
also the main users of the sub-system to ensure the system would be advanced and easy to 
use. 
2.3.2 Key techniques  

In order to ensure the system would be advanced, practical and easy to maintion, the 
following techniques have been used: 

(1) Client/server technique. The flood control database was developed using Sysbase, 
and the others sub-system was developed using Xwindows/Motif. 

(2) Interface-model-process-data relatively independent technique. This means that the 
interface, the specialized models and data process modules are independent, and the data 
process modules and the database are independent as well. 

(3) GIS technique. The information is displayed and organized by attributes and store 
in different layers. 

(4) Multimedia technique. Through putting the multimedia card in DEC workstation 
and corresponding programming, the audio-video information can be automatic composed 
and displayed. 

(5) Interactive manual modification technique. This technique is very useful in 
determining the operational release discharge of reservoir and flood detention basin 
calculated by models in flood regulation practice. By dragging the mouse and moving the 
cursor on the screen in four optional ways, they are modified in line, modified in curve, 
modified in equal volume, and modified by changing point value respectively, the values 
of points in the hydrograph and corresponding data table can be modified automatically. 
When the values in the data table are modified, the hydrograph can also be changed 
simultaneously.  

2.4 Second-phase Development of the Software System  
The software system developed by the Sino-Finnish cooperation part was finalized after 
the official appraisal by the Chinese and Finnish governments in the December 1996, and 
the second-phase development started at the beginning of 1997. Based on the achievement 
of the first phase development, the second-phase development aimed to further extend the 
river reach range of the flood forecasting sub-system and flood regulation sub-system, and 
to improve the function of the system according to further demands during application. 
2.4.1 Second-phase development of flood Forecasting sub-system 

(1) Extend the forecasting reach. This part of the piglet expanded the forecasting river 
reach from Huayuankou - Lijin to Sanmenxia – Lijin, and expanded the from forecasting 
just the flood routing from Huayuankou to Lijin for the flood discharge smaller than 
22,000 m3/s, to forecasting the rainfall-runoff of the Sanmenxia-Huayuankou reach and 
the flood routing of Huayuankou-Lijin reach of any magnitude of flood. 

(2) Enhance the system function. First, the San-Hua reach flood forecasting model was 
improved and transferred from PC to workstation. Second, the flood forecasting model of 
the downstream of Huayuankou reach should be past tense more flood control engineering 
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works with the increased flood range. Third, the parameters, user interface, and output 
format of the forecasting models were modified and improved according to the practical 
application demand. Fourth, the interactive process relative to the flood regulation model 
was improved, which led to the efficiency and accuracy of the interactive forecasting and 
regulation process been improved apparently. 
2.4.2 Second-phase development of the flood regulation sub-system 

(1) Extend process cover range. The river reach range was extended to the same range 
as the flood forecasting sub-system. Flood regulation was improved such that it could deal 
with the control of not only Dongpinghu flood detention basin, but also the four reservoirs 
(Sanmenxia, Luhun, Guxian, and Xiaolangdi) and the two flood detention basins 
(Dongpinghu and Beijindi). 

(2) Enhance the function. First, the joint-regulation model of the four reservoirs and the 
two flood detention basins has been modified and improved, and transferred from PC to 
workstation. Second, the flood control work regulation schemes, and user interface, and 
the regulation model output format have been modified and improved according to the 
application demand in the flood control practice. Third, the interactive process relative to 
the flood forecasting model has been improved, and the efficiency and accuracy have been 
improved. 
2.4.3 Expanding the function of the Information Inquiry sub-system 

In order to satisfy the demands of all kinds of user, the information inquiry system of 
PC vision has been newly developed, and the vision of workstation has been improved as 
well. The sub-system has being used not only in the YRCC but also in its subordinate 
bodies at provincial and city levels, and some of country level. The information includes 
meteorological satellite cloud image, real time precipitation and water regime, partly real 
time engineering work condition, and material supply information for flood control etc. 

3. APPLICATION OF THE SOFTWARE SYSTEM  

3.1 Application of the Flood Control Database Sub-system 
All kinds of flood control information in the database have been accessed by the flood 
control department at different levels and by other organizations, and have been used in 
flood control administrative management, flood control planning, flood control research 
and study work. 

3.2 Application of the Information Inquiry Sub-system 
The version for workstation has been used in all kinds of meetings of the Office of Yellow 
River Flood Control Headquarters (OYRFLCH), such as the flood control expert 
discussion meeting, and the routine flood control affair discussion meeting. The version 
for PC has being used in daily flood control administrative management by flood control 
departments at all levels. 

3.3 Application of the Flood Forecasting Sub-system 
The flood forecasting sub-system has been used in the formulation of flood forecasting 
scheme, the real time hydrological forecasting, the forecasting experts discussion in the 
Forecasting Department, and the large scale flood control rehearsals organized by 
OYRFLCH every year.  

3.4 Application of the Flood Regulation Sub-system 
The flood regulation sub-system is operated by the Flood Control Department of YRCC. 
Up to now, it has mainly been used in the formulation and study of the flood regulation 
scenarios in advance, and the flood control rehearsals organized by OYRFCH every year, 
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since no big flood has occurred since the system was built. It has also been used in the 
flood control researches and studies project, such as the study of flood control operation 
of Xiaolangdi reservoir and the study of comprehensive measures after the possible dike 
breach of the Yellow River. 

4. RECOMMENDATIONS  

(1) Establish a Complete Flood Control Software System. 
The Yellow River Flood Control and Hazard Reduction Software System only includes 
expert discussion services, information inquiry, flood forecasting, flood regulation and 
flood control database. These five sub-systems do not cover the whole work process 
involved in the flood control and hazard reduction processes of the Yellow River. In order 
to provide a better support to the flood control, others sub-systems such as storm 
forecasting sub-system, the hazard damage estimation and analysis sub-system, the flood 
control organizing and management sub-system should be developed as soon as possible.  

(2) Improve Flood Control Decision-making Support Services. 
YRCC has proposed and begun out a great project named “Digital Yellow River” which 
aims to improve the overall informatization level of the Yellow River harness and 
development, and flood control is regarded as top priority in this project. Thus more 
advanced flood control and software development techniques should be studied and 
adopted to improve the software system, so that the more advanced and practicable 
software system can be developed to improve the flood control decision-making support 
services. 

(3) Expand the Function of the Software System to Related Flood Control Research. 
Besides the threat of floods, the Yellow River faces other new problems, such as serious 
water shortage even river dry-up and increasing water pollution. In order to overcome 
these problems, the software system can be further developed to perform all kinds of 
researches and studies on comprehensive water resource management. 
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Abstract: Our main purpose is to ensure that the planning and operation of flood defence systems 
goes in harmony with the development and prevention on ecological systems. The paper reports on 
the mapping and inventory of possible interventions in the Tisza valley in line with the aim to 
protect people and assets in the area and develop the ecology of Tisza, its tributaries and the 
floodplain. 

Studies taking into consideration the prevailing conditions and those anticipated in the 
foreseeable future have shown a chain of emergency flood reservoirs in the Hungarian part of the 
flood plain to be best suited to pass safely even abnormal floods on the Tisza River. Flood peaks 
would be diverted through large gated culverts and retained in those lowland reservoirs, which 
would be drained after to passage of the flood wave. 

Keywords: development policy, flood control, emergency storage 

1. INTRODUCTION 

Hungary ranks high on the world list of countries exposed to flooding, close to 23 and 
10% of her territory being flood plains along major streams and minor rivers, respectively 
(Fig.1). The importance of floods depends on the impacts on a particular economy. The 
magnitude of impacts is influenced by the behaviour of the flood wave and the conditions 
of the river valley, whilst the hazard: benefit ratio is controlled by the pattern and time 
schedule of flood plain use. Technology based evolution of economy has made floods a 
dangerous natural phenomenon to modern industrialised societies. 
Fig. 1  The situation of Hungary within Europe and the major streams of Hungary 
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Flood control in Hungary has been successful in recent years: the last flood causing the 
loss of human life has occurred in 1956. This is attributable to carefully planned 
development and organisational efforts. 

2. FLOOD EXPOSURE IN HUNGARY 

Owing to the particular physico- and economic geographical conditions, important and 
steadily growing interest has been attached in Hungary for centuries to controlling the 
losses by river floods. The fundamental cause of the high flood hazard is the situation of 
the overwhelmingly plain country in the deepest part of the Carpathian Basin, so that the 
flood waves which arrive from the surrounding Carpathian and Alpine mountain 
catchments tend to overtake each other and create often emergency situations. 

Of the 93 000 km2 large territory of the country 21 248 km2 (22.8%) are flood plains, 
levees protecting 97% thereof against inundation by river floods. The level of flood 
exposure in terms of the ratio of flood plains is the highest in Hungary of all European 
countries and is comparable with the situation in the Netherlands alone (Fig.2). 

Fig. 2  Comparison of the major flood control developments in Europe 

Facts and figures on the reclaimed flood plains: 
• 2.5 million people in close to 700 communities are exposed to flood hazard, 
• one-third of the arable lands in Hungary, 18 000 km2 valuable farmland, 
• the flood plains contain 32% of the railway lines and 15% of the roads, 
• over 2000 industries have settled here, and 
• about 25% of the gross domestic product is produced here. 

3. THE HYDROLOGY OF RIVER FLOODS IN HUNGARY 

The streams in Hungary belong to the catchment basins of two large streams, the rivers 
Danube and Tisza. Disregarding a few minor streams, all rivers in Hungary originate 
beyond the national boundary and discharge to the recipient Danube and Tisza. With a 
total length of 2822 km the two major streams drain virtually the entire territory (93 000 
km2) of Hungary. The rivers arriving at the Hungarian border convey the runoff from 290 
000 km2, that is an area three times as large as the territory of Hungary. The flow regime 
in these rivers is controlled therefore overwhelmingly by the hydrometeorological events 
over the headwater sections. 

Climate and topography favour in their combination the development of frequent 
floods triggered by snowmelt, heavy rains, or the simultaneous occurrence of both. Large 
winter-spring floods with running ice are also on record. No major flood waves are liable 
to develop on the Danube, further on the middle- and downstream reaches of the River 
Tisza, unless adverse meteorological conditions persist for several days. On the other hand, 
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even high floods may travel down the minor mountain streams and creeks in the wake of 
atmospheric situations causing violent storms of 12 to 24 hours duration only. 

The flow regime over the Hungarian Danube section is controlled by the 
hydrometeorological events over the upstream mountain catchment. Accordingly two 
types of flood occur here under normal conditions, viz. the late winter – early spring 
floods, which convey the snowmelt from the lower parts of the mountain catchment, and 
the summer (June) flood, when rising temperatures melt the snow cover on the high 
Alpine peaks, often in combination with heavy rains. These latter floods carry normally 
the higher flood discharges. 

According to the flow regime, the Hungarian Tisza section can be divided into the 
upstream and middle sections. Three major floods occur normally on the Upstream Tisza: 
the spring and May floods drain the snowmelt runoff, whilst the autumn flood is caused 
by storms. However, downstream of the Szamos mouth the first two are liable to overtake 
each other and to coincide with the flood waves discharged by the two large Tisza 
tributaries, the Körös and the Maros rivers. Such situations give rise to high water levels 
of long duration over the Middle-Tisza. 

Out of the major Tisza floods recorded over the past 100 years those of 1879 and 1919 
occurred in spring, the one in 1888 was triggered by winter rains, that in 1895 by 
snowmelt.  The flood wave arriving on the River Maros has caused especially high water 
levels on the middle and lower Tisza reaches in 1932. Simultaneous extreme floods on the 
Tisza and all her tributaries have caused record stages along the river. The ice-run flood of 
1985 on the Upstream Tisza was unprecedented in its category. In November 1998 and in 
March, 1999 two flood waves of abnormal hydrologic parameters followed each other 
virtually without a low-water period. The Tisza tributaries show similar flow regimes. 

From the flood statistics of the various rivers and regions it is concluded that the 
recurrence period of minor and medium floods is 2-3 years, that of major floods 5-6 years, 
while that of abnormal floods 10-12 years in Hungary. The duration of major floods is 
5-10 days on the Hungarian upstream river sections and may be as long as 50-120 days 
along the flat middle and lower sections. Durations of similar length are rare on other 
European rivers. 

Flashy regimes are typical on the headwater reaches of the tributaries, the floods 
triggered by rapid snowmelt or a violent storm arriving within 1-2 days at the entrance to 
Hungary and raising the water level by several metres within a very brief period of time 
(in some cases within a few hours). In this respect the hazard is an especially grave one on 
the Upstream Tisza and her tributaries, further on the Körös rivers, where the water level 
may rise by 8 to 10 metres at the national boundary 28-36 hours after a storm event. 

4. HISTORICAL REVIEW OF FLOOD CONTROL AND FLOOD FIGHTING 

Mediaeval societies have not perceived floods as the natural disasters, or potential hazard 
sources, which they have become since the 19th century. Owing to the larger forest cover 
in the catchment, and to the wide, open flood plains flanking the river sections in the 
lowlands, the flood levels were lower by several metres than presently. People have 
settled on the elevated parts of the river banks and adapted their farming pattern to the 
local conditions. 

The growing demand for food on the European market in the second half of the 18th 
forced extensive agriculture development, which – in turn – has made river regulation, 
flood control and the reclamation of lowland marshes imperative. In response thereto 
flood control and reclamation projects covering entire river valleys and based on fairly 
uniform designs were launched in the first half of the 19th century to replace the former 
flood embankments of local significance. 
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The first comprehensive flood plain reclamation programmes were started in the early 
1800s only. Embankments, ring dykes designed to provide local flood safety alone were 
built earlier. The bases of the present flood defences were completed by the turn of the 
19th century and have been improved continuously since. 

Comprehensive development extending to the entire Tisza Valley was realised as the 
only effective solution to the water problems of the region. Implementation of the 
ambitious project was prepared by the efforts of Vásárhelyi and Széchenyi. Construction 
work was started in 1846 and continued for over 50 years. Flood control development was 
practically completed by the end of the 19th century, though actually some work is still 
outstanding. The areas inundated per decade have shrunk in size to a fraction of the 
former and Tisza floods have caused since no major devastation, demonstrating the 
significant benefits of the vast river regulation and reclamation project. 

The Tisza and her tributaries responded to the cutting of meanders and reducing the 
width of the flood plains by considerably higher flood levels, the fast sizing process 
continuing to these days (Fig.3).  

Fig. 3  Rising flood peaks on the Tisza and her tributares 

Induced by the combined effect of changes in the hydrologic parameters of flood wave 
travel, occurrence of hydrometeorologic extremes and/or coinciding runoff from 
sub-catchments not experienced thus far, though conceivable, further of human 
interference in the mountain and lowland catchments, flood levels are liable to rise further 
on some other Hungarian rivers as well. This may be enhanced by the potential impacts of 
global climate change, which have been predicted to result in appreciably larger 
late-winter snowmelt floods. 

5. FLOOD DEFENCES IN HUNGARY 

The defences built to control floods since the middle of the 19th century consist of the 
embankments referred to as the main-line levees (Fig.4.). These have been completed 
virtually along all flood plain sections considered valuable enough to deserve protection, 
so that further efforts must be concentrated on raising their standard of safety. At the same 
time, the experiences gained during flood emergencies over the pat 31 years have 
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demonstrated the need of introducing, in addition to strengthening the embankments to the 
prescribed cross sectional dimensions, new engineering solutions and measures, such as 
the development of regional flood control systems. Under the new approach emergency 
storage reservoirs surrounded by ring dikes have been built on some rivers and the rules of 
operating these have been compiled. 
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Fig. 4  Flood defenses and protected flood in Hungary 

The existing flood defences built since the middle of the 19th century comprise the 
following structures: 
• the main-line levees of 4,003 km total length (3,73 km earth embankment, 30 km flood 

wall) along the rivers. The total volume of the embankments is approximately 120 
million m3, 

• floodways on three rivers to split the flood discharge among them and to transfer it into 
the valley of another stream, 

• low-land emergency storage reservoirs to retain flood peaks on flashy rivers carrying 
relatively smaller discharges (with 223 km2 total area and 389 million m3 aggregate 
capacity), 

• secondary defences to confine inundation in the event of a levee failure. For this 
purpose suitable terrain features, or existing structures serving other purposes (road and 
railway embankments have been identified and improved as necessary, or new 
embankments were built. (The total length of such confinement structures is 1,050 km). 
The flood waves rushing down the mountain catchments enter the lowlands before the 

national boundary. Along the streams forming, or crossing the boundary river- and levee 
sections of common interest have been designated with the neighbouring country. The 
total length of levees covered by international agreements amounts to 1055 km, or 
one-fourth of the defences. 

The standard against which the defences are assessed is the design flood, which these 
are required to withstand. The magnitude thereof is decided upon to comply with the 
safety required at the actual level of socio-economic development and with due regard to 
the economic strength of the country (or the interested beneficiaries). The likelihood of 
disastrous situations differing from the reasonably anticipated conditions is too small to 
serve as design criteria. Such situations must be controlled by appropriate emergency 
measures to avert, or minimise losses. 
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Under the provisions currently in force in Hungary, the defences must be dimensioned 
to withstand safely the ”once in hundred years” (”once in thousand” along major towns) 
ice-free flood, at a safety freeboard of 1.0-1.5 m. Considerations of safety, traffic and 
transportation on the crest in emergency situations, further of maintenance with 
mechanical conditions are involved in deciding on the minimal cross sectional dimensions. 
The resulting embankments rise locally more than 5-8 m above the surrounding terrain. 

Embankments of 2421 km length (60.5% of the total) comply with the dimensional 
specification. The rest of the levees (1,582 km) offers safety against floods of 60-80 
recurrence period, though at considerable emergency efforts. It should be noted at the 
same time, that even the improved, strengthened levee sections include local weak spots 
with properties poorer than those of the connecting parts, which fail to meet the safety 
criteria. As a result of regular levee surveillance several hundred shorter-longer sections 
are known, where the level of safety is dangerously low (e.g. crossing of ancient meanders, 
streams, cracked embankments). The total length of these sections is approximately 560 
km. 

There are 1800 structures (sluices, culverts), which cross the levees. Some of these 
were built 80-100 years ago and are in a very poor state of repair. These, but also the other 
crossing structures represent potential safety risks and are monitored with special care. 

Small streams have a total length of 35,000 km in Hungary. Over 1800 small streams 
cross 1500 communities in more than 6000 km aggregate length. Some of these are owned 
by the state, some by the local municipality. The channels are required to convey safely, 
without inundation, the ”once in 30-50 years” floods in the residential areas and ”once in 
3-10 years” flood beyond these. 
Particular conditions of the flood defences in Hungary call often for the application of 
special emergency measures, materials and equipment to cope with major floods. 
Construction work on the embankments was started in the 19th century, using earth 
materials available at the nearest borrow sites. Construction technology and the quality of 
work varied from section to section. Repeated strengthening resulted in the 
typical ”onion” structure of the embankments (Fig.5). The organic, alkaline and disperse 
soils placed present still serious problems in assessing the stability of the levees. 
 

 
Fig. 5  Successive embankment strengthening along the Tisza and her tributaries 
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6. THE PRINCIPLES OF FLOOD CONTROL DEVELOPMENT POLICY 

Floods are no abnormal events on the Hungarian rivers, they are inherent features of the 
natural hydrologic regime. Floods have occurred in the past and will occur in the future, 
Man must adapt himself to them. Floods by themselves spell no disaster, such situations 
arise in the wake of a failure of the defences and subsequent inundation of the reclaimed 
flood plain with losses in property and life. On some Hungarian rivers flood levels are 
liable to rise and the hydrologic-hydraulic parameters of flood wave travel are liable to 
change owing to the combined impact of unprecedented extreme hydrometeorological 
conditions and of human activities in the mountainous, but also in the predominantly flat, 
Hungarian parts of their catchment. 

The starting basis of any development is the present pattern of flood control which has 
evolved over the past 150 years. Main-line levees of 4200 km total length form the 
backbone thereof, which must be rebuilt, raised, strengthened as necessary and the 
maintenance of which is imperative. 

Flood control developments must be implemented in response to the needs of society 
and geared to the capacity of economy. Efforts must continue at strengthening the main 
levees, of which no more than 63 % of the main levees meet presently the safety standards 
(crest height, stability) prescribed. 

In relation to the recent flood events (1998-2001) in the Tisza basin the attitude of the 
population has been changed. The floods called the attention to the importance of the 
safety, as well as to the limitations and the uncertainties of the protection. Therefore the 
development of new concepts has been driven in the wake of four major floods within a 
28 month long period. It become evident that new opportunities of flood defence have to 
be explored and assessed, they have to be analysed and systemized. 

Underlying the majority of early flood control developments had been the desire to 
reclaim flood plain lands and to raise property values. These aims have played a decisive 
role in adopting 150 years ago the method of flood control, that is the construction levees, 
which became by now organic features of the landscape. Changes in attitude have since 
shifted emphasis in assessing flood damages from crop losses to direct hazards to the 
population and the destruction of its homes, placing the safety of human existence on the 
top of the list of priorities. 

Interests have changed fundamentally parallel to the re-evaluation of the role of flood 
control. The total loss of property, especially of their home has become an unacceptable 
risk to the population exposed to flood hazards and the liability of the state for 
compensating damages has surmounted the costs of improving flood safety of relatively 
minor affected areas already. 

Interrelations with urgent landscape and nature conservations problems in the Tisza 
Region have also focused attention to the importance improving flood safety. The method 
of flood detention proposed is likely to assume a pioneering role in profit enhancing land 
use changes and in the creation of an ecological network of “green corridors”. 

Our main purpose is to ensure that the planning and operation of flood defence systems 
goes in harmony with the development and prevention on ecological systems. The paper 
reports on the mapping and inventory of possible interventions in the Tisza valley in line 
with the aim to protect people and assets in the area and develop the ecology of Tisza, its 
tributaries and the floodplain. Possible measures include: 

- storage in the upstream (abroad) part of the cathment 
- increasing conveyance capacity of flood bed 
- low-land storage 
- heightening flood protection levees 

 414



The possible measures and their impacts have been analysed and on this basis a 
proposal has been made including a combination of different options as the optimal 
development policy of the Tisza valley. 

Studies taking into consideration the prevailing conditions and those anticipated in the 
foreseeable future have shown a chain of emergency flood reservoirs in the Hungarian 
part of the flood plain to be best suited to pass safely even abnormal floods on the Tisza 
River. Flood peaks would be diverted through large gated culverts and retained in those 
lowland reservoirs, which would be drained after to passage of the flood wave. 
The storage space available in Tisza flood plains is large enough to lower the flood peaks 
effectively by means of lowland storage. Of the close to 30 potential storage sites 
examined 14 have been selected by multi-criteria assessment (Fig. 6).  

Fig. 6  Emergency flood reservoirs envisaged along the Hungarian section of the River Tisza 

With 730 km2 total area these are called upon to retain temporarily up to 1.5 billion m3 
of water. High terrain sections and embankments would bound the reservoirs. The culverts 
would be designed to allow diversion to the reservoir from all flood waves passing with 
overbank stages. From the records the likelihood thereof has been estimated at 6-7 
occasions in each decade, creating thus some limited opportunity of beneficial use of the 
stored water. 

The ongoing development of the concept and the planning offers a chance for the 
rehabilitation of the river and landscape. The whole river basin is considered as a unit 
regarding both the selection of flood defence/management alternatives and the 
investigation of ecological relationships of flood conveyance. Our endeavour is that the 
natural biological role of floods is utilised in maintaining biodiversity, in preserving areas 
of high productivity and in the migration of species. 

The project has been estimated to involve approximately USD 400 million in direct 
costs over the five years of implementation scheduled. 
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Abstract: The historical and future directions of water management against floods are discussed and 
the functions of paddy areas evaluated in terms of flood retention and mitigation in neighboring 
urban areas. Several examples of several rivers and watershed management against floods are 
discussed, such as the Tone River (the largest basin area in Japan), the Rhine River in Europe, the 
Mississippi River in the United States, and the Mekong River in Asia. In the past, agricultural lands 
are regarded as having only the role of food production, but now agricultural areas mainly 
composed of paddies are considered to have several functions, such as flood protection, fostering of 
water resources, prevention of soil erosion and so on. Hence, in order to solve various problems of 
water resources including floods, a method of evaluating the multi-functional roles of paddies is 
proposed, covering the two aspects of 1) usage of multi-functional roles as basin-wide management, 
and 2) technical problems to be solved. The results obtained emphasize the importance of evaluating 
the multi-functional roles of agricultural lands, the perspectives of flood control and floodplain 
management in the 21st century and a method to evaluate function from a macro point of view. 

Keywords: watershed management, floodplain, multi-functional roles of paddies, international 
rivers 

1. INTRODUCTION 

The historical and future directions of water management against floods are discussed and 
the functions of paddy areas evaluated in terms of flood retention and mitigation in 
neighboring urban areas and its application to watershed management. First, the history of 
the change of watershed management against floods in several rivers is reviewed. Then, it 
is shown that the retention capacity of paddies must be assessed as an inherent potential, 
and a method to evaluate its function from a macro perspective is proposed. Finally, it is 
shown, with reference to watershed management in the Netherlands and in the Lower 
Mekong River, that the direction of technology application depends on the specific 
hydrologic condition in a particular part of the world.  

Several rivers and examples of watershed management against floods are discussed 
here: the Tone River (the largest basin area in Japan), the Rhine River in Europe, the 
Mississippi River in the United States, and the Mekong River in Asia. Although the Tone 
and the Mississippi Rivers are not international rivers, the land use in the Tone has 
similarities with the Mekong River basin in that rice cultivation is one of the main 
activities in agriculture, while the Mississippi is an inter-state river which has a watershed 
area four times as large as the Mekong River basin. 

 



2. HISTORY OF TECHNOLOGY DEVELOPMENT 

2.1 History of Flood Management in the World 
The changes in water management technology in modern times are almost the same in 
Japan, Europe and the United States. Consider the case of the Tone River, the largest river 
in Japan, as an example. Here, the technologies of flood protection, water use and land use 
can be divided into two time periods, i.e. before and after the time of 400 years ago. In the 
earlier era, the strategy was to leave the river meandering, to promote the use of small 
embankments and to aim at keeping the excess flood water in the area, while in the later, 
it was based on the separation of irrigation (water use) and drainage channels, and a shift 
from low-flow works to flood protection works by developing continuous and high levees 
or embankments in place of discontinuous ones. This approach was also applied to other 
rivers throughout Japan. In addition, during the Meiji Era (starting about 100 years ago), 
flood protection technology was based on this continuous levee construction and the 
Japanese government introduced new civil engineering technologies by inviting Dutch 
engineers. The construction of large dams as flood protection measures started some 70 
years ago. 

2.2 Technology Development for Water Use in Low-lying Agricultural Area 
Water use (irrigation and drainage) facilities have been developed in order to solve the 
problem of poorly drained paddies and to provide multi-purpose fields (paddy and dry 
crop cultivation) in Japan. The system of using canals for the dual purpose of irrigation 
and drainage was started in agricultural lands in olden times, while the separation of these 
roles in canals has been intensively introduced since 100 years ago. In particular, for the 
improvement of drainage facilities, measures to minimize the damage caused by rainfall 
of a return period of 10 years or less have been adopted. In low-lying areas, pump 
drainage systems were introduced, and the method of draining water gathering through 
canals from the whole basin at the downstream end alone (joint drainage system) was 
intensively introduced. As a result, the low-lying areas which used to be poorly drained 
paddies became good agricultural lands with higher farming efficiency and it became 
possible to convert from paddies to dry fields. In addition, for the agricultural areas which 
have been urbanized, the standards of drainage facilities have been improved to withstand 
rainfall of 20- to 30-year return period to protect residents against floods. 

2.3 Multifunctional Roles of Agricultural Lands 
In the past, agricultural lands were regarded as only having the role of food production, 
but are now considered to have several functions, such as flood protection, fostering of 
water resources, purification of water quality, prevention of soil erosion, prevention of 
land slides, mitigation of agricultural chemicals, ecological preservation, microclimate 
modification, preservation of landscape and so on. However, these functions have 
conventionally been expressed only qualitatively and have not necessarily been proven. 
Recently, some studies to examine these issues have started.  

Retention (storage) capacity of water in agricultural lands can be considered from two 
angles: 1) change of runoff amount due to the change of land use and change of storage 
amount due to the change of hydrograph shape, and 2) storage capacity of flooded water 
in agricultural lands as a retarding pond. These two factors have impacts on the function 
of flood protection.  

The first factor will cause a sharpening of the runoff hydrograph, thus causing an 
increase in the peak runoff and a decrease in the storage capacity. That is, it is explained 
as the difference of retention capacity and the change of runoff hydrograph shape. As for 
the second factor, the agricultural area has a retention capacity (including potential 
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capacity) acting as a buffer to store flood waters in the basin like a retarding pond. This 
function is typically found in low-lying paddy areas such as paddies commonly found in 
Japan, Cambodia, Vietnam and other countries. 

3. STATUS QUO OF WATERSHED MANAGEMENT IN INTERNATIONAL 
RIVERS 

3.1 Flood Management 
1) Low-lying Areas 
Urbanization has been progressing in and around large cities, including low-lying areas 
where flood risk is high. In addition, rotation of paddy and other crops has been promoted 
in such areas to maximize the use of agricultural lands. These changes in land use affect 
runoff processes and require drainage systems and management technology to be 
improved. In order to mitigate this risk, it is important to plan a comprehensive drainage 
system. 

The problems of flood protection in low-lying areas can be examined by citing the 
example of the Ogura River basin in Japan. Although the drainage area of this basin is 
only 52 km2, the situation is representative of the Tone River basin or even of 
international rivers. This is a basin where urbanization is advancing rapidly (extent of 
urbanization: 3% in 1955 to 45% in 1983), and this basin was attacked by a heavy rainfall 
event  in 1986 (50-year return period for 24 hours and 100-year return period for 48 
hours). Such heavy rainfall caused serious flooding of residential areas, and severe 
inundation damage to low-lying agricultural lands (Fig. 1). In order to examine the effect 
of urbanization, a simulation is carried out taking into consideration the change in land 
use and the drainage capacity during floods. From the simulation, Fig. 2 shows the 
comparison of water level at the lowest elevation point in the basin and it is clear that the 
maximum water level increased and flood risk became remarkably larger as a result the 
change in land use over 20 years. 

 

 
 

Fig. 1  Outline of the Ogura River basin and area        Fig. 2  Change of water level hydrograph due to 
flooded by heavy rainfall in 1986                        change of land use 

 
The basin has a unique drainage system composed of three main drainage sub-basins 

through which water is drained separately. Excessive water above the capacity of the 
drainage canals in the upper and middle elevation areas will overflow into the lower area 
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that is reserved as paddies. Table 1 shows the water balance based on the model 
simulation described in the earlier paragraph. From the table, it can be seen that water 
flowing into the lower sub-basin from the middle and higher sub-basins accounts for an 
equivalent rainfall depth of 280 mm converted to area of the reclaimed agricultural lands 
(10km2). It is thus obvious that the lower-lying agricultural land acted as a buffer to store 
flood water during a heavy rainfall. 
2) Hilly Rural Areas 
Paddies in hilly rural areas can have beneficial effects on the environment and many 
variable functions, such as flood prevention and the fostering of water resources, provided 
that they are appropriately used and managed by farmers. However, as the effects of 
abandoned farmlands on runoff are still unknown, the changes of runoff characteristics 
due to the abandonment of rice cultivation in hilly areas were examined, based on the 
observed runoff and soil sample data in both cultivated and abandoned paddy fields. As 
can be seen in Fig. 3, the runoff ratio and runoff peaks show an increase for all runoff 
events after abandonment. Conversion to specific runoff of the peak in the abandoned and 
cultivated plots in 1993 gives 2.7 m3/s/km2 and 1.1 m3/s/km2, respectively. This difference 
(1.6 m3/s/km2) between the two plots is roughly equivalent to the pump drainage capacity 
in low-lying areas (approx. 1.0 m3/s/km2) of Japan. 

 
(a) An example in 1993                           (b) An example in 1993 

Fig. 3  Comparison of runoff from abandoned and cultivated paddies 

Table 1  Areal water balance using a simulation model 

 

3.2 Low-flow Management 
Examples in which paddies continue functioning under a secured supply of irrigation 
water and flood protection measures are found in the Mekong River basin (drainage area: 
790,000km2, river length: 4,400km). The discharge of the Mekong River is still 
unregulated, so the difference of water level between dry and wet seasons is more than 7 
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meter at Tonle Sap Lake. By utilizing this hydrological characteristic, there are two ways 
to use flood water from the rainy season as irrigation water during the dry season. 

The first method is water storage in Tonle Sap Lake and flood storage by flood 
protection dikes (small reservoirs) to the north of Phnom Penh (Fig. 4). During the rainy 
season, the water level in the main stream of the Mekong River rises higher than that of 
Tonle Sap Lake, and reverse flow from the river to the lake occurs. Paddies are located in 
the flooded areas and rice cultivation starts after the flood water recedes, so floods and 
agriculture are closely interrelated. Next, two dikes were built to protect Phnom Penh 
from the floods, resulting in two reservoirs forming in paddy areas with an average water 
depth of 1.5 m. Through gate operations on the dikes, irrigation water is led to the 
downstream areas, thus enabling double cropping in the downstream area and single 
cropping in the reservoir area. Hence, the paddy fields have dual functions of protecting 
the urban area from floods and also supplying irrigation water.  
 

 
Fig. 4  Outline of Tonle Sap Lake and its vicinities       Fig. 5  Location of Colmatage in the Mekong  

                                              and Bassac Rivers 

The second method is the utilization of warp soil dressing by Colmatage. Colmatage, 
which is based on French technology, is a facility to digging out a natural levee and 
leading water from the Mekong and Bassac Rivers into areas behind the levees as the 
water levels in the rivers increase. Part of the water stored through Colmatage during the 
flood season remains in the area even after the water levels in both rivers decrease, and 
this water is used during the dry season (see Fig. 5). 

In some respects, the flood protection technology used in the Mekong River basin is 
lagging that used in advanced nations where areas are separated and protected from flood 
damage. However, from the viewpoint of watershed management, not only do the 
agricultural lands provide a flood regulation function by acting as a retarding basin (pond), 
but also the rational supply of water resources is achieved by utilizing the natural 
hydrologic conditions. 

4. BASIN-WIDE WATER RESOURCES MANAGEMENT AND ROLES OF LAND 
USE 

4.1 Importance of Basin-wide Water Management and the Role of Agricultural Lands 
In recent years, in order to solve various problems of water resources including floods, 
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analyses have been carried out on a basin-wide scale, based on regional characteristics of 
morphology, geology, land use and so on. In the past, many measures were taken for flood 
control, storage and regulation of excessive water utilizing dams and quick drainage 
through improved rivers, but such measures were planned individually. Now, flood 
control works take into consideration water circulation at basin-wide level, thus 
combining flood control measures with measures in drainage areas. In particular, although 
the focus of water management in the past was to strengthen individual measures such as 
collecting and draining water quickly, now such measures are used in combination with 
measures in watershed areas such as runoff management from source area with different 
land use, water management of agricultural lands, circulation of irrigated water and so on. 

4.2 Change of Water Management in International River Basins 
This section gives an overview of the change of water management. 
1) Floodplain Management of the Mississippi River in the United States 

In the Mississippi River basin which has an area of 3220,000 km2 and a length of 3,800 
km, only 1.3% of the whole area is urbanized; the rest is mainly composed of agricultural 
lands. The worst flood on record occurred in the upper Mississippi River due to the 
heaviest rainfall in history from April to July in 1993 (Fig. 6) even though various flood 
protection measures such as constructing levees and dams have been carried out there. 
This flood, estimated as the largest last century, forced people to recognize the limitation 
of relying only on structural measures, and to reconsider floodplain management by 
incorporating non-structural measures such as land use control, flood insurance, urgent 
measures against disasters. Furthermore, projects to restore flooded areas into wetlands 
began as one of the flood protection measures. In such projects, wetlands are expected to 
provide several functions, such as reducing water level by storing flooded water, reducing 
the flood peak, increasing ground water, improving water quality, preserving ecology 
(mainly reeds) and so on. Related research projects have been started which will examine 
useful functions of wetlands in the same way as those of agricultural lands mentioned 
above. 

 
Fig. 6  Location of major floods in the United States 

2) Floodplain Management of the Rhine River in Europe 
The Rhine River basin has a drainage area of 184,000 km2 (one quarter of the Mekong 

River basin) spanning nine countries. In the upper Rhine River, many floodplains 
disappeared due to the straightening of the river channel (Fig. 7 and Fig. 8), so the flood 
traveling time was shortened and the amount of flood discharge increased. In 1993 and 
1995, extreme floods occurred during winter and the basin suffered great damage. As a 
consequence, the objective of flood protection measures was shifted from controlling 
floods to restoring floodplains, and efforts to naturalize rivers and construct retarding 
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basins (13 points in the Upper Rhine area) were accelerated. The objective constructing 
retarding basins is to restore wetlands and preserve the ecology of floodplains. Therefore, 
water use for conserving plants and insects is introduced. In addition, some retarding 
basins are used as agricultural lands. In those places, trials are underway to support the 
introduction of floods into the area by converting from intensive to extensive farming, and 
utilizing a compensation system for the decrease in crop production due to the floods of 2- 
to 3-year return period. 

 
Fig. 7  Improvement of channels and the straightening    Fig. 8  Decrease ratio of retarding basins in the  

of the river in the Upper Rhine Rive                     Upper Rhine River 
 

On the other hand, flood management in the Netherlands at the lower Rhine River is 
peculiar due to the difference of topographical and hydrologic environment. During the 
flood of 1995, the levees of the area surrounded by the Waar and Maas Rivers were nearly 
breached, and more than 200,000 people, more than 1 million heads of domestic animals, 
and 1,500,000 heads of poultry were evacuated. It should be noted that although land use 
of this area is mainly agriculture, the cost of evacuation was compensated by the state and 
the government. This is an example where a flood prevention measure in agricultural 
lands was considered together with urban areas at the basin level. 

4.3 Usage of Multi-functional Roles of Wetlands and Agricultural Lands 
1) Usage of Multi-functional Roles as Basin-wide Management 

As was shown in the cases of the Mississippi and Rhine Rivers, the method of flood 
control through collecting and draining the water quickly has its limit and therefore new 
methods considering flood storage have been introduced. From a basin-wide water 
management viewpoint, agricultural lands in low-lying areas contribute by reducing the 
risk of flooding in downstream areas where urbanization is spreading, and a method to 
evaluate its function as a macro-indicator in relation to drainage and storage capacities is 
proposed. The flood storage function of paddies is illustrated in the following examples. 

i) Sub-basins with agricultural land use are designed to have a drainage capacity 
against events of a 10-year return period or less while large rivers to which they connect 
are designed to have a capacity against events of a 100-year return period. Thus, as 
sub-basins are not able to drain the water of inflow/outflow for the events above 10-year 
events, the excess water is forced to be stored in channels and/or paddies within the 
sub-basins. Therefore, agricultural lands including channels and paddies serve to store 
flood water for the connecting large rivers, and consequently help reduce flood risk in the 
lower reaches of the river basin. 

ii) When big floods above the designed capacity occur in a large river system, the 
runoff amount in excess of the channel capacity goes into storage in areas flooded through 
bank overflows or breaches of levees. Most of land in such flooded areas is agriculture. 
This situation occurred in the disastrous floods in the Mississippi, Rhine and Tone Rivers; 
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in such cases, the storage of flooded water in agricultural lands prevented or reduced 
flooding of urban area in the lower reaches of the basins. 

From the above examples, a river system in which there is a difference between the 
improvement standards of facilities (including levees) of agricultural areas (10- to 30-year 
return period) and of the main river (100-year return period) is useful from the viewpoint 
of basin-wide management. As mentioned previously, the flood control measures in the 
Mekong River basin appear to be backward compared with present-day technology which 
encourages the construction of dams and the improvement of levees. However, this 
seemingly backward measure will increasingly set the trend for watershed management in 
the 21st century. 
2) Technical Problems to be Solved 

In order to utilize the function of preventing flooding by agricultural lands, the 
following technical problems must be solved: 

a) Watershed management 
In estimating the relationship between storage capacity of agricultural lands and 

discharge capacity of the river facilities, various kinds of hyetograph and hydrograph 
shapes have to be analyzed, each having its own probability distribution. The shape to be 
used is the one where the function of flood prevention is closest to the real phenomena. In 
addition, the storage capacity of the area has its own spatial distribution, so the sum of all 
point values must be incorporated into an areal value. For this analysis, precise elevation 
data is required and the database can be improved by using electronic devices. 

b) Evaluation method 
To evaluate the relationship between storage capacity and river drainage capacity, 

design rainfalls are frequently used. However, for the analysis of multi-functional roles, it 
is more useful to have a long series of continuous rainfall generated by the Monte Carlo 
method instead of design rainfalls. The use of a runoff model, which can analyze floods 
and low-flow continuously, would be an effective tool by inputting a series of observed 
rainfall events into the model. 

5. CONCLUSIONS 
In this paper, the change of water management methods in international rivers was 
explained using several examples. In addition, the historical and future directions of water 
management against floods were discussed and the functions of paddy areas were 
evaluated from the viewpoint of flood retention and mitigation in neighboring urban areas 
and its application to watershed management. The main points discussed can be 
summarized as follows. 

First, it is important to evaluate holistically the multi-functional roles of agricultural 
lands, especially the use of low-lying paddy areas for flood prevention. This function must 
be evaluated as a potential value of paddy areas that can be utilized for watershed 
management. 

Second, methods of flood control and floodplain management in the 21st century are in 
fact not new, but have been used in the past as can be seen from historical records. That is, 
flood management methods of collecting water and draining it quickly by utilizing dams 
and levees have shifted to watershed management utilizing a combination of flood and 
water use. This is in fact similar to the drainage management in the Netherlands and the 
effective combination of floods and irrigation in the lower Mekong River.   
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Abstract: A flood emergency response system for flood detention areas has been described in this 
paper. It can be used to quickly simulate flood under some specific event and to show corresponding 
consequence on GIS. The system is applicable not only at the planning stage for flood control, but 
also in emergent situation when some flood events suddenly occur, such as dyke failure, gate failure 
etc. As a windows software on GIS system, it was first applied to Kangshan flood detention area in 
Jiangxi Province. 

 

    
Keywords: flood detention area, emergency response system, flood simulation 

1. INTRODUCTION 

In China, flood disasters frequently occur over extensive areas, causing serious adverse 
impacts on the national social and economic development. China has about one million 
km2 of land areas lying below the flood water levels in flood season. In the whole country, 
more than 70% of the fixed assets, nearly 50% of the population, one third of the 
cultivated land, more than 600 cities, many major railway lines and highways, oilfields 
and industrial and mining enterprises are subject to the threat of flood disasters. The flood 
detention area, as an unusual measure to protect important objects or cities during huge 
destructive flood, has played an important role in flood fighting. As there are more than 
17 million residents living in the planned detention areas at present in China and more 
properties accumulated in these regions, great damage might be caused when flood 
diversion measure is adopted to the areas. So, it is urgent to deal with various situation, 
when the flood discharging into the flood detention area through gates or sudden levee 
breaking as well as some unexpected structure failures. The flood emergency response 
system, which combines geographic information system (GIS), flood simulation modeling 
system and flood risk analysis system might server as a powerful tool to provide technical 
support for decision-making, when the flood detention area is planed to be used. Based on 
the flood emergency response system for flood detention areas, one could simulate 
complex flood inundating behavior under various conditions, cautiously planed or 
urgently determined, expected or unexpected, such as levee broke somewhere or gate 
failure occured to some extent. During the simulation stage, all model conditions can be 
easily changed or modified on the screen map, the consequent results can be visualized as 
flood routing map combined map with other selected geography information on GIS. All 
kinds of information, flood diversion and advancing, flood stage and velocity, dike 
situation and probable failure, flood affected areas and population and as well as other 
geographic distribution of social-economic information, can be visualized or obtained 



 

easily from the screen map made on GIS system. Through analyses on relevant flood risk 
information, lots of flood control measures and preparatory schemes can be compared and 
selected for decision officer to put into practice. 

2. DEVELOPMENT OF THE FLOOD EMERGENCY RESPONSE SYSTEM  

2.1 Outline of the System  
The flood emergency response system for flood detention area consists of three main parts 
(Fig.1): flood information management sub-system, emergency flood simulation 
sub-system and database support sub-system. The flood control measures and preparatory 
schemes editor and flood numerical simulation model are two key applications in the 
system. Various kind of information can be visualized on GIS.  
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Fig. 1 The system sketch  

The flood risk map, which is based on typical plans of flood diversion and sudden flood 
event, can provide strong decision basis for the utilization of the Flood Detention Area. 
Furthermore, the others factors, such as the floodwater reaching time, the inundated zone, 
water depth, flow velocity, the social-economic damages of inundated zone and the 
evacuation routes for residents are considered in the flood risk map at the same time. So, 
the system, whose main functions are show as Fig. 2, not only has the function of GIS, but 
also displays the salient elements of flood. 

2.2 Development of the Flood Emergency Response System 
The technique of the combination of flood numerical simulation, VB compiler (Microsoft 
Visual Basic language) and GIS developer, called Integrating re-creation method (Li 
Chong et al., 2000), has been introduced into the system in this paper. In the application, 
OLE AUTOMATION method was adopted. The performing program was developed by 
VB 6.0, moreover GIS commercial software MapInfo was started up via OLE 
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AUTOMATION method. So, the software system, which is shown in Fig. 3, shows the 
digital map with most of GIS functions, such as zoom in, zoom out, grabber, query, 
modify and map layers management. Furthermore, flood risk MapInfo hot-map, based on 
the flood simulation was made and added into base spatial maps easily. The combination 
of flood risk hot-map and base spatial maps was called flood risk map in China 
(OSFCH,1997), which can provide useful visually information to decision-making in 
flood prevention. 
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Fig. 2  Main functions of the system 

 

Fig. 3  Main window of the system  
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2.2.1 Flood Control and Preparatory Measures Editor  

 

Fig. 4  Sketch of the flood control and preparatory measures editor  

It is difficult to input mass data for numerical simulation model, especially during the 
simulation stage, all model conditions, such as levee collapse, pumps work or temporary 
levee against flood etc, be changed suddenly. If a software can support the corresponding 
relation between data features and its geographical feature for any objects on map style, 
all things are easy. Various flood control and preparatory schemes can be provided in one 
hour or shorter time for sudden flood events. The useful basis on flood prevention can be 
supported to decision-making in time. 

As windows software, flood control and preparatory measures editor was developed to 
smooth above problem (Fig. 4). Based on the map of object zone, various objects, such as 
dikes, gates, weirs, railroad, bridges etc, can be added or modified easily on map style, the 
corresponding data features shown as charts or sheets, where the features data were input 
(Fig. 4). In general, most of model condition parameters were set as default value in the 
application, special parameters, such as locations of levee break, bridges, culverts, dikes, 
highway, topography, water level and rainfall etc, be set or modified by user on map style. 
So, it is easy to make various flood-fighting schemes according to the real-time change of 
flood situation.  

A two-dimensional unsteady-flow model, which based on the finite-volume method 
with nonstructural and irregular grid techniques to reflect the impacts of complex 
topography and engineering, was the core of the system. The model had been applied in 
the key study project of flood risk map making research supported by the Office of State 
Flood Control and Drought Relief Headquarters of China (OSFCH). In the nonstructural 
and irregular grid model, the water elevation is calculated on mesh center, and discharges 
are calculated through each cell interface, while the meshes can be triangle, 4-sides or 
5-sides. The effects of water sluices, pump stations, culverts, bridges, weirs, as well as 
density of buildings, were considered in the models. The blocking structures such as dikes 
or levees can be designed on the links with their actual direction. All grid cells can be 
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simplified into the river-type or land-type mesh, the method makes simplified topography 
approach to the real situation. 
2.2.2 Flood Simulation Sub-system 

 

 
Fig. 5  Sketch of the flood simulation software 

 
There are 2277 cells in the mesh. The governing equations of 2D unsteady flow are 

adopted as follows: 
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As well as other formulations such as wide weir formulation for discharge 

   2i q mQ gλ λ z z= ⋅ ⋅ ∆ ⋅ ∆               (3) 

where, t is time(s), S∆ is the polyline length linked two centers of neighbouring cells 
through the center of their common border (m), g is the acceleration due to gravity ( ), 
n is the coefficient of roughness,  are discharge ( ) and velocity ( ) in 
i_th common border around irregular cells respectively, 

2/ sm
/m s,   iQ u i

z

2 /m s
,  cz∆ ∆  are the water level 

change (m) in the cell and water level difference (m) between two neighbouring cells 
respectively, cA  is the area ( ) of the irregular cell, 2m ,n iL  is the i_th common border in 
vector form (m), the direction of which is normal to the common border and the value is 
the border length,  is water level change rate in the cell due to rainfall, evaporation 
leakage or pumping, 

cr
,   q mλ λ  are discharge coefficients for free outflow and submerged 

outflow respectively.  
Based on the above assumptions, the flood simulation software has been developed on 
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the platform of WINDOWS (Fig. 5). When it’s running, various kinds of flood control 
schemes and flood conditions, preparedly or emergently made, can be easily input or 
output. One can choose one of simulation processes or one of displaying modes. As 
simulation goes on, water depth or velocity distribution in inundation areas can be viewed 
on the screen, and flood information at any specific place also can be showed in drawings 
or figures, what one should do is to click the mouse down on that place. The flood 
simulation also can be interrupted or canceled, and the related results at that time can be 
revised or modified according to real-time measurements .The revised or modified data 
can also be input as initial conditions to continue the last simulation.  

3. APPLICATION OF THE FLOOD EMERGENCY RESPONSE SYSTEM – CASE 
STUDY ON KANGSHAN FLOOD DETENTION AREA IN JIANGXI 
PROVINCE 

3.1 Introduction of the Kangshan Flood Detention Area 
The Kangshan Flood Detention Area locates in the south of Jiangxi Province connected to 
the Poyang Lake in the middle beach of Yangtze River. Its total area is 450 km2, with 
effective flood regulation capacity of 1.57 billion m3. The main functions of the detention 
area is to reduce water level in Poyang Lake through flood diversion by man made 
explosive to the protection dyke. 

The Kangshan Flood Detention Area is the largest flood regulation field in Poyang Lake 
Zone. When water level in Hukou gage station reaches up to 20.62 m, the flood will be 
diverted into it. The water level of Poyang Lake is estimated to reduce about 60~70 cm, 
and thus to mitigate flood impact on JingGuang railroad. 

The flood diversion inlet is to be made on the north levee by man made explosive 
demolition, because that there are always uncertain factors for levee break such as 
location and openning length, especially for big flood, and that there are also lots of 
interior dikes in the flood detention zone, which will be caused to be broken in unexpected 
manner, so the inundation conditions are very complex. As a consequence, its necessary to 
adjust the flood fighting schemes for the Kangshan Flood Detention Area during its 
utilization. 

3.2 The Flood Emergency Response System 
It is a main aim to lay out strong basis for whether or not to use and how to use flood 
detention area against emergency flood in the system. In the application, the sudden flood 
events, such as levee break, can be simulated as map style in measures editor, and visually 
input correlative features, such as location, width etc. Then, the inundation process display 
visually, the total inflow discharge through the break inlet can be got directly. Compared 
flood simulation results of various flood-fighting schemes, some appropriate schemes 
were be adopted from those schemes for flood prevention.     

The flood simulation sub-system may be regard as a continual dynamic flood risk map 
creator. With the decision official experience, they can watch the various continual flood 
risk map, then find out appropriate scheme, for all spatial information, such as the flood 
routing, hydraulic facilities and measures, social-economic figures etc, can easily and 
effectively be browsed, queried, classified, listed and printed in the system. 

4. CONCLUSIONS 

Flood risk map, which indicates the flood characters, geographic features, hydraulic 
projects, facilities and social-economic information, plays important role in modern flood 
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control and decision-support system. Through combination with the GIS and hydraulic 
numerical models, the flood routing could be simulated and visually displayed, and 
geographical related to the basic map. Such kind of flood risk map can lie out strong basis 
for whether or not use and how to use Flood Detention Area, and how to assess flood 
hazard, and so on. 

The flood emergency response system, can simulate complex inundation flow under 
various conditions, cautiously planed or urgently determined, expected or unexpected, 
such as levee broke somewhere or gate failure occured to some extension. The flood flow 
route express visually as flood risk map combined flood information with geography 
information on GIS. All information of flood can be get easily from the risk map made 
from the system software. Through analyses the flood risk information, lots of useful 
flood control schemes be supported to decision officer as soon as possible. 
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Abstract: In order to overcome the problems of irrationality of object function and unsatisfied with 
Markovian characteristic which exist in traditional dynamic planning model of flood control system 
running jointly. A multidimensional dynamic programming model has been established in this paper 
according to the real character of flood control system. In the model, when a decision-making is 
made at flood control point sometime, the decision-making variables involve the decision-making 
information at each previous related moment because of existing flood spread time between the 
reservoir and a control point downstream. At last, taking the Three Gorges as example, utilizing 
Progressive Optimality Algorithm to serially solve this model and decision, we can effectively 
acquire the optimum strategy of operating a flood process. based on the comparing calculation with 
the traditional one dimension dynamic programming model, the feasibility and effectiveness of the 
model in this paper is further verified. 
 
Keywords: flood control system, operation, Markovian characteristic, multidimensional dynamic 

programming  
 
1. INTRODUCTION 
Multiple use reservoir flood control system is a practical engineering system constructed 
for flood control. In order to realize the optimum operation and management of the system 
and reduce flood damage, such important works as taking full advantage of the existing 
engineering establishment, using scientifically and developing flood control operation 
theory and method must be done. Since 1970’s, the study of optimal operation of the flood 
control system has made great strides (Hu, 1988; Huang, 1995; Wang, 1985; Wasimi, 
1983). However, there still exists discrepancy between the study and practice of water 
resources system analysis. The main problem is that reservoir flood control regulation 
system is a complex decision-making system and the multi-stage, multi-state and 
uncertain factors of the system constitute the difficulty in the solution of the problem. In 
many cases, simplified description of the problems tends to cause the distortion of the real 
situation. Consequently, the solution reached is not the genuine optimal solution in 
practical sense. In order to increase the fidelity of the model, the paper proposes a 
multi-dimensional dynamic programming model with an aim to the rationality and easy 
operation of objective function and elimination of the effect related to system history. 
Operation theory and method of flood control system developed systematically have the 
important theory significance and broad application prospect. 
 
2. BASIS FOR THE MODELING  
Markovian characteristic must be taken into account when dynamic planning is employed 
in flood control regulation modeling. That is to say, after the Markovian characteristic has 
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been dealt with, dynamic planning is employed to describe the whole process of 
regulating the flood by the flood control system. Assume the whole process is divided into 
NN-1 periods (NN indicates the whole duration of a flood), n=1, 2,······, NN-1 indicates the 
sequential number of time periods, each period is t∆  second, let t∆ =τ , τ is the time 
by which the flood flows through each river section. The basic structure of 
multi-dimensional dynamic planning model is as follows: assume that the flood-control 
system is made up of a reservoir, dykes and flood diversion area which have the capacity 
of flood regulation; and the river channel between the reservoir and a control point 
downstream is divided into (M-1) sections (M is the number of the last cross section), and 
the sequential number of each river section is the same as the initial number of the cross 
section of the river channel. 

The water volume of flood diversion W (n, M) at the control point (that is at M section) 
at the moment of n is derived from the Qn-M+1 (reservoir discharge) in period (n-M+1); at 
the moment the flood discharge from section M-1 is derived from Qn-m+2 in period 
(n-M+2); similarly the discharge from Section 3, Section 2 and Section 1 are derived from 
the reservoir discharge Qn-3, Qn-2 and Qn-1 in period n-3, n-2 and n-1 respectively. Therefore, 
when a decision-making is made at control point at the moment of n, the decision-making 
variables involve the decision-making information at each previous related moment, 
which can be expressed as , and the corresponding state 
variable( reservoir storage) as . 

),...,,( 121
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The reservoir storage at different moments is divided into K state points, totally KM  
storage combinations. For each storage combination, Wn  the water volume of  flood 
diversion at the control point at the moment of n is worked out, and KM different Wns are 
worked out at the moment of n. The one-dimensional dynamic planning model loses KM-K 
state points at the moment of n, that is to say that (KM-K) /KM % information is lost. If 
K=10, M=4, the lost information will reach 99.9%. 

Similarly, at the moment of n+1, the decision-making variable and state variable are 
respectively: Qn+1

*=( Qn-M+2, Qn-m+3 , ···, Qn), Vn+1
*=(Vn-M+2, Vn-M+3, ···, Vn+1).  

KM storage combinations corresponding to KM different Wns at the moment of n are 
regarded as the discrete state at n, and KM storage combinations corresponding to KM 

different Wn+1s at the moment of (n+1) are regarded as the discrete state at (n+1), as 
shown in Fig. 1. 
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Fig. 1  Discrete state figure of storage 

 
In this way, according to the rules of flood control operation, solution for each period 

can work out the optimal storage combination satisfying the constraints. 
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It should be noticed that in the solution by this model, the initial moment for 
decision-making should be M.  The reason is that only at the moment of M can the flood 
discharge from the reservoir leased at the initial regulation moment reach the last section 
of the river channel. 
 
3. MATHEMATICAL MODEL 

3.1 The Definition of Variables  
The stage variable of multi-stage sequence is defined as period variable during flood 
process, expressed as n= M, M+1, ···, NN-1. Let the initial number of each period be the 
same as the stage sequential number and the final number of each period be n+1. The 
decision-making variable in the dynamic planning is Qn

*, the average release from the 
reservoir in period n; state variable is V*

n+1,, the final reservoir storage in period n; the 
flood flow at the downstream section:   where i is river 
channel section, i=1, 2, ···, M. 
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3.2 Objective Function 
Objective functions should be determined flexibly in accordance with the tasks of the 
flood control system, the system makeup and its features and characteristics of the basin 
and floods. Flood control system is a big complicated system. The aim of the optimal 
management of the system is to make full use of the reservoir flood storage capacity and 
its other flood control measures, and alleviate possibly or avoid flood losses in the areas 
downstream. To achieve the aim, the objective function selected is to minimize the 
expected flood losses in flood diversion areas and at the same time make the least use of 
the flood storage capacity (Ji: 1994). The function is expressed as  
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y(n-1) , y(n) indicate the initial and final flood diversion flow at the control point in period 
(n-1) respectively; M the total number of reaches; NN is the total flood duration(in terms 
of H);  is the period length (in terms of H); V(n) the final storage in period (n-1) (in 
terms of m

t∆
3) ; b is the penalty coefficient, which has an effect on the objective function.  

3.3 Constraints 
(1) The maximum flood discharge constraint of the reservoir discharge facilities: 

*
minG ≤

*
nQ ≤ ( )*

nVG  （∀ n）                         (2) 

where G*
min is the basic flow of the reservoir comprehensive utility,  G(V*

n) is the 
maximum flood discharge of the reservoir. 

(2) Constraint of reservoir storage: 

 Vn
*
≤ maxV    （∀ n）                           (3) 

where Vmax is the maximum flood storage of the reservoir.      
(3) Flow constraint at the flood control point 

mnQ , ≤
MQmax                                     (4) 

where QM
max  is the safe discharge at the flood control point. 
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3.3 State Transformation Equation  
The multi-dimensional dynamic programming model contains M state variables, and there 
must be M corresponding state transformation equations. 

(1) The continuity equation 

  V                      (5) tQtqqV nnnnn ∆⋅−∆⋅+=− ++
**

1
***

1 2/)(

where  , V  , and Q  are the initial flood inflow combination, intial storage volume 

combination and average release of the reservoir in period n .  and V  are the 
final flood inflow combination, final storage combination of the reservoir in period n. 
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(2) River outflow state transformation equation  flood routing rules in the river 
channel is expressed by Saint-Venant equation group, and its solution is worked out by 
double scanning on computer with implicit Preissmann method. (Mohanmodern K:1987).  
 
4. CASE STUDY 

Since the above-discussed model is of multi-dimensional decision-making, multi-state 
variable single objective dynamic programming model, POV (Zhang: 1988) method is 
employed to work out the solution. POV method is effective in dealing with 
multi-dimensional problems. The following is a case study of the model in the flood 
control system of the Three Gorges Water Control Project. According to the operation rule 
of the reservoir and flood release at Zhijiang control point,  optimal operation of the 
flood control system is calculated within 1.0 ≤ b ≤1000 (b is penalty coefficient) in the 
case of 100-year-frequency flood. The flood duration is 15d, divided into 14 periods,  
= 86,400s. The river channel between the reservoir and Zhijiang control point is divided 
into 4 sections, the time of flood spreading in each section is about 24h. 

∆t

Table 1 lists the calculation results of flood regulation with multi-dimensional dynamic 
planning model when the flood control level is 149m for 100-year-frequency floods; a 
paralleled calculation is done with a one-dimensional dynamic planning model to test the 
feasibility and effectiveness of the model proposed. The results are shown in Table 2. 

The comparison of Table 1 and Table 2 shows that the flood regulation scheme by the 
multi-dimensional dynamic planning model is obviously superior to that by the 
one-dimensional dynamic planning model in the following respects: 

 
Table 1  The calculation results of flood regulation for 100-year-frequency floods(multi-dimensional model) 

Period 
(d) 

1.0% 
flood 
inflow 
(m3/s) 

TG reservoir 
elevation in 
final period 

(m) 

TG reservoir 
release 
(m3/s) 

GeZhouBa 
reservoir 
release 
(m3/s) 

Control 
point 

outflow 
(m3/s) 

Water volume
of flood 

diversion 
(108m3) 

TG reservoir 
storage volume in 

final period 
(108m3) 

1 48048.00 151.68 30000.00 / / / 15.59 
2 52598.00 154.77 30000.00 28670.15 / / 35.12 
3 58517.00 158.48 30000.00 28677.92 / / 59.76 
4 60250.00 161.95 29783.20 28532.35 29845.26 0.00 86.08 
5 62163.20 165.35 29849.59 28533.53 29811.49 0.00 113.96 
6 69853.20 168.00 44702.79 44225.23 43488.68 0.00 135.69 
7 79159.00 170.35 56207.54 56221.36 54256.22 0.00 155.52 
8 83194.00 172.70 56539.04 56941.16 55109.64 0.00 178.55 
9 74750.00 174.30 56601.78 56077.57 56372.30 0.00 194.23 
10 64400.00 175.00 56460.21 56008.90 56470.43 0.00 201.09 
11 62895.00 175.00 62895.00 61159.70 61771.71 4.38 201.09 
12 59059.00 175.00 59059.00 60765.82 60241.25 3.06 201.09 
13 52243.00 174.65 56203.99 57296.88 57822.88 0.97 197.66 
14 46228.00 174.15 51899.30 53498.81 54214.28 0.00 192.76 
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Table 2  The calculation results of flood regulation for 100-year-frequency floods(one-dimensional model) 
Period 

(d) 
1.0% 
flood 
inflow 
(m3/s) 

TG reservoir 
elevation in 
final period 

(m) 

TG reservoir 
release 
(m3/s) 

GeZhouBa 
reservoir 
release 
(m3/s) 

Control point 
outflow 
(m3/s) 

Water volume 
of flood 

diversion 
(108m3) 

TG reservoir 
storage volume 
in final period 

(108m3) 
1 48048.00 151.68 30000.00 / / / 15.59 
2 52598.00 154.77 30000.00 30677.92 / / 35.12 
3 58517.00 158.48 30000.00 29532.35 / / 59.76 
4 60250.00 162.06 28702.09 28874.21 29065.32 0.00 86.98 
5 62163.20 165.58 28828.41 28605.85 28578.44 0.00 115.85 
6 69853.20 168.33 43622.91 43729.64 43835.79 0.00 138.40 
7 79159.00 170.76 55444.61 55623.42 55979.61 0.00 159.54 
8 83194.00 172.89 58507.87 58429.76 57986.47 1.11 180.41 
9 74750.00 174.30 58601.78 58875.36 58021.29 1.14 194.23 

10 64400.00 175.00 64399.20 64263.48 63897.09 6.22 201.09 
11 62895.00 175.00 62895.00 62987.69 62704.56 5.18 201.09 
12 59059.00 175.00 59059.00 58947.37 57485.21 0.68 201.09 
13 52243.00 174.85 52243.17 52497.22 53479.98 0.00 199.62 
14 46228.00 174.38 46228.20 46074.33 46249.78 0.00 195.01 
 

(1) Two problems in the one-dimensional dynamic planning model are overcome. The 
two problems are irrationality of objective function and the effect of state variable 
related to system history. The objective function of the proposed model is to minimize 
the flood diversion loss in the flood protection area and at the same time make the 
possibly least use of the flood storage. Whether there is diversion loss at any period 
during the regulation period, the corresponding optimal policy is always unique; and 
each state variable of the model contains the possible information at each 
corresponding moment, thus eliminating Markovian characteristic. 

(2) More flood-peak discharge is reduced and less total water volume of flood diversion 
is achieved. The scheme by the multi-dimensional dynamic programming model will 
cut down 2125 m3/s more of the flood-peak discharge than the scheme by the 
one-dimensional dynamic programming model, that is 9.92% more of flood-peak 
discharge; Total water volume of flood diversion is reduced by 0.592 billion m3.   

(3) The process of the reservoir flood outflow is smoother. Between period 1 and  period 
7,  the outflow of scheme with considering Markovian characteristic is larger than 
the scheme without considering Markovian characteristic ; between period 8 and 
period 11, the outflow of the former is less than the outflow of the latter and between 
period 11 and  period 12,  the outflow of the former is equal to the outflow of the 
latter ,after period, the outflow of the former is more than the outflow of the latter. 
Which indicates that in the former scheme when the flood inflow is smaller, the 
reservoir discharges the flood as much as possible in order to reserve more room for 
flood control storage capacity, and after flood, the reservoir reduces the flood water 
level as much as possible until the flood control water level in order to retain floods in 
the future. 

All the benefits are obtained through eliminating the effect related to system history, 
that is to say consideration of possible combinations of each storage avoids the loss of 
most information by the one-dimensional dynamic programming model.  
 
5. CONCLUDING REMARKS 

This paper proposes a multi-dimensional dynamic programming model in order to 
improve on the practice in the conventional dynamic programming model: neglecting 
Markovian characteristic. However, some problems call for further study, such as 
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multi-objective coordination in the comprehensive utility of reservoir and real-time flood 
control system operation.  
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Abstract: Throughout Chinese history, floods occur frequently. And in the process of coping with 
floods, a system of flood control has evolved to its present pattern, with structural measures as the 
essential component, and has played an important role in the flood control. After the 1998 floods, 
the central government has adopted and taken a number of policies and measures in the 
consolidation and strengthening of the existing system of flood control. The complementary 
improvement should include compensation for input of flood control, compensation for flood 
damage, and flood insurance.  

Keywords: flood, flood damage, flood control, compensation for input of flood control, 
compensation for flood damage, flood insurance  

1. FLOOD AND FLOOD DAMAGE IN CHINA 

In China, there are more than 50 thousand rivers and their tributaries with a watershed 
area of more than 100 km2, that flow primarily into the Pacific. Population is concentrated 
in the coastal areas and along rivers and their tributaries. For this reason, floods have 
frequently occurred throughout Chinese history. According to statistics, from 206 B.C to 
1949 A.D., there were 1092 occurrences of serious floods. Of the seven major rivers,1 
there were more than 1590 floods in the Yellow River watershed during the 2540 years 
from 602 B.C. to 1938 A.D., 214 floods in the Yangtze River watershed during the 2117 
years from 206 B.C. to 1911 A.D., 258 floods in the Huaihe River watershed during the 
1585 years from 185 B.C. to 1400 A.D., 108 floods in the Haihe River watershed during 
the 480 years from 1470 to 1949, 408 floods in the Pearl River watershed from the Han 
Dynasty (206 B.C. to 220 A.D.) to 1949, 26 times in the Shonghua River watershed 
during the 48 years from 1901 to 1948, and some 40 times in the Liaohe River watershed 
during the 62 years from 1886 to 1948. During the last 50 years or so, there were two 
years of catastrophic floods in the Yangtze River watershed, 14 years in the Huaihe River 
watershed, 9 years in the Haihe River watershed, 10 years in the Pearl River watershed, 22 
years in Shonghua River watershed and 12 years in the Liaohe River watershed (Flood 
Control in China). 
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Flood damage occurs when people live near rivers, ocean coasts and lakes. According 
to archaeologists, the Hemudu Culture (about 7000 years ago) moved because of floods 
(Guangming Daily, August 17, 2000), and the capital of the Shang Dynasty moved five 
times in order to escape from floods (Dengtuo, 1986). During the 110 years from 1840 to 

 
1 The areas, population and farmland within the seven major river watersheds account for 45%, 77% and 80% 
respectively of the total areas, population and farmland in the country (Flood Control in China).  



1949, 149 counties suffered from flood damage every year, on average (Luo, and Li, 
1996). The most serious flood damage happened in the Yangtze and Huaihe watershed in 
1931, which inundated more than 3.3 million hectare of farmland and affected 28 million 
people and caused 150,000 deaths (Li, 1999). 

During the period of 1949-1998, flood disasters in China resulted in 5352 deaths and 
destroyed more than 2.1 million rooms per year, on average (Flood and Drought in China. 
China Water Power Press, 1997; Editor Committee of China Water Resources Yearbook, 
China Water Resources Yearbook (1994-1999);1 China Water Power Press, 1995-2000). 
It is estimated that the loss of flood damage from the 1950s to the early 1990s was over 
1000 billion yuan in 1990 price, accounting for over 40% of the total loss caused by all 
the natural disasters in the same period (Wang, et al., 1999). In the 1990s (1991-2000), the 
deaths and economic loss caused by floods were 3744 and 1262 billion yuan (current price) 
annually, on average, accounting for 68% of both the total loss of life and damages caused 
by all the natural disasters during the same period (Calculation based on China Water 
Resources Yearbook (1992-2000). China Water Power Press, 1993-2001).2 

2. CURRENT FLOOD CONTROLS IN CHINA 
According to legend, flood control in China dates from the 22nd – 21st century B.C. Since 
then, great efforts have been made in flood control. With the development of science and 
technology and the growth of the economy in recent decades, a system of flood controls 
with a set of structural measures and its complements has taken shape and evolved to its 
present state. 

2.1 Structural Measures 
Structural measures are the primary tool of flood control, functioning as a regulator by 
distributing floodwater into levees, reservoirs, flood diversion areas and temporary flood 
courses. Up until the end of the 20th century, there were 260 thousand km of levees and 
more than 84 thousand reservoirs constructed and 98 flood diversion areas and temporary 
flood courses designated. The structural measures in the seven major river watersheds are 
given in Table 1. 

2.2 Forecast  
Precise forecasting of floods is the sound basis of allocation of floodwater in levees, 
reservoirs, flood diversion areas and temporary flood courses. There are over 20 thousand 
hydrological measurement stations and more than 8 thousand flood report stations 
throughout the country. More than 170 automatic hydrological measurement and report 
systems are set up in some sections of the Yellow River and Yangtze River and some 150 
reservoirs. The hydrological measurement network, flood forecasting system and the 
national flood regulation system have been initially established (Flood Control in China). 

2.3 Soil and Water Conservation 
Soil and water conservation means by mechanical protection works and biological 
measures to control soil erosion and reduce the amount of soil eroded entering into rivers, 
reservoirs and lakes. According to statistics, up to the end of 1998, the total soil and water 
conservation areas reached to 780 thousand km2, of which terraced land and silt land 
account for 15%, forests for soil and water conservation and for cash 46%, grassland for 
5%. In addition, some 100 million flood disaster protection works were built (Shen, 
2001). 
                                                           
1 Calculation based on the data in Office of State Flood Control and Drought Relief Headquarters (et al.), 1997; 

Editor Committee of China Water Resources Yearbook, 1995-2000. 
2 Calculation based on the data in Editor Committee of China Water Resources Yearbook 1993-2001. 
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2.4 River Regulation 
River regulation includes revetment of river banks and dredging of river beds, so that the 
river banks are firmer and the river cross sections are expanded. Within the last 50 years, 
the revetment of river banks and dredging of river beds were conducted in the Yangtze 
River, Yellow River, Huaihe River and Haihe River watersheds on the basis of need.  

2.5 Flood Response 
In order to operate flood rescue well, China has established response organizations at 
central government, major river watershed, and local government levels with a 
responsibility system of the top administrative leader, a responsibility system of 
governments at different levels, a responsibility system of government departments, a 
responsibility system of technicians, and a personal responsibility system. 

2.6 Rules and Regulations 
Since the 1980s, rules and regulations standardizing flood control began to be issued. 
After the Water Act of the People Republic of China was promulgated in 1988, a series of 
ordinances about watercourse management, dam security, flood response, flood diversion 
area management, and so on, were issued in succession. In 1997, the Flood Control Act of 
the People Republic of China, a special law on flood control, was issued. 

The system made up by the components mentioned above has played an important role 
in flood control in China; floods that had occurred at a probability of one every 20-years 
in the seven major rivers and their important tributaries are basically now under control. 
The effect of flood control is marked. According to an assessment by the Ministry of 
Water Resources in 1988-1989, the ratio of the effectiveness to the cost of the structural 
measures in the seven major river watersheds is 6.96 (See Table 2).  

3. SUGGESTIONS ON IMPROVEMENT OF FLOOD RISK MANAGEMENT IN 
CHINA 

After the 1998 floods, the central government has adopted and taken a number of policies 
and measures in the consolidation and strengthening of the existing system of flood 
control, including protection of primary forests, return of crop land to forest land, 
reversion of farmland to lakes and wetland, relocation of people from areas prone to 
flooding to new towns, building-up and strengthening levees, acceleration of the 
construction of reservoirs, regulation of river banks and river beds, enhancement of the 
scientific and technological level of broadcasting floods and fighting floods, and so on. 
Obviously, these policies and measures are necessary in flood control and indeed played 
an important role in flood control in 1999. Nevertheless, they are not enough, because 
flood control has to consider individual watersheds as a whole, and the reinforcement of 
the measures in local areas will either be difficult to function as expected, or increase 
flood risk in other areas. Also, flood control is merely one of the measures of flood risk 
management. Only when all available measures are used and the marginal input is equal 
to the marginal output of each of the measures of flood risk management, can the 
effectiveness be maximized or the cost be minimized. For this reason, more improvement 
of flood risk management in China is suggested below.  

3.1 Compensation for Input of Flood Control and Flood Damage  
As mentioned above, floods occur by watershed, and accordingly it needs to be addressed 
by watershed. However, watershed does not overlap with the administrative regions in it 
and, in most cases, there are several administrative regions or communities within one 
watershed. For this reason, it is necessary for the different administrative regions or 
communities in the same watershed to cooperate with each other in the flood control.  
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However, in different locations of one watershed, the measures of flood control should 
be taken are various, and the input of each measure or administrative region or community 
are not equal to the flood damage reduced by the measure or administrative region or 
community. For example, most flooding occurs in middle and lower reaches of a 
watershed, by then flood control in upper reaches is net input. Under this situation, it is 
necessary for the administrative regions or communities in middle and lower reaches to 
compensate the administrative regions or communities in upper reaches for their input. 
Moreover, the comparative advantage of agriculture is in middle and lower reaches; the 
economy in middle and lower reaches being more developed, and the individuals, 
enterprises, administrative regions or communities in middle and lower reaches better able 
to make the compensation. Therefore, compensation for input of flood control is an 
acceptable scheme for the both sides. The amount of compensation should be more than 
the input of those in upper reaches and less than the reduction of the losses by taking the 
measures in middle and lower reaches. If there is a platform, this kind of compensation 
can be reached by negotiation.  

The other loss that needs to be compensated is the benefits actively given up when 
catastrophic floods over the capacity of the system of flood control occur, for instance, 
and flood diversion areas and temporary flood courses are used. This compensation 
should be made by government. In the past decades, because there were no tangible and 
feasible regulations about the compensation, the economic and social development in the 
designated flood diversion areas was out of control, and even went faster than the other 
areas. Under this situation, using the flood diversion areas means actively giving up the 
achievements accumulated for decades, and it is also difficult to move hundreds of 
thousands of people within a short time; not using the flood diversion areas means a vaster 
area and more people are menaced by the flood – it is indeed a difficult choice whether or 
not to use the flood diversion areas, and in many cases, the flood diversion areas are 
useless.   

3.2 Flood Insurance  
The measures of flood control can reduce the frequency and degree of flooding, but 
cannot eliminate it. Moreover, technically, the elevation of a levee is limited; 
economically, it should be kept reasonable. In many cases, floods occur without the 
structural measures being destroyed. Realizing this fact, the best choice is to set a proper 
standard of flood control, for example, high standard (a 100-year flood under control) 
structural measures to protect metropolitan areas and critical infrastructure, medium 
standard (a 50-year flood under control) structural measures to protect other prime 
development zones, and low standard (a 10-year flood under control) structural measures 
to protect farmlands, and flood insurance is used as a complement to the system of flood 
control. 

At present, the victims of flooding basically rely on government relief and social 
donation. During the 1998 flood, the food of the victims of flooding came from the 
government while the clothes and covers from the social charity, but the funds to resume 
life and production were lacking. As China is transformed from a planned economy to a 
market economy, there are less and less resources dominated by the government. For 
example, the share of fiscal revenue in GDP decreased from 31.2% in 1978 to 11% in 
1996. Along with this tendency, the capacity of government to mobilize resources will be 
lower and lower; on the other hand, the individuals and enterprises in the flood-prone 
areas will have more and more funds to purchase flood insurance. In addition, insurance 
companies will promote the implementation of flood control measures in flood-prone 
areas after flood insurance becomes more prevalent.  
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The other role of flood insurance is to replace the government in providing 
compensation to the victims of flooding when flood diversion areas are used. In 2000, the 
“Temporary Provisions of Compensation in the Flood Diversion Areas” was issued, which 
stipulates the limits of compensation, target of compensation, items of compensation, 
criteria of compensation, procedures and methods of compensation, sources of 
compensation, management, supervision and use of compensation and will exert a great 
influence on flood control in China. But the burden of property inventory, verification and 
assessment must be very heavy, and it is possibly not the best way of compensation. 
Moreover, the compensation was usually provided by local governments or village 
committees in the past, and there was a lack of supervision. It is doubtful that the 
individual victims of flooding got any compensation and how much they did get, if any. 
Through flood insurance companies, the compensation can reach to victims directly.  

In fact, since the 1980s flood insurance services have been available in China. However, 
at present, twenty years later, it is still in a very low level. According to statistics, in the 
1998 floods, the total claims of flood insurance were only 2% of the flood damage; this 
proportion in Jiangxi Province was only 0.7% (Hu, 2000). There are three major reasons 
for the low rate of growth in flood insurance. First, the central government does not a 
stipulate compulsive insurance system and subsidy system, but limits the premium, which 
results in that farmers insure merely for the crops of poor risks, and the loss of insurance 
companies increases as the business expands. Second, flood risk management is still the 
central government’s responsibility at present, which makes the local governments 
dependent and limits mutual aid between local governments. Third, the insurance 
companies sell their policies through township governments and village committees to 
save costs, but farmers mistake the purchase of insurance as an unauthorized surcharge. 

As a non-commercial one, flood insurance cannot develop without the support of 
government. First, the aggregate of property losses by flood in a single occurrence 
constitute neither a small loss to a giant insurance company or insurance companies. It is 
necessary to establish a reinsurance system with subsidies from government. Second, in a 
given area, if the incidence of flooding is so frequent and the damage so severe, even the 
huge reserves of insurance companies would be jeopardized by extensive writing of flood 
coverage. It is necessary to require compulsory flood insurance in a considerable area and 
over a long period of time. Third, it is also government’s duty to make efforts towards the 
trend that future flood losses are distributed by the device of insurance rather than met by 
public relief and private charity.   
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Table 1  Structural measures in the seven major river watersheds  

Reservoir (n) Flood diversion areas Temporary flood courses Item  
Watershed 

Levee 
(104km)  Large Medium Number Area (103km2) Volume (108m3) Number Area (km2) 

Station for hydrologic measurement 
and report/forecast (n) 

Yangtze River 6.38 7  40 11.87 636.83   3200 
Yellow River 1.14 5  5 5.21 77.52   501 
Huaihe River 5.80         

      

         

35 9 2.62 86.08 18 1474.60 456
Haihe River 3.13 30  25 9.56 170.25   455 
Pearl River 1.24 35 324 170

Songhua River 1.31 22       1041 
Liaohe River 1.10 11       747 

Total 20.10 145 324 79 29.26 970.68 18 1474.60 6570
Sources: Li Jiansheng (eds.), “The Series of Flood Control in China – Pandect”, China Water Power Press, Beijing, 1999, p. 229, Table 4-2; Huang Chaozhong (eds.), “Guide to 

Flood Control in China”, the PLA Press, 1998, p.102-143. 
Note: Most of the reservoirs here are ones mainly for flood control.  
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Table 2  Effectiveness and cost of the structural measures in the seven major watersheds 

Total input and minus effectiveness (108yuan) Item 
Watershed 

Reduction of flood 
area (104ha) 

Reduction of flood 
damage (108yuan) Total Investment Converted by labor Loss 

Ratio of net 
effectiveness to cost 

Yangtze River 1113 1190.00 152.48 58.73 82.29 11.46 7.80 
Yellow River 1020 552.21 62.96 44.54 10.13 8.29 8.77 
Huaihe River 1793      

      
  

555.60 106.23 44.11 35.23 26.89 5.23
Hai (Luan) he River 1400 503.59 70.12 49.00 15.17 5.95 7.18 
Pearl River 1533 122.02 29.85 14.92 11.67 3.26 4.09 
Songhua and Liaohe River 

 
780 266.91 36.60 28.28 5.76 2.56 7.29

Total 7639 3190.33 458.24 239.58 160.25 58.41 6.96
Sources: Office of State Flood Control and Drought Relief Headquarters and Hydrology and Water Resources Institute in Nanjing, “Flood and Drought in China”, China Water 

Power Press, Beijing, 1997, p. 176, Table 6-8. 
Note: The duration is 1949-1987. 
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1. INTRODUCTION 

Liaoning Province is located in the west wind zone of medium latitude. The weather in 
winter is cold; in spring and autumn the weather is dry, and gales blow frequently with 
scarce precipitation. In summer, west wind circulation usually prevails, however, the west 
wind system and the subtropical system restrict and interact with each other wating is 
regional storms. 

Based on hydrometric data, the annual mean precipitation amount is 1000.6 m3, giving 
annual mean depth of runoff of 687.9 mm. The precipitation resources in different regions 
are listed in Table 1. 

Table 1  The precipitation amount in different regions of the Liaoning Province 
Name of 
the river 

catchment 

Name of the
second class

stream 

Name of the
third class 

stream 

Area 
 

(in km2)

Annual 
precipitation
(in 108m3) 

Annual 
precipitation 

depth (in mm) 
Remarks 

The west  
Liaohe river 
The east 
Liaohe river 
The middle  
and lower  
reaches of 
the Liaohe 
river 
The west part
coast 
The east part
coast 

The west  
Liaohe river 
The east 
Liaohe river 
Xialiaohe 
River 
Huntai river 
Subtotal 
 
The west part 
coast 
The east part 
coast 

3494 
 

415 
 

37927 
 

27327 
65254 

 
33063 

 
24413 

15.0 
 

2.8 
 

224.3 
 

204.5 
446.6 

 
180.9 

 
192.1 

129.3 
 

674.7 
 

591.4 
 

743.8 
684.5 

 
547.1 

 
786.9 

Yalujiang 
river 

Yagan 
Hunjiang 
river 
Aihe river 
Subtotal 

3762 
6952 
5902 
16616 

42.7 
64.7 
59.7 
167.1 

1135.0 
930.7 
1011.5 
1005.7 

Sonhuajiang 
and Liohe 
rivers 
 

Ersong Huifa river 541 3.9 720.9 
Haihe river Luanhe river Qinlong river 1770 10.0 584.8 

Total 145506 1000.6 687.8 

The 
Changhai 
island and 
the rest 
small 
is-lands, 
totally 241 
km2 are not 
included 



 

The precipitation distribution shows a trend of southeast to northwest, varying between 
400 - 1200 mm. In the Yalujiang river catchment, where there is plentiful precipitation, 
the annual mean precipitation is about 1,200 mm. (The max. is 1,659 mm) In the middle 
reaches of the Liaohe River, the annual precipitation varies great between the east and 
west the difference is 2.5 times. In the upper reaches of the Taizi River the annual mean 
precipitation is about 900 mm. In Benxi and Fushun the annual mean precipitation is 
about 800 mm. In Shenyang and Tielin the annual mean precipitation is about 700 mm. 
The value decreases gradually westward and northwestward. The annual mean 
precipitation is only 300 mm - 400 mm which equals to one-third of that in the Yalujiang 
catchment. In the west along the coast, the annual mean precipitation decreases from 700 
to 400 mm. In the west part along the coast the annual mean precipitation is 600 mm- 700 
mm. 

The precipitation varies greatly between different years wet and dry year alternate in 11 
years cycles, which corresponds to the sunspot cycle. The CV value representing the 
amplitude of rainfall variation in the east part is 0.11 – 0.25 while that in the west part is 
about 0.3 – 0.4, which doubles the CV value in the east part. 

The precipitation varies greatly also within one year. Most of the Liaoning Province are 
located in the warm and wet monsoon region. The temperature and precipitation vary 
evidently in different seasons. In winter, it is cold with little precipitation. Total amount of 
the five months occupies only 4 – 8% of the annual precipitation, especially in the west 
part of the province. In spring and antumn, the weather is dry, gales prevail with few 
precipitation, and the temperature varies greatly.In summer the weather is hot, with 
abundant rainfall 20 – 80% is a have connect of the anneal precipitation is concentrated in 
the period between June to September in the flood season. Therefore drought it often 
appears in spring and waterlogging in Summer. 

The evaporation reflects directly the water, soil and the evapotranspiration of 
vegetables of the underlying surface in certain watersheds. The eastern part of Liaoning 
Province is a mountainous region where the vegetative coverage is composed of forests. 
The weather is quite wet with low temperature and relatively little annual evaporation. In 
the central plain, along with the gradual decrease of the moisture and the increase of 
temperature, the annual evaporation is 500 mm - 550 mm. In most of the west Liaoning 
Province, because of the scarce precipitation, the weather is dry and consequently the 
evaporation is strong. The annual evaporation is about 400 mm, close to the local annual 
precipitation. 

Affected by the continental climate, most parts of the Liaoning Province suffer 
frequently from the drought to different extents, Particularly since 1999, the Liaoning 
Province has been suffering from extreme drought. In 1999 and 2000 the crop production 
decreased 5×106 t continually, it causes 25 counties shortage in water supply. This 
involved 1×106 farmers in lack of irrigetion water. The drought seriously restricts the 
development of economic society in Liaoning Province and improvement in the of living 
standard of urban and rural residents. 

At the same time, flood disasters also attack the Liaoning Province. For example, the 
catastrophic floods in 1985 and 1995 caused serious consequences for industrial and 
agricultural production. Meanwhile in local regions nearly every year storm floods appear. 
The losses in floods and water loggings represent 70% of the total amount losses induced 
by natural disasters. 

Thus, utilize storm flood as a water resource during drought would help solve two 
serious problems in water resource management in Liaoning Province, with benefits 
through at society. 
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2. THE CHARACTERISTICS OF DROUGHT AND FLOOD DISASTERS IN 
LIAONING PROVINCE 

2.1 The Characteristics of Distribution of Water Resources in Liaoning Province 
The total annual mean water resources amounts to 36.3×109m3, of which the ground 
surface runoff is 32.5×109m3, and the underground water supplement is 11.1×109m3. of 
the underground water, ground surface runoff is 7.3×109m3, Based upon the fifth 
nationwide census in 2000, the population of Liaoning Province was 42.38×106.This 
means i.e. the amount water resources per capita was 856 m3, just one third of the 
nationwide average amount of water resources. As calculated by the Unite Nations, 
regions where the average amount of water resources per capita fells between 700 m3 and 
1000 m3 belongs to the slightly poor water resources region. Thus, Liaoning Province 
belongs to the moderate poor water resources region while the west part of the Liaoning 
Province where the average water resources less than 600 m3 per capita belongs to the 
severely poor water resource region. 

Meanwhile, the distribution of water resource in space and time in Liaoning Province 
does not match distribution of people, land resource ,and the need for economic 
development. In the central part of lower reaches of Liaohe river, the population, and 
cultivated land resources exceed 50% of the total amount in Liaoning Province; their 
gross national product occupies more than 70% of the Provincial value. Yet only 38% of 
the water resources are found in these area. In the Yalujiang catchment the population and 
cultivated land resources occupy less than 5%, while the water resources occupy 25% of 
the provincial value. The yearly amount of precipitation varies considerably. Sometimes 
abundant precipitation may continue year after year, but the ratio of abundant 
precipitation years to the dry years is 2-4. Within one year, the precipitation in flood 
season time period occupies 70-80% of the whole year’s value, while the remaining 
seasons have only 20-30%. 

The shortage of water resources and its uneven distribution have become the obstacle 
restricting economic development in Liaoning Province 

2.2 The Characteristics of Drought 
Based on the data analysis of precipitation and those of the drought, the drought in 
Liaoning Province has the following features. Firstly, it alternation. Sometimes it 
alternates in turn in one year; sometimes it alternates in several years. The occurrence of 
drought in spring and water logging in summer is more frequent, but the occurrence of 
drought in spring, summer and autumn is also frequent. Secondly drought shows distinct 
regionality. Affected by the geographical conditions, the distribution of dry regions is 
evident. For example, in the west of Liaoning Province, in recent 40 years, the drought 
has occurred 26 times, On that is average, once in 1.5 years. Especially indeed,8 of the 
past 10 years have been dry. This is seldom seen in history. In the hilly regions in the 
north part of Liaoning and in the east part of the peninsula, drought occurs once in every 
two years. In the central part of depression area and in the mountainous region of the east 
part of Liaoning, within the 40 years, drought has occurred 5-7 times. Thus, concerning 
the special distribution of drought , it occurs more often in the west and less in the east, 
while atmospheric airflows in the southern part and northern part confront each other. 
Thirdly, drought is seasonal, because of geographical position and the effect of monsoon 
climate. The cold high pressures begins to move northward in spring and the monsoon 
intrudes from southeast later. So generally speaking, precipitation in spring is rare; it 
occupies only about 15%, of what and thus drought in spring often happens. According to 
the data analysis collected after the founding of the new China, drought in spring occupies 
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about 40% (especially in western mountainous region, it occupies about 70%). The 
drought in summer occupies 30%, drought in the hottest days of year, occupies 20%, 
draught in autumn occupies 10%. 

The storm flood water repeats an ambivalent resources. If they can be effectively 
intercepted and utilized, they will be beneficial. If the floods flow out without control, 
then they will lead to great losses accompanied by flood disasters. Especially in dry 
regions, to intercept and store the storm flood resources would be not only an effective 
measures for flood control but also serves as important measures to resolve the problem in 
combat against drought. 

2.3 Characteristics of Flood Disasters 
Liaoning Province is located in the north side of the medium north latitudes zone in China, 
on the northwest coast of the Pacific Ocean. The weather belongs to the continental 
monsoon climate. The temperature in four seasons is distinctive with long duration of cold 
weather. The gales prevail in plain regions. The weather shows humid in east and dry in 
the west, precipitations are condensed, all these aspects show the evident seasonality and 
regionality. From 1961 to 1999, heavy storms happened in 917 days, on the average 23.5 
days per year. In 1973, 1985 and 1996 the rainy days were 32 days. In 1968 and 1980, the 
rainy days were 15 days and 16 days respectively. The climate systems affecting Liaoning 
Province include the following ones: the Yellow River cyclones, the low pressure with 
cold front from Mongolia, typhoons, the upper low troughs, the cyclones over the Yangtze 
and Huaihe rivers etc. As to the storm distribution, the average mean annual precipitation 
varies from 400 m to 1200 m. The heavy storms mainly concentrate in Yalujiang river, 
next the Liaohe river and Huntai rivers and Dalinhe, Xiaolinhe rivers. Heavy storms occur 
periodically in time sequence, about every 11 years a big flood appears. The storms in a 
year mainly concentrate in June to September, especially during the period from last 
decade of July to first decade in August. At that time, most parts of Liaoning province is 
located ahead the cold low pressure trough and the rear of subtropical anticyclones some 
heavy storms occur in this period most frequently. Among the 46 relatively big heavy 
storms 43 storms occurred within July – August. 

3. STORE  FLOOD WATER TO EASE WATER SHORTAGE IN LIAONING 
PROVINCE 

3.1 Utilization of Storm Flood to Mitigate Water Shortage 
The weather forecast based regulation for reservoir is composed of the following items: 
the forecast of precipitation and runoff in the upstream of reservoir, and the short-term 
weather forecast. It is used to increase the foreseenable variation to perform affective 
regulation of reservoirs for flood control and to avert the superposition of flow peaks from 
different origins, and to regulate the releasing flow discharge from the reservoir. 
Appropriate operation for reservoir to store water in advance and to release water in 
advance make it possible for the downstream to raise up the standard of flood control and 
to enlarge the effective capability of storage. In 1990, in the Dahuofang reservoir, we 
carried out for the first time the real time regulation and set up the related equipment. 
Since then more than 10 years passed we get evident benefits. 
3.1.1 Planning of Weather forecast based regulation of Dahuofang reservoir 
The Dahuofang reservoir is a famous large-sized reservoir built in 1958. In the original 
design, the flood standard to defend is once in 1,000 years, it is checked by flood with 
reccurrence of once in 10,000 years. The designed highest flood level is 1,342 m. The 
highest flood level for the checked flood is 137.4 m. The max. storage volume is 
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2.0×109m3. It is required that when a flood with recurrence of once in 100 years the two 
cities Shenyang and Fushun can be safeguarded, when a flood with recurrence of once in 
10 years, the downstream farmland can be safeguarded. In 1975, the planning of 
regulation for Dahuofang reservoir was modified, in 1987 the standard for the checked 
flood was raised up. The original designed standard was modified as follows, the pivot 
engineering projects were designed by the Max. possible flood, and checked by the flood 
with recurrence of once in 1,000 years. If a flood with recurrence of once in 30 years 
happens the Shenyang City can be safeguarded. It a flood with recurrence of once in 100 
year happens, the Fushun City will be safeguarded. If a flood with recurrence of once in 
50 years happens the downstream farmland of the Shenyang city can be safeguarded. The 
flood level of the checked flood is 138.8 m. The designed max. Flood level is 136 m. The 
max. storage volume is 2.187×109m3. The practiced standard is as follows, the standard of 
flood control for the Shenyang city is the flood with recurrence of once in 150 years, the 
standard of flood control for the Fushun city is close to the flood with recurrence of once 
in 100 years, the standard for the rural farmland is the flood with recurrence of once in 20 
years. 

In order to further raise the benefits in flood control and also to promote the other 
multipurpose benefits, planning for executing weather forecast based regulation for the 
Dahuofang reservoir was compiled when the engineering items of reconstruction of the 
pivot engineering project was performed. This planning of weather forecast based 
regulation is based on the hydrological data analysis of 1967 and 1974, it includes also 
analysis of historic storm data of various duration in the upstream area of the reservoir. 
Also a model for precipitation excess was worked out which was based on precipitation 
excess data in a long period. This model was used for various tributaries to simulate the 
real process of runoff formation. The results were used in the task to decide the limiting 
levels for flood conftrol in various time periods (see Table 2). According to the routing 
curve of the reservoir, the propagating law of the releasing flow and the safe outflow 
discharge in the downstream reaches etc. the following principle of regulation of reservoir 
was drown. 

Table 2 The limiting water level for Dahuofang reservoir during flood season 
July August September  

Month Middle
Decade

Last 
decade

First 
decade

Middle 
decade 

Last 
decade

First 
decade 

Middle
decade

Last 
Decade 

 
Remark 

 
126.4

 
126.4 

 
126.4 

 
128.0 

 
129.5 

 
130.5 

 
121.0 

 
131.5 

Benefit in 
flood 
control 

 
The 
limitin
g 
water 
level 

 
127.8

 
127.8 

 
127.8 

 
128.0 

 
129.5 

 
130.5 

 
131.0 

 
131.5 

Benefits 
in multi- 
purpose 

 
(1) When a storm occurs over the entire catchment, if the predicted inflow after 12 

hours is less than 650 m3/s or the predicted inflow between Dahuofang and Shenyang is 
less than 2020 m3/s all the gates facilities should be open to release flow in advance; 

(2) When the predicted inflow after 12 hours is greater than or equals to 6,000 m3/s or 
the predicted inflow between Dahuofang and Sheyang is greater than or equals to 2,020 
m3/s, and the information from the cloud charts shows that the precipitation will continue 
i.e. six hours later. The releasing flow discharge should be controlled at 400 m3/s to avert 
the flow peak superposition; 

(3) When the above-mentioned operation lasts 15 hours or the flood stage level exceeds 
131.6 m, the said operation should stop, all the gates of releasing facilities should open; 

(4) The water level in the reservoir should be predicted 10-12 hours earlier, when the 
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reservoir water level reaches 137.7 m, and the predicted water level will exceed 138.8 m, 
the second emergency spillway should be put in use immediately. 

When the real time regulation scheme following these principles is carried out, we can 
effectively control the releasing flood discharge in regulating the frequent floods, so that 
at the end of flood season, the water level in reservoir can reach or close to the limiting 
level in flood season. Thus we can safeguard the flood control problem, meanwhile the 
other benefits in multipurpose, can be satisfied. 

Starting from 1990, in the Dahuofang reservoir, the weather forecast based regulation 
system tried to put in use. The limiting water level during the main periods of flood 
season was adjusted so the urban flood control standard of the Shenyang city was raised 
up from standard for flood with recurrence of once in 150 years to flood with recurrence 
of once in 300 years, the urban flood control standard of the Fushun city was raise up 
from less but close to flood with recurrence of once in 100 years to flood with recurrence 
of once in 100 years and the storage volume for promoting other benefits raised up from 
the original volume of 1.296×109m3, we can supply additionally 43×106m3 i.e. to increase 
3.33% 

Since 1988, the Dahuofang reservoir was put in use, big floods larger than 1,000 m3/s 
happened 25 times, big flood larger 3500 m3/s happened 5 times, i.e. in 1960, 1971, 1975, 
1985, 1995. Owing to the reservoir regulation, in 1960, the peak flow at Shenyang station 
was reduced from 8,750 m3/s to 2,050 m3/s, the peak flow at Fushun station was reduced 
from 8,240 m3/s to 2,700 m3/s, both cities were safeguarded. 

After the weather forecast based regulation scheme was executed in 1995, the 
extraordinary flood occurred in July first decade to August first decade, the max. inflow in 
the Dahuofang reservoir was 10,900 m3/s, which exceeded the historic peak flow of 
10,100 m3/s in 1888. Thanks to the real time regulation the released flow was effectively 
controlled in time. Under the effective regulation of the reservoir the released out flow 
was controlled at 5,490 m /s, the flow peak was reduced by 50%. If there was no 
reservoir then the peak flow at Fushun and Shenyang would be 12,700 m 3 /s and 13,100 
m

3

3/s, both would exceed the 1888’s flood and both Shenyang and Fushun cities would 
become boundless ocean. After the regulation in Dahuofang reservoir , the max. combined 
flood peak at Fushun and Shenyang station were 6,050 m /s and 5,010 m /s. Both cities 
were safeguarded. The losses caused by flood in Fushun city were mainly induced by the 
flood in the Dongshihe tributary in the downstream of the Dahuofang reservoir. In the first 
days of August considering the need in repairing the industrial enterprises of Fushun and 
also the need in drainage of the waterlogging, for the sake of earning valuable time, the 
Dahuofang reservoir, under the conditions of operation at high water level closed all gates 
for 72 hours, and when the flood season soon overpassed, all the gates in the reservoir 
were fallen to store water. This provides enough water resources for supplying water for 
industrial and agricultural production as well as the living of urban and rural residents in 
later years. 

3 3

3.1.2 The potential of fully executing weather forecast based regulation in large-sized 
reservoirs province-wide 
The continuing drought since 1999 makes us conscious of the fact that adjustment of the 
limiting flood level during the flood season by modifying the regulation schemes in all the 
24 large-sized reservoir to execute the weather forecast based regulation, one can raise up 
in large amplitude the effective interceptance of storm flood resources, and turn the storm 
flood resources into usable water resources. Thus it serves as the main issues to resolve 
the drought problem and the urgent need of shortage in water resources. If all the 24 
large-sized reservoirs in Liaoning Province nonexclusively adopt the weather forecast 
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based scheme of regulation, adopt the corresponding readjustment of limiting flood level 
in reservoirs, the standard of flood control in downstream cities and rural farm lands will 
be greatly raised up. Following the example of the Dahuofang reservoir, the rest 23 
large-sized reservoir will provide a total storage capacity of 5.157×109m3, then we can 
have an additional large amount of water supply of 172×106m3, in other words, it means 
we can obtain another large-sized reservoir for benefits in miltipoupose, meanwhile its 
benefits in flood control are also considerable. 

3.2 Devote Major Efforts to Constructing Reservoirs, Ponds, Wells and Cellars for 
Storing Water to Intercept Effectively Rainfall Flood Water Resources.  

For the case of lower hilly regions in the west part of the Liaoning Province where the 
drought frequently attacks, in order to resolve the drought problems, and utilize the 
rainfall flood water resources, considering the characteristics of precipation in time and in 
space, and also considering the development of water resources, one should devote major 
efforts to the constructions of reservoirs, ponds, wells and cellars for storing water etc. 
small-sized hydrprojects. To maximize the development of rainfall flood resource and to 
raise up the efficiency. In the Outline of the tenth five years’ plan of the Liaoning 
Province, the following items are listed that during the tenth Five years plan, small-sized 
hydroprojects amounts to 43,000. Among which the square ponds 5,360 sets, big wells 
5530, small wells 24,400, construction of dams to intercept stream flow, seepage 1,210 
sets, and pumping station 3,100 set pumping station for reservoirs 58 sets. Small-sized 
reservoirs 10 sets. Five years later when the above-mentioned items are performed, the 
capability of water supply will increase 1.0×109m3 per year. 

According to the features of water resource distribution and characteristics of storm 
floods, applying the forecast of river runoff and analysis of information from the cloud 
chart, the execution of real time regulation in large-size reservoirs, raise up the standard of 
flood control in the downstream reaches, and on the other hand, the capability of water 
supply can be enhanced. If these issues can be spread in Liaoning Province, then the 
standard of flood control can be greatly raised up in most areas controlled by the 
reservoirs, at the sametime to intercept the surface water through the construction of 
reservoirs, ponds wells and cellars. There are also effective measures to turn the storm 
flood resources into usable water resources. It should be noted that during the construction 
of these engineering projects, one has to consider the passage of flood in flood season, so 
that these projects will not suffer from damage. Especially one has to consider that 
construction of ecology, the afforestation for conservation of water supply is the major 
means to resolve the shortage of water resources in the west regions where the water 
resources is severely in shortage. 
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Abstract: Flood-frequency curves derived for ungaged sites in Illinois using various methods are 
evaluated. The quantile estimates are obtained from an event- and a continuous simulation 
rainfall-runoff model as well as regression equations. Results from all the methods compared 
reasonably well at a streamflow-gaging location. However, the continuous simulation model tends 
to underestimate lower recurrence floods and overestimate higher recurrence floods when compared 
to the regression equations, whereas the event model tends to overestimate flows at all recurrence 
intervals, in general. he continuous simulation model has successfully simulated a T > 100 year 
event, and is further evaluated by using an inundation map. 
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hydrologic simulation and regression equations 
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instantaneous flood peaks, inundation map, flood-frequency analysis 

1. INTRODUCTION 

The accuracy and reasonableness of flood quantiles (QTs) estimated for ungaged sites 
remain as challenges to engineers and managers in their routine practices. Frequency 
analysis and rainfall-runoff simulations are methods commonly used to estimate these 
design quantities. However, their outcomes vary greatly and have seldom been evaluated 
for accuracy and reasonableness.  

Flood-frequency analysis is a conventionally accepted statistical approach to estimating 
flood quantiles. At-site QTs are first derived at the gaged sites by fitting an appropriate 
statistical distribution to the observed data; regional equations then are developed to 
extend the at-site knowledge to locations where flow records are either unavailable or 
insufficient for a reasonable estimation. Because of deficiencies in available data and the 
estimating techniques, errors and information losses are introduced into the 
flood-frequency determination (IACWD, 1982). The accuracy of at-site estimates can be 
improved by obtaining more or better data and by applying more thorough statistical 
techniques (IACWD, 1982). Regional equations can improve at-site estimates by using 
available information from a hydrologic region. Basin characteristics as explanatory 
variables and at-site QTs as response variables used in regression equations to derive the 
best-fit functions is a technique for developing regional equations. Regression equations 
need timely updating when better at-site data or advanced analytical techniques are 
available. The application of this technique is restricted to natural streamflow conditions; 
extrapolation is discouraged when explanatory variables for the study site lie outside of 
the joint-space defined by explanatory variables used in developing the equations. 
Applications to small watersheds also are of concern not only because observed data for 
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small watersheds are generally scarce, but also the runoff processes are different for small 
and large watersheds. For example, the peak flows in small watersheds primarily are 
affected by factors affecting overland flows, not so much by those affecting channel 
flows. 

Using design storms with event models, flood quantiles are obtained directly. One of 
the assumptions involved in this method is that the synthetic storms have the same 
recurrence intervals as those of the design storms. The approach stipulates that design 
rainfall events have uniform spatial distribution over the watershed and specified temporal 
distribution; thus, this approach is applicable to small watersheds. A small watershed is 
not classified based on the size alone, but on the relative effects of certain dominating 
factors. Yen (1984) illustrated that the sizes of a small watershed can range from 10 to 
2000 km2 considering factors such as steep slopes, multiple stream valleys, large rainfalls, 
high antecedent soil moisture and low permeability. A watershed may be large if the 
precipitation is small and the watershed may be small when the precipitation is large. That 
is, the classification varies with the relative magnitudes of these factors in relation to the 
size of the watershed (Yen, 1984). The event model generally is not calibrated but run 
with antecedent condition set by characteristic values of a region. Model accuracy and 
reasonableness for a specific site are not well understood. 

The simulation models can be used to synthesize flow series that in turn are analyzed 
for flood frequencies using the same method as for the observed streamflow series. Such 
an approach enables a longer streamflow record be synthesized because available 
meteorological data generally are longer than streamflow records. A representative 
streamflow record has sufficient record length and covers wet and dry periods. However, 
increased data requirements result with this approach; thus, the approach incorporates 
appreciable uncertainties from the data measurement, model assumptions, and the spatial 
and temporal variations of precipitation. The meteorological data can be synthetic data 
also but is not considered here. Thomas (1987) compared the flood-frequency estimates 
derived from a lumped unit-hydrograph model (Dawdy et al., 1972) to observed flood 
estimates based on 173 watersheds in 10 States with 20 years or more of observed data, 
with an average size in each State ranging from 1.94 to 27.56 km2. By applying actual 
climatic data to the calibrated model, a long series of peak flows were simulated for each 
small watershed. Most of the 173 station records were collected during 1955-85, which is 
considered to be a representative sample record. Thomas (1987) found the synthetic 
flood-frequency curves have the tendency to overestimate flood quantiles for lower 
recurrence intervals and underestimate quantiles at higher recurrence intervals. On 
average, the simulated frequency curves have flatter slopes than the observed 
flood-frequency curves and, therefore, simulated curves have less variability.  

Calibrated continuous simulation models can account for changes in soil moisture 
between storm events; therefore, these models are suitable for long-term simulation of 
flow records in a watershed. However, the data requirements and modeling efforts 
generally prevent a wide use of continuous simulation approaches. There is little evidence 
of successful simulation of major floods with exceedance probability less than 10-2 
(Thomas et al., 2001, Fontaine, 1995). Fontaine (1995) compared simulated and observed 
peak discharge and runoff volume for a historical 100-year flood on a 690 km2 watershed. 
He found the more complex model (HSPF) produced better results than a simpler model 
(HEC-1), although significant errors for the peak discharge and runoff volume were 
observed in both approaches. Bradley and Potter (1992) devised a new approach for 
frequency analysis of the model-simulated peak discharge in regulated watersheds. 

Models can be calibrated to streamflows at gagged sites. Presently, there is little 
knowledge on the accuracy and reasonableness of quantile estimates at ungaged areas 
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using these techniques. This paper addresses this topic based on data derived from a 
current study on a watershed. 

2. BACKBROUND 

A HSPF (Bicknell et al. 1997) model has been developed for the Blackberry Creek 
watershed in Kane County, Illinois (Fig 1). The drainage area of the watershed is 186.9 
km2 and relative local relief is approximately 91.2 m in 33 km measured along the 
longitudinal axis of the watershed. Land uses largely are agricultural but the watershed is 
urbanizing rapidly. In the past decade, recurrent flooding and associated property damages 
has resulted in the watershed. Concerns over the need to update the floodplain map and 
the intent to establish a modeling tool for future management practices, led to the 
development of the model. An intensive rainstorm occurred on July 18, 1996, with a 
24-hour rainfall depth measured 55.5 cm at Aurora near the watershed (Holmes and Kupta, 
1997). Major flooding occurred in the Blackberry Creek and its tributaries with more than 
1,000 houses affected and approximately $13 million in damage. 

One long-term (1961 to present) U.S. Geological Survey (USGS) streamflow-gaging 
station is located at Yorkville, at the downstream end of the watershed (Fig 1). A second 
streamflow-gaging station was established in 1998 at Montgomery (Fig 1). No other 
stations or records are available for the watershed. 

The watershed model is divided into 54 sub-basins (Fig 1) with drainage area varying 
around 2.59 km2 at the headwater sections. Land use in each sub-basin is described with 6 
types of pervious land (PERLND) groups: cropland, grassland, forested and wooded land, 
pervious residential, wetland, and barren and exposed land) and 3 types of impervious 
land (IMPLND) groups: high density urban, impervious residential, and transportation). 
Meteorological data (wind, air temperature, dew point, solar radiation, potential 
evapotranspiration) for the study have been updated (T. Over, USGS, report in 
preparation). Precipitation data from two closest rainfall stations, St. Charles (an Illinois 
State Water Survey (ISWS) gage) and Aurora (a National Weather Service (NWS) gage) 
are used and the Thiessen’s method is used to assign sub-basins to each raingage (Fig 1). 

Fig. 1  Schematic diagram for the Blackberry Creek watershed model 
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Channel routing is included to simulate peak discharges; the simulation interval is 1 hour; 
thus, the resulting discharge can be considered instantaneous.  

Parameters for describing the various physical processes in PERLND and IMPLND are 
obtained from BASINs (EPA, 2000) and other studies in the region (e.g., Duncker and 
Melching, 1998). Model calibration is done for the period from October 1, 1989, to 
September 30, 1995, and model verification is done for the period from October 1, 1995, 
to September 30, 1999, with flow records at Yorkville. Although the model is considered 
preliminary, initial results indicate that the model adequately reproduces historical flows. 
The statistics of the model-fit based on monthly volumes are shown in Table 1. 

Table 1  Statistics for evaluating model fit (r, correlation coefficient; E model-fit efficiency) 

Period Total events selected r E Number of months error <10% Number of months error <25% 
Calibration 72 0.93 0.86 22 46 
Verification 48 0.95 0.81 11 25 
 

The model fit efficiency is computed with Equation 1, where Q is the mean monthly 
runoff volume, subscripts i represents the ith month of the total N months, o represents 
observed, and s represents simulated quantities (Duncker and Melching, 1998). The 
simulated and observed discharge hydrographs compare well. Two events outside the 
calibration period are presented. The observed and simulated 1996 event at Yorkville are 
shown in Fig 2. Comparisons for a 3-month period in 1999 at Montgomery are shown in 
Fig 3. The hourly discharge data are available for this period. Additional data at 
Montgomery are valuable because they serve to check flows in ungaged areas. 
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Long-term simulation is conducted for the period from 1949 to 1999. However, data 
are available from 1988 to the present at St. Charles. Also the use of Aurora rain data 
alone would give biased estimates for the region (State Climatologist, personal 
communication). Therefore, other long-term raingages in the area are identified (Fig 1).  
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Fig. 2  Observed and simulated hourly discharge for the July 18th event at Yorkville 
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Fig. 3  Observed and simulated hourly discharge April 1 to July 9, 1999 at Montgomery
n data are available at O’Hare, Argonne, Aurora, from 1948 to present; and at 
heaton from 1948 to 1996. Precipitation at Argonne is used in the long-term 

after evaluations of the consistency of the timing and magnitudes of simulated 
s. 

DOLOGY 

tic flood quantiles are derived in the following manner: 1) simulate hourly 
s from 1949 to 1999 at each sub-basin, 2) extract the annual maximum series 
 3) derive flood quantile using a frequency-analysis program PEAKFQ (Kirby, 
h fits data with the Log Pearson III distribution. The same PEAKPQ program 

erive flood quantiles from the observed data. 
hetic frequency curves are compared to frequency curves obtained from two 
ods; one method involves the use of regression equations from a recent 
ency analysis (Soong et al., in preparation), and the other is a TR20 event 
 design storms (Bartels, 1989). The results are compared at 5 sites in the 
Fig 4). These five sites, in the sequence from downstream to upstream, are: 1) 
 (sub-basin 280) where observed data are available; 2) at sub-basin 50, Lake 

hed, 3) at sub-basin 52, a sub-watershed of 50, 4) at sub-basin 58, at the head 
ake Run, and 4) sub-basin 208, at the head section of the mainstem. Note a 

ontains all the individually numbered areas upstream and the area itself. Basin 
ics are determined from the entire sub-basin. Sub basins 50, 52, 58, and 208 
 sites. Their land use patterns and basin characteristics are listed in Table 2.  

 Basin characteristics of selected watersheds (DA: drainage area; MCS: main channel slope) 

Primary land uses DA, km2 MCS, m/km 
58% cropland, 36% pasture, 4% forest 2.6 4.8 
71% cropland, 25% pasture, 2% forest 4.6 6.1 

56% cropland, 30% pasture, 5.6% wetland 15.2 4.0 
59% cropland, 31% pasture, 4.4% wetland 36.2 2.1 

55% cropland, 28% pasture, 6% forest 179.8 0.8 
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Fig. 4  Locations of sub-basins
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to percent by using equation 2; therefore, the differences among frequency curves can be 
evaluated. The standard error of rainfall-runoff model estimates usually is not easily 
determined. The USACE (1996) also has devised the concept for evaluating 
rainfall-runoff models. 

The SET, standard error of the T-year event, is converted to percent using Equation 2. 

( )2 0.5
2.3( )% 10 1 100%TSE∂ = − ⋅       (2) 

Besides evaluating the accuracy of the estimated quantiles by the standard error, the 
performance of the derived frequency curves is compared along with curve slopes. The 
frequency curves at each site are standardized by the 2-year flood of the site. In this study, 
it is assumed the Q2 is estimated reasonably by the regression equations, and the 
regression equations presumably are applicable to all sites based on their basin 
characteristic values which are within the application range. This quantity is designated as 
Q2RE in the following discussion. Thomas (1987) used the averaged Q50/Q2 and Q100/Q2 
from each State to evaluate and compare the under- or over-estimation of synthetic data as 
compared to the observed data. 

4. EVALUATION OF ESTIMATED FLOOD QUANTILLES 

The QT estimated from the observed data, the upper and lower confidence limits estimated 
at the 5% significance level, and the standard error in percent are presented in Table3. The 
slopes of frequency curves for each site are presented in Tables 4-8. Standard errors in 
percent for the regression equations are calculated for each ungaged site. 

Table 3  Flood estimates, the upper and lower confidence limits, and standard error in percentage computed 
from the observed data at Yorkville. The flood quantiles are standardized by Q2RE. Q2RE equals 19.7 cms at the site. 

 Q2/Q2RE Q5/Q2RE Q10/Q2RE Q50/Q2RE Q100/Q2RE Q500/Q2RE 
Station data 0.99 1.72 2.26 3.53 4.10 5.46 

Upper confidence limit 1.19 2.19 3.00 5.09 6.08 8.59 
Lower confidence limit 0.82 1.41 1.82 2.70 3.08 3.95 

Standard error 13.0 12.2 12.6 21.0 26.1 37.5 
 
The at-site estimates and the upper and lower confidence limits are used to evaluate the 

accuracy of flood quantiles estimated by other methods in Table 4. The frequency curve 
estimated from at-site data is repeated in Table 4. 

Table 4  Frequency curves derived at sub-basin 280, Q2RE = 19.7 cms 

 Q2/Q2RE Q5/Q2RE Q10/Q2RE Q50/Q2RE Q100/Q2RE Q500/Q2RE 
Station data 0.99 1.72 2.26 3.53 4.10 5.46 

HSPF1 0.94 1.60 2.12 3.50 4.19 6.04 
Regression equation 1.0 1.75 2.28 3.56 4.11 5.44 

TR20 1.61 N/A2 3.14 N/A 4.89 5.77 
Remarks: 1. HSPF simulates the records from 1949 to 1999; Yorkville record is from 1961 to 1999. 
 2. Not reported. 

 
Frequency curve derived from the HSPF results underestimates lower recurrence 

interval floods but overestimated higher recurrence interval floods. On the other hand, the 
TR20 model overestimated flood estimates at all recurrence intervals presented. The 
comparisons among HSPF, regression equations, and at-site results can be considered as 
“good” especially considering that the HSPF synthesized data contain 12 or more years of 
record with two large events. Comparisons for the ungaged areas are presented in Tables 
5-8. 
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Table 5  Frequency curves derived at sub-basin 50, Q2RE = 10.1 cms 

 Q2/Q2RE Q5/Q2RE Q10/Q2RE Q50/Q2RE Q100/Q2RE Q500/Q2RE 
HSPF 0.70 1.28 1.74 2.97 3.58 5.22 

Regression equation 1.0 1.63 2.07 3.00 3.40 4.27 
TR20 1.01 N/A 1.91 N/A 2.80 3.65 

Standard error% 41.7 42.3 43.8 48.6 51.0 56.7 

Table 6  Frequency curves derived at sub-basin 52, Q2RE = 8.7 cms 

 Q2/Q2RE Q5/Q2RE Q10/Q2RE Q50/Q2RE Q100/Q2RE Q500/Q2RE 
HSPF 0.86 1.73 2.47 4.56 5.63 8.58 

Regression equation 1.0 1.65 2.11 3.11 3.54 4.50 
TR20 1.82 N/A 3.60 N/A 6.04 8.08 

Standard error% 41.9 42.4 43.9 48.8 51.2 56.9 

Table 7  Frequency curves derived at sub-basin 58, Q2RE = 3.4 cms 
 Q2/Q2RE Q5/Q2RE Q10/Q2RE Q50/Q2RE Q100/Q2RE Q500/Q2RE 

HSPF 0.59 1.32 2.01 4.18 5.41 9.09 
Regression equation 1.0 1.73 2.25 3.43 3.94 5.10 

TR20 2.17 N/A 4.25 N/A 7.09 9.51 
Standard error% 42.0 42.6 44.1 49.0 51.4 57.2 

Table 8  Frequency curves derived at sub-basin 208, Q2RE = 2.2 cms 

 Q2/Q2RE Q5/Q2RE Q10/Q2RE Q50/Q2RE Q100/Q2RE Q500/Q2RE 
HSPF 0.47 1.05 1.59 3.24 4.14 6.78 

Regression equation 1.0 1.75 2.29 3.51 4.05 5.26 
TR20 1.42 N/A 3.31 N/A 6.15 8.16 

Standard error% 42.1 42.6 44.2 49.1 51.5 57.3 
 
Frequency curves estimated by HSPF become steeper as the drainage area becomes 

smaller and main channel slope becomes steeper. A review of gaging stations in the 
region with similar basin characteristics (drainage areas less than 4.4 km2) indicated that 
the ratios of observed Q100/Q2 and Q500/Q2 range from 3.4 to 11.8 and 4.4 to 20.1, 
respectively. Therefore, we cannot determine which method performs better in small 
watersheds with steep slopes. The available data for developing regression equations are 
one of possible causes for discrepancies. Kirby (1975) illustrated that many types of 
deterministic and statistical models have the common “loss of variance” phenomenon. 
Thomas (1987) found the flood quantiles simulated using an event model (Dawdy et al. 
1972) exhibited a tendency to overestimate lower recurrence floods and underestimate 
higher recurrence floods. The HSPF results demonstrate the opposite trend in this study. 
TR20 model illustrates such a trend for sub-basins 50 and 280, where drainage areas are 
larger than 36 km2 in this study. TR20 tends to over estimate flows at all QT than the 
regression and HSPF (except for Q500 of sub-basin 52) for smaller watersheds. Frequency 
curves calculated for sub-basin 50 differed from those calculated for other sites. A further 
review identified that the land surface near area 50 is a depression; a storage area also is 
identified by Bartels (1989). The storage has been modeled in HSPF but cannot be 
differentiated by the regression parameters. 

5. VERIFICATION WITH INUNDATION MAP 

Flood-estimates evaluated thus far disclose only the relative performance of various 
methods. Additional information is needed to test if the estimated magnitudes are 
reasonable for the watershed. An inundation map of the 1996 flood event was used here to 
evaluate the reasonableness of estimated quantiles. During the flood, a fly-over was 
conducted to inspect flood damages in the watershed. Images captured with videos and 
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still photographs taken during the fly-over were used in developing the inundation map. 
However, this fly-over was not intended for developing the inundation map, and therefore, 
didn’t cover the entire Blackberry Creek and tributaries. Incorrect inundation could be 
determined for depressions away from the channel, and assessing inundation at 
tree-covered areas was difficult. Some of these difficulties can be seen in Fig 5. Local 
causes of inundation, such as debris jams, also can affect the readiness in using an 
inundation map. However, for a large flood event such concern should be reduced. The 
most complete inundation map was at Lake Run (sub-basin 50s, see Figures 1 and 5) (P. 
Schuch, Kane County, unpublished map, 1996), and in reaches downstream from Lake 
Run developed in this study. 

Fig. 5  Comparison of inundation maps from simulated 500-year discharge and from the fly-over in the 
lower portion of Lake Run 

The exceedance frequency of the 1996 event was smaller than 0.01, according to the 
NWS based on rain records at Aurora and De Kalb (Holmes and Kupta, 1997). Flood 
recurrence within the watershed has not been estimated but could be assumed reasonably 
to exceed 100 years (as a small watershed). The measured instantaneous peak flow at 
Yorkville (156 cms) is larger than the estimated 500-year flow. Evaluation then can be 
conducted by comparing the inundation image produced with the computed discharges 
and during the fly-over. The inundation produced by computed discharge is done by 
inputting the estimated discharges from different methods to a channel routing model to 
derive the flood stages along the channel; the flood stages along the channel then are 
converted to the inundation map. The HEC-RAS model is used here for channel routing. 
A comparison of inundation maps produced from the fly-over data and from the Q500s 
estimated by the HSPF model is illustrated in Fig 5. Inundation areas are similar in places 
where information is available. Various factors can affect the validity of such comparisons, 
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including: 1) the spatial and temporal rainfall distribution, 2) timing of when the images 
were taken, 3) mode of flow routing, and 4) others. The 24-hour rainfall depth for the 
event over the watershed was not uniform. The rainfall depth in Lake Run area and 
downstream varied from 49.1 to 52.5 cm, and relatively uniform. However, rainfall depth 
in the upper part of the watershed in the vicinity of sub-basin 208 varied around 26.2 cm. 

6. SUMMARY AND CONCLUSIONS 

Flood-frequency curves at 5 sub-basins in the Blackberry Creek watershed in northern 
Illinois in Kane County, Illinois were compared using various methods. The 
flood-frequency curves are obtained from a HSPF model that simulated 50 years of record 
from 1949 to 1999, recently updated regression equations, and a previous TR20 event 
model. The calibrated HSPF model reproduced the peak discharge of a 1996 flood. This 
flood event is outside the calibration period and the estimated recurrence interval is more 
than 100 years. 

The following conclusions can be drawn from this study:  
1. All the methods compared predicted similar frequency curves at the gaged site in the 

watershed. 
2. The frequency curves produced by the HSPF model have steeper slopes than those 

produced by the regression equations. If the regression equations are used to evaluate 
rainfall-runoff models, the frequency curves produced by the HSPF model tend to 
underestimate lower recurrence interval floods and overestimate higher recurrence 
interval floods. The slopes become steeper as the sub-basins become smaller and 
channels become steeper. TR20 tends to over estimate both regression and HSPF 
methods at all recurrence intervals. However, because the large standard error of the 
regression equations, addition information is needed to evaluate if the estimated 
discharges are realistic to the watershed.  

3. Inundation maps produced by the Q500s estimated by the HSPF model and a fly-over 
conducted during the flood were similar indicating that the calibrated HSPF model 
adequately simulated flow in the sub-basins. 
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Abstract: Flow instabilities in the form of roll waves, surges and bores are ubiquitous in shallow 
water flows. For example, surges and bores are commonly observed during rising flood and tidal 
waves. In addition, roll waves are a common occurrence in overland flow, street surface flow, 
partially fully sewer flow, gutter flow and slope drainage flow. Stability analysis is crucial for 
determining the physical mechanisms and the condition for the formation of roll waves, surges and 
bores. To this end, stability of a gradually varying flow in an inclined open channel with a constant 
slope is studied in this paper. Stability criteria are obtained for Chezy and Manning resistance 
formulae. It is shown that momentum correction coefficient has a strong stabilizing influence on the 
stability boundary for supercritical flows (Fr>1). The method of multiple scales is used in order to 
derive nonlinear amplitude equation. Results of numerical calculations are presented. 
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1. INTRODUCTION 

Flow instabilities in the form of roll waves, surges and bores are ubiquitous in shallow 
water flows. Surges and bores are commonly observed during the propagation of a 
disturbance that increases the water depth (e.g., rising flood and tidal waves). An example 
is the Tsian-Tang river bore known to reach 6 to 9 m height (Liggett 1994). Roll waves 
are a common occurrences in shallow flows (e.g., near-shore waves and flows in street 
surfaces, partially full sewers, gutters and slopes). For example, roll waves are often 
observed in the Yellow River and her tributuaries (Liu and Mei 1994). Previous analyses 
(Jeffreys (1925), Dressler (1949), Whitham (1974)) have shown that for the case of a 
uniform flow the critical Froude number which separates stable and unstable regions is 
equal to 2 for the case of the Chezy resistance formula and 1.5 for the case of the Manning 
resistance formula. These estimates are based on depth-averaged shallow water equations 
when the momentum correction coefficient is equal to 1. Assuming power-law velocity 
profiles in the vertical direction, Chen (1995) presented different formulas for the critical 
Froude number where the constant momentum correction coefficient is directly related to 
the exponent of the power-law velocity distribution. 

If the Froude number exceeds the critical value the flow instability in open channels 
arises in the form of roll waves where discontinuous bores and regions of gradually 
varying flow form periodic or quasi-periodic structures. Experimental results show (see, 
for example, Alavian (1986)) that longer and higher roll waves are formed as a result of 
further development of the flow. Method of multiple scales is used in Kranenburg 
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(1992)and Yu and Kevorkian (1992) in order to describe the appearance of roll waves. It 
is shown in these papers that weakly nonlinear analysis correctly represents the initial 
period of the formation and development of roll waves. 

Stability of a gradually varying flow in an open channel is studied in Kranenburg 
(1990). It is shown that nonuniformity of the flow in the longitudinal direction has a 
significant impact on the flow stability. The role of the momentum correction coefficient 
on the stability boundary is studied in the present paper. Critical Froude numbers are 
found for the cases of the Chezy and Manning resistance formulae. It is found that the 
momentum correction coefficient has a strong stabilizing influence on the stability 
boundary for supercritical flows (Fr>1). The method of multiple scales is used in order to 
derive an amplitude evolution equation. Results of numerical calculations are presented. 

2. FORMULATION OF THE PROBLEM 

Consider the following set of shallow water equations written in dimensionless form (Yen 
1973): 

0,h h uu h
t x x

∂ ∂ ∂
+ + =

∂ ∂ ∂
        (1) 

( ) ( )
2 2

0 12 1 1 0f m

u u h u h uu S
t x x h x h

β β +

∂ ∂ ∂ ∂ ,C+ − + + − − + =
∂ ∂ ∂ ∂

  (2) 

where x is the spatial coordinate, t is the time, u is the velocity component, h is the water 
depth, S0 is the bed slope in the x direction, β  is the momentum correction coefficient, 
Cf is the friction coefficient, m = 0 and m = 1/3 for the Chezy and Manning resistance 
formulae, respectively. The measures of length, time and velocity are given by H, 
H gH  and gH , respectively, where H is the length scale and g is the acceleration due 
to gravity. 

The method of multiple scales (Kevorkian and Cole (1996)) is used in order to 
construct a weakly nonlinear solution of (1), (2). Consider a perturbed solution in the 
form. 

( ) ( ) ( ) ( ) ( ) ( )2 2
1 2 1 2, , , ,s sh h x h h and u u x u uε ξ τ ε ξ τ ε ξ τ ε ξ τ= + + + = + + + ,  (3) 

where and  define the steady non-uniform based flow; ( )su u x= ( )sh h x= ε  is a small 
parameter and ξ  and τ  are ‘slow’ variables defined as follows 

( )
2

0
,

x d t
c
η .tξ ε
η

 
= − = 

  
∫ τ ε       (4) 

The ‘slow’ variables are chosen so as to allow the investigation of the initial 
development of the instability near the characteristic curve. Inserting (3) and (4) into (1) 
and (2), the second-order terms lead to the following equation which governs the 
development of amplitude h1 

1 1
1 1 0,

h h
h hα γ

τ ξ± ±

∂ ∂
+ −
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=       (5) 
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where plus and minus signs in (5)-(7) correspond to the cases of the wave propagating 
along the flow and against the flow, respectively. 

3. RESULTS AND DISCUSSION 

The condition for the onset of linear instability of the flow, as it follows from (5) , is  
0.γ ± >         (8) 

The initial development of the instability beyond the onset point is governed by (5). 
Clearly, initial and boundary conditions are required to investigate the development of the 
instability. 

3.1 Stability results for uniform flow 
Consider first a particular case of a uniform flow 0su u= , 0sh h= , where  and  
are constants. In this case, (8) reduces to  

0u 0h

2
9 8

Fr
β

>
−

 in the case of the Chezy equation  (9) 

and  
3

25 21
Fr

β
>

−
 in the case of the Manning equation (10) 

Stability diagrams for the case of uniform flow are shown in Fig.1. Stable regions are 
located below the curves. If 1β =  both formulae (9) and (10) give well-known critical 
values of the Froude number, namely, 2crFr =  and 1.5crFr =  for the Chezy and 
Manning formulae, respectively (Whitham (1974)). Formulae (9) and (10) can also be 
derived from formula (23) (see Chen (1995)) for the case of wide open channels. However, 
the fact that the increase in β  leads to a strong stabilization of the flow, to the authors’ 

S 0
/S

f 

Fig. 1 Stability diagrams for the case of uniform flow 

 466



knowledge, has not been emphasized in the literature. It follows from (9) and (10) that the 
flow becomes linearly stable for all 0β β>  where 0 9 / 8β =  for the Chezy formula and 

0 25 / 21β =  for the Manning formula. It is known (Chen (1995), Yen (1973)) that the 
values of β  are slightly higher than 1 for the case of wide open channels. However, in 
some other cases larger values of β  are used. Obviously, the flow cannot become 
absolutely stable for any Froude number as it follows from (9) and (10) for 0β β> . 
Therefore, the stability analysis for flows in open channels is limited to small values of 
β . When the flow varies rapidly in either space or time or both, large values of β  can 
occur. Therefore, correct stability analysis for these flows requires that either the 

Navier-Stokes equations should be used or the term proportional to 
x
β∂
∂

 which is often 

omitted from the analysis, should be included in the equations. 

,
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To study the initial development of the instability for the case of a uniform base flow, 
(5) needs to be integrated and the result is: 
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Following the arguments in Whitham (1974) it can be shown that the wave breaks down if 
initial perturbation satisfies the following condition 
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(for the case of the Chezy formula) then  in a finite time. Therefore, the wave 
breaks down at the wavefront. 

→ −∞

3.2 Stability results for nonuniform flow 
The regions of instability for the disturbance that travels with the flow (i.e., along the 
positive characteristic) are shown in Figs.2 and 3 for the case of the Chezy and Manning 
formulae, respectively. The equations of the vertical dashed lines are . The flow 
in Figs. 2 and 3 is stable in the region below the solid lines for 

2 1Frβ =
2 1Frβ <  and above the 

solid lines in the region . It can be seen from Figs. 2 and 3 that for the positive 
slope  the flow is always stable if 

2 1Frβ >

0S 0.5Fr < . The momentum correction coefficient 
β  does not change the stability boundary for subcritical flows (Fr < 1) since the curves 
for the values of β = 1, 1.05 and 1.10 almost coincide in the region 0.5 < Fr < 1. 
However, the values of β  become important for larger values of the Froude number. 
The stability diagrams for the disturbance that travels against the flow (i.e., along the 
negative characteristic) are shown in Figs. 4 and 5 for the Chezy and Manning formulae, 
respectively. The stable regions are below the solid lines in the region  and 
above the solid lines in the region . The values of 

2 1Frβ <
2 1Frβ > β  are less significant for 

this case – all three curves for β = 1, β = 1.05 and β = 1.1 almost coincide. 
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It is seen from the comparison of Fig. 1 and Figs. 2-5 that the structure of the stability 

regions changes considerably due to nonuniformity of the flow (see also Kranenburg 
(1990) for the case = 1). In particular, the uniform flow assumption does not capture 

the changes which take place near the line . On the other hand, as Figs. 2 and 3 
indicate, the stability regions are located on different sides of the neutral stability curves 

in the regions  and . Moreover, uniform flow can become unstable 
only with respect to the disturbance which travels with the flow. Figs. 4 and 5 show that 
gradually varying flow can become unstable also with respect to the disturbance which 
travels against the flow. 

β
2 1Frβ =

2 1Frβ < 2 1Frβ >

Fig. 3 The regions of instability for the 
disturbance that travels with the flow for the 

Manning

Fig. 2  The regions of instability for the 
disturbance that travels with the flow for the 

Chezy 

Fig. 5 The stability diagrams for the disturbance 
that travels against the flow for the Manning 

3

S 0
/S

f 

S 0
/S

f 

3

Fig. 4  The stability diagrams for the disturbance 
that travels against the flow for the Chezy 

3.3 Nolinear dynamics of the flow 
The time and location for the onset of instability can be found by integrating (5) subject to 
initial and boundary conditions. To illustrate, consider a triangular initial perturbations of 
amplitude 0.01ε = and width ( )( )0 2 0 21Fr h s h s /ε+ − , where , 2.05Fr =



2 2
0 0.000205S Frε= = , , , and 1 0.01s = 2 0.0103s = 0 0.2h m= . In this case, the 

critical time and location for the onset of instability are 1.43 s and 6.66 m, respectively. 

β
β

4. CONCLUSIONS 

Stability of a gradually varying flow in an inclined open channel is studied in the present 
paper. Stability diagrams for the cases of the Chezy and Manning resistance formulae are 
presented. Momentum correction coefficient  is included in the analysis. It is shown 
that the increase in  leads to strong stabilization of the flow in the supercritical case 
(Fr > 1). This conclusion holds for both uniform flow and gradually varying flow. The 
gradually varying flow can become unstable with respect to wave disturbances traveling 
with the flow and against the flow in contrast to the uniform flow case where only the 
disturbance which propagates with the flow can lead to instability. Method of multiple 
scales is used to derive amplitude evolution equation. Results of numerical calculations 
are presented. The current work is essential for understanding the formation of surges and 
bores in rising flood and tidal waves and the formnation roll waves in overland flow, 
street surface flow, partially fully sewer flow, gutter flow and slope drainage flow. 
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Abstract: Choked flood flows caused by sever bridge contractions were studied in this paper.  A 
new method for the computation of backwater elevation for choked flows through bridge 
contractions was proposed.  This new method was derived from the conservation of energy and the 
water continuity.  The critical flow condition at the contraction, which forms a control section for 
the flow upstream of the contracted reach, was considered.  The applicability of the proposed 
method was tested by a large flood which occurred at I-5 bridge over Los Gatos Creek near 
Coalinga, California in 1995. 
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Keywords: bridge contraction, flood flows, choked flows, backwater computations 

1. INTRODUCTION 

Bridges normally cause the flow in a river to be constricted since the cross section at the 
bridge is usually narrower than the cross sections in the natural channel. When a flood 
flow passes through the bridge crossing, severe channel constriction can result in a 
significant increase in backwater elevation with consequences that may cause serious 
problems for flood control upstream of the bridge contraction.  Meanwhile, the high flow 
velocity in the contraction may endanger the safety of the bridge foundation by scouring.  

Flood flows with free surface that does not impinge upon the superstructure are 
normally termed as low flow classes, whereas high flow refers to conditions in which the 
water surface impinges on the bridge superstructure. Low flows are most commonly 
encountered at bridge crossing in natural rivers and can be further divided into Type I and 
Type II flows. Type I flow occurs when the flow through the bridge opening is subcritical, 
while Type II flow or “choked flow” occurs when the flow in the bridge opening is 
critical.  

The backwater effect due to channel contractions for Type I flow has been extensively 
studied in the literature and the backwater profile can be well simulated in commonly used 
computer models such as HEC-2 (HEC, 1990), HEC-RAS (HEC, 1995), WSPRO 
(Shearman, 1990), and BRI-STARS (Molinas, 2000).  However, the studies of backwater 
effect for choked flows resulting from bridge contractions are rather limited.  As a result, 
the backwater effect and the associated energy losses for flows under choking conditions 
are usually determined by the use of empirical contraction and expansion coefficients 
through a trial-and-error to match the observed water surface elevations or by the simple 
method provided by Bradley (1973) for a narrow range of opening ratios.  

In this paper, a new method for the computation of backwater elevation for choked 
flood flows through bridge contractions is developed.  The applicability of the proposed 
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method is tested by using the filed measurements at I-5 bridge, which was failed due to a 
choked flood flow. 

2. CHOKING FLOW PHENONENON 

A sketch showing the typical backwater profile for a subcritical flow under choking 
conditions is given in Fig. 1.  Section 1 is the approach section which represents the 
backwater condition upstream of the contraction.  Section 2 is the critical section in the 

contraction.  Downstream from the contraction, the water surface returns to normal flow 
provided that a long reach of uniform channel exists.  

Normal depth 

L

B b

④ ③②①

 
 Fig. 1  Definition sketch of choked flow in bridge contraction: (a) Water Surface Profile; (b) Plan View. 
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Under choking conditions, the flow passes through a critical section in contraction and 
the upstream backwater is entirely controlled by the critical flow in contraction. Fig. 2 is a 
plot showing the backwater profile for a choked flow under different possible downstream 
conditions.  In all these 5 different cases the flow upstream of contraction is entirely 
independent of downstream conditions because of the control provided by the critical 

depth in contraction. Fig. 3 is a plot showing two sets of experiment by Molinas and 
Kheireldin (1994). In these two sets of experiment, the flow discharges and the 
contraction ratios are the same while the downstream elevations are different.  It can be 
seen that the water surface elevations upstream of the contraction are the same in spite of 
the differences in downstream elevation. 
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Fig. 2  Sketch showing the effect of downstream conditions on backwater profile for choked flood flows. 
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Fig. 3  Backwater profiles measured in flume by Molinas and Kheireldin (1994; σ = 0.12, Q = 17.98 lt/sec.） 

3. BACKWATER EQUATION 

For a flow with mild slope, the backwater equation can be derived from the principles of 
conservation of energy and water continuity.  Referring to Fig. 1, the conservation of 
energy between sections 1 and 2 can be written as: 

lf
c

c hh
g
V

yz
g
V

yz ++++=++ −21

2
22

22

2
11

11 22
αα

                (1) 

where z1 and z2 are the bottom elevations at sections 1 and 2, respectively; y1 is the flow 
depth at section 1; y2c is the critical flow depth in constriction at section 2; V1 is the 
average flow depth at section 1; V2c is the average flow velocity at section 2 
corresponding to the critical flow depth; hf1-2 is the loss of energy head between sections 1 
and 2 due to boundary friction; hl is the loss of energy head due to local channel 
contraction; α1 and α2 are the velocity correction coefficients at sections 1 and 2, 
respectively. 

Generally, the local energy loss caused by contraction can be expressed as: 
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l e
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=                            (2) 

where is the local energy loss coefficient.  ek
Substituting Eq. (2) into Eq. (1) and rearranging terms yield: 
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where ；1z z z∆ = − 1 1 1F V gy= ；and 2 2 2c c cF V gy= . 
The continuity equation between sections 1 and 2 can be expressed as: 

1 1 2 2 (c c cV y B V y C b= )                           (4) 

where  is the contraction coefficient. Considering the definition of Froude number, Eq. 
(4) can be written as: 

cC

2 / 3

2 1

1 2

c

c c

y F
y C F σ


= 
 


                          (5) 

where σ is the opening ratio ( /b Bσ = ). 
Substituting Eq. (5) into Eq. (3), rearranging terms yields: 
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                (6) 

For flow without contraction ( 1σ =
z

), the friction slope is equal to the channel bottom 
slope, resulting in 1 2fh − = ∆ .  For choked flows, energy loss between section 1 and 
entrance to the contracted reach is less than the corresponding friction energy loss under 
uniform flow conditions.  The friction energy loss between the entrance to contracted 
reach and section 2 is higher than the corresponding friction energy loss under uniform 
flow conditions.  As a result, the total friction energy loss, 1 2fh − , between sections 1 and 
2 may be slightly higher than the corresponding friction energy loss under uniform flow 
conditions.  However, the difference of 1 2| fh − |z− ∆ for choked flows is very small and 
may be neglected.  Assuming uniform velocity distributions at sections 1 and 2 
( 1 2 1α α= = ) and considering , Eq. (6) can be simplified as: 2 1c =F
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3/ 22 / 3
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                      (7) 

The first term on the right hand side within the parentheses can be treated as an 
integrated coefficient.  In fact, to get the exact value for C or  is very difficult.  
Therefore, to facilitate the analysis, Eq. (7) may be expressed as: 
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where is called the backwater coefficient in this paper.  bC

4. BACKAWATER COEFFICIENT 

The backwater coefficient  expressed by Eq. (9) is a function of the energy loss 
coefficient  and the contraction coefficient .  For practical uses, C  is normally 
determined based on experimental data because theoretical solutions for  and C  are 
not readily available.  

bC

ek cC b

ek c

According to the Tailor series expansion, one gets: 

( )3 / 2 3 / 2 1/ 23 3 (3/ 2) 3ek ek+ = + + ⋅⋅⋅                (10) 

Therefore,  can be expressed as: bC
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Let .  Considering that C  is a variable close to, but less than 1, then 
 has small values close to 0.  Therefore one gets: 

1cC′ = −

cC= −
cC c

1cC′
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Eq. (11) now can be expressed as:  
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Considering that the factors affecting both  and  are the same, mainly geometry 
dimensions such as the contraction ratio and the entrance rounding of structure, Eq. (13) 
can be further simplified as: 

ek cC
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                        (14) 

where sK  is a coefficient accounting for the entrance rounding of structure; and Kσ  is 
a coefficient accounting for the contraction ratio ε (=1-σ) or opening ratio σ.  Both 
coefficients sK  and Kσ  are physically representing the effects of channel contraction 
on the energy loss and stream line compression.  There are some other geometry 
parameters, such as the relative contraction length , inlet angle, and so on, that can 
affect .  However, the effects of these parameters are minor compared with the 
contraction ratio and the entrance rounding, therefore they are not included in the current 
analysis.  

/L b
bC

Considering the physical meanings of Eq. (9), when 1=σ  (channel contraction 
disappears), 271=bC  and accordingly 0sK Kσ = . When 0σ =  (channel opening 
disappears), 0=bC  and accordingly sK Kσ = ∞ .  Therefore, the choking coefficient 
（or ） is not a constant value but varies with opening ratio and other relevant 

parameters.  
bC σKK s

Experimental data for choking in open channels are collected from various sources, 
including those by Liu et al. (1957), Hager and Dupraz (1985), and Molinas and 
Kheireldin (1994).  The opening ratio σ in these experiments varies between 0.12 – 0.88.  
The local contraction structures used in Liu et al.’s experiments include: Vertical Board 
(VB), Vertical Wall (VW), Wing Wall (WW, 45° or 90°), and Spill Through (ST).  
Among them, the only difference between VB and VW is the contraction length L.  In 
the experiments by Hager and Dupraz (1985) and Molinas and Kheireldin (1994), they 
used only the Vertical Wall. 

Choking experiments can be classified into abrupt entrance experiments and gradual 
entrance experiments according to the entrance conditions. In the abrupt entrance 
experiments the entrance is formed by structures placed perpendicular to main flow and 
the channel width is suddenly reduced; whereas in the gradual entrance experiments the 
entrance is formed by a series of vertical surfaces inclined to the main flow direction and 
the channel width is gradually reduced.  In addition, choking experiments can be divided 
into sharp-corner experiments (VB, VW, 90°WW) and rounded-corner experiments 
(45°WW, ST) based on the entrance rounding of the structures following Bradley’s (1973) 

suggestion.  In the following, we shall determine the actual expression of choking 
coefficient for experiments with abrupt and sharp-corner conditions and with abrupt 
and rounded-corner conditions, respectively. 

bC

Fig. 4 is a plot showing the variation of  with bC σ .  Experimental data in the figure 
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Fig. 4  Variation of Cb with σ for choked flows under different entrance conditions 

include the rounded-corner experiments (45°WW and ST) by Liu et al. (1957) and the 
sharp-corner experiments (VW) by Molinas and Kheireldin (1994).  It can be seen that 
the rounded-corner experiments and the sharp-corner experiments follow different trend 
lines. Generally speaking, for a given opening ratio the value of C  is higher for 
rounded-corner conditions than for sharp-corner conditions.  This is because that energy 
loss caused by the former is higher than by the later.  An equation representing the 
sharp-corner experiments can be expressed as: 

b

b →

1/ 4 0.14 /

1
27 1 0.22(1 )bC

e σσ
=

 + − 
                  (15) 

Similarly, an expression for rounded-corner experiments can be written as: 

1/ 4 0.14 /

1
27 1 0.087(1 )bC

e σσ
=

 + − 
                  (16) 

It is stated earlier that, the physical meaning of  requires that bC 1 27C  when 
1σ →  and C  when 0b → 0σ → .  Eqs. (15) and (16) behavior well and satisfy these 

two limit conditions.  It is easy to show that C  increases as b σ  increases.  The 
associated energy coefficient ke (proportional to (1 1/ 4 0.14 /) e σσ− ) decreases as σ  
increases, which follows our general knowledge of the variation of energy loss coefficient.  
Besides, it is necessary to separate the effects by the variation of opening ratio and by the 
entrance rounding through a comparison of Eq. (14) with Eqs. (15) and (16).  In doing so, 
we get 1/ 4 0.14 /K e0.22 (1 ) σ

σ σ= − , and 1sK =  for sharp-corner condition while 
 for rounded-corner condition.  When the entrance rounding is between these 

two extreme conditions, 
40.0=sK

sK  can be assigned a value between 1 and 0.4 accordingly. 

5. APPLICATIONS 

On March 10, 1995 two I-5 bridges over Los Gatos Creek near Coalinga, California failed 
because of scour resulting from a large flood.  Four cars and 1 truck went into the creek 
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with the loss of 7 lives (Richardson et al., 1997).  Fig. 5 is a photograph showing a plan 
view of the channel reach at one of the two I-5 bridges after the 1995 flood.  Fig. 6 
shows the measured water surface and cross-sectional profiles, which indicate the flood 
flow was choked at the bridge contraction during the flooding. 

Los Gatos Creek is an ephemeral stream which drains from the eastern side of the 
costal range onto an alluvial fan approximately 3.2 km upstream of the bridges.  Its 
drainage area above the bridges is 1312.6 km2.  The Los Gatos Creek stream is braided at 
low flow but flows bank to bank at high flows.  It is sinuous upstream and downstream 
of the bridge.  The channel bed is sand, with width from 90 to 120 m upstream of the 
bridge and 40 to 80 m downstream.  The bridge openings were 37.2 m wide, with 
vertical wall abutments with wing walls.   

Maximum 24-hr precipitation amounts during the March 10, 1995 storm at 
precipitation stations in the Los Gatos Creek drainage ranged from 9.1 to 15.7cm.  The 
available hydrograph was measured at D.W.R. Station, Los Gatos Creek at Eldorado 
Avenue.  The peak flood discharge was estimated to be about 566 m3/s with a return 
period between 66 and 75 years (Molinas and Wu, 2000).  The maximum water surface 
elevation experienced at upstream of the bridge was estimated to be about 139.4 m, with a 
maximum backwater depth was about 4.82m (see Fig. 6). 

It can be seen from Fig. 6b that the active channel width immediately upstream of the 
bridge is about 110.4 m.  This gives a bridge opening ratio σ = 0.337 (37.2/110.4).  The 
corresponding values of backwater coefficient Cb computed by Eqs. (15) and (16) are 
0.148 (sharp-corner condition) and 0.172 (rounded-corner condition), respectively.  
From Eq. (8), the values of *

1F  are 0.0499 and 0.058, which give 1F values of 0.143 and 
0.164 for sharp-corner and rounded-corner conditions, respectively.  Now the backwater 
depth y1 can be computed by  

 
 

 
Fig. 5  A photograph showing the I-5 bridge over Los Gatos Creek near Coalinga, California after the 1995 flood 
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Fig. 6  Water surface and cross-sectional profiles measured at the I-5 bridge over Los Gatos Creek near Coalinga, 

California after the 1995 flood: (a) high water surface profile; (b) cross sections upstream of and at the bridge. 
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Finally, the backwater depth is estimated from Eq. (17) to be between 4.56m and 5.08m, 
which is in good agreement with the measured value of 4.82m. 

Further analysis and field data are needed to verify the applicability of the methodology.  
In the example problem discussed above, further complexity is involved in if the 
processes of deposition and scouring experienced in the contracted bridge section during 
flooding are accounted for.  To cope with this problem, the proposed method may be 
incorporated into a general computer model. 

6. CONCLUSIONS 

Sever bridge contractions may choke the flood flows and significantly increase the 
backwater elevation upstream of the bridge.  The commonly used contraction and 
expansion energy loss coefficients may not be suitable for the determination of backwater 
effect in such cases.  A new method for the computation of backwater elevation for 
choked flood flows through bridge contractions was proposed in this paper.  This method 
was derived from the conservation of energy and the water continuity.  The critical flow 
condition at the contraction, which forms a control section for the flow upstream of the 
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contracted reach, was considered.  The proposed method was tested by a large flood 
which occurred at an I-5 bridge over Los Gatos Creek near Coalinga, California in 1995. 
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Abstract: Synthetic Unit Hydrograph (SUH) is a deterministic method to estimate maximum flood 
discharge for ungauged points on the stream where the runoff data are not available. The exactness 
of this method depends upon the type of SUH and the catchment characteristics. Since the accuracy 
of Gray and Flood Studies Report (FSR) SUHs has not been evaluated so far in Iran, the Kasilian 
representative catchment in the north of Iran was considered to accomplish this work. In this study, 
twelve events of rainfall-runoff in non-melting seasons were chosen and their rainfall hyetographs 
and flood hydrographs were gathered from two automatic recording stations. Then, the Natural Unit 
Hydrographs (NUHs) were determined by least square method. A comparison study between the 
index NUH with obtained Gray and FSR SUHs was undertaken. The results showed that; i) in Gray 
method, the difference of synthetic values with observed values, based on 1-hour excess rainfall, is 
+15.02, -15.5 and  +21.79 percent in time to peak, time base and peak discharge, respectively. and ii) 
in FSR method the difference is –12.01, +21.21 and –47.14 percent in time to peak, peak discharge 
and time base, respectively. Evaluation of the results showed an acceptable accuracy of both 
methods in Kasilian catchment, depending upon the aim of the research, especially after calibration 
process. 
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1. INTRODUCTION 

A Unit Hydrograph is the hydrograph of a unit volume of surface runoff produced by 
spatially evenly distributed rainfall excess with a uniform intensity. This technique in 
hydrology science is required for engineering works including flood forecasting, design of 
water structures and etc. The method of unit hydrograph was first suggested by False and 
more clearly formulated by American engineer Sherman in 1932 (Soufiani, 1988). 
Determination of the unit hydrograph depends on the availability of rainfall and runoff 
data. For areas where these are not available hydrologists have developed Synthetic Unit 
Hydrograph (SUH) technique. The first SUH developed by Snyder in 1938, modified by 
Taylor and Schwartz in 1952, and used by the U.S. Army Corps of engineers in 1959 
(Bras, 1990). In general, hydrologists defined three types of SUHs so far; (1) those 
relating hydrograph characteristics (time to peak, time base and peak discharge) to 
catchment characteristics such as Snyder in 1938 and Flood Studies Report (FSR) in 1973; 
(2) those based on a dimensionless unit hydrograph such as Soil Conservation Service 
(SCS) in 1959 and Gray in 1961 and (3) those based on models of catchment storage such 
as Clark in 1943 (Chow, 1988; Maramaei, 2001). According to discussion of SUHs, a 
question is the result: Is accuracy of SUHs equal to Natural (observed) Unit Hydrographs 
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(NUHs). To respond this question, in this study attempted to evaluation of accuracy of 
Gray and FSR SUHs in the north of Iran. 

2. STUDY AREA 

The study area, Kasilian catchment, is located within the central Alborz mountain in the 
north of Iran (Fig. 1). The Kasilian catchment has an area of 67.8 km2. The forested area is 
56.16% with rangeland 15.65%, cropland 27.14% and residential area 1.05%. Ministry of 
Energy started collecting hydrometorological data in this catchment in 1970. Kasilian 
catchment based on Ambergeh method has a naut altitude, froid humid and sub humid 
froid climate. 
 
 

 
Fig. 1  Relative Location of Kasilian Representative Catchment in the North of Iran 

Annual Average Precipitation (AAP) of this catchment is 800 mm. The highest monthly 
precipitation occurs in September and the lowest in March. The mean discharge of the 
outlet is 0.48 m3s-1. The highest runoff is also observed in April and the lowest in August. 
The other main characteristics of Kasilian catchment are summarized in Table 1. 

Table 1  A Summary of Catchment ,s Main Characteristics 

                     Parameter Value 
 Altitude range (m) 
 Automatic raingauges 
 Non-automatic raingauges 
 Main stream length (km) 
 Average main stream slope (%) 
 Drainage density (km/km2) 
 Compactness coefficient 
 Annual mean temperature (0c)  

1100-2700 
1 
8 

16.5 
13 

2.27 
1.51 
12 
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3. INDEX NATURAL UNIT HYDROGRAPH (INUH) 

In this study twelve observed rainfall hyetographs and their corresponding runoff 
hydrographs are studied in detail to drive INUH for Kasilian catchment. The solution 
proceeded as follows; 

1) Hydrograph separation via approximate the ground water recession by straight line 
extended back under the hydrograph. 

2) Estimating excess rainfall hyetograph by SCS curve number technique and based 
on Eq. (1). 

)8.0(
)2.0( 2.0

SP
SPQ

+
−

=                                                         (1) 

in which Q is the direct runoff (mm); P is the total precipitation (mm) and S is the 
potential maximum retention or infiltration (mm). In this study S parameter 
obtained using P and Q parameters and based on Eq. (1) for each rainfall-runoff 
event. 

3) Determining NUH by least square method for each rainfall-runoff event. 
4) Constructing INUH by taking the arithmetic means of Qp and Tp of obtained 

NUHs, plotting Qp at the mean values of Tp, and driving the INUH (match to 
general shapes) that the enclosed volume of runoff is equivalent to a unit excess 
runoff. 

4. SYNTHETIC UNIT HYDROGRAPHS 

4.1 Gray method 
Gray proposed the following modified form of gamma distribution as SUH for small 
catchments (Gray, 1961; Gray, 1970). 
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in which Qt/PR is the percent flow in 0.25 PR at any given t/PR value; q and γ / is the 
shape and scale parameters, respectively; Γ is the gamma function of q, equal to (q-1)!; e 
is the base of natural logarithms; PR is the period of rise (min) and t is the time (min). 

In general, obtaining PR /4-hr Gray SUH for evaluation of model accuracy in Kasilian 
catchment proceeded as follows; 

1) Determining area of Kasilian catchment. 
2) Determining PR using INUH. Based on Gray idea, PR must be determine using Eq. 

(3) for ungauged catchments.  
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                                                   (3) 

3) in which /γRP is the storage factor; L is the length of the main stream (mile);  Sc is 
the average slope (%) and  a and b are the parameters.   

4) Computing the ordinates for the dimensionless graph using Eq. (2). In the other 
hand, Computing the percent flow in 0.25 PR for values of t/PR = 0.25 until the sum 
of the percent flows approximates 100 percent.  

5)  Computing the unit hydrograph using Eq.s (4), (5) and (6). 
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in which ∑q is the factor to convert the volume of direct runoff under the dimensionless 
graph to 1 in of excess rainfall over the entire catchment (ft3s-1) and  A is the catchment 
area (mile2). 
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in which Qu is the ordinate of the unit hydrograph (ft3s-1). 
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in which Tb is the time base of Gray SUH (min).  

4.2 FSR method 
The FSR method, proposed by UK FSR in 1973, provides model for synthesizing a 1-hr 
triangular unit hydrograph for ungauged catchments. The FSR SUH is defined by three 
parameters; Peak discharge, time to peak and time base. Eq.s (7), (8) and (9) can 
determine these parameters. 

4.099.138.0
1085

14.0 )()1()()(6.46 −−− += RSMDURBANSMSLTp             (7) 

in which Tp is the time to peak (hr); MSL is the main stream length (Km); S1085 is the 
stream slope between 10% and 85% of length (m/Km); URBAN is the fraction of 
catchment in urban development and RSMD is the 24-hr rainfall  with a return period of 5 
years, less effective mean soil moisture deficit (mm). 

TpQp 220=                                                              (8) 

in which Qp is the peak discharge (m3s-1 in 100 km2 ).  

TpTb 52.2=                                                               (9) 

in which Tb is the time base (hr). 

5. RESULTS AND DISCUSSIONS 

The results of the study are given as a summary in Table 2 and Fig. 2. 

Table 2  Main Characteristics of Observed Unit Hydrographs in Kasilian Catchment 

Storm Date 
 

Qp 
(CMS)

Tp 
(hr) 

Tb 
(hr) 

Storm Date Qp 
(CMS)

Tp 
(hr) 

Tb 
(hr) 

April, 22, 72  3 52.6 12 Jul, 5, 86 4 32.2 14 
Aug, 18, 72  3 57.2 12 Aug, 21, 88 1 57.7 10 
Aug, 6, 73  6 28.7 12 Oct, 20, 88 1 28.6 14 
Sep,28, 73  2 30.6 17 May,20, 92  5 49.5 8 
Jul, 31, 74 3 53.3 14 May, 4, 93 3 33.3 18 
Sep, 28,75 3 26.3 19 Sep, 6, 96 6 50 24 
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Fig. 2  1-hr Gray and FSR SUHs and 1-hr INUH in Kasilian Catchment 

In this study, the compared characteristics for evaluation of accuracy of Gray and FSR 
SUHs are Qp, Tp and Tb parameters (Table 3). 

Table 3  Observed and Synthetic Unit Hydrographs Characteristics and Compared 
Results of SUHs with INUH Based on 1-hr Excess Rainfall in Kasilian Catchment 

 Qp (CMS) diff in Qp Tp (hr) diff in Tp Tb (hr) diff in Tb 
INUH 42  3.33  14  

Gray SUH 51.15 21.79 3.83 15.02 11.83 -15.5 
FSR SUH 50.91 21.21 2.93 -12.01 7.4 -47.14 

 
Analyses of the results in Gray model shows that this model has an acceptable accuracy 

in other compared parameters, if the Tp parameter is accurate. Thus, in other to use the 
Gray model in the understudying region or similar regions with a suitable accuracy, it is 
required that the Tp parameter be estimated accuracy. Based on Gray’s theory, Tp should 
be obtained from Eq. (3) for this model. Due to existence of some difficulties in 
calibration of Eq. (3), there is only one representative catchment in the north of Iran, the 
researchers suggests that Eq. (7) be used in Gray model instead. Difference of the new 
proposed SUH with INUH for 1-hour excess rainfall is 0%, -19.64% and +34.8% in Tp, 
Tb and Qp parameters, respectively. This SUH is applicable for flood forecasting working 
in the understudying region or similar regions because 1) Its accuracy of Tp parameter is 
very high. 2) It’s Qp parameter is more than INUH and cover whole Qp parameters of 
NUHs that this characteristic reduce percent risk in studies. 

Analyses of the results in FSR model indicates that the model has an acceptable 
accuracy in estimating Tp and Qp parameters in the region of under investigation. The 
only weakness in the model is in estimating Tb Parameter. As the main use of SUHs is the 
estimation of peak discharge and time to peak of storm, so the weakness in estimating the 
Tp parameter in this model is not an important problem. Of course, the difference of the 
parameter Tb can be reduced to -37.21% by addition of 3 for the coefficient Eq. (9). With 
changing Tb parameter, the unit of Qp parameter (for producing 1 unit excess rainfall over 
the catchment) should be changed to m3s-1 in 120 km2. With latter changing, difference of 
Qp parameter will reduce to +2.33%. The calibrated FSR model will suitable for flood 
forecasting studies in similar regions that have not flash flood characteristics. 
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Abstract: Recent floods in England have triggered debate on the impact of climate change on 
floods.  In this study, trend analyses were carried out on seasonal rainfall depth, mean flow and 
peak flow, and return period of peak flows over three distinctive catchments in South West England.  
It found that there are general trends of increased volume of rainfall and runoff in winter and 
decreased volume of those in summer, which is in agreement with the current climatic model’s 
simulation. However, the peak flows (both annual and seasonal) across three catchments appear to 
move in opposite direction, indicating the change of rainfall patterns and anthropogenic activities in 
the region. Further work is needed to investigate the reasons for this disparity between mean flow 
and peak flow. 

Seasonal trends of rainfall and flow in South-West England 
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1. INTRODUCTION 

Floods are the most common and widespread of all natural disasters. It is the type of 
natural disaster that often causes considerable public concern, and recently floods have 
frequently appeared in the headlines of local, national and international media. The 
question of whether climate change has had an impact on the recent extreme rainfall and 
flooding in the United Kingdom is in a big debate among the hydrological community. It 
is known that hydrological and hydraulic design and analysis are dependant on the 
probabilistic, risk and uncertainty analysis of hydrological events. Hydrological variables 
are traditionally treated as random and stationary with some probability distribution. If 
changes in rainfall and flow patterns are evident, they will have significant impact on 
existing infrastructure, current practice and future strategies in flood defense. This, as 
experienced recently in the November 2000 flooding in south-east England, would bring 
economic, social and environmental damages to the society. It is therefore crucial to 
determine as soon and as accurately as possible whether climate change has brought an 
increase in rainfall and floods in the UK. 

Based on the simulated climate change, a number of researchers have attempted to 
assess its influence on land hydrological processes.  In the UK, It is found that flows tend 
to be more seasonal with simulated climate change (Arnell and Reynard, 1996, Arnell, 
1998). Under the driest scenario winter flows decrease less than summer flows whilst 
under the wettest scenario winter flows increase far more than summer flows. However, it 
is important to be aware that predictions from these climate models are always subject to 
considerable uncertainty because of limitations in our knowledge of how the climate 
system works and on the computing resources available. As a result, different climate 
models often give quite different predictions. For practicing water engineers, water 
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planners and policy makers, it is important to know if the climate change has already 
altered our hydrological rainfall and flow patterns. 

2. TRENDS OF RAINFALL AND FLOW IN SW ENGLAND 

The South West region covers 20,802 square kilometers and features over 10000 
kilometers of main river.  In this study, three representative catchments are selected. The 
considering factors are: record length, catchment area, hydrological response and 
anthropogenic activities (urbanization, afforestation, reservoirs, drainage diversion, etc). 
They are River Dart at Austin's Bridge, River Taw at Umberleigh and Frome at Frenchay. 
The River Taw at Umberleigh and River Dart at Austin's Bridge were chosen primarily 
for their less urbanized characteristics and large catchment size. Meanwhile, the River 
Frome (Bristol) at Frenchay lies in the north-east of the region. It was chosen to provide 
good coverage of whole south-west and for its record length. The three catchments 
represent different orographical location, catchment area (152, 248 and 826 sq km), mean 
annual rainfall (792, 1153 and 1771 mm), mean flow (1.68, 11.10 and 19.20 cumecs). 

Hydrological data series contain significant high frequency contents and it is  important 
to remove these high frequency elements to reveal the true underline low frequency trends 
embedded in the data.  To achieve this, a linear low pass filter commonly used in the time 
series analysis is used in this study to convert one time series {xt} with high frequency, 
into another series {yt} in low frequency. The order and weights of this low pass filter 
should be designed to reflect the frequency contents of the data series (Spectral analysis 
and autocorrelation), hence different filters should be used for rainfall, flow in different 
temporal resolution and catchment sizes. Detailed design process on this low pass filter 
has been described by Chatfield (1996). In practice, moving averages are often symmetric 
with s=q and aj=a-j.  In this study, a simple symmetric smoothing filter is used with 
ar=1/(2q+1) for r = -q, . . ., +q.  After a series of computational analysis, q=6 is chosen 
for both rainfall and flow data series. According to the climate model from the Hadley 
Centre, the climate change in the South West region will not alter its annual average 
rainfall noticeably. However, its simulations pointed to possible changes in rainfall 
patterns and seasonality with higher rainfall intensity and volume in winter and reduced 
rainfall in summer (Tompkins 2001).  According to the principles of rainfall and runoff 
process, it is expected that more floods in winter under climate change should be 
observed till now or in the future.  

2.1 Seasonal trends of rainfall 
Daily rainfall data from 9 raingauges are converted using Theissen Polygon method into 
catchment area rainfall depth accumulated into two seasons: winter (December – February) 
and summer (June – August). The data series are then processed with the low pass filter to 
remove the high frequency elements as illustrated in Fig. 1 (Note: only Austin’s Bridge’s 
result is shown in this paper due to the limited space). The outcomes are as expected and 
follow the simulation from the Hadley climatic models. All the catchments show some 
degree of increased rainfall depth in winter and declined rainfall in summer and this 
indicates that the these changes are of regional characteristics. However, these trends are 
not uniformly distributed in three catchments. Frenchar and Austin’s Bridge have more 
significant upward trends in winter rainfall (Austin’s Bridge 16mm/decade and Frenchay 
+20m/decade). Generally, summer rainfall downward trends in summer are less severe in 
comparison with those in winter. In Umberleigh catchment which has a medium mean 
annual rainfall of 1153mm, no significant trends are observed both in winter and summer. 
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2.2 Seasonal trends of mean flow  
Surface runoff, or river flow from a catchment is closely linked with rainfall, in additional 
to catchment and other meteorological factors.  Generally, the trend patterns of river flows 
should follow the trends in rainfall. The mean seasonal flow rates in winter and summer 
are derived from daily mean flow records and are used to represent the flow volumes in 
these seasons. After the low pass filtering, winter and summer seasonal mean flow series 
are obtained.  Generally, as expected, the seasonal mean flow patterns follow those in 
seasonal rainfall depth in all three catchments with more winter flows and less summer 
flows. 

Austin's Bridge Seasonal Mean Rainfall
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Fig. 1  Total rainfall by season 
2.3 Seasonal and annual trends of peak flows 
The maximum flows, or peak flows are very useful for many hydraulic engineering 
projects, especially in flood defense. In contrast to flow volume (or mean flow rate), peak 
flows are not only influenced by the catchment characteristics, but also the precipitation 
patterns. Seasonal total runoff in a catchment is usually in line with seasonal rainfall depth 
and due to its instantaneous nature, the peak flow may not follow the total seasonal 
rainfall pattern. For example, the same amount of rainfall of 100 mm could generate very 
different peak flows if the rain is distributed over 24 hours or 48 hours. In this study, 
three peak flows are selected in these catchments: annual peak flow, winter peak flow and 
summer peak flow (only annual peak flow series are assembled due to the data 
availability problem in that catchment). Again, after low pass filtering, these peak flows 
are illustrated in Fig. 2 and it is interesting to note that these peak flows are generally in 
downward trends not only in summer, but also in winter and annual basis. This result has 
serious implications for flood defence practice if the planning and operation of our 
defense systems are based purely in peak flows.  It is not clear at this stage as to the 
reasons for the downward trends in peak flows. This could be caused by the land use 
change (for example, increased storage capacity of the land could slow down the runoff 
process) or the rainfall pattern change (rainfall with longer duration). 
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2.4 Trends of return period of annual maximum flow 
Hydraulic projects are designed for the future and engineers are usually uncertain as to 
the precise conditions to which the works will be subjected. This is because that the exact 
sequence of river flow for future years cannot be predicted and it is usually assumed that 
the future hydrological processes will follow the same pattern as their past. A widely used 
data set for probability analysis is the annual maximum flow series (or the annual flood 
series).  Several standard frequency distributions could be used to fit the data series, such 
as Gumbel, Pearson III, etc.  Although there is no real proof of their validity, these 
distributions have been widely used in practical engineering projects, therefore it is 
important to identify the trends of these distributions with time. Both Log Pearson III and 
Gumbel distributions have been tested in the study. Generally there are downward trends 
of return period curves in all three catchments.  In Frenchay catchment,  100 yr flood has 
been changed from 85 m3/s to 45m3/s from 1958-78 period to 1978-99 period. The 
changes in Umberleigh is less significant but still evident (from 850m3/s in 1958-78 to 
620m3/s in 1978-99). The changes in Austin’s Bridge is much smaller that the other two. 
Clearly, the change of return period curve will have significant influence over the 
operation and planning of existing and future water resources systems. 

Austin's Bridge Seasonal Peak Flow Rate (Qmax)
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Fig. 2  Peak flow rates (seasonal and annual) 

3. DISCUSSION 

The three catchments are fairly distributed in the South West to represent different 
hydrological characteristics with a wide range of annual rainfall and runoff characteristics. 
From the results above, it has been found that there are general trends in seasonal rainfall, 
seasonal mean flow and peak flows in all catchments. The increase of rainfall in winter in 
the region is more evident in comparison to the decline of rainfall in summer.  This 
pattern fits well to the current climatic model’s simulation. Runoff patterns generally 
follow rainfall and it is clear that the increase in winter and decline in summer are mapped 
well from rainfall to river flows.  One interesting finding in Frenchay catchment is that an 
almost stationary rainfall series in summer is corresponding to a marked downward trend 
in runoff, indicating a gradual change of rainfall and runoff characteristics, possibly 
caused by land use change or other anthropogenic activities. 
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An unexpected outcome from the study is the disparity between the increased mean 
flow and peak flows in winter seasons. This could have serious implications to flood 
defense systems, especially when all three catchments depict similar trends in mean flow 
and peak flows.  It is known that regional flood patterns could be greatly influenced by 
local anthropogenic activities.  Most land use changes would have an important effect on 
flood. Urbanization has been widespread and dramatic since the Industrial Revolution in 
the UK.  A variety of farming practices applied to agricultural lands also altered the 
hydrological characteristics of streams. This is particularly important in the SW peninsula. 
Kundzewicz (2000) stated that deforestation and urbanization could lead to reduction of 
the storage volume and higher values of runoff coefficient.  However, it is extremely 
difficult to segregate and quantify these individual factors.   Potter (1991) found that for 
the East Branch of the Pecatonica River in southwestern Wisconsin, a decrease in flood 
peaks did not appear to be due to climatic variations, instead, they appear to have resulted 
from the adoption of various soil conservation practices, particularly those involving the 
treatment of gullies and the adoption of conservation tillage.  On the other hand, Hiscock 
et al. (2001) analysed  the flow records of the Rivers Bure, Nar and Wensum in eastern 
England and found that in the study area, despite changes in water resources use and 
catchment characteristics since the beginning of the 20th century, such as the ending of 
water milling and increased land drainage and arable farming, rainfall-runoff modelling 
over the period 1964-1992 showed that the relationship between rainfall and runoff has 
remained essentially unchanged in the three study rivers.  Another factor is the change of 
rainfall patterns temporally and spatially.  Modern remote sensing devices, such as 
weather radar, are able to provide much higher resolution rainfall data in time and in 
space than traditional raingauge networks, however, such data are underused at the 
moment in climate change research. 

The change of return period curves poses a fundamental problem in the design and 
operation of water resources systems. Although the true frequency distributions of peak 
flows are impossible to obtain in practice, these curves are only approximate to the true 
distributions based the samples, hence the longer the records, the better estimation of 
these artificial distribution curves. However, if trends are found in these distribution 
curves, longer records may not produce a better return period curve to be used in our 
designs, since the changes in the frequency distribution with time has rendered the early 
records less representative to the future. Another problem is the criterion for assessing the 
flood severity. With this increased flow volume and reduced peak flows,  the traditional 
way of using return periods of flood peaks to describe floods may face new problems, as 
highlighted by the recent floods in England (for example, a flood may have a return 
period of 100 yr in term of peak flow, 200 yr of stage and 300 yr of volume). A multi 
variable flood frequency assessment may be way forward.  Despite the research work so 
far (Sackl and Bergmann, 1986, Feng at el. ,2000), the practical applications of this 
technique under climate change influence still need further research.  

One area needs further investigation is to evaluate the trend detection methodology. 
The current trend detection techniques are mainly based on traditional statistical 
methodology which lack of strong learning ability. Many of them are inefficient when 
data series are contaminated with noise or outliers. Lanzante (1996) pointed out that 
traditional statistical techniques tend to fail with the presence of the outliers.  New 
techniques in trend analysis are needed to improve our mathematical tools. Now it is a 
good time since the recent advancement in artificial intelligence technology has provided 
us with new opportunities.  AI technology is very broad (such as data mining, machine 
learning, expert systems, decision support, Fuzzy logic, Genetic algorithm, …). A good 
candidate available is  Network/Support Vector Machines due to their strong learning and 
uncertainty modelling abilities (Lawry 2000, Han et al. 2000, Han and Yang, 2001). 
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Neural Networks models are based on modelling neural structures of the brain. It was 
founded by McCulloch and co-workers beginning in the early 1940s (McCulloch and 
Pitts, 1943).  From then, not much was happening until it was introduced to mainstream 
computer scientists in 1980s and then spread in other fields like engineering in 1990s, 
thanks to the availability of high speed computers. NNs have successfully been used in 
pattern recognition applications (handwriting, facial features, etc) as well as in other fields. 
The questions we want to know are: Can they detect trends in a hydrological time series?  
If there is one (or more) outlier, can NNs/SVMs spot it (them) and remove it (them) 
automatically? Obviously we need to train our NNs/SVMs to learn how to identify trends 
and outliers from the training data. In practice, some attempts of using NNs for trend 
detection have already been done recently, albeit only simple time series were tested. For 
example, Guh and Hsieh (1999) built a neural network model for abnormal pattern 
recognition of control charts to improve the manufacture process.  The system consisted 
of several back propagation networks and it was reported able to both recognize the 
abnormal control chart patterns and estimate the parameters of abnormal patterns such as 
shift magnitude, trend slope, cycle amplitude and cycle length. Rigol, Jarvis and Stuart 
(2001) developed a spatial interpolation of daily minimum air temperature using a feed-
forward back-propagation neural network in that trend and spatial association were 
explicitly considered together. Analysis of the internal network weights confirmed that 
the networks were able to select adaptively between trend and covariance components of 
the interpolation function. In water research field, Lischeid (2001) investigated trends of 
hydrochemical time series by artificial neural networks to analyse the short-term variation 
of discharge and solute concentration of the runoff of small catchments.  Obviously, 
trends in rainfall and floods are much more difficult to deal with than these examples.  
Nevertheless, there is a good chance that NNs could be used as a powerful new tool in our 
trend spotting activities.  In addition to NNs,  a new technique called  Support Vector 
Machine (SVMs) has gained popularity in the Machine Learning community (Campbell 
2001, 2002). Despite its recent development, SVMs have been applied successfully to 
classification tasks such as pattern recognition, OCR and more recently also to regression 
and time series. Anguita et al. (1999) found that compared with traditional artificial neural 
networks, learning in SVMs is very robust from the point of view of the precision of the 
computations. In future studies, both NNs and SVMs could be explored for trend 
detection. In general, applications of Neural Network/Support Vector Machines are 
divided into two stages: Training and validating.  Training is crucial (like our human 
brains, these artificial brains would not perform if they are not properly educated with 
necessary knowledge) and there are many failures due to inappropriate training (Chatfield 
1996), among them, insufficient data used in training is quite common.  

4. CONCLUSIONS 

Impact of climate change on hydrological systems is a very complicated process, 
especially for river flows and there is a great demand for improving our understanding on 
this important issue from the water industry, regulatory authorities, central government, 
and not the least, the general public. This study provides some detailed regional and 
seasonal variations on trends of rainfall and flows in South West England.  Further work 
using sub-daily data and weather radar for spatial analysis, in addition to land use change 
in the region will be our next challenge to take. 
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Abstract: Runoff simulation and prediction in almost watersheds is an important and essential project 
in water management studies, safe yield computations, some environmental disposal and design of 
flood control structures and so on. However, the problem is complicated because of the spatial 
heterogeneity exhibited by the physical and geomorphologic properties that determine a watershed’s 
response to precipitation events.  On the other hand, the runoff time series is often obtained much 
easily than other affected factors such as the physical and geomorphologic parameters that are 
necessary to design some conceptual and dynamic forecasting model for several kinds of watersheds. 
Fortunately, It is common and practical tool for us to forecast some problems by means of analyzing 
time series. In this study we adopt the neural network model that has strongly ability to predict the 
non-linear function relationship to analyze the characteristics of runoff time series using genetic 
algorithms. The simulation and prediction of runoff in a small watershed using the proposed approach 
reflect a high degree of accuracy. 

 

Keywords:  runoff, neural networks, genetic algorithms, simulation 

1. INTRODUCTION 

Runoff from a watershed is an apparent non-linear function relationship of its 
geomorphologic properties such as topology, vegetation, soil type and climatic factors 
(precipitation, temperature, wind speed, ect.). Although some conceptual and dynamic 
forecasting models have been explored in the literature (Amorocho and Hart, 1964; 
Sorooshian,1983; Duan,1992), the implementation and calibration of such a model  often 
present very difficulty during the practical process if several affected parameters could not 
be obtained. Neural networks have proven to be useful and effective in developing models 
for non-linear systems. A variant of neural networks called the time-delay neural network 
(TDNN) has strongly ability to analyze the characteristics of time series (Hansed, 1999). 
However, most of the earlier research have not been analyzed the forecasting input number 
effect on the precision of time series using neural network model, which in this study we 
plan to resolve according to the property of neural network structure and its training 
algorithms through a simple example. 
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2. ADOPTING ARTIFICIAL NEURAL NETWORK MODEL 

In this section we should focus on training a three-layer feed-forward Time-Delay Neural 
Network (TDNN) to predict the process of runoff in a small watershed. Its topology shown 
in Fig. 1, it consists of an input layer, a single hidden layer and an output layer, every neuron 
or node represent a nonlinear mapping between input and output vectors. It is assumed that 
the input vector is X ,),,,( 11 −+−− ttt xxx ττ

τ  is the delay time, and the output layer is 

. The numbers of hidden nodes are ),,,( 21 tyyyY s .  are 
respectively, the connection weight matrix between the input and hidden layer, and that 
between the hidden and output layer.  is the threshold vector of the 
hidden layer and the output layer separately. Then the above interrelationship forms a 
non-linear map from the input space  to the output space . 
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Fig. 1  A typical topology of three layer feed-forward neural networks 

 
Here, the output vector of the hidden layer 

      O )( jpijp xwf θ+×=                                                            (1) 

and the output vector of the output layer is  
     )( kpjkp Owfy θ+×=                                                            (2) 

In this paper, the non-linear function )(⋅f  is a bounded non-decreasing nonlinear 
function such as the sigmoid function, the equation is  

    
µ

µ
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=
e

f
1

1)(                                                                 (3) 

 493



The network is trained with Genetic Algorithms. At the successful completion of the 
training, the root mean square (RMS) error is minimum for all of the training samples, and 
can be defined as follows: 

)min()(1

1

2 Edy
N

E
N

p
pp =−= ∑

=

                                            (4) 

here, N is the number of the training samples, and  is the desired output. Pd
In this study the Genetic Algorithms is used to determine neural network architectures. 

The Genetic Algorithms follows the principles of evolution through natural selection. The 
genetic algorithm is based on two fundamental evolutionary concepts: one is the Darwinian 
notion of fitness, which describes an organism’s ability to survive; and the other, genetic 
operators which determine the next generation’s genetic makeup based upon the current 
generation, in general, it consists of crossover and mutation operators. The specific genetic 
algorithm could see to some literatures (K.Gallagher, 1994; K.Messa, 1994, etc.). In order 
to be compatible with the multi-layer feed-forward TDNN, all data are normalized into the 
range [0,1] with the property of sigmoid function. After having determined the maximum 
and minimum values of each variable over the whole data sets, the normalization is carried 
out, two parameters,α  and )1,0(∈β  often be adopted in order to prevent from the nodes 
becoming over-fitting, as follow: 

αβ +
−

−
=

minmax

min )(
xx

xx
xnorm                                                       (5) 

here, in general, 9.0=β , 2/)1( βα −= . 

3. SIMULATION AND PREDICTION OF RUNOFF 

A multi-layer feed-forward time delay neural network has the ability to model a non-linear 
function of time series and predict its tendency through training. Such training requires a set 
of training data, which normally consists of a series of input and associated output vectors 
because of supervised characteristics. During the training, the model will continually adjust 
the weights and threshold in the neural network using some kinds of training algorithms so 
that the desired input-output mapping could be obtained. After the training is completed, the 
multi-layer feed-forward time delay neural network has the ability to forecast according to 
an input vector similar to training data. In this study, an implicit function of runoff, Eq. (6) 
has been provided in this section because of property of time series simulation and 
prediction. 

))1(,),1(()( τ−−= tRunofftRunoffftRunoff                                   (6) 

here ,)(⋅Runoff 1τ ,is the runoff time series and the delay time respectively.  
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The process of daily runoff in 1992
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Fig. 2  The process of daily runoff in 1992 at Linshan watershed 

 

3.1 Collected data 
In order to specify and compare the time delay neural network model for runoff simulation 
and prediction, we collected a set of daily runoff with the hydrology monitor in 1992, in a 
small watershed, in Linshan hydrological station in Yanting county, Sichuan Province. This 
area has only 4.78 square kilometer, the maximum and minimum average daily discharge is 
66, 10.9 cubic decimeter per second respectively, daily runoff process shows in Fig. 2. 

3.2 Prediction of runoff based on Genetic Algorithms 
Before forecasting runoff time series, first of all, we need to consider these delaying 
parameter values and the number in hidden layer nodes. After having analyzed the 
relationship among these variable and compared the training precision by increasing or 
decreasing input nodes during the training, the value of 1τ , is adopted several values in this 
study. The Genetic Algorithms training approach is divided into two major steps: the first 
one is to decide the representation scheme of connection weights, e.g. binary strings and the 
second one is the evolution itself driven by Genetic Algorithms. A key issue here is to 
decide how much information about architecture should be encoded into a representation. 
This includes number of nodes in each layer. We considered several numbers of input, 
hidden and one-dimensional output nodes in this paper during the simulation and prediction 
process. For the three-layer feed-forward time delay neural network using the Genetic 
Algorithms, the number of parameters could be given by 

])()[( outouthidhidhidinP nnnnnnN +×++×=                                        (7) 

where,  is the number of total parameters, n , and  is the number nodes of 

input layer, hidden layer and output layer respectively, 
PN in hidn outn

1=outn  is fixed in this study. 
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Table 1  Parameters setting for the runoff prediction using Genetic Algorithms 

Parameter Model 1 Model 2 

Number of generations 200 200 

Population Size 10 10 

The number of  parameter  pN 191 49 

Chromosome 1910 490 

Crossover probability 0.50 0.5 

Creep mutation probability 0.02 0.02 

Jump mutation probability 0.01 0.01 

Total number of time series 365 365 

The time delay  1τ 8 4 

Number of input layer nodes 8 4 

Number of hidden layer nodes 19 8 

Number of output layer nodes 1 1 

The number of training set 200 200 

The number of Testing set 157 161 

The RMS of training 0.00317 0.00308 

 
For these cases, the multi-layer feed-forward TDNN proposed has been structured. The 

model generates a different prediction with the different input number. Table 1, Fig. 3 
present the parameters of TDNN model associated with Genetic Algorithms using Fortran 
90 Language, trend of RMS during training and comparison between testing data and 
measurement data according to different time delay. The modelling results show two model 
patterns is feasible and highly accuracy although they have different input numbers namely 
time delay, which perhaps means four input vector has enough information to predict the 
characteristics of runoff in Linshan watersheds in this study. 

4. CONCLUSIONS 

In this study, the Time Delay Neural Network model to predict runoff in a small watershed 
according to the authors’ analysis and justification.  We compared several numbers of input 
vector patterns with different time delay through Genetic Algorithms. We believed that the 
proposed intelligent approach for runoff forecasting is feasible and effective after having 
compared the runoff between forecasting results using neural network model with genetic 
algorithms and observation data. 
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(a)  The trend of RMS during training
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(c)  Com parison betw een m easurem ent and prediction
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Fig. 3   Trend of RMS and Comparison between measurement and prediction 
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Abstract: An hourly physically-based distributed hydrologic model for Water and Energy Transfer 
between Soil, Plants and Atmosphere (WetSpa) is presented in this paper.  The model combines 
elevation, soil and land use data within the geographic information system, and predicts flood 
hydrograph and the spatial distribution of soil moisture, evapotranspiration, surface runoff, 
interflow and percolation throughout a watershed. Surface runoff is generated in relation to rainfall 
intensity and soil moisture content and is routed along the flow paths by using the diffusive wave 
approximation, while interflow and percolation is controlled by soil characteristics and modeled by 
Darcy’s law and kinematic approximation. The model was applied to the Attert basin in the 
Grand-duchy of Luxembourg, for which topography and soil data are available in GIS form, and 
land use data was obtained from remote sensed images. River discharges are estimated on hourly 
basis from October 1998 to March 2001, and good agreement is achieved with the measurements. 

Flood prediction with the WetSpa Model on catchment scale 
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1. INTRODUCTION 

Due to the complexity of the hydrological processes and the basin characteristics, 
physically based, distributed hydrologic models combined with GIS techniques are 
becoming popular in both engineering practice and scientific research. As pointed out by 
Beven (1985), distributed hydrologic models have immense potential and utility in 
forecasting the effect of land use change, the movement of pollutants and sediment, and 
the hydrological response of un-gauged catchments. Additionally, distributed hydrologic 
models have a distinct advantage over conceptual models for simulating extreme events. 

Grid-based GIS appears to be a very suitable tool for spatially distributed hydrologic 
modeling. Starting from the digital elevation model, hydrologic features of the terrain can 
be determined using standard GIS functions that operate on raster terrain data. Thereafter, 
estimation of surface feature parameters and soil related parameters in the model becomes 
possible by combining soil type and land use data in a raster cell format. Flow routing is 
then tracking the water throughout the cell network. Extensive research has been carried 
out over the last decade in this aspect. For instance, Naden (1992) and Gyasi-Agyei et al. 
(1996) presented spatially distributed hydrologic rainfall-runoff models including hill 
slope overland flow and channel flow routing. Julien et al. (1995) gave a raster-based 
hydrologic model for predicting surface runoff from a flash flood. Muzik (1996) presented 
a method for surface runoff routing by using a GIS-based distributed unit hydrograph. 
Olivera & Maidment (1999) proposed a method for routing spatially distributed excess 
precipitation over a watershed using response functions derived from a digital terrain 
model. Frankenberger et al. (1999) presented a GIS-based variable sources area hydrology 
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model  which combines elevation, soil and land use data to predict spatial distributions 
of hydrologic properties in a watershed. 

The WetSpa model described in this paper is a simple grid-based distributed continues 
runoff and water balance simulation model that runs on an hourly time step. It predicts 
hourly overland flow occurring at any point in a watershed, hydrograph at the outlet, and 
provides spatially distributed hydrologic characteristics in the basin, in which all 
hydrologic processes are simulated within a GIS framework. Inputs to the model include 
digital elevation data, soil type, land use data and measured precipitation data. Stream 
discharge data is optional for model calibration. A case study of the Ell basin in the 
Grand-duchy of Luxembourg is discussed in this paper. 

2. THE WETSPA MODEL 

The WetSpa model is a grid-based distributed hydrologic model for water and energy 
transfer between soil, plants and atmosphere, which was originally developed by Wang et 
al. (1996) and adopted for flood prediction on hourly time step by De Smedt et al., (2000). 
The hydrologic processes considered in the model are precipitation, interception, 
depression, surface runoff, infiltration, evapotranspiration, percolation, interflow, ground 
water flow, and water balance in the root zone and the saturated zone. Among these, the 
water balance in the root zone is important, as the moisture in the root zone is a key factor 
to control the amount of surface runoff, interflow and groundwater recharge. For each grid 
cell, the water balance in the root zone is calculated as: 

 RFESIP
t

D −−−−−=
∆
∆θ       (1) 

where: D = root depth, [L]; ∆θ = change of soil moisture content, [L³/L³]; ∆t = time 
interval [T]; P = precipitation, [L/T]; I = initial abstraction including interception and 
depression within time ∆t, [L/T]; S = surface runoff, [L/T]; E = actual evapotranspiration, 
[L/T]; F = interflow, [L/T]; R = percolation out of the root zone, [L/T]. 

Initial abstraction includes interception and depression losses during the initial storm 
period. Separate simple sub-models are established for interception and depression, in 
which interception is governed by storm intensity, vegetation characteristics and season of 
the year, and depression loss is controlled by slope, soil type and land use. Water stored in 
the interception storage is returned to the atmosphere through evaporation, and water held 
in depressions at the end of rain either evaporates or contributes to soil moisture and 
subsurface flow by through infiltration. These two model components assure that there 
will be less surface runoff generated for small rainfall and during the initial phase of a 
storm. Default model parameters of interception storage capacity and depression storage 
capacity are collected from the literature. Details are not discussed here.  

Surface runoff is calculated by using a moisture related runoff coefficient method:  
( )snr PcS θθ=                      (2) 

where: S = surface runoff [L/T]; Pn = P–I, net precipitation, [L/T]; θ = average soil 
moisture content, [L3/L3]; θs = saturated soil moisture content, [L3/L3]; cr = default runoff 
coefficient [-], which is assumed to depend upon slope, soil type and land use. Default 
runoff coefficients were collected from the literature (Kirkby, 1978; Chow et al., 1988; 
Browne, 1990; Mallants & Feyen, 1990; Pilgrim & Cordery, 1993) and a table was 
generated, linking values of the runoff coefficient to slope, soil type and land use classes. 
The runoff coefficient in Eq. (2) is assumed to be a constant in the model, and the value 1 
is set under the condition where saturation happens from below and groundwater 
resurgence occurs.   
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Evapotranspiration from soil and vegetation is calculated using the relationship 
developed by Thornthwaite & Mather (1955) as a function of potential evapotranspiration, 
vegetation type, stage of growth and soil moisture content: 
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where: ce = a vegetation coefficient which varies throughout the year, depending on 
growing stage and vegetation type, [-]; Ep = potential evapotranspiration, [L/T]; θw = 
moisture content at wilting point, [L3/L3]; θf = moisture content at field capacity, [L3/L3]. 
The actual evapotranspiration varies linearly between Ep, when the soil moisture content 
is above the wilting point, and zero, when the soil moisture is below the wilting point. 
Parameters of field capacity and wilting point can be determined based on soil texture 
classes. 

Interflow and percolation are key components in the root zone water balance. Both 
processes are assumed to be gravity driven (Famiglietti & Wood, 1994) and are supposed 
to occur when the soil moisture is higher than the field capacity. Darcy’s law and the 
kinematic approximation are used to estimate both interflow and percolation in the cell: 

( ) WKDScF f θ0=        (4) 
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where: S0 = slope, [L/L]; K(θ) = unsaturated hydraulic conductivity, [L/T]; θ = soil 
moisture content, [L³/L³]; W = cell width, [L]; θr = residual moisture content, [L3/L3]; B = 
pore size distribution index, [-]; cf = scaling parameter depending on land use [-], used to 
consider river density and the effects of organic matter and root system on saturated 
hydraulic conductivity in the top soil layer. Interflow is assumed to contribute to the 
nearest channel or ditch without redistribution among downhill neighbors.  

The routing of overland flow and channel flow is evaluated by the method of the 
diffusive wave approximation:  
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                        (6) 

where: Q = discharge at time t and location x, [L3/T]; x = distance along the flow direction, 
[L]; t = time, [T]; C(x) and D(x) are the celerity [L/T] and dispersion coefficient [L2/T] 
depending on the location, and given by C = (5/3)v, and D=(vH)/(2S0) (Henderson, 1966), 
where v is the flow velocity and H the average flow depth. The flow velocity in each cell 
is calculated by the Manning equation, which depends upon the Manning’s roughness 
coefficient, flow depth and surface slope. The flow depth is determined by a power law 
relationship with an exceeding probability (Molnár & Ramírez, 1998), which relates flow 
depth to the controlling area and is seen as a representation of the average behavior of the 
cell and the channel geometry.  

pb
pAaH =               (7) 

where: H = average flow depth with exceeding probability p, [L]; A = drained area, [L²]; 
ap = network constant dependent on discharge frequency, [-]; bp = geometry scaling 
exponent dependent on discharge frequency, [-].  
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An approximate solution of Eq. (6) is proposed in this paper in the form of a response 
function, relating the discharge at the end of a flow path to the available runoff at the start 
of the flow path: 
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where: U(t) = unit response function, [T-1]; t0 = average travel time to the outlet along the 
flow path, [T]; σ = standard deviation of the flow time, [T]; Q(t) = outlet flow hydrograph, 
[L³/T]; Q0 = inflow at the start of the flow path, [L/T]; corresponding to the surface runoff 
for overland flow routing, and the summation of surface runoff, interflow and 
groundwater inflow for channel flow routing. t0 and σ are obtained by integration along 
the topographic determined flow paths as a function of flow celerity C and dispersion 
coefficient D (De Smedt et al, 2000): 

 ∫ −= dxCt 1
0        (10) 

 ( ) ( )∫∫ ≈= dxCDdtCD 32 22σ       (11) 

Due to the lack information of bedrock characteristics, groundwater flow is routed with 
a semi-lumped model on subcatchment scale as a nonlinear storage process. A nonlinear 
relationship between groundwater flow and groundwater storage is adopted, in which the 
exponent value is set to 2 (Wittenberg, 1999):   

                            (12) 2
ggg ScQ =

where: Qg = groundwater flow of the subcatchment, [L3/T]; Sg = groundwater storage, [L]; 
cg = non-linear reservoir recession coefficient [L/T], which is related primarily to area, 
shape, pore volume and transmissivity of the sub-basin and can be derived from the 
analysis of measured recession curves.   

Hence, the flow routing consists of tracking surface runoff along its topographic 
determined flow path, estimating interflow for each cell to the river and groundwater flow 
of the subcatchment. In order to consider the damping effect of the river, overland flow is 
routed firstly from every grid cell to the river channel by Eq. (9), joining with interflow 
and groundwater flow. Then the total hydrograph is routed to the outlet of the catchment 
by the method of the instantaneous river unit hydrograph derived from Eq. (8). One 
advantage of this scheme is to avoid repeating calculations for channel cells when routing 
runoff to the basin outlet and save computer simulation time. The total discharge is the 
sum of the overland flow, interflow and groundwater flow, and is obtained by convolution 
of the flow response from all grid cells: 

gfsbst QQQQQQ ++=+=                           (13) 

where: Qt = total discharge, [L³/T]; Qs = overland flow, [L³/T], calculated by Eq. (1) and 
Eq. (9 ) with Q0 = S; Qb = Qf

 + Qg, base flow, [L³/T]; Qf = interflow, [L³/T], calculated by 
Eq. (4) and Eq. (9) with Q0 = F. 

GIS techniques are very convenient for model parameterization. All model parameters 
can be obtained using standard GIS techniques. Spatially distributed outputs of the model 
such as soil moisture, surface runoff, actual evapotranspiration, groundwater recharge etc. 
are also in GIS format, which can be easily presented by GIS tools. 
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3. APPLICATION 

One case study of the model was performed at the outlet of the Attert in Ell, located in the 
upstream part of the Attert river basin, which is a main tributary of the Alzette river in 
Luxembourg. The elevation in the 96.8 km² watershed ranges from 273 to 530 m, with an 
average basin slope of 5.4%. Fig. 1 shows the topographic elevation map and the land use 
map of the Ell basin.  Deciduous shrub and forest are the dominant land use types of the 
watershed (41.1%). Other land use types are agriculture (21.4%), grassland (34.1%) and 
urban areas (3.4%). A very small area is covered by marshes. The dominant soil types are 
loam (67.6%) and sandy loam (29.8%), while the rest is sand, loamy sand and sandy clay 
loam, which are scattered near the basin outlet. 
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Fig. 1  Elevation and land use map of Attert catchment (Ell outlet) 

The climate in the region has a northern humid oceanic regime. Rainfall is the main 
source of runoff and has a relatively uniformed distribution over the year. High runoff 
occurs in winter and low runoff in summer due to the higher evapotranspiration. Winter 
storms are strongly influenced by the westerly atmospheric fluxes that bring humid air 
masses from the Atlantic Ocean (Pfister et al., 2000), and floods happen frequently 
because of the wet soils and low evapotranspiration. The average annual precipitation in 
the region varies between 800 mm to 1,000 mm, and the annual potential 
evapotranspiration is around 570 mm. Precipitation generally exceeds potential 
evapotranspiration except for four months in the growing season. A total of 30 months of 
hourly discharge and potential evapotranspiration data are available at the outlet of the Ell 
catchment. The average flow during the monitoring period is 2.41 m³/s, with flows 
ranging from 0.4 to 29.8 m³/s.   

Model parameters are identified firstly using GIS tools and lookup tables, which relate 
default model parameters to the base maps, or the combination of base maps.  Starting 
from the 50 by 50 m pixel resolution digital elevation map, hydrologic features including 
surface slope, flow direction, flow accumulation, flow length, stream network, drainage 
area and sub-basins are delineated. The threshold for determining the stream network is 
set to 10, i.e. the cell is considered to be drained by ditches or streams when the total 
drained area becomes greater than 25,000 m². The threshold for delineating subcatchments 
and main streams is set to 500. Maps of porosity, field capacity, wilting point, residual 
moisture, saturated hydraulic conductivity and pore size distribution index are obtained 
from the soil type map. Maps of root depth, Manning’s roughness coefficient and 
interception storage capacity are derived from the land use map. Maps of default runoff 
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coefficient and depression storage capacity are calculated from the slope, soil type and 
land use class combinations. Impervious areas have significant influences on runoff 
production in a watershed, because they can generate direct runoff even during small 
storms. Due to the model grid size, cells may not be 100% impervious in reality. In this 
study, the percentage of impervious area in the grid cell is computed based on land use 
classes, with 30% for residential area, 70% for commercial and industrial area and 100% 
for streams, lakes and bare exposed rock. Default runoff coefficients for these areas are 
calculated by adding the impervious percentage with a grass runoff coefficient multiplied 
by the remaining area. This results in runoff coefficients of 40 to 100% in urban areas, 
while other areas have much smaller values, down to 5% for forests in valleys with 
practically zero slopes. 

The average flow depth is estimated using Eq. (7) with an exceeding probability of a 
2-year return period for a normal flood.  The ap and bp values are set to 0.07 and 0.43, 
which causes the minimum overland flow depth to be 0.005 m and the average channel 
flow depth 0.5 m at the basin outlet. The value of ap and bp can be increased for extreme 
floods. By combining the maps of the average flow depth, the Manning’s roughness 
coefficient and surface slope, average flow velocity in each cell is calculated using 
Manning’s equation, which results in values of 0.005 m/s for overland flow on upland 
areas in the watershed, and up to 1.5 m/s for some parts of the main river. Next, the 
celerity and dispersion coefficient in each cell are produced by the equation described in 
section 2. The contributing area is then determined from topographic data for a particular 
downstream convergence point, i.e. normally the cells corresponding to the main river and 
the basin outlet. For each contributing grid cell, the values of t0 and σ are calculated by 
integration along the flow paths, using the GIS’ FLOWLENGTH routine and Eq. (10) and 
Eq. (11). With the above information, the unit response functions are calculated for each 
grid cell to the main river and from the river point to the basin outlet using Eq(8). Fig. 2 
gives a spatial distribution of the default runoff coefficient and the average flow time to 
the outlet of the basin from each grid cell, in which the travel time is less than 3 h for the 
main river and up to 15 h for the most remote areas. 
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Fig. 2  Distribution of the runoff coefficient and average flow time to the basin outlet 

Finally, the WetSpa model is run using the observed 30 months rainfall and potential 
evapotranspiration time series. The water balance in each cell is simulated with Eq. (1) at 
each time step, in which initial abstraction is estimated during the initial storm period. 
Surface runoff is calculated with Eq. (2), actual evapotranspiration with Eq. (3), interflow 
with Eq. (4) and percolation out of the root zone with Eq. (5). The scaling parameter cs in 
Eq. (4) for calculation interflow is set to 10 by calibration and uniformly distributed over 
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the watershed. Groundwater water flow is computed using Eq. (12), where the recession 
coefficient, cg, is obtained by choosing several typical observed recession curves, and 
calculating the value by the nonlinear reservoir method. This value can also be estimated 
by model calibration. The outlet hydrograph of the basin is obtained using Eq. (9), but 
first calculates overland flow and interflow to the main river, then transforms the total 
flow to the basin outlet using the river response function derived from Eq. (8).         

Fig. 3 shows the observed versus the simulated stream flow and the estimated base 
flow (interflow plus groundwater drainage) for a flood event that occurred from October 
23 to November 13, 1998. The maximum recorded rainfall intensity during this period is 
12 mm/h, corresponding to an observed peak discharge of 29.8 m3/s; the simulated peak 
flow is 28.8 m3/s. As can be seen in Fig. 3, the predicted hydrograph fits the measured 
hydrograph very well. The volume of surface runoff takes about 32.5% of the total flood 
volume, while the interflow and groundwater flow is about 67.5% of the total flood 
volume.  High interflow is due to the relatively steep slope, sandy soil and 
well-vegetated land surface in the watershed.  
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Fig. 3  Measured and predicted stream flow and base flow at the Ell station (Attert river) 

Fig. 4 shows the simulated soil moisture distribution against field capacity on 28/10/98 
20:00 and 6/11/98 20:00. The left map gives a graphical presentation of the ratio of soil 
moisture versus field capacity just after the peak rainfall shown in Fig. 3, in which the soil 
moisture content is higher than the field capacity for almost all areas, except in a small 
area with sandy soil texture near the basin outlet. This means that almost all areas 
contribute to interflow at this moment except the very flat areas in the basin. The soil 
moisture in river valleys is much higher due to the small slope and groundwater discharge, 
while the soil moisture is lower on the valley sides due to fast interflow caused by steeper 
slopes. This situation occurs apparently in the two tributaries in the north area of the 
watershed, where the hill slope is up to 35% in some areas. The map on the right in Fig. 4 
gives a graphical presentation of soil moisture against field capacity 9 days later, after a 
second major flood occurred on November 1, 1998. The soil moisture content at this 
moment is around field capacity for most of the areas. The losses of soil moisture content 
are due to interflow, evapotranspiration, and percolation out of the root zone during the 
recession period. The interflow and groundwater recharge are becoming smaller and 
smaller for most of the areas at this moment. 
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Fig. 4  Simulated soil moisture field capacity ratio on 28/10/98 20:00 and 6/11/98 20:00 

The model is able to simulate the variation of other hydrologic characteristics in GIS 
format at each time step, for example the spatially distributed surface runoff, actual 
evapotranspiration, interflow and groundwater recharge. This gives the advantage of 
computer automation and analyzing the effects of topography, land use and soil type on 
the hydrologic behavior in the river basin. In order to assess the performance of the model, 
4 evaluation criteria were applied to the 30 months simulation results. The WetSpa model 
reproduces the observed water volume with 6% under estimation. The model efficiency 
for reproducing the river discharges is 88%. The ability of the model to reproduce low 
flows is 90%, and for floods 92%, which proves that the model is very well suited for 
water balance simulation and flood prediction.  

        

4. CONCLUSIONS 

A physically based distributed hydrological model is presented in this paper for predicting 
flood hydrograph on catchment scale. Soil moisture content is a crucial factor in the 
model. It controls the hydrologic processes of surface runoff, actual evapotranspiration, 
interflow and percolation out of the root zone soil. The generation of runoff depends upon 
rainfall intensity and soil moisture and is calculated as the net precipitation times a runoff 
coefficient, which depends upon slope, land use and soil type. Overland flow is routed 
through the basin along flow paths determined by the topography using a diffusive wave 
transfer model, while interflow and groundwater recharge are simulated using the Darcy’s 
law and the kinematic approximation. Model parameters based on surface slope, land use, 
soil type and their combinations are collected from literature, which can be prepared 
easily using standard GIS techniques. This gives the possibility that the model can be used 
without calibration.  

The model is tested on the Attert catchment in Luxembourg with 30 months of 
observed hourly rainfall and potential evapotranspiration data. Good agreement with the 
measured hydrograph was achieved. Since the spatial distribution of hydrologic 
characteristics can be obtained from the model outputs at each time step, the model is 
especially useful to analyze the effects of topography, soil type, and land-use on the 
hydrologic behavior of a river basin. Improvements of the interflow redistribution and 
combination with a physically based distributed groundwater model in order to evaluate 
the effect of groundwater table to the generation of surface runoff are the next steps in this 
study. 
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Abstract: The land reclamation network that flows into the Venice Lagoon covers an area of 
approximately 2,000 km² and is characterized by a considerable number of channels, pumping 
stations and water level regulating works, making it one of the most complex of its kind in the 
lowland areas of north-eastern Italy. It is of vital importance to understand the features of said 
network with a view to planning action and managing the territory, particularly to help prevent 
flooding, to distribute the water for irrigation and to implement measures for improving the quality 
of the water released from the catchment basin into the Venice Lagoon. A Territorial Information 
System has consequently been developed, suitably structured to adjust easily to the changes that 
frequently occur in the configuration of the network as a result of various measures, consisting in 
the construction of new stretches of channel and other water level regulating installations. The 
present study emphasized the complexity of the network, characterized by the presence of over 
3,200 km of primary channels managed by land reclamation consortia, with a density of 1.14 
km/km², and about 660  main control works. 

Hydraulic features of the Venice Lagoon drainage basin 
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1. THE DRAINAGE BASIN OF THE VENICE LAGOON 

The drainage basin flowing into the Venice Lagoon encompasses a somewhat complex 
area from the hydraulic standpoint, that is not very easy to define because of its numerous 
and changeable links with the surrounding territory. 

The determination of its boundaries and extent has consequently been the object of 
various studies, that have led to modifications in its configuration, stemming from a better  
understanding of its hydraulic functioning and of the problems involved. 

Such variations in its dimensions have to do with how the basin functions in low-water  
and high-water conditions. In the former, it tends to have a larger surface area because of 
the diversion of the water courses around the perimeter introduced at the time of severe 
flooding events with a view to restricting the flow of water into the Venice Lagoon. 

In any event, the definition of the catchment basin has generally been based on the 
extent of the above-ground hydrographic network. More recently, for the northern part of 
the basin, the estimated surface area feeding the aquifers downstream has been added, 
though it is more difficult to define in relation to the lack of a surface hydrographic 
network  given the presence of highly-permeable soils that facilitate processes of 
infiltration rather than surface runoff. 
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As part of said research, the hydrographic features of the catchment basin were detailed 
in the context of a dedicated Territorial Information System on the land reclamation 
networks involved (Bixio, 2002). 

The catchment basin was represented with reference to the low-water situation, 
corresponding to the most extensive tributary surface area (Fig. 1).  

 

  
Fig. 1  The Venice Lagoon drainage basin in north-eastern Italy. 

  
Particular attention was paid to defining the perimeter of the north-western part of the 

catchment basin, mostly coming within the territory of the Pedemontano Brenta and 
Pedemontano Brentella di Pederobba Land Reclamation Consortia, where contributions to 
the basin arrive mainly from subsurface runoff.  

The configuration of the said conventional area of the Venice Lagoon catchment basin 
resulting from the study covers a global area of approximately 208,000 ha belonging to 
the above-mentioned land reclamation consortia (Table. 1). 
 

Table 1  Nomenclature of the  land reclamation consortia tributary of the Venice Lagoon 

Code number Land reclamation consortium Area (ha) 
09 Adige Bacchiglione 47,840  
10 Bacchiglione Brenta 28,885  
19 Basso Piave 3,981  
15 Dese Sile 37,285  
17 Destra Piave 10,039  
08 Euganeo 445 
13 Pedemontano Brenta 10,938  
16 Pedemontano Brentella  18,882  
14 Sinistra Medio Brenta 50,272  

TOTAL 208,567  
 

Findings were integrated with those obtained from previous research (Bixio, 2000), 
revealing a tendency for an increase in the area draining into the lagoon due to the 
inclusion of further areas to the north west. 
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From a morphometric standpoint, the catchment basin tends generally to pass from 
higher gradients in the land to the west towards more and more gentle slopes as we near 
the lagoon, where there are vast areas with elevations below mean sea level that make it 
necessary to raise the water with the aid of pumping stations. 

Even further inland, however, there is a widespread need to rely on water pumping 
stations due to the presence of areas lying at a lower level than the water courses. 
A typical example of this situation is the territory belonging to the Adige Bacchiglione 
Land Reclamation Consortium, which contains the largest number of water level 
regulating installations (Fig. 2). 
 

  
Fig. 2  Map of the drainage basin of the Adige Bacchiglione Land Reclamation Consortium  

and location of the main pumping stations and regulating checks. 
 

2. THE TERRITORIAL INFORMATION SYSTEM 

The distinctly artificial nature of the land reclamation networks, combined with the 
diversity of functions sometimes occurring in the various basins in the two extreme low-
water and high-water conditions, makes it difficult to analyze and classify the drainage 
basins and water courses of the Venice Lagoon catchment area as a whole by means of the 
conventional approach described in the literature. 

It may be easier for practical purposes to describe the area by means of a Territorial 
Information System specifically designed for the region in question. 

The geographical data were implemented using the elements on the Regional Technical 
Map, on a scale of 1:10,000, suitably raster-scanned and geographically referenced, thus 
ensuring considerable detail for establishing the course of the channels and the position 
and functions of the various drainage plants. The raster-scanned database provided all the 
mapping support needed at the beginning of the study, since the numerical format of the 
above-mentioned map was unavailable for the whole basin. 

The study described here can be considered a further definition, for the Venice Lagoon 
catchment basin alone, of the one already performed on the whole area of lowland and 
hillside managed by the land reclamation consortia in the Veneto region, amounting to 
1,184,000 ha in all (Bixio, 2001). 

The physical entity representing the context of each land reclamation consortium 
activities, e.g. drainage basins, channels and pumping stations, is described in the abstract 
form of area, stretch or arc, and node; the connection between these entities is guaranteed 
by a common code that enables a shift from one type of information to the other on the 
basis of their correlations. 
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The nodes identify any geographically-referenced information point of significance 
from the physical point of view, e.g.: the source or origin of a water course; the 
confluence of two or more water courses; any hydraulic structures such as syphons, flow-
control apparatus, pumping stations, check gates, outlet works, side spillways; stations for 
measuring water quality, rainfall, temperature, air humidity, solar radiation, water level 
and flow rate (Fig. 3). 
 

 
 

Fig. 3  Example of nodes identify geographically-referenced stations for measuring  
water levels and meteorological parameters. 

 

The nodes were unequivocally codified by attributing each of them a 7-digit number: 
the first 2 digits represent the code identifying the land reclamation consortium, and thus 
identify the district to which the node belongs; the other 5 digits indicate the number of 
the node within the land reclamation consortium. This number is always sufficient to 
identify every node and, at the same time, it does not interfere with the introduction of 
new elements for a further definition of the drainage networks. 

The set comprising the land reclamation consortium code plus the node code forms a 
single code. Each node is associated with an information file, which can be implemented 
with or without the addition of descriptive information. 

The stretch coincides with a sequence of lines that join two nodes; it corresponds to a 
stretch of water course and is identified unequivocally by a 10-digit code, the first 5 digits 

 

 
Fig. 4  Example of the coding of nodes and stretches. 
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come from the code of the node upstream and the second 5 are from the code of the node 
downstream. A channel thus corresponds to a set, starting upstream and progressing 
downstream, of one or more stretches and is again identified by a 10-digit Fig. composed 
of the codes for the upstream and downstream nodes, plus the 2 digits that identify the 
district where the channel is situated (Fig. 4). 

This type of coding is particularly useful in the case of artificial drainage networks, 
where changes are frequently introduced, new channels and new hydraulic installations 
are built, all of which must be input into the system without interfering with its previous 
architecture. 

The fundamental area entity is the drainage basin, which can be divided into various 
orders of sub-basin. 

The basin entities are distinguished by a basin code and, where applicable, a sub-basin 
code, which is also included in the channel files, so that the passage from a channel to the 
basin into which it flows is immediately clear. 

The drainage basin is associated with a suitably-structured information file. 
The installations belonging to each land reclamation consortium are described by 

means of suitably designed files, compiled on the strength of known data and 
subsequently integrated with further information and updates. 

Fig.5, 6 and 7 show examples of these descriptions of installations that form nodes in 
the hydraulic network, relating to a pumping station, a check gate and a syphon 
respectively. 
 

 
 

Fig. 5  View of a pumping station and example of some of the data implemented. 
 

 
Fig. 6  View of a check gate and example of some of the data implemented. 
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Fig. 7  View of a syphon and example of some of the data implemented. 

 
The Venetian Lagoon catchment basin was studied not only with reference to the 

Regional Technical Map on a scale of 1:10,000, but also in relation to the cadastral maps 
with a view to emphasizing whether a given farm belonged to a basin, where particular 
irrigation and drainage methods might be adopted to reduce the emission of nitrogen and 
phosphorus, which represent an important problem in terms of containing pollution levels 
in the Venice Lagoon.  

For each map, the alphanumerical attributes relating to the coding and the geographical 
position in relation to the catchment basin of the Venice Lagoon were implemented. In all, 
2,399 maps were processed, 1,956 of them coming entirely within the drainage basin, 443 
falling partially within the basin. 

Fig. 8 shows an example of a cadastral map implemented and of the alphanumerical 
information associated with it. 
 

 
 

Fig. 8  Example of a cadastral map implemented and of the alphanumerical information associated with it. 
 

3. THE HYDROGRAPHIC DATA IMPLEMENTED 
The study enabled us to emphasize the complexity of the land reclamation network in the 
catchment basin of the Venice Lagoon, with the distinctive features of the land 
reclamation consortia it contains. This structural complexity makes it necessary to resort 
to a sizable number of installations for disposing of the water: the most important are the 
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water pumping stations, the check gates and the syphons for passing under the channels 
(Table 2). 

Table 2  Principal hydraulic structures in the Venice Lagoon drainage basin. 

Code 
number 

Land reclamation 
consortium 

Area 
(hectares)

Pumping stations
 

Check gates
 

Syphons 
 

09 Adige Bacchiglione 47,840  26 160 25 
10 Bacchiglione Brenta 28,885  19 100 19 
19 Basso Piave 3,981  5 2 0 
15 Dese Sile 37,285  8 81 28 
17 Destra Piave 10,039  1 16 5 
08 Euganeo 445 0 0 0 
13 Pedemontano Brenta 10,938  0 5 5 
16 Pedemontano Brentella  18,882  0 1 1 
14 Sinistra Medio Brenta 50,272  9 75 64 

TOTAL 208,567 68 440 153 
 

Table 3  Land reclamation network in the Venice Lagoon drainage basin. 

Code 
number 

Land reclamation 
consortium 

Channels
(number)

Maximum length 
 (km) 

Total  length
 (km) 

Network density 
(km/km²) 

09 Adige Bacchiglione 249 29.9 633 1.323 
10 Bacchiglione Brenta 205 21.4 455 1.575 
19 Basso Piave 24 5.6 31 0.779 
15 Dese Sile 142 43.9 531 1.424 
17 Destra Piave 43 20.9 142 1.414 
08 Euganeo 1 1.1 1 0.225 
13 Pedemontano Brenta 20 8.8 50 0.457 
16 Pedemontano Brentella  132 18.7 397 2.103 
14 Sinistra Medio Brenta 364 31.6 1,046   2.081 

TOTAL or MEAN* 1,180   3,286  1.138* 
 

The land reclamation network was found to be composed of 1,180 channels covering an 
overall length of 3,286 km, with a density of 1.138 km/km² (Table 3). The said density 
was lower in the areas nearer the northern edge, where the presence of soils with a larger 
particle size distribution facilitates water infiltration in the soil and thus reduces the 
extension of the surface drainage network. 

The higher network densities are found in the areas closer to the lagoon, where the soil 
is less permeable and the gradients are more gentle: a maximum density, greater than 2 
km/km², is reached in the Sinistra Medio Brenta Land Reclamation Consortium. 

Another element that favors a greater network density is the presence of channels with a 
dual purpose, for drainage and irrigation, as in the case of the land managed by the 
Pedemontano Brentella di Pederobba Land Reclamation Consortium. 
 

 
Fig. 9  The Cuori channel upstream the Ca’ Bianca pumping station and the  

Altipiano channel downstream the S. Margherita pumping station. 
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It may be of interest, moreover, to study not only the global length of the drainage 
networks, but also their surface area. A study of this type has already been performed, to 
obtain a rough estimation, for the area of the Adige Bacchiglione Land Reclamation 
Consortium, lying to the south of the Venice Lagoon, and enabled the identification of a 
global surface area of 863 hectares of channels, corresponding to 180 m²/ha. 

The maximum width of the channels is about 100 m, usually upstream or downstream 
the pumping stations, where the slope of the bottom is minimum (Fig. 9). 

The said large surface of the channels managed by the land reclamation consortia can 
be useful in increasing the water storage to implement measures for improving the quality 
of the water released from the drainage basin into the Venice Lagoon. 
 
4. CONCLUDING REMARKS 

The research underscored the complexity of the drainage network managed by the land 
reclamation consortia in the drainage basin of the Venice Lagoon, as described by a 
suitably structured Territorial Information System. This system has been developed 
specifically for the particular case of artificial networks, that frequently entail the building 
of new channels and hydraulic installations, witch must be included in the system without 
disrupting the architecture of the codified network. The system can be put to good use in 
the context of studies on the numerous structural and management problems that have to 
be overcome in order to safeguard the hydraulic and environmental balance of the Venice 
Lagoon. 
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Abstract: The majority of hydrologic engineering applications deal with ungaged watersheds. 
Various empirical methods are available for synthesizing unit hydrographs for ungaged watersheds 
from information obtained from maps or field inspection of the watershed. An alternative to the 
employment of generalized synthetic unit hydrographs is to develop a regional dimensionless 
hydrograph to better characterize the local rainfall-runoff processes. The paper describes the 
derivation of such dimensionless hydrograph for Alberta foothills, based on the analysis of 31 
basins and 61 rainfall-runoff events. The analysis shows that it is possible to derive a representative 
dimensionless hydrograph for the region with reasonable accuracy by averaging the observed direct 
runoff hydrographs converted into a dimensionless form. However, considerable uncertainty is 
associated with the estimation of the excess rainfall duration and the lag time of the analysed events. 
The lag time is the key parameter needed to convert the regional dimensionless hydrograph into an 
ungaged watershed unit hydrograph. Possible reasons for unexplained lag time variations are 
discussed. The developed regional dimensionless hydrograph and lag time curve were used to 
regenerate the original 61 hydrographs. Results were compared with the generalized SCS 
dimensionless unit hydrograph which tended to produce larger errors in predicted peak flows. Error 
analysis indicates the limits of accuracy which may be expected from the method. 

Derivation of dimensionless hydrograph for flood prediction 
at ungaged watersheds 

Ivan Muzik 
Department of Civil Engineering, University of Calgary, 2500 University Drive NW 
Calgary, Alberta T2N 1N4, Canada 
Tel: (403) 220-6189; fax: (403) 282-7026; E-mail: imuzik@ucalgary.ca 

Keywords: dimensionless unit hydrograph, lag-time, regional analysis, peak flow predictions 

1. INTRODUCTION 

Many hydraulic engineering design problems can be adequately solved using peak 
discharge rates.  However, where watershed or channel storage is significant, design 
work is usually based on hydrographs rather than peak discharge rates (McCuen, 1998).  
Deriving design flood hydrographs by the unit hydrograph method is often the only 
feasible way to approach practical problems.  The main reasons why the unit hydrograph 
approach is often preferred to the use of more physically based rainfall-runoff models 
include the limited availability of spatially and temporally distributed hydrologic, 
climatologic, geologic, pedologic, and land-use data, and the limited resources available 
to collect data and to develop, calibrate, and validate physically based distributed models. 

The central hypothesis of the unit hydrograph approach is that watershed response is 
linear. A unit hydrograph is the characteristic response of a given watershed to a unit input 
(e.g. 1 in or 1 cm) of excess rainfall uniformly applied in space at a constant rate for a 
specified duration.  In fact, unless the contributing area in a given watershed follows 
exactly the same patterns of temporal and spatial change in every storm, not withstanding 
the assumption of linearity, the watershed cannot have a single unit hydrograph.  This 
requirement can hardly be satisfied on a regular basis because of the temporal and spatial 
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variability of rainfall input and antecedent moisture conditions.  Thus, the expediency of 
the unit hydrograph approach needs to be weighted against the possibility of large errors 
in estimated event flows.  Dunne and Leopold (1978) stated that the unit hydrograph 
method gives estimates of flood peaks that are usually within 25% of their true value.  
This is close enough for most planning purposes and about as close as can be expected 
given the usual lack of detailed information about watershed processes and states 
(McCuen, 1998).  However, according to McCuen (1998), errors larger than 25% can be 
expected if synthetic unit hydrographs are used without verification for the region of 
application.   

Several methods have been developed for estimating synthetic unit hydrographs for 
locations where observations of input and response are lacking. Chow et al. (1988) groups 
synthetic unit hydrographs into three types: (1) those relating hydrograph characteristics 
(peak flow, time to peak, base time, etc.) to watershed characteristics (Snyder, 1938; Gray, 
1961), (2) those based on conceptual models of watershed storage (Clark, 1943; Nash, 
1957) and (3) those based on a dimensionless unit hydrograph (Soil Conservation Service, 
1972).  Types (1) and (2) involve empirical coefficients whose validity is limited to a 
particular watershed or a region.  Type (3) is based on the expectation that by selecting 
proper dimensionless ratios all individual unit hydrographs can be transformed into one 
more or less universally applicable dimensionless unit hydrograph. 

The broad purpose of the study described here was to assess the accuracy of peak 
discharge prediction by means of the dimensionless unit hydrograph method.  
Comparison of results obtained by a regionally developed and the generalized Soil 
Conservation Service (SCS) dimensionless unit hydrographs is also presented.  The 
specific objectives of the study were to: (1) develop a methodology for the derivation of a 
regional dimensionless unit hydrograph (DUH) from complex storms, and (2) evaluate the 
uncertainty of peak discharge predictions when using (a) the developed regional DUH, (b) 
the SCS-DUH. 

2. DIMENSIONLESS HYDROGRAPH 

Two approaches of transforming a direct runoff hydrograph into a dimensionless form are 
described here: the SCS dimensionless unit hydrograph and the Bureau of Reclamation 
procedure (1976). In both cases, the direct runoff hydrograph with excess rainfall duration 
D is first converted into a triangular hydrograph having the same peak discharge Qp, time 
to peak Tp and the volume of direct runoff V as the original hydrograph by calculating the 
time base Tb of the triangle. This approximation, illustrated in Fig 1, simplifies 
considerably further analysis. 

Fig. 1 also illustrates two different definitions of lag-time to convert a direct runoff 
hydrograph to dimensionless form. The SCS method uses the lag-time tp defined as the 
time from the mid-time of excess rainfall to peak discharge. The Bureau of Reclamation 
procedure employs the lag-time Lg defined as the time interval between the mid-time of 
excess rainfall duration and the time of occurrence of one-half the volume of the 
hydrograph. 

The SCS dimensionless curvilinear unit hydrograph (Soil Conservation Service, 1972) 
has its ordinate values expressed in a dimensionless ratio Q/Qp and its abscissa values as 
t/Tp, where Q and t are discharge and time, respectively.  When this hydrograph is 
represented by an equivalent triangular hydrograph (Fig 2) having the same percent of 
volume in the rising side as the curvilinear hydrograph (37.5% of the total volume) the 
base time Tb is equal, from the geometry of the triangle, to 2.67 Tp.  From Fig 1 the 
volume under the triangular hydrograph is 
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Fig. 1  Curvilinear direct runoff hydrograph and the equivalent triangular hydrograph. 

 

Fig. 2  SCS dimensionless triangular unit hydrograph. 

The volume V under the unit hydrograph is equal to a unit depth (1 in, 1 cm, 1mm) times 
the watershed area A. 

When converting direct runoff hydrographs to dimensionless form by the Bureau of 
Reclamation method it is not necessary to first convert each hydrograph to a volume 
equivalent to a unit depth of runoff.  The abscissa of the direct runoff hydrograph is 
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converted from actual hours into percent of the lag-plus-semiduration defined as 

2g
DL +

 

 .  Each ordinate of the hydrograph is multiplied by 

2g
DL +

 

 , and the 

product is divided by the total direct runoff hydrograph volume V.  The converted 
ordinates and abscissae are dimensionless and may be plotted, as shown in Fig 3, for 
comparison and averaging with other dimensionless graphs similarly obtained. 




Both the SCS and the Bureau of Reclamation procedures employ the 
lag-plus-semiduration value as the actual time index for dimensionless hydrograph 
computations.  Lag-plus-semiduration is obtained by adding one half of the excess 
rainfall duration to the lag-time.  This addition is thought to provide a means of 
eliminating, or at least reducing, the effect of excess rainfall duration, and thus of 
obtaining comparable dimensionless hydrographs from direct runoff hydrographs of 
different excess rainfall durations. 

 
Fig. 3  Bureau of Reclamation dimensionless triangular unit hydrograph. 

2.1 Lag time 
Lag time is a key function for both developing dimensionless hydrographs and for 
estimating synthetic unit hydrographs for ungaged watersheds, by reversing the 
mathematical process used to derive a dimensionless hydrograph.  The SCS procedure 
computes the lag time as tp = 0.6 Tc, where Tc is the time of concentration.  Equations for 
computation of Tc, mostly empirical in nature, have been summarized by Chow et al. 
(1988), and Watt and Chow (1985). 

When deriving a regional dimensionless hydrograph, lag-time values are obtained as 
part of hydrograph analysis.  Such values for different gages on a stream and/or different 
streams of similar runoff characteristics can be correlated empirically with certain 
measurable watershed features. The correlation equation suggested by the Bureau of 
Reclamation is of the form 
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where L is the length of the longest channel from watershed divide to outlet, Lca is the 
length of the channel from the outlet to the point nearest the centroid of the watershed, S 
is the overall slope of the channel, C and x are empirical coefficients. 
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3. METHODOLOGY 

To compare the accuracy of flood hydrograph prediction by means of the SCS 
dimensionless unit hydrograph with that of the regional dimensionless hydrograph derived 
by the Bureau of Reclamation procedure in a subalpine environment, 31 watersheds 
located along the eastern slopes of the Rocky Mountains in Alberta, with the combined 
area of 11,467 km2, were selected for the study.  Location of stream and rain-gages is 
shown in Fig 4.  Screening of available data indicated that 61 rainfall-runoff events were 
suitable for analysis, although most storms had relatively complex hyetographs.  Such 
complex storms often resulted in excess rainfall which was not continuous, that is, the 
excess rainfall hyetograph contained periods of no rain.  This resulted in two problems.  
First, how to estimate the excess rainfall duration to be used to determine the lag-time, 
and second, deconvolution and other techniques mostly failed to yield a reasonable unit 
hydrograph.  A special optimization procedure was therefore developed to resolve these 
problems.  Derivation of unit hydrographs consisted of the following steps: (1) 
separation of baseflow to determine the direct runoff hydrograph, (2) estimation of excess 
rainfall hyetograph by modified SCS runoff curve number method, and (3) computation of 
the optimum excess rainfall duration and the optimum one-hour unit hydrograph. 
 

 
Fig. 4  Distribution of streamgages and raingages in the study region. 

3.1 Baseflow separation 
The time of beginning of direct runoff was estimated by visual inspection of the total 
runoff hydrograph.  The baseflow was assumed to be constant from the beginning of 
direct runoff until the time of occurrence of peak discharge, and then to increase linearly 
to the discharge value on the recession limb of the hydrograph corresponding to the 
cessation of direct runoff.  This point corresponds to the change in slope of the straight 
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line portion of the recession limb plotted as logarithmic values of discharge against time 
on a linear scale. 

3.2 Estimation of excess rainfall hyetograph 
The total depth of excess rainfall, known for each event from hydrograph analysis, was 
distributed into hourly increments by means of a modified SCS runoff curve number 
method (Soil Conservation Service, 1972).  The SCS equation for abstractions is 
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where Pe is the depth of excess rainfall, P is the total rainfall depth, Ia is the initial 
abstraction, and S is the potential maximum retention. 

There are two unknowns in Eq. (5), namely Ia and S.  In the standard SCS curve 
number procedure S is determined from tables as function of land use, land cover and the 
soil type, and Ia is assumed to be equal to 0.2 S.  In the present study, the SCS procedure 
was modified by developing a regional relationship between S and the five-day antecedent 
rainfall P5 having the following form (Chang, 1992) 

        (6) 5bPBeS −=
where B and b are regional coefficients. 

Thus, for each event the values of S, P and Pe are known, and the event initial 
abstraction can be computed by solving Eq. (5) for Ia, yielding 
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Only the positive sign in the numerator has a physical meaning, because the negative sign 
would always yield Ia ≥ P, which is not possible. 

All parameters in Eq. (5) being identified, the known cumulative distribution of P can 
now be used to compute the excess rainfall hyetograph. 

3.3 Computation of the optimum excess rainfall duration and one-hour unit 
hydrograph 
The previous analysis lead to the derivation of direct runoff hydrographs and their 
associated excess rainfall hyetographs, all being discretized into one-hour time increments.  
The hyetographs consist of rainfall pulses of variable intensities, and may include periods 
of no rain.  This makes it difficult to decide on the excess rainfall duration and to derive 
the unit hydrograph.  After unsuccessfully trying deconvolution and linear regression 
methods (Chow et al., 1988), the following approach was used. 

The optimum duration of excess rainfall was considered to be that leading to an 
optimum one-hour triangular unit hydrograph, resulting in a minimum of the objective 
function defined as 

      (8) ( ) ( )[∑
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where (Qs)i and (Qa)i are the simulated and actual direct runoff hydrograph ordinates at 
time i, respectively, i is the discrete time index, and N is the total number of hydrograph 
ordinates. 

The optimization process consisted of incrementing the excess rainfall duration from an 
initially assumed value by 0.1 hour till the end of the event’s excess rainfall.  For each 
duration a one-hour unit hydrograph was derived by the S-hydrograph method (using the 
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known direct runoff hydrograph for the event).  The unit hydrograph was then 
convoluted with the excess rainfall to regenerate the direct runoff hydrograph.  The 
objective function, given by Eq. (8), was evaluated for each run to find its minimum and 
the corresponding optimum excess rainfall duration and the optimum one-hour unit 
hydrograph. 

4. RESULTS 

Analysis of the 61 rainfall-runoff events by the methodology described above resulted in 
the following data available for each event: 

1. Triangular direct runoff hydrograph, its time to peak, Tp, and time base Tb. 
2. Excess rainfall hyetograph, and the optimum excess rainfall duration, D, and the 

lag-time, tp. 
3. Optimum one-hour triangular unit hydrograph and its lag-time Lg 

4.1 Regional dimensionless unit hydrograph and lag-time curve 
The optimum one-hour triangular unit hydrographs, derived from the 61 events, were 
converted into dimensionless graphs using their respective lag-times Lg, and then averaged 
to obtain the regional dimensionless one-hour triangular unit hydrograph shown in Fig. 5. 

The 61 lag-time values of the one-hour triangular unit hydrographs were regressed on 
watershed and storm parameters by the following equation: 
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Fig. 5  Regional dimensionless triangular one-hour unit hydrograph. 

where Lg is in hours, L and Lca in km, S in m/km, Ds is the total duration of rainfall in 
hours, and I is the average intensity of excess rainfall in mm/h. 

The inclusion of the rainfall parameters Ds and I in Eq. (9) has increased the regression 
coefficient somewhat, but the plotted points for each individual event in Fig 6 still show a 
considerable scatter from the regional line. 
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Fig. 6  Regional lag-time curve. 

4.2 Regeneration of observed hydrographs 
The 61 observed direct runoff hydrographs were regenerated by convoluting observed 
excess rainfall hyetographs with unit hydrographs derived by the following four methods. 

1. The individual event derived optimum one-hour triangular dimensionless unit 
hydrograph (DUH) and its observed lag-time Lg. 

2. The regional one-hour triangular DUH and the individual event observed lag-time 
Lg. 

3. The regional one-hour triangular DUH and the regional lag-time curve. 
4. The SCS triangular synthetic DUH and the individual event observed time to peak 

Tp. 
Comparison of errors in predicted peak discharges by the four methods is given in 

Table 1.  The cumulative percentages given in the table have been compiled from 
absolute error values computed by the equation 

 Absolute Error = 100×
−

a

as

Q
QQ

       

where Qs and Qa are the simulated and actual peak discharges, respectively. 

Table 1  Cumulative histograms of peak discharge errors (in absolute %) predicted  
by dimensionless unit hydrographs (DUH) 

Error 
(≤ ± %) 

Event DUH 
Observed Lg 

Regional DUH 
Observed Lg 

Regional DUH 
Regional Lg 

SCS-DUH 
Observed Tp 

10 57.4 50.8 24.6 24.9 
20 84.6 70.4 59.0 54.0 
30 94.4 88.4 75.4 74.8 
40 97.7 94.9 90.1 83.1 
50 97.7 98.2 98.3 87.3 
60 100.0 100.0 98.3 93.6 
70   100.0 95.7 
80    97.8 
90    100.0 

 
As expected, the least errors were realized with method one, in which each event was 

simulated by the unit hydrograph derived from the event itself.  94.4 percent of 
simulations had errors less or equal to 30%, and the remaining 5.6% had errors between 
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30 and 60%.  The major contributors to errors in this simulation could be most likely 
attributed to the nonlinearity of runoff process, errors in the total watershed rainfall 
estimated by the Thiessen polygon, and errors in the estimation of excess rainfall. 

The next best results were obtained by method number two, employing the regional 
one-hour unit hydrograph, which was converted into a watershed event unit hydrograph 
using the actual event observed lag-time, Lg.  The results are quite comparable to those 
obtained by method one.  However, when the regional lag-time curve is used to estimate 
the watershed-event lag-time, as is done in method three, the accuracy of predicted peak 
flows decreases significantly.  Only 75.4 percent of predictions have errors less or equal 
to 30%. 

The largest errors were produced by method four, using the SCS triangular 
dimensionless unit hydrograph, despite the fact that the actually observed times to peak, 
Tp, of the direct runoff hydrographs were used in the simulation.  It is expected that if Tp 
was estimated by one of the empirical equations for the time of concentration, even larger 
errors would have resulted.  By this method, the largest error was up to 90%, and only 
24.9 percent of simulations had errors less than 10%.  Methods one and two, on the other 
hand, produced 57.4 and 50.8 percent of simulations, respectively, having errors less or 
equal to 10%. 

The SCS dimensionless unit hydrograph has its time base, Tb, equal to 2.67 Tp, where 
Tp is the time to peak.  The average ratio of Tb to Tp for the studied watersheds was 2.83 
and the median ratio was 2.49.  The low median ratio could be one reason why 66.6 
percent of peak flows was under predicted by the SCS method.  Another reason for the 
worse accuracy achieved by the SCS method could be that the excess rainfall was 
considered to be constant over its duration, rather than distributed into hourly increments 
as was done with the regional dimensionless hydrograph method. 

5. CONCLUSIONS 

Dimensionless hydrograph provides a convenient method of deriving a synthetic unit 
hydrograph at an ungaged watershed.  The objective of the study was to evaluate the 
method in terms of the expected average accuracy of predicted peak flows.  Sixty-one 
rainfall-runoff events from thirty-one watersheds in the Alberta foothills were used in the 
analysis.  The analysis consisted of deriving a dimensionless hydrograph for the region 
and then analyzing errors of predicted peak flows in comparison with the SCS triangular 
dimensionless unit hydrograph.  The comparison was intended to ascertain whether there 
is an improvement in predictive ability by the regional dimensionless hydrograph. 

The following conclusions can be drawn from the study: 
1. The need to include as many events in the analysis as possible results in many events 

having complex storm hyetographs.  It was found that for such events derivation of 
unit hydrographs by deconvolution or linear programming is difficult if not 
impossible.  Also, definition of excess rainfall duration, D, is difficult because 
many events do not have a continuous excess rainfall.  This leads further to the 
difficulty in defining the lag-time, which, by definition, begins at time D/2.  The 
last problem could be avoided by redefining the lag-time as beginning from the 
centroid of the excess rainfall hyetograph. 

2. The method of determining the optimum one-hour unit hydrograph and the optimum 
duration of excess rainfall proposed in this study, avoids the problems of obtaining 
unreasonable (oscillating or negative) ordinates of the derived unit hydrograph. 

3. Optimum one-hour unit hydrographs were derived from 61 events.  Reversing the 
process to regenerate the event hydrographs produced the following statistics 
regarding the accuracy of the regenerated peak discharges: the error of prediction 
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was within ±20% for 84.6 percent of regenerated peaks, and within ±30% for 94.4 
percent of regenerated peaks. These figures are indicative of the “best” accuracy the 
unit hydrograph approach may be capable of.  That is, the average accuracy of peak 
flow predictions may not be possible to improve beyond these limits because of the 
underlying assumptions of the unit hydrograph theory, such as the linearity of the 
rainfall-runoff process, uniform distribution of rainfall etc., compounded with the 
errors of discharge and rainfall data, and estimates of excess rainfall and baseflow. 

4. The dimensionless hydrograph concept is potentially an excellent means of deriving 
synthetic unit hydrographs at ungaged watersheds.  However, the key parameter for 
converting the dimensionless hydrograph into a watershed unit hydrograph is the 
lag-time.  An accurate estimate of the lag-time for a given event is paramount for 
minimizing the error of predicted peak flow. 

5. The lag-time diagram derived for the study region shows a considerable scatter of 
plotted points about its regression line.  This is because there are factors at work 
besides the principle ones plotted, such as the rainfall distribution in time and space, 
the antecedent moisture conditions and seasonal effects, all of which vary from event 
to event.  This merely means that perfectly calculable lag-time within a system is 
not possible, and that judicial assumptions need to be applied in each individual case. 

6. The regional dimensionless hydrograph derived in this study provided better results 
in predicting peak flows than did the SCS dimensionless unit hydrograph.  A 
possible reason could be that for this region, both the mean and median ratio of the 
time base to time to peak of direct runoff hydrographs were different from 2.67, a 
value used by the SCS method. 
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Abstract: The L-moment method was proposed by Hosking in 1990. It’s a new and good estimation 
method for flood frequency analysis, on which many studies have been performed abroad. The 
procedure of L-moment method for P-III distribution is first introduced for Chinese hydrologists, 
and a formula for L-moment method of P-III distribution with historical information is also 
proposed. A comparison with conventional estimation methods by Monte-Carlo method shows that 
L-moment method is of good statistical performance that the result from it is almost the same as 
PWM , and the new formula is effective.  

Study on L-moment estimation method for P-III distribution 
with historical flood  

Yuanfang Chen, Ling Wang 
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1. INTRODUCTION 

Parameter estimation method is essential part of flood frequency analysis. Chinese 
hydrologists have already performed a lot of researches and obtained a series of research 
achievement. Cong et al (1980) first applied Monte-Carlo method in China to study the 
statistical performance of the method of moment (MOM), maximum likelihood method 
(ML),and several curve-fitting methods by optimization. Results show that the 
curve-fitting method(CFM) with the Weibull plotting  position formula and absolute goal 
function is the best of all the estimation methods considered. Based on the definition of 
probability weighted moments made by Greenwood in 1979,Ding et al (1988) proposed a 
new estimation method for P-III distribution – Probability weighted moment method 
(PWM). Monte-Carlo calculation shows that PWM has good performance especially in 
the no-bias . Ma (1984) has developed in 1984 an alternative estimation method called the 
weighted function moments method (WF) for flood series with simple sample. Chen 
(1992; 1991) proposed a set of new and effective formulae of above weighted function 
moments (WF) with historical flood. Because WF still use MOM to estimate parameter 
Cv, it is a little bit weak than PWM and CFM. 

With the basis of probability weighted moment , Hosking defined L-moment in 
1990 ,which aroses high interest of hydrologists outside of China. A series of researches 
were carried out (Hosking, 1997; Pearson, 1991; Wallis, 1993). The main works is as 
follows: (1) under simple sample and different population distributions, the statistical 
performance of L-moment method was compared with moment method; (2) How to use 
L-moment method on regional flood frequency analysis and population distribution 
identification etc. Compared to these effects, Chinese hydrologists reacted quiet slow on 
this method. Till now there are no paper published in Chinese journals. To make up for 
the gap and to prompt to increase the Chinese research level in flood frequency analysis, 
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the paper will do the following studies:（1）Introduction of parameter estimation method of 
L-moment method for Pearson-III distribution in simple sample; (2)Comparison of 
L-Moment method with current main estimation methods by Monte–Carlo 
method;(3)Development of L-moments calculation formulae with historical flood series.  

2. L-MOMENT OF PROBABILITY DISTRIBUTIONS 
2.1 Definition of L-moment 
Let X, x be random variable and its value , and F(x) and f(x) be distribution function and 
probability density function respectively.  

In 1979, Greenwood defined probability weighted moment as following: 
1

0
(1 ( )) ( )r

r x F x dF xα = −∫       (1) 
1

0
( ) ( )r

r xF x dF xβ = ∫                       (2) 

Probability weighted moment is usually difficult to directly explain the parameters of 
probability distribution, such as scale, shape parameters. Actually, the above information 
can be expressed using a linear combination of probability weighted moment, such as 
scale parameter can be expressed using the times of α0-2α1 or 2β1-β0 (Landwehr，Matalas，
Hosking et al.). Shape parameter can be described by 6β2-6β1+β0 (Stedinger). On the basis, 
Hosking et al defined λr(L-Moment). 
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Particularly, the first 4 orders relationship of the two kinds of moments are: 
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         (5) 

From the above formulae(5), it’s obvious that L-moment is linear combination of 
probability weighted moment. So there must have intensive relation between them. To 
define non-dimension L-moment conveniently, Hosking also proposed L-moment ratios: 

            ,…                             (6) 2/ , 3,4r r rτ λ λ= =

Additionally, defined parameter L-CV, i.e.τ ,to express the scale characteristics 

           
2

1

λτ λ=
                           (7) 

3τ  reflects skewness characteristics , so it is also called L-skewness, 4τ reflects kurtosis 
characteristics, called L-Kurtosis. 
2.2 Properties of L-moment  
Existence, if the mean of the distribution exists, then all of the L-moments exist. 
Uniqueness, If the mean of the distribution exists, then the L-moments uniquely define 
the distribution, that is, no two distributions have the same L-moments. 
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Numerical values, λ1  can be any value; λ2≥0；for r ≥ 3，| rτ |<1. 
Linearity, Let X, Y be random variables having linear function relation, e.g. Y=aX+b, 
then two random variables L-moment λr and  having the following relation: *

rλ
* *
1 1 2 2

*

,

( ( )) ( 3r
r r

a b a

Sign a r

λ λ λ λ

τ τ

= + =

= > )
 

Symmetry: Let X be a symmetrical random variable with mean value µ , then all the odd 
orders L-moments are zero, rτ =0 (r=3, 5, 7⋯⋯). 

3. RELATIONSHIP BETWEEN L-MOMENT AND PARAMETERS 

Assume the probability density function of Pearson-III distribution is: 

0( )1
0( ) ( ) ( , 0, )

( )
x a

0f x x a e x
α

βαβ α β
α

− −−= − > >
Γ

a                    (8) 

Since complexity of the relationship among α，β，a0  and L-moments, Hosking (1997) 
et al. gave approximation algorithm. But its approximations are accurate to 10-6, so it’s 
enough for practical application.  
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In Eqs. (10) and (11), the coefficients 0 1 2 3 1 2 1 2 3 1 2 3, , , , , , , , , , ,A A A A B B E E E F F F  are given as 
follows respectively: 0.32573501，0.16869150，078327243，-0.0029120539，0.46697102，
0.24255406，2.3807576，1.5931792，0.11618371，5.1533299，7.1425260，1.9745056. 
In the contrary, if 1 2 3, ,λ λ τ   are known, then the formulae for EX，Cv, Cs are as following: 

if  3τ <1/3, then 
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if  1/3<τ3<1, then 
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In actual calculation, Γ（α）is calculated approximately by numerical analysis method. 
Due to the reason that α may be very large, it even results in endless cycle using equation 
(14) to calculate . So the following formula is recommended to be used to calculate 
Γ(α)/Γ(α+1/2) （[α] represents an integer no more than α）: 
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If Cs estimated is less than zero, it’s considered as zero. 
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4 CALCULATION OF SAMPLE L-MOMENTS 

4.1 L-moment formulae in a simple sample 
Assume that a sample is 1: 2: :n n n nx x x≤ ≤ ⋅⋅⋅ ≤ , then Hosking proposed the following 
formulae to calculate sample moments: 

1̂λ =b0， 2̂λ =2b1-b0， 3̂λ  =6b2-6b1+b0，τ3 = 3̂λ  / 2̂λ           (16) 

    0 : 1 : 2
1 2 3

1 1 ( 1) 1 ( 1)( 2), ,
( 1) ( 1)( 2)

n n n

:jn jn
j j j

j j jwhere b x b x b x
n n n n n n= = =

− −
= = =

− −∑ ∑ ∑ jn
−
−

                (17) 

4.2 The proposal of sample L-moments formulae with historical flood  
In practice , the hydrological series with historical flood usually be met in China. Till now 
there are no formula proposed to calculate sample L-moment in a series with historical 
flood information. This drastically limits the practical application, thus, a set of sample 
L-moment formulae considering historical flood is proposed in the paper. The idea of 
considering historical flood to calculate sample L-moments for P-III distribution is simple, 
that is ,sufficient usage of former research achievement . According to above analysis, 
L-moment is linear combination of probability weighted moment. So the relationship of 
both is quiet close. Ding et al (1988) already proposed sample probability weighted 
moment for P-III distribution with historical flood and having higher precision. In this 
case we try to use it directly.  

Let X represent a series with historical flood in which the maximum return period is N, 
the length of recorded series (systematic) is n, the number of historical floods is , the 
number of historical floods in recorded series is .   

a

The samples { }' , 1,2,...,mx m n l= − + a  is the series in increasing order (from lowest 
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After the estimation of b0,b1,b2 , 321 ,, λλλ ,τ3 may be estimated by using formula 
(16).  

5. MONTE-CARLO EXPERIMENT OF L-MOMENT METHOD 

The statistical performance of L-moment method, especially in a series with historical 
flood, is needed to be verified by Monte-Carlo method in the comparison with other 
estimation methods.   
5.1 The standard of evaluation 
The performance of a parameter estimation method is evaluated by calculating the bias 
and efficiency of the parameter and quantiles. The bias and efficiency of the parameter are 
indicated by the mean and root mean square error(r.m.s.e) of Ns Monte-Carlo generating 
samples respectively. For clearness, the bias and efficiency of the quantiles are expressed 
as follows by Sxp and Bxp (Chen, 1991). 
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In which p is the design probability (p1=0.1%,1%),and Ns=1000.  
5.2 Monte-Carlo experiment scheme design  
5.2.1 A simple sample 
n= 30, 50, EXo=1.0,Cvo = 0.3, 0.5, 1.0, Cso/Cvo = 3, 4. There are in total 12 schemes. 
5.2.2 A sample with historical flood 
N = 100, n = 30, 50, =1, 3, EXo=1.0 Cvo=0.3, 0.5, 1.0, Cso/Cvo is set to 3, 4, there are 
totally 24 schemes. 

a

5.3 Results and analysis 
A lot of Monte-Carlo calculation results show (partial results are listed in table 1): 
(1) For simple sample, L-moment method has larger improvement to moment method in 

the no-bias and efficiency of parameters and design values. The estimation results of 
the parameters and quantiles of L-moment method is very close to that of probability 
weighted moments method. As a whole, it is a few better than that of probability 
weighted moment method. Compared with curve-fitting method(CFM), L-moment 
method is better than CFM in the aspect of  no-bias, but sometimes better or 
sometimes worse in the efficiency. 

(2) With historical flood, L-moment method may keep good statistical performance as in a 
simple sample. The conclusion of the comparison of above different estimation 
methods is the same as in a simple sample. It is worth to mention that LM(L-moment 
method) and PWM are almost the same . They are much better than CFM in the 
no-bias of parameters and quantiles comparing with in a simple sample, and so is the 
efficiency. As a whole, the proposed L-moment formulae with historical flood is 
reasonable and effective.  

Table 1  Results of the bias and the efficiency of parameter and quantiles (partial schemes) 

Population parameters 
CVO CSO N n a method ECV ECS SCV SCS BXP1 BXP2 SXP1 SXP2 

0.5 
0.5 
0.5 
0.5 

2.0 
2.0 
2.0 
2.0 

30 
30 
30 
30 

30
30
30
30

0 
0 
0 
0 

MOM 
CFM 
LM 

PWM 

0.48 
0.52 
0.50 
0.50 

1.57
2.02
1.99
1.99

0.09
0.10
0.09
0.09

0.77
0.55
0.55
0.56

-5.41
3.17 
1.22 
1.12 

-7.99 
4.50 
2.02 
1.91 

21.91 
22.79 
22.38 
22.42 

27.37 
28.40 
27.80 
27.86 

0.5 
0.5 
0.5 
0.5 

1.5 
1.5 
1.5 
1.5 

30 
30 
30 
30 

30
30
30
30

0 
0 
0 
0 

MOM 
CFM 
LM 

PWM 

0.49 
0.52 
0.50 
0.50 

1.23
1.49
1.51
1.47

0.08
0.09
0.08
0.08

0.66
0.55
0.49
0.55

-4.20
2.18 
0.63 
0.16 

-5.80 
3.12 
1.37 
0.68 

19.02 
19.71 
18.92 
19.21 

24.47 
25.17 
23.97 
24.49 

0.5 
0.5 
0.5 
0.5 

2.0 
2.0 
2.0 
2.0 

100
100
100
100

30
30
30
30

1 
1 
1 
1 

MOM 
CFM 
LM 

PWM 

0.48 
0.52 
0.50 
0.50 

1.85
2.09
1.99
1.99

0.07
0.08
0.08
0.08

0.77
0.64
0.49
0.50

-3.9 
3.45 
0.22 
0.13 

-5.02 
5.15 
0.64 
0.54 

15.27 
18.34 
17.21 
17.28 

19.43 
24.29 
21.28 
21.31 

1.0 
1.0 
1.0 
1.0 

4.0 
4.0 
4.0 
4.0 

100
100
100
100

50
50
50
50

3 
3 
3 
3 

MOM 
CFM 
LM 

PWM 

0.97 
1.05 
1.01 
1.01 

3.36
4.23
4.08
4.08

0.17
0.20
0.16
0.16

1.23
0.89
0.65
0.65

-6.03
5.31 
1.95 
1.92 

-9.13 
8.15 
3.11 
3.08 

23.84 
25.65 
23.33 
23.33 

29.68 
32.52 
27.03 
27.04 

Note: ECV, SCv  is the mean  and  standard  deviation of parameter Cv in Ns generating samples,, ECs, SCS  is 
the mean  and standard deviation of parameter Cs , p1=1%, p2=0.1% 
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6. CONCLUSIONS 

(1) LM is indeed a parameter estimation method with good statistical performance, 
especially its excellent no-bias feature. In most cases it is almost the same with PWM. 
In some situation, it is even better than that of PWM. This method is not only applied 
in flood frequency analysis in a single site, but also it may be used in regional flood 
frequency analysis and flood frequency distribution identification.  

(2) The proposed formulae of L-moment with historical flood is effective according to 
Monte-Carlo experiment. It is recommended that it is adopted in practice.  
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Abstract: Pearl River Delta is one of the most developed areas in the southeast coast of China. The 
flood control security of the delta plays an important role in the regional social and economic 
development. Because of the complex constitute of rivers and river mouths and the collective 
hydrodynamic influences of run-off and tide, the flood flow in the delta shows extremely complex 
hydrodynamic characteristics temporally and spatially. The floodwater elevation in the hinterland of 
the delta exceptionally rises since 90’s because of the out-of-order exploitation of water-and-soil 
resources since 80’s, and therefore the flood control safety of area has been seriously threatened. 
Based on the exceptional rise phenomena during “94.6” and “98.6”, this paper analyzes the interior 
and exterior causes for the exceptional flood elevation rise in the hinterland so as to provide the 
foundation of flood countermeasures for the area.  

Cause analysis of the exceptional flood water elevation rise 
in the hinterland of Pearl River Delta 

Wengen Liao, Jing Peng 
Department of Water Environment, China Institute of Water Resources and Hydropower Research, 
Beijing 100038, China, E-mail: wgliao@iwhr.com pengj@iwhr.com 
 

Keywords: exceptional flood water elevation rise, hinterland, Pearl River Delta  

1. INTRODUCTION 

Pearl River Delta, which is located in the south of Guangdong province, is an alluvial 
plain downstream of Xijiang, Beijiang and Dongjiang. The delta covers the Xi-Beijiang 
Delta below Sixianjiao and the Dongjiang Delta below Shilong, as well as some other 
ingoing rivers. The area of the delta is 26820 km2, which is 5.91% of the total Pearl River 
basin area. 

The rivers in the delta are interlaced so complexly and densely that the flow and 
sedimentation conditions change complicatedly. The runoff entering the delta emits into 
the South Sea from eight river mouths, that is Humen, Jiaomen, Hongqimen, Hengmen, 
Maodaomen, Jitimen, Hutiaomen and Yamen, separately. Under the collective influences 
of runoff and tide, the hydrodynamic characteristics of the rivers and the mouths interact 
so that the rivers and the mouths form an indiscerptible dynamic system.  

Because of the favorable geographical position and the advantageous economic 
environment, Pearl River Delta becomes one of the most developed areas in China and 
keeps high growth rate. The ample water-and-soil resources and developed 
water-and-land transportation establish a solid foundation for the delta’s economic 
expansion. However, the hydrological regime has also been changed tremendously with 
the economic development due to the excessive human activities in the region such as 
excessive disorderly sand exploitation in the hinterland and illegal over-flow bank 
occupancy, and so caused flood disasters threaten the welfare and economy of the region 
seriously. In the period of  “98.6” flood, the direct economic loss caused by the 
exceptionally high water level reached 4.25 billion Yuan. 
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2. THE EXCEPTIONAL WATER ELEVATION RISE PHENOMENON  

There occurred several large floods in Pearl River Delta in the 90’s of 20th century, “94.6” 
flood and “98.6” flood are the most knockout ones among them. During these two floods, 
the water elevations in the delta’s hinterland, especially the water levels in Shunde 
Channel, Xiaolan Channel, Ronggui Channel and Rongqi Channel, exceeded the historic 
records widely. The exceptional flood elevation rise threatened the safety of the cities in 
the area and caused deep worries from all over the society.  

During “94.6” flood, the flood-peak stage at Makou was 10.75 m and 11.12 m at 
Sanshui, the return periods of both stages are less than 50 years; During “98.6” flood, the 
flood-peak stage at Makou was 10.17 m and 10.33 m at Sanshui, the return periods of 
both stages are only 20 years or so. However, these two floods caused exceptional water 
elevation rises in the hinterland area at almost the same locations. From Table 1, it can be 
found that the return periods of the flood elevations in Shunde Channel, Ronggui Channel, 
Lijiasha Channel etc. exceeded 100 or even 200 years.  

Table 1  The flood-peak Elevations in “94.6” and“98.6” Flood Periods（85 benchmark） 

“94.6” “98.6” Channel name Controlling 
section elevation（m） frequency（%） elevation（m） frequency（%） 
Xiaobu  7.18 2 7 2 Dongping  Dengzhou  6.34 5 6.14 5 
Bijiang  4.3 2 4.51 0.5 
Lianan  3.74 10 3.98 2 Chenchun  
Haikou  7.02 5 6.87 5 

Sanhongqi  5.39 0.5 5.55 0.3 Shunde  Dazhou  4.5 0.5 5.79 0.3 
Lijiasha Banshawei 3.9 0.5 3.9 <1.0 

Jiansha  6.79 5 6.5 10 Donghai  Fuzhouhe 6.61 1 6.32 2 
Rongqi 4.81 0.5 4.78 1 Ronggui  Guibanhai 4.03 1 4.11 0.5 

Censhali  Meijiaowei 3.71 0.5 3.85 0.3 
 Sanshui 11.1 >2.0 10.3 >5.0 
 Makou 10.7 >2.0 10.2 >5.0 

 
Another abnormity for the two flood periods is that the longitudinal water surfaces fell 

and rose irregularly. From Table 2, it can be found that during “98.6” flood period the 
maximum water surface gradients along Hongqili Channel changed alternately and the 
minimal gradient occurred at Banshawei and Fengmamiao that were much less than lateral 
river flow gradients. Similar conclusions can also be made for “94.6” flood period. 

Table 2  The Maximum Water Surface Gradients in the Major Channels of during 98.6”Flood（×1/10000） 

Channel Name 
Water 

surface 
gradient

Channel Name 
Water 

surface 
gradient

Channel Name 
Water 

surface 
gradient 

Dongping  1.403 Hongqili (Lijiasha-Banshawei) 0.187 Ronggui (upstream) 1.265 

Tanzhou  1.043 Hongqili (Banshawei-Dalongjiao) 0.561 Ronggui 
(downstream) 0.775 

Nansha  0.896 Hongqili (Dalongjiao-Fengmamiao) 0.438 Xihai 
(Tianhe reach) 0.744 

Shunde  0.812 Hongqili  
(Fengmamiao vicinity) 0.079 Donghai 

(Nanhua reach) 0.605 

Shunde branch 0.793 Hongqili 
(Fengmamiao-Wanqinshaxi) 0.462 Xiaolan 0.873 

Hongqili  
(Banshawei vicinity) 0.036 Hongqili  

(Wanqingshaxi vicinity) 0.241 Hengmen 
(upstream reach) 0.438 
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The exceptional floodwater elevation rise indicates that the internal relationships of 
flow and sediment between the hinterland rivers have been changed remarkably since 80’s 
of 20th century. And these changes are now greatly challenging the safety of flood control 
for Pearl River Delta. To make reasonable countermeasures towards these changes, the 
mechanism and causes of the abnormity have to be investigated. 

3. CAUSES FOR THE EXCEPTIONAL FLOOD WATER ELEVATION RISE 

3.1 The Influences of Upstream River Fork Factors 
Xijiang and Beijiang are the two main rivers that play dominant roles in the delta’s runoff, 
while Makou—Sanshui and Tianhe—Nanhua are the most important upstream river forks 
in the delta that link the two rivers with the delta. Therefore, these two river fork factors 
affect the hydrological regime of the delta to a great extent.  
(1) Makou—Sanshui river fork factors 
Sanshui is a controlling upstream section where the floods of Xijiang and Beijiang first 
enter into Beijiang delta. Investigations show that the fork factor at Sanshui had a steady 
relationship with the sum of flow discharges respectively at Sanshui and at Makou before 
1988. However, the sectional configurations in the vicinity of Sanshui have been 
remarkably changed since late 80’s because of the excessive sand exploitation in the 
rivers. Measuring data indicate that in 1997 the riverbed elevation at Sanshui was lowered 
by 4 meters and the sectional area under elevation 6.0 m was increased by 34% compared 
with the situation in 1988. Comparatively, the configuration change of Makou section was 
slight. These changes resulted in the obvious increase of Sanshui fork factors (see Table 
3). 

Table 3  The Fork Factor ρ and the Fork Flow Q at Sanshui 

Frequency  0.33% 0.50% 1% 2% 5% 10% 20% 50% 
QMakou+Sanshui 71600 69200 65000 60700 54700 49700 44200 35200 

Q 17338 16838 15876 14792 13149 11699 10057 7368 Before 1988 
ρ 24.22% 24.33% 24.42% 24.37% 24.04% 23.54% 22.75% 20.93% 
Q 18456 17823 16718 14490 14021 12719 11291 8965 1994~1998 
ρ 25.78% 25.76% 25.72% 25.68% 25.63% 25.59% 25.54% 25.47% 
Q 6.40% 5.80% 5.30% 5.40% 6.60% 8.70% 12.30% 21.70% Difference 
ρ 1.56% 1.42% 1.30% 1.31% 1.59% 2.05% 2.79% 4.54% 

 
The sequent of the above mentioned sectional configuration changes is that the 

frequency of flood-peak elevation is much less than that of flood-peak discharge for 
Sanshui Station. Take “98.6” flood period as an example, the peak flood at Sanshui 
reached 16200 m3/s that is about a 100-year return period while the corresponding peak 
stage was 10.33 m that is only a 20-year return period. Obviously, this is one of the major 
reasons for the exceptional floodwater elevation rise. 
(2) Tianhe—Nanhua river fork factors 
Tianhe—Nanhua is another important fork in Pearl River Delta where almost half of the 
Xijiang flood downstream of Makou—Sanshui fork flows into Beijiang delta. Nanhua is 
the entering section that controls the inflow from the fork and significantly affects the 
hydrological process of downstream rivers such as Xiaolan Channel, Jiya Channel, 
Ronggui Channel and Shunde Channel etc. Measured data indicates that the excessive 
sand exploitation from late 1980’s to 1997 increased the sectional area by 58.6% at 
Nanhua and by only 23.8% at Tianhe. Although there were not measured flow data at 
Tianhe—Nanhua river fork during “98.6” flood period, the conclusions may still be made 
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by numerical analysis that the Nanhua fork factor has been increased remarkably and that 
the additional inflow at Nanhua contributes to the exceptional flood water elevation rise. 

3.2 The Influence of Sectional Area Changes of Hinterland Rivers 
The cross-sectional area represents the flood carrying capacity of a river to some extent. 
Since there are strong interrelationships between the rivers and the river mouths in the 
delta, whether the riverbed evolution is in phase directly influences the smooth release of 
the upstream flood and sediment into the sea. Unfortunately, because of a large scale of 
disordered human activities, such as sand exploitation, over bank flood-plain occupancy 
etc., the sectional configurations of rivers in the delta’s hinterland had been changed 
inconsistently. From Table 4, it is found that the sectional areas of upstream rivers had 
been increased remarkably while those of downstream rivers increased only by a limited 
margin. This inconsistent outcome implies that more floods will enter into the upstream 
delta and will also be blocked in the downstream delta. Investigations and numerical 
researches demonstrated that Lijiasha channel and the upstream reach of Hongqili channel 
had become the choke point reaches for the delta. These inconsistent changes should also 
be responsible for the exceptional floodwater elevation rise. 

3.3 Other Influences  
3.3.1 The influence of Modietou sluice operation 
Modietou sluice is located in the middle of the delta that was supposed to discharge flow 
during flood period so as to mitigate the flood pressure in the hinterland. Whereas, 
investigations show that the sluice may not operate properly due to disrepair and 
misgoverning during “94.6” and “98.6” flood periods. Numerical analysis indicates that 
the improper operation of the sluice could add to the local floodwater elevation rise 
considerably.  
3.3.2 The influences of bridges and river obstructions 
According to the satellite photograph analysis, there have been built more than 142 
bridges up to 1999, 64 among them are located in the hinterland. Investigations show that 
the local flood peak elevations near the bridges could be raised by 10 ~20 cm. Therefore, 
the cumulated effects on the flood water elevation rise in some rivers in which bridges are 
only several kilometers apart may not be ignored. 

The over flow land occupancy could be another significant cause for the local water 
elevation rise during flood period. An investigation showed that there were 1,280,000 m2 
over flow land occupied in Shunde region between 1991~1994. The figure means 3~4 m2 
over flow bank was taken away in every one-meter-long river reach. The disorder 
occupancy undoubtedly increases the floodwater elevation, although its influences are to 
be studied quantitatively. 
3.3.3 The influence of river mouth extension 
The river mouths in Pearl River Delta extend towards the sea gradually because of 
sediment transport. And the extension in general reduces the water surface gradients in the 
rivers near the mouths. However, it has been demonstrated by measured data that the 
influence is limited because the river mouths have not stretched much since late 80’s. 

4. CONCLUDING REMARKS 

Taking “94.6” and “98.6” flood periods as examples, this paper analyses the causes of the 
exceptional water elevation rise in Zhujiang delta’s hinterland systematically. It is shown 
that the aberrance of the hydrological regime in the delta such as the remarkable upstream 
inflow increase, the inconsistent longitudinal and transverse sectional configuration 
changes, the significant fork factor alteration, as well as the river mouth extension, is the 
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outcome of excessive human activities together with natural evolvement. The choke point 
reaches formed in the hinterland blocks the flood and therefore enlarges the exceptional 
floodwater elevation rise. Measures should be made towards the choke point reaches on 
the basis of comprehensive consideration of the flow and sediment interaction of rivers in 
the delta so as to ensure the safety of the region. 
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Abstract: The framework of the hydrological study for Western Nepal (part of the Nepal Irrigation 
Sector Project), prepared for the Institutional Development of Hydrology and Meteorology (DHM), 
Ministry of Science and Technology, includes the determination of the probable maximum 
precipitation (PMP) of 77 basins.  The paper presents the study that was undertaken for the purpose 
of point and areal PMP determination in Western Nepal, including presentation of the Hershfield 
Method (1961) adapted to point PMP having durations longer than 24 hours. The analysis is based 
on rainfall data available in 109 rainfall stations in that part of Nepal during the period 1956-1998. 
Based on the point PMP depth values thus obtained, a map of equal PMP depth values is presented 
for Western Nepal. 
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1. INTRODUCTION 

The framework of the hydrological study for Western Nepal  (a part of the NISP Project), 
prepared for the Institutional Development of Hydrology and Meteorology (DHM), 
Ministry of Science and Technology, includes the determination of the probable 
maximum precipitation (PMP) of 77 basins.  

WMO (1986) defines the PMP as “the greatest depth of precipitation for a given 
duration meteorologically possible over a given size storm area at a particular location at a 
particular time of the year with no allowance made for long-term climatic trends.” 

It also states “procedures for estimating PMP cannot be standardized as they vary with 
the amount and quality of data available, basin size and location, basin and regional 
topography, storm types producing extreme precipitation and climate.” 

The preferable meteorological approach presented by WMO (1986) cannot be applied 
for Western Nepal because of the scarcity of the synoptic information that is required for 
the application of such a procedure. Therefore, having a sufficient network of daily 
rainfall recorders in the studied area, it was recommended to determine the required PMP 
depths by the application of the statistical method proposed by Hershfield (1961). 

Following is a brief presentation of the study that was undertaken for the purpose of 
PMP determination in Western Nepal. 

2. DATA 

There are a total of 148 daily rainfall stations in Western Nepal. Out of these, 109 stations 
with sufficient data were selected for the PMP study.  Because it was required to establish 
24-, 48- and 72-hour PMP depths in the region, the annual maximum rainfall for these 
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durations was tabulated for the 109 selected stations from the time of their establishment 
up to the year 1998. The areal distribution of the selected rainfall stations is shown in Fig. 
1. Fig. 2 presents the mean annual precipitation (1967-1996) in Western Nepal. Table 1 
presents basic information on the selected rainfall stations.  
 

KATHMANDU

Area under study  

 

Fig. 1  Location of the Rainfall Stations for the PMP Study 

Table 1  Basic Information on the Selected Rainfall Stations 
Number of Rainfall Stations with Data for 

Period More Than 
Period of Available Data 

40 years – 30 1956 – 1998 
30 years – 25 1960 – 1998 
25 years – 48 1970 – 1998 
15 years – 6 1980 – 1998 

3. DETERMINATION OF 24-HOUR POINT PMP DEPTH VALUES 

As mentioned above the Hershfield Method (1961) to determine the 24-hour PMP depths 
was applied in this study following the procedure presented by WMO (1986).  

The basic relationship used in this procedure is represented by Equation (1): 
 PMP = Xn + Km*Sn                                                         (1) 

where in Equation (1), Xn and Sn are the mean and standard deviation of a series of 
maximum annual rainfall depth of certain duration. Km is a factor, that is dependant on 
the mean annual maximum rainfall and varies between 5 and 20 for durations between 5 
minutes and 24 hours.  

Application of the Hershfield Method (1961) to the selected 109 rainfall stations in 
Western Nepal enabled the determination of the point PMP depths for these stations. The 
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results of the computed point PMP depths were presented elsewhere (TAHAL, 2000-
2002). 

 

 

Fig. 2  Mean Annual Precipitation (mm) 1967 - 1996 in Western Nepal 

 
The relationship between Point PMP Depth and Rainfall Station Elevation for Western 

Nepal is presented in Fig. 3. The relationship is expressed by Equation (2): 

PMP = 1077.3*exp (-4*10**-4* ELEV)                              (2) 

where in Equation (2), PMP is in mm and ELEV (rainfall station elevation) is in m. The 
correlation coefficient was found to be about 0.78. It should be pointed out that 7 points 
(presented in Fig. 3 as series 2) being too far away from the relationship line were omitted 
from the correlation. 

It should be mentioned that similar relationships and correlation coefficients which are 
not presented here, were established between the maximum 24-hour rainfall depth and 
rainfall station elevation, the mean 24-hour rainfall depth (Xn) and rainfall station 
elevation, and the standard deviation of the 24-hour depth series (Sn) and rainfall station 
elevation. The relationship between the Km values and rainfall station elevation showed 
an increase of Km with elevation. A linear regression was found in this case to represent 
this relationship, with a correlation coefficient of about 0.76. The different behavior of Km 
from the above-mentioned rainfall series patterns with elevation can be understood 
through its inverse relationship with Mean Annual Maximum Rainfall (RMAX), the latter 
having an inverse relationship with elevation. The isolines of the 24-hour point PMP 
depth values for the selected rainfall stations are graphically presented in Fig. 4. 
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4. DETERMINATION OF 48- AND 72-HOUR POINT PMP DEPTH VALUES 

It was required to determine 48- and 72-hour PMP depths for the large size watersheds 
that had a relatively long time of concentration. Because the Hershfield Method refers 
PMP with time duration of not more than 24 hours, it was necessary to develop in this 
study the Km – RMAX relationships (similar to Fig. 4.1 in WMO, 1986) for the two new 
durations in this study. The procedure to determine the above-mentioned relationships was 
as follows: 

1.Km values were read from Fig. 4.1 in WMO, 1986 and then tabulated for each PMP 
duration (1 hour, 6 hours and 24-hour).  

2.A relationship was determined for each Km related to the same RMAX. All the 
relationships had the format of Equation (3): 

Km = a*LN (T) + b                                                                 (3) 

where in equation (3), Km is the coefficient for any RMAX and T is the PMP duration in 
hours. Table 2 gives the values of the ‘a’ and ‘b’ parameters of equation (3), the high 
correlation coefficient values obtained, and the results of equation (3) application for the 
new Km value determination.  

Table 2  Equation (3) Parameters and the 48- and 72- Km Values 

RMAX (mm) a b Correlation Coeff. - r Km 
(48- hour) 

Km 
(72- hour) 

50 2.2473 10.644 0.9968 19.3 20.3 
100 3.2296 5.2167 0.9965 17.7 19.0 
150 3.5591 2.5374 0.9999 16.3 17.8 
200 3.4559 0.9417 0.9998 14.3 15.7 
250 2.9452 1.0210 0.9799 12.4 13.6 
300 2.6868 0.4490 0.9687 10.9 11.9 
350 2.3472 0.1782 0.9162 9.3 10.2 
400 2.0642 0.1804 0.8958 8.2 9.0 

 
3. Two linear relationships were separately developed between the values in Table 2 of 

Km (48-hour) and Km (72-hour) and the values of RMAX in that table. These relationships 
are represented by Equations (4) and (5): 

Km (48-hour) = 20.985 – 0.0330*RMAX               r = 0.9982            (4) 

Km (72-hour) = 22.319 – 0.0339*RMAX               r = 0.9972            (5) 

The above two relationships expressed by Equations (4) and (5) are presented in Fig. 5 
and Fig. 6, respectively, and may also be used for RMAX values beyond the presented 
range of these figures. 

The above mentioned Hershfield procedure was applied to determine the 48- and 72-
hour point PMP depth values for the large size basins, using now the new Km – RMAX 
relationships in Fig. 5 and Fig. 6.  

The 48- and 72-hour Point PMP depth values thus obtained where presented elsewhere 
(TAHAL, 2000-2002). 

The above mentioned Hershfield procedure was applied to determine the 48- and 72-
hour point PMP depth values for the large size basins, using now the new Km – RMAX 
relationships in Fig. 5 and Fig. 6.  

The 48- and 72-hour Point PMP depth values thus obtained where presented elsewhere 
(TAHAL, 2000-2002). 
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The above mentioned Hershfield procedure was applied to determine the 48- and 72-
hour point PMP depth values for the large size basins, using now the new Km – RMAX 
relationships in Fig. 5 and Fig. 6.  
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Table 3 gives the final area basin PMP depth values
The above mentioned Hershfield procedure was ap
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3. The areal basin PMP depth value was finally determined based on the reduced step 2 
values and the sub basin area fraction of the various participating rainfall stations 
determined in step 1 above.  
 

Table 3  Areal Basin PMP Depth Values 

PMP Basin Station No. Location Catchment Area 
(km2) Duration (hours) (mm) 

Chameliya 120 Nayalbodi 1,150 24 482 
Surnaya  169.8 Gujargaun 154 24 389 
Tila 220 Nagma 1,741 24 387 
Sinja Khola 225 Diware 790 24 328 
Tila 230 Serighat 3,320 24 413 
Karnali 240 Asaraghat 18,256 72 567 
Chham Gad 245 Gitachaur 241 24 552 
Karnali 250 Benighat 23,480 72 607 
Budhi Ganga 255 Kakarsant 1,411 24 593 
West Seti 260 Banga 7,460 72 939 
Thuli Gad 262 Khanayatal 775 24 745 
Thulo Bheri 265 Rimna 6,866 72 561 
Bheri 270 Jamu 12,310 72 678 
Karnali 280 Chisapani 45,390 72 695 
Sharada 286 Daredhunga 795 24 700 
Mari 330 Nayagaon 1,920 24 505 
Jhimruk 339.3 Chernata 653 24 560 
W. Rapti 350 Bagasoti 3,675 48 794 
W. Rapti 360 Jalkundi 5,086 48 858 
Myagdi Khola 404.7 Mangla Ghat 1,112 24 302 
Modi 406.5 Nayapul 647 24 650 
Andhi Khola 415 Borlangpul 195 24 845 
Badi Gad 417 Rudrabeni 1,961 24 608 
Kali Gandaki 420 Kota Gaon 11,345 72 855 
Mardi 428 Lahachok 142 24 863 
Madi 438 Shishaghat 830 24 702 
Khudi 439.3 Khudi Bazar 136 24 799 
Dordi 439.4 Aambote Bagar 289 24 779 
Chepe 440 Garam Besi 302 24 736 
Daraundhi 441 Naya Sanghu 376 24 712 
Budhi Gandaki 445 Arughat 2,546 72 770 
Phalankhu 446.7 Betrawati 152 24 636 
Tadi Belkot 448 Belkot 650 24 553 
E. Rapti 460 Rajaiya 574 24 1,047 
Manahari 465 Manahari 427 24 1,131 
Lothar 470 Lothar  167 24 1,235 

 

6. CONCLUSIONS AND DISCUSSION 

The above is a brief presentation of the study that was performed in order to determine the 
point and areal PMP depth values in Western Nepal. The procedure applied in the study to 
determine the 24-hour point PMP depth values was the Hershfield Method (1961) as 
described in WMO (1986). For the longer 48- and 72-hour point PMP depth values, part 
of the above-mentioned procedure was updated to obtain new Km-RMAX relationships.  
The 24-hour point PMP depth reduction with rainfall station elevation may be clearly seen 
from Fig. 3. This conclusion may be justified although there is a relatively high scatter 
around the fitted curve in Fig. 3. 
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A possible explanation of this phenomenon is the general mean annual rainfall 
reduction with elevation (the elevation in Fig. 2 increases from south to north), and the 
reduction with elevation of the rainfall series patterns: 24-hour maximum rainfall depth, 
mean rainfall depth (Xn) and standard deviation (Sn) values (the relationship between 
these three variables and elevation mentioned earlier). Bearing in mind that in Equation 
(1), Xn and Sn decrease with elevation, where Km increases, it may be concluded that the 
Km increase has a lesser effect on the final computation results than the reduction effect 
of the Xn and Sn.   

Furthermore, in Western Nepal, 78 percent of the annual precipitation falls between 
June and September. The rainfall in Nepal varies greatly from place to place due to sharp 
topographical variations. As the rain-bearing winds approach Nepal from the southeast in 
the summer monsoon season, most of the rain falls over the foothills of the Churiya Range 
or the first foothill slopes of the southern parts of Nepal. Similarly, the rainfall intensity 
and point PMP depth value have a tendency to increase in the foothills of the Churiya 
Range as well as at elevations of around 1,400 m in the southern slopes of the Mahabharat 
lekh, where the rainfall intensity and point PMP depth value are high relative to the 
regular decline of these variables with rainfall station elevation. Above the elevation of 
1,500 m, the rainfall intensity and point PMP depth value decrease, as presented in Fig. 3 
showing PMP behavior with elevation. This shows that the moisture-bearing air is mostly 
concentrated within 850 to 1000 mbs (low level land of Nepal, i.e. in the elevation range 
between 100 m and 1,500 m). 

It is interesting to note that there is a series of troughs located in Fig. 4 that follow the 
patterns of the major river valleys of Kali Gandaki, Bheri, Karnali and West Seti. This 
phenomenon may be explained by the windward and leeward effects of rainfall together 
with topography. 

ACKNOWLEDGEMENTS 

The authors wish to thank the Department of Hydrology and Meteorology (DHM) and 
TAHAL Consulting Engineers Ltd. for permission to publish this article. The authors are 
also grateful to DHM for providing the unpublished rainfall data for the period 1997 to 
1998. 

REFERENCES 
DHM, (1968). “Climatological Records of Nepal, up to 1966”, Department of Hydrology and Meteorology, 

Kathmandu, Nepal. 
DHM, (1971 to 1999). “Climatological Records of Nepal”, Department of Hydrology and Meteorology, 

Kathmandu, Nepal (11 annual publications). 
DHM, (1997-98). “Climatological Records of Nepal”, Unpublished Record, Department of Hydrology and 

Meteorology, Kathmandu, Nepal. 
Hershfield, D. M., (1961). “Estimating the Probable Maximum Precipitation”, Proceedings American Society of 

Civil Engineers, Journal Hydraulics Division, Vol. 87, pp. 99-106. 
TAHAL Consulting Engineers in association with GEOCE, ARMS & CEMAT, (2000-2002). “Quarterly 

Progress Report I, III, IV & V”, Annual Progress Report I & II, Kathmandu, Nepal. 
WMO, (1986). “Manual for Estimation of Probable Maximum Precipitation WMO No 332”, Operational 

Hydrology Report No. 1. 

 544



Flood Defence ’2002, Wu et al. (eds)© 2002 Science Press, New York Ltd., ISBN 1-880132-54-0 

Abstract: The issue of quantifying global information flows within observed rainfall fields is 
addressed in this paper. First we discuss the relations between correlation functions and mutual 
information, which respectively represent a statistical measure of the linear and general  (linear and 
non linear) dependence governing the coupled evolution of the system at different locations in space 
and time. Since an analytical expression relating mutual information and linear correlation can only 
be derived in the case of binary time series, in dealing with the rain process the two statistics cannot 
be directly compared. However, a qualitative comparison is possible in terms of their general 
structure and sensitivity to the climatological and orographic characteristics of the considered 
space-time domain. We also discuss the influence of the finite-size effect on inferring mutual 
information from relatively “short” hydrological time series and the problem of obtaining a 
normalized expression for global correlation in order to compare results that are obtained at 
different aggregation scales in time. Finally we show how additional insights can be gained on the 
structure of the rain process by a deeper understanding of the information flow within its space-time 
structure. 
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in space-time rainfall 
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1. INTRODUCTION 

In hydrological sciences a wide literature exists, founding on the analysis and 
reconstruction of the rainfall field correlation structure as a way for quantifying the short 
range predictability of the system. In particular, a few works by Zawadzki plentifully 
describe linear correlations within the rainfall process considering both their anisotropic 
and unhomogeneous nature (e.g. Zawadzki, 1973), and their relations with the possible 
scaling properties of the phenomenon (Zawadzki, 1987). 

In these and other similar studies, the linear dependence in observed rainfall fields is 
assumed to prevail on the other components of the correlation structure and also with 
regards to the probabilistic properties of the process, the global correlation framework is 
fully explained in terms of linear relationships, which in the end leads to a linear Gaussian 
hypothesis on the process. These assumptions could turn out excessively rough for the 
description of a strikingly complex and non-Gaussian distributed phenomenon like the 
rain process, especially if we consider that – together with non-linear and non-Gaussian 
processes – a wide class of non-Gaussian linear systems exists, whose correlation 
structure presents a richer and more complex nature than the Gaussian ones (Rosemblatt, 
2000). 

Therefore a deep gap still exists in the quantification of global (linear and nonlinear) 
correlations, which could probably turn out a useful tool in the determination of rain 
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process characteristics. Moreover, a careful survey of the global correlations within the 
rain process represents the starting point for the implementation of suitable models, e.g. 
for the generation of synthetic rainfall fields and in the development of disaggregation 
techniques. 

Then the basic question is: is it possible (or at list, reasonable) to describe the intere 
structure of dependence as an inter-connection of the rain field in linear terms? In 
searching for an answer to this question, the greater part of this work is concerned with 
the definition and quantification of global statistical dependence within observed rainfall 
fields. The analysis is performed through the inference of mutual information from a wide 
data-set of rainfall measurements (97 rain-gage stations) recorded at fine resolution in 
time (10 minutes) in North-West Italy in the period between March 1996 and February 
1998 (see Fig.1 for the geographical distribution of rain gage stations across the Piemonte 
region of Italy). The use of gage data is basically due to the fact that data collected by rain 
gages actually represent the only available source of direct measurements of rain at the 
ground. Obviously they are not free of problems, but we can say with Zawadzki (1987) 
that “these problems are easier to understand” with respect to the ones related to any 
indirect measurement technique based e.g. on meteorological radars and satellites images. 
Mutual information is a statistic borrowed by the context of Information Theory (Shannon, 
1948) which measures the global dependence between two variables in terms of 
information stored in a variable about the other. It represents the second order (two points) 
information correlation function in the mutual dependence cumulant expansion, while the 
first order (one-point) cumulant is Shannon Entropy, the third order cumulant the 
three-points redundancy, and so on (Wolf, 1996). 

Clearly, since mutual information represents an estimation of the global (linear and 
nonlinear) degree of correlation for the system, in order to identify and quantify nonlinear 
dependence within the observed rainfall field it is necessary to be able to distinguish 
between linear and nonlinear flows of information (Pompe, 1992). In the following we 
will always refer to the information flow within the field as an “empirical” information 
flow, namely the estimated space-time evolution of a particular cumulant (mutual 
information in our case). Therefore, no evolution equations for the probability density 
function, like e.g. the Liouville’s equations, will be assumed “a priori”. It is well known 
that an analytical relationship between the mutual information and the linear correlation 
function can only be obtained in the case of binary time series (Li, 1990) and therefore the 
two statistics are not directly comparable in the case of rainfall data. It derives that 
quantification of linear and non-linear components of the correlation structure can only be 
performed by separating the linear contribution from the mutual information in numerical 
terms. However the identification of the two components presents some disadvantages, 
like e.g. the lack of suitable procedures for the estimation of the linear contribution 
regardless of the specific nature of the examined process. 

2. LINEAR CORRELATION AND INFORMATION FLOWS 

Both the correlation function and mutual information present advantages and 
disadvantages when used in the quantification of dependence within complex processes. 
As highlighted by Herzel and Große (1995) correlation functions have the advantage that 
their behavior has been investigated in statistical physics since a long time. The Fourier 
transform of the autocorrelation function gives the power spectrum of the process, which 
allows an easy detection of periodicities. Moreover correlation functions can be positive 
and negative, allowing the estimation of anti-correlations. However they also present 
some disadvantages. As an example they only measure linear correlations and are not 
invariant with respect to coordinate transformations. Instead, mutual information has the 
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advantage of being able to detect any kind of dependence and is also invariant under 
coordinate transformations. In contrast, for all finite sequences, it presents a systematic 
overestimation that however, as we will see in the following, can be suitably corrected 
(see Li, 1990 and Herzel and Große, 1995). Mutual information is strictly related with the 
information transfer theory and with the concept of entropy. From the information point of 
view, indeed, entropy represents the state of ignorance about the possible outcomes of the 
considered process and, in this sense, can provide an indication about the level of 
unpredictability of the system. On the other hand, mutual information must be considered 
as a statistical measure of the cross-information content shared by two variables or 
processes.  

 
Fig. 1  Geographical distribution of rain gage stations in the Piemonte Region of Italy represented according   

to the UTM coordinate system. Different symbols refer to different deciles of elevation 

Consider the probability distribution p1, …,pk (where 
1

1k
ii

p
=

=∑ and pi≥0 ∀ i) of 
generic random variable X (e.g. the rainfall depth recorded at some rain gage station in 
space).  If we sample this distribution N times, we find that there are ni events of type i 
and therefore that the number of distinct ways the vector n = (ni) can be observed is the 
binomial coefficient N on n. Since entropy can be defined as the logarithmic asymptotic 
average of the total number of ways in which the process can occurs (Wolf, 1996), by 
applying the Stirling’s approximation the following well-know expression for information 
entropy is obtained (Shannon, 1948): 

        (1) 
1

( ) log( )k
ii

S p
=

= −∑p ip

)

which is also called the Shannon entropy. The joint process of two random variables X 
and Y ( that in the specific case of rain field can e.g. represent two trajectories of the 
process at two different locations in space), can be described with the same procedure and 
with some algebra the expression for the joint entropy is obtained in the form: 

        (2) ( ) log(ij ij
ij

S X,Y p p= −∑
which for the conditioned variables yields: 
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 ( | ) log( / . )ij ij j
ij

S X Y p p p= −∑       (3) 

 where . j i ijp p=∑  and likewise for S(Y|X) with .i j ijp p=∑ . The quantity: 

 ( , ) ( ) ( | )I X Y S X S X Y= −        (4) 

represents the difference of the degree of uncertainty on X that derives from knowing or 
knowing not Y “a priori”, namely the mutual information between X and Y . It is 
symmetric in its arguments and considering that:  

      (5) ( , ) ( | ) ( ) ( | ) ( )S X Y S X Y S Y S Y X S X= + = +

by substituting the Eq. (5) in the (4) we have: 
 ( , ) ( ) ( ) ( , ) ( , ) ( | ) ( | )I X Y S X S Y S X Y S X Y S X Y S Y X= − − = − −   (6) 

From these last relations and from Eqs. 2-3 after a few algebra, a simple expression for the 
estimation of mutual information is derived as: 

 log
. .

ij
ij

ij i j

p
p

p p
 

 

∑              (7) 

This expression will be used later on for the estimation of the global correlation of the 
observed rain fields. 

3. THE ESTIMATION PROBLEM 

Both advantages and disadvantages arise when the mutual information is estimated from 
observed data in the case of finite samples. In the last decades many procedures have been 
proposed in order to investigate the dynamical nature of complex systems, like the rainfall 
process and many other geophysical phenomena. Very often, one of the quantities 
exploited in this type of analysis is just entropy, in virtue of its theoretical capability of 
quantifying the degree of predictability of the system. Unfortunatly, for systems that are 
described by continuous variables the Shannon Entropy (as well as other entropy 
estimators like e.g. the well-known statistic KS-Entropy and Kullback entropy) diverges 
when the partition is refined further and further, so that coarse grained quantities have 
been recently proposed (Kantz and Olbrich, 2000, Palŭs, 1996, Palŭs et al., 1998) for the 
study of the dynamical characteristics of complex systems. In the case of mutual 
information, however, only ratios of joint and ordinary probabilities appear in the 
argument of the logarithm in Eq. (7). Hence the divergent term cancels and the value of I 
approaches a finite limit which is independent of the partitions underlying the calculation 
of pi and pj (Kantz and Shreiber, 1997, Abarbanel et al., 2001). On the other hand, 
although the choice of a particular partition does not affect the calculation of mutual 
information, the finite size of the sample strongly influences its measure producing, as 
reported by Li (1990) and Herzel and Große (1995) a systematic over-estimation. In fact, 
in order to calculate mutual information the ordinary and the joint probabilities, which 
respectively represents the number of occurrences for the ordinary and the joint 
configurations divided by the total number of counting N must be accumulated. Then, if 
we assume the “true” probabilities being obtained at the limit towards an infinite number 
of countings, those extracted from a finite sample will deviate from the true value of some 
quantity ∆I. It has been demonstrated by Li (1990) that this quantity is always positive and 
can be espressed as: 
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2

2( 1)ˆ( , ) ( , ) ( )
2 log 2

KI I X Y I X Y O N
N

−−
∆ = − ≈ +

⋅ ⋅
    (9) 

where K is the number of possible states for each variable. Therefore the finite size effect 
systematically involves an overestimation of mutual information. In the case of the rain 
process, we have defined each class referring to the minimum significant rainfall depth of 
0.4 millimeters for the fine aggregation of 10 minutes and to the minimum rain depth on 
given aggregation for the other time scales, thus obtaining an over estimation ranging 
from 10 to 40% which increases with the aggregation scale. On the other hand, it is well 
known that also linear correlation functions present estimation biases due to the finite size 
effect, ranging from 20 to 40%, according to the higher or lower natural correlation of the 
system (Mei, 1990).  

We present now a simple procedure for the normalization of mutual information, so as 
to allow comparison of the results obtained at different space-time scales. This procedure 
bases on the estimated joint entropy of the field (Wolf, 1996), already defined in the 
previous section. By taking the ratio between mutual information and the corresponding 
joint entropy, we immediately obtain the normalized quantity: 

 ( , ) ( , ) / ( , )NORMI X Y I X Y S X Y=        (10) 

with the following characteristics: 

    (11) 
    0 if , mutually independent

( , )
1 if , totally dependentNORM

X Y
I X Y

X Y


= 


What is changed is only the reference system, in such a way that the normalized quantities 
obtained at different aggregation levels are now directly comparable. The normalization 
technique does not make however comparable in any way the results deriving from linear 
correlation and mutual information analyses since the former is a metric normalization, 
while the latter is a probabilistic one.  

4. ANISOTROPY AND THE INFLUENCE OF AGGREGATION SCALE 

As from the above considerations we can say that the mutual information function is a 
good statistical measure of global affinity, while the linear correlation is just able to assess 
linear dependences within the rain field. Moreover, we can simply verify that, although 
the greatest part of rainfall stochastic models base on the conditions of homogeneity and 
isotropy for the linear rain field structure, the observed correlation functions are far from 
supporting the homogeneous hypothesis and also isotropy rarely holds for the observed 
rainfall process. In particular, from a cross-correlation analysis performed on our data set, 
four basic characteristics emerge for the structure of linear dependences within the rainfall 
field: (1) a strong discontinuity in space and deep unhomogeneous properties, probably 
due to both the specific dynamical nature of different rainfall events and to the orography 
of the observed domain; (2) a significant increasing trend of linear correlations with 
increasing aggregation scales in time; (3) a strong dependence on the considered season 
and (4) a pronounced directionality in the correlation structure, according to the main 
direction of storm arrival and displacement in the different seasons. It seems therefore 
natural to check for the same properties within the global correlation structure, i.e. for the 
measured mutual information. A first results of this exercise is illustrated in Figs. 2 (a-d) 
where normalized mutual information patterns for the Autumn season at lag 0 and 
aggregation scales ranging from 10 minutes to 3 hours are respectively represented. As it 
is evident, some features of linear correlation, like the strong unhomogeneity in space, can 
be observed also in the case of mutual information. Nevertheless the structure of the space 
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dependence changes with respect to the linear case and presents a central peak of 
correlation basically due to the closest stations, nearly independent from the aggregation, 
together with a zone of lower correlation that strongly increases as a function of the 
aggregation scale in time. In Fig. 4 the behaviour of the normalized mutual information 
averaged on all directions with increasing aggregation scales in time for the Autumn 
season at lag 0 is depicted and compared with the analogous angular average for 
cross-correlation. Finally, as it is evident also in Fig. 3.a the area of maximum correlation 
seems to remain circumscribed within a range of relative distances of a few kilometers 
which might derive from the interpolation with the maximum observed in the origin rather 
than from an effective strong correlation feature. What seems to increase with the 
aggregation scale is in fact the distance where correlation figures around 0.4 are observed, 
which presents here a strong dependence from the time scale and a pronounced 
seasonality. In particular, looking at Fig. 3.b, it is evident that while Autumn and Spring 
present a stronger tendency to preserve nearly constant this average dependence (the 
correlation becomes smaller than 0.4 only at the distances of 38 and 25 km respectively), 
in Summer and Winter it rapidly falls down. An intuitive explanation of this phenomenon 
can be given referring to the climatology of the observed sites. During the Autumn, 
summer convective systems leave the place to large frontal systems with a less turbulent  
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Fig. 2  Normalized mutual information for the Autumn at lag=0  and time aggregation  
(a) 10 minutes, (b) 30 minutes, (c) 1 hour e (d) 3 hours. 
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Fig. 3  Decorrelation distance for normalized mutual information (a) and 60% decaying distance  
(b) as a function of aggregation for the different seasons 
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Fig. 4  Angolar mean of normalized mutual information (a) and of linear correlation  
(b) at lag=0 and time aggregations ranging from 10 minutes to 24 hours 

behavior and more spatially organized structures. At the same time, low winter 
temperatures produce more snow than rain events, making the rainfall regime more 
intermittent and spatially circumscribed. 

5. CONCLUDING REMARKS 

The estimation of mutual information and linear correlation has been performed over a set 
of 97 time series of rain records covering a two years period and recorded in North-West 
Italy and a normalization procedure for such statistic, via the joint probabilities, has been 
used in the analysis. The basic goal was to obtain a comparison of the two statistic in 
terms of their general structures and sensitivity to climatic and orographic conditions. In 
fact mutual information and linear correlation functions are not directly comparable, but 
in the case of binary data series, in which case an analytical relationship is available. From 
this type of comparison some evident differences between mutual information and 
correlation estimations have suddenly appeared. First the scarce seasonal dependence of 
mean normalized mutual information. Then its tendency to increase in a more 
homogeneous way than the correlation function with increasing aggregation scales. 
Finally the property of spreading over the field in the first lag excluding 0, rather than 
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simply decaying. This fact leads to the possibility that other dependence components 
further to the ones explained by linear correlation could be gained from the observed rain 
field structure. 

On the other hand, in order to estimate the power of the linear (Gaussian and non 
Gaussian) components in the global correlation framework of the rain process the only 
effective method is the separation of linear and non linear patterns within the mutual 
information. Since the problem of the robust extraction of these two components from the 
information structure of a complex phenomenon such as rainfall is still unresolved, further 
progresses are still expected in this direction, aiming at the development of suitable 
separation techniques, able e.g., to characterize non Gaussian but Linear sub processes. 
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Abstract: Estimation of flooding potential is often required for catchments with insufficient or 
non-existent hydrometric information. In such circumstances, regional flood frequency analysis or 
regionalisation can be employed with available information from similar catchments. The process of 
regionalisation includes the identification of catchments that collectively compose a homogeneous 
region and the formulation of a scheme for that region to estimate floods by using catchment 
characteristics. The identification of catchments may be regarded as an example of the wider 
problem of classification of data sets. The principal component analysis, the fuzzy c-means method 
and weighted fuzzy c-means method were applied for data set of 86 stations from Gan-Ming river 
basin in Jiangxi and Fujian provinces of China and it was found that the stations could be divided 
into three groups. A test of heterogeneity based on L-moments should therefore be prerequisite of 
any regional flood frequencies to check whether a proposed sub-region is homogeneity or not.  

Weighted fuzzy c-means method and comparison of some 
methods for classification of hydrological homogeneous regions 

Jingyi Zhang 
Hydrology and Water Resources Department, Hohai University, Nanjing 210098, China 
Tel.: 0086-25-3734418, E-mail: zjingyi@hotmail.com 

Keywords: regional flood frequency analysis, principal component analysis, fuzzy c-means 
method, weighted fuzzy c-means method, heterogenous test, L-moments 

1. INTRODUCTION 

Regional flood frequency analysis (RFFA) can facilitate the estimation of extreme flow 
quantiles for any site where limited or no flow data exist, based on the relationship 
between the flow quantiles and catchment characteristics. Of all the stages in RFFA 
involving many sites, the identification of homogeneous regions is usually the most 
difficult and requires the greatest amount of subjective judgement. The aim of 
identification is to form groups of sites that approximately satisfy the homogeneity 
condition, i.e. the sites’ frequency distributions are identical apart from a site-specific 
scale factor.  

Many statistical methods are available to meet this objective. One of the algorithms for 
delineating homogeneous regions was principal component analysis (PCA). Morin et al. 
(1979) and Gong et al. (1988) applied PCA to identify hydrological homogeneous regions 
for optimizing gauging network design on the Eaton River in Canada and on Yellow River 
basin in China respectively. It should be remembered here that the grouping by using PCA 
is somewhat arbitrary. Nathan and McMahon (1990) pointed out the large subjectivity 
involved in drawing the regional boundary means that different hydrologists would obtain 
different groupings. Within the last decade, attention has turned to the use of the fuzzy 
c-means method to identify homogeneous sub-regions. And the discriminate analysis has 
been used to allocate an ungauged catchments to an appropriate sub-region by using site 
characteristics (e.g.Wiltshire, 1986; Hosking and Wallis, 1997; Hall and Minns, 1999). 
Most clustering algorithms measure similarity by the reciprocal of Euclidean distance in a 
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space of site characteristics. This distance measure is affected by the scale of 
measurement of the site characteristics, and in practice it is usual to rescale the site 
characteristics so that they all have the same amount of variability, as measured by their 
range or standard deviation across all of the sites in the data set. This rescaling effectively 
gives equal weight to each site characteristic in determining clusters; this may not be 
appropriate, because some site characteristics have greater influence on the form of the 
frequency distribution and should be given greater weight in the clustering. It is difficult 
to choose appropriate weights. Therefore the weighted fuzzy c-means method (WFC) was 
proposed. The idea of the WFC method is that using each component eigenvalue of the 
principal component analysis as weight to calculate Euclidean-style distance in a space of 
site characteristics. This improved method combined the principal component analysis 
with fuzzy c-means method and has the theoretical advantages over conventional fuzzy 
c-means method of being more robust. After successful forming groups, homogeneity test 
is other important aspect of many RFFA methods. Hosking and Wallis (1997) 
recommended a heterogeneity measure based on an L-moment ratio for assessing whether 
a proposed region is homogeneous. 

The principal component analysis, fuzzy c-means method, proposed weighted fuzzy 
c-means method and homogeneity test were described in this paper for the case study of 
the Gan-Ming river basin in south-east of China.  

2. METHODOLOGY FOR IDENTIFYING HOMOGENEOUS REGIONS 

Principal components analysis (PCA): is one of the main methods for identifying a 
homogeneous region in China (Gong and Ma, 1988). Suppose there are E sites, each site 
having N standardised catchment features, these data can be represented by a matrix W of 
dimension E×N. The procedure of PCA method is: 
 calculate covariance matrix A of N×N from matrix W, here ; ( )' ij N N

A W W a
×

= =

 use follow formula to compute principal components Gli between station i and 
principal component l and eigenvalue lλ  of principal component l: 

  G                    (1) 
1

N

li lj ij
j

V
=

= ∑ w

li
                                         (2) 2

1

E

l
i

Gλ
=

= ∑

where Vlj is eigenvectors of matrix A. 
 arrange eigenvalue lλ  in descending order, i.e. 1 2 ...... 0Nλ λ λ≥ ≥ ≥ > , 1λ  

corresponds with the so-called first principal component, it is means that the 
contribution of principal component is largest with respect to the largest 
eigenvalue. 2λ  corresponds with the second principal component and so on. 
Analysis of eigenvalue lλ  gives valuable information on the comparative 
behaviour of stations. For most data, the first two principal components can 
represent other components and give good results (Gong and Ma, 1988); 

 prepare a two-dimensional cluster graph to identify similar behaviour of stations 
and form sub-regions, each axis assigned to a principal component.  

Fuzzy c-means method (FC): applied Zadeh’s idea to represent the similarity a point 
shares with each cluster with a function (termed the memberships) whose values lie are 
between zero and one (Ross 1995). Each sample will have a membership in every cluster. 
Memberships close to unity signify a high degree of similarity between the sample and a 
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cluster while memberships close to zero imply little similarity between the sample and 
that cluster. The “fuzzy” concept has been widely adopted in the fields such as pattern 
recognition, neural networks, image processing, and expert systems. Examples of such 
works in the hydrology and geoscience include Bezdek et al. (1984) and Hall et al. (1999).  
Let { 1 2 3, , ,..., K}X x x x x= denote a set of l feature vectors. The data set X is to be 
partitioned into c fuzzy clusters, where 2 c K≤ ≤ . A c-partition of X can be represented 
by , where iku [ ]0,1ik ∈u  and represents the membership of kx  in the cluster i, 

. These membership values  may be summarised in terms of a 
fuzzy partition matrix, U, with c rows and K columns and must satisfy the following 
conditions: 

1 , 1i c k K≤ ≤ ≤ ≤ iku
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In the method of c-means, the objective function is based upon the Euclidean distance 
between each data point and its cluster centre, , 1,2,....,i i cν = : 
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d d x xν
=
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The objective function is given by: 
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where r is a weighting parameter controlling the amount of fuzziness in the process of 
classification. When r = 1, the partitioning becomes ‘hard’, but as r increases the 
membership assignments of the clustering become more fuzzy. For most data, 

 gives good results (Bezdek et al., 1984; Ross, 1995). 325.1 ≤≤ r
The optimum fuzzy c-partition is associated with the minimum value of Fobj from 

equation (5). Update the partition matrix U(p), If U(p+1) does not differ from U(p) by more 
than a prescribed limit e, then terminate the algorithm; otherwise set p = p+1 and repeat 
above steps.  

In the fuzzy c-means method the Euclidean distance was measured by using the same 
weights. However common situations are different site characteristics (components) have 
different influence on the form of the frequency distribution.  The more reasonable 
similarity measure is that using the contribution lλ  of site components as weights. The 
distance of improved fuzzy c-means method was defined as Euclidean-style norm:  

                2

1
( ) (

N

ik k i l kl il
l

x xν λ ν
=

= − = −∑ )d d                       (6) 

The formula (4) is a special case of formula (6) when 1=lλ for each component. 

3. HOMOGENEITY TEST BASED ON L-MOMENTS 

Hosking and Wallis (1997) described heterogeneity measure for assessing whether a 
proposed region is homogeneous based on an L-moment ratio. L-moments are defined as 
linear combinations of “Probability Weighted Moments” (PWM). The L-moments test for 
heterogeneity fits a four-parameter Kappa distribution to the regional data set generated 
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by Monte-Carlo simulation experiments with a series of 500 equivalent regions’ data and 
compares the variability of the L-statistics of the actual region to those of the simulated 
series. Three heterogeneity statistics can be employed to test the variability of three 
different L-statistics: H1 for L-Cv, H2 for the combination of L-Cv and L-skewness and H3 
for the combination of L-kurtosis and L-skewness. For both real-world data and artificial 
simulated regions, the H1 statistic has been shown to have much better discriminatory 
power than H2 and H3 statistics (Hosking and Wallis, 1997). Therefore in this study only 
the H1 statistic was used for heterogeneity tests. Each H-statistic takes the form: 

                                (7) VVobsVH σµ /)( −=

where Vµ  and Vσ are the mean and standard deviation of the simulated values of V 
while Vobs is calculated from the regional data and is based on a corresponding V-statistic, 
defined as follows: 
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The H-statistics indicate that the region under consideration is acceptably 
homogeneous when H<1; possibly heterogeneous when 1<H<2 and definitely 
heterogeneous when H>2. A grouping of sites must therefore have H<2 to be considered 
as a possibly homogeneous region. 

4. APPLICATION AND COMPARING OF CLASSIFICATION METHODS 

The study area mainly includes the Gan River Basin, which is a major tributary of the 
Yangtze River, and the Ming River Basin, which discharges directly to the adjoining East 
Sea. The total catchment area is around 140,000 km2. The high Wuyi Mountains is 
watershed divide of two river basins. Generally the upper and middle part of the Gan river 
basin is hilly areas, and the downstream area is a flat lake basin. Most of rivers in Ming 
River basin are short and also locate in hilly areas. Floods in the Gan River basin and 
Ming River basin generally occur in summer as a result of heavy rainfall.  

Eight catchment characteristics were selected for the 86 sites including average annual 
rainfall (AAR), and mean annual maximum catchment 1-day rainfall (APBAR), catchment 
area (AREA), main stream length (MSL), weighted mean river slopes (WMS), mean 
catchment altitude (MCA), geologic feature index (GFI) and plant cover index (PLANT). 
The annual maximum flood data (MAF) of 86 gauging stations were used for 
homogeneity test. The average number of years of record for the stations was 27 years 
with a range from 15 to 36 years. These data were obtained from the Hydrological 
Yearbooks and Hydrological Departments of Jiangxi and Fujian province in China. 

Three classification methods, namely PCA, FC and WFC are adopted to cluster data 
sets. Three sub-regions were identified within 86 sites by using PCA method. For 
comparing the results, the number of cluster was set 3 for FC and WFC methods.  

The classification results of three techniques were showed in Tables 1 and 2. In Table 1, 
comparing PCA with FC only 70% of the sites are the same, while comparing FC with 
WFC has 84% of sites are common. Particularly, the percentage of the common sites 
reached 93% when comparing PCA and WFC. 

Table 2 shows that the results of the PCA, WFC and FC methods had notable 
agreement. Fig 1 shows the study area and distribution of sites for the three classes 
obtained by using the WFC method. Most sites belonging to class III were located in the 
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flat areas of Jiangxi province with large catchment areas (AREA ≈  3700km2), long main 
stream lengths (MSL ≈  150km), lower mean catchment altitudes (MCA  320m), 
lower geological feature indices (GFI  0.55) and lower plantations indices (PLANT 

 0.15). Most sites of class II located in hilly areas of Fujian province with steep slopes 
(WMS  55), higher MCA (

≈
≈

≈
≈ ≈  650m) and higher PLANT (≈ 0.50). The sites of class I 

were located in the mountainous boundary between provinces, with smaller catchment 
areas, shorter river lengths and higher GFI values. These results indicated that using the 
PCA, FC and WFC methods with 3 classes provided a consistent correlation with 
topography.  

When homogeneous regions have been at least tentatively identified, the homogeneity 
measure based on at-site L-moment statistics can be calculated for a proposed region 
(Table 3). 

 

Table 1  Numbers of sites allocated to each of 3 classes 

Method No. of common sites 3 classes 
PCA  FC WFC PCA/FC PCA/WFC FC/WFC 

I 31 39 32 24 29 27 
II 27 22 25 15 24 20 
III 28 25 29 21 27 25 

total 86 86 86 60 80 72 
Percentage 70% 93% 84% 

Table 2  Comparing of average catchment characteristics for 3 classes 

 Class Method AREA MSL WMS AAR APBAR MCA GFI PLANT 
PCA 562 52 5 1725 100 446 0.687 0.359 
FC 731 59 17 1687 100 441 0.681 0.260 I 

WFC 620 57 6 1704 101 428 0.659 0.354 
PCA 831 81 60 1709 99 623 0.639 0.467 
FC 850 82 51 1763 99 655 0.650 0.617 II 

WFC 844 79 61 1721 98 676 0.660 0.462 
PCA 3729 149 2 1679 99 315 0.588 0.151 
FC 3996 156 2 1678 98 306 0.556 0.153 

3 
classes 

III 
WFC 3733 163 3 1701 100 330 0.609 0.154 

Fig. 1  Three classes identified by improved weighted fuzzy c-means method 

Jiangxi

Gan river

Ming river

Fujian
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Table 3  Homogeneity test for 3 classes 

Homogeneity test class 
PCA WFC FC 

I 1.40 1.01 1.67 
II 0.47 -0.81 1.08 
III -0.94 0.28 -0.54 

 
Class III for three methods (PCA, FC and WFC) and class II for the PCA and the WFC 

method were acceptably homogeneous (H<1). The H values of other class are less than 2, 
so these classes are considered as defining a possibly homogeneous region. Generally 
speaking, three identified classes by using the improved weighted fuzzy c-means method 
showed more homogenous than others. 

5. CONCLUSIONS 

In the past, the principal component analysis was one of the main techniques to identify 
homogeneous regions for RFFA and network design of China. The introduction of new 
hydrological classification methods is quite rare in China. It is the first time to employ the 
L-moments approach and the fuzzy method for classification of the Gan-Ming river basin. 
The data vector can include at-site statistics, site characteristics or some combination of 
the two. In this paper, site characteristics were used for formation of sub-regions, while 
at-site statistics only for subsequent testing of the homogeneity of a proposed set of 
regions. The classification results are advisable and practicable for reliable estimating 
flood quantiles when no at-site data are available. 

Comparing the principal components analysis with the fuzzy c-means method and 
weighted fuzzy c-means classification method, although the classification results of the 
PCA, FC and WFC methods had reasonable agreement, the weighted fuzzy c-means 
method showed more reasonable than the PCA and FC. Since WFC method considered 
physical cause of flood formation and was suitable not only for equal weights of site 
components, but also for different weights, while PCA involve subjectivity on drawing the 
regional boundary, therefore the proposed weighted fuzzy c-means method is a relative 
objective technique and preferable method. The results of homogeneity test based on 
L-moment also proved this point. 
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Abstract: A scale-invariance analysis of space-time rainfall retrieved during the TOGA-COARE 
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1. INTRODUCTION 

The research of scale-invariant properties in space-time rainfall fields has recently 
attracted the interest of many researchers. One reason for this is the need to fill the gap 
between the large scales of space and time over which meteorological models are applied 
and the natural scales of basins response. 

A possible bridge for the transfer of information from meteorological to hydrological 
forecasting models is represented by the development of rainfall downscaling models, 
which are able to reproduce the observed fluctuations of rainfall over a wide range of 
space and time scales. The presence and identification of space-time scaling regimes in 
rainfall is actually a fundamental issue for the development and calibration of multifractal 
downscaling models. 

A downscaling scheme can be summarized as follows. Let us suppose to know a 
measure µ(S) over a region S in R3 or its probability distribution PS(µ), where region S has 
two dimensions in space and one in time. Our measure µ is a rainfall volume or a mean 
rain rate, as forecasted by meteorogical models over regions S, defined as their own 
space-time resolution. We want to determine the probability distribution PrS(µ) of the 
measure µ(rS) over smaller regions rS, compatible with hydrological modelling. 

In the following we discuss the development of a downscaling procedure able to 
reproduce observed rainfall properties in both space and in time. 

2. THEORETICAL REMARKS 

We review here some aspects on scale-invariance and multifractal theory that are useful 
for the following analysis and simulation of rainfall fields. One of the most simple 
definition of “scale-invariance” is: 

 ( ) ( ) ( )q qrS r Sζµ µ≅
q

            (1) 

 559



where <⋅> denotes an ensemble average operator. A measure µ is said to be 
scale-invariant if we can identify at least one range of scales (or regions rS) where (1) 
holds. If this scaling is observed with exponents ζ(q)/ζ(p) ≠ q/p, i.e. ζ(q) is a nonlinear 
function of q, the scaling is said to be anomalous and the measure is a multifractal.  

Self-similarity (or scale isotropy) represents the simplest circumstance where the 
scaling law (1) holds true in multidimensional regions (d > 1). In this situation a measure 
µ(S) defined over a region S can be reproduced by the same number of replies of random 
variables µ(rS) (each one with a probability distribution PrS(µ)) in each direction of  
space R3. In this case we can introduce a velocity parameter U to rescale the time axis and 
homogenize it with the other two spatial dimensions. If we give U the meaning of 
“advection velocity”, the hypothesis of self-similarity in rainfall has a close 
correspondence to the well known Taylor’s hypothesis for turbulence (Taylor, 1938). We 
can therefore analyse rainfall variability in isotropic and homogeneous three-dimensional 
regions, where space-time scaling can be investigated for the following measure: 

      (2) 
/
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here i(x,y,t) is rain rate in (x,y) location at time t. Indexes i, j and k identify the spatial and 
temporal position of each sub-region λ × λ × τ in the grid-partition (where τ = λ/U). 
Scale-invariance (1) should be investigated in a wide range of spacescales λn = Lb-n and 
timescales τn = λn/U = Tb-n, with a common “branching number” b. 

In our downscaling problem, a rainfall volume µ (S) is known over an area L × L and is 
cumulated in a time T = L/U. We want to predict the probability distribution P(µ (λ)) of 
the measure (3) over smaller scales λ × λ × τ, where λ < L and τ < T. 

The following q-order structure functions Sq(λ) can be computed at different scales λ: 
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where N(λ) is the number of subregions λ × λ × τ. Scale-invariance (1) can be written as: 
         (4) ( )( ) q

qS ζλ λ∝

Alternatively, scale-invariance in multi-affine measures (or scale anisotropy) can be 
investigated by introducing “Generalized Scale Invariance” (G.S.I.) (Lovejoy & Schertzer, 
1985) or “dynamic scaling” (Kardar et al., 1986). In both cases, scale-invariance is 
investigated under anisotropic space-time transformations: x→x/b, y→y/b, t→t/b(1-H) or 
t→t/bz, where the branching number in space (b) now differs from that in time (bt = b(1-H) 
or bt = bz). The degree of scale anisotropy is characterized by the “scaling anisotropy 
exponent” H in the G.S.I. formalism, or by the “dynamic scaling exponent” z using the 
second approach. The relationship z = 1-H holds between the two exponents. For 
self-similar fields we should find H = 0 (or z = 1). An estimate of these exponents can be 
obtained by comparing the onedimensional power spectra Ex(fx) or Ey(fy) in space and Et(ft) 
in time. In a multifractal field we would expect to observe the following power laws of 
frequency ft and wave-numbers fx or fy: 

 ( ) ts
t t tE f f −∝  ( ) xs

x x xE f f −∝  ( ) ys
y y yE f f −∝     (5) 

where exponents sx, sy and st are constant. For a self-affine multifractal this yields: 
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Comparing (5) and (6)  we  can  estimate  the  scaling  anisotropy  exponent as   
Hx =  1 – sx/st or Hy = 1 – sy/st (or, using dynamic scaling formalism zx = sx/st or zy = sy/st). 
Obviously, in case of spatial scale isotropy, the estimates Hx and Hy should be equivalent, 
as well as zx and zy. 

Since the following analysis shows an evidence of self-similarity in space-time rainfall, 
from this point we shall restrict the problem of downscaling only to self-similar measures. 
We have interpreted the results of the multifractal analysis of TOGA-COARE rainfall 
with a wavelet model based on a log-Poisson generator η = βy, where β is a parameter and 
y is Poisson-distributed random variable with mean c. Referring to Deidda et al. (1999) 
for more details, we recall here only the theoretical expectation for the multifractal 
exponents in space-time synthetic sequences: 

 
( ) ( )1 1

( ) 3
ln 2

qq
q q c

β β
ζ

− − −
= +      (7) 

3. SCALE-INVARIANCE ANALYSIS ON SPACE-TIME RAINFALL DATASET 

The following analysis on the multifractal behaviour in space and time is based on the 
TOGA-COARE campaign. Rainfall reflectivity were collected by two ship-borne radars 
(TOGA and MIT) between 5 November 1992 and 23 February 1993 in the Pacific Ocean, 
within a 278 × 278 grid of 2 km resolution, every 10 minutes (Kruger et al. 1999). 

Due to the lack of data in some grid-points, a systematic reconstruction of missing data 
was applied using a distance-weighted average operator of neighbour values in the same 
frame, and in the previous and following scans. After the extraction of the most 
significative space-time sequences, only those with no more than 0.1 % reconstructed 
rainfall volume were accepted for the analysis. 

Space-time sequences were selected assuming a priori two hypotheses: scale isotropy 
(i.e. self-similarity) and a velocity parameter U compatible with data discretization to 
homogenize temporal and spatial scales. These hypotheses were checked a posteriori on 
each selected sequence. Using the assumed velocity U we should expect statistical 
properties at spacescales λ to be reproduced at timescales τ = λ/U. 

After some attempts to determine a velocity satisfying the above requirements, it was 
finally assumed the value U = 24 km/h. This required to merge grid-points up to 4 km 
resolution. 102 space-time sequences L × L × T were then selected capturing the most 
intense events on 32 × 32 × 32 lattice with dimension L = 128 km in space ant T = 5 hours 
20 minutes in time. For each sequence we computed the advection velocity applying some 
techniques described by Johnson & Brass (1979): the centroid method (C0) consists in 
estimating this velocity by the movement of the rainfall centroid of each scan; the other 
three methods estimate the velocity by the spatial shift between couples of scans P1(x,y) e 
P2(x,y), recorded at times t1 and t2, which maximize the cross correlation P1×P2 (C1), or 
minimize the square difference (C2) or the absolute difference (C3) between P1 and P2. 
The averages of these estimates are plotted in Fig 1 (left) versus different time delays  t1 - 
t2. We can observe a great variability in these estimates, depending both on the method 
applied and on the delay considered. The proposed value U = 24 km/h is however in the 
range of values found. This hypothesis is also confirmed by the comparison of the 
correlation functions in space at scale δ and in time at the corresponding timescales τ = 
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δ/U. Actually we can observe from Fig 1 (right) that the correlation in time results to be 
intermediate and comparable with those in space. 

On the same sequences we estimated the scaling anisotropy exponent H and the 
dynamic scaling exponent z as described in previous section. The average of these 
estimates are reported in Table 1. We can observe that although the estimates of sx or sy in 
space result to be very close to st in time (so that we should expect on average a 
self-similar behaviour), the mean value of H and z estimates differ from the expected ones 
for self-similar fields (0 and 1 respectively). This contradicting result can be explained by 
the skewed distribution of the estimates of these anisotropy exponents, as supported by 
Fig 2 (left) where an histogram of the estimates of z in each sequence is plotted. Assuming 
the logarithms of z as an index of the scale anisotropy we can overcome this inconsistency. 
Actually, in Table 1 we can observe that the average of this index is about 0 as expected 
for self-similar fields, while in Fig 2 (right) it is apparent the highest symmetry of log z 
distribution, now centred in 0. Basing on these results, we considered the selected 
sequences as self-similar on average and accepted the hypothesis U = 24 km/h. 

 
Fig. 1  Left - Mean advection velocity U in km/h obtained applying C0, C1, C2 e C3 methods with delays from 
10 to 80 minutes computed on the 102 sequences with embedding dimension 128 km × 128 km  × 5 hours and 
20 minutes. Right - Comparison between average correlation functions along spatial directions x and y and the 

temporal one rescaled with an advection velocity parameter U = 24 km/h for the 102 selected sequences. 

 
Fig. 2  Distribution of the dynamic exponent zx (left) and of log zx (right) for the 102 selected sequences. 

Table 1. Mean values of the scale anisotropy parameters estimated for the 102 sequences analysed 

<sx> <sy> <st> <Hx> <Hy> <zx> <zy> <log zx> <log zy> 
-1.38 -1.31 -1.37 -0.21 -0.20 1.21 1.20 0.05 0.00 
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4. MULTIFRACTAL ANALISYS AND LOG-POISSON MODEL CALIBRATION 

Scale-invariance (1) was investigated on each of the 102 selected rainfall fields. A 
self-similar space-time transformation characterized by a velocity parameter U = 24 km/h 
was applied to compute structure functions Sq(λ) for different moments q. Fig 3 (left) 
shows that third order structure functions S3(λ) computed for the first 25 sequences (with 
the highest rain rate) scale very well in a ra  and  

Fig. 3  Left - Log-log plot of the first 25 third ord
computed for spatial scales from λ0 = 4 km to L = 12
T=5 hours 20 min). Right - Multifractal exponents ζ

Fig. 4  Left – Plot of log-Poisson coefficients c (ci
over 128 × 128 km2 TOGA-COARE sequences. 

Right New estimates of the c parameter for the 102 
parameter β constant and equal to 1/e, are plotted vers

and GATE-32 are also plotted u

 

nge from λ0 = 4 km to L = 128 km in space
 

 

er space-time structure functions S3(λ) in arbitrary units 
8 km (and corresponding time scales from τ0 = 10 min to 
(q) computed for the first (up) and last (down) sequence. 

 
rcles) and β (squares) versus the 5-hour rainfall intensity I    
The dashed line is drawn for the adopted value β= 1/e.    
TOGA-COARE selected sequences, obtained keeping the 
us I. The best fit curves (8) for TOGA-COARE, GATE-64 
sing parameters reported in Table 2. 
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from τ0 = λ0/U = 10 min to T = L/U = 5 hour 20 min in time. It is apparent that 
scale-invariance holds with very good approximation for the whole range of examined 
scales and for all the analysed fields. The best fit linear regressions, whose slopes were 
used to estimate ζ(q), are plotted in the same Figure. Similar results were obtained also for 
other moments and for the remaining selected sequences and thus are not reported here. 
The multifractality of these fields is shown by Fig 3 (right) where we can observe the 
non-linear behaviour of exponents ζ(q) in the first and last analysed sequences (ζ(q)/ ζ(p) 
≠ q/p). 

The two model parameters c and β were then estimated by fitting the set of multifractal 
exponents ζ(q) of each sequence to the theoretical expectation (7). In Fig 4 (left) these 
estimates are plotted versus the large-scale mean intensity I of each sequence. Parameter β 
seems to be quite constant and independent on I, so that c parameter was estimated again 
for each sequence fitting sample exponents ζ(q) of each sequence to the theoretical 
expectation (7) conditioned to β = 1/e. From Fig 4 (right) we can observe a stronger 
dependence of these estimates of c, decreasing with large scale rainfall intensity. With the 
aim to determine a simple relationship of this model parameter with a predictable quantity 
(e.g. I) we fitted these estimates with the following equation: 

 ( ) exp( )c I a I cγ ∞= − +       (8) 

Fig 4 (right) compares the behaviour of the above equation estimated for the 102 
sequences of TOGA-COARE rainfall with the one obtained for the same 22 sequences of 
GATE (Hudlow & Patterson, 1979) analysed in Deidda (2000) and referred to as 
GATE-64. Here, the only difference from Deidda (2000) is that we fixed the value β = 1/e 
also for GATE sequences to allow comparison between the two analyses. Despite this, a 
difference between the two equations is still apparent. Since the domains where the 
average rainfall intensity I is computed are 128 km × 128 km × 5 hours and 20 minutes for 
TOGA-COARE and 256 km × 256 km × 16 hours for GATE-64, we re-sampled smaller 
sequences from the GATE dataset to reduce the difference induced from this 
incongruence. The new sequences, named GATE-32, were selected within a 32 × 32 × 32 
grid having sides 128 km in space and 8 hours in time. Fig 4 (right) shows that the new 
curve for GATE-32 results to be closer to the TOGA-COARE one, although some minor 
differences still hold and require further investigation. Table 2 summarizes parameters 
obtained for these three curves. 

Table 2  Comparison between parameters of eq. (8) obtained from TOGA-COARE sequences and the ones 
coming from GATE sequences of 8 and 16 hours (GATE 32 and GATE 64 respectively). 

 a γ c∞ 

TOGA – COARE 0.8310 1.3569 1.1128 
GATE 32 1.1272 0.9101 0.8618 
GATE 64 0.8944 0.8995 0.7899 

5. COMPARISONS BETWEEN OBSERVED AND SYNTHETIC RAINFALL 

The log-Poisson model was systematically applied to generate synthetic sequences to be 
compared with those selected from TOGA-COARE ones: a set of space-time rainfall 
fields were generated for each of the 102 TOGA-COARE sequences. For each set of 
generations the parameter β = 1/e was taken as a constant, while the value of the c 
parameter was obtained from equation (8), where the large-scale rainfall intensity I is the 
same as the corresponding one in TOGA sequence. 
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The space-time structure functions and the multifractal exponents ζ(q) were estimated 
for each realization. Fig 5 (left) illustrates as the multifractal behaviour is well reproduced 
on average by synthetic sequences. 

The cumulative distribution functions (CDFs) were also computed for each TOGA 
selected sequence and systematically compared with the 90% confidence limits obtained 
by the corresponding set of synthetic rainfall. In most cases the observed CDF is within 
these limits, meaning that the model correctly reproduces the probability distribution of 
rainfall at smaller scales of space and time. An example in Fig 5 (right) illustrates the 
comparison for the first sequence. CDFs were outside the confidence limits in only a few 
of the observed cases. These rare exceptions will be investigated in future works. 

In order to investigate the need to introduce a dependence of model behaviour on the 
large scale rain rate such as that proposed in eq. (8), a control set of 100 sequences was 
generated keeping both  parameters constant (β = 1/e and c = 1.3, i.e. the average value 
for the 102 selected sequences). Analogous comparisons of the observed CDFs with the 
90% confidence limits obtained by these control sets revealed the incapability of a model 
with constant parameters to reproduce the different behaviour of sequences characterized 
by different I. 

   
Fig. 5  Left - Averages of multifractal exponents of the original TOGA-COARE sequences (circles) are 

compared with those estimated from the synthetic sequences (squares). Right - Cumulative distribution function 
(CDF) of rain rate I (mm h-1) at higher resolution (4 km × 4 km × 10 minutes) obtained from sequence n°1 is 

compared with the 90% confidence limits estimated from synthetic fields. 

 
Fig. 6  Comparisons between the coefficients of skewness (CS, left) and variation (CV, right) estimated for 
TOGA-COARE sequences (circles) and for synthetic ones (crosses) generated with parameters β = 1/e and c 

from equation (8). The dashed lines mark the statistics of the “control” set. 
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Fig 6 shows the comparison between the coefficient of variation (CV) and of skewness 
(CS) computed on each of the 102 sequences and on the corresponding synthetic fields, 
which are able to reproduce the decreasing trend of the observed statistics depending on 
the average rainfall intensity I. Obviously, applying the model with constant parameters 
the resulting dimensionless statistics, as CV and CS, are independent on I (dashed line in 
Fig 6). 

6. CONCLUSIONS 

A space-time analysis was conducted on selected TOGA-COARE rainfall fields. Results 
have shown that in all sequences anomalous scaling (i.e. multifractality) holds under 
self-similar transformations in space and time. A log-Poisson model for space-time 
rainfall downscaling was calibrated on this observed scaling and a dependence of one 
model parameter (c) on the intensity I was found. This behaviour was then compared with 
previous findings on GATE dataset and a difference in the equations expressing the 
dependence c(I) was found. We were able to reduce this disagreement by selecting some 
new GATE sequences characterized by a large-scale dimension (where I is computed) 
closer to TOGA-COARE one. Despite these efforts, a slight difference still persists. 
However, it should be underlined that both interpretations c(I) are affected by the 
uncertainty due to the variability of parameter estimations. 

A number of synthetic generations of space-time rainfall were used for validation of the 
proposed model. Main results are: a) synthetic fields cannot be generated with c = const, 
thus a linkage of model parameter with a predictable ”large-scale” quantity is necessary 
(in our case the large scale intensity I); b) apart from very few exceptions the log-Poisson 
model is able to preserve many characteristics of the observed rainfall. 
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Abstract: The design storm hyetograph plays an essential role in stormwater drainage design. 
Existing hyetograph models differ in sophistication of theoretical bases. We compare and evaluate 
four hyetograph models with regards to peak rainfalls and resulting peak flows, using annual 
maximum storms. In general, the scale-invariant Gauss-Markov model is most favorable for the 
study area. One attractive feature of this model is that it allows translating hyetographs between 
storms of different durations.  
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1. INTRODUCTION 

The design storm hyetograph, i.e. time distribution of the total storm depth, plays an 
essential role in stormwater drainage design. A few hyetograph models exist in the 
literature (Keifer and Chu, 1957; Huff, 1967; Pilgrim and Cordery, 1975; Yen and Chow, 
1980; SCS, 1986; Chow et al., 1988; Koutsoyiannis and Foufoula-Georgiou, 1993; Cheng 
et al., 2000). These models differ in sophistication of theoretical bases, and very few 
studies have been reported to compare and evaluate these hyetograph models. Some 
hyetograph models, for examples Huff (1967) and Koutsoyiannis and Foufoula-Georgiou 
(1993), yield classes of hyetograph and do not explicitly recommend a specific 
hyetograph to be used for hydrologic design. Therefore, in this study, four hyetograph 
models, namely the alternating block model, the average rank model, the triangular 
hyetograph model, and the scale-invariant Gauss-Markov (SIGM) model, are selected for 
a comparative evaluation.  

2. BRIEF DESCRIPTION OF HYETOGRAPH MODELS 

2.1 The alternating block model 
This model uses the intensity-duration-frequency (IDF) relationship to derive duration- 
and return-period-specific hyetographs (Chow et al., 1988). The hyetograph of a design 
storm of duration tr and return period T can be derived through the following steps: 

(i) Calculate the total storm depth D from the IDF relationship 
( , ) ( , )D tr T i tr T tr= ×        (1) 

where is the average rainfall intensity of the design storm. The IDF relationship is 
typically expressed in the form of Horner’s equation 

( , )i tr T
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m

c

aTi tr T
tr b

=
+

        (2) 

In the above equation, units for T, i, and tr are respectively years, mm/hr and minutes, and 
coefficients a, b, c and m are site-specific values. 

(ii) Determine the incremental time interval ∆ to be used for total rainfall 
apportionment. The total number of incremental rainfalls of the design storm is 

/n tr= ∆           (3) 
(iii) Calculate the average intensity and total depth of design storms with a fixed return 

period T but variable durations tr’=k∆, k=1, 2, …, n-1, using equations (1) and (2). 
(iv) Calculate the total rainfall difference between design storms of consecutive 

durations. 

, ( , ) (( 1) , ) 1,2, ,k Td D k T D k T k .n= ∆ − − ∆ = …     (4) 

We shall refer to dk,T as the incremental rainfall depth. 
(v) Form a ranked data series of incremental rainfall depth {d’k,T , k=1,2,…,n} by 

ranking dk,T  in descending order, i.e.,  

1, , 2, 1, , ,max( , 1,2, , ) min( , 1,2, , )T k T T n T n T k Td d k n d d d d k n−′ ′ ′ ′= = > > > > = =… …  

(vi) Assign d’1,T to the most central interval, d’2,T and d’3,T to its right (or left) and left 
(or right), respectively. Other remaining incremental rainfalls in the ranked series are 
sequentially allocated in a similar alternating manner. This model does not use rainfall 
data of real storm events and is duration and return period specific. 

2.2 The Average Rank Model 
Pilgrim and Cordery (1975) developed this model by considering the average rainfall- 
percentages of ranked rainfalls and the average rank of each time interval within a storm. 
Procedures for establishment of the hyetograph model are 

(i) Gather rainfall data of several largest storms of a pre-specified duration. 
(ii) The pre-specified duration is divided into a number of equal time intervals, which 

are usually determined by considering the minimum time period of the subsequent 
rainfall-runoff modeling.  

(iii) Rank time intervals for each event according to the rainfall depth in each interval. 
The average ranking for each time interval is calculated using all events. Average 
rankings are likely to be non-integer and are used to give an assigned rank to each time 
interval. 

(iv) Determine the percentage of total rainfall for each event in each of the ranked time 
interval for that event. Average rainfall percentages for time intervals of rank 1, 2, 3,… 
for all events are calculated.  

(v) Assign the average rainfall percentage of each rank to time interval of the same 
assigned rank. 

The average rank model is duration-specific and requires rainfall data of storm events 
of the same specified duration. Since storm duration varies significantly, it may be 
difficult to gather enough storm events of the same duration.  

2.3 The triangular hyetograph model 
Yen and Chow (1980) originally proposed this model for urban drainage design. It 
incorporates a key parameter of storm advancement coefficient to determine the 
time-to-peak of the design storm hyetograph. Detailed procedures of this model include: 

(i) Selection of representative storm events. 
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(ii) For a historic storm event of duration tr, incremental time interval ∆, and total 
depth D, its storm advancement coefficient r is determined by the following equations: 

1

1 ( 0.5) /
n

j
j

t d j
D =

 
= − ∆
 
∑ tr        (5) 

3 1r t= −           (6) 
From equation (5), we observe that the mass center of the storm rainfall locates at time 

. Storm advancement coefficient r in equation (6) is event-specific and the average 
storm advancement coefficient 
ttr

r  of the raingauge site is the arithmetic mean of the 
event-specific advancement coefficients, i.e. 

3 1r t= −          (7a) 

1

1 M

j
j

t
M =

= ∑ t          (7b) 

where M is the total number of storm events used. 
(iii) The time-to-peak tp and peak rainfall intensity ip of the design storm hyetograph 

are determined as 

pt rtr=           (8) 

2 /pi D tr=          (9) 

Since the time-to-peak tp does not exceed the storm duration tr, it yields that  

(3 1)pt rtr t tr tr= = − <        (10) 

2
3

t <           (11) 

The peak rainfall intensity ip depends only on the total depth and storm duration (see 
equation (9)), therefore; all sites with the same total depth of a given duration will have 
exactly the same peak rainfall intensity, regardless of their difference in time-to-peak tp.  

Rainfall data of both convective and cyclonic storms were used in developing the 
triangular hyetograph model. Yen and Chow (1980) found that the temporal distributions 
of rainfall for convective and cyclonic events were different. Convective storms tend to 
have shorter durations and most of the rainwater tends to fall during the first half of the 
duration and the peak intensity occurs relatively early. The model was originally 
developed using storms of relatively short durations (less than 6 hours) for which 
triangular hyetograph approximation may be satisfactory. However, it may not be a good 
approximation for hyetographs of long-duration cyclonic storms. It is also worth 
addressing that since the average storm advancement coefficient r  is dimensionless, the 
triangular hyetograph model is not duration-specific and a unique dimensionless 
hyetograph model can be applied for design storm of various durations. 

2.4 The Scale-invariant Gauss-Markov model 
Cheng et al. (2001) proposed a nonstationary scale-invariant Gauss-Markov model based 
on the annual maximum events that arise from the dominant storm type. The SIGM model 
yields a design storm hyetograph that has the following properties: (1) it preserves the 
typical peak rainfall rate, (2) it is most likely to occur, and (3) it allows translating 
hyetographs between storms of various durations. Readers are referred to Cheng et al. 
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(2001) for detailed description of the model. We summarize the development of SIGM 
model as follows. 

From a collection of annual maximum storm events, that may be of various durations 
and often fall into a unique dominant storm category, the incremental rainfall 
measurements are nondimensionalized with respect to the total rainfall depth and storm 
duration such that all events have the same number, say n, of incremental 
rainfall-percentages. The number n was set equal to 24 in Cheng et al. (2001); however, it 
can be altered to accommodate local storm characteristics.  

Let {y(i,j): i = 1, 2, …, n; j =1, 2, …, N } represent the incremental rainfall- 
percentages of N storm events. Also, let y* and t* respectively denote the average peak 
rainfall rate and average time-to-peak, both are dimensionless. Cheng et al. (2001) proved 
that, under the simple-scaling property of incremental rainfall depth, for any given time 
increment i, {y(i,j); j =1, 2, …, N } are realizations of a normally distributed random 
variable Y(i) with mean µi and variance σi

2. The time distribution of dimensionless rainfall 
is therefore modeled as a nonstationary Gauss-Markov process {Y(i): i = 1, 2, …, n}. 
Finally, the dimensionless design hyetograph {y(i), i = 1, 2, …, n} that has peak rainfall 
rate y* at time t* and also maximizes the joint probability of {Y(1), Y(2), …, Y(n)} is 
determined by solving the following set of equations: 

2
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where 
1

1

( ) i
i

i

C i σρ
σ −

= ,Di = and =autocorrel ( Y(i), Y(i-1) ) represents the 

lag-1 autocorrelation coefficient, , and  and m are Lagrange multipliers introduced to 
guarantee peak rainfall rate y

2 2
1[1 ( )]i iσ ρ− )(1 iρ

* at time t*. 
A unique feature of the SIGM hyetograph model is its scaling property that enables a 

single dimensionless hyetograph to be applied for storms of various durations. Since the 
number of incremental rainfall-percentages n is fixed, the incremental interval varies 
when applying SIGM hyetograph to storms of various durations. For example, 
incremental intervals for 24-hr and 12-hr storms are respectively 1 and 0.5 hour, if n 
equals 24. 

3. COMPARATIVE EVALUATION 

The hyetograph model evaluation in this study involves  
(1) comparison of measured and hyetograph-derived peak rainfalls, and  
(2) comparison of simulated peak flows resulted from rainfall-runoff modeling using 

the design hyetograph and rainfall data of real storms.  
Note that the latter does not involve any measured flow; the comparison is between 

simulated flows resulted from rainfall-runoff modeling using both design hyetograph and 
real storm data. Hourly rainfall data recorded at eight raingages in northern Taiwan were 
used in this study. All gauges have over 30 years of rainfall records. For each raingauge 
site, a set of annual maximum events was collected and used in subsequent model 
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evaluation. Annual maximum events are observed storms that give rise to annual 
maximum rainfall depth of various design durations (Cheng et al., 2001). A minimum 
inter-event-time of three hours is adopted in this study for identification of storm events. 
Almost all of these annual maximum events are cyclonic storms, one of the dominant 
storm types in Taiwan during the wet season (from May to October). 

Fig 1 illustrates the 24-hr design hyetographs of various models for Gauges 4 and 6. 
Root-mean-squared errors (RMSE) of hyetograph-derived peak rainfalls for raingauges 1 
through 8 are tabulated in Table 1. In general, the SIGM, average rank and alternating 
block hyetograph models are almost equally competitive, with SIGM model being slightly 
favorable, due to its consistent performance in all gauges. The triangular hyetograph 
model underestimates the peak rainfall intensity in almost all events. Wenzel (1982) also 
showed that among four hyetograph models, including the triangular hyetograph and 
average rank models, the triangular hyetograph model yields the lowest peak rainfall 
intensity.  

 

 
Fig. 1  24-hr design hyetograph of various models for Gauges 4 and 6  

(100-year return period for the alternating block model). 
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Table 1 RMSE (mm/hr) of hyetograph-derived peak rainfalls. 

Gauge ID Model 1 2 3 4 5 6 7 8 Overall 

Alternating Block 17.6 18.9 9.0 18.8 27.4 20.7 17.0 13.6 17.9 
Average Rank 13.8 21.2 6.9 19.9 28.2 18.8 16.2 16.1 17.6 

Triangular 28.1 28.9 16.3 31.7 39.7 38.8 35.5 23.3 30.3 
SIGM 16.5 16.9 9.9 17.3 22.0 21.1 16.4 16.0 17.0 

 
We also chose to use the SCS triangular unit hydrograph (SCS, 1972) for 

rainfall-runoff simulation due to its wide applications in practical stormwater drainage 
design. The SCS unit hydrograph is completely determined by three parameters: the 
drainage area (A), the time of concentration (tc) of the watershed, and the duration of 
effective rainfall (tr). In this study, a virtual watershed with 100 km2 drainage area and 
3-hour time of concentration is used to simulate direct runoff hydrographs using design 
hyetograph and rainfall of annual maximum events. Rainfall losses in the rainfall-runoff 
modeling is considered by assuming SCS curve number CN=70 and normal antecedent 
moisture conditions (AMC II). Readers are referred to Chow et al. (1988) for details of the 
SCS curve number and triangular unit hydrograph. 

The difference between simulated flows based on the design hyetograph and an annual 
maximum event is considered as the peak flow estimation error. RMSE of simulated peak 
flows for gauges 1 through 8 are tabulated in Table 2. The SIGM model yields lowest 
RMSE of peak flow for more gauges than other models. Similar to its performance in 
peak rainfall estimation, the SIGM model’s performance in peak flow estimation is more 
consistent than other models. The alternating block model performs slightly better than 
the average rank model in terms of peak flow estimation, even though they are equally 
competitive in peak rainfall estimation. As expected, the triangular hyetograph model 
underestimates peak flows of most storm events. 

Table 2  RMSE (cms) of simulated peak flows using various design hyetographs. 

Gauge ID Hyetograph Model 
1 2 3 4 5 6 7 8 

Overall 

Alternating Block 200 183 87 317 360 253 235 177 226 
Average Rank 209 327 139 319 446 202 263 134 255 

Triangular 330 269 186 434 450 436 379 249 342 
SIGM 187 166 119 263 285 250 233 193 212 

4. CONCLUSIONS 

Through a comparative evaluation with regards to peak rainfalls and peak flows, we 
conclude that the SIGM hyetograph is the most suitable hyetograph model for the study 
area. Overall, it yields lowest RMSE of peak rainfall and peak flow estimates and its 
performance is more consistent across all gauges than other models. The alternating block 
model performs slightly better than the average rank model in terms of peak flow 
estimation, even though they are equally competitive in peak rainfall estimation. Although 
the alternating block and average rank models are computationally easier to develop than 
the SIGM model; application of these two models may encounter difficulties. The average 
rank model is duration-specific and requires rainfall data of real storms; however, 
gathering enough storms of the same duration may not always be possible. Although it 
dose not require rainfall data of real storms, the alternating block model is dependent on 
both duration and return period, and many hyetographs may need to be developed for 
various design storms. On the contrary, the SIGM hyetograph is scale-invariant and a 
unique hyetograph can be easily applied to design storms of various durations.  
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Abstract: A monthly water balance model is developed based on Dalihe river basin in the Loess 
Plateau. According to the hypothetical climate scenarios, responses of the annual runoff to climate 
change are analyzed consequently. Furthermore, variation of runoff under the CO2 content in 
atmosphere doubling scenario is calculated through coupling with the output results of three GCMs 
(LLNL, MPI, and UKMOH). The results show that the model has good simulation result to 
discharge of Dalihe river basin. As results indicate, annual runoff is more sensitive to precipitation 
change than that to temperature change. And water resources in the basin would present decreasing 
tendency in the next decades. 
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1. INTRODUCTION  

Increasing of CO2 and other trace airs in atmosphere will alter energy balance of climate 
system, and cause global warming in the future. Climate change has direct impact on 
runoff, evaporation, soil moisture and some other hydrological variables. Later on, spatial 
and temporal distribution of water resources would change as well. These changes will 
aggregate flood and drought hazards, accelerate soil desertification, and thus affect social 
economics ultimately. 

The Yellow River is a water scarcity basin especially in the Loess Plateau.  In the 
paper, the case study is Dalihe river basin, a typical tributary located in the lower reaches 
of Wudinghe River in the Loess Plateau, The length of its main stem is about 170km, and 
drainage area is 3893km2. A gauged station of the catchment is Suide station. The basin is 
in hilly and gully area of the Loess Plateau, where soil layer is thick and soil structure is 
porous, thus so water and soil loss is very serious. As the basin situates in Eastern-Asia 
monsoon climate district, its climatic condition is arid and low precipitation. Multi-year 
average watershed precipitation and evaporation is 456mm and 1200mm respectively 
from 1960 to 1988. Water resources are very deficient due to high evaporation density. Its 
mean annual runoff is about 38.5mm, and monthly runoff distribution in a year is uneven. 
Runoff in flood period from July to October is 55% of the annual amount. Global 
warming would increase the gap between water supply and demand further by its 
influence on runoff. Therefore, analysis on response of runoff to climate change is very 
important to achieve sustainable basin development. 

A monthly water balance model is established on Dailihe River. Then, based on 
hypothetical climate scenarios, responses of the annual runoff in the basin to climate 
change are analyzed.  Finally, scenario of the variation of runoff under the CO2 content 
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in atmosphere doubling are calculated through coupling the output results of three GCMs 
(LLNL, MPI, UKMOH) by application of the monthly water balance model. The research 
can provide scientific and technical support on wise water utilization in the Yellow River.  

2. DESCRIPTION OF MONTHLY WATER BALANCE MODEL 

Large-scale hydrological model can be used to couple output of GCMs and to assess 
effect of climate change on water resources when future climate scenario is determined. 
Considering the characteristics of runoff yielding in Dalihe basin, a monthly water 
balance model is established according to water equilibrium principle. Calculated 
discharge in the model consists of surface flow, ground flow and snow-melting flow. 
Flow sink was not considering as calculation interval is long enough and all runoff 
components can flow out of the basin. Model structure is shown in Fig 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Discharge  

Surface flow

Snow 
 melting flow 

Ground flow Soil moisture
Actual basin 
evaporation 

Rainfall/snow 
separation 

Snow

Rainfall

Snow 
 accumulation

Evaporation TemperaturePrecipitation 

Fig. 1  Sketch of monthly water balance model structure 

The input variables of the model are average monthly watershed precipitation, 
evaporation and air-temperature. Monthly discharge and other mid-variables are output. 
Four parameters in the model are maximum soil storage capacity Smax, surface flow 
coefficient ks, ground flow coefficient kg and snow-melting runoff coefficient ksn 
respectively. Compared with other hydrological models, the model has advantages of 
simple structure, few parameters and flexibility. 

Rainfall and snowfall are separated and this is prerequisite for surface flow and snow 
melting flow calculation. Precipitation forms depend on air temperature and are separated 
into rainfall and snowfall. The highest air temperature TH and the lowest temperature TL 
(4C and  -4C respectively) that is related to precipitation form are chosen first by 
analysis on recorded data of precipitation and air temperature. If air temperature is above 
+4C, then rainfall is equal to precipitation. Accordingly, if air temperature is below –4 C, 
then snowfall is equal to precipitation. Snowfall can be estimated by linear interpolation 
when temperature occurred between TH and TL. The estimation function as follow: 

H i
SNi i

H L

T T
P P

T T
−

= ⋅
−

 

Ri i SP P P Ni= −  
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Where Pi, PRi, PSNi and Ti are precipitation, rainfall, snowfall and air temperature in the 
calculation interval i respectively. 

The surface flow is directly proportional to soil moisture and precipitation. And surface 
flow calculation formula is: 

1

max

i
Si s Ri

SQ k P
S

−= ⋅ ⋅          

where QSi and PRi is surface flow and rainfall in the calculation interval i. Si-1 is soil 
moisture in the calculation interval i-1.  

The ground flow is calculated by a linear reservoir theory. The equation is as follow. 
1gi g iQ k S −= ⋅           

where Qgi is ground flow in the calculation interval i. 
Snow melting rate is not only an exponential function with air temperature, but also 

proportional to snow accumulation. So snow melting flow formula is as following. 
i L

H L

T T
T T

SNi sn iQ k e S
−
−= ⋅ ⋅ N

SNi

        

1i iSN SN P−= +          

were QSni and SNi are snow melting flow and snow accumulation in the calculation 
interval i. SNi-1 is snow accumulation in the calculation interval i-1. 

Actual basin evaporation is calculated by one layer soil evapotranpiration model, the 
calculation formula as following 

1
601

max

i
i

SE
S

−= ⋅ iE         

were Ei is actual basin evaporation in the calculation interval i. E601i is water surface 
evaporation measured by 601 evaporator in the calculation interval i.  

For land-surface system, Precipitation is input variable and output variables are surface 
flow and infiltration. For soil system, rainfall infiltration is input variable and soil 
evaporation; ground flow is output variables. According to water equilibrium principle, 
soil storage water can be calculated with the following equation. 

1i i i Si i gi SNiS S P Q E Q Q−= + − − − −  

Calculated flow can be constructed by recombining surface flow, ground flow and 
snow melting flow. 

ai Si gi SNiQ Q Q Q= + +  

where Qai is analogized discharge in the calculation interval i. 
Monthly average watershed precipitation, air temperature, evaporation ability and 

recorded runoff in Dalihe basin were inputted into the model. The calibration data is from 
1960 to 1980 and validation period is from 1981 to 1988. Nash efficiency coefficient and 
annual mean relative error are set as objective function to calibrate model parameters with 
Rosenbrock algorithm. Recorded and simulated discharge at Suide gauged station from 
1972 to 1986 is compared and is shown in Fig.2. Simulated discharge matches well with 
the observed discharge. The figure shows that the model has good simulation result to 
Dalihe basin. And efficiency coefficients in calibration and validation period are 82% and 
78% respectively. Annual average relativity errors in the two periods are less than 5%.  
The model can be used to assess the effect of climate change on water resources in Dalihe 
river basin. 
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Fig. 2  Recorded and simulated monthly discharge process from 1972 to 1986 at Suide station  

3. EFFECTS OF CLIMATE CHANGE ON WATER RESOURCES 

3.1 Analysis on sensitivity of runoff to climate change 
Effects of green house would make global becoming warmer than before in many regions 
in the wold. Responses of water resources to climate change can be analyzed by adoption 
of hypothetical climate scenarios in case the future climate regime is unknown. 25 types 
of hypothetical climate scenarios are adopted in the study. They are different composition 
with precipitation change of ±20%,±10% and 0%, and meanwhile, temperature change of 
±2℃, ±1℃ and 0℃ respectively. 

To study the influence of Climate change on hydrological regime with hydrological 
simulation method, two preconditions were assumed. The first one is that climate change 
does not alter the spatial and temporal distribution of climate factors, and the second one 
is that amplitude of climate series will reoccur in the future.  

According to the hypothetical climate scenarios, responses of the annual runoff in 
Dalihe river basin to climate change are calculated and are shown in Fig.3 which illustrate 
that runoff is more sensitive to precipitation change than that to temperature change. 
Runoff would increase 18.5% if precipitation increases 10%, and temperature keeps 
constant.  If temperature rises 1℃, and precipitation keeps the same then runoff would 
decrease 4.1%. With increasing of precipitation, runoff is more sensitive to temperature 
change. Under the climate scenarios of precipitation increasing 20% and temperature 
rising 1℃, runoff would decrease 5.2% compared to that in the scenario of precipitation 
increasing 20% only. Under the hypothetical climate change scenario of temperature rise 
of 2℃ and precipitation decrease of 20%, annual runoff would decrease 38.7%. 
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Fig. 3  Responses of annual runoff in Dalihe river basin to climate change 
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3.2 Variation tendency of runoff in dalihe river basin 
Global climate models (GCMs) can predict climate change of next decades in each 
climate grid cell under the CO2 content in atmosphere doubling scenario. Average climate 
change scenarios of three famous global climate models (MPI, UKMOH, LLNL) show 
that temperature would rise 1~2℃ in the next decades and precipitation in most areas has 
decreasing tendency, but in the other places, precipitation would have increasing 
tendency. 

According to output of three GCMs (LLNL, MPI, and UKMOH), variation of runoff 
is calculated by application of the monthly water balance model and results are shown in 
table 1 which show that different GCMs give different results. Annual water resources in 
Dalihe basin under LLNL scenario will decrease 80.88×105m3, which is much larger than 
that in MPI scenario. Annual runoff and runoff in flood period illustrate decreasing 
tendency under the three scenarios. Runoff in dry period also presents decreasing 
tendency except MPI scenario. Just for the average scenario, Annual runoff would 
decrease 45.2×105m3; meanwhile, runoff in flood period would decrease 34.4×105m3. 

Table 1  Variation of runoff in Dalihe River basin under the 3 climate scenarios (105m3) 

 MPI UKMOH LLNL AVERAGE 
Annual -4.76 -51.15 -80.88 -45.60 

Flood period -8.03 -40.13 -55.04 -34.40 
Dry period 3.27 -11.02 -25.84 -11.2 

4. CONSLUSIONS 

“Green house effects” would make global warmer and warmer. Coupling output of GCMs 
with hydrological model is a genetic method to analyze effect of climate change on water 
resources. Eco-environment in Loess plateau is very fragile partially due to scarcity in 
water resources. Global warming would not only aggregate conflict of supply and demand 
in water resources but also present a challenge to Eco-environment restoration in the area. 
Analysis on response of runoff in typical basin in loess plateau to climate change can 
supply scientific and technological supports for rational utilization of water resources. 
Also it can provide useful information for planning of water and soil conservation in the 
Loess Plateau. 
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Abstract: Bangladesh is located in one of the largest delta in the world comprising three great rivers 
in the region, the Ganges, the Brahmaputra and the Meghna. The low-lying topography and funnel 
shaped coast make the country exposed to recurrent riverine and coastal flooding. The severity of 
these floods increase while the peaks in the three major river basins occurs simultaneously. The 
passage of floodwater is also hindered by the presence of a spring tide situation at the Bay of Bengal. 
On the other hand, Bangladesh is also widely known as one of the most vulnerable countries to 
global climate change. In the present paper the effect of increased flooding due to global climate 
change and simultaneous occurrence of several natural events has been analyzed for a catchment in 
the northwest part of the country located adjacent to the left bank of the river Ganges. 
Corresponding morphological development in the riverbed of Ganges has been also considered in 
the study. It is to be noted that the study area was not flooded during 1988 and 1998 floods, the two 
recent severe most floods in Bangladesh that flooded 60% and 70% of the country respectively. 
Flooding behavior in the catchment for different combination of natural events and its impact on 
river morphology have been obtained through numerical simulations where MIKE11 and MIKE21C 
software of Danish Hydraulic Institute have been used. The simulation results show that the 
catchment would be inundated with a depth of about 1.5 m when increased flooding and sea level 
rise due to global climate change is considered along with simultaneous occurrence of flood peaks 
and spring tide condition at the bay. The flood height would remain above a critical level, 15.5m 
from mean sea level, for 12 days corresponding to an annual hydrograph distribution similar to that 
of 1988. This also indicates that apart from losing land as a result of sea level rise, increased 
monsoon flooding would also inundate high lands of the country at present considered as flood free. 
Morphological analysis shows that the main channel of Ganges shifts from right bank towards the 
left bank near the study area due to the global climate change. 

Keywords: global climate change, sea level rise, increased flooding, river morphology 

1. INTRODUCTION 

Bangladesh is located in one of the largest delta in the world comprising three great rivers 
in the region, the Ganges, the Brahmaputra and the Meghna. The low-lying topography 
and funnel shaped coast make the country exposed to recurrent riverine and coastal 
flooding. While average annual flood inundates about 20% of the country, flooding due to 
tropical cyclonic surges is widespread in the coastal land. Bangladesh experienced two 
recent floods, in 1988 and 1998 that flooded 60% and 70% of the country respectively, 
that had magnitudes over the ones with 1 in 100 year return period. The severity of these 
floods was increased as the peaks in the three major river basins occurred simultaneously. 
The passage of floodwater was also hindered by the presence of a spring tide situation at 
the Bay of Bengal in both the years. 
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Bangladesh is also widely known as one of the most vulnerable countries to global 
climate change. A mid-term forecast, for 2050, on global climate change (World Bank, 
Final Report, 2000) suggests an increase in mean sea level at a rate of 1cm/year. 
Corresponding annual precipitation would increase by 9% with runoff increasing in the 
three river basins by 27%, 21% and 15% respectively. Even a partial increase in sea level 
rise and river flows to that of forecast values would have catastrophic influence on the 
flooding level of already vulnerable population of the country. 

In the present study attempts have been made to investigate the influence of global 
climate change on a catchment in the northwestern part of the country that generally 
remains flood free. The catchment is located along the Ganges River facilitating 
evaluation of direct impact of increased flow through the river basin. Corresponding 
morphological development in the riverbed was also considered in the study. 
Commercially available one- and two-dimensional flow modeling software was used for 
the purpose. Model results indicate that when projected global climate change is 
considered along with the coincidence of flood peaks in three major river basins and 
spring tide situation in the bay, flooding intensity increases considerably that would 
inundate an otherwise flood free catchment by about 1.0m.  Also it was shown that 
additional floodwater in the river would induce substantial change in river planform 
affecting population and infrastructure along the river. 

2. STUDY AREA 

The catchment considered in the present study is on the left bank of the Ganges River 
about 480 km upstream from the river mouth where the river meets the Bay of Bengal. 
Under normal events the site is free from the influence of the sea (tide). Historical records 
of extreme events (tropical cyclones) in the bay also have not shown any tidal effects. The 
elevation of the area varies between 13.96m to 14.96m referenced to the Public Works 
Datum of Bangladesh (PWD) gently sloping in the south-eastern direction. There is a 
flood protection embankment on the riverside of the catchment at a height of about one 
meter above the site level (~15mPWD). Thus even during the flood of 1998, the 
floodwater could not submerge the area. The location of the site was selected from two 
perspectives: firstly the site was flood free during the two recent severe flood events and 
secondly as it is located along one of the major river in the country, the Ganges, direct 
impact of increased river flow could also be investigated. The location of the study area is 
shown in Fig 1. 

3. STUDY APPROACH AND MODELLING SUMMARY 

3.1 Study Approach 
The study is aimed at investigating the influence of global climate change on the flooding 
character of the catchment. However, as the severity of flooding in Bangladesh is related 
to the coincidence of several natural phenomena, e.g. simultaneous flood peaks in major 
river basins, spring tide at the bay etc., on the backdrop of densely interconnected river 
network, it was necessary to formulate appropriate scenarios for investigating the effect of 
global climate change. The approach for the study was therefore to account for flooding 
interaction in the major river basins along with the influence of climate change rather than 
isolated approach for the catchment alone. 

In this paper two scenarios have been presented; a) simultaneous occurrence of flood 
peaks in all river basins and b) effect of global climate change through increased runoff in 
major river basins and sea level rise along with simultaneous occurrence of flood peaks. 
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 Fig. 1 

Study Area 

Fig. 1  The location of study area 

The analyses have been done for 1 in 500 years return period flood events. 
Consideration of such a large event was mainly due to recurrent arrival of floods in recent 
years with magnitudes over 1 in 100 year return period. 

3.2 Methodology 
The flooding characteristics of the study site were investigated applying a 
one-dimensional network flow model covering major rivers of the country.  The model, 
General Model, was first developed during the Surface Water Simulation Modelling 
Programme, Phase-I  (SWSMP-I) in Bangladesh (SWMC/DHI, Final Report, 1996). 
Appropriate boundary conditions for the model were defined with values corresponding to 
1 in 500 years return period for this study that were derived through statistical analysis. A 
two-dimensional model was also employed to study local erosion behaviour of the Ganges 
near the study site. A brief description of the modelling tools is provided in the following. 
One-Dimensional Flow Model 
The General Model was developed using the one-dimensional flow modelling system 
software, MIKE11, developed by Danish Hydraulic Institute (DHI). MIKE11 is based on 
an implicit finite difference scheme solution of the Saint Venant equations and is capable 
of describing complicated network flow condition through a numerical scheme, which 
adapts according to the local flow conditions. A more detailed description of the software 
can be found elsewhere (DHI, MIKE21C). 

The major national and regional rivers including the Jamuna, Ganges, Padma and the 
Lower and Upper Meghna, form the backbone of the General model. A schematic plan of 
the model including the locations of model boundaries is shown in Fig.2. Due to 
non-availability of data for boundary evaluation, the regional river, Teesta has been 
ignored in the present study that contributes only about 7% of flow to the Jamuna. The 
model was validated with recent information (1997-1998) in the Surface Water Modelling 
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Centre (SWMC) as a part of regular model updating by the Ministry of Water Resources, 
Bangladesh (SWMC, 2000). Channel parameters and resistance numbers for the rivers 
have been kept same as used in the model validation. 

 

Fig. 2  A schematic plan of the model including the locations of model boundaries 

Model boundaries, 8 upstream flow and 6 downstream water level boundaries were 
estimated through statistical analysis of available data. Historical data series were 
collected from Bangladesh Water Development Board (BWDB) for 35 years (1965 to 
2000) and flood frequency analysis was carried out to estimate extreme of the annual 
maximum flood levels for 1 in 500 year return period. The shapes of hydrograph time 
series were selected following the event of 1988 monsoon flood. The statistical analysis 
was performed using HYMOS, the statistical computational package developed by Delft 
Hydraulics, the Netherlands (Delft Hydraulics, 19991). 

While considering the global climate change, sea level rise and increased precipitation 
by the year 2050 have been considered. The increased precipitations, in form of discharge, 
were added with the upstream boundaries and increased water levels due to sea level rise 
were added with the downstream boundaries. 
Two-Dimensional Morphological Model 
In general river morphology refers to channel alignment, bed topography, bank erosion or 
deposition tendency etc. Due to inherent dynamic nature of the Ganges, the authors felt it 
important to investigate the impact of climate change on the river morphology with a view 
to assessing the risk on the study area located adjacent to the Ganges. Expected river 
morphological changes were investigated employing the two-dimensional morphological 
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modelling system, MIKE21C (curvilinear), developed also by the DHI. MIKE21C 
operates on curvilinear orthogonal grid system incorporating fully unsteady flow 
conditions along with non-equilibrium sediment transport formulation. It computes bed 
and suspended load separately taking into account both phase and time lag effects in the 
adaptation of suspended load. Interested readers are referred to (DHI, Mike 21C) for a 
more detail description of the software. 

The two-dimensional model area for the present study extends from Raita to Shelaidah 
on the Ganges and to the Gorai Railway Bridge along the Gorai River (Fig 3). Bank line 
and bathymetry data for the year 2000 were used to simulate the model. This model was 
calibrated for 1998 and for validated the model was simulated for 1999 (SWMC/DHI, 
2001).  

Gorai Railway Bridge 

Raita 

Harding Bridge 

Gorai River

Ganges River 
Shelaidah

 

For both the options, wi
downstream (water levels
General Model. 
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Results from the one-dimensional model simulation indicate that climate change with 
increased precipitation and sea level rise has very severe impact on the flooding at the 
study site. Predicted maximum water level shows a value of about 16 mPWD, ~1.0m 
higher than the existing embankment crest. On the other hand extreme flooding with 1 in 
500 years return would remain below the crest height (15 mPWD) of the embankment 
(Fig 4). As mentioned earlier the catchment remained flood free during both recent 
extreme floods. For the selected distribution of the boundary flood hydrograph shape the 
flood level will remain above the existing embankment height (15 mPWD) for 12 days at 
the study site (Fig 4).  

 

Simulated water level data from the one-dimensional model were used to generate 
flood surface map over the whole domain. This was done by interpolating simulated river 
water levels over the floodplains. Later the digital elevation data in the flood plains were 
subtracted to determine the inundation depth for the area. The inundation maps were 
prepared by dividing the whole model area into the following five categories according to 
the intensity of the flood depth (MPO, 1988): 
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Fig. 4 distribution of the boundary flood hydrograph shape the flood level will remain above the existing 
embankment height (15 mPWD) for 12 days

• F0 (depth of inundation: 0-0.3 meter) 
• F1 (0.3-0.9 meter) 
• F2 (0.9-1.8 meter) 
• F3 (1.8-3.6 meter) 
• F4 (above 3.6 meter) 
For the period of maximum flood level, the study area is under the category F1 for all 

options except the options including the impact of climate change. Due to the impact of 
climate change the project area falls in the category F2 (Figs. 5 & 6). 

4.2 Impact on River Morphology 
The two-dimensional morphological model shows that increased flow due to global 
climate change shifts the main channel section from the right bank to the left bank 
indicating increased riverbank erosion rates in the left. It is to be noted that the main 
channel of the Ganges at present flows along the right bank at the catchment location (i.e., 
away from the catchment location). 

A substantial change in river planform in the Ganges near the Hardinge Bridge can also 
be observed as a result of global climate change that indicate evidence of bend cutoff just 
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upstream of the bridge. The phenomenon may raise some concern and should be 
investigated in more details. 

The influence of global climate change is a slow and progressive activity. However, in 
this study the influence of project mid term change has been considered impulsively at 
one point in time.  Lack in adaptation time allowed in the model may lead to simulation 
results overestimating the influence of projected climate change. However, the study still 
could indicate the influence of climate change scenario on flooding characters of an 
otherwise flood free catchment. 

Study Area 
Study Area 

Fig. 5  Inundation map for 1 in 500 yr flood event 
on peak monsoon in coincidence with simultaneous 

occurrence of flood peaks in major river. 

Fig. 66 Inundation map for 1 in 500 yr flood event 
on peak monsoon in coincidence of global 

warming impact with simultaneous occurrence of 
flood peaks in major river 

5. CONCLUSION  

Global climate change has a significant impact on the magnitude of flood level and its 
inundation behavior in the floodplain in Bangladesh. Also the main channels of the major 
rivers in Bangladesh have shown the tendency to shift from their original path due to 
global climate change at extreme flood situation. Therefore extra measure is necessary in 
flood control plan in Bangladesh where global climate change will be considered along 
with extreme flood peaks. 
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Abstract: This paper provides information on the largest areal raindepths for 1 to 3 days durations 
from severe rainstorms in India, Australia, China & the United States of America. The rainstorm of 
July 1941 caused by a Bay of Bengal depression produced the largest areal raindepths for 1 to 3 
days durations in India. The areal rainfall comparison studies showed that for 1 day duration the 
areal raindepths from the July 1941 rainstorm in India are higher in magnitude than those for 
Australia and China. However, the Indian values are remarkably comparable with those of the USA 
for areas less than 1000 km2 but for areas from 2000 to 5000 km2 the Indian values are somewhat 
low. For the 2 and 3 days durations are concerned the areal rainfall values of India are higher in 
magnitude than those of China and the USA for areas from 10 to 50000 km2 and of Australia for 
areas from 500 to 50000 km2 for 2 days and from 2000 to 50000 km2 for 3 days. It can be said that 
the July 1941 rainstorm of the Indian region is the most severe rainstorm of the world. 

A comparison of the areal raindepths from severe rainstorms  
in India with those of the world 
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Keywords: rainstorm, cyclonic storm, Southwest monsoon 

1. INTRODUCTION  

Throughout the world severe rainstorms (heavy widespread rainfall) are largely 
responsible for causing destructive floods, landslides, levee breaches, dams-overtopping, 
sedimentation, erosion and so on. Some most severe rainstorms have even destroyed the 
dams causing enormous loss of life and property damage. For instance, an extreme flood 
resulted from the severe rainstorm of August, 1979 (see Fig.1) over the Machhu river 
catchment in India totally destroyed the Machhu-2 dam on 11 August. The dam disaster 
killed between 1500 and 2000 people and totally devastated urban and rural property 
downstream of the dam. Another instance is the catastrophic flood generated from an 
extreme rainstorm of August, 1975 on the Huai river basin in China which destroyed the 
Banqiao and Shimantan dams. Lemperiere (1993) describes many dam failures by 
flooding in various parts of the world. 

At present we can only think of controlling floods from the heavy rainfalls because we 
are till now not in a position to control the rainfall. The various methods generally used 
for the flood control are: 

- confining the flood waters by constructing flood walls and levees, 
- increasing the capacity of the existing channels by river improvement and cutoff. 
- Constructing dams and reservoirs to store flood waters, and 
- Constructing the diversion channels for flood waters. 
The main objective is to pass the flood waters in a channel safely downstream without 

any spillover on the banks. For designing the above flood control works, the largest areal 
rainfalls for various durations are mostly required to determine flood peaks and volumes. 
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Also such high magnitude areal rainfall values are useful not only in flood control studies 
but also important for determining design storms and the probable maximum storm (PMP) 
for spillways of large water supply dams. In this paper information on the largest values of 
areal rainfalls from severe rainstorms in India are presented and their values are compared 
with the largest areal rainfalls from Australia, China and the United States of America 
(USA). 

2. CAUSES OF RAINSTORMS IN INDIA 

According to the definition, a spatial distribution of heavy rainfall giving average depth of 
rainfall exceeding a threshold value over a region in association with some meteorological 
phenomena is called a rainstorm. The meteorological phenomena that cause rainstorms in 
India are the cyclonic disturbances such as tropical depressions, topical storms and 
cyclones that form in the Bay of Bengal and the Arabian Sea. After formation in the seas, 
they move across the country and produce heavy and widespread rainfall for several days 
resulting in severe rainstorms. According to Pisharoty and Asnani (1957) and Bao (1987), 
the rainfall area may be 400 km wide and 1000 km long and point rainfall may range from 
40 to 80 cm per day. What are known as cyclones in India are called hurricanes in the 
USA, typhoons in China and Willy-Willies in Australia. 

Due to the monsoon circulation, most of the annual rainfall over India occurs during 
the southwest monsoon season from June to September. During this season tropical 
depressions form frequently in the Bay of Bengal to the north of 180N and travel across 
the country. Such depressions produce severe rainstorms over periods of days in different 
parts of the Indian region. The most severe rainstorms may occur when these depressions 
after reaching the central India get intensified due to the extra feed of moisture from the 
Arabian sea branch of the monsoon.  Also more severe cyclonic storms form in the South 
Bay of Bengal in the latitude belt of 10-150 N during the pre-monsoon (April to May) and 
post monsoon (October to December) months.  These storms move inland and produce 
severe rainstorms in the southern parts of India. 

3. SEVERE RAINSTORMS OF INDIA 

Daily rainfall records for about 3000 stations in India are available for a period of over 
100 years.  Recognizing the great practical utility of rainstorms in design aspects several 
investigators notably from the India Meteorological Department (IMD), the Indian 
Institute of Tropical Meteorology (IITM), the Central Water Commission, (CWC) and the 
National Institute of Hydrology (NIH) have carried out Depth-Area-Duration analysis of 
about 1000 rainstorms that have occurred during the years from 1880 - 1990 over different 
parts of the Indian region.  Recently, an investigation of most severe rainstorms with 
maximum point rainfall near or over the 40 cm a day, Rakhecha et al. (1992), Rakhecha et 
al. (1993) & IITM (1994) showed that in the rainfall records of India, 15 rainstorms 
produced the largest areal raindepths in India.  The dates of occurrence of these severe 
rainstorms with their central rainfall values for 1 to 3 days durations are given in Table 1. 

The locations of the centres of the 15 rainstorms are shown in Fig. 1. This figure shows 
that these rainstorms have almost occurred all over the country. As shown in Table 1, 
there were 8 rainstorms exceeding 50 cm in 1-day in records, and two of them even 
exceeded 80 cm. The rainstorms occurred in three periods viz. the pre-monsoon, the 
southwest monsoon and the post monsoon seasons. The quantitative analysis of these 15 
rainstorms revealed, two rainstorms stand out above all others for duration of 1,2 and 3 
days and produced the largest areal raindepths for various area sizes in India. These were 
storms of 17-18 September,1880 over northwest Uttar Pradesh and of 1-3 July, 1941 over 
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Gujarat (Fig 1 ). Table 2 gives the areal raindepths from these two highest rainstorms for 1, 
2 and 3 days durations. 

Table 1  Most severe rainstorms and their Central rainfalls (cm) in India. 

Storm No Storm Date Location of storm Centre 1- day 2- day 3-day 
1 17-18. Sept.,1880 Nagina, Uttar Pradesh 82 104 - 
2 20-22.Sept., 1900 Serampore, West Bengal 44 73 83 
3 19-21.Sept., 1926 Bichhia, Madhya Pradesh 36 65 83 
4 26-28.July, 1927 Dakor, Gujrat 54 100 129 
5 28-30.July, 1927 Champua, Orissa 57 72 75 
6 1-3.July., 1930 Wani, Maharashtra 36 71 77 
7 1-3.July., 1941 Dharampur, Gujrat 99 127 145 
8 17-19.May., 1943 Vanur, Tamil Nadu 42 72 95 
9 3-5.Oct., 1955 Batala, Punjab 50 72 72 
10 1-3.Oct.1955 Sheikhpura, Bihar 37 55 58 
11 28-30.Sept., 1964 Atmakur, Karanataka 24 44 62 
12 13-15.July, 1965 Nizamsagar, Andhra Pradesh 51 54 60 
13 10-12.Aug., 1979 Rajokt, Saurashtra & Kutch 41 55 70 
14 18-20.July, 1981 Bassi, Rajasthan 56 84 97 
15 28-30.Aug., 1982 Bijapur, Orissa 52 70 88 

Table 2  Largest areal raindepths (cm) associated with severe rainstorms in India. 

17-18 Sept. 1880 rainstorms 1-3 July, 1941 rainstorms Area (km2) 
1-day 2-day 3-day 1-day 2-day 3-day 

10 82 104 104 99 126 145 
100 82 103 103 97 126 143 
500 80 102 102 90 123 138 
1000 78 99 99 85 118 134 
2000 73 95 95 77 111 128 
5000 63 87 87 65 97 117 
10,000 52 77 77 54 83 105 
20,000 40 62 62 43 66 86 
30,000 34 54 54 36 56 76 
50,000 26 42 42 28 43 59 

 
Table 2 shows that the 1-3 July, 1941 rainstorm produced the largest areal raindepths 

for areas from 10 to 50,000 km2 in 1,2 and 3 days in Gujarat. The rainstorm was caused 
by the depression which formed in the Bay of Bengal on 28 June (see Fig. 1) .The 
depression moved into the country but after reaching the central India it got intensified 
from the Arabian sea branch of the monsoon. The isohyetal pattern for this rainstorm for 
1-day duration is shown in Fig. 2. The centre of the rainstorm was located at Dharampur 
station in the Surat district which recorded about 99 cm of rainfall in one day ending at 
0830 hrs on 2 July. This is a record nonorographic rainfall caused by a depression in India 
for 24 hrs duration and has not yet been exceeded. The July, 1941 rainstorm caused 
serious damage in Gujarat. The torrential rainfall associated with the rainstorm caused 
severe flooding in the Tapi river and other rivers in Gujarat. The power of the flood 
generated from the rainstorm was so large that in one of the rivers of the region, a 20 m 
iron girder bridge was carried away to about 50 m by the flood waters. The heavy rainfall 
over the Western Ghats resulted in landslides which disrupted train service between Pune 
and Bombay for nearly 10 days. Further, a heavy landslide near Karjat (about 80 km from 
Pune) had buried an electric locomotive. 

The July, 1941 rainstorm has been recognised as the highest recorded storm so far not 
only in the Gujarat area but also in the entire region of India.  It is comparable with the 
highest rainstorms from other parts of the World. 
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4. RAINSTORMS IN CHINA 

Most of the rainfall in China is received in the summer season. During this season, 
typhoons form in the northwest Pacific Ocean and travel westward towards China. Some 
recurve northward off the coast, whereas others move in over land.  These typhnoos 
cause most intense rainstorms in China (Tan and Lu,1994). According to the records from 
1950 to 1977 about 263 severe rainstorms each exceeding 40 cm per day have occurred in 
China (Pan and Teng, 1988). Of these, typhoon Nina produced the highest areal 
raindepths in August,1975 for most durations and areas in the Hongru river basin.  The 
rainfall lasted five days from 4 to 8 August with most rain fell between 5 and 7 August. 
The station at Linzhuang recorded rainfall upto 83 cm in 6-hour period setting a new 
world record (Pan and Teng, 1988). Table 3 gives the greatest areal raindepths from 5-7 
August,1975 rainstorm ( Svensson and Rakhecha,1998). 

The heavy and long lasting rains in the period 4-8 August caused huge inflows of water 
into the two dams, viz. Banqiao and Shimantan dams located in the Hangru river basin. 
The magnitude of generated flood was so large that it ultimately destroyed the two dams.  
The flash flood from the broken dam caused the deaths of thousands of people and 
widespread destruction to downstream property. 
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Table 3  Largest areal raindepths (cm) for Aug 1975 rainstorm in China. 

Area (km2) 1 day 2 day 3 day 
0 97 117 153 
00 90 109 142 
00 80 99 127 
000 74 92 119 
000 66 84 108 
000 53 72 91 
0000 41 61 77 
0000 30 49 61 
5000 26 45 56 
RMS IN THE UNITED STATES OF AMERICA 

turbances (i.e. tropical storms and hurricanes) form over the Gulf of Mexico, 
ea and the southern north Atlantic Ocean during June to November months. 
ion over the seas, some of them move into the USA and cause heavy to very 
ll over thousands of square kilometers. Heavy rainfall occurs in the front 
 right of the path of the cyclonic disturbance and point rainfall caused by such 
 range from 40 to 80 cm in 24 hours. Shipe and Riedel (1976) showed that in 
records of the USA the following 3 rainstorms contributed the largest areal 
r 1 to 3 days durations. These rainstorms are: 
e - 1 July, 1899 with centre at Hearme, Texas,  

 March,1929 with centre at Elba, Alabama, and  
pteber,1950 with centre at Yankeetown, Florida. 
 of 3-7 September 1950 brought very heavy rainfall & destructive floods to 

Yankeetown in the state of Florida. 
ives the largest areal raindepths in the USA from the above storms for 1,2 & 3 
4 shows that the September 1950 storm produced the greatest raindepths for 
0 to 5000 km2 and the June 1899 storm for areas from 10,000 to 50,000 km2 
 days. 
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Table 4  Largest areal raindepths (cm) in the USA. 

 

6. RAINSTORMS IN AUSTRALIA 

The area of Australia is almost as great as that of the United States of America excluding 
Alaska. In the Australian region the most extreme known raindepths are associated with 
tropical cyclones.  Brunt (1958) describes an event that produced 91 cm of rainfall in 24 
hours at Crohamhurst, Queensland. Tropical cyclones form over the seas to the northwest 
and the northeast of Australia between November and April months. On the average about 
3 Coral sea cyclones directly affect the Queensland coast and about 2 Indian ocean 
cyclones affect the northwestern coast. Tropical cyclones approaching the coast usually 
produce very heavy rain in coastal areas. Some cyclones move inland and produce 
widespread heavy rainfall.  Kennedy (1982) gives the list of the following 6 severe 
rainstorm in Australia: 

(a) Crohamhurst,1893 over Queensland, 
(b) Mackay1958 over Queensland,  
(c) Clermant ,1916 over Queensland 
(d) February, 1955 over New South wales 
(e) Whim CK,1898 over Western Australia and  
(f) T. C. Joan 1975 over Western Australia 

Table 5 gives the largest areal raindepths for 1,2 and 3 days duration produced by the 
severe rainstorms in Australia. 

Area (km2) 1 day 2 day 3 day 
10 98 (c) 110(c) 115(c) 

100 97(c) 107(c) 110(c) 
500 87(c) 96(c) 102(c) 
1000 85(c) 93(c) 97(c) 
2000 80(c) 89(c) 92(c) 
5000 65(c) 74(c) 77(c) 

10000 46(c) 57(a) 66(a) 
20000 33(a) 48(a) 57(a) 
30000 27(a)) 43(a) 53(a) 
50000 21(a) 36(a) 46(a) 

Table 5  Largest areal raindepths (cm) in Australia 

Area km2 1 day 2 day 3 day 
10 91 - - 
100 85 135 170 
500 77 115 149 
1000 73 110 140 
2000 66 93 120 
5000 56 75 97 
10000 46 60 74 
20000 35 45 55 
30000 25 33 44 
50000 12 17 23 

7. COMPARISON WITH WORLD’S LARGEST AREAL  
RAINDEPTHS AND CONCLSIONS 

For the purpose of comparison, the 1-day, 2-day & 3-day largest recorded areal rainfall 
values in India have been plotted in Fig 3 (2 day is not shown) alongwith those for 
Australia, China and the USA. The figure shows that for the 1-day duration the areal 
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raindepths for different size areas recorded from the severe rainstroms in India are higher 
in magnitude than those for Australia and China. However, the Indian values are 
remarkably similar to those of the USA for areas less then 1000 km2 but areas from 2000 - 
5000 km2 the Indian values are somewhat low. Thereafter, for larger areas the areal 
raindepths in India are higher in magnitude than those of the USA. So far as the 2 and 3 
days are concerned the areal raindepths of India are higher in magnitude than those of 
China and the USA for areas form 10 to 50000 km2 and of Australia for areas from 500 to 
50000 km2 for 2 days and from 2000 to 50000 km2 for 3 days. However, there is some 
indication that the recorded 2 and 3 days Indian values are somewhat low than the 
Australian values for small areas.  It can therefore be very well said that the areal 
raindepths contributed by the July,1941 rainstorm in India are the World's greatest areal 
raindepths for 1 to 3 days duration. 
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Abstract: From August 18 to 19, 2001, there occurred an intense rainfall covering a large area in 
the middle Yellow River. Key hydrological stations on the primary river and its tributaries 
experienced the largest flood of the year. During that flood, Baijiachuan Station on the Wudinghe 
River had a peak flood of 3030 m3/s, which was the fourth largest flood on record at the station. 
During this rainfall, except for the Wudinghe River where a large flood occurred, other major 
tributaries such as the Kuyehe and Huangpuchuan, which yielded flood waters and sediment did not 
produce large flooding. This phenomenon of heavy rainfall without a corresponding flood seemed 
abnormal and thus aroused great concern amongst experts tracking the flood events in the area.  
These experts conducted a storm flood investigation and analysis in the major tributaries of 
Huangpuchuan, Kuyehe and Wudinghe. The conclusion drawn from the analysis was that the weak 
intensity of the rainfall and the severe drought prior to the rainfall accounted for the minor flooding 
in rivers of Huangpuchuan and Kuyehe, though the rainfall-runoff relation of the three rivers was 
normal on the whole. 

Analysis of flooding in the middle Yellow River 
in August 2001 

Liu Xiaowei, Li Shiming, Xu Keyan 
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E-mail: liuxw@163.com l.xiaowei@163.net 
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This paper addresses the causes of the "2001.8" flood and the comparative analysis of the 
rainfall-runoff in the three tributaries. 

Keywords: middle Yellow River, storm, flood, Wudinghe River, Kuyehe River, 
Huangpuchuan River 

1. WEATHER SITUATION 

At 20:00 on August 17, the centre of Typhoon No. 11 was located at 22°N and 137.2°E. 
Affected by its northward movement, the subtropical anti-cyclone over the Japanese Sea 
extended northward to join the northeast anti-cyclone, which created the convergence of 
western cold air and southern warm and humid air over the Yellow River basin. The 
Eurasian 500 hPa chart shows that during the rain period, at middle and higher latitudes 
there were two ridges and a trough. The pressure ridges were situated over the Eastern 
European Plain and near the Japanese Sea respectively. Between the two ridges was a 
broad low-pressure area, within which there were two low pressure centres. One the 
centres were located over Western Siberia, and the other was near Lake Baikal. The broad 
trough extended near 37°N, and a low trough moved towards the southeast, which brought 
cold air to the Yellow River basin and activated release of energy in the frontal zone. On 
the surface map, a northeast-southwest cold front moved slowly eastward from the west of 
the Great Bend of the Yellow River. The satellite cloud chart revealed a corresponding 
cloud band of hundreds of kilometres in width. In the 700 hPa chart of 8:00 on August 18, 
from the Sichuan Basin to middle and south part of the Taihang Mountains there was a 
southward flow with a wind speed greater than 10 m/s. From the Great Bend to the east 
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edge of the Plateau there was a low-eddy shearing line, behind which there was a strong 
northerly wind whose speed was greater than 8 m/s. The wind speed difference between 
the front and back of the trough line amounted to 18 m/s, and in the front of the trough 
there was a very strong rising movement. This weather system configuration provided 
abundant vapour and the potential for a highly unstable rainfall. 

2. PRECIPITATION 

Affected by the above-mentioned weather system, from August 17 to 18, an unevenly 
spread heavy rainstorm occurred over the entire area of the middle Yellow River, with 
some parts experiencing record rainfall. The rainstorm areas affected by the rainfall were 
primarily the region between Hekouzhen Town and Huayuankou in the middle Yellow 
River. The rainstorm centres were situated respectively in the middle reaches of the 
Huangpuchuan, Kuyehe and Wudinghe rivers and the upper reaches of the Qingjianhe, 
Beiluohe and Jinghe rivers. The individual precipitation at various rainstorm centres 
were157 mm at Lijiahe Station on the Wudinghe River, 113 mm at Huangpuchuan Station 
on the Huangpuchuan River, 101 mm at Shenmu Station on the Kuyehe River, 133 mm at 
Tiebianzhen Station on the Beiluohe River and 114 mm at Gengwan Station on the Jinghe 
River. Distribution of individual rainfall of over 25 mm, 50 mm and 100 mm covered 
areas of 360 thousand, 114 thousand and 48 thousand km2 respectively. 

The Wudinghe River was the focal point of this heavy rainstorm. Rainfall exceeding 
100 mm covered almost the entire upstream area of Baijiachuan, with a mean rainfall of 
about 120 mm in the basin. The Lijiahe Station on the Xiaolihe River experienced a 
6-hour rainfall of 72 mm and a 24-hour precipitation of 142 mm. This rainfall was long in 
duration, weak in intensity and evenly distributed over time and space. The belt-shaped 
rainstorm lying southwest-northeast and was distributed over the right bank of the primary 
northern stream of the Yellow River.  

3. FLOOD AND SEDIMENT 

Affected by this rainfall, the primary stream and the tributaries of the middle Yellow 
River experienced successive flood events. Yet due to the weak rainfall intensity and the 
drought before the rainfall, except for the Wudinghe River where a large flood occurred, 
all other tributaries did not experience sizeable floods. 

The following flood peak records show discharges were 3030 m3/s at Baijiachuan 
Station on the Wudinghe River at 5.8 on August 19, 877 m3/s at Yanchuan Station on the 
Qingjianhe River at 3.3 on August 19, 1150 m3/s at Ganguyi Statation on the Yanshuihe 
River at 4:00 on August 19, and 3400 m3/s at Longmen Statation on the Yellow River at 
19:00 on August 19. 

There were also following recorded peak discharges: 1250 m3/s at Zhangjiashan Station 
on the Jinghe River at 20:36 on August 19, 925 m3/s at Huaxian Station on the Weihe 
River at 5:00 on August 21, and 1390 m3/s at Zhuangtou Station on the North Louhe 
River at 0:30 on August 20. After the floods from the rivers of North Luohe and Weihe 
entered into the Yellow River, the peak flow reached Tongguan at 14:00 on August 21 
with a maximum flow of 2750 m3/s. After regulation by the Sanmenxia Reservoir, the 
reservoir's maximum outflow at 14:00 on August 21 was 2890 m3/s. 

This flood had a high sediment content with the sediment mainly originating from the 
rivers of Wudinghe, Jinghe and North Luohe. (see Table 1). 
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Table 1  Flood Characteristic Values at Major Stations on the Middle Yellow River in August 2001 

River Station Time 
Peak 

 Discharge
(m3/s) 

Maximum 
 Sediment Content

(kg/m3) 

Water Quantity 
(million m3) 

Sediment 
Quantity 

(million t) 
Yellow River Wubao Aug. 19, 7:42 1540 193 265.0 21.5 

Wudinghe Baijiachuan Aug. 19, 5:40 3030 790 155.4 64.3 
Qingjianhe Yanchuan Aug. 19, 3:30 877 610 20.4 9.7 

Yanshui Ganguyi Aug. 19, 4:00 1150 650 36.6 15.1 
Yellow River Longmen Aug. 19, 19:00 3400 420 460.7 101.8 
North Luohe Zhuangtou Aug. 20, 0:30 1390 880 91.4 56.3 

Weihe Huaxian Aug. 21, 5:00 925 698 120.2 61.3 
Yellow River Tongguan Aug. 21, 14:00 2750 432 544.3 131.6 
Yellow River Sanmenxia Aug. 22, 0:30 2890 492 543.0 182.6 

4. FLOOD ANALYSIS 

As is indicated above, a heavy rainstorm occurred in the middle Yellow River and the 
rainfall covered a large area. The Wudinghe River, along which where are many 
conservation projects, yielded a large flood while major tributaries such as the 
Huangpuchuan and Kuyehe, which tend to produce flooding and heavy sediment, did not 
yield large floods. The peculiarity of this phenomena prompted the flood investigation and 
comparative analysis which were carried out for the Huangpuchuan, Kuyehe and 
Wudinghe rivers. The analysis and results were as follows. 

4.1 The Huangpuchuan River Basin 
During this rainstorm, the Huangpuchuan River was located in the rainstorm focal point, 
and Huangpu Station, the rainstorm centre, recorded a rainfall of 113 mm. Though high, 
only a small flood with a peak discharge of 440 m3/s at 1:30 on August 18 at Huangpu 
Station was recorded. The amount of this rainfall differed very little from those previous 
recorded floods in "1972.7", "1979.8" and "1988.8" (flood peak discharges were 8400, 
5990 and 6780 m3/s respectively at the Huangpu Station). The magnitude of the floods 
differed greatly and the reasons are as follows: 

(1) The rainfall was of weak intensity and was evenly distributed over the duration of 
the rainfall. Based on hourly precipitation records collected at the Shagedu, Gucheng and 
Huangpuchuan, Gucheng stations, only three periods of precipitation of 10 - 13 mm 
occurred. Huangpu Station had only one period with precipitation larger than 10 mm with 
a maximum of only 16.6 mm. The rainfall intensity at the rainstorm centre was about 1/4 
of that of "1987.7" rainfall (65 mm/h at Tiangetan), and was about half that of the 
"1972.7" and "1996.8" rainfalls. 

(2) The rainstorm centre was located in an area unfavourable to runoff. Of the 19 
floods at Huangpu Station from 1967 to 1996, 14 came from upstream of Shagedu, 
making up 74% of the selected floods. The "1979.8" and "1988.8" floods, where the 
maximum rainfall intensity at the rainstorm centres was smaller than that of this rainfall 
peak discharges, were one level larger. The reason for this was because the rainstorm 
centres of these floods were located upstream from Nalinchuan upstream at Shagedu. The 
location of the rainstorm centre had a significant impact on the runoff experienced in this 
river basin. It is just in the low runoff area between Shagedu and Huangpuchuan that the 
centre of this rainstorm was located. 

(3) The soil was completely dry prior to the rainfall. The fifth consecutive drought year 
since 1997, it was also the most severe drought year of that period. The drought lasted 
from winter to summer, and in August the soil moisture was almost identical to that 
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recorded in the spring. The above analysis shows that the rainfall-runoff relation of 
Huangpuchuan basin was normal at this time. 

4.2 The Kuyehe River Basin 
Wenjiachuan Station on the Kuyehe River had a peak discharge of 600 m3/s and 
maximum sediment content of 222 kg/m3 at 23:42 on August 18. It seemed abnormal that 
no flood occurred in a river in an area that tended to experience flooding under heavy 
rainfall conditions such as those that were occurring. According to the investigation of 
rainfall and flood for the area, the situation was similar to that in Huangpuchuan basin. 

(1) Again, the rainfall was of weak intensity and evenly distributed throughout the area. 
During this rainfall, precipitation was 101 mm at Shenmu Station. At Wangdaohengta 
Station, the rainstorm centre received 95 mm with around 80 mm at other rainfall 
recording stations. With respect to rainfall intensity, Xinmiao and Wangdaohengta 
Stations had only one period within which the 2-hour precipitation was recorded as high 
as 21 mm and 20 mm respectively. This means maximum rainfall intensity was not more 
than 10 mm/h. The amount of this rainfall approached those fairly large historical floods 
recorded on "1959.7", "1959.8", "1970.8", "1977.8" and "1994.8", where the flood peak 
discharges were recorded at 8740, 10000, 8710, 8480 and 6060 m3/s respectively.  

The influential variable in these floods was the widely differing intensity. The 
maximum intensity of previous rainfalls was recorded at 34.6, 18.7, 23.5, 17 and 46.4 
mm/h respectively, which were 2 - 4 times that of this rainfall. It is obvious that rainfall 
intensity is the main factor affecting runoff in the area. 

(2) The location of the rainstorm centre was unfavourable for runoff. During this 
rainfall, the peak discharges were 268 m3/s at Wangdaohengta, less than 100 m3/s at 
Xinmiao, 932 m3/s at Shenmu and 600 m3/s respectively. The water mainly came from 
Wangdaohengta-Xinmiao- Shenmu reaches. According to the data of all previous large or 
fairly large floods in the basin, 70% came from upstream of Wangdaohengta and Xinmiao, 
about 30% came from Wangdaohengta- Xinmiao-Shenmu reaches and upstream of them. 
This shows that the location of the rainstorm centre has a great effect on runoff. 

As described earlier in the case of the Huangpuchuan Basin, the drought before the 
rainfall played an influential role in the severity of the drought. As the conditions were the 
same, we will not repeat them here. 

4.3 The Wudinghe River Basin  
In the case of the Wudinghe River basin, the entire area was covered with heavy rainfall. 
Within the basin, the primary river and its tributaries all experienced level increases that 
resulted in large floods in the Dalihe, Xiaolihe, Huailihe, and upper Wudinghe rivers. At 
5:48 on August 19, the Baijiachuan Station recorded a peak discharge of 3030 m3/s that 
consisted of the Wudinghe River and the tributaries of the Dalihe River, Huailihe River 
and Yihegou River. The peak discharges were recorded at 1300 m3/s at the Dingjiagou 
Station on the Wudinghe River at 2.7 on August 19. At the Suide Station, flows of 1470 
m3/s were recorded at 2.6 on August 19 with 1280 m3/s recorded at the Huailihe River on 
the same date and time. Flows of 142 m3/s in the Yihegou River were recorded on August 
18;the data of rivers of Huailihe and Yihegou were obtained by investigation. As for 
rainfall distribution and intensity, the period in which the majority of the rainfall happened 
in the upper and middle reaches came earlier and covered a relatively large area. The 
results created favourable conditions for flooding which was then exacerbated by the main 
rainfall period in the reaches between Suide and Baijiachuan that came later. Thus flood 
peak discharge increased along the whole length of the river. 
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Comparison of the three rivers reveals that the Wudinghe River basin was controlled 
better than the Huangpuchuan and Kuyehe rivers. In the case of Wudinghe, large floods 
are more likely to be managed or avoided, while the other two tributaries remain exposed 
to the threat of large floods. In spite of the substantial evidence to support these 
conclusions, the Wudinghe River experienced a fairly large flood, while the other two 
rivers experienced relatively small ordinary floods. The reasons for this are: 

(1) Compared with rivers of Huangpuchuan and Kuyehe, the Wudinghe River 
experienced rainfall of an intensity nearly twice as large as the others. The maximum 
precipitation and area of rainfall were about 30% larger respectively, and the area covered 
with heavy particularly heavy rainfall was much larger. The rainstorm moved slowly 
downstream along the Wudinghe River and the flood increased in unison with this 
progression down the river. This created conditions for large flood peak discharges as 
seen in Table 2. 

Table 2  Comparison of Rainfall and Runoff among Huangpuchuan, Kuyehe and Wudinghe 

Basin Control 
Station 

Catchment
Area 
(km2) 

Maximum Point 
precipitation 

Area 
Precipita-tion

(mm) 

Peak 
Discharge 

(m3/s) 

Flood Volume 
(million m3) 

   Location P(mm)    
Hpc Huangpu 3246 Huangpu 113 87 440 8.96 
Kyh Wenjiachuan 8700 Shenmu 101 80 600 26.8 
Wdh Baijiachuan 30261 Lijiahe 157 121 3030 151.8 

Note: Arithmetic mean is used for area precipitation. Hpc, Kyh and Wdh indicate Huangpuchuan River, Kuyehe 
River and Wudinghe River respectively.  
 

(2) Before this rainfall, soil conditions of the Wudinghe River basin were better than 
that of Huangpuchuan and Kuyehe. Then the Wudinghe basin was in the midst of a severe 
drought. Baijiachuan Station was cut-off at 13:30 on July 7 and flow did not resume until 
July 14. Beginning in the middle of June, rainfall triggered several small floods that 
mitigated the drought to some extent. On August 14 and 16 Baijiachuan Station had two 
successive floods with peak discharges of 110 m3/s and 740 m3/s respectively, thus the 
soil had higher moisture content. 

(3) During this rainfall, the flood hydrograph at stations of Suide and Dingjiagou was 
relatively "fat". The rise and fall of the water levels was extreme and the duration of peak 
discharge was long. The high water level (with water discharge larger than 1000 m3/s) at 
the two stations lasted nearly 4 hours and the peak discharges of the two stations appeared 
almost simultaneously. Therefore the two peak discharges met and combined with inflow 
from the Huailihe and Yihegou rivers in the lower reaches. 

(4) There are not many reservoirs on the Huangpuchuan and Kuyehe rivers, so was no 
effect on this flood. No dam breakage occurred at the conservation projects in the 
Wudinghe River basin, therefore, no increase of peak discharge was caused by flooding 
resulting from a dam burst (as had happened during the "1994.8" flood). It is worth noting 
though that flood alleviating effects of the conservation projects was not noticeable either. 

5. CONCLUSIONS 

(1) This process happened under a favourable weather conditions. The confluence of 
factors affecting every aspect of the flood process make rainfall in the Yellow River basin 
a serious issue.  

(2) Conditions of this kind coming together are rare. Rainfall over a large area was 
heavy and the duration of the rainfall was particularly long.  
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(3) This time, the rivers of Huangpuchuan and Kuyehe did not produce large floods. 
The main reasons for this were weak rainfall intensity and severe drought conditions prior 
to the rainfall. In the Wudinghe River basin, rainfall intensity was about twice as large and 
the rainfall amount was about 1/3 larger by comparison to the area north of the basin. 
Moreover, there had been small floods previously (August 14 - 17) which left the soil was 
relatively moist. These factors combine to increase the likelihood of a severe flood.  

(4) Though a large number of water conservation projects were constructed in the 
Wudinghe River basin, most of the silt dams had become full and suffered from the 
resulting overflow which passed through them almost without obstruction. The result 
being that these projects did little to alleviate flooding.  
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A new approach within hydrometeorological technique for the 
estimation of average depth of probable maximum precipitation 
(PMP) over Nepal 
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E-mail: b_ashakya@hotmail.com, Tel : 977-1-270222 

Abstract: In Nepal, the most floods occur during monsoon season due to heavy spell of rainfall. 
These heavy spells occur in association with the formation and movement of depression or cyclonic 
storms, which originate in the Bay of Bengal or in the Arabian Sea. Every Year there is evidences of 
damages in the hydro-structure and local inhabitants due to monsoon catastrophic storm within 
Nepal. So, for the safety purposes, the estimation of average depth of PMP is utmost important in 
the country. 
  The paper gives the new approach within the hydro-meteorological technique for the estimation 
of PMP of specified period within Nepal. The analysis is based on the storm data of the monsoon 
months. The most effective and extreme rainfall events within Nepal have been considered for the 
storm analysis. The digital elevation model (DEM) of Nepal, software such as geographical 
information system (ArcView) and XL solver have been intensively used for the extreme rainfall 
distribution and Depth Area Duration (DAD) analysis. Further, the moisture maximization factor 
(MMF) has been worked out for the Nepal. Finally, a combined set of equations has been developed 
for the estimation Average depth of PMP of specified period. 
 
Keywords: DAD, average depth of PMP, Hyper-Tangent model, MMF 

1. INTRODUCTION 

In Nepal, most extreme floods formation is due to the result of concentrated spells of 
heavy rain. Indian sub-continental weather is affected by tropical as well as extra tropical 
disturbances because of its position in the globe. The extra tropical disturbances, 
popularly known as "Western Disturbances," (December to April), travel eastwards which 
originates somewhere around the Mediterranean Sea. Their track is north of latitude 450 N 
but comes down to as low as 300 N during the winter period. These disturbances do not 
bring heavy precipitation as to cause floods. They generally bring light rain of about 20 to 
30 mm in months of December to April over Nepal. The monsoon is the seasonal wind, 
actually a southern hemisphere wind moving across the Equator and north wards to the 
Tropic of Cancer. In Nepal, 70-80% of annual rainfall occurs during monsoon period. The 
heavy spells of rainfall in monsoon is mainly due to the formation and direction of 
movement of depression or cyclonic storms which originates in the Bay of Bengal and 
also sometimes in the Arabian Sea. 

The significance of high precipitation for hydraulic design in Nepal was realized in mid 
1930s. The hydro-meteorological parameters for design depend on the purposes for which 
they are required and Probable Maximum Precipitation (PMP) is one of them.  The 
uppermost limit of probable precipitation depth is known as Probable Maximum 
Precipitation (PMP), which can be defined in various ways. According to American 
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Meteorological Society, 1959; PMP is defined as “the theoretically greatest depth of 
precipitation for a given duration that is physically possible over a particular drainage area 
at a certain time of year”. Another definition of PMP more operational in concept is “the 
steps followed by hydro-meteorologists in arriving at the answer supplied to engineers for 
hydrological design purposes” (WMO, 1973). The more convenient definition is 
‘theoretically the greatest depth of precipitation for a given duration that is physically 
possible over a given size storm area at a particular geographical location at a certain time 
of year” (Hansen et al., 1982) and this definition is appropriate and adopted for the 
computational procedures. 

2. PURPOSE OF STUDY 

The purpose of this study is estimation of average depth of PMP for PMF of rivers of 
Nepal with the help of available extreme storm data and traditional hydro-meteorological 
method.  The procedures for estimating PMP require knowledge of meteorology. No 
attempt has been made to define or discuss basic meteorological terms or procedures. The 
paper is written in sufficient detail to permit a hydro-meteorologist or an engineer to 
assess the parameters required for the estimation of PMP with the application of this 
guideline so as to solve the problems on estimation of PMF. 

3. STUDY AREA 

The extreme rainfall characteristics and topography of Nepal is complex. Geometrically 
the country has roughly a rectangular outline located between latitude 260 22’ and 30 0 27’ 
and longitude between 80 0 04’ and 88 0 12’ with average east-west extension of 880 km 
and north-south extension of 193 km. The total area of the country is 147,181 sq. km with 
83% of hills & mountains and 17% of flat terrain in the south. The study area covers 
whole country and the studies on climate and topography have been carried out for the 
regional PMP estimates within the study area. As a result, the study area has been further 
classified into Karnali and Mahakali, Sapta Koshi, Narayani, Bagmati, South-Eastern, 
South-Central and South-Western basins  

4. HIGHEST ONE DAY EXTREME RAINFALL IN NEPAL 

The central region of Nepal was hit by storm of July 1993.  The violent storm was due to 
"Break Monsoon". The axis of monsoon trough was situated over central Nepal on 19th 
July 1993 and remained so till 21st July. The resulting effect of the storm was heavy 
precipitation causing devastating floods in and around Bagmati basin, East Rapti basin, 
Kamala basin and the adjoining basins of Trishuli river tributaries.  This particular storm 
was most violent storm ever hit or recorded in Nepal.  The storm disaster claimed the life 

 

Table 1  24h Extreme rainfall 19-20 July 1993, (Central Region) 

S.N Station Name 19-20 rainfall(mm) 20-21 rainfall(mm)
1 Markhu 386 43.6 
2 Daman 373 240 
3 Tistung 540 39 
4 Thankot 111.2 69.3 
5 Ghantimadhi 482.2 116.3 
6 Kulekhani 376.8 52.4 
7 Patharkot 38 473 
8 Dhunibesi 194 30.2 
9 Chisapanigadhi 294 65 
600



of about two thousand people, along with large number of animals and loss of property 
amounting to hundreds of millions of rupees.  Heavy damages have been experienced in 
the Bagmati river barrage at Karmaiya and in the Kulekhani hydropower plant. Also 
several bridges were washed away along Prithivi Highway.  The maximum rainfall 
recorded was 540 mm a day with night time rainfall at the rate of 65 mm/hour at station 
Tistung (Inside Bagmati basin). In the meantime, the river discharge was greatest in many 
rivers of Nepal, even greater than the design discharge of major infrastructures of Nepal.  
The rainfall received at Tistung, i.e., 540 mm/24 h was highest ever recorded 24 hour 
rainfall of Nepal. The highest ever storm in Nepal is depicted in Table 1. 

5. METEOROLOGICAL NETWORK AND DATA AVAILABILITY 

There is a moderate network of precipitation stations within the study area. Mostly, the 
data from these stations are collected by the Department of Hydrology and Meteorology. 
Besides, few separate stations are available belonging to Department of Irrigation, Nepal 
Electricity Authority, Non governmental organizations etc.  

The most responsible authority for meteorological data is Government of Nepal, 
Department of Hydrology and Meteorology (DHM). There are all together 309 
Precipitation, 68 Climatological, 15 Synoptic, and 22 Agro-meteorological, and 6 
Aeronautical stations (DHM, pub.1995). For the study on PMP the required available data 
from DHM publications and data from Department of Soil Conservation and Watershed 
Management have been used.  

6. METHODOLOGY 

There are several methods for estimation of PMP out of which hydro-meteorological 
method looks more convenient as it shows the extreme rainfall distribution with area. 
Statistical method is also used for the estimation but useful only for point PMP. In order 
to estimate probable maximum flood at ungauged location, the average depth of PMP is 
required and it can be best derived from storm DAD 

6.1 Hydrometeorological method 
The three main steps in the hydro-meteorological approach in estimating maximum 
precipitation are to transpose storm values, transpose maximum values, maximize storm 
values, and  then envelope the transposed maximum values. Initially, several parameters 
can be maximized to determine PMP. The simple and convenient way of storm 
maximization is moisture maximization. The first step in moisture maximization is to 
determine the maximum atmospheric moisture that may be expected in the region during 
storm. A method satisfactory for most localities is to survey a long record of surface dew 
point or vapor pressure measurement at several stations. Moisture maximization of storms 
in place is the multiplication of observed storm rainfall by the ratio of maximum 
precipitable water indicated for the storm reference location to the maximum precipitable 
water estimated for the storm.  If the storm elevation is not at mean sea level, some 
adjustment may be required for the elevation correction. If the elevation of storm is less 
than 300m, it is not necessary to adjust storm elevation [Hart 1982, Schreiner and Riedal, 
1978.] This decision is based on the distance to the moisture source and the storm 
characteristics and the topography of the region. If the basin topography is rough and 
series of intervening barriers, an adjustment on barrier is also required. In this study, all 
the possible corrections have been made for the estimation of moisture maximization 
factor (MMF).  
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6.2 Hydrometeorological Analysis  
All the storm hourly and daily rainfall data are collected. Most of the stations are of non 
recording type. Thus, only 24 hours total rainfall data are available instead of hourly. So, 
relation is developed between hourly storm rainfall and 24 hours total rainfall of same 
storm with the help of data from few automatic stations within Nepal. 

The relationship between 24 hours and lower duration precipitation depths developed 
from the available hourly rainfall data of some specified storm period is presented in Fig.1 
and the best fitted equation is 
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Fig. 1  The relationship between rain intensity and duration 
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or the construction of Depth Area Duration cur
The best fitted depth-area-duration (DAD) curves during the storm are worked ou
the help of digital elevation model (DEM) of the Nepal with the cell size equal to 0.0083 
degree, which in case of Equal-Area Cylindrical Projection corresponds to 930 m. The 
capabilities of ArcView® Geographic Information System (GIS) and mapping package 
Surfer® have been intensively used for the analysis. The Hyper-Tangent model fitted best 
for all DAD plots in Nepal. This new approach for Karnali Basin is presented as an 
example in this paper. 
Karnali Basin 

Extreme stor
- 21/07/1963 
- 12/08/1980 
- 11/09/1983  

he depth-area-dura
ethods of map analysis. The relationships between average storm precipitation depth 

(Y-axis) and area (X-axis) for corresponding rainfall events are shown on Fig 2 . 
The best curve for DAD has been worked out and the linear equation with
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2. This equation has been applied to obtain relationships between average precipitation 
layer of 24-h (P24) and corresponding area (A, km²): 

( )ln
1 tanh

A c− 
+ 

24 ,
2

d
P a b


 = +

angent, for any x it can be 

     (2) 

where, a,b,c,d are the parameters and tanh is hyperbolic t
calculated as follows: 

. tanh( ) x xx
e e−=
+

x xe e−−         

Fig. 2  The DAD relationship of 24h storm precipitation, mm (Y-axis) versus area, 
sq.km (X-axis, logarithmic) for different rainfall events 
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The storm curves with different periods have their own value in describing the extreme 

e superimposed in a single figure as shown in Fig 3 and the 

 

11/09/1983

0

50

100

150

200

250

300

350

1 10 100 1000 10000 100000

21/07/1963

0

50
100

150

200

250
300

350

400

1 10 100 1000 10000 100000

12/08/1980

0
50

100
150
200
250
300
350
400
450
500

1 10 100 1000 10000 100000

pment of DAD 

storm limits. The curves ar
recommended area with coefficients is tabulated in table 2. The mean standard error of 
precipitation estimation (s) is given in the 6th column of the table. 

 603



0
50

100
150
200
250
300
350
400
450
500

1 10 100 1000 10000 100000

12/08/1980 21/07/1963 11/09/1983
 

Fig. 3  The best fitted curves of relationships between 24h precipitation layer, mm  (Y-axis) versus area, 
sq. km (X-axis, logarithmic) for different rainfall events 

Extreme  
storm Date a Standard error of 

 (s), mm
Recommended 
area limits, km2 

Table 2  The parameters for best fitted curves 

b c d estimation
1 2 3 4 5 6 7 

12/08/1980 
21/07/1963 

-40 4 6. 2.
-3 3 7. 2.

>  

4.14 32.4 0368 3130 2.1 
0  

< 91 
91 - 50 49.82 75.8 1891 1738 .6 19

11/09/1983 -391.13 303.0 9.3816 5.4842 2.1  1950

e new app ch has n appl for the  separat  and re dep
 
Th roa bee ied  all ed areas  the results a icted 
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Table 4 lation  

Area limits 
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7. CONCLUSIONS 
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The general formula for PMP estimation can be obtained by combining equations 1and 2 
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The point PMP (24h) of Nepal is around 900 mm. However, the average dep
specified duration is more essential rather than point PMP for the estimation of PMF  

y the Government of Nepal, Department of Hydrology and 

 depth rainfall formulas. Journal Geophysical Research, American Geophysical Union, 
32 

Weather Service, Washington , pp 168 

th of PMP of 
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Abstract： This paper develops a distributed hydrologic model for the Seki River basin to restore 
the flood peak data which could not be measured because of flood damage on the water gauge. The 
model is carefully verified with the data of the past flood events which covers the long enough 
period to develop the model for the real-time analysis. The predicted flood peak of the missing data 
is used to obtain the discharge for the probability of occurrence to show the implication of 
developing this kind of model on planning the design flood flow.  

Flood-time runoff analysis and its implication  
on the flood defense 

Norio Hayakawa and Minjiao Lu 
Department of Civil and Environmental Engineering. Nagaoka University of Technology 
Nagaoka 940-2188, Japan, E-mail: hayakawa@hydro.nagaokaut.ac.jp 

Keywords: flood runoff, runoff analysis, flood prediction, design flood 

1. INTRODUCTION: 

Runoff analysis is often carried out to reproduce the flood-time hydrographs for the 
purpose of estimating, ultimately, the design flood discharge. In such cases, more often 
than not, is performed to ‘reproduce’ the hydrograph that is known beforehand rather than 
to predict the ‘unknown’ hydrograph. Such a calculation should be termed as the hind 
casting in construct to the true prediction. The reason that the true prediction is not 
performed frequently lies in the fact that a runoff model usually involves a number of 
parameters to be fitted to produce the known hydrograph. In the extreme case, a model 
may strongly depend on a given flood case and the fitted parameters cannot be applied to 
the other flood cases. The part of the reason for this situation seems to be that a model is 
usually highly conceptual, often being the case with a lumped model, and that the length 
of the data to be analyzed is not long enough.  

This paper addresses this kind of the problem with fully using the distributed 
hydrologic model. The need for firmly establishing the predictive runoff model is 
apparent for the case of a severe flood when a river gauging station is blown off. In this 
paper, a distributed hydrologic model is applied to just such a case showing the reliability 
of this model calibrating with the past flood cases. For the model to be truly predictive, i.e. 
real-time type, the data for the model verification events as well as for the case to be 
predicted, are analyzed with the long enough duration preceding the major flood peak, 
usually for thirty days long. The prediction result is then shown to be usable to show the 
effect of the importance of restoring blown data for the river management. 

2. STUDIED AREA  

The studied area is the Seki River in the central part of Japan. The Seki River is originated 
from the central mountain of Japan with the elevation of 2,400m and flows north to the 
Japan Sea with its mainstream length of 64km, with the catchment area of 711 sq km (Fig. 
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1). On July 11, 1995, a devastating flood hit this river with the flooding at many points of 
the embankment. The flooding water also knocked out the water gage at the standard 
gauging station of Takada. As a result, the peak flow of that flood flow is not known. It is 
felt that the knowledge of the peak flow of this event is important in the future river 
management. Thus, use of a good runoff analysis to reproduce the lost hydrograph of this 
flood flow is attempted in this study. 

1). On July 11, 1995, a devastating flood hit this river with the flooding at many points of 
the embankment. The flooding water also knocked out the water gage at the standard 
gauging station of Takada. As a result, the peak flow of that flood flow is not known. It is 
felt that the knowledge of the peak flow of this event is important in the future river 
management. Thus, use of a good runoff analysis to reproduce the lost hydrograph of this 
flood flow is attempted in this study. 
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Fig. 1  The Seki River Basin Fig. 1  The Seki River Basin 

3. DISTRIBUTED HYDROLOGIC MODEL 3. DISTRIBUTED HYDROLOGIC MODEL 

The runoff model used in this study is of distributed type, developed by Lu et al.(1996)  
The model draws the stream channel network connecting the grid points of the basin and 
routes the runoff along this network to the basin outlet. Firstly, the basin topography is 
represented by the digital elevation data at each grid point, with a spacing of, in this study, 
50m, and the stream channel network is drawn to follow the steepest gradient route 
between a grid point to another. This procedure involves the difficult process of treating 
the flat terrain, which is explained in Lu et al. The stream channel network of the Seki 
River basin, with the grid spacing of 50m involves some 32,000 channels to be dealt with. 

The runoff model used in this study is of distributed type, developed by Lu et al.(1996)  
The model draws the stream channel network connecting the grid points of the basin and 
routes the runoff along this network to the basin outlet. Firstly, the basin topography is 
represented by the digital elevation data at each grid point, with a spacing of, in this study, 
50m, and the stream channel network is drawn to follow the steepest gradient route 
between a grid point to another. This procedure involves the difficult process of treating 
the flat terrain, which is explained in Lu et al. The stream channel network of the Seki 
River basin, with the grid spacing of 50m involves some 32,000 channels to be dealt with. 

With the stream channel network completed, the rainfall data is assigned to each grid 
point to generate the local runoff. This procedure follows that of Xinangjiang model by 
Zhao (1992), separating the rainfall into the components of direct runoff and the baseflow.   
The baseflow component is processed with the linear reservoir model and, together with 
the direct runoff component, is routed through the stream channel network. Several 
methods of routing the runoff are available depending upon the type of flow to be 
expected. In this study, the kinematic wave theory is applied. 

With the stream channel network completed, the rainfall data is assigned to each grid 
point to generate the local runoff. This procedure follows that of Xinangjiang model by 
Zhao (1992), separating the rainfall into the components of direct runoff and the baseflow.   
The baseflow component is processed with the linear reservoir model and, together with 
the direct runoff component, is routed through the stream channel network. Several 
methods of routing the runoff are available depending upon the type of flow to be 
expected. In this study, the kinematic wave theory is applied. 

4. VERIFICATION OF THE MODEL 4. VERIFICATION OF THE MODEL 

For the model to be used with the confidence, the model has to be calibrated. Six flood 
events from 1981 through 1993 are chosen to manipulate the parameters used in the 
Xinganjiang model to fit the calculated runoff data to the measured discharge data. Fig. 2 
and 3 represent the verification results for, respectively, 23 August 1981 and 13 July, 

For the model to be used with the confidence, the model has to be calibrated. Six flood 
events from 1981 through 1993 are chosen to manipulate the parameters used in the 
Xinganjiang model to fit the calculated runoff data to the measured discharge data. Fig. 2 
and 3 represent the verification results for, respectively, 23 August 1981 and 13 July, 
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1993. The former represents the case of a single flood peak and the latter the case of a 
complicated pattern of a hydrograph. 

Parameters to be fitted are 1)The final infiltration capacity, fc 2) the recession 
coefficient for the ground water, Cg and 3) the recession coefficient for the surface runoff, 
Cs. The range of the optimum parameters obtained for the six flood events is 5 to 15 for fc, 
0.9908 to 0.9942 for Cg, and 0.0001 to 0.001 for Cs. The obtained overall error for the 
optimized result of each flood event is less than 8 per cent and on average 4 per cent.   

 

Fig. 2  Verification of the distributed hydrologic model（1981.8.23） 
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Fig. 3  Verification of the distributed hydrologic model (1993.7.13) 

Averaged values of these parameters are used for the further study as t
parameters. They are as follows: fc = 9.667, Cg = 0.9925 and Cs = 0.00070. U
of the validated parameters, six flood events are calculated again to obtain the
error for the calculated discharge from –0.19 to 0.19, implying the expected 
from this distributed hydrologic model using this set of the validated paramete
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Fig. 4  Estimated hydrograph for the blown-up data (1995.7.11) 
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6. REPRODUCTION OF THE BLOWN-UP DATA 

With the validated distributed hydrologic model, rainfall data of 11 July 1995 is inputted 
and the hydrograph is calculated as shown in Fig. 4. Fig. 4 shows that the observed 
discharge data is missing as the measured discharge surpasses about 1,300 cu m/s and the 
runoff analysis gives the estimation of this missing data to give the peak discharge of 
2,180cu m/s. This discharge, according to the calculated error for this set of the 
parameters, is expected to be associated with the error of 414cu m/s. 

7. EFFECT OF ADDING RESTORED DATA TO PROBABILISTIC DATA 

Flood control management of a river is often planned on the basis of the probabilistic 
consideration. Thus, it is a practice of the many parts of the world to select the design 
flood discharge as that of the probability of occurrence of 1 to 100, i.e. 100-year return 
period. The discharge of a certain probability of occurrence is usually obtained by the 
probabilistic analysis of the observed data. It is widely anticipated that with the 
availability of an abundance of the observed data, the probabilistic value should be 
reliable. Such may not be the case if the new data with the low probability, a rare event, is 
added to the observed data. Therefore, it is extremely important to investigate the effect of 
adding the data of a rare event to observe if it brings about any change to the probabilistic 
value, i.e. the discharge of the probability of occurrence. 

In this study, the newly estimated flood discharge value is added to the old set of the 
data to obtain the discharge of the probability of occurrence of 1 to 100. Fig. 5 shows the 
Hazen plotting of the annual maximum discharge of the past 25 years on the log-normal 
paper together with the fitted log-normal distribution. The result gives the dischatge for 
the probability of occurrence of 1 to 1oo as 2,476cu m/s before adding the data of 1995 
estimated in this study and 2,749cu m/s after adding. It may be concluded that adding a 
data in this case results in increase of the discharge of the probability of occurrence of 1 to 
100 of about 11 per cent. 

8. CONCLUSIONS 

This study effectively demonstrates the use of the distributed hydrologic model to 
estimate the missing peak discharge data due to a flood damage. This study further 
illustrates the effect of adding such data to the analysis of the probabilistic value of the 
discharge data. 
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Abstract: From the view of flood control, the Jingjiang River is the most dangerous reach of the 
Yangtze River. The rating curve changed greatly in the past fifty years because of the variation of 
many factors. Based on field data, the following conclusion is deduced: the water level at the same 
discharge descended in the Jinggjiang River; if the same runoff is released from Zhicheng Station 
during median or low water flow, the water level in the Upper Jingjiang Reach descended and that in 
the Lower Jingjiang River rose gradually. The change is mainly caused by the variation of the 
relationship between the Jingjiang River and the Dongting Lake, the occurrence of three cutoffs, and 
the construction of the Gezhouba Project. Based on the analysis of fluvial processes along the 
Jingjiang River the occurrence of extremely high water level in 1998 is explained in this paper. 

 

 
Keywords: Jingjiang River, change, relationship, water level, discharge 

 
1. INTRODUCTION 

The Jingjiang Reach of the Yangtze River, from Zhicheng to Chenglingji, the exit of the 
Dongting Lake, is about 60 km. From the view of flood control, it is the dangerous 
reach along the Yangtze River. The reach above Ouchi Outlet, called as Upper Jingjiang 
River, is a mildly meandering river of about 172 km, and that below Ouchi Outlet, 
called as the Lower Jingjiang River, is a typical meandering river of 176 km nowaday. 

The water was naturally diverted into Dongtin Lake through Songzi, Taiping, Ouchi 
and Tiaoxuan Outlets as shown in Fig. 1. In 1959 a diversion sluice was built at the 
Tiaoxuan Outlet. The three discharge channels are Songzi River, Hudu River and Ouchi 
River correspondingly. In the Upper reach Qingjiang River joins upstream from 
Yiduand Juzhang River joins from the north bank above the Taiping Outlet. In the past 
fifty years three cutoffs took place in the Lower Jingjiang River, that is, Shatanzi cutoff 

 
Fig. 1  The sketch of the Jingjiang River 

 



 (natural) in 1972, Zhongzhouzi cutoff (artificial) in 1967 and Shangchewan (artificial) 
in 1969. Three hydrological stations are distributed along the Jingjiang River, another 
one is located at its exit, and five stations are distributed along the three discharge 
channels, see Fig. 1. 

 
2. VARIATION OF RUNOFF AND SEDIMENT 

The runoff and sediment of the Jingjiang River mainly originates from the watershed up to 
Yichang. Ratios of runoff or sediment load at Shashi, Jianli and Chenglingji to that at 
Zhicheng are shown in Tab. 1. The ratios increased gradually because of the gradual 
reduction of runoffs through three discharge channels. The ratios increased more obviously 
along the Lower Jingjiang River. After the completion of the Gezhouba Project ratios at the 
Shashi Station increased more rapidly. At the Jianli Station ratios increased faster during the 
occurrence of the three cutoffs. Correspondingly, the runoff released through the Ouchi 
Outlet reduced rapidly. At Jianli Station  increments of runoff and suspended load constitute 
69.4% and 87.8% of the annual amount, respectively. It indicates that the increase mainly 
occured in the flood season, see Tab. 1.  
 

Table 1  Change of ratios of  runoff or sediment load along the Jingjiang River 
(Compared with those at the Zhicheng Station) 

                                      Percentage of Water                                        Percentage of Suspended Sediment  
Station                      I               II              III           IV                            I             II              III            IV  
Shashi                   85.8           86.6          87.5        90.7                         79.9        92.1          91.3         86.7 
Jianli                     70.7           78.1          81.2        86.8                         61.5        70.4          77.5         80.7  
Chenglingji           69.1           69.3          62.8        61.2                         10.6        10.4            7.5           6.1 

Define: I---1956-1966, II---1967-1972, III---1973-1980, IV---1981-1998  
 

3. CHANGE OF RATING CURVES  

3.1 Zhicheng Station 
Zhicheng Station is located at the entrance of the Jingjiang River. The water level at 
Zhicheng station is basically not influenced by the downstream flow. The rating curve there 
can be described by the following equation: 

 Z = aQb + c                                                                   (1) 
in which Z is water level, Q discharge, a, b and c are coefficients obtained by regression. 
The listed results are based on data from six typical years in the duration from 1981 to 2000. 
All the correlation coefficients are larger than 0.993. It means the equation fits data well. 

According to Table 2, the water level at same discharge descended gradually from 1981 
to 2000, especially during median and low water flow. It also shows that the water level 
descended rapidly right after the completion of Gezhouba Project, and the maximum drop 
reached about 1.1 m at the discharge 10000 cms. After 1991 the water level during median 
and low water flow changed very little. The highest water level kept unchanged in the latest 
10 years. 

 
Table 2  Relationships between discharge and water level at Zhicheng Station 

Year 
1981 1987 1991 1995 1998 2000 Q(m3/s)

 Z(m) 
5000 38.23 37.78 37.85 37.81 37.89 37.92 

10000 40.78 40.19 39.69 40.07 40.05 39.94 
20000 43.61 43.56 43.23 43.16 43.37 43.31 
30000 45.69 45.48 45.32 45.39 45.73 45.09 
50000 48.49 48.43 48.42 48.41 48.28 47.89 
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3.2 Shashi Station 
Shashi Station is located at the middle of the Upper Jingjiang River. As the water level at 
Shashi Station is not influenced very much by the change of downstream flow, the rating 
curve can be described by Eq. (1), too. Based on the data collected from 1957 to 2000, the 
result is listed in Table 3, and all the correlation coefficients are larger than 0.991. It shows 
that the water level descended gradually before 1991, but the water level during high water 
flow rose in the period of 1995 to 1998. It descended again after 1998. The maximum drop 
at discharge 5000 cms reached about 1.2 m after the completion of Gezhouba Project. The 
water level at the largest discharge descended slowly from 1957 to 1991, but it rose rapidly 
in the latest 10 years (Table 3 and Fig. 2). If the decrease of runoff were considered and the 
discharge at Zhicheng Station were the same, the highest water level might rise more.   
 

Table 3  Relationship between water level and discharge at Shashi Station 

 Year 
 1957 1966 1971 1975 1980 1987 1991 1995 1998 2000 

Q(m3/s) Z(m) 
5000 34.26 34.46 34.04 33.54 33.23 32.71 32.05 31.48 32.08 31.59 

10000 36.96 37.03 36.59 36.23 36.12 35.63 35.28 35.17 35.12 35.12 
20000 39.87 39.76 39.37 39.13 39.26 38.83 38.83 38.91 39.32 38.84 
30000 41.68 41.46 41.09 40.93 41.22 40.82 40.82 41.44 42.08 40.86 
50000 44.07 43.71 43.37 43.32 43.83 43.49 43.49 44.76 44.91 44.12 
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Fig. 2  Variation of rating curves at Shashi Station 

 
3.3 Jianli Station 
Jianli Station is located in the Lower Jingjiang River, 90 km to its exit. The literature [1] 
indicates that the water level at the same discharge at Jianli Station descended 0.3 to 0.9 m 
from 1960s to 1970s and it changed little after 1980s. The water level at Jianli Station is 
closely related to that at Chenglingji. The literature [2] indicates that the water level at 
discharge 3000 cms would rise 0.9 m if the discharge increased 1000 cms. And if the water 
level at the exit of the Dongting Lake rose from 30 m to 31 m, the water level at Jianli 
Station would rise about 0.6 m. And the water level during low water flow rose more than 
that during high water flow. If the decrease of runoff along the Jingjiang River were 
considered and the discharge at Zhicheng Station were the same, the highest water level 
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might rise more because the discharge would increase very much.  

3.4 Qilishan Station  
Qilishan Station is located at Chenglingji, the exit of the Jingjiang River, where the 
Jingjiang River meets the Dongting Lake. The annual water level at Qilishan Station 
increased 1.2 to 1.3 m in the past fifty years. Another literature [3] indicates that the water 
level at Qilishan Station increased 0.75 to 1.4 m although the discharge reduced 5.4 % to 
23.4 % after the three cutoffs. Especially from June to August, the monthly average 
discharge reduced 1704 to 1921 cms, but the water level rose 1.01 to 1.4 m. After the three 
cutoffs the water level in low flow season rose about 1.20 to 1.50 m, and that in flood season 
rose about 1.80 m.  
 
4. ANALYSIS 

4.1 Change of the relationship between Jingjiang River and Dongting Lake 
From 1950s the relationship between Jingjiang River and Dongting Lake have changed 
very much. The three discharge channels were silted up naturally in the past years. It means 
that the runoff and suspended load passing through the Jingjiang River increased much and 
those through the three discharge channels reduced gradually.  

The ratio of runoff or sediment load released through three discharge channels to that 
passing through Zhicheng Station  was 31% or 34.2% in 1956, 14.7% or 17.2% in 1996, and 
19.5% or 21.7% in 1998, correspondingly. The Ochi River was deposited the fastest, and 
the Songzi River the slowest. The average discharge in the flood season at Jianli Station 
increased 6000 to 9000 cms, corresponding to 15 to 20% in the past 50 years(Fig. 3). It 
caused erosion along the Lower Jingjiang river and the corresponding decline of water level. 
If the erosion can not compensate the increase of discharge, the water level would rise. In 
fact, the discharge through the Lower Jingjiang River increased 6000 to 9000 cms in flood 
season in the past fifty years, but the bed erosion was not enough, see Table 4. As a result, 
the water level in the Lower Jingjiang River rose in the past fifty years. 
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Fig. 3  Ratio of discharge at Jianli Station to that at Zhicheng Station from June to September 

   
Table 4  Channel morphology of Jingjiang River 
Upper Jingjiang River               Lower Jingjiang River  Year 

B (m) H (m) √B/H B (m) H (m) √B/H 
1965                 1460                   9.66                    3.96                  1265                 9.36                    3.80 
1975                 1494                   9.71                     3.98                 1351                 9.23                    3.98 
1991                 1503                 10.52                     3.69                 1395                 9.70                    3.85 
1993                 1500                 11.20                     3.45                 1390               10.40                    3.58 
1998                  1421                11.33                     3.33                 1233               10.20                    3.44 

Define: B---Width; H---Depth; all these numbers except years are average 
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4.2 Effect of the three cutoffs 
The three cutoffs in the Lower Jingjiang River have caused deposition in the upstream reach 
and drop of water level at the inlets of the three discharge channels for several years. The 
drop of water level caused the deposition along the three discharge channels, and 
correspondingly, runoff through the Jingjiang River increased greatly. By this way the three 
cutoffs affected the local rating curve. For this reason, the water level in the Lower 
Jingjiang River decreased in the period after the three cutoffs. It also affected lower reach of 
the Upper Jingjiang River.  

4.3 Erosion and deposition of river bed 
The amount of deposition or erosion is listed in Table 5. It obviously indicates that the 
deposition or erosion was mainly caused by the construction of Gezhouba Project and the 
three cutoffs in the Lower Jingjiang River.   

 
Table 5  Amount of deposition or erosion along the Jingjiang River 

Amount（104m3） Reach  
1957-1966 1966-1975 1975-1980 1980-1985 1985-1991 1991-1993 1993-1996 1996-1998 

Zhijiang +3780 -2398 -1887 -3180 -618 -1884 -562 -1276 

Shashi  +340 -2258 -4638 +959 -48 -44 -1155 -2642 

Upper  
Jing- 
jiang 
 River 

Haoxue -2434 -4744 -5057 -1100 -3575 -1082 +550 -264 

-6266 Shishou +3706 
-15686*

-12823 -113 +3577 -3833 +10923 +6111 

-5304 

Lower  
Jing- 
jiang 
River Jianli  -10106

-12224*
-9745 -467 -7337 +1789 +10219 +6611 

-20970Jingjiang River -4714 
-37310*

-34150 -3905 -8001 -5054 +19975 +8540 

     Define：1，* includes amount of the pilot channels of the 3 cutoffs;2，“+”deposition,"-" erosion. 
 

The water level at Zhicheng Station gradually descended after 1981 because erosion took 
place after the completion of Gezhouba Project. The river bed degraded and the water level 
accordingly descended slowly. As the river bed is composed of rock, pebble and sand, the 
amount of erosion was not very big. 

Strong erosion occurred in the Lower Jingjiang River from 1975 to 1993, especially 
during the three cutoffs and the five years right after that. The amount of erosion during the 
three cutoffs was nearly twice of that before the cutoffs, and amount after the cutoffs was 
more than twice of that during the cutoffs. From 1975 to 1993 the average degradation of 
river bed along the Lower Jingjiang River was about 0.18 m, the water level accordingly 
declined 0.11 m.  As the erosion basically took place along the lower part of the channel, the 
water level during median and low water flow dropped more obviously. But deposition 
started since 1990s, consequently, the water level began to rise. Serious deposition along the 
Lower Jingjiang took place after 1990s, it made the water level rise rapidly. Because the 
depostion mainly took place in the upper part of the channel, it mainly caused the rise of 
water level during high flow. 

As a summary, in the past forty years, erosion taking place along the Jingjiang River 
caused the decline of water level along the Upper Jingjiang River. Especially, after the 
completion of Gezhouba Project the water level during small and median discharge 
descended because the erosion occurred mainly in the basic channel. From 1966 to 1998 the 
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average decline of water level was 0.78 m. As the erosion mainly took place in the basic 
channel. From 1966 to 1998, the average degradation of river bed in the Upper Jingjiang 
River was about 1.43 m and the corresponding drop of water level was 0.78 m. As the 
erosion mainly took place in the lower and middle part of the channel, the low water level 
declined more. 

4.4 Deposition along the reach from Chenglingji to Wuhan 
Erosion occurred along the Jingjiang River from 1960s to 1990s, a plenty of sediment 
picked up from the Jingjiang River deposited along the downstream reach from Chenglingji 
to Wuhan, mainly below the median water level. From 1959 to 1993 the amount of 
deposition was about 6.24x10 m. The average elevation of the river bed was raised 1.5 m. It 
directly caused the rise of the water level along the Lower Jingjiang River.  
 
5. THE EFFECT ON FLOOD CONTROL  

Change in the rating curve affected flood control greatly. As discussed above, the water 
level at the same discharge descended gradually before 1990s along the Jingjiang River and 
it increased obviously in the latest ten years if the discharge at Zhicheng Station was the 
same. It also indicates that in flood season the water level rose seriously if the discharge at 
Zhicheng station was the same, especially along the Lower Jingjiang River. That is why in 
1998 the water level along the Jingjiang River was so high although the runoff in the flood 
season of 1998 was not greater than that in 1954.  

Another case in 1996 also proves this conclusion. Rare flood occurred in the Dongting 
Lake valley and the runoff in the Jingjiang River was median. The highest water level 
appeared at Qilishan Station and the water level from Jianli to Chenglingji was higher than 
that in 1954, close to that in 1998. The aggradation of river bed along the Lower Jingjiang 
River and its downstream reach is the most important factor. 
 
6. CONCLUSIONS 

The rating curve changed greatly in the past fifty years because of the variation of many 
factors. Although the water level at same discharge descended along the Jingjiang River, at 
the same Zhicheng discharge the water level along the Upper Jingjiang River descended 
during median and low water flow and that along the Lower Jingjiang River rose gradually. 
The change was caused by artificial cutoffs, construction of Gezhouba Project and the 
change of the relationship between Jingjiang River and Dongting Lake. In fact, the 
discharging capacity of the Jingjiang River shrinked. The water level rose in the latest ten 
years, especially along the Lower Jingjiang River. From the viewpoint of flood control, the 
situation is critical. 
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Abstract: Authors carried out field tests on failure due to seepage for full-size uniform river dike 
temporarily constructed from soil, and observed on seepage flow in the dike and failure mode when 
rainfall and river water were given. Additionally, we checked the effect of countermeasure too. 
Results of the tests are as follows: (1) The seepage rate into dike in the case that enormous rainfall 
and saturation of dike were given before flood is accelerated a few times than the case that 
enormous rainfall was not given. (2) The failure of dike with seepage occurs when toe of back slope 
becomes muddy with saturation and shear strength remarkably decrease. (3) The drain set at toe of 
back slope to protect the seepage failure of dike is extremely effective. (4) The saturated-unsaturated 
2-dimensional seepage flow analysis has high accuracy and is practical sufficiently for this seepage 
flow in dike. 
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1. INTRODUCTION 

Most of rivers in Japan have steep bed slope and short duration that 2 or 3 days of flood. 
The main reason of flood is an enormous rainfall. The main type of rainfall is a short 
period enormous rainfall, and many cases in that type has 500-1200mm rainfall in 24 
hours. It rains almost everyday between mid-June and mid-July that is Japanese rain 
season. Therefore, even if the flood duration is short, the soil of dike saturates and 
decreases the shear strength by the former rainfall. 

The main purpose of this test is to clarify the relation between precedent rainfall and 
seepage flow of dike. 

Failures of dike by flood are caused by (1)scouring by overflow, (2)erosion by flowing 
water, (3)seepage of river water into dike, and (4)piping of basement. Authors carried out 
field tests for seepage failure of full-size uniform river dike temporarily constructed by 
soil, and observed on seepage flow in the dike and failure mode when rainfall and river 
water were given. Additionally, we checked the effect of countermeasure. 
 
2. TEST PROCEDURES 

2.1 Dimension of Test Dike 
The test site is located at high water channel between new dike and old dike as shown in 
Fig.1. The basic shape of test dike is shown in Fig.2. The dike is 7m high, and the two 
types of front slope with grass face and concrete block face were constructed. The grain 
size of dike material is shown in Fig.3, and the dike was uniformly constructed using the 
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material. The test dike has normal soil characteristic of lower reach in Japan because wet 
unit weight is evaluated 1.8g/cm3 and saturated coefficient of permeability is evaluated 5×
10-4cm/sec. 

However the basement of test site is constituted by alternate layer of sand and clay 
which groundwater level is about –3m from ground level, clay of 0.3m thick is seated as 
impervious layer to construct test dike because only seepage flow of dike is focused on 
this test. 

 
Fig. 1  Plan of Test Dike and Position of Measurement Points 

 
Fig. 2  Basic Shape of Test Dike: Unit is m 
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Fig. 3  Grain Size of Dike Material 

2.2 Contents of Tests 
(1) Case of Tests 
Both types of rainfall and river water as external force are given respectively or 
simultaneously to test dike. The seepage mode in the dike at above two types is observed 
by water level and saturation rate. The test procedure is shown in Fig.4. For external 
forces, the total rainfall was set to 300-400mm and the lapse time of high water was set to 
90-120 hours on the basis of many past events in Japan. 

 
Embankment of Test Dike 

 
Rainfall Test 

 
River Water Test 

 
Long-Term River Water Test 

 
Rainfall and River Water Test 

 
Installation of Drain Set 

 
Rainfall and River Water Test 

Fig. 4  Test Flow 
 

(2) Item of Measure 
At the test, the items of measure are external water level, rainfall, water level in dike, 
degree of saturation in dike, surface runoff, surface displacement etc. because of the 
importance to evaluate the relation between the change of external force and the seepage 
mode in dike. The position of measurement points is shown in Fig.1. 

3. TEST RESULTS 

In this section, typical results about the dike with grass faced front slope are presented and 
discussed. 

3.1 Long-Term River Water Test 
This test was executed to evaluate how time is required for that seepage front by river 
water reaches to the toe of back slope, and evaluate whether back slope becomes loose or 
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not after the arrival of seepage front. The test results are shown in Fig.5. Namely, seepage 
front in dike reaches to the toe of back slope at 170 hours past after the start of rising of 
river water (140 hours of lapse of high water level), afterwards, the water level of back 
slope (height of seepage front) rises with the increase of leakage. When it pasts 300 hours 
after the start of rising of river water (270 hours of lapse of high water level) and the water 
level just below the back banquette reaches at 2.7m high, the crack occurs at back 
banquette, and the failure of slide occurs. The new knowledge derived from the test is 
presented as follows. 
(1) Process of Progression of Seepage Front 
When we regard the phenomena of progression of seepage front as 1-dimensional seepage 
flow of horizontal direction, the distance of seepage front (L) is expressed by the equation, 

 
Fig. 5  Progression of Seepage Front During Long-Term River Water Test 

L=(2kH/β)1/2t1/2 

where, L; distance of seepage front, k; coefficient of permeability of soil, H; water level of 
river, β; porosity of soil, t; time elapsed at high water level 

Namely, if k, H,β are constant, distance of seepage front (L) is proportional to square 
root of time elapsed at high water level (t). From which Fig.6 shows the relation of L and 
t1/2 derived by this test, we can understand that the relation of L and t1/2 are almost linear 
to satisfy the formula shown above. From this, we think that the formula shown above can 
predict the occurrence of leakage at the toe of back slope roughly. But, the progression of 
seepage front occurs at the period of rising of river water too, we need to attend that L is 
almost not zero in this period because that the seepage mode depends on the rising rate of 
river water and the permeability of soil etc. 

 
Fig. 6  Progression of Seepage Front 

624 



(2) Stability of Back Slope 
In this test, the failure of slide of back slope occurs at 300 hours past after the start of 
rising of river water (270 hours of lapse of high water level). Fig.7 shows cross section 
view of failure of slide by open cut after the test. From the figures of the deformation and 
the displacement of water level measurement pipes, it is possible that all of materials of 
slide soil become muddy because that the displacement of lower part is larger than that of 
surface part. Especially, the toe of slope becomes muddy remarkably. We hypothetically 
adapt the method of slices to slope stability analysis because that the shape of slide is 
almost circular, so we get the angle of internal friction (φ) as 35°if we assume that the 
factor of safety (Fs) is 1.0 and the cohesion (c) is zero. 

 
Fig. 7  Excavated Section of the Slide Slope  

 
(3) Comparison between Measured and Simulated Seepage Front 
Fig.8 shows the comparison between the mode of seepage front measured at test and that 
simulated by saturated-unsaturated 2-dimensional seepage flow analysis using the finite 
element method. The coefficient of permeability (k) of the dike is 5×10-4cm/sec, which is 
derived from soil tests. We evaluate that the simulated mode is correspond with the 
measured mode very much. 

 
Fig. 8  Comparison between Measured and Simulated Seepage Front 

 

3.2 Rainfall and River Water Test 
The progression of seepage front when rainfall and river water are given simultaneously is 
shown in fig.9. From Fig.9, we can see that the seepage front trends from waterside to 
back at 60 hours past after the start of rising of river water (30 hours of lapse of high 
water level). As shown in Fig.10, comparing that it requires 300 hours at long-term test 
mentioned above, the progress of seepage front is accelerated five times. We can conclude 
that dikes become un-stabilized rapidly if rainfall and river water are given simultaneously 
to dike. 
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Fig. 9  Progression of Seepage Front During Rainfall and River Water Test 

 
Fig. 10  Comparison between ‘Long-Term River Water Test’and ‘Rainfall and River Water Test’ 

 
3.3 Effect of Drain Set Test 
Two types of drain set as shown in Fig.11 were installed in the test dike to evaluate the 
effect of drain set as the countermeasure against seepage. The seepage test was executed 
to drain-installed dike by the external force of rainfall and river water. 

 
Fig. 11  Installed Drain Set 
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Fig.12 and Fig.13 show the seepage front in the dike installed two types of drain set. 
We can understand that two types of drain set exhibit the effect of drainage sufficiently 
because that it keeps the water level near the toe of slope in dike very low. 
 

 
Fig. 12  Seepage Front in the Dike with Simple-Type Drain Set 

 

 
Fig. 13  Seepage Front in the Dike with Composite-Type Drain Set  

 

Fig. 14  Effect of Drain Set 
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4. CONCLUSIONS 

Based on the major results from the field tests for full-size river dike temporarily 
constructed by soil, the following conclusions are drawn. 

1) Rainfall before or during flood stage has a large effect on the stability of a dike. 
Namely, a risk of occurrence of slide failure increases by the saturation of the toe of 
back slope, and the time it takes for a dike to reach a dangerous state at the toe of 
back slope is shortened by precedent rainfall. Our tests show that the progress of 
seepage front in the case of rainfall and river water is accelerated five times more 
than the case of river water only. We could evaluate an influence of rainfall to the 
stability of dike quantitatively. 

2) A failure of dike by seepage is not a simple circular slip, but occurs when the toe of 
back slope becomes muddy with saturation and shear strength remarkably decrease. 

3) As shown in Fig.14, a drain set keeps the water level near the toe of slope very low, 
and exhibits the large effect to stability of dike. A drain set can be regarded as most 
promising method for reinforcing dikes, because of its reliability, simplicity and cost. 

4) A saturated-unsaturated 2-dimensional seepage flow analysis has high accuracy and 
is practical sufficiently for the seepage flow in dike. 

 
ACKNOWLEDEGMENTS 

This study was supported by the Edo River Work Office, the Ministry of Land 
Infrastructure and Transport, Japan. 

628 



Flood Defence ’2002, Wu et al. (eds)© 2002 Science Press, New York Ltd., ISBN 1-880132-54-0 

Quality controlled geotechnical−geophysical monitoring of 
flood levee’s condition in Hungary 
 
Peter Salat, Laszlo Nagy 
Eotvos University Budapest, Dept. of Geophysics & National Water Authority of Hungary 

 629

Abstract: Problems: Construction and strengthening of flood levees in Hungary, having been 
continuously made during the past 150 years, followed, as much as possible, the original first track 
of the levee lines. It has turned out only recently that the original layout of the earthen structures 
crossed several areas of unfavourable subsoil condition. The main geotechnical hazards of the flood 
levees in Hungary have been examined and summarised. 

 

Purposes: For the monitoring of flood levees, methods had to be developed, which allow the 
appropriate (i.e. reliable and exact) determination of the condition of earthworks. The selected 
methods are the complex geotechnical and geophysical surveys with quality control (QC) and 
quality assurance (QA). These integrated methods explore larger blocks of soil and serve the 
purposes of improving the flood defence.  

Principles: The joint geotechnical and geophysical investigations carried out by means of 
different physical instruments along a line on the earth surface are similar to those of core analysis 
and well logging which are carried out along the borehole axis. Consequently the routine methods of 
quality controlled data acquisition and evaluation of well logs can be applied to the complex surface 
monitoring of the condition of the levees. 

Results: The quality controlled monitoring was tested on some well known test sites. Statistical 
classification and estimation methods were applied to determine soil classes, geotechnical 
parameters and geometrical characteristics of layers as well as their reliability and confidence 
intervals or covariances. The conclusions are in agreement with the real situations within the 
estimated confidence limits. The surveys of flood levees, following the above principles, provided a 
globally unique data base for evaluating the expectable behaviour of levees under flood pressure, 
and for identification of sites with safety levels less than acceptable.  

1. BACKGROUND  

There are 148 flood basins in Hungary. Their aggregate area is 21 200 km2, i.e. 23 % of 
the country's territory. The total length of main-line flood defence levees has reached 4000 
km. There are 630 communities, including 60 towns, in the protected flood plains, with 
2.3 million inhabitants, close to one-fourth of Hungary's population (Toth, 1993; Halcrow 
- Vituki Consult, 1999).  

The lesson learned from the floods in the last five years was that large numbers of 
people and considerable economic assets are still exposed to flood hazards in flood plain 
sections protected by levees of inadequate flood safety. 

The Hungarian flood control development program was launched in the 19th century 
and has continued to these days. The reducing trend of levee failures is attributable to the 
emergency response capability that supplement the levees and control measures in case of 
potential levee failure or overtopping (Halcrow - Vituki Consult, 1999). 



The main figures of analysis of the 200 year dike failure statistics for the Carpathian 
basin are summarized in a paper of this Proceedings (Nagy, 2002). 

In the recent years floods all over Hungary have drastically increased the importance of 
monitoring the geotechnical characteristics of flood levees beneath riverside 
embankments. The investigated targets of the presented research are the flood defence 
levees of Hungary.  

Prevention and mitigation of flood danger is mainly based on an accurate assessment of 
the flood defence lines. The efficient monitoring methods are needed for economic and 
safety reasons as well. Optimised technologies suitable for quality assured exploration of 
the defence lines are being developed.  

2. GEOTECHNICAL PROBLEMS OF FLOOD LEVEES IN HUNGARY 

2.1 Problems due to the construction and improvement of dikes   
Construction and strengthening of flood levees, having been continuously made during the 
past 150 years, followed, as much as possible, the original first track of the levee lines. 
Owing to the fact that soil-mechanical analyses and subsurface investigations have only 
been made in the last 35-40 year, it has turned out only recently that the original layout of 
the earthen structures crossed several areas of unfavourable subsoil condition  (Nagy, 
2000a, 2000b).  

Only a small part of the dike stability problems are of static origin in Hungary. The 
most frequent problems are basically related to the water-load, and water-subsoil 
interaction. The most important task will be at the future dike construction works:  

=> to pay greater attention to the subsoil of dikes (hydraulic failure, piping, peaty and 
organic soil layers, etc.);  

=> to investigate more accurately the soil characteristics and mechanic properties of 
clay soils in the dikes (especially at the non adequate compacted clays, at quick clays, at 
high plasticity clays, aging, etc.).  

2.2 Subsoil problems at the flood dikes   
Natural stratification of the foundation soil of the flood dikes in Hungary developed 
mainly during the Pleistocene. The covering layer consists of cohesive or slightly 
cohesive soils, underneath of which granular soil types can be found between 10-50 m, 
with a grain size more and more coarse depending on the depth. Transition between layers 
is rather continuous, thickness of layers is variable.  

The most characteristic features of the foundation soil of the flood levees that cause 
severe problems for the flood management are the following: 

=> Dead meanders. Before the river regulation and flood control works the rivers of 
the Carpathian Basin propagated their water on many branches, the riverbed was always 
chanched. Today´s flood control system is crossing these river beds and upfilled meanders. 
On these places the subsoil layers have a basicly larger permeability coefficient than the 
surrounding.  

=> Singular places where dike construction works or the historical flood dikes cross 
unfavourable places, where we can find:  

 - high compressibility, very inhomogeneous organic and peaty soils with a low shear 
resistance, it is impossible to make a well compacted earthwork above these soils;  

 - the erosion of quick clay, the special structure and behaviour or high Na and K ion 
containing clays;  

 - piping and piping caused failure, the piping appears most frequently at dead river 
bed crossings, where a three layered structure contains quick sand.  
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2.3 Problems with the embankments 
Earth works became mechanised only in the 1950´s in Hungary. Earlier the construction 
method was the so called "cart-and-wheelbarrow" technique. These ancient levees form, 
usually, the inner part of the existing levees, bordered from both sides by the new parts 
(forming a kind of "onion" type structure).  

With few exceptions the present dimension of the levees was reached in 4-5 
construction-expansion steps. Compacting of the earth layers was made in horizontal 
planes and the connection between the subsequently built layers is rather loose in several 
sites.  

The main geotechnical hazards of flood levees include the followings: 
=> The structural inhomogenity of dikes. The dikes are man-made objects. Under and 

after the construction the structure of the dikes become very inhomogeneous.  
=> The changes of microstructure of dikes, the clay particles changing, the dike aging. 

This process is caused by periodically getting frozen, dry and wet again, the atmospheric 
impacts, the chemical impacts of rain and river water and the attack of animals.  

=> Cracks in the dike, which is originated by the swelling and shrinking of clays. 
=> Defect in the dike body due to improper technology. Typical examples: less 

permeable soil built into the protected side of the dike, than into the other side or into the 
core; uncompacted, unsatisfactory foundation of the dike.  

=> The seepage and settlement problems at structures. The different movement and the 
different dilatation of soil and concrete cause cracks where the two materials are in 
contact. This cracks could grow, and become large holes resulting dike failure.  

3. METHODOLOGICAL PROBLEMS OF INVESTIGATIONS OF LEVEES 
3.1 Selecting the complex methods for investigating the condition of levees 
The condition indicators of flood defence lines can be investigated by various engineering 
and geophysical methods. The main scientific disciplines are as follows: geotechnics; 
geophysics; technical geology; hydrology; hydraulic engineering; statistics; etc. Our work 
presents an interdisciplinary approach integrating all these disciplines. 

The investigated parameters can be determined by two main types of methods:  
=> Direct measurement of the soil mechanical characteristics of the dike and subsoil, 

basically done by laboratorical investigation of undisturbed soil samples.  
=> Indirect non-destructive technological solutions, supplementing or substituting the 

above direct soil mechanical examinations. The two main subtypes of them are  
=> the multi-component geophysical penetration soundings and  
=> the traditional and modern surface engineering geophysical soundings and 

profilings. 
3.2 Quality requirements of flood defence monitoring  
The basic requirement in the monitoring of flood defence line is that the chosen methods 
must describe the condition of the levees cost-efficiently and objectively. Efficiency 
means fast and cheap methods, objectiveness calls for physically and mathematically 
founded criteria by which the necessary states and parameters of the levees can be 
determined in a quality controlled way. "Quality control" emphasised in the title indicates 
the novelty of our work. Our technology development is based on quality control (QC) in 
every step from its roots to the final conclusions. The next ISO standards have to be taken 
into consideration: 

=> The International Standard ISO 5725-1; -5725-2; -5725-3; -5725-4; -5725-5; and 
5725-6:1994. "Accuracy (trueness and precision) of measurement method and results".  

=> The European EN ISO/IEC 17025:1999 "General requirements for the competence 
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of testing and calibration laboratories".  
There are two possible ways to enforce the above mentioned QC requirements: 
=> The traditional post investigation direct subsoil test control some of the results. 
=> The mathematical statistical approach to the assessment of the levees condition. 

4. PURPOSES OF THE PRESENTED RESEARCH AND DEVELOPMENT 

4.1 The geotechnical goal 
For the monitoring of flood levees, methods had to be developed to allow the appropriate 
(i.e. reliable and exact) determination of the condition of earthworks. The selected 
methods are the complex geotechnical and geophysical surveys with quality control (QC) 
and possible quality assurance (QA). These integrated methods explore larger blocks of 
soil and serve the following purposes:  

=> investigation of the subsoil of long and relatively low levees;  
=> continuous survey of the soil cross section beyond the levees;  
=> non destructive survey of the longitudinal profile and cross-section of flood levees;  
=> investigation of the subsoil of coarser particle size, below the usually more compact 

upper layer of the ground-surface.  
While the investigation of the subsoil of flood levees is a relatively easy task to do, as 

the various layers, formed in geological times, are of nearly horizontal stratification, the 
survey of the man-made earthwork's structure is a more difficult and more complex task. 
This is due to the varying characteristics of the materials used for the construction, to the 
effects of the weather and the vegetation, to the inadequate compactness of the soil 
(especially at sites where the construction was made by the ancient "wheelbarrow" 
technique), to animal burrows, to the failure to remove the loose upper layer at the time of 
expanding the levee, and also to the inserting-installing of new structures, such as drains 
and cutoff-walls. These factors make the levees very heterogeneous and the measurements 
difficult to carry out.  

4.2 The methodological aim  
The goal of the presented methodological research was to solve some important soil 
testing problems concerning sedimentary embankment basements. The main aim was to 
integrate some traditional soil testing measurements and several geophysical profiling 
complexes for the quality controlled recognition of some frequent soil-classes (clay, silt, 
sand, gravel, etc.) and for the quality controlled estimation of some important 
geotechnical parameters (porosity, permeability, consistency, clay content, silica content 
as well as geometry of the layers, etc.) of alluvial environment under the surface, 10-30 m 
depth along the riverside earth dams. 

The usual tools of geophysical exploration are various modelling of the real objects and 
procedures. The first main steps of the modelling is to build up some medium models of 
the assessed environment, or the modelization of the target, i.e. 

=> defining classes of states of the studied object for recognition and 
=> parametrization of the studied object for estimation. 
These modelization procedures select the purpose of the geophysical investigation or 

determine the most important unknowns x of the searched target. 

5. PRINCIPLES OF THE INTEGRATED MONITORING TECHNOLOGY 

5.1 The idea of the joint geotechnical and geophysical investigations 
The profiling complex of geotechnical and geophysical measurements of different 
physical types carried out along a line on the earth surface is similar to that of core 
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analysis and well logging which are carried out along the borehole axis. Consequently the 
routine methods of quality controlled data acquisition and evaluation of well logs can be 
applied to the surface profiling. The combinations of data sets collected by various near 
surface geotechnical and geophysical tools can be inverted jointly in the same way as well 
logs and the errors of the results can be estimated just as in the statistical log evaluation.  

According to the well logging theory and practical experience (Zverev, 1974, 1979; 
Mayer - Sibbit, 1980; Rodriguez et al., 1989; Cserepes et al., 1994) combined horizontal 
profiling techniques can be developed for quality controlled estimation of some principal 
geotechnical characteristics of the searched flood levees.  

The measured surface profile data, though they are very different in their physical 
nature, are taken in the same hydrogeologic and petrophysical ambience defence lines, 
therefore they allow the application of some unique complex environmental models to 
which they are linked by different physical laws. 

5.2 The inverse problem theory of the integrated monitoring technology 
The presented work is based on the geophysical inverse problem theory (Holzman, 1971, 
1982; Zverev, 1974, 1979; Menke, 1984, 1989; Tarantola, 1987; Sen and Stoffa, 1995). 
The important requirement to be met by the whole geotechnical-geophysical monitoring 
procedure is to provide maximal efficiency of the conclusions.  

The inversion of data y can generally be executed by constructing a criterion function 
(or object-, misfit-, incoherence-function) λ(x,y) which has to be maximised or minimised 
to get an estimated value x for the unknown x. Such inversions are the maximum 
a´posteriori (MAP), the maximum likelihood (MLH) and the weighted least-squares 
(WLS) estimations. The most commonly used criterion functions are:  

=> prd(x|y) the a´posterior probability density function of the model unknowns x and 
the field data y; 

=> prd(y|x) => the likelihood function of x and y;  
=> WSSE => the weighted sum of the squared errors (discrepancies) of the measured 

data y and the theoretical tool responses f(x) :  
The main components of the criterion functions are the data set y and the solution of 

the direct problem f(x) for the unknowns x, as well as the statistical characteristics 
(variance-covariance) of the errors of the observation and of the errors of modelization.  

In the case of Gaussian errors, the observational errors and the modelization errors 
simply combine by addition of the respective covariance operators. These two errors 
together influence the uncertainty of the final result x . The variance-covariance matrix of 
the estimated x parameters is the inverse of Fisher's information matrix of x. 

The indispensable evaluation of the observational and modelization errors is a 
precondition of drawing desired proper conclusions of known efficiency (reliability and/or 
accuracy of the final results) by the design, and execution and evaluation of combined 
geotechnical-geophysical profiles for geotechnical purposes. 

The choice of the ideal model states and parameters to be used to describe the target 
should correspond well with the complicated real object and should meet the requirements 
of the sufficient efficiency of the final conclusions. 

5.3 The principle of the dual informational model  
For the quality control of the recommended combined surface measurements and the joint 
inversion, two complementary models have to be built up, namely 

=> the model of the actual data acquisition and inversion shown above; 
=> and the error analysis model by experimental testing and learning. 
The dual informational model (Zverev, 1974, 1979) represents the whole cycle of the 

suggested measurements and evaluation processes. 
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The unknowns of the actual geotechnical and geophysical field measurements and 
evaluation are the model states and parameters, and their error characteristics (see 
above). The unknowns of the error analysis of the input and output errors are different 
from the actual processing. Experimental testing should determine the statistical 
characteristics (variance-covariance matrix) of the data - target model relations by means 
of varying the elements and operations of the error analysis processes. 

6. METHODOLOGY OF THE COMPLEX MONITORING  

6.1 Complex investigation  
On the basis of the inversion theory summarised above and of the well logging experience 
(Rodriguez et al. 1989, and Cserepes et al.) integrated horizontal profiling techniques 
have been developed in principle for quality controlled estimation of the targeted 
geotechnical characteristics of the alluvial environment (Salat et al. 1999).  

The suggested individual and partially tested profiling components are: the classic 
geotechnical tests (Kezdi, 1974, 1980, Rethati, 1988) and the engineering geophysical 
methods (Ward, 1990, Sharma, 1997) as follows: Penetration Soundings; DC Electrical 
Resistivity Profiling, Sounding and Multioffset Profiling; AC Inductive and Capacitive 
Profiling; EM Profiling as well as Geometrical, Frequency and Transient Soundings; and 
High Frequency Shallow Seismic Refraction and Reflection; Ground Penetrating Radar.  

6.2 Test site experiments  
The profiling complexes have been experimentally worked out on some known geological 
and geotechnical test sites of alluvial environment along the Tisza river embankment, near 
the villages of Tiszacsege and Tiszadorogma and on other test sites, where hundreds of 
shallow drilling and penetration sounding had been done.  

A dozen of profiling of different physical types with varying acquisition configurations 
have been registered over that precisely known environment. A few self-evident 
modelizations have been tried to define the known states and parameters xm. Sub-optimal 
statistical inversions were carried out. The actual real parameters xm directly known from 
drillings and penetration logs were numerically compared to the actual conclusions xm. 
Their empirical differences Δ(xm,xm) have been statistically analysed.   

6.3 Qualification of the data-model relations  
The variance-covariance of the analysed empirical conclusion errors depend on the data 
acquisition and on the modelization. They together determine the quantitative weight of 
the lk-th configuration of the k-th individual geotechnical or geophysical profile in a 
measuring complex for a selected purpose. Correlation analyses have been done to 
explore the relations between the known output errors and the estimated input errors. 
Self-controlling procedures have been developed for the determination of the profiling 
quality.  

7. RESULTS  

7.1 Experiment design tools 
On the basis of the knowledge of the input errors synthetic simulations have been used to 
select a few advantageous combinations of different geotechnical-geophysical profiles 
which ensure the prescribed efficiency of geotechnical conclusions for environment 
similar to the test sites. The simulations have selected several profiling complexes which 
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are capable for quality assured monitoring of some important geotechnical characteristics 
of the near-surface alluvial layers along lines parallel to riverside earth dams.  

7.2 Integrated monitoring technology  
The next figure shows some results of the integrated geotechnical and electrical resistivity 
soundings carried out over a dead river arm of Tisza nearby Kunmadaras.  
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The estimated parameters are the specific resistivity (ρin ohm⋅m-s) and the thickness 
(d in m-s) of the subsurface layers at the K1-K7 shallow drillings. 

8. CONCLUSIONS  
The integrated geotechnical-geophysical QC/QA technology of levee monitoring is 
expected to improve the safety and the efficiency of flood defence significantly. 
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Abstract: The construction of flood control dykes in the Upper Yangtze River is related to 
interdisciplinary areas, such as river dynamics, hydrology, fluvial processes, soil mechanics, and 
geology etc.  Following a brief review of flood disaster history of Upper Yangtze, especially in 
Sichuan Province, the status in quo and problems of flood control are analyzed.  Based on field 
data of flood disasters, a numerical model is developed to simulate sediment transport, fluvial 
processes, scour depths of a dyke, elevations of water surfaces and embankment tops, in order to 
design flood control dykes of selected major river reaches in the Upper Yangtze River in Sichuan 
Province.  According to the planning, design, and practical experiences of river training, ten 
principles of flood control are summarized.  

 

 
Keywords: flood control, hydraulics, dyke construction, upper Yangtze River  

 
1. INTRODUCTION 

Water in rivers provides for life, but floods in river also become the most frequent and 
damaging in all types of natural disasters. Between 1991 and 1995 alone, floods caused 
more than US$ 200 billion in losses, almost half of total economic damage caused by all 
disasters during the same time period. Each year floods are responsible for 26% of deaths 
due to natural disasters, and in 1996 alone about 60 million people were affected by floods 
(Miller, 1997).  

Thomas (1995) listed the principle strategies for reducing loss of life and property from 
floods are (1) modification of the flood to reduce its velocity and depth or to change its 
location, for example, by using a dyke or upstream flood control dam; (2) modification of 
the susceptibility to loss in the presence of a flood, for example, by preventing certain 
uses of the flood plain, by raising structures above flood level or by evacuating population 
in times of flood; and (3) modification of the consequences of unavoidable losses, for 
example, by flood insurance or disaster relief assistance. Miller (1997) also pointed that 
reducing the flood concentrates largely on so-called structural measures including the 
construction of dykes, flood banks or levees to divert the flood waters; dams and 
reservoirs to retain flood waters upstream; and channel improvements to evacuate flood 
waters more rapidly. Structural measures have proved very effective in saving life and 
property, but they are often expensive, both to build and maintain, and nowadays meet 
environmental objections.  

Among those flood control structures dykes are the most popular and traditional way of 
dealing with floods and historically were the first used in Upper Yangtze River. Ten 
principles of flood control in Sichuan Province are proposed in this paper. 



2. FLOODS AND DYKES OF UPPER YANGTZE RIVER 

Upper Yangtze River with a length of 4504 km is between the source of Yangtze and 
Yichang City as shown in Fig. 1, where TGP means Three Gorge Project, and Chengdu is 
the capital of Sichuan Province. The reach between Chongqing City and Yibing City is 
called Chuan River (control hydrological station at Cuntan). Main tributaries influx into 
Upper Yangtze are Jinsha River and Min River injunction at Yibing City, Tuo River at 
Luzou City, Jialing River at Chongqin City, Wu River at Fuling City. The area of Upper 
Yangtze Watershed is about 1million km2, which is 55% of total watershed area of 
Yangtze. Flood types in Upper Yangtze are main channel storm flood, mountain flood in 
tributaries, flood with slides, and flood with debris flow. The historical floods in main 
channel and tributaries of Upper Yangtze are listed as Table 1. Flood control dykes of 
Upper Yangtze, with a total length of 3100 km, are mainly located in Sichuan Province. 
The first dyke in tributaries of Upper Yangtze, with a length of 50 km was finished at 
Chengdu in 743 AD (Tang Dynasty). The earliest dyke in main Upper Yangtze channel 
was constructed in 835 AD at Fuling City. By the end of 20th century, 870 km pebble 
dykes have constructed in main channel and tributaries. Those dykes are designed as 5-10 
year floods with 3-5 m heights, 2-4 m top widths, and 1:1.5-1:2 slopes (Hong, 1998). 
 

 
Fig. 1  Upper Yangtze River 

 
Dykes are designed to contain some design flood, usually set as the flood with a given 

return period, say, the 10-year flood. In Sichuan Province, 2647 km dykes have 
constructed. Most dykes in Sichuan can control 5-10 year flood, and a few dykes near 
large cities can control 20 year flood. Those dykes are protecting 450 cities or towns, 0.38 
million ha farmland, and 637 million population. Main problems of flood control in 
Sichuan is that the flood control standard of dykes is very low, and lack of large reservoirs 
to retain flood water upstream. After 1998 flood, the flood control standards have 
increased to 50-year flood by reconstructing dyke system in some of main cities of 
Sichuan Province. 
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Table 1  Historical Floods of Upper Yangtze River 

River Hydrological station Year Water level (m) Peak discharge (m3/s) 

Jinsha Pinshan 
1924 
1860 
1892 

307.30 
306.47 
306.30 

36900 
35300 
35000 

Min Gaoyang 
1917 
1931 
1936 

294.85 
291.97 
290.30 

51000 
40800 
35400 

Tuo Lijiawan 
1898 
1936 
1948 

275.35 
274.00 
273.67 

18600 
16700 
16200 

Jialing Beipei 
1870 
1903 
1921 

214.00 
212.10 
207.80 

57300 
53500 
45100 

Chuan Cuntan 
1870 
1788 
1905 

195.15 
193.35 
191.90 

100000 
90200 
83100 

Wu Wulong 
1830 
1878 
1909 

214.45 
212.38 
211.14 

31000 
 
27400 

Yangtze Yichang 
1870 
1227 
1560 

59.50 
58.47 
58.45 

105000 
96300 
93600 

 
3. CRS-1 NUMERICAL RIVER MODEL 

CRS-1 River Numerical Model is employed in this study to simulate flow and sediment 
transport in dyke projects, which is developed by Sichuan University for water and 
sediment routing of rivers in nature or on the effects of human activities. The hydraulics 
of flow, full sediment transport including bed load and suspended load, and the associated 
river processes are simulated for a given flow period. In order to simulate the pebble bed 
load transport in South-Western China the model is capable to simulate the change 
processes of the armor coat layer on the surface of river bed. Engineering applications of 
the model includes clean water sour of the downstream of a dam; sediment deposit and 
capacity recover of a reservoir, designs for bank protection of flood control dykes. The 
model is composed by three major components: water routing, sediment transport 
calculation, and changes in river bed profile. The governing equations include: water 
continuity and momentum equations, sediment continuity and transport equations, 
suspended load diffusion equation, sediment sorting and armor coat equations, distribution 
equations of river bed sour and fill, et al (Liu & Cao, 1998). 

The main specialty of the model is the routing simulation function of wide size 
distribution sediment with large particles. Therefore two bed load equations developed by 
river data in South-Western China are used. One is the non-uniform bed load formula 
proposed by Sichuan University, and another is developed by China Institute of Water 
Resources and Hydropower Research (IWHR) and Chengdu Hydroelectric Investigation 
& Design Institute (CHIDI), which is based on 162 set data of nine rivers in 
South-Western China as  









<

≥
−

=Φ
)(0

)()()()()( 4321
0

oi

oi
bb

oi

oibb

oi

uu

uu
di
H

u
uu

dc
di

u
ub

             (1) 

where Φ is the Einstein bed load function; u and  is the cross section average 
velocity and incipient velocity of sediment respectively, and 

uoi

b0=1.5863×10-5,b1=11.2051,b2=3.6179,b3=0.4702,b4=-0.4282.          (2)  
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for suspended load capacity, the formula developed by Wuhan University is adopted, 
which is proved suitable for rivers in China. The bed material calculation is based on the 
thick of bed surface layer defined by Liu and Cao (1998). The particle sizes of new active 
layers calculated by sorting equation and new filled layer equation are used as the bed 
material sizes in sour and deposit respectively. The sediment at each section is usually 
divided into fifteen size fractions to cover all size of bed load and suspended load, and can 
be divided as much as one hundred fractions depending on the range of sediment size and 
the requirement of engineering problem. The threshold size between bed load and 
suspended load is determined by Rouse suspended number, Zc. The threshold Rouse 
number equals to 4.166 based on the turbulent bursting theory. Therefore, a particle is bed 
load when Zc is larger than 4.166, and it is suspended load as Zc is less than 4.166. To treat 
the non-equilibrium suspended load transport, Han’s approach is adopted. In this approach, 
the non-equilibrium coefficient, α, usually need to be calibrated. For general purposes, it 
can be used as: α= 0.25 for fill only, α= 0.5 for fill and scour alternatively, andα= 1.0 
for scour only (Liu and Cao, 1998).  

To evaluate the reliability of CRS-1 model, a rigorous test was conducted by CHIDI. 
No data can be used to calibrate the model, and only input data were given. One test is 
reservoir sediment filled processes. Besides common flow and sediment parameters were 
calculated, the key results to be tested are the downstream sediment yield and size 
distribution out of Gongzhui Reservoir in 1986-1990. Another test is four groups of flume 
bed load transport experiments conducted by CHIDI. The maximum particle size is 50 
mm, and geometry mean is 16.5 mm. The model is also tested and applied to projects in 
Upper Yangtze River, Jinsha River, Fu River, Min River. Those results show that CRS-1 
model is reliable for rivers carrying non-uniform sediment with wide size range in 
mountain areas (Liu and Cao, 1998).  
 
4. MODELING RESULTS OF SAMPLE DYKE PROJECTS 

More than ten flood control dyke projects in Sichuan Province are simulated by CRS-1 
model. Dyke project of Min River in Meishan City, Sichuan, is selected as a sample 
project. Twenty cross sections in 20 km river are used as input boundary condition. The 
main simulated results include: water levels, flow velocities, and scour depth of dyke toes 
in 50-year design flood.  

4.1 Input Data and Verification of the Model 
The verification input data include 7 year-series food discharges (1980~1986), particle 
size distribution of bed, geometry of 20 cross sections in 1980. The peak flood discharges 
of three hydrological stations are listed as Table 2, and the particle size distributions of 
bed at upstream (Pengshan) and downstream (Jiajiang) sections are given in Table 3. 

 
Table 2  Peak Flood Discharges at 3 Control Sections (m3/s) 

Frequency 1% 2% 5% 10% 20% 
Pengshan 15200 13800 12000 10600 9020 
Meishan 15300 13900 12100 10700 9070 

 St
at

io
n 

Jiajiang 18700 17100 15000 13400 11500 
 

Table 3  Particle Size Distributions of Bed at Upstream and Downstream Section (mm) 

Particle size (mm) 0.10 1.0 10.0 60.0 200.0 
Station Smaller than a size (%) 
Pengshan 3.91 14.2 23.0 74.9 100 
Jiajiang 2.90 30.1 34.7 72.4 100 
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CRS-1 model was verified by flood peak discharge, Q=11700) and corresponding 
water surface elevations. Manning’ n at each section vary between 0.028 and 0.043. The 
errors between verified water surface elevations observed data are in a range of –0.15 m to 
0.15 m. The calculate results are meeting the accuracy requirement of the project. The 
river bed change was also verified by the model using 7 year-series hydrological data 
(1980-1986), and the calculated cross sections in 1986 are agree well with the observed 
data. 

4.2 Calculated results of Meishan dyke project 
Finally CRS-1 model was employed to calculate the Meishan flood control dyke project. 
The increase of water surface elevations will be less than 0.3 m after dyke construction. 
The calculated results of elevations, velocities , and scour depths at dyke toe in both left 
bank and right bank are given in Table 4 (Hui, 2000). Most of scour deaths at dyke toes 
are less than 3 m, and the average scour depth is 2.24 m in left bank, and is 2.26 m along 
right bank. Only a few sections will be scoured as deep as a 3.9 m, where a concrete 
protect must be applied. 

 
Table 4  Calculated Results of Meishan Dyke Project 

Section 
No. 

Distance From start 
section (km) 

Water surface 
elevation (m) 

Velocity 
(m/s) 

Sour depth on 
left bank (m) 

Sour depth on 
right bank (m) 

1 19 410.30 2.59 0.523 1.015 
2 18 411.10 3.409 1.228 3.277 
3 17 412.29 3.311 1.140 1.460 
4 16 413.15 3.475 1.297 1.473 
5 15 413.90 3.375 2.030 1.198 
6 14 414.59 3.457 2.677 1.277 
7 13 415.17 4.086 3.923 1.966 
8 12 415.73 4.119 2.742 2.001 
9 11 416.44 3.156 1.135 0.99 
10 10 417.02 2.883 0.754 1.361 
11 9 417.55 4.463 3.894 3.894 
12 8 418.25 3.882 3.953 1.735 
13 7 419.02 4.008 3.044 3.519 
14 6 419.81 3.901 1.757 3.998 
15 5 420.56 4.016 2.825 3.774 
16 4 421.51 4.324 3.077 3.625 
17 3 422.58 4.560 2.871 2.567 
18 2 423.32 4.574 2.581 2.886 
19 1 424.33 4.297 2.489 2.221 
20 0 425.41 2.935 0.796 0.921 

Average    2.237 2.258 
 

5. PRINCIPLEES OF DYKE CONSTRUCTION IN SICHUAN PROVINCE 

Based on engineering experiences of Sichuan for recent years, ten principles of dyke 
construction in Sichuan Province are proposed as: (1) Dyke lines must be harmonized 
with local river geomorphology; (2) With enough channel widths and stable channel cross 
sections; (3) Dykes can be built on the terraces of bars or convex banks of meandering 
channels; (4) Riprap protection may be enough on the foot of convex bank of meandering 
channels if the elevation of natural banks higher than design floods; (5) The relationship 
between main channel and tributary ditches should be paid attention; (6) Numerical or 
physical modeling is necessary for the stability of main channel when some of tributary 
ditches are designed to be blocked out for the purpose of main channel stable; (7) Flood 
control approaches adopted in bars or eyotes are depended on the number of residents; (8) 
Dredging is necessary for some narrow river reaches when important objects must to be 

641 



protected on their upstream; and (10) Investment and benefit, and the local benefit and 
integrated benefit should be optimized.  
 
6. CONCLUDING REMARKS 

According to the field data of flood disasters, a numerical model is developed and verified 
to simulate sediment transport, fluvial processes, scour depths of a dyke, elevations of 
water surfaces and embankment tops, in order to design flood control dykes of selected 
major river reaches in the Upper Yangtze River in Sichuan Province. The main research 
results show that the sour depths on the toes of a flood control dyke must be paid attention. 
Based on the planning, design, and practice experiences of river training, ten principles of 
dyke construction are summarized. 
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Abstract: In the nineties, the stability of the Dutch river dykes along the Rhine could not be 
guaranteed. Hence many people were evacuated. None of the dykes failed and the damage was 
mainly restricted to the evacuations costs. Several recommendations were made to anticipate the 
treats of the near by future. Within this framework a prototype experiment on a real dyke was 
carried out. The paper describes this test in relation to all possible measures having a safe hinterland 
for both the short and the long term. 

 

Keywords: geotechnics, dykes, field test  

1. INTRODUCTION 

Since the early middle age dykes were build in the Netherlands to protect the hinterland 
from flooding. The design of dykes was based on experience and on the principle of trial 
and error. Dykes were reinforced or heightened as a consequence of an observed loss of 
stability or higher storm surge levels. In the last 50 years, the knowledge of the extreme 
hydraulic conditions (loading) and of the different mechanisms, which lead to failures of 
dykes has been increased considerably. Nevertheless it is still complicated to determine 
exactly the strength of the dykes.  

In 1993 and 1995, the Netherlands were startled by extremely high water levels in the 
rivers. Inhabitants of and companies located in the Meuse valley experienced a lot of 
problems and substantial damage as a result. The dykes along the Rhine withstood the 
high floods, whereas in several locations they could have failed according to theoretical 
predictions. Among other things, based on the advice of geotechnical specialists, over 
200,000 people were evacuated as a precautionary measure. However, during the high 
water period of 1995 hardly any of the dykes in the Netherlands deformed seriously.  

Hence, a discussion on the real strength of dykes was started, which led to a number of 
recommendations (Rijkswaterstaat, 2000). Special attention has been paid to the strength 
parameters of dykes in the safety approach, and also to phenomena related to the loading 
side. For example, the climate is expected to undergo dramatic changes in the coming 
decades, resulting in a further rise of the sea level. The sea level has risen 20 centimetres 
in the past century and is expected to rise further by an average of 60 centimetres in this 
century. At the same time, the Netherlands subside. In the low-lying parts of the 
Netherlands, subsidence of the soil until 2050 will range between 2 and 60 centimetres. 
Furthermore, the fluctuations in river discharge will increase by approximately 40% 
within the next 50 years. Moreover the increasing chance of heavy storms and the 
increasing precipitation volumes in winter must be taken into account (Fig 1).  



 
Fig. 1  (1) rising sea level; (2) higher peak discharges; (3) subsiding of sub soil; (4) increasing precipitation. 

More frequent and higher peaks in river discharges combined with reduced drainage 
capacity towards sea as a result of a rising sea level are the expected results of climate 
change. The risk of water overflowing dunes and dykes will increase. The greatest source 
of concern is flooding or breaches of water-retaining structures along the coast, along the 
Rhine and Meuse rivers or in the IJssel Lake region. Should this occur, it would result in 
substantial economic loss, as well as place many human lives at risk. Recent flooding in 
river valleys in the United Kingdom, Italy and Spain offer a glimpse of the seriousness of 
this problem. The conditions in a country like the Netherlands will more frequently result 
in enormous problems unless a structural different approach is implemented to counteract 
them. 

In this paper the Dutch approaches to these issues are described, aimed at both a 
reduction of the (hydraulic) load and an increase of the (known) strength of dykes.  As a 
part of the latter, a large-scale field test has been performed on an old dyke, which has 
increased the knowledge on the strength of dykes. 

2. APPROACHES TO FLOODING PROBLEMS IN THE NETHERLANDS 

More than half of the total area of the Netherlands is threatened by flooding, either from 
the sea or from rivers. Significant parts of the country lie below sea level, especially the 
industrialized and most urbanized parts. These low-lying areas, called polders, are 
protected by dykes and dunes. Unfortunately, flooding of these areas can never be 
prevented completely. With the developments as sketched, the probability of inundation 
will increase if no additional measures are carried out. Therefore the Dutch government 
wants to implement measures in the short term that will provide sufficient protection 
against flooding in the long term. These measures can only be implemented if there is 
sufficient social and financial support. So far, ideas are (Fig 2): 

- Excess water has to be drained more rapidly; 
- During times of excessive rainfall and high levels of river discharge (partly from 

melting snow and ice), water has to be stored in water management systems; 
- In extraordinary situations, water can be stored temporarily in so-called retention 

areas. 
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Fig. 2  Three-step strategy to avoid passing on of water related problems 

The first option is not always the best solution. Generally, the problem is simply 
displaced to downstream regions. Therefore the Dutch Ministry of Transport, Public 
Works and Water Management tries to work out the following strategy of retaining, 
storing and draining excess water in cooperation with water boards upstream in Germany, 
Belgium, France and Switzerland. In the areas upstream, the precipitation should be held 
as long as possible, for example by re-meandering of streams in the high parts of the 
Netherlands and of the other countries. When retaining of water is no longer possible, the 
water has to be stored in dedicated storage areas. Excess water is drained only when these 
options have been used to their full potential. The water system in both the high and the 
low parts of the Netherlands is being modified to create more area for water. This 
approach also improves water management during dry periods. 

The water-retaining capacity of the Rhine and Meuse basins has decreased over the last 
decades due to surface hardening, reduction in the size of flood plains and the cutting of 
bends in the rivers. In the Netherlands projects aimed at the area allocated to rivers and 
the actual strength of dykes receive particular attention. 

3. AREA ALLOCATED TO RIVERS 

The area allocated to water storage in water management systems is scarce. More area is 
required to be able to maintain safety and to counterbalance the influence from rising sea 
levels, land subsidence and climate changes. In river basins more area can be created by 
(Fig 3): 

- Inland relocation of winter dykes 
- Lowering the floodplains and deepening river gullies 
- Removing obstacles in the flood plains 
- Creating retention areas 
The aforementioned solutions must be well-balanced in an integrated approach. To 

achieve this, social cost-benefit analyses have to be carried out in which both 
technological and spatial planning measures are considered. Both living and working in 
the vicinity of water is attractive. The price of land is strongly influenced by the 
possibilities of living and working near water and the demands for safety, now and in the 
future.  

Studies aimed at maintaining safety and reducing future water related problems have 
been carried out for some polders along the Rhine and Meuse rivers. The water storage 
areas are selected in such a way that they do not have any unfavourable effect on urban 
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development. The analysis included all relevant costs and benefits, including aspects, 
which are difficult to quantify in financial terms, such as the consequences for the spatial 
quality, the potential victims, etcetera. A crucial point is that these measures must also be 
effective in the long term and fit within an international context. At present the main 
conclusion of these studies is that the analysed projects are potentially promising in terms 
of social costs and benefits: the expected social benefits of spatial solutions surpass social 
costs. However, the scope of the conclusions is limited by deficiencies in the data 
available. More final conclusions require additional studies. 
 

 
Fig. 3  Different approach to water management 

At present, the Dutch Ministry of Transport, Public Works and Water Management 
determines the likelihood of flooding and the weak zones in each of the 56 low-lying 
areas in the Netherlands independently protected by dykes and/or dunes. In addition, the 
consequences of a flood are mapped to provide a better insight into the costs and benefits 
of investments in safety. Further, a flood information system will be introduced to provide 
water management officials with unambiguous information in times of pending disaster.  

International cooperation in controlling water has gained momentum. As part of the 
EU-supported IRMA programme, projects are being carried out throughout the Rhine and 
the Meuse basins. In Germany dykes will probably be moved backwards to create more 
area for the Rhine river. Moving dykes backward will not only lower the high water levels 
upstream, but also lower the water level at the German-Dutch border by about 10 cm. The 
latter is of extreme importance to the safety of people living in the Netherlands. 

4. ACTUAL STRENGTH OF DYKES 

During the high water of 1995, the stability of the river dykes along the Rhine could not 
be guaranteed. As a consequence many people were evacuated. None of the dykes failed 
and the damage was mainly restricted to the evacuations costs. The decision to evacuate 
was based on predictions using mathematical models like Bishop’s model for slope 
stability. However, the heterogeneity of the soil and the discrete nature of the in-situ soil 
investigations result in a fairly large uncertainty in these calculations. Safety margins are 
applied to compensate for this uncertainty. As a result, the ‘actual strength’ of a dyke is 
usually larger than the calculated ‘model strength’. This tends to be true in particular for 
old dykes.  

Desk studies, laboratory tests and a prototype experiment have been initiated to 
determine the actual (or real) strength of dykes. The importance of a better insight in the 
actual strength of dykes is threefold: 
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- During high water the decision to evacuate can be delayed and less evacuations 
may occur in the future. In addition, these evacuations may be less extensive; 

- Insufficient knowledge of the actual strength of dykes may lead to unnecessary and  
expensive reinforcements of a dyke. In the Netherlands it is enforced by law that all 
dykes are checked every five years to guarantee the safety of the hinterlind and 
unsafe dykes must be reinforced;  

- Due to climate changes, a reduction of the difference between the model strength 
and the actual strength could be a welcome reserve for the nearby future. 

5. FIELD TEST AT BERGAMBACHT 

Normally, due to the large risks involved, it is difficult to perform failure tests on real 
dykes. Recently however, a unique possibility arose at a location near Bergambacht along 
the Lek river, at about 30 kilometres east of Rotterdam. As a part of the program to 
increase the area allocated to rivers, the river bed was widened locally. As a result, a dyke 
section had become redundant and therefore available for a large-scale field test. The test 
embankment, with a new embankment already built behind it, is shown in Fig 4.  
 

 
Fig. 4  Test site near Bergambacht. 

The situation at Bergambacht is quite characteristic for many river dykes in the western 
part of the Netherlands: the dyke has been built on top of a soft soil layer with a thickness 
of about 13 metres, consisting of several Holocene clay and peat layers. Underneath a 
thick Pleistocene sand layer is found. The oldest part of the dyke has supposedly been 
built about 800 years ago.   

Like many other dykes in this area, this dyke is prone to uplift induced failure. The 
uplift phenomenon, with the resulting slope failure, is indicated in Fig 5. The uplift 
mechanism can be relevant for any dyke built on soft deposits with a relatively rigid, 
permeable sand layer underneath. A high water level in the river or estuary in front of the 
dyke may generate high pore pressures in the sand layer under and behind the dyke. As a 
consequence, the shear stresses at the interface between the sand layer and the soft 
deposits are reduced, eventually to zero in case of actual uplift of the soft deposits, and 
failure along a relatively deep sliding plane may occur. A more extensive description of 
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the uplift phenomenon and a suitable calculation model for this failure mechanism can be 
found in Van (2001).  
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Fig. 5  Uplift induced dyke failure. 

After a preparation period of more than a year, in March 2001 it was decided to focus 
the field test on the uplift phenomenon. An important reason for this was that at present 
this phenomenon is quite significant for the design of dyke reinforcements and for the 
assessment of the safety level of existing dykes. At the test location, removing the upper 
1.8 m of the Holocene clay and peat layers facilitated the occurrence of the uplift 
phenomenon. During the final prototype test in November 2001, a high water head in the 
sand layer was produced by infiltrating water into this layer through six to eight pumps 
located on top of the dyke. The head in this sand layer was further influenced by the water 
level on the river, which is under significant tidal influence. 

Before the test, an extensive soil investigation programme has been carried out. In 
order to know the ‘model strength’ on beforehand, several predictions have been made 
using analytical and finite element models. These predictions indicated a bandwidth of 
about 30%. 

During the test, which lasted for about three days, the water pressures and the 
deformations were monitored extensively. The monitoring of the horizontal and vertical 
deformations was carried out both on the surface and inside the body of the dyke. The test 
was very successful in that sense that a huge shear failure took place in the dyke along a 
width of about 100m. Displacements in and below the dyke were observed up to about 1.5 
metres, while the uplift of the soft soil behind the dyke amounted almost 1metre. Some 
key parameters of the test are shown in Fig 6. The dyke collapsed rather suddenly, after a 
long period with a slow deformation rate. Fig 7 gives an impression of the dyke after 
failure. The uplift of the polder directly behind the collapsed dyke is clearly visible. 
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Fig. 6  Key parameters of the Bergambacht deformation test in course of time. 

 
Fig. 7  Deformed embankment and hinterland after uplift. 

6. CONCLUSIONS 

In the Netherlands, several approaches to potential flooding problems are worked out to 
be well-prepared for the future. One of these approaches, the ‘Area allocated for rivers’ 
project, gave the opportunity to perform a large-scale field test contributing to the ‘Actual 
strength of dykes’ project. The field test led to the following conclusions (see also 
Lindenberg et al. (2002) for more details): 
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- The uplift phenomenon may lead to a sudden, i.e. brittle collapse of a dyke; 
- The actual strength of the dyke appeared to be 15 to 25 percent less than the 

predicted mean model strength. With respect to the design calculations for this dyke, 
a mean safety factor of 1.5 was found. However, it also occurred that in the present 
design practice, different experienced geotechnical consultants may end up with a 
mutual difference of 15 to 30 percent when they are given exactly the same 
information, as shown for this case by Koelewijn (2002); 

- The influence of friction along the sides of the failure surface has been estimated at 
about 10%. For a potential failure zone much smaller than 100 metres, the influence 
of this 3D-factor will be significantly larger. This opens perspectives to tailor-made 
solutions in case of dyke reinforcements, where locally demolition of homes may 
become unnecessary by exploiting the 3D-influence in combination with a slightly 
stronger dyke to the sides of the spared homes; 

- Time-dependent phenomena, like creep and the adaptation of pore pressures, tend to 
be very important. Thus a flood protection strategy involving the use of retention 
basins, which flatten the peak water level but increase the period with a rather high 
water level, may have a negative side effect on the effective strength of the dykes 
downstream; 

- The standard procedures for field and laboratory testing of peat and clay to determine 
strength parameters fall short of the requirements for use at very low effective 
stresses as found in uplift conditions. 

As already indicated, the whole issue regarding the safety against flooding is broader 
than just the strength of dykes. Other measures like lowering floodplains, deepening river 
gullies and creating retention areas should also be taken. A balanced weighing of the 
integral costs and benefits of all these measures is of the utmost importance. In this 
respect, complex issues like the effectiveness of some of these measures in relation to the 
social impact on either smaller or larger parts of the community need to be taken into 
account. 
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Abstract: After the near floods along the rivers Rhine and Meuse in 1993 and 1995 there has been a 
major shift in Dutch policy regarding flood protection; from raising the dikes to giving the rivers 
more space for their expected increased discharge. Measures under this policy include backward 
dike relocation, making bypasses, channel deepening, removing hydraulic obstacles and floodplain 
lowering. In view of the rapid economic and urban development, urgent choices have to be made to 
reserve the space needed for these measures. 

 

Near the city of Nijmegen, the cross section of the river Waal, the major branch of the Rhine in 
the Netherlands, decreases by 50% within 2 km. At this point, an urban development project of 
12,000 houses, to be built right up to the present dikes, started in 2000. The Ministry of Transport, 
Public Works and Water Management, the Nijmegen municipal authorities, the water board and the 
provincial authorities started a joint study to investigate how this hydraulic bottleneck could be 
removed by taking measures that would be effective in the long term and would take account of the 
higher design discharges expected and the new urban development scheme. Channel deepening, 
flood plain lowering, bypasses and dike relocation were compared for their hydraulic and spatial 
effects. The dike relocation appeared to be the most promising option and is discussed in more detail 
here. Nijmegen thus became the first example in the Netherlands of how hydraulic bottlenecks in an 
urban environment can be eliminated. 

Keywords: flood protection measures, hydrodynamics, hydraulic bottleneck, bypass, backward dike 
relocation. 

1. INTRODUCTION 

The Netherlands is situated in the delta area in which some major European rivers 
debouch into the sea, the river Rhine being the most important of these (Fig. 1a). With its 
length of about 1,320 km it drains an area of about 185,000 km2 in Switzerland, France, 
Germany and the Netherlands. The average discharge is 2,300 m3/s, the maximum 
reported discharge is 12,600 m/s (1926). Annual sediment transport is about 0.5 million 
m3 of sand (D50 about 2 mm) and 2 to 3 million tons of silt. In addition, the Rhine is the 
most important international inland water transport link in Europe. The transport volume 
on the Dutch stretch amounts to 160 million tons per year. 

The Dutch have a long history of fighting river floods. In fact, the Dutch Corps of 
Engineers (Rijkswaterstaat) was established about 200 years ago in order to find a 
solution for the repeated floods that endangered the low-lying areas several times each 
decade. After lengthy discussions, numerous reports and floods, the first river 
improvement program finally started around 1850, followed by a second one in the first 
half of the 20th century. The major objective of these programs was to improve the 



discharge capacity of the rivers by channel normalization. The expected increase in design 
discharges was traditionally dealt with by dike reinforcements. As a result, natural 
sediment deposition concentrated in the floodplains between the dikes, making the river 
gradually rise above the surrounding area. Although the dikes suggested protection against 
flooding, the growing difference in level between the increasing flood levels and that of 
the subsiding lands around the river actually increased the potential damage of flooding. 
The rapid economic development of the low-lying areas between the river branches during 
the last century has aggravated the potential losses in terms of human lives and goods. 

 
 

Fig. 1  The river Rhine, 1,320 km long, its basin, and, more in detail, the position of the Nijmegen hydraulic 
bottleneck, with the bypass (A1 and A2) and dike relocation (B) alternatives. 

After the near floods of 1993 and 1995, a political decision was made to stop the 
traditional approach to flood protection by dike reinforcement and start a new one in 
which the river regains its space for discharge. A comprehensive program of floodplain 
works (“Room for the River”) is planned which should allow the rivers to discharge a 
design flood of 16,000 m3/s safely to the North Sea by 2015, without further dike 
reinforcements (Van Stokkom and Smits, 2002). 

Evidence from international climate research suggests that higher design floods are 
likely in the future (Hooier et al., 2002). Therefore the Dutch government decided to 
anticipate a design discharge of 18,000 m3/s until the end of this century. It is clear that 
the present lay-out of the river system cannot cope with this demand. Outside the 
floodplains, i.e., on the landward side of the dikes, additional space for various measures 
is probably needed: detention areas for temporary storage of water, backward dike 
relocations and “bypasses” along hydraulic bottlenecks to increase the discharge capacity. 
In view of the rapid spatial and economic developments in the Netherlands, urgent choices 
are inevitable, or areas required for flood protection will be lost to urban and 
infrastructural developments. For the river Waal, which carries about 2/3 of the Rhine 
discharge in the Netherlands, such a choice was recently prepared and made near the city 
of Nijmegen. Urban development plans for 12,000 houses on the northern bank, the 
so-called “Waalsprong” scheme, necessitated a “now or never” decision about backward 
dike relocation (Anonymous, 2000). 

 652



2. DISCHARGE INCREASE WITHOUT RAISING THE DIKES 

The Dutch Flood Protection Act (Wet op de Waterkeringen) expresses the required level 
of safety against river flooding as a recurrence frequency of 1/1250 per year. Discharge 
time series relate this frequency to a design discharge at Lobith, where the river Rhine 
enters the Netherlands, of 16,000 m3/s. The Dutch river system with its dikes will have to 
be able to discharge this volume safely to the North Sea. Climatic change is likely to 
increase design flood levels by the end of this century, perhaps up to 19,500 m3/s. Under 
such conditions, however, extensive floods will occur upstream of the Netherlands. 
Therefore, the Dutch government decided that 18,000 m3/s would be a reasonable physical 
maximum for the design flood discharge in the Netherlands this century (Ministry of 
Transport, Public Works and Water Management, 2000). Without measures, this will 
result in a rise of about 60 to 80 cm compared to the present design levels. 

 

<6300m3/s

18000m3/s

 
Fig. 3  Detention compared to increased discharge 
capacity. Temporary discharge storage (detention) 
decreases discharge and water levels along the entire 
downstream stretch (a), whereas a local increase of 
discharge capacity, e.g. by floodplain lowering, only 
lowers water levels locally, the effect gradually 
decreasing upstream (b). 
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Fig. 2  Measures to deal with expected discharge
increase: land use and water management (A),
detention (B), change the discharge distribution over
the branches (C) and increase the discharge capacity
(D, see also Fig.4). 



Apart from further dike reinforcements, there are several alternatives to deal with this 
expected discharge increase (Fig. 2). The countries contributing to the river Rhine’s 
discharge have agreed to implement different types of measures to reduce flood risks in 
the Rhine basin, adapted to their specific locations along the river (International 
Commission for the Protection of the Rhine, 1998) In the upstream parts of the catchment 
area, the emphasis is on retaining more water by means of land use and water 
management measures.  

A second type of measure is preferred in the middle section, involving temporary 
storage of peak levels of the flood discharge in detention areas, i.e., low-lying embanked 
areas along the river, which can be deliberately flooded, thus diverting a certain amount of 
discharge from the river during its extreme stage (“peak shaving”). 

As a result, the entire downstream stretch would receive lower discharges, yielding 
lower water levels (Fig. 3a). Studies in Germany and the Netherlands have been 
performed for 4 detention areas. Silva and Dijkman (2000) assume that German detention 
areas should be able to lower the design water level at the Dutch-German border by about 
10 cm. 

In the Netherlands, located along the final section of the river Rhine, the emphasis will 
be on measures increasing the discharge capacity of the river branches. These could be 
implemented proportionally in all river branches, or could be concentrated in one branch. 
This is an important choice, because present safety levels are related to a system of 
discharge distribution over the Waal, IJssel and Nederrijn branches that was established as 
long ago as 1745. Changing this distribution pattern would have profound spatial and 
environmental consequences for land use and urban developments along these branches, 
and demands a national policy analysis and decision-making process. 

An overview of possible measures to increase the water discharge capacity of the Rhine 
branches in the Netherlands is depicted in Fig. 4. 

These measures would produce a local increase in the discharge capacity, locally and 
upstream lowering the water level according to the associated backwater curve (Fig. 3b). 
 

 
Fig. 4  Measures to increase the discharge capacity of the Rhine branches in the Netherlands (Silva e.a.,2001).  

 
The choice of measures, or combinations of them, depends on the local hydraulic, 

environmental, social and financial conditions. The Dutch government decided that three 
general principles have to be incorporated in the decision-making process (Ministry of 
Transport, Public Works and Water Management, 2000): 

• expected developments in hydraulic conditions and land use must be anticipated, in 
such a way that measures do not impede necessary future measures; 

• exceedance of the design water level has to be solved locally, while measures in 
adjacent river stretches are second choice (to avoid shifting management 
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responsibilities to others); 
• measures that physically increase the space for the river are to be favored over 

technical measures solving the problem in a vertical direction within the present 
lay-out (dike raising, channel deepening). 

3. NIJMEGEN, A HYDRAULIC BOTTLENECK AND MEASURES TO 
ELIMINATE IT 

Historically, cities have developed in floodplain areas along many of the world’s rivers. 
Nowadays, housing, economic activities, infrastructure and the related protection of 
embankments cause major “hydraulic bottlenecks” for flood passage. At Nijmegen, the 
cross section of the river Waal decreases from 9,000 to 4,500 m2 within a distance of 2 km 
(Fig. 5). This hydraulic bottleneck reduces the river’s discharge capacity. The associated 
backwater curve shows an upstream water level increase of about 30 cm during design 
flood conditions. The present dike levels take this into account. The expected design 
discharge increase from 16,000 to 18,000 m3/s will result in a general water level increase 
in the river Waal of about 60 cm1. In addition, it has been computed that the bottleneck 
effect at Nijmegen will increase by 20 cm. Thus, the expected design discharge increase 
will raise the water levels near Nijmegen by about 80 cm relative to present design levels. 
 

 
 

Fig. 5  Nijmegen hydraulic bottleneck, overview in upstream direction, with the proposed dike relocation  
and new side channel (white). Discharge at Lobith was about 7,000 m3/s. 

Different measures could be taken to create extra discharge capacity at Nijmegen. 
WL/Delft Hydraulics (2000) described the hydraulic effects and consequences of these 
                                                           
1 This figures refer to a assumed situation in which 600 m3/s of this 2000 m3/s increase is retained 
upstream of Nijmegen and 200 m3/s is shifted towards the IJssel.  
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measures. The first is widening the summer bed by digging away the shallow inner bend 
or even the adjacent (narrow) floodplain. This would reduce water levels by about 30 cm. 
However, during low flow stages the enlarged cross section would reduce current 
velocities, favoring sedimentation in the fairway and necessitating intensive dredging 
campaigns to remove the sediments. This would interfere with the intense navigation 
traffic, yielding an unacceptably increased risk of accidents in this urban setting. 
Sedimentation can be overcome by the construction of longitudinal dikes, but the resulting 
flow resistance would decrease the water level reduction. 

A second type of solution is deepening the summer bed. Lowering the local bed level 
would generate riverbed erosion upstream and lowered water tables. In addition, it would 
have negative effects on the stability of riverbanks and constructions. Over the last 
century, this stretch of the river Rhine has already seen bed levels drop by 1 to 2 m (as a 
result of normalization works), so the Dutch and German governments have agreed to stop 
riverbed erosion. Summer bed deepening would give a new impulse to this process and 
has therefore been rejected. 

Within the present lay-out of the river, the only other way to lower the water levels at 
Nijmegen would be by extensive floodplain lowering and some dike relocations 
immediately downstream of Nijmegen. The increased discharge capacity and associated 
backwater curve would also lower the water levels near Nijmegen, but it would require a 
major effort, transforming most of the floodplain into open water, and building extensive 
longitudinal dikes to prevent sedimentation in the fairway during low stages. In fact, 
safety at the Nijmegen bottleneck would be provided by the downstream areas, which 
would lead to widespread debate, and would violate the second general principle of the 
Dutch flood protection policy. 

In addition to these measures, measures on the landward side of the present dikes could 
be implemented, including a 3 or 6 km long bypass alternative or backward relocating the 
dike about 200 m (Fig. 1b). 

Both bypass alternatives consist of an artificial channel, with a maximum width of 500 
m, between parallel dikes with an elevation corresponding to the design levels along the 
river. Excavation of the bypass bed is optional, and would of course increase the discharge 
capacity. The bypass should only function at extreme discharge conditions, and be 
guaranteed then. This means that the inflow moment and the discharge volume have to be 
controlled. The downstream end of the bypass could be open to the river, giving 
opportunities to integrate a wetland environment in the urban development plans for 
non-extreme conditions. 

The dike relocation would imply the construction of a new dike, 200 m inland of the 
present one. Detaching the old dike from the new dike lay-out would create a new side 
channel, providing the extra discharge capacity needed. The remaining kilometer of the 
former dike, including some of its original housing, would be preserved as a flood-free 
island. Excavation of the side channel is optional, and would increase the discharge 
capacity. Discharge through this side channel should occur only during high stage 
conditions, otherwise sedimentation in the main channel would obstruct navigation. This 
could be achieved by lowering the former dike in the inflow area of the side channel to a 
specified level. The downstream end could be open to the river, giving the opportunity to 
integrate a marina in the urban development scheme. 

2D model computations have shown that the bypass alternatives and dike relocation 
would both create enough discharge capacity, especially if the new channels were to be 
excavated (Fig. 6). In addition, eliminating the bottleneck would increase the hydraulic 
effect of measures downstream of Nijmegen on upstream stretches by 10 to 20 cm. An 
important disadvantage of the bypasses is that long dikes with a height of 8 m would have 
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to be constructed in inland areas, interfering with existing and new infrastructure. In 
addition, an enclosed, low-lying area would be created between the present dike and the 
bypass dike. Although the flooding risk would be low, it is not entirely absent. A dike 
failure would flood the densely populated area rapidly, with inundation depths of up to 6 
m potentially arising within half a day, making evacuation practically impossible. As a 
consequence, local authorities have rejected the bypass alternative and have favored dike 
relocation. Spatial planners enthusiastically accepted the challenge of creating a new 
urban development scheme in which many of the existing houses on the present dike 
could be preserved, a site of historic interest could be highlighted, and exciting new 
residential areas could be developed along the new dike, with a view over the river and 
water elements right outside the houses. 

 

 
 

Fig. 6  Computed water level effects (in m) of an increased discharge (+ 1,200 m3/s), as compared to 
 the existing design levels. Without measures (a), with extensive floodplain lowering  

and some downstream dike relocations (b) or with the proposed dike relocation,  
an excavated side channel and some floodplain lowering downstream Nijmegen (c). 

4. CONCLUDING REMARKS 

On 22 April 2002, national and local authorities agreed to change the urban development 
plans and to study the dike relocation alternative more fully in an Environmental Impact 
Assessment study. Implementation of the works is expected to take place in 2007-2009. 
This will make Nijmegen the first example in the Netherlands of a scheme in which both 
flood protection and urban development profit from an integrated approach. A prerequisite 
for similar projects to be a success would be to combine these interests at the earliest 
possible stage of the development process, when there is still room for unconventional 
solutions and parties involved have not yet adopted fixed positions. In the Nijmegen case, 
the national government responded late, but not too late. Apart from providing funding for 
the dike relocation scheme (estimated at about 200 to 300 million US$, which would 
otherwise have been spent on other measures in adjacent stretches), in this case the 
national government also has to pay for changing the urban development plans, and 
compensate the financial losses of private parties involved in these plans. Nevertheless, 
Nijmegen is the first example of attempts to eliminate a hydraulic bottleneck in the 
Netherlands, and may serve as a source of inspiration for other locations in the 
Netherlands or even abroad. 
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Effects of suspension-type cutoff walls on seepage flow under 
levees 
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Abstract: In the beginning of this paper, the foreign and domestic development backgrounds of 
seepage control measures for levees are reviewed. Then the anti-seepage effects of suspension-type 
or incomplete cutoff walls in steady and unsteady seepage flow are introduced in view of such two 
aspects as seepage discharge and water head or hydraulic gradient by the utilization of the findings 
of experiments and computational analysis. The effects of suspension-type cutoff walls on 
controlling the continuous development of risks of piping are analyzed with the major hazardous 
cases of levees. It is believed that suspension-type cutoff walls can keep water exchange equilibrium 
between river water and groundwater of nature. The rational layout and proper depth of 
suspension-type cutoff walls are finally proposed as references for designers. Meanwhile, it is 
pointed out that the design of levees is different from that of reservoirs without emphasis on 
anti-seepage, but the seepage control schemes of drainage, toe cover weights and cutoff walls in line 
with actual local conditions shall be taken into synthetic consideration. 
 
Keywords:  cutoff walls, seepage flow, levees 

1. DEVELOPMENT BACKGROUND OF SEEPAGE CONTROL OF LEVEES 

The seepage control measures of levees are mainly “Toe Cover Weights, Cutoff Walls and 
Drainage”, which are different from those of reservoirs, i.e. “Blockage Ahead, Drainage 
Behind and Cutoff in the Middle”. Due to upstream scour, blankets in front of levees are 
inadvisable and due to small water head, toe cover weights will easily come into effect. 
Though experiences over many years have been integrated in the seepage control 
measures of levees, the development tendency and emphasis of the seepage control 
measures of levees are changed gradually. It can be said that the development of the 
seepage control measures of river levees in China is similar to that of the Mississippi 
River levees in America. Economic relief wells and trenches were adopted for seepage 
drainage in the 1950s and 1960s (Turnbul and Mansur, 1961), while safe toe cover 
weights were emphasized in the 1980s (Barron, 1984). In recent years, safer cutoff 
measures are gradually utilized because of frequent floods, improvement of flood control 
standards and construction techniques of vertical seepage control and wide application of 
new anti-seepage materials. Investment in national levee constructions has been greatly 
increased especially since the big flood of the Yangtze River in 1998, which further 
encourages the adoption of such expensive cutoff walls or even constructs closed-type 
cutoff walls according to construction requirements of reservoirs. However, because the 
thickness of the sand and gravel layer in levee foundations of river downstream is more 
than several decades of meters, the application of closed-type cutoff walls is not the best 
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choice, which not only demands huge cost, but also cuts off the interconnection of river 
water and groundwater, which is not in favor of flood control and waterlogging drainage. 
Therefore, it is suitable to adopt suspension-type cutoff walls(Barron, 1984; Szalay,1961). 
However, many researches found that there was little effectiveness of such 
suspension-type cutoff walls. With respect to the cutoff of levee seepage, such 
suspension-type cutoff walls are worthy of discussion from many aspects. Advantages of 
such suspension-type cutoff walls are listed in the following for exchange in this flood 
control seminar. 

2. EFFECTIVENESS OF SEEPAGE CONTROL OF SUSPENSION-TYPE 
CUTOFF WALLS 

The effectiveness of seepage control shall be judged by the decrease degrees of such two 
aspects as seepage discharge and water head (or seepage gradient). If only the seepage of 
strong pervious levee foundations is taken into consideration, results of a series of 
experiments can be quoted as shown in Fig. 1 (Mao, 1990; Mao et al., 1995). The 
decrease of seepage discharge is very limited and becomes obvious with better 
effectiveness of the decrease of water head or seepage gradient when the depth of cutoff 
walls reaches to 0.8 of the pervious levee foundation. For example, when the penetration 
of cutoff walls reaches to 0.5, the artesian water head of levee foundation is decreased by 
60%. When total water head H=5m and bottom width L=50m, the average seepage 
gradient of levee foundations will be decreased from 0.1 to 0.04. If cutoff walls are moved 
to the middle of levees, water head will be decreased by less than 50% and the 
corresponding average seepage gradient will be decreased from 0.1 to 0.05 because of low 
vertical efficiency. Yet such walls have obvious effectiveness on the control of seepage 
deformation or piping of levee foundations. Besides, it is favorable to locate cutoff walls 

near the upstream end. With the consideration of seepage of levee body, it is better to 
locate cutoff walls just under the cross line of flood water level and levee slope. 
Meanwhile, the smaller the penetration of cutoff walls is, the higher the vertical efficiency 
will be through the analysis of vertical seepage control efficiency of cutoff walls with 
different penetrations (Mao, 1990). The so-called vertical efficiency is the ratio between 
vertical head loss and horizontal head loss in unit length, i.e. hydraulic gradient ratio Jy/Jx. 
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Fig. 1  Anti-seepage effects of incomplete sheet piling or cut-off wall 
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The fixed value of 3 suggested by Scholar E. W. Lane before is only an averaged value 
(Mao, et al., 1995). 
3. EFFECTIVENESS OF SEEPAGE CONTROL OF SUSPENSION-TYPE 

CUTOFF WALLS IN DECREASE OF FLOOD PEAKS 

To the seepage control effectiveness of cutoff walls during flood peaks, the unsteady 
seepage in typical double-layered foundation under levees, calculated by the finite 
element method during a sine-curve flood peak, is shown as Fig. 2 and Fig. 3. The shorter 
the duration of flood peak lasts (τ=1~7 days), the greater the decrease of seepage 
discharge and water head of key points (E and F, landside toe under levee and levee body 
on center line) will be, compared with that of steady seepage. Moreover, the seepage 
discharge in Fig. 3 is doubled than that in Fig. 2 because of the exposure of sand layer in 
front of levee caused by the scour of weak pervious covering soil. The curve in Fig. 3 
becomes steeper than that in Fig. 2 means that the effectiveness of seepage control by 
penetration of suspension-type cutoff walls is increased relatively due to the decrease of 
total resistance of seepage path. 
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Fig. 2  Variation of maximum seepage discharge q and head h VS the relative depth of cut-off wall S/T during a 

sine flood peak in case of sand layer not emerged in river bed 
 

Because of short duration of the flood peak and little permeability of the levee body, 
the rise of phreatic line becomes slowly, and the same to the levee foundation. For 
example, the duration of flood peak lasts for 3 days (τ=3 days) in Fig. 2, compared with 
the steady seepage as reference, the phreatic line of Point F of the levee body will be 
lowered by about 39%, landside toe artesian head will be reduced by about 6% and 
seepage discharge reduced by 7%. From Fig. 3, the phreatic line, artesian head and 
seepage discharge are successively decreased by 38%, 4% and 2% compared with steady 
seepage under the condition of the exposure of sand layer in front of levee. Meanwhile, it 
can be seen that as the resistance of seepage path increases, the reduction of flood peak 
will be increased and the retardation period to peak value will be prolonged by 
computational analysis. For example, if the duration of flood peak is 3 days (τ=3 days), 
the retardation time will be about 1 day without exposure of sand layer in levee 
foundations. If τ=7 days, the peak value in levee will be retarded about 6 days. 
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Therefore, there occurred some hazardous cases after flood peaks. For example, the levee 
failure at Jiujiang section of the Yangtze levees in 1998 occurred in 5 days after the 
maximum flood peak. 
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Fig. 3  Varation of maximum seepage discharge q and head h VS the relative depth of cut-off wall S/T during a 

sine flood peak in case of Sand layer emerged in river bed 
 
4. PREVENTION OF PIPING DEVELOPMENT OF SUSPENSION-TYPE 

CUTOFF WALLS 

Investigation of flood hazards of the Yangtze levees in 1998 disclosed seepage hazards 
consisted of 80%, among which piping occupied more than a half and levee breaches were 
mostly resulted from the erosion of piping in levee foundations. According to the 
investigation of the flood in 1998, there were 34 levee breaches in Hubei Province, among 
which 26 breaches were caused by piping. There were 7 levee breaches in the Yangtze 
main levees, among which 5 breaches were caused by piping of levee foundations. There 
is no exception to foreign levees. Fig. 4 shows a breach example in the Danube levees 
caused by the fast development of piping. That head difference was only 3 m. There 
occurred a sudden water column in levee with the diameter of 1 m and height of 1.5 m. In 
2 seconds, a vertical vortex occurred at 10 m from front levee. In 1~2 minutes, water from 
downstream piping opening became turbid with the enlargement of opening diameter to 
4~5 m, and the height of water emission was reduced to 0.5~0.6 m. The levee crest and 
slope collapsed immediately with a width of 4~5 m and extended to the opening of 12 m 
in 2~3 minutes. According to the analysis of original literature (Domjan, 1961), the weak 
pervious soil layer was too thin as 1~2 m, and the average seepage gradient (Jx) in the 
sand layer of the levee foundation reached 0.1 with 20~30% air bubbles. The fluctuation, 
pressing and explosion of air bubbles during transmission resulted in the occurrence and 
development of piping and levee breach. 
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It is universally accepted that the occurrence of piping is the result of the breakdown of 
covering soil layer by the artesian water in sand layer. It is decided by the horizontal 
seepage gradient (Jx) of levee foundations whether the piping will continue to develop 
upstream and form a path. Therefore, the rational layout of suspension-type cutoff walls 
will concentrate head loss on wall surfaces so as to decrease greatly the value of Jx in view 
of the above-mentioned vertical efficiency of seepage control of suspension-type cut-off 
walls. Once piping occurs, there is an outlet with shortened seepage path and the 
suspension-type cutoff walls will function immediately. So sand will only be washed 
away around the piping opening and there will be no extension of piping to upstream. In 
all, though suspension-type cutoff walls can not prevent the occurrence of piping, they 
have effects on the control of continuous development of piping. 

 

 
Fig. 4  Piping under the levee of the Danube 

5. SUSPENSION-TYPE CUTOFF WALLS COMPLYING WITH HYDRAULIC 
INTERCONNECTION LAWS OF NATURE 

River supplements water to groundwater in flood season, while groundwater supplements 
water to rivers in draught season. This is the law of nature. Suspension-type cutoff walls 
only have obvious effects on the decrease of water head while little effect on seepage 
discharge, which meet the requirements of seepage control measures and maintaining the 
water balance of nature. Suppose the groundwater velocity along the region of the 
Yangtze River 1000 km long is taken as the average one of 1 m/d in flood season, the 
seepage discharge through levee foundation will be 1×108m3 in one day under the 
condition of the Yangtze levees with a sand pervious layer of 50 m thick. This seepage 
discharge equals to the storage volume of large reservoir. So the seepage discharge of one 
month will be 3 billions m3 in flood season. To the whole Yangtze basin (Manuals of 
Chinese Society of Hydraulic Engineering, 1983), the annual average surface runoff is 
960 billions m3 and the supplementary water to groundwater is 213 billions m3. It can be 
found the interconnection of river water and groundwater have certain effect on the 
decrease of flood peak in view of flood control and be in favor of waterlogging drainage 
as well. The cutoff of hydraulic interconnection of nature will create harmful impact on 
ecological balance, which needs further research from many aspects. 

6. LAYOUT AND DEPTH OF SUSPENSION-TYPE CUTOFF WALLS 

Piping of levee foundations mainly occurs in the interface between pervious sand layer 
and its upper clay layer and in the beneath shallow layer of fine sand, while 
suspension-type cutoff walls are used to decrease the horizontal seepage gradient of this 
shallow layer, which is decisive to piping development. Therefore, the layout of 
suspension-type cutoff walls shall have great vertical efficiency (Jy/Jx). According to the 
research findings of vertical efficiency, the vertical efficiency of suspension-type cutoff 
walls at one end is better than that in the middle. The shallow end walls are of high 
vertical efficiency of about 3, while walls neither too deep nor too shallow are of low 
vertical efficiency. Suppose suspension-type cutoff walls are located in the middle of 
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levee foundations with penetration S/T=0.5, its vertical efficiency will only be about 1. 
Therefore, suspension-type cutoff walls shall be located at front toe, and the clay layer for 
seepage control at front toe shall be thickened as shown at location (1) in Fig. 5. If cutoff 
walls are constructed in levee body, location (2) can be selected, that is under the border 
line of flood, for the levee foundation at this location is affected by the permeation of 
levee body with a maximum increase of seepage gradient. If the construction of cutoff 
walls at such location is not convenient, suspension-type cutoff walls can be moved to 
location (3) at the levee crest. 
 

 
Fig. 5  Sketch of optimum position of suspension-type cut-off wall berms or relief wells 

 
The layout of suspension-type cutoff walls with highest vertical efficiency of 4~8 is 

two short cutoff walls at front and back toes, which can greatly decrease the horizontal 
seepage gradient of levee foundations (Mao, 1990; Mao, et al., 1995) and make the 
elimination of piping development more effective. This measure has been widely adopted 
in sand foundations under the bottom plates of sluices. When water pressure under 
landside toe of levee shall be relieved, relief wells can take the place of downstream 
suspension-type cutoff walls with the same effect of decrease of horizontal gradient of 
levee foundations as shown at location (4) in Fig. 5. If the horizontal permeability of 
pervious foundations exceeds the vertical one, the vertical efficiency of suspension-type 
cutoff walls and relief wells will be higher. 

The suitable penetration depth of cutoff walls may be considered according to their 
vertical efficiency. When cutoff walls are located near the upstream end, the vertical 
efficiency will be decreased to a minimum at the penetration depth S/T=0.5. If the 
penetration becomes shallower or deeper, the vertical efficiency will be gradually 
increased. Therefore, cutoff walls with small penetration (S/T=0.2~0.4) can be adopted 
with respect to very deep sand foundations. If this measure does not meet the design 
requirements, additional measure of increasing the length of covering soil weights before 
drainage will be taken. Cutoff walls with large penetration (S/T=0.6~0.8) can be adopted 
with respect to shallow sand foundations. 

Because of the alternation of river bends, scour at concave bank, siltation at convex 
bank, and frequent mixture of soil layers of riverbeds of levee foundations with local silt 
lens, suspension-type cutoff walls can be connected with the silt intercalated layer to form 
semi-closed walls that do not cut off the hydraulic interconnection of deeper sand layers. 
In a word, the vertical efficiency of suspension-type cutoff walls can be applied in the 
prevention of seepage deformation or formation of piping path of levee foundations. As to 
the layout and penetration choice of suspension-type cutoff walls, the method of 
improvement of resistance coefficient can be adopted in the calculation of primary design 
in order to control the horizontal seepage gradient Jx less than a permissive value with 
reference to the design of underground contour of sluice-dams (Mao, et al., 1995; Mao, 
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1989). Even submerged dams extending to river channels can be simulated to reduce the 
penetration depth at the two ends along rivers of cutoff walls in order to decrease the 
defect of seepage concentration around the ends of walls. 

7. CONCLUSIONS 

In view of the historical development background, main measures of the seepage control 
of levees are drainage, toe weights and cutoff, which are different from those of reservoirs 
with focus on drainage and toe weights. The measure of “cutoff or defense” is integrated 
only for the dissipation of water head so as to prevent piping from developing. Complete 
cutoff walls to intercept the interconnection of river water and groundwater are not 
necessary except that there is a special requirement in local zones. 

The vertical efficiency of suspension-type cutoff walls shall be in full play in the 
optimized design in order to ultimately dissipate water head, retard and decrease flood 
peak, and prevent  formation of piping path. 

Since hazardous cases of piping are the main causes of resulted levee failures, the 
uncertainty of emergency flood fighting and rescuing will be avoided and a great amount 
of flood control materials will be saved as well if the continuous development of piping 
can be controlled or piping can be identified as no continuous development. Thus, such 
problems needs further research. 
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Abstract: Detection of hidden defects and leakage is one of the important works of flood control. In 
recent years, many researchers have pointed out that electromagnetic and electrical method are more 
effective techniques in geophysical methods for detecting and locating hidden defects and leakage in 
dikes. However, The above techniques can only show people the electrical conductivity (or 
resistivity) of the dikes to be tested, the deduction of defects existing can be made indirectly via 
analyzing the abnormal area of electrical conductivity profiles. But, the geo-technical parameters of 
dikes can’t be known. Our work tried to find out the co-relationship of the electrical conductivity 
and the geo-technical parameters of dikes by direct measuring the conductivity and the 
geo-technical parameters of samples such as clay content, silt content, moisture, dry density, 
porosity, gradation, and soil composition, etc. The co-relationship is a basic theoretical and 
experimental reference data for correct analysis of the geophysical testing results and evaluation of 
dike safety. The research shows that the conductivity has direct co-relation with clay content, 
moisture, and porosity, and reverse co-relation with dry density. It seems that the electrical 
conductivity of soil has no obvious relation with silt content. 

 

 
Keywords: defect detection, conductivity, geo-technical parameters, co-relationship 
 
1. INDRODUCTION 
Leakage is one of the most dangerous situations in dikes. It is very important for 
re-entrenching dikes that checking out and locating the hidden defects in dikes. Since 
serious flood happened in Yangtze River, Nenjiang River and Songhuajiang River in 
China in 1998, it has been paid more attention to that research on detection technique and 
relative instruments for leakage and hidden defects in dikes. Many new instruments have 
been developed and applied at dike (Fang et al., 2001). However, detecting hidden defects 
is extremely difficult because of the complexity and variety of defects. After comparison 
of application in fields and participating two times of competition of instruments for 
finding out hidden defects in dike, that were held by China National Office of 
Flood-control and Drought-against, it is recognized that when some hidden defects exist 
in the dikes, the electrical conductivity (or electrical resistivity) of dike materials changes 
much more than other geophysical parameters. Therefore, electromagnetic technique and 
electric technique are more effective than other geophysical methods for detecting and 
locating leakage and hidden defects in dikes. The detected parameter by these two 
methods is the conductivity (resistivity) of the dike materials. It can be recognized that the 
defects exist or not and it’s nature via analyzing the position, form, size, and nature of the 
abnormal conductivity areas. 

The elements that affect the conductivity of embankment are as follows: formation of 
soil, density (porosity), component, moisture, sorts and quantity of ions dissolved in water. 

mailto:cgfang@iwhr.com


Every element of above ones changes will change the conductivity of the embankment. 
This is the reason why there is multi-solution for geophysical survey result. Thus, even if 
the abnormal conductivity area is found out, it is also difficult to determine the operation 
situation and safety of dikes. 

In order to improve the survey interpretation technique of dike by electromagnetic and 
electric method, furthermore for evaluation of the operation condition of dikes, it is 
necessary to do some research on the co-relationship of the conductivity and geo-technical 
parameters of embankment. China Institute of Water Resources and Hydropower Research 
(IWHR) has been working together with Yangtze River Scientific Research Institute 
(YRSRI) on this project. Three hundred and fifty drill samples were made on 37.67km 
long Yaodi dike of Hanjiang River. The maximum depth of sample is 27m. According to 
the Standard for soil test method of China (GB/T 50123—1999), 144 samples were tested 
on both conductivity and geo-technical parameters. 
 
2. PARAMETERS AFFECTING THE CONDUCTIVITY OF SOIL  
First of all, let us consider the affect of main parameters of soil such as formation of soil, 
moisture, gas, and temperature, that influencing the conductivity (resistivity) of soil. 

2.1 Formation of Soil 
Soil is the product of weathering rock. The minerals in the sand and silt fractions of the 
soil are electrically neutral and generally excellent insulators. Completely dry clay is also 
an insulator, but the introduction of moisture changes the situation. The conductivity of 
the soil depends mainly on the content of clay and moisture. 

Clay consists of microscopically fine particles exhibiting a sheet-like structure, for 
which reason clays are often called “layer silicates”. Composed of stable secondary 
minerals that have formed as a weathering result of primary minerals such as feldspar, 
mica, etc, the particles are so fine-grained that they are described as micro-crystals. 

Their crystalline structure is such that, as a result of crystal imperfections, the surface 
appears to be negatively charged (McNeill, 1980). During the formation of the clay 
through weathering, positive charges are adsorbed to the surface. These cations (typically 
Ca++, Mg++, H+, K+, Na+) are loosely held to the surface and can subsequently be 
exchanged for other cations or essentially go into solution, should the clay be mixed with 
water. For this reason they are called exchangeable ions and the cation exchange capacity 
(CEC) of the soil is a measure of the number of cations that are required to neutralize the 
clay particle as a whole i.e. the weight of ions in milli-equivalents adsorbed per 100 grams 
of clay. 

The exchange capacities of some common clay are given in Table 1 and of some 
different soil textures in Table 2. It can be seen from Table 2 that the CEC increases with 
clay content and from Table 1 that the CEC will depend on the type of clay. The special 
significance of clay in this respect is that, because of the extremely small particle size, the 
surface area per unit volume of clay is very large and a great number of ions are adsorbed. 
These adsorbed ions can contribute appreciably to the soil conductivity, which thus 
become a function of the clay content. 

 
Table 1 exchange capacity of common clays (Keller & Frischknecht, 1966) 

Clay Exchange Capacity 
 /(mmol/100g soil) Clay Exchange Capacity 

/(mmol/ 100g soil) 
Kaolinite  3 to 15 Vermiculite 100 to 150 
Halloysite . 2H2O  5 to 10 Chlorite 10 to 40 
Halloysite . 4H2O 40 to 50 Attapulgite 20 to 30 
Montmorillonite  80 to 150   
Illite 10 to 40   
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Table 2 the cation exchange capacity (CEC) and colloid content of 
five types of soils of different textures (Webber, 1991) 

Soil Texture Organic Matter 
% 

Clay 
% 

CEC* 
/( mmol/100g soil ) 

Sand 1.7 7 6.3 
Sand loam 3.2 13.2 13.7 
Loam 4.9 16.8 20 
Silt loam 5.4 18.4 24.0 
Clay loam 5.5 31.2 27.2 

 
The organic matter includes the remains of plant and animal life in the soil. The end 

products of decay accumulate as a blackish, finely-divided colloidal substance known as 
humus (Webber, 1991), which has large surface area per unit volume, takes up large 
amounts of water and can develop a negative electrical charge of varying intensity. 
The conductivity of an electrolyte is proportional both to the total number of charge 
carriers (ions) in the solution and their velocity. When a voltage is applied between two 
electrodes, an electric field is established in the solution; the positive charged ions are 
attracted towards the negative electrode while the negative charged ions attracted to the 
positive electrode. The viscosity of solution effectively controls the moving velocities of 
ions. This velocity is slightly different for different ions since it depends upon their 
effective diameter, as illustrated in Table 3, where it can be seen that chlorite ions move 
slightly more rapidly than the sodium ions. 
 

Table 3 mobility of common ions at 25℃ (Keller & Frischknecht, 1966)  

Ion Mobility 
/(m2 /sec V) Ion Mobility 

/(m2 /sec V) 
 H+ 36.2 × 10-8  K+ 7.6 × 10-8 
OH- 20.5 × 10-8 NO3

- 7.4 × 10-8 
SO4

- 8.3 × 10-8  Li+ 4.0 × 10-8 
Na+ 5.2 × 10-8 HCO3

- 4.6 × 10-8 
Cl- 7.9 × 10-8   

2.2 Soil Moisture 
As mentioned above, completely dry soil and rock are very good insulators except the 
rocks containing conductive minerals. Only when soil contains enough water filling the 
holes to form electric path, the soil performs conductive. 

The moisture in dikes in flood season is extremely different from in dry season. In flood 
season, when the water level is high, the dikes almost saturated. However, in dry season, 
water exists in dikes generally in four different forms: (1) In the near surface region of 
dike crest and slopes, the pore space is largely filled with water vapor, the actual liquid 
water exists only in very small isolated rings around the grain contacts, and a continuous 
path does exist between the various moisture occurrences; (2) In greater depth, some more 
moisture exists, and the separated water rings have just connected forming a continuous 
path throughout the pore space while some remaining space of the pores are still filled by 
vapor; (3) Again further down, in the capillary stage, all pore spaces are occupied by 
liquid, but the liquid pressure within the pores is less than the total pressure caused by 
gravity since capillary action within the fine pore space has caused the moisture to ascend 
into these pore spaces; (4) Finally, continuously down, it is the phreatic surface (water 
table) at which the atmospheric pressure is in equilibrium with the hydrostatic pressure. 
All pores within the phreatic surface and below are completely filled with liquid under 
hydrostatic pressure, and this is the region of groundwater. 

Moisture changes the conductivity of soil in three ways: firstly, the moisture influences 
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the electric cross-section area and also the viscosity of solution; secondly, the sort and 
number of dissolved ions of soil; and finally, the sort and number of original ions in water 
flowed into soil. 

2.3 Gasses 
The affection of gasses to the conductivity of soil is usually negligible. But, for example, 
if when atmospheric carbon dioxide (CO2) mixed in gas, carbon dioxide is slightly soluble 
in water so as to form carbonic acid (H2CO3). A small amount of the carbonic acid 
dissociated so as to produce a hydrogen ion (H+) and a bicarbonate ion (HCO3

-). These 
ions and water combine with other minerals in soil to form some new ions that will affect 
the conductivity of soil. 

2.4 Temperature 
Water in soils can actually be seen as an electrolyte. The temperature dependence of the 
electrical conductivity is almost entirely due to the temperature dependence of the 
viscosity of the solution, which in turn directly affects the ionic mobility. The variation of 
either quantity with temperature is approximately linear over normal ambient temperature. 
As a example, the temperature coefficient for a sodium chloride (NaCl) is 0.022 which 
value applies approximately to most other ions, so that the electrolyte conductivity for a 
temperature other than 25℃ is given by 

σ(T) =σ(25℃)[1+β(T-25℃)] 

where：β = 2.2×10-2/℃；T = temperature (℃) at which conductivity is to be calculated. 
A change of conductivity of 2.2% per degree centigrade implies that a change in 
temperature of 40℃ will cause the conductivity to nearly double. 

The change of conductivity with temperature and therefore with season is not negligible 
and this applies equally well to ground conductivity over the normal range of ambient 
temperature. 
 
3. TEST OF CONDUCTIVITY AND GEO-TECHNICAL PARAMETERS 

3.1 Brief Introduction of Yaodi Dike of Hanjiang River 
Yaodi dike is situated at the left bank of the north upstream of Hanjiang River in Hubei 
Province, China, that is the flooding control barrier for the north Hanjiang plain and 
Wuhan City the Capital of Hubei Province. Yaodi dike is 55.265km long. The protected 
area is 11055km2 including 440,000 hectare of farmer land and 7.6 million of people. The 
dike has been reinforced throughout some hundred years forming present scope. The 
height of the dike is 8~10m while the width of the crest is also 8~10m. The quality of the 
dike is not so good because the dike was built a long time ago, the constructing material 
was from near land, the construction technique was backward at that time, and there are 
some biological holes and miscellaneous matters in the dike. Some serious clinical 
situations, such as dike burst, happened many times in history. 

The filling material of the embankment mainly is native soil such as sand loam, silt 
sand, and silt loam etc. besides some mixed soil is also filled in. The foundation soil is 
sand loam, silt sand, silt loam, silt clay, clay, and silt etc. The deep foundation material is 
rock.  

3.2 Measurement  
The test was conducted in cooperation of IWHR and YRSRI. Some 350 drilling samples 
were made, the diameter of samples was 78mm, and the deepest sample was from 27m in 
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depth. Most of the samples were from filled material of the embankment while a little part 
was from the foundation. Each sample was tightly covered in order to protect the moisture 
from losing. Some 144 more complete samples were tested for establishing the 
co-relationship of the electrical conductivity and geo-technical parameters of soils in 
Yaodi dike and their changing regularity.  
 

Table 4 the conductivity and resistivity of various soil compositions 

Conductivity 
/(mS/m) 

Resistivity 
/(Ω·m) Soil Composition 

96~37 10~27 Brown clay, Gray-black clay, Heavy clay, Dark brown clay, Gray-black 
heavy clay, etc. 

36~19 28~52 
Dark brown clay, Heavy silt loam, Gray- black medium silt loam, Heavy 
clay, Dark silt clay, Brown silt clay, Brown loam, Gray- black silt clay, 
Brown clay with ion- manganese structure, Dark brown sandy loam, etc. 

18~12 53~84 

Brown silt clay, Brown clay, Heavy clay with ion- manganese structure, 
Gray- black loam, Brown loam, Gray fine sand (a little more hard), 
mixed sand- loam, Gray-black silt clay, Brown loam, Brown light sandy 
loam, medium sandy loam, Brown heavy silt loam, silt sandy loam, Dark 
brown fine sand  (including some soil), Gray-black sandy loam with 
some organic matters, etc. 

11~6 85~164 

Brown sandy loam with some organic matters, Sandy loam with clay, 
Brown silt loam, Sandy loam with many organic matters, Fine sand with 
clay and mica, Gray-black fine sand and sandy loam,  much more fined 
Gray-black sand, Sandy loam with organic matters, Brown sandy loam, 
Brown fine sand, Gray fine sand with gravel, etc. 

 
Firstly, some more complete original samples were selected to form testing cylinder 

samples, then electrical conductivity (resistivity) of samples was measured, finally 
geo-technical parameters were tested. In order to reduce the connecting resistance 
between the samples and the electrode plates, some soil paste was filled in between, that 
was made by mixing the soil from the same sample and adequate amount of water. The 
electrode plates were made of stainless steel that was of chemical inert to avoid generating 
of electric motive force (emf) because of the reaction of the electrodes and solution. The 
conductivity measurement was conducted using DC method while the test of 
geo-technical parameters was conducted following the relative national standard. 

3.3 The co-relationship of conductivity and geo-technical parameters of Yaodi dike 
The grain size of the samples was fine. There were eighty-nine of clay samples such as 
brown clay, gray-black clay, and heavy clay, etc; while there were fifty-five of sandy loam 
samples such as gray-black sandy loam, brown sandy loam, and silt sandy loam, etc. 

The electrical conductivity (resistivity) ranges of different soil compositions are listed 
in Table 4, which shows that the conductivity is reducing while the grain size is increasing. 
The conductivity (resistivity) and the geo-technical parameters of soils measured are 
given in Table 5. The co-relationship of conductivity and geo-technical parameters of 
tested are shown in Figure 1 ~ 5. 
 

Table 5 the values of conductivity and geo-parameters of soils tested 

Parameter Conductivity
/(mS/m) 

Resistivity 
/(Ω·m) 

Moisture 
(%) 

Dry 
Density 
/(g/cm3) 

Porosity
Clay 

Content 
(%) 

Silt 
content 

(%) 
Value 59.8~6.1 16.7~164 38.6~16.0 1.29~1.83 1.1~0.5 75~5 86~13 

 
Fig.1 and Fig.2 show that although the co-relationship of conductivity with clay content 

and silt content is more scattered, it can also be obviously seen that the conductivity 
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increases as clay (grain size<0.005mm) content increases. When the changing range of 
clay content is about 16~63%, the changing range of the conductivity is about 6~60 mS/m. 
But, it seems there is no clear co-relationship between conductivity and silt (grain size 
within 0.05~0.005mm) content. 
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Fig. 1 the co-relationship of the conductivity and the clay content of soil in Hanjiang Yaodi Dike 
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Fig. 2 the co-relatoinship of the conductivity and the silt content of soil in Hanjiang Yaodi Dike 
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Fig. 3 the co-relationship of the conductivity and the moisture of soil in Hanjiang Yaodi Dike 
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Fig. 4 the co-relationship of the conductivity and the Dry Density of soil in Hanjiang Yaodi Dike 
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Fig. 5 the co-relationship of the conductivity and the Porosity of soil in Hanjiang Yaodi Dike 

 
The co-relationship of conductivity and moisture in soil tested is dawn in Fig.3, which 

shows that the conductivity increases as moisture increasing. The conductivity changes 
from 6mS/m to 60mS/m when moisture changes from 16% to 38.6%.  

Fig. 4 represents the co-relationship of conductivity and dry density of soil tested. The 
conductivity increases as dry density decreasing, because of more pores and thus more 
moisture existing in soil. When the changing range of dry density is from 1.29 to 1.83 
g/cm3, the conductivity is from 59.6 to 6.1mS/m. 

The co-relationship of conductivity and moisture in soil is given in Fig. 5, which shows 
that as the porosity increases (from 0.5 to 1.1), then more moisture can be held in soil, the 
conductivity increases (from 6.1 to 59.8mS/m) too. 
 
4. CONCLUSIONS 

In order to find out the co-relationship of electrical conductivity and geo-technical 
parameters of embankment, it was conducted that measurement of the conductivity and 
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the geo-technical parameters of soil, such as clay content, silt content, moisture, dry 
density, and porosity. One hundred and forty-four samples were tested, that were mostly 
clay loam and silt loam from Hanjiang Yaodi Dike, China. After then, we can see how the 
changing of geo-technical parameters affects the conductivity.  

The test result shows that the conductivity range of soil samples of Hanjiang Yaodi 
Dike is from about 6 to 60 mS/m; the dependence of conductivity is positive on the clay 
content, moisture, and porosity of soil while negative on the dry density. The dependence 
of the conductivity on the silt content is not obvious.  

When ones test the conductivity of dike via geophysical techniques to exam safety of 
dike, the above co-relationship will be very useful to explain the detection result as a basic 
theoretical and experimental reference. For instance, for a homogeneous dam or dike 
section, if some region expresses higher conductivity there should contain more moisture 
than normal regions, then the possibility of leakage exist there. 
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Abstract: Flood is one of the most severely disasters in China. In fighting with the flood, many 
measures including structural and non-structural approaches contributed to the flood control and 
flood management. One of the effective and primary means for helping reduce flood damages has 
been dike construction. In most countries in the world, the present safety standards for the flood 
protection structures are expressed as return periods of extreme water levels, which the flood 
protection structure must be able to withstand. In determining the dike height against with the flood, 
many countries have gotten many valuable and different experiences. This paper firstly introduced 
the evolve and progress in dike design in the U.S.A and in the Netherlands, then introduced the 
policy and method of risk analysis in optimum dike design, and at the last introduced one case study 
in Fushui River in China. 

 

 
Keywords: optimum dike design, risk analysis, Fushui River, hydraulics model 

1. INTRODUCTION 

The development of human civilizations is combined with fighting with natural hazards 
such as floods, earthquake, etc, which deprived the lives and poverties of the people. 
Many measures including structural and non-structural approaches contributed to the 
flood control and flood management. One of the effective and primary means for helping 
reduce flood damages has been dike construction. However, uncertainties in the frequency 
of floods, changes in land use, and the structural and geotechnical performance of the dike 
systems complicate the dike design process. 

In most countries in the world, the present safety standards for the flood protection 
structures are expressed as return periods of extreme water levels, which the flood 
protection structure must be able to withstand. In the USA, the U.S. Army Corps of 
Engineers has established levee heights to pass a flood of a given recurrence probability. 
This flood has often been the flood with a probability of 1/100 of being exceeded in any 
given year. An increment of levee height, called “freeboard,” was then added to the levee 
design height. So, many levees have been designed, built, and certified to a standard equal 
to the 100-year flood plus 3 feet of freeboard in the USA (Washington, D.C. ISBN 0309 
07136 4). 

In determining the required height of dikes, the traditional method in the Netherlands 
used was to take the highest known water level, plus a margin of 0.5 to 1 meter. The Delta 
Commission, which was set up shortly after the disastrous floods of 1953, laid down the 
basis in 1956 for the current safety standards with regard to protection against flooding. 
The starting point as proposed by the Delta Commission was to establish a desired level of 
safety for each dike ring area or polder. This safety level would need to be based on the 



costs of construction of dikes and on the possible damages, which would be caused by 
flooding. These economic analysis led to an optimum safety level expressed as the 
probability of failure for the coastal dikes. In practice however, the safety level was 
expressed as the return period of the water level, being the most dominant hydraulic load. 
One of the main reasons to simplify the description of the safety standard was the lack of 
knowledge to describe the failure process of a dike sufficiently accurate (Krystian 
Pilarcayk). 

Along with the development of the science and technology, in the early 1990s, an 
alternative analytical approach on the dike design has been explored in the U.S.A. A risk 
analysis approach uses probabilistic descriptions of the uncertainty in estimates of 
important variables, including flood-frequency, stage-discharge, and stage-damage 
relationships, to compute probability distributions of potential flood damages. In 1992, the 
Corps issued a draft engineering circular (EC) Risk-Based Analysis for Evaluation of 
Hydrology/Hydraulics and Economics in Flood Damage Reduction Studies (EC 
1105-2-205). In March 1996, the Corps issued engineering regulation (ER 1105-2-101), 
which represents current Corps policy and procedures for risk analysis. 

In the Netherlands, the economic analysis has been used to differentiate the safety 
standard according to the expected damages in the various polders. A safety standard has 
been established for each dike ring area. This standard is expressed as the mean yearly 
frequency that the prescribed flood level is being exceeded. The standards vary from 
1/10000 to 1/1250 per year, depending on the economic activities and size of population 
in the protected area, and the nature of the threat (river or sea). In 1996 these standards 
were laid down in legislation when the Flood protection Act (Ministry of Transport, 
Public works and Water Management 1996) came into effect. The flood levels associated 
to the safety standards are updated every five years to accommodate sea level rise and 
recent technical developments. 

2. RISK AND RISK ANALYSIS 

What is Risk? “Risk” is generally understood to describe the probability that some 
undesirable event occurs, and is sometimes used to describe the combination of that 
probability and the corresponding consequence of the event. That is to say, the probability 
of failure multiplied by the damage or loss (=consequence) constitutes to the Risk. 

Among the various sources contributing to flood risk, only the flood-frequency 
component has traditionally been considered probabilistically. This component is indeed a 
major factor contributing to the flood risk, but several other factors are significant and 
should be accounted for quantitatively. The following list addresses factors that are often 
important in determining flood risks. 

Hydrologic factors----including snow melt or rainfall characteristic, rainfall-runoff 
relationships of the watershed, and the characteristics of the stream network. Rainfall 
factors include spatial and temporal distributions of the precipitation, the sample 
representative, accuracy and adequacy of the rainfall data, and the methods of analysis or 
simulation. Watershed-stream factors include storage in lakes, reservoirs, and wetlands. 

Hydraulics factors----the nature of flood propagation in the channel and the equations 
and methods to simulate the flood propagation, which in turn depend on channel geometry, 
the roughness and slope of the channel bed, and the nature of the floodplain. Also 
included are the effects of hydraulic structures in the watershed such as dams, spillways, 
dikes, locks, weirs, pumps, bridges and other diversion structures; also included are 
effects of sediment in the river, including erosion, scour, and deposition along the channel. 
Effects of wind and waves should also be considered. 
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Structural and geotechnical factors----geologic properties of the foundation, seepage 
through and cutoff beneath dikes, internal erosion or piping of dike materials, strength 
instabilities in embankment or the subsurface, deep seepage failure away from the dike, 
and other soil mechanics issues. 

Materials and construction factors----type and quality of materials used for dams and 
dikes, thermal and moisture variations affecting dam or dike quality during its service 
period and its construction. 

Operational and maintenance factors----operational procedures on water diversion and 
release prior to and during flooding; operational procedures when an incident occurs; 
safety inspections and flood warning of the river system; repair and maintenance rules. 

A risk analysis is concluded with the determination of the consequences of failure or 
collapse. In order to obtain an optimal design, it is essential to seek a balance between the 
risk and the building cost of a flood defence structure. On the one hand the damage caused 
by the big floods and dike failure was estimated (indicated by S in Fig.1), on the other 
hand the cost of increasing the height of the dikes was calculated (indicated by I in Fig. 1). 
The summation of the costs Q equal to the investment I adds the present value PV. An 
optimal design water level could be found when the curve Q takes its minimum. 

Cost 

-ln(Pfopt) -ln(Pf) 

PV(Pf,S) 

Q

I

Point of minimum cost

Fig. 1  The economically optimal probability of failure of a structure 

3. RISK BASED OPTIMUM DIKE DESIGN 

Risk analyses for optimum design of flood defense structures include the establishment of 
reliability function for special purposes, determination of uncertainties or failure 
mechanisms and the variable distributions.  

Mathematical descriptions of physical failure mechanisms have to be available for 
probabilistic calculations. In general, the mechanisms of embankments is identified so far 
as: overtopping/overflowing, sliding, piping/rupture, damage of cover or erosion of dike 
core, piping at hydraulic structures, unsuitable operation of hydraulic structures, bank 
erosion caused collapsing of embankment  

Only overflowing is given as an example as following. 
3.1 Failure Probability 
In this mechanism, failure is to occur if the water level of the river rises higher than the 
crest level of the dike or > hĥ 0. The reliability function is: 
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3.2 Mathematical-Economic Approach 
The expenditure to make the protected area safer is equated to the profit made by the 
decreasing present value of the risk. The problem for the inundation of the hinterland of 
the middle and lower reach of the river is unacceptable to the local economic 
development.  

The total damage, inflicted upon buildings, stock, cattle and loss of industrial and 
agricultural production that occurs if polders is inundated. The mathematical expectation 
of this loss in a year is the product of the probability of inundation and the loss, S. The 
present value of expected loss over the service life of the structure, N, is a measure of the 
integral loss. 

The risk of failure can be reduced by heightening the dike. One part of the cost of this 
safety measure is constant and the other part is approximately in proportion to the increase 
in height. The total cost, Ctot, is the addition of the cost of heightening the dike and the 
present value of the expected loss: 
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when: 0totdC
dh

= , the optimum height of dike and the optimum failure probability can be 

determined by: 
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where: 
I = = investment 0 (I I h h′+ − 0 )

0I = mobilization cost 
I ′ = cost of height increase of dike per unit length 
r′ = interest rate 
g =growth rate of the national economy 
The total cost of dike heightening, Ctot, can be determined by substituting h0opt from 

equation (5a) for h in equation (3). Heightening the dike is economically advantageous if 
the total cost, Ctot, is smaller than the present value of the risk in the existing situation. 

3.3 Incorporation of “ the economic value of human life” into the 
mathematic-economic approach 

If human life is rated at an amount of money, s, an insight into the effect of this loss upon 
the optimum failure probability can be obtained. The amount of “material” damage is now 
increased to: 

|d f PP N s S+         (6) 
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where: 
|d fP  = probability to die in case of dike failure; 

NP  = number of inhabitants in the area affected by the failure; 
 s = “cost” of one human life. 
The equation (3.5a, 3.5b) is altered in consequence of this adjustment of the amount of 

total loss: 

|
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        (7b) 

In this case study, the value of a human life is taken as the present value of the net 
national product per inhabitant. 

4. CASE STUDY: RISK BASED OPTIMUM DESIGN OF DIKES ALONG FUSHUI 
RIVER 

4.1 Hydrodynamic Simulation for the determination of overflowing 
Fushui River, a small first-grade tributary of the Yangtze River with a total length of 
195km and a drainage area of 5,310km2, is selected for the case study. Flood situation is 
serious in the middle and lower reach of the river, which is 80km long. The reach was 
formed from original lakes by artificial polders. The dike of the polders was built on soft 
soil, and the height of the dike was not sufficient for keeping out the flood out of polders. 
Over-spilling occurred in 1969, 1983, 1995, 1996, 1998, 1999 in recent 50 years and huge 
damages caused by these flooding. Because of its location in original floodplain area, the 
duration of each flooding kept as long as two months. 

In this river with 195km in length, a large scale of reservoir, named Fushui Reservoir, 
was built in the end of 1970’s, with a controlled drainage area of 2,450km2, providing a 
total storage of 1.7 billion m3 and a flood-control storage of 548 million m3.  

Below the reservoir is the middle and lower reach of the river, a very important 
economic area with 22 thousand ha of farmland and more than 570 thousand populaces 
under the threatening of the flood from the reach. The river system include main stem, 
small tributaries formed by separated polders and lakes that is not reclaimed agriculturally 
but with fishing development. Amongst them two lakes, Wanghu Lake and Zhupohu Lake, 
are planned for extreme flood detaining. In the outlet of the reach to the Yangtze River, a 
sluice was built for holding up invading water from the Yangtze River during its high 
level period. A pump station with pumping capacity of 200m3/s was built for pumping out 
water of the river basin during the closure time of the sluice at the outlet. 

The map of the Fushui River basin is shown in Fig.2. 
The propagation of flood wave in a stream channel is a case of gradually varied 

unsteady flow. The laws governing such flows are the equations of continuity and 
momentum for unsteady flow. 
Continuity equation of unsteady flow 

0Q A
x t

∂ ∂
+ =

∂ ∂
 

Dynamic equation of unsteady flow 
2

2 0
gQ QQ Q HgH

t x A x C RA
 ∂ ∂ ∂
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BaXia 

Fucikou 

Longgang River 

SanXikou River 

Zhubohu 

Wanghu Lake 

Xingtanpu 

Gangkou

Fushui River 

Fushui Reservoir  
 

Fig. 2  Map of Fushui River Basin 
 

Upstream Boundary 
Using the discharge of the selected cross sections (Baxia, Xingtanpu and Gangkou) on 
different time as upstream boundary. There are four design floods. That is 5-year flood, 
10-year flood, 20-year flood and 50-year flood. The peak discharge and the flood volume 
as follows (Table 1 and Table 2). 

Table 1  Designed Floods of Fushui River (peak discharge, m3/s) 

Flood frequency Baxia Xingtanpu Gangkou 
20% 721 1407 2327 
10% 1100 1945 3076 
5% 1503 2500 3833 
2% 2057 3254 4964 

Table 2  Designed Floods of Fushui River (total volume, 108m3) 

Flood frequency Baxia Xingtanpu Gangkou 
20% 1.89 2.85 4.29 
10% 2.89 3.95 5.88 
5% 3.94 5.56 7.52 
2% 5.40 7.20 9.82 

Downstream Boundary 
At the end of this model, there is a lock named Fuchikou Gate. According to the control 
principal of the gate, the water level of the Fuchikou Gate was selected as downstream 
boundary. The different water level of the design floods as follows (Table 3). 

Table 3  Fuchikou Stage(m) 

Flood frequency 20% 10% 5% 2% 
Stage(m) 20.88 21.65 22.23 23.85 

 
Along the Fushui River, Longang River and Sanxikou River, each 100 meters is 

defined as a grid. So, it is possible to calculate water levels of each grid.  
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According the experience, we selected Maning equal to 0.027 in Fushui River and 
Maning equal to 0.026 in Longgang River and Sanxikou River. 
Output 
Dike elevation, water levers of 5_year flood, 10_year flood, 20_year flood and 50_year 
flood are included in Fig.3.  

In the figure and table, it is found that the most current dike elevations are higher than 
the related water levels of 5-year flood. There are only 4 reach dikes couldn’t withstand 
the 5_year flood. The dangerous cross sections are FUSHUI02_.1100, FUSHUI02_.7300, 
FUSHUI02_.7900 and FUSHUI02_.8700.  

Considering 10_year flood, we will find that there are 15 reaches with dikes lower than 
the related water levels of 10_year flood. Considering 20_year flood, we will find that 
almost half of the river dikes are lower than the calculated water levels of the 20_year 
flood. And as to 50_year flood, we will find that almost whole river dikes are lower than 
the expected water levels of the 50_year flood. 
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Fig. 3  Dike elevations and Water levels on the Cross sections 

With detention area 
From the simulation output of the 5-year flood, 10-year flood, 20-year flood and 50-year 
flood, it is found that the Fushui River only can withstand 5-year flood. Considering 
improve the capacity of the Fushui River to withstand the big floods, the two lakes named 
Wanghu Lake and Zhubohu Lake can be used as detention area during big floods occur. 
The other model was built to simulate the floods with the two lakes as detention area.  

The two lake-branch and two weirs were added in this model. The original crest level 
of the Wanghu weir is 23.84m and varies from 23.84m to 18m in the flooding. The 
original crest level of the Zhubohu weir is 23.16m and varies from 23.16m to 18m in the 
flooding. The two Time Controllers were defined to accomplish this purpose.  

The four kinds of frequency floods in former model were also simulated. The input 
boundary and output boundary are almost the same as the former model. The difference 
between the two models is that the outlet discharges of the two lake-branchs were equal to 
zero.  

 680



From the simulation outputs, it is found that the water levels in the cross sections fall 
down from 0m to 0.46m in 5-year floods, from 0m to 0.6m in 10-year flood, from 0m to 
0.64m in 20-year flood and from 0m to 0.77m in 50-year flood. The effect of using 
detention area is distinct. 

4.2 Damages Caused by Flood Inundation 
In the hinterland of the middle and lower reach of the Fushui River, there are 22 thousand 
ha of farmland and more than 570 thousand populaces. The detail land use and properties 
in the protected area need to be investigated further. For the time being, It is estimated that 
1/3 of the farmland is for fishery, 1/3 for agriculture, 1/6 for fruit production, 1/6 for 
cotton. Industrial assets and production is estimated according to the statistics of the 
county. 

The damages caused by inundation are determined by a great many factors. In practice 
of the Yangtze River, once the inundation happens, the damage will be caused 
immediately. The factors contributing to the damages in the Fushui River can be as 
follows: 

a. Factors which describe the inundation process and the circumstances during 
inundation: water level as a function of time, flow velocity, duration of inundation 
etc. 

b. factors relating to the characteristics of the inundated region: size, population, 
buildings, means of subsistence, warning and rescue facilities. 

Number of Death in the Event of an Inundation 
Estimating the number of victims likely to be claimed by a flood disaster is a complex 
problem, because a huge number of factors are involved. Data from elsewhere or from 
earlier times cannot be directly utilized with regard to present day conditions in the Fushui 
River basin. Besides, it is possible to quantitatively determine from the known data all the 
relationships existing between the relevant factors and the number of victims. 

According to the studies on the previous flooding situations, death is caused by non 
enough evacuation time because of a suddenly breach of dikes at a unexpected time. Most 
of them lived just behind dikes and drown by rushing water flow. People lived in higher 
places or far away from dikes evacuated because of effective rescue works. 

Of the inundation characteristics which call for investigation most, the inundation 
depth and speed have been focused. For most places, it is know that people were drown 
were resident in lower place and near the dikes. The present considerations are based on 
the number of deaths in the flooding places as a whole. This number, in relation to the 
number of present-day inhabitants, gives the “drown fraction” (proportion of the 
population killed by drowning). 
Material Damage Associated with an Inundation 
The content of the material damage in the event of inundation depends on the inundation 
parameters and the type of object that suffers damage. It is important to know what the 
relations are between the said parameters and the damage to an object. 

In the studies finished in the Netherlands, the damage can be determined as the product 
of two quantities, namely, the maximum possible damage smax and the damage factor ci 
(d): 

max( )is c d s= ⋅  

The maximum possible damage (or loss) corresponds to the replacement of the object 
concerned. The damage factor ci (d) has a value between 0 and 1 which indicates the 
degree of destruction. This factor depends on the category (i) to which property is 
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assignable and on the inundation parameters. In the present stage of the investigation only 
the relationship between ci and the inundation depth d is considered. 
Property to be reckoned as loss 

In China, infrastructures and estates are calculated for reckoning the damages caused 
by flood inundation on the following classifications: 
 Agricultural estate 
 Non-agricultural estate 
 Industry, trade, banking 
 Transport (motor vehicles, railways, postal and telecommunication services, shipping 

etc.) 
 Houses, farms, cottages 
 Dykes, roads, pumping stations, bridges, dams and other hydraulic structures 
 Schools and other public buildings 
 Furniture, clothing, stock etc. as household loss 

Damage Factors 
By a damage factor is understood the relationship between the inundation parameters, 

on the one hand and the category to which property is assigned, on the other hand. In the 
event of total destruction the damage factor is equal to 1. Some damage factors can be 
deduced from historical inundation roughly because of the availability of statistics on the 
loss. With regard to the inundation parameters only the depth of inundation has been 
considered. 

Losses associated with damage due to inundation are divided into: 
 Direct losses (due to damage affecting buildings machinery, vehicles etc.) 
 Indirect loss (interrupted and affected production)  

Damage factors can be deduced by the calculation of total properties and properties 
damaged. 

 
Table 4  Optimum Dike Height and Failure Probability 

Calcaulation of Optimum Dike Design 
Item symble unit value 
Damage S million cny 150 
interest rate r 0.08 
groth rate of national economy g 0.07 
cost increased per unit length I million cny/m 0.005 
constant a α 6.0 
constant b β 0.33 
existing dike height h0 m 6 
mobilization cost I0 million fl 110 
probability to die Pf|d per year 0.01 
number of inhabitants Np million person 0.2 
value of a human life s million cny/person 0.3 
without life to die   
optimum dike height h m 11.3 
optimum probability of failure Pf 1.10E-07 
with life to die   
optimum dike height h m 11.3 
optimum probability of failure Pf|d 1.10E-07 
Result   
cost for null alternative Cnull million cny 150 
cost for dike heightening Ctot million cny 110.03 
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Construction Cost for Dike Improvement 
The cost of construction for dike improvement, Cconstr, will be calculated using the 

following formula: 

1

n

constr i i
i

C a
=

= v∑  

where:  
ai   = unit price for i item  [cny/m3] 
vi   = volume of i item [m3] 
n   = number of items 
The volume of every item concerned in the improvement will be reckoned in segments 

divided according to the breakdown of water levels. The price level will be in the year of 
2001. 
Optimum Failure Probability and Dike Height 

For overflowing mechanism, the optimum dike height and failure probability can be 
calculated according to equation (7a and 7b). The result is shown in table 4.  
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Abstract: In this paper, the performance of GDW-3 excavating special machine is introduced 
briefly, and the application of the construction technique for thin diaphragm wall by grab-drill 
excavating trench process with rope grab is systematically discussed. It has been testified that the 
GDW-3 excavating machine for thin diaphragm wall has preferable cost performance in many 
practical engineering, especially in Qiuwan dike section in Hubei province, which is the one of most 
complicate anti-seepage embankment in China. Under the complicated geological stratum 
conditions, the technique of thin diaphragm wall by grab-drill excavating trench process with light 
grab excavator should be recommended, which can be taken as supplement for the method of 
excavating trench by directly grab excavating process. Ogee joint used to connect with thin trench 
segment is feasible at site, which can save cost and time in junction treatment. 

 

Keywords: grab-drill excavating trench process, thin diaphragm, excavating trench, ogee joint 

1. INTRODUCTION 

According to different excavating machines, construction methods of anti-seepage wall 
are divided into impacting excavating trench, grabbing excavating trench, drilling 
excavating trench, milling excavating trench, saw cutting excavating trench and water 
jetting excavating trench. Grabbing excavating trench is widely used because of its 
sophisticated construction technology, good adaptation for stratum and high work 
efficiency.  

Grab-drill excavating trench process is widely used in construction of anti-seepage wall. 
Recently hydraulic grab by grabbing excavating trench has been used in construction of 
dike at low water level. Grabbing excavating trench is used when stratum is simple and 
hydraulic grab is used. The GDW-3 excavating special machine is the first one in our 
country. Construction technology of grab-drill excavating trench process is: guide hole 
(with a diameter of 350mm) is drilled by GSD-1 driller, then trenches are formed by guide 
hole and cheap thin grab with wire cable (with a thickness of 300mm).  

The merits of construction technology of this kind of thin diaphragm wall are as 
following: Because of the existing of guide hole, the closed thin diaphragm wall can be 
guaranteed sufficiently. It has high work efficiency and good adaptation for stratum. The 
cost of wire cable grab is lower than hydraulic grab. The construction machines are simple 
and can be operated easily.  

 



2. INTRODUCTION OF WIRE CABLE THIN GRAB EXCAVATING  
TRENCH MACHINE 

According to the movement mode of grab, there are two kinds of grabbing machines. One 
is hydraulic grab and the other is mechanical grab. The mechanical grab is widely used 
because of its high ratio of characteristic and cost and low construction cost. 

The first characteristic of the machine is the mode of opening and closing crab bucket. 
In order to contain many moving parts in a limited space, merits of single wire cable grab 
and twin wire cable grab were compared with each other, arrangement of lumped work of 
wire cable and the ratio of weight of grab and area of trench were analyzed. At last twin 
wire cable grab and lumped work composed by five pulley blocks are chosen. And the 
thickness of trench is 300mm, the nominal weight of grab is 3 tons. Thus, it is so-called 
GDW-3. 

The second one is twin fairleader and hydraulic controlling system. The switching and 
lifting of grab are controlled by twin wire cable. Because ordinary mechanical fairleader 
can’t finish good adaptation to twin wire cable and cost of hydraulic fairleader is very 
high mechanically-driven and hydraulic clutch are applied. To operate easily, leading ratio 
control valve is used.  

The third one is chain drive mode. It has the function of free falling body and can 
achieve the impact effect of the grab to stratum.  

In order to decrease total cost, a caterpillar bottom header and a push-type discharge 
mode are used.  

The main technical parameters of GDW-3 are shown in Table 1: 
 

Table 1 Main parameters of GDW-3 
Total parameters:  
Depth of trench (m) 30 
Thickness of trench (mm) 300 
Width of trench of each grab (mm) 1800 
parameters of the main machine:  
fairleader  
lifting force of each cable(KN) 45 
speed of cable(m/s) 0.464 
capacity of electric machine(kw) 37 
hydraulic system  
rated pressure of system(MPa) 8 
maximum pressure of system(MPa) 12 
flow(L/min) 36+14 
model number of oil pump CBY25/10 
capacity of electric machine(kw) 7.5 
machanism of caterpillar track  
step length in longitudinal direction(mm) 530 
step length in transverse direction(mm) 480 
parameters of grab:  
thickness of grab(mm) 300 
width when grab is open(mm) 1800 
area of trench(m2) 0.54 
height when grab is open(mm) 4320 
height when grab is close(mm) 4730 
width of grab(mm) 1600 
number of pulley block 5 
force when grab is close(KN) 86 
capacity of grab(m3) 0.29 
weight of grab(kg) 3400 
weight of complete appliance(t) 15.9 
outline dimension(mm)  
working condition 5880× 2850 8800 ×
transporting condition 7225× 2300 2620 ×
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3. GENERAL SITUATION OF ENGINEERING 

Qiujiawan dike section of Yangtze River is located at Hubei Province, which is one of the 
most complicate anti-seepage embankment in China. Serious danger and piping took place 
in the Flood of 1998 and 1999. According to design requirements, a plastic concrete 
anti-seepage wall is used, which is 36 meters in depth and 0.3 meters in thickness. The 
compressive strength of plastic concrete in 28th day is more than 2Mpa. 

Qiujiawan dike section is located at the first grade terrace of alluvial plain of Yangtze 
River whose stratum is Jurassic system lower series Wuchang froup(J1w). This dike 
section is gradually formed in the past. The main fill materials of dam body are clay soil 
and silt loam which including silt and sandy loam locally, and the dam body has been 
compacted by action of gravity except for the top layer which thickness is about 2.5 
meters. The dam foundation has a “two-phase structure” of clay and sandy soil. The 
thickeness of the clay layer is between zero and 20 meters which includes clay soil, silty 
clay, silt loam, and a spot of muddy silty clay. The thickness of the understratum is about 
16 meters, which includes silt, medium sand, coarse sand and some gravel. The bottom is 
composed by pelitic siltstone. In this case, this section is one of the most complicate 
sections of the anti-seepage dike. 

The main on-site machines are the first excavating trench machine GDW-3, drilling 
machine GSD-1 and a set of pump. 

4. INTRODUCTION OF CONSTRUCTION TECHNOLOGY 

There are two kinds of construction technology. One is grab-drill excavating trench 
process, the other is grab ogee joint. 

4.1 Technology of Grab-drill Excavating Trench Process 
According to requirements of technology and width of grab trench sections are divided as 
follows: length of each section of period one trench is 5.7 meters (one of them is 7.8 
meters long) and the one of period two trench is 5.1 meters (one of them is 1.9 meters 
long). 

During construction, number “1” side slotted hole is firstly grabbed. Thereafter, 
number “3” side slotted hole is grabbed. Lastly, number “2” middle slotted hole is 
complished. When the three grabs arrive to the specified depth, trench cleaning and plasm 
changing are done. 

The guide hole is drilled by GSD-1 drilling machine. To guarantee perpendicular of 
drilling holes and to raise the efficiency of construction, on the basis of cone three-wing 
doctor bit whose diameter is 350mm, guide loops can be set at the bit and the upper part 
of drill according to field geological conditions. The bit is changed into flat head 
three-wing doctor bit. In addition, some measures should be taken to prevent the hole 
form penetrating, such as backfilling soft soil. 

4.2 Technology of Ogee Joint 
The joint of slotted hole is the key process of construction of anti-seepage walls. There are 
three methods for treating joint of slotted hole, that is drilling method, water 
reinforcement method and twin-ogee method. Due to the efficiency of drilling method is 
low, its cost is very high, and it wastes material. The cost of water reinforcement method 
is also high. Torsion and jamming of the drilling tool may occur for twin-ogee method. So 
a design idea that ogees should be fixed on the grab bucket was presented, acoording to 
the field conditions and strength characteristic of concrete wall. Moreover, some tests 
have been carried out on number 52 hole (its length is 1.9 meters) after the permit of the 
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designers and supervisers. And then, this new technology has been implemented on this 
project. 

The ogee spread of grab is 370mm (a litter more than diameter of guide hole), the 
width of ogee slab is 48mm, and the height of ogee curve is 200mm(more than the radius 
of guide hole). The torsion of ogee can be prevented because grab spread is 1800mm and 
the slotted hole of period one is along the ones of period two. Because the size of ogee 
(370mm+48mm) is more than the thickness of slotted hole(300mm), the ogee must slide 
along the end of trench of period one. So the quality of construction can be guaranteed. 
Local collapse of sand during formation of slotted hole of period one may cause bale burst 
of the concrete. The ogee joint is formed by impacting property of cable grab. The 
phenomenon of jamming of a drilling tool can be avoided. This is a main characteristic of 
GDW-3. 

Based on the experience of twin-ogee test, single ogee test was also sucessful tested. 
Thus, construction efficiency is raised and numbers of joint are decreased. The 
construction technology of single ogee is using the middle grab to fixed a caging device to 
guarantee the ogee at the other side of the grab scrapes along the anti-seepage wall of 
period one. Single ogee also has the same three guarantees as twin-ogee. 

The arc brush like ogee is adopted by the iron wire brush of joints. The height of arc 
curve of arc brush is 200mm, its spread is 350mm. And the arc brush can move along the 
slide rail formed by ogee. 

The above-mentioned devices, such as ogee, caging device and arc brush have 
mounting panels and are connected directly to mounting holes by bolts. The handing 
operation of all devices is very convinient. 

5. WORK EFFICIENCY ANALYSIS, LABOUR COMBINATION  
AND COST ANALYSIS 

5.1 Work Efficiency Analysis 
5.1.1 drilling guide holes 
Statistics for the finishing 45 drilling holes indicate that the average time to drill a single 
hole is 2 hours (the shortest time is 80 minutes) including 90 minutes to drill and 30 
minutes to adding drills. Because of the influence of plastic concrete the time to drill the 
guide holes of ends of slotted holes of period two is 180 minutes. But the time to finish 
the same holes for 300-type drill and 600-type drill is 10 to 24 hours. 

As far as quality of holes, inclination ratio of holes is lower than 0.4‰, which satisfy 
requirements of the code of anti-seepage walls. 

Construction practices indicate that the improvement for drills is rational, which 
guarantee the sucess of grab-drill excavating trench process. 
5.1.2 excavating trench 
The comparasion of effciency of grab-drill excavating trench process and other excavating 
trench machines is shown in Table.2. 

Table 2  comparison of excavating trench machines 

device introduction  grab-drill excavating 
trench process number of devices time work efficiency 

(one month) 
wire cable grab 
(weight of grab is 4.7-7.0T) yes 2 can’t arrive to the sand under 20m 

50-70h (over 20m) 
wire cable grab 
(weight of grab is 3.5T) no 1 48-70h 8 trench sections each device 
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5.2 Labour combination 
By GSD-1 drill and FSB-80 pump, 3 person are needed to drill the guide hole for each 
group, including one person to operate the drill, one person to operate the pump and one 
or two people to set the drill rocker. So it is fit for 4 person. 

By GDW-3 grab, five person are needed to excavat trenches for each turn, including 2 
person to operate the grab and 2 or 3 person to deslagging. 

Table.3 shows the labour combination of grab-drill excavating trench process.  

Table 3  labour combination of grab-drill excavating trench process 

Item drilling holes(one turn) excavating trenches(three turns) total 
1 working face 3-4 people 12-15 people 15-19 people 

 
The layout of machines in excavating trench by grab-drill excavating trench process is 

shown in Table.4. 

Table 4  layout of machines in excavating trench by grab-drill excavating trench process 

item GSD drill GDW-3 grab Note 
1 working face 1 (one turn) 1 (one turn) 
3 working faces 1 (three turns) 1 (three turns) 

other assistant devices are not 
calaulated 

5.3 Cost analysis 
The cost of this construction technology is from 35 Yuan/m2 to 40 Yuan/m2 including 
salary of workers, depreciation of machines, dissipation of materials and cost of power. 

The cost of this technology will decrease greatly and will not exceed 35 Yuan/m2, if 
stratum is simple and the depth of trenches is small. 

6. CONCLUSIONS 

Tests and statistic analysis indicate that grab-drill excavating trench process applys for 
complicate stratum condition and light grab and can be taken as supplement for the 
method of excavating trench by directly grab excavating process. 

It has been testifyed that the GDW-3 excavating machine for thin diaphragm wall has 
preferable cost performance. The field tests offer some valuable data for the forming 
machine. 

The improved drill has high work efficiency and good quality and should be widly used 
in construction. 

Ogee joint used to connect with thin trench segment is feasible at site, which can save 
cost and time in junction treatment. 
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Abstract: In this paper, some problems on flow structure, anti-scour and rock riprap about river bend 
have been studied by using a model of generalized typical river bend. Because the flow structure in 
bend differs greatly from that in straight channel, so that the falling distances of rock riprap are also 
different. The relationship between the falling distance of individual stone and depth, settling velocity 
and flow velocity are presented. Most grouped stones fall farther than the individual stones and spread 
over an area in sector shape toward the inside due to the action of the circulation flow in the bend. 

 

 
Keywords: bend anti-scour, bend circulation, rock riprap test, falling distance, bank protection 
 

1. INTRODUCTION 

The total length of existing embankment in China is over 200,000 kilometers. The materials 
for bank protection slopes are mostly soil and stone, and ripraps are used in most cases. 
Especially in emergency cases, this type of bank protection has the features of simple 
application, and can be executed in stages. However, it also has some shortcomings: it is 
not easy to control the falling points, and some stones thus scattering on the river bed will 
not protect the bank, resulting in waste. 

Experimental research on riprap bank protection has been done by quite a number of 
people, basically by riprap testing in a straight water channel, with rare cases for the actual 
conditions of the flow at a concave river bend. In order to have a better understanding of 
the law of riprap bank protection in bends, experimental research of riprap bank protection 
has been done in bend with a conceptual model. 
 
2. BANK PROTECTION TEST 

2.1 Design and manufacture of model 
The first and second bends of Fengshan Qieling of the Huaihe River have been used as the 
typical bends to make models for testing (Fig. 1). In order that the flow velocity distribution 
of the water in bend is similar at the bank slope, a normal model with geometric scale ratio 
of Lr=Hr=100 has been used. The stone diameter ratio dr=Hr=100 and weight ratio 
Wr=Hr

3=1003. Considering the fact that at a flow velocity in the natural river of 1m/s in the 
original model of Fengshan Qieling (1955), the velocity in the model is only 0.1m/s, which 
is a turbulent flow, but the accuracy in measurement is not sufficient, with the difficulty in 
selecting the sand for the model. If a geometrically distorted model is used to increase the 
flow velocity of the model, there is some influence on the bank protection slope anti-scour 
and riprap tests. In order to increase the flow velocity in the model, it was decided to use 



the design of normal geometric scale ratio and distorted slope method for the river channel 
model. For this model with increased slope, a number of preparatory tests were conducted 
in a mobile glass water flume, to verify the scale ratio conversion relationship and to keep a 
similar water flow in the bend. When the bed slope is increased to 4 times, the scale ratio 
conversion relationship of length, velocity and discharge are as follows (Mao et al,1955). 

Length scale ratio  Lr=Hr=Lp/Lm=100                (1) 

Velocity scale ratio          1/
2r p m rLυ υ υ 5= = =                 (2) 

Discharge scale ratio     5 21/ 50000
2r p m rQ Q Q L= = =                 (3) 

  

1) Inlet segment 2) bend segment 3) testing segment 4) outlet segment 5) Flow measuring section 
Fig. 1  Layout of the model 

 
The roughness of the prototype river is np=0.0225, corresponding to an absolute 

roughness of (26nm)6=0.4mm according to Manning Formula nm=0.0225/(100)1/6=0.01045. 
Therefore the river bed of the model is finished with fine cement mortar. It meets the design 
requirement when tested by flowing water to measure the water surface line. The 
topography of the model is based on that of the bend overall model of Fengshan Qieling 
with bank protection but without protection of the bottom (Fig. 2). 

 

 
Fig. 2  River bed scour topography 
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The flow measuring point locations are shown in Fig. 1. Two sets of tests for single 
stones of different diameters, groups stones of the same diameters and grouped stones of 
different grades were conducted for different flow conditions (i.e Q=1,630m3/s and 
Q=1,000m3/s for the prototype). 

2.2 Flow structure in bend 
Natural river channels are generally winding and wriggling, and the water would move in 
curves after entering the bend from a straight channel under the combined action of gravity 
and centrifugal force. In the bend, the presence of centrifugal force breaks the balance of a 
free water surface, resulting in a slope (transversal gradient) on the water surface inclining 
from the concave bank to the convex bank. Both natural observation data and experimental 
data have shown that this transversal gradient starts to form on the water surface right after 
the water entering the bend, and varies along the course, reaching the maximum near the 
apex of the bend and then decreasing gradually, existing for a distance in the outlet segment 
of the bend. The water surface gradient resulted from centrifugal force can be roughly 
calculated using the following formula (Sha,1965). 

2

FJ
gr
υ

=                                   (4) 

where v – average water flow velocity m/s; r – average radius of bend; g – gravitational 
acceleration m/s2 

It can be seen from the above formula that the transversal gradient is proportional to the 
average flow velocity in the section and inverse-proportional to the radius of the curve. 
The presence of transversal gradient results in transversal flow in the section in addition to 
the longitudinal flow of the water in the bend, i.e., the water flows from the surface to the 
bottom on the concave bank and from the bottom to the surface on the convex bank. Fig. 3 
shows the vertical distribution of transversal flow velocity measured in a bend model, 
indicating high velocity of the transversal circulation at the bottom. The characteristics of 
the transversal circulation determines the status of scouring and aggradation in the bend.  
 

 
Fig. 3  Transversal velocity distribution in bend of model 

 
2.3 Scouring test in bend 
In the overall model test for Fengshan Qieling, crushed coal with a specific gravity of 1.5 
and median particle diameter of 0.5mm is used as the bottom sand for the scouring test of 
laying bottom sand on the river bed after making the bank protection. Two flows were used 
for the test, i.e. Q=1,630m3/s and Q=1,000m3/s (1952~1955). 

The result of bend scouring test meets that of fixed bed flow measurement. The 
characteristics of flow in bend determines the status of scouring and aggradation: scouring 
on the concave bank and deposition on the convex bank (Fig. 2). As the flow dynamic axial 
line during low and medium water level is close to the bank, the scouring apex will move 
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upstream, plus a great spiral flow in the bend, most of the mud and sand eroded from the 
concave bank can be carried directly to the opposite convex bank slightly downstream, only 
a small portion will be carried by water to the shallow beach downstream, and the location 
of deposition is also to the upstream side. During a flood, the flow dynamic axial line tends 
to the center, the location of the scouring apex moves downstream, and the spiral flow 
action is weak in the bend, therefore a significant part of the eroded mud and sand cannot 
reach the opposite convex bank, and will be carried to be deposited on the shallow beach 
downstream; the location of deposition on the convex bank is also to the downstream side, 
resulting in the tendency of the sand of side beach of the convex bank extending 
downstream. Measured data show that the maximum strength of the circulation flow is 
normally at the apex of the bend or close to it downstream. With the law that the flow 
dynamic axial line in the bend moves to the center with the scouring apex moving 
downstream in flood, and tends to be close to the bank with the scouring apex moving 
upstream, the scope of variation of maximum scouring and bank collapse in a period of a 
year can be known. Because of the inertia of the water flow, severe scouring can still be 
done for a certain length downstream the bend. The scope of bank protection should be as 
shown in Fig. 4. This is also the cause that a wriggling river always creeps downstream on 
an alluvial plain. 

The circulation structure of the flow and the river bed act and restrict each other. The 
turbulence structure of the water flow determines its sand carrying capacity. The structure 
of the circulation flow determines the local scouring and aggradation dynamics of the river 
bed. The intensity of the circulation structure is closely related to the width, depth, curve 
radius, radian, flow and bed moveability of the river. Understanding the water flow 
structure is the basis for the protection of the river bend. 

1) Upper conjugate point    
2) Water flow dynamic axial line during low

water period 
3) Water flow dynamic axial line during floor

period    
4) Lower conjugate point 
5) Scope of scouring apex movement    
6) Scope of bank protection 

Fig. 4  bank protection at b
 
2.4 Bend Bank protection test  
2.4.1 Testing with single stones 
Riprap tests were conducted at measuring point #1 of e
0+491 and 0+644 (Fig. 1). Stones of four diameters, resp
were selected by sieving, corresponding to natural stone
In order to reduce the influence on falling distance due
their force subjecting conditions in the water caused by t
and flake shaped stones were discarded and only those a
and weighed on the balance one by one for the tests. 3
tests and their weight controlled between 0.02g~0.04g.
natural ones using the scale ratio ρrLr

3. 
No external force was applied in the tests at the water

and to let the stone fall as a free falling object. To fac
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distance, a coordinate grid was drawn on the river bed. The horizontal distance from the 
stone dumping section to the point where the stone became standstill on the bed was the 
falling distance. The main variables affecting the falling distance are water depth, flow 
velocity, isometric granular diameter and weight of the stones, etc., i.e. 

S = f(H, v, d, w)                              (5) 
The settling speed of natural stones in standstill water can be calculated using the 

formula proposed by Professor Sha Yuqing (1965). 
4.58 dω =                                (6) 

in which 
1 31 36 6

s

V Wd
π πγ

  = =   
   

                           (7) 

where d—isometric granular diameter (m); w—stone weight (kN); γs—volume weight of 
grains, taken as 25.97kN/m3. 

Or the formula proposed by Chen Huiquan can be applied 

ω = 1.34w1/6                              (8) 

The calculation results of Eq.(6) and (8) are quite close to each other. As the settling speed 
ω includes d and w, formula (5) can be rewritten as 

S=f(H, v, ω)                              (9) 

That is, the falling distance of rapraps is related to the water depth of stone dumping 
point, the average flow velocity at the vertical line and the settling speed of the stone. 

A correlation curve of v/ω~S/H has been drawn (Fig. 5) on the basis of the testing results 
for two flows and stones of four different diameters at three sections of 0+339, 0+491 and 
0+664. It is known from the Fig. that the testing points are in exponent distribution 

S/H= (v/ ω)3/2                                               (10) 
While the results of riprap testing results in straight flume were in good linear correlation, 
with the straight line at an angle of 45°30’ with the axis of S/H (Fig. 5), expressed in the 
following formula (Chen et al, 1955). 

 

 
1) bend 2) straight channel 

Fig. 5  Comparison of v/ ω versus S/H about straight channel and bend 
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/ 0.98S H υ
ω

=                               (11) 

The differences in riprap testing results between the bend and the straight channel were 
mainly caused by difference of water flow characteristics. Section 0+664 was located in the 
downstream course of the bend, where severe scouring existed on the concave bank, and 
the main stream line at the section was close to the concave bank, with the presence of 
transversal flow and great bottom flow velocity. In the middle part of the bend was section 
0+491, the concave bank was also scoured, but not as severely as that of 0+664. The main 
stream was also deflected to the concave bank with transversal flow, and the bottom flow 
velocity was less than that at 0+664. Section 0+339 was in the upper course of the bend, 
where the main stream was on the convex bank with low transversal flow velocity, and the 
sectional shape of the river bed was basically symmetrical (Fig. 6). The three sections were 
at different locations of the bend, with difference in the strength of circulation flow. The 
combination of transversal circulation flow and the longitudinal movement of the main 
stream resulted in the spiral flow in the bend. The vortex of the spiral flow was intense near 
the river bed and low near the water surface. Because of the presence of the spiral flow in 
the bend, the dumped stones will move in the water flow direction (longitudinal) as well as 
to the river center (transversal) during their settling. The distance of their transversal travel 
is related to the intensity of the transversal circulation flow. The stronger transversal 
circulation flow, the farther stones will travel, and the vice versa. In a straight water flume, 
the flow velocity distribution is such that there is only the movement in the water flow 
direction in both horizontally and vertically, therefore the v/w versus S/H of ripraps in the 
straight water flume is in a linear correlation.  

 

 
Fig. 6  Velocity isolines of model test 

 

2.4.2 Riprap test of grouped stones 
In addition to manual work, mechanized work is also used for the construction of riprap 
bank protection works. In order to have a clear understanding of the difference between 
grouped stones dumping and individual stones dumping, tests of grouped stone dumping 
were conducted at the same location as with the individual stones dumping for comparison. 

Uniform grouped stones of the same weight of 10g and the same diameters were used in 
the tests. Stones were dumped at various dumping points as free falling objects, and the 
results of tests are as shown in Table 1. Stones were scattered in a sector on the bed, the 
farther from the dumping point, the wider scattering radius in the bend. The scope of 
scattering is related to the flow velocity, intensity of bend circulation flow and the diameter 
of the stones grouped uniformly. The greater flow velocity, the larger longitudinal scope (y) 
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of stone scattering; the greater transversal circulation flow, the larger radius scope (x) of 
stone scattering; and the greater stone diameter, the smaller scattering scope. 
 

Table 1  Falling distance of uniform grouped stones 

Granular diameter 20cm 30cm 40cm 
Stone scope / m x y x y x y 

① - 1.7 15 - 2 14 - 2 110+644 
② 3 28 4 28 4 25
① - 2 12 - 1 11 - 1 8 0+491 
② 4 26 4 23 5 21
① - 1.7 9.7 - 1.3 7 - 1.7 7 

Discharg
e 

1630 
m3/s 

0+339 
② 3 21 3 19 3 16

 

 
Considering that it is not possible to have very uniform stones in the actual riprap work, 

combined groups of stones were also used for the testing. For the combined groups, four 
groups of grade curves were made with stones of different sizes, with the median diameter 
(model) being d50=0.38cm for Group a, d50=0.31cm for Group b, d50=0.20cm for Group c 
and d50=0.29cm for Group d. The testing results were similar to that with uniform grouped 
stones. The combined group stones also scattered in a sector on the river bed, with quite 
similar scattering scopes of all four grades from the same testing point. This indicates that 
the falling distance of combined group stones is little related to the grading of stones. 

In comparing the testing results of single stones and grouped stones, it was also seen that 
most of the uniform grouped stones fall farther than the singles ones, and most combined 
group stones fell farther than the uniform grouped ones. This is because a mutually 
restricting action is produced between the stones when the grouped stones are falling. 
Stones collide with each other, resulting in very complicated form of motion. Thus, the 
settling track is longer than the singles ones, therefore the average settling speed is lower 
than that of the single ones, hence greater falling distance. In the case of uniform grouped 
stones, the weight and diameters are basically the same, so the stones can settle at the same 
speed in water. The combined group stones are in different sizes, and an action restricting to 
each other is produced when they are moving in a fluid because of the differences in 
diameter and weight, forcing all the stones to settle at the same speed. Therefore, the 
settling speed of combined group stones is still lower than that of uniform grouped stones. 
The photo (omit) demonstrates that the combined group stones scatter on the river bed in a 
sector with different sizes mixed together, unlike the single stones with the light ones 
falling farther. Because of the presence of circulation flow in the river bend, the stones tend 
to scatter farther to the river center in a wider sector at the apex of the concave bank as 
compared with those at the starting and ending portion of the bend. 
2.5  Comparative tests of different bed protection width at the foot of bank protection 
After riprap bank protection is done at the bend, the movement in the plane is stopped. The 
river bed on the concave bank is scoured and under cut, and the blocks at the foot of the 
slope are also scoured and slide down. If there are no sufficient make-up blocks at the foot, 
the bank slope will lose stability. Therefore, it is not sufficient to consider only bank 
protection for the concave bank of a bend, and bed protection must also be done. Bed 
protection is the extension of the bank protection and is the guarantee of slope stability. 

To study the different effect of bed protection on the bend, eight schemes were tested as 
bed protection on bend (Nanjiang, 1952-1955) on the dynamic bed model of Fengshan 
Qieling Bend. The size of stones for bed protection corresporded to natural stone blocks of 
30~40cm in diameter. The testing results are as shown in Fig. 7. It can be seen from the Fig. 
that the scouring depth, maximum scouring section and location of talweg in the bend at the 

 695



same flow are all closely related to the width of the bed protection. As the flow velocity at 
the bend increases as it comes nearer to the concave bank, the wider bed protection, the less 
depth of scouring, and the maximum scouring section would move upstream. When the bed 
protection becomes wide, the scouring depth becomes small and also the scope of 
adjustment of bed protection blocks, so the talweg will move less relative to the outer edge 
of the bed protection, and the vice versa with a narrower protection. Irrespective of the 
width of the bed protection, the areas of maximum scouring sections are quite similar (Fig. 
7). This indicates that with given river bed quality and hydrological conditions, there must 
be a water flowing section compatible to them, only with the differences in the shape of the 
section. With the application of the bed protection, the bed flow velocity is reduced 
significantly, which is 1.5m/s before the protection and about 1.0m/s after the protection. 
The bed protection test for the bend of Fengshan Qieling was conducted in an artificially 
excavated regular river channel. With a natural river bend, there is generally certain slope 
on the bank beach because of water scouring. We therefore have different stabilized slopes 
for ripraps under water with different flow conditions and different stone block sizes. Tests 
have demonstrated (Luo,1991) that the bed protection slope should not be less than 1:2. The 
width of bed protection is related to the extent of scouring of river channel. In general, it is 
suitable to have the width of bed protection at 1.5~2 times the scouring depth. The 
thickness of protection ripraps is preferably at 2~3 times the diameter of stones.  
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the straight channel. The empirical formula for ripraps in bends S/H=(ν/ω)3/2 has been 
initially given for reference for the riprap bank protection in bends. 
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Abstract: Supported from the Swedish Rescue Services Agency (SRV), a mobile tube system has 
been developed to replace sandbags as a temporary flood protection measure. The patented system 
consists of air-inflated plastic tubes with blanket, drainage layer and friction element. A protective 
barrier can be easily formed by interconnecting a number of tubes, so as to protect properties behind 
from being flooded. The height of retained water head can be up to 1.2 – 1.5 m in slowly flowing 
water. The barrier has a wide area of application, in urban and rural areas, without much restrictions 
concerning the underlying ground. It can be installed with short notice and little labor. This paper 
presents the functions of the tube system, designed to have sufficient friction with underneath 
ground and sufficient uplift reduction capacity under the blanket, so that the system is kept in place 
under water pressure. Tests of friction with ground are made for more than ten materials, the 
purpose is to make sure that the friction element provides enough resistance under water pressure. 
Laboratory tests are made to study the system on several selected grounds. The paper ends up with 
some practical applications in Sweden, where the system was used to protect houses and properties 
in many flooding situations.  

 

 
Keywords: air-inflated tube, flood protection, flexibility 

 
1. INTRODUCTION 

With quickly rising flood water, often in urban areas, the frequently used method to stop 
the flooding is to form a barrier with sand bags, a practice since ancient times. The barrier 
is fairly reliable and stable. However it is time consuming and labour intensive to pack 
bags and build a barrier. Not always the amount of sand and clay required is available. In 
many cases, the fight against floods is actually a fight against time.  

With support from the Swedish Rescue Services Agency, an innovative product for 
flood protection has been developed by SIAQ Flood Protection, Sweden. The patented 
SIAQ, previously NOAQ, Flood Fighting System, consists of air-inflated reinforced PVC 
tubes with blanket, drainage layer and underneath friction element, and the tubes are 
interconnected to form a protective barrier, a so-called “tube wall", so as to protect 
properties behind the tubes from being flooded.  

Fig. 1 illustrates the mechanism of the tube. The impermeable blanket or skirt is fused 
to the lower part of the plastic tube facing the ground. With the specially designed friction 
element under the blanket, enough high friction is achieved with different bed materials 
under acting water pressure. A drainage layer exists between the blanket and the friction 
element. The layer does not cover the whole of the blanket; the beginning part in the water 
is left without drainage function. It is this drainage layer that reduces the uplift under the 



blanket and, together with the friction element, anchors the tube against the ground with 
the help of the self weight of the water acting on the blanket.  

The inflatable tube system is an innovation that makes it possible to effectively and 
quickly protect properties in flood situations. A 75 cm high and 10 m long section can be 
filled with air and assembled in less than 10 minutes and it can easily be handled by 2-3 
people. One section is equivalent to several hundred sandbags. Both laboratory and field 
tests show that it functions well as expected. The system has also been used in  several 
occasions in Sweden. 

 

 
Fig. 1  Air-inflated tube barrier – cross-section showing mechanism  

 
2. LABORATORY INVESTIGATIONS 

Hydraulic tests of a prototype tube are made by Vattenfall Utveckling, the main purpose is 
to understand its behaviors and functions under different operating hydraulic conditions, 
e.g. allowable water stages and suitability of underneath materials. The issues that are  
clarified through the investigation include 
(1)  to determine the friction coefficient between the tube and underneath materials; 
(2)  to determine the uplift on the blanket and the drainage effect of the drainage layer; 
(3)  to determine the allowable downstream water stage before the tube slides; 
(4)  to test the allowable operating water stage with shortened plastic drainage layer; 
(5)  to determine the anchorage angle (the profile of the blanket) under water pressure; 
(6)  to observe the function of the tube placed on sloping bed. 

2.1  Set-up of Test Facility 
The prototype tube is tested in a flume of 7.2 m by 2.0 m. The tube has the same length 
and it is considered long enough to eliminate the anchorage effect at the flume ends. The 
tube diameter is φ0.37 m. The width of the blanket with PVC drainage layer is Ws = 100 
and 85 cm. Fig. 2 shows the test layout. The water is circulated in a closed local system. 
Pumps of varying capacity provide water to the flume, so that the water level can be kept 
constant as wished.  

Friction tests with the bed material is done with a "friction bag", a flat water-filled bag 
simulating 0.5 x 0.5 m of the blanket, using the same friction element as the real blanket. 
The bag is pulled horizontally with an overhead crane, providing uniform movement. The 
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weight of the bag with water and the drag force is measured with a weighing sensor 
connected to display.  

A number of locations are selected to measure and observe the distribution of the uplift 
underneath the blanket. The water stages upstream and downstream the tube are also 
measured. 

Two bed materials are tested, packed natural sand and concrete slab.  

 

 
Fig. 2  Set-up of test facility in a 7.3 x 2.0 m flume 

 
2.2  Packed Natural Sand  
A layer of about 20 cm natural sand is placed in the flume and packed with vibrating 
compactor. Its grade curve gives d10 = 0.12 mm, d30 = 0.70 mm, d50 = 1.35 mm, d90 = 4.00 
mm and its porosity is n = 0.45.  

Friction test – friction test is made on dry as well as wet sand. The friction coefficient  
proves to be µ = 0.69 and 0.70, respectively.  

Uplift pressure – tests are with different combinations of up- and downstream water 
levels. The upstream level ranges from 27.0 to 31.5 cm, with the downstream one from 3 
to 19 cm. The results show that the uplift pressure acting underneath the blanket 
corresponds roughly to the downstream water level, almost independent of the upstream 
water level. The drainage layer under the blanket reduces the uplift pressure effectively. In 
one typical case, e.g., the upstream water level is 31.0 cm, the uplift is only 4 – 5 cm. It 
can be concluded that, with the drainage layer, the tube is well drained underneath its 
blanket and works as expected on the sand material in terms of uplift.  

Water leakage – in different tests cases, the total measured leakage under the 7.20 m 
tube is about 55 - 70 l/min, including the leakage at the tube ends. The tested sand has 
much higher permeability (porosity) than commonly encountered ground materials, 
resulting therefore in considerable amount of leakage. However, the leakage through the 
opening between the blanket and ground is limited, a large portion of the leakage takes 
place in the sand bed.  
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Behavior with high downstream water level – tests are made to se the behavior of the 
tube with high downstream water level. The upstream water level is about 34 cm. The 
downstream water level is gradually increased and the tube behavior under the changing 
water head is observed. The tube functions well until the downstream water reaches a 
level of about 30 cm. At this level, the tube becomes floated. However, it does not move 
horizontally, which means that large part of the blanket still sticks to the ground and 
produces enough high friction to keep the tube in position. 

2.3 Concrete Slab with Smooth Surface 
The slabs tested are those commonly available on the market and used e.g. on streets and 
around houses, sizing 40 x 40 x 5 cm and with smooth surface. The flume is covered with 
such slabs on which the tube is placed. The slabs are placed against each other, without 
any sealing in the joints. 

Friction test – the friction test gives a friction coefficient of µ = 0.63 – 0.66. Obviously, 
the friction or resistance on the concrete slab is lower than on the sand. 

Uplift pressure – tests are made with different upstream water levels. It shows that the 
uplift underneath the blanket is very close to the atmospheric pressure, meaning that the 
drainage layer works excellent on the concrete slabs. With the atmospheric pressure 
underneath, the weight of water acting on the blanket is used to its maximum. This 
compensates to some extent its lower-than-sand friction coefficient. The sand has higher 
friction resistance and also higher uplift pressure.  

Leakage – the leakage takes place through the slab joints and between the slabs and the 
flume. To be able to see the leakage only between the tube and the slabs, a plastic film is 
inserted under the tube. The tube blanket is thus placed on the concrete slabs with the film 
in between. The test indicates clearly that there is almost no leakage under the tube. 

Shortening of drainage layer width – above tests are made with the 85 cm drainage 
layer. To examine its sensitivity, the width of the layer is shortened to one third. With no 
water downstream, the tube starts to slide at a upstream water level of 28 cm. The full 
height of the tube, 37 cm, can not be fully used with this drainage layer width.  

Displacement – the displacement of the tube, measured from its downstream face, is 
about 10 cm. This displacement represents only the tube rotation under the water pressure, 
not the movement of the blanket.  

2.4 Behavior on Sloping Ground 
Flood protection barriers are often used on sloping grounds. To examine the behavior of 
the tube on such a ground, the downstream side of the flume is evenly raised by 13 cm 
with several lift jacks, resulting in a sloping bed of 3.7 degrees. The tube is still placed on 
the concrete slabs with the plastic film under the blanket. The water depth immediately 
upstream the tube is about 34 cm, and there is no water on the downstream side.  

Leakage – there is almost no leakage under the tube.  
Uplift pressure – on the sloping bed, the drainage layer gives satisfactory reduction in 

the uplift pressure.  
Displacement - the displacement of the tube is about 8 cm, somewhat smaller than in 

the corresponding case with horizontal bed. The sloping ground is in favour of the tube 
behaviour. 

Tolerant air pressure - at the end of the tests, effects are made trying to inflate the tube 
with as high air pressure as possible and see how high pressure it can tolerate. Up to 0.20 
bar gauge pressure is reached, without any indication of fracture in the tube. Limited by 
the capacity of the pressure pump, the test stops without further effort.  
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3. ANCHORING OF TUBE SYSTEM – STABILITY ANALYSIS 

With some simplifications, the anchoring of a tube system consisting of a number of 
interconnected sections can be examined analytically (Valdek & Lundberg, 1999). The 
tube is modeled as a straight thin-wall cylindrical vessel with circular cross-section and 
closed ends (Fig. 3). The blanket of the tube is pressured against the ground when water 
exists above it. The anchorage of the tube relies on its friction element which provides 
resistance under the water pressure.  

In order to prevent sliding, the friction coefficient of the friction element against the 
ground should be  

1 j
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                 (1) 

where R = mean tube radius, Ws = drained width of the skirt, Lt = drained length of the 
skirt (in the tube direction) and Lj = length of joint (without drainage) between adjoining 
tube sections.  
 

 
Fig. 3  Anchoring of tube sections – sliding analysis 
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where g = acceleration of gravity, h = water depth on the skirt and ρ = water density.  
 
4. EVALUATIONS MADE IN CANADA  

In 1998, the Emergency Preparedness Canada (EPC) published a comprehensive research 
report entitled “Alternatives to sandbags for temporary flood protection”, (Bigger & 
Masala 1998), which can be found at the following address http://www.epc-
pcc.gc.ca/research/scie_tech/alter_sand/alter_sand.html. 

The study addresses innovative methods that can replace sandbags as temporary flood 
protection measures. It is essentially a review of available published literature and 
commercial brochures. Four groups of systems often used are examined and compared, i.e. 
inflatable tubes, which is discussed herein, cellular (gabion-like) structures, fixed post-
and-lagging systems and Jersey highway barriers. Proposed new techniques and methods 
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are critically evaluated based on common professional practice and gathered experiences 
in flood fighting.  

The following aspects of each method are assessed 
• stability with respect to sliding, overturning, seepage and soil loading; 
• constructability, including simplicity of design, rate of construction, equipment and 

manpower requirements, terrain adaptability, etc.; 
• costs, including capital acquisition, storage and maintenance; 
• previous experiences in flood protection; and  
• additional issues (versatility in use and similar).  
The strongest point that recommends the inflatable (water or air-filled) tubular 

geomembranes is the fastest installation and lowest requirements for labour and 
professional skills. The very simple statical system shows excellent behaviour with 
respect to stability and seepage criteria. It is particularly easily adaptable to uneven 
ground. Storage space is small and the requirements regarding storage (temperature, 
sunlight and humidity) are modest. The system can be easily transported by common light 
vehicles and can be carried by hand (except the heavy systems for high water levels). 
They are reusable and can be simply fixed (holes patched) even in use, on site. 

The weakest points are high initial cost for purchase and questionable durability against 
floating debris carried by water current. Due to high flexibility and tendency to rolling, 
there may be anchorage problems in the case of flowing water and wave action.  

The area of possible applications is probably the widest of all the methods discussed. 
The system can be used both in urban and rural conditions. It is very good as closure 
structures for individual objects, but also can be applied to confine streams, quickly 
adding an extra height on existing levees. The height of retained head, quoted as the 
relevant experience by the manufacturers, is up to 1.0 – 1.5 m in slowly flowing water.  

The necessary friction angles for the NOAQ system are the lowest values for all the 
systems investigated in this report, which means that the structure has no practical 
restrictions regarding the underlying soil. The system should be particularly noted for the 
best overall analytical stability parameters and attractive concept. The system merits 
further attention and development. 
 
5. PRACTICAL EXAMPLES  

The mobile, inflatable tube system has been tested and used in several flooding situations 
in Sweden.  

In Fig. 4, two practical applications of the system are illustrated. In June 1997, a high 
spring flood occurred in the river Umeälven in the northern Sweden. The tube system was 
used and houses were saved from the spring flood by a 50 m long and 0.60 m high tube 
wall. Another example is the flooding in the river Delångersån in August 2000 where 
houses and properties were saved from being flooded by the use of a tube wall.  

Fig. 5 shows the filed test of the tube to withstand higher water level than 1.0 m.   
 
6. CONCLUSIONS AND REMARKS 

The inflatable tube system makes full use of the friction between the blanket and the 
ground exerted by water pressure. It works satisfactorily with different underneath 
materials like sand, concrete slabs and asphalt. The drainage layer reduces effectively the 
uplift pressure under the blanket and should be wide enough in order to anchor the tube 
against sliding. The leakage through the opening between the blanket and the ground is 
limited. Sloping ground is in favour of the overall behaviour. 
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The inflatable tube barrier has several advantages over the traditional sandbag approach. 
It is easy to handle and transport, which means that less labor is required. The quick 
assembly of the system saves time, which makes it possible to protect more property in 
less time. The system offers much flexibility. Tubes of different lengths can be attached at 
different angles, thus enabling easy construction of tube walls around e.g. houses, along 
bending roads etc. They can be rapidly transported to places where the flood threat is most 
imminent.  

 

 
 

 
 

Fig. 4  Practical applications of inflatable tube system, Tärnaby, 1997 (above) & Delångersån, 2000 (below) 
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Fig. 5  Test of  tube in larger diameter than 1.0 m 

 
Compared with other systems, the inflatable tube system has the widest possible area of 

applications: in urban and rural areas, almost without restrictions regarding the relief and 
underlying soil, with the fastest installation time and least requirements regarding the 
equipment.  
 
PATENT 

The inflatable tube system is patented in Europe, America and Asia. In China the patent 
number granted is 96 1 92328.8. 
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Abstract: The principle of Type EM34-3 Ground Conductivity Meter based on Frequency Domain 
Electro-Magnetic Method (FEM) and its application in detection of hidden defects in dikes are 
introduced. The instrument was used in seven dams and three dikes for detecting and locating the 
hidden defects and leakage paths. In this paper, we only presented the calibration at Nishan 
Reservoir and the detection result with this device in Damaojiahu dike and Zhongzhouyuan dike. 
This instrument can directly measure the apparent conductivity of ground in the depth of 7.5m, 15m, 
30m, and 60m, respectively. 

 

 
Keyword: dike, hidden defects, detection, FEM 
 
1. INTRODUCTION 
Many hidden defects in dikes were discovered during the extra flood in Yangtze River, 
Songhuajiang River and Nenjiang River in Summer, 1998. Thus the urgent task at the 
moment was to repair dikes, eliminate hidden defects, and ensure safety of industry and 
agriculture production and the people’s lives and properties. In order to make full use of 
the limited financial and material resources, it is very essential to find out hidden defects 
in dikes, determine the dangerous parts, and provide basis for reinforce engineering. 

EM34-3 Ground Conductivity Meter, based on Frequency Domain Electromagnetic 
Method (FEM), and SDC-2 Dike Leakage Detector (based on Transient Electro-Magnetic 
Sounding, TEM) developed by the authors were employed to detect and locate hidden 
defects and leakage in seven dams and three dikes since 1995, and the test results were 
good. In this paper, we only introduce detection results with FEM in Damaojiahu and 
Zhongzhouyuan dike in Yueyang County, Hunan Province. 

FEM is a kind of Non-Destructive Testing (NDT) method, which does not damage the 
tested objects. FEM has merits as high position resolution, easy operation, high speed for 
general detection of dikes, and it is not influenced by ground connection resistance, etc. It 
is also an effective method of detection leakage in embankment and foundation of earth 
dams, by-pass seepage, underground cavern, seawater intrusions mapping, soil salt 
content, and archaeological exploration, etc.. 
 
2. PRINCIPLE OF FEM 
2.1 Physical Mechanism  
By detecting abnormal region of conductivity in embankment material and foundation 
with FEM, hidden defects and leakage can be determined and located.  

Generally speaking, there are many parameters that affect the conductivity of dike, such 
as the soil composition, the proportion of grain (mainly the content of clay), density, 



porosity, moisture, sort and quantity of conductive ions in water, and multifarious matters 
such as tree roots, pipes, etc.  

For embankments, the situation is more complicated, since the dikes are very long, and 
constructed for a long time. The quality control during construction was not so good. The 
earth-fill density was not uniform and the foundation was not treated. Therefore, there are 
many hidden defects in dikes and foundations. 

It will be discussed that how to use the conductivity data to estimate safety of dikes. For 
instance, in flood season, when one is testing on the immersed part of dikes, which is 
saturated, if the conductivity is low, the porosity is high, there may exist leakage; for the 
region above wetted area, if the conductivity is high, there may exist saturated clay with 
low intensity. While in dry season, the situation of dry dikes is more complicated. The 
general judgment principle is based on that more water evaporated and there is low 
moisture in the region of low density (high porosity) under the same evaporation 
condition, thus the conductivity is low there. Consequently, piping and leakage easily take 
place at above region in flood season.     

Data analysis for foundation is even more complicated because foundation construction 
is even more complicated. The conductivity of foundation depends on the type of 
foundations and the conductivity of water owing to the foundation of dams and dikes is 
usually saturated. The conductivity of rock, gravel, sand and soil is related to the type, 
grain size, and porosity etc. The conductivity of water is related to the sort of dissolved 
ions and their concentration (or degree of mineralization). The conductivity of water in 
rivers is so different from that in lakes and reservoirs. 

2.2 Principle of Em34-3 Ground Conductivity Meter 
EM34-3 Ground Conductivity Meter is composed by a transmitter, a receiver, a 
transmitting coil and a receiving coil. It can be used to measure the apparent conductivity 
of ground in the depth of 7.5, 15, 30, and 60m respectively. Fig. 1 shows the exploration 
principle of the instrument. 

s

RxTx

Fig. 1  The principle of EM34-3 Ground Conductivity Meter 

A transmitting coil Tx is placed on the earth and energized with an alternating current at 
an audio frequency. A receiver coil Rx is located a distance s away from the transmitting 
coil. The time-varying primary magnetic field Hp arising from the alternating current in 
the transmitter coil induces very small currents in the earth. These currents generate a 
secondary magnetic field Hs, which is sensed, together with the primary field, Hp, by the 
receiver coil. 
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In general, this secondary magnetic field Hs is a complicated function of the inter-coil 

 707



spacing s, the operating frequency f, and the ground conductivity σ. However, at low 
induction numbers, the secondary magnetic field is a simple function of these variables: 
where Hs = secondary magnetic field at the receiver coil 

  Hp = primary magnetic field at the receiver coil 
  ω= 2πf 
  f = frequency  
  µ0 = permeability of free space 
  σ = ground conductivity 
  s = inter-coil spacing 
  i = (-1)1/2 

)(4
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0 p

S
a H

H
sωµ

δ =                          (2) 

According to equation (1), the ratio of the secondary to the primary magnetic field is 
now linearly proportional to the terrain conductivity. We can calculate the apparent 
conductivity from equation (2) after given Hs/Hp by the instrument. 
The SI unit of conductivity is S/m or mS/m (Siemens or milliSiemens). 

The system arouses the earth by two kinds of mode: vertical (electrical) dipole or 
horizontal (magnetic) dipole. No matter which kind of mode is employed, transmitter coil 
and receiver coil should be kept in the same plane. Low frequency signal is employed in 
deep terrain layer and high frequency signal in shallow layer because of skin effect. The 
relation among exploration depth, mode of dipole and inter-coil spacing, and 
corresponding operation frequency of system are shown in Table 1. 
 

Table 1  exploration depths of various dipole modes and inter-coil spacing 

Exploration depth /(m) Inter-coil spacing 
/(m) Horizontal dipoles Vertical dipoles 

Operation frequency 
/(kHz) 

10 7.5 15 6.4 
20 15 30 1.6 
30 30 60 0.4 

 
3. CALIBRATION 

In order to get the relative resolution (defined as the proportion of the diameter of object 
to the embedded depth) of the instrument, a calibration test was conducted at Nisan 
reservoir located in Qufu City Shandong Province. The test was conducted on the crest of 
dam in which there was a diversion tunnel, that located on the left of the dam was a 
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concrete diversion pipe of a former power station. The pipe with diameter of 1.5m was 
embedded in the depth (vertical distance from the pipe axis to the crest) of 17.45m. 
During the test, the water depth in pipe was 0.65m and the distance from the crest to the 
water surface was 17.55m. The chainage of the pipe axis was 1+712 (see Fig. 3). 

The testing line was 100m long (from chainage 1+660 to 1+760) and the testing station 
spacing was 5m. The device was working in the mode of vertical dipole, and the inter-coil 
spacing was 20m. The test was carried out from the center of testing line of chainage 
1+712 to both direction of the testing line respectively. The calibration result is drawn in 
Fig. 3. The peak value of the curve is at the chainage of 1+712, which shows that there is 
abnormal high conductivity in this region. According to calculation, the relative resolution 
of the instrument is 8.6%. 
 
4. DETECTION OF LEAKAGE AND HIDDEN DEFECTS IN DIKES 

The instrument was utilized for detection of leakage and hidden defects in Damaojiahu 
dike and Zhongzhouyuan dike of Dongting Lake in Yueyang County Hunan Province. 
Three typical sections of dikes were selected for detection test. The total detecting line 
length was 10.4km, and testing depth was 0~60m. During testing, embankment, toe, 
overburden layer, and foundation of dikes were detected, which were layered by changing 
transmitting frequency for accurate data acquisition. Measuring station spacing (horizontal 
resolution) was 5m. Parts of detecting results are introduced as follows. 

4.1 Detection of Leakage and Hidden Defects in the Damaojiahu Dike  
Detection result of chainage 0+400m~0+900m in Damaojiahu dike was shown in Fig. 4. 
According to Fig. 4, the conductivity of the dike from the crest to depth of 15m is only 
5~8 mS/m, which is much lower than that of common clay and sand clay, and is close to 
that of sand. Thus leaching at large area may easily occur in this region. The conductivity 
in the depth of 30m was between 14~16mS/m, which is within the normal scope of 
conductivity of saturated soil sandy gravel. The conductivity in the depth of 7.5m is the 
lowest in the section of chainage 0+460~0+500, 0+570~0+610 and 0+710~0+815, 
therefore possibility of leakage is higher than other sections. In flood season of 1999, 
leakage in 3 sections mentioned above was the most serious. Curve of 15m shows that the 
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density of foundation close to chainage 0+585 and 0+795 was low and critical leakage 
would yield in flood season. The two parts occurred serious piping during high flood level 
in July and August 1999. On 11th August, water still poured out from the piping when the 
water head was only as high as 3m. 

Detecting result from chainage 3+020 to 3+350 in Damaojiahu Dike is presented in Fig. 
5. The conductivity curve of 7.5m is from 11mS/m to 14mS/m, which is still much smaller 
than that of common clay and sandy clay, so large scope of leakage may easily occur there. 
The conductivity of 15m curve is only between 9~13mS/m, which is apparently lower 
than the conductivity of 7.5m curve. It means that the foundation density is smaller than 
that of embankment, and leakage occurs more easier in foundation than in embankment, 
especially in the range of 3+030~3+050 and 3+090~3+105. In flood season of 1999, large 
scope of leaching appeared in this section of dike, and serious piping appeared in the 
foundation of 3+100. Boiling of sand and dead fish appeared in the pond 80m away from 
the toe of the dike. The conductivity of 30m curve is in 14~16mS/m, which is in the 
normal scope of conductivity of saturated soil sandy gravel, and very similar to that in 
chainage of 0+400~0+900, which shows the electrical property of the foundations of two 
dikes is nearly same. 
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Fig. 5  The detection result at the chainag of 3+020~3+350 at Damaojiahu dike by EM34-3 Ground 

Conductivity Meter 
 

4.2 Detection Result of the Zhongzhouyuan Dike 
The detection result at the chainage of 3+000~3+240 of Zhongzhouyuan dike is shown in 
Fig. 6. The conductivity in depth of 7.5m is 26~32mS/m, which shows that soil in this 
region is dense, and leakage is not easy to occur during flood season. Low conductivity 
appeared at chainage of 3+100 in 15m curve and extremely low conductivity expressed in 
the scope of 3+090~3+115 in 30m curve, showed that there was an abnormal body with 
low conductivity. According to on-the-spot examination, a drainage pipe of the pump 
station was located at chainage of 3+100 near the toe. Furthermore, negative conductivity 
appeared in shallow foundation of chainage 3+090~3+095, which showed that except the 
drainage pipe, there was a leakage region. In the flood season of 1999, sand boiling and 
water surging appeared in this area; a bridge abutment 50m away from the toe subsided 

 710



and the bridge was fractured; cracks appeared on the walls of the pump station, which 
validated the detection results. 
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Fig. 6  The detection result at the chainag of 3+000~3+240 at Zhongzhiuyuan dike by EM34-3 Ground 

Conductivity Metre 
 
5. CONCLUSIONS 

FEM is an effective technique for leakage detection in dikes and earth-filled dams. The 
advantages of the devices based on FEM are of deep-detecting, high position resolution, 
of easy and rapid operating, good portability. And the devices are not affected by ground 
connection resistance, and can be used in general survey of large area and long distance 
on dikes, while conductivity can be read directly on a meter.  During general survey of 
leakage and hidden defects on dikes, according to the conductivity of a dike, one can 
judge whether the filling of the dike is dense or not, then one can make sure if large scope 
of leaching will be easy to occur in the dike. The disadvantage of the apparatus is its low 
resolution of vertical direction, such as the smallest detection depth of EM34-3 Ground 
Conductivity Meter is 7.5m, so it’s difficult to find out shallow and small abnormal 
bodies. 

Respect to the detection of caves, cracks and loose area, FEM is good at detection of 
loose area, while it is not sensitive for detecting caves and cracks in dikes. In locating 
leakage paths, it’s not as good as TEM. 
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Abstract: The safety evaluation of hydraulic engineering relies mainly on the monitoring data 
available from in-situ instrumentations. In this paper, applications review of fiber optical sensor 
technology in safety monitoring of hydraulic engineering is presented. These applications include 
leakage detection, distributed stress and strain measurement, etc. In addition, a summary of the 
experiment results obtained to data is made along with the application sought for this new 
technology. 

 

 
Keywords: fiber optical sensor, temperature, fiber Bragg grating, hydraulic engineering 

1. INTRODUCTION 

Monitoring is a very important task in appropriate hydraulic engineering management due 
to economic, social and environmental significance of hydraulic structures. It is 
fundamental in order to guarantee not only the safety of the structures and its users, but 
also to optimize the exploitation and the maintenance of them. 

Several “classical” monitoring systems, such as rod extensometers, penduls-normal or 
inverse, inclinometers, surveying networks, etc., exist and are applied on hydraulic 
structures. However some of them have certain inconveniences: delicate manipulation, 
sensitivity to temperature, humidity or electromagnetic fields, difficult installation, 
manual treatment of each measurement. Using fiber optical measurement systems it is 
possible to avoid all these inconveniences. 

Photonic sensing schemes utilizing fiber optic sensor technology have been studied 
since 1970s, and various sensing principles, special devices for the sensors, and new 
applications have been created (Culshaw and Dakin, 1997), Recently several fiber optical 
sensors have already been used in practical hydraulic engineering which provides unique 
functions. The intrinsic nature of the fiber has provided unique schemes to measure 
temperature, stress/strain, or pressure distribution along it, etc. For example, distributed 
fiber optical temperature sensing technique has been used to detect and locate leakage in 
sealing elements of dams and to locate water seepage paths in the underground (Muller 
and Salverter, 2001). This paper describes basically the topics related with the principles 
of this fiber optical sensor technology and its application cases in safety monitoring of 
hydraulic engineering. 

There are many kinds of sensing schemes of fiber optical sensor systems that are used 
for different application. This paper describes only two kinds of them that the author think 
they are relatively mature and have great potential in future applications 

mailto:sundy@iwhr.com


2. DISTRIBUTED TEMPERATURE MEASUREMENT SYSTEM 

2.1 Principle 
Distributed fiber optic temperature measurement is based on the temperature-sensitivity 
properties of the fiber. The measuring principle is shown in Fig 1.  

An optical impulse is sent into the optical fiber, using a laser. This signal is 
backscattered (with very low intensity) at every point of the fiber. A certain range of the 
backscattered light (Anti-Stokes-Light as part of the Raman-Light) is directly correlated 
with the temperature and can be extracted by a highly sensitive and sophisticated 
frequency analysis. The distance xi of the measured point to the light source can be 
determined by the runtime of the laser. 

 
(A) Scattering point (B) fiber core (C) Laser (D) Frequency spectrum of the back-scattered light 

(E) Intensity (F) Frequency ω 

Fig. 1  Distributed fiber optic temperature measurement-measuring principle 

2.2 Application in Concrete Dam 
The development of fiber optic temperature measurement system is the access to a really 
new way in dam monitoring (Aufleger et al, 2002). This technology allows a very accurate 
and economic measurement of the temperature distribution along optical cables. In dam 
engineering, where the requirements for structure monitoring are high, a field of 
promising applications arises for this new technology. Distributed fiber optic temperature 
measurement enables the reliable determination of the temperature distribution in mass 
concrete.  

During the construction and operation of concrete dams, it is essential for monitoring 
the curing of concrete and for the successful outcome of the entire project to warrant the 
crack stability of concrete. Usually the concrete temperature is monitored by conventional 
thermocouples enabling stationary temperature measurement only. Whereas, fiber optic 
measurements enables a continuous temperature along an optical fiber deployed into the 
dam structures. 

Fiber optic cables have been successfully installed in concrete gravity dams and roller 
compacted concrete dams, resisting any occurring load, for instance the forces resulting 
from the compaction roller. Here one application case is described. 

Fig. 2 shows the cross section Shimenzi RCC Dam in China where fiber optic 
temperature measurement system was embedded. This work was carried out by the 
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experts of the Technische Universitat Munchen of Germany and Tsinghua University of 
China. In this dam, the layout of the fiber cables are as follows: 

(a) close to the up- and downstream side in the CVC; 
(b) cross section from up- to downstream; 
(c) longitudinal section along the center line of the dam. 
For this dam, armoured cable (made in China) was chosen. This type of cable proved 

well suitable. The evaluation of the measurements at Shimenzi RCC dam shows various 
comprehensible effects, which proved the suitability of distributed fiber optic temperature 
measurements to be applied in concrete dams. Typical development of the temperature 
distribution in a longitudinal section is shown in Fig. 3. 

 

 
Fig. 2  Shimenzi RCC arch dam, cross section and temperature profile 

 
Fig. 3  Development of the temperature distribution in a longitudinal section  
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2.3 Application in Leakage Detection 
Besides concrete temperature measurements, leakage detection using fiber optic 
temperature measurement system has been used successfully in dams and other hydraulic 
structures such as ship locks, weirs, etc. 

The localization of seepage zones is one of the most difficult fields in dam engineering. 
Percolating water causes ground temperature anomalies, which can be detected by suitable 
measuring instruments. The use of fiber optical temperature measurements for leakage 
detection was initially investigated in 1996 within the scope of an intensive program 
(Aufleger et al, 2002). To data, there are two measuring methods-Gradient Method and 
Heat-Up Method. 

If there is a temperature difference of roughly more than 1 ℃  between the 
temperature of the water and the ground temperature, it is possible to detect leakage flow 
because of the failure of sealing systems (such as slab cracks of concrete face rockfill dam) 
by measuring the temperature along the fiber (Gradient Method) 

The Heat-Up Method as shown in Fig 4 allows the surveillance of nearly every sealing 
system. By sending an electrical current through an integrated electrical conductor, the 
fiber optical cable can be heated up considerably at low expenditure. The temperature 
increase in the surrounding of the cable is mainly dependant on the heat capacity and heat 
conductivity of the local materials. While having leaking flow the poor conductive heat 
transport is superimposed by the much more effective advective heat transport. This 
means that the heat introduced by the electrical conductor is dissipated by the local 
increased pore water flow. Therefore, clearly visible temperature anomalies arise in these 
areas during the process of heating and can be detected easily using fiber optic 
temperature measurements. 

 

 
Fig. 4  Heat transport in the soil 

 
Fig. 5 shows the application of this technology in the rehabilitation of Bautzen Dam in 

Germany. In this project, fiber optic cables with electrical cables were embedded beneath 
the asphalt sealing to detect and locate leakages in sealing elements and to locate water 
seepage paths in the underground. 
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Fig. 5  Detail cross section of Bautzen Dam 

 

The result of measurements with the warming up method is shown in Fig. 6. the upper 
diaphragm shows measurement results with water level underneath the cable. The 
diaphragm at the bottom represents the measurement results with a water level 3 m above 
the cable. This indicates low local water seepage at embankment III near Gottlosberg 
(discontinuously part of the curve). 

 

 
Fig. 6  Measurement results using the Heat-Up Method 

3. IBER BRAGG GRATING FOR STRAIN MEASUREMENT 

3.1 Principle 
Fiber Bragg grating (FBG) is another kind of sensor component whose research has 
progressed actively over the last decade since the early landmark papers by Hill(Hill et al., 
1978)  and Morey et al. (Meltz et al., 1989)  Fig. 7 shows the principle of this kind of 
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measurement. The Bragg grating sensor elements are narrowband reflective filters, which 
are formed by periodic variations of refractive index in the light-guiding region of an 
optical fiber. They are easily written in the core of a monomode fiber using UV light 
(Meltz et al., 1989). They allow the encoding of sensing information as peak reflected 
wavelength, which varies in way that can be determined essentially independently of any 
amplitude fluctuations. Grating sensors have been used to measure many physical 
parameters including strain, temperature, and pressure. 

Multiplexing of several FBG sensors 

Laser 

Wavelength analyzer

 

 

Fig. 7  Measurement principle of FBG sensor 
 

FBG based sensors posses a number of unique advantages when compared to their 
conventional electronic counterparts, including immunity to EMI, absolute strain sensing 
capability, ease of multiplexing, and compatibility with being embedded in a range of 
structural materials. FBGs are wavelength encoded in that the strain information obtained 
within the reflected wavelength components. This advantageous feature of the FBG 
elements simplifies the process of multiplexing a large number of devices on a single fiber 
strand. The multiplexed devices can be written at different initial spectral locations that 
can be correlated to the physical location of each device along the fibers. Any wavelength 
shifts of a given grating can be attributed to the localized strain at that particular location 
and quasi-distributed strain sensor system can be created with a minimum of optical 
fibers.  
3.2 Application 
In order to measure strain and temperature in large concrete or steel structures like 
concrete dams or steel strands of rock bolts it is necessary to construct a sensor body 
which protect FBG sensors and can be easily embedded. 

A FBG sensor system protected in steel tubes of length up to several tenths of meters 
containing 5 FBGs in a single monomode optical fiber was designed by the technicians of 
China Institute of Water Resources and Hydropower Research and Wuhan University of 
Technology. Its configuration is shown in Fig. 8. The FBG for temperature measurement 
acts as temperature compensation sensor of the FBGs for strain measurement because 
FBG sensors are sensitive to strain and temperature at the same time. 

 

optical fiber 

0.2mm steel tube 0.3mm steel tube 

FBG for temperature 

stick point

FBG for strain and temperature  
Fig. 8  Configuration of practical distributed strain sensor system 
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Fig. 9 and Fig. 10 show the peak wavelength shifts of the 3 FBGs attached to a steel 
plate subjected to a bending load. Fig. 11 shows their correlation versus the test results of 
normal electrical strain sensors. The correlation curve is a straight line and the 
measurements confirm the sensor system design. 

 

 
Fig. 9  Initial peak wavelength of FBGs            Fig. 10  peak wavelength when subjected to strain 
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Fig. 11  Correlation curve of peakwave length of FBGs versus strain 

 
This strain sensor system has been coupled into the prestressed steel strand of rock 

bolts as shown in Fig. 12 by the technicians of China Institute of Water Resources and 
Hydropower Research and Wuhan University of Technology.  

The coupling configuration of this sensor system with the base material such as steel 
rod can be embedded into mass concrete and other structures to carry out real-time strain 
monitoring. The successful application of this sensor system will change the backwards 
situation of strain monitoring and act as an effective measures for the safety evaluation of 
hydraulic engineering. 
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Fig. 12  Demonstration of FBG strain sensor system in rock bolts 

Φ5mm steel strand 

Sealing material 

Optical fiber in 
steel tube 

Φ5mm steel strand 

 
4. CONCLUSIONS 

Fiber optical sensor technology has developed into a new stage that commercial products 
for hydraulic engineering monitoring have become available. This paper briefly reviews 
the applications of fiber optic sensor technologies based on distributed temperature 
measurement using commercial communication optical fiber cables and strain 
measurement using fiber Bragg gratings.  

Besides these, there are also other kinds of fiber optical sensors based on different 
measurement principles that have put into application in hydraulic engineering. For 
example, the microbend fiber optical sensors based on OTDR technology have been used 
for concrete crack detection and the monitoring of fissure growth in a rock(Kurii et al. 
2001; Sun, 2001; Sun et al., 1999; Liang et al., 2000). SOFO sensor system has been 
developed for many years and been tested in some hydraulic projects such as Emosson 
dam in Swiss Alps (Meltz et al. 1999). SOFO system is based on low-coherence 
interferometry in single-mode optical fibers and allows the measurement of deformations 
in structures with a resolution of a few micrometers and an excellent long-term stability.  

The main purpose of this paper is to introduce the latest progress of fiber optical sensor 
technology to hydraulic experts. It is strongly expected that technical experts in different 
fields can join together to promote the large-scale application of fiber optic sensor in 
hydraulic engineering.  
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Abstract: Liquefaction riverbank collapse is a phenomenon that a mass of saturated sand on a slope 
suddenly liquefies and flows out into a very gentle slope. Riverbank collapse can cause a lot of 
damage if dikes or other structures are founded on the sand. This paper focuses on introducing some 
new type of revetment technologies of dike, which are applied in the trial project of Yangtze River 
dike successfully.  

 

Keywords: riverbank collapse, fabricform, riprap, framed beam, geotube  

1. INTRODUCTION 
Riverbank collapse takes place in loosely packed fine sands. They are initiated by a 
relatively quick change in shear stress, which results in a tendency to decrease in volume 
contraction or (negative) dilation. This tendency causes a rise of internal pore pressure, 
which reduces the effective soil stresses, generating a sudden reduction in shearing 
resistance. Eventually the frictional resistance of the sand may, to a great extent or 
completely, disappear and riverbank collapse starts. The following figure shows a typical 
plan and section of riverbank collapse. 

It has two main forms: slide riverbank collapse and dumpage riverbank collapse. The 
slide riverbank collapse is mostly aroused by shear slide. For the dumpage riverbank 
collapse, the tension crack is at the bottom. Fig.1 shows a typical riverbank collapse. The 
reasons that bring about riverbank collapse are very complicated. The geologic factor is 
the basic factor, and the water flow is the most important extrinsic factor. In addition, pore 
water pressure rising will reduce shear strength in soil and even lose it. When the soil is 
compacted by instantaneous load, it will be liquefied, which is the soil mechanics factor. 
The artificial factors, such as illegal sand plant, borrow area near the dike, the wave by the 
boat, intensify the strength and frequency of riverbank collapse, especially the excessive 
gathering of sand near the riverbank. 

Owing to the complication of riverbank collapse mechanism, the most appropriate 
treatment measure should be chosen in accordance with the cause of riverbank collapse, 
the construction condition, the operation requirement of dike, integrated economic benefit, 
and so on. Generally, the riverbank protection engineering includes the parts above and 
below the average water level in dry seasons. For that above this water level, it has many 
forms, e.g. block stone, concrete, fabricform full of concrete, natural vegetation, and so on. 
For that below the water level, riverbank is often attacked by current, and needs to adapt 
the deformation on the riverbed. Therefore it is preferable to use flexible material to 
protect the bank. Present protection measures for this part include riprap, gabion, fascine 
mattress, geotextile, fabricform, and so on.  

mailto:huangyj@iwhr.com
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Fig. 1  Plan and cross section of a typical riverbank collapse 

2. NEW RIVERBANK PROTECTION TECHNOLOGY  

A trial project on Yangtze River at Jiangxinzhou for riverbank collapse treatment is under 
construction. In this project, some new engineering measures and construction methods 
are adopted. Fig.2 shows the typical cross section design of this project. 
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Fig. 2  Cross section design of Jiangxinzhou trial project 

2.1 The Framed Beam System Provided with Anchoring Piles 
In this project, riverbank is mainly composed of sand and riverbank frequently occurs. 
The slope is unstable due to the poor shear strength of the sand, especially when the slope 
is formed by fill. How to stabilize the slope against the sliding force is a vital problem to 
the slope stability. For this project a framed beam system is designed with anchoring piles 
that are precasted above normal water level. Each framed beam lattice is 15 meters wide 
and 12 meters high, and the dimension of beam profile is 20cm×40cm. The anchoring 
piles are set per 4m, and its profile dimension is 20cm×20cm. The low beam is poured 
together with the anchoring ditch. For this reason, the sliding force of the part in water can 
be dispersed to the anchoring piles through the framed beam system. In every lattice of the 
framed beam system, riverbank protection materials are laid. Fig. 3 shows the framed 
beam system. 

2.2 Riverbank Protection Measures for Erosion Control, Filter, and  
Environmental conservation 

Because of the rise of water level in flood seasons, the project above the water level in dry 
seasons will be scoured. Therefore the riverbank protection material should have 
erosion-resisting characteristics. In this project, the material in the framed beam lattice is 
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precast concrete element, and other parts are cast-in-place concrete or fabriform full of 
solidification sand grout. 
 

 
Fig. 3  The framed beam system 

 
When water level falling, the moisture in the slope should be drained as quickly as 

possible. Otherwise, the slope stability will be damaged. In the framed beam system, there 
is a layer of geotextile under the precast concrete elements. In addition, a blind drainage is 
constructed per 5m below the geotextile in which there is a drainage pipe. The excellent 
permeability of fabricform makes the pore water disperse fluently. 

After one year of operation, grasses has grown in all the precast concrete elements, 
which is more natural than block stone. Furthermore, the reduction of rocks consumption 
is also beneficial to the environment because the excessive exploitation of rocks destroys 
the ecological balance. 

2.3 Fabricform System filled with Sand or Sand-Cement Mixture 
In the fluctuation area of water level, the fabricform filled with sand-cement grout is laid, 
and cellular fabricform is adopted below the low water level. The fabricform filled with 
sand-cement grout is 20cm thick and 20m long in the cross section. And the cellular 
fabricform fill with sand is 56m long and 15.3m wide for every piece.  

The cellular fabricform is made of woven geotextile of 410g/m2, whose effective 
diameter of grain is determined by the grain diameter of the sand perfused in the 
fabricform. The float of fabricform should be avoided when designing its size. After 
having finished the lay of the fabricform, the long geotubes are put at the slope foot to 
prevent slide and float. In the transversal orientation, the principle geotube is set per 25cm, 
whose diameter is 34~38cm. In the vertical orientation, the ribbed geotube is also set per 
64cm, which is used to guarantee the evenness of the fabricform. The fabricform is 
affused by sand borrowed from the river which is cheaper than concrete. Besides this, the 
fabricform filled with sand has sufficient plasticity. So it can preferably suit the 
deformation of riverbed. Fig. 4 is the fabricform filled with sand-cement grout or sand. 
 

  

(a)  The fabricform filled with sand-cement grout                  (b) The cellular fabricform fill with sand 

Fig. 4  The construction of fabricform using pulling out procedure 
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2.4 The Application of Sand-Cement Grout  
The sand-cement grout filled in the fabricform is composed of cement whose grade is C20, 
flyash, fine sand and water. The proportion of the component is 2:3:12, and the quantity of 
water is determined by construction situation. In contrast with the concrete, its strength is 
lower. But it can satisfy the application requirement except that it is cheaper than 
concrete.  

2.5 The Application of Long Geotubes 
The long geotubes have many purposes, e.g. to pad slope, to weight slope foot, and to 
prevent wave scour. In this project, the long geotubes are used very appropriately, and 
play an important role. These geotubes are made up by the woven geotextile of 176g/m2. 
At the both ends, there are two openings of which one is used to affuse sand, and another 
is used for water to overflow.  

2.6 The Construction of Fabricform using Pulling out Procedure 
The cellular fabricform can easily be pulled in the stagnant and shallow water, but it is 
very difficult to do that in the rushing and deep water even if a large construction boat is 
used. By using this new construction method innovated in this project, this goal can be 
realized with a 600t barge and 6 winches, and the construction cost is lower than a large 
construction boat. Fig.5 and Fig.4 shows the construction procedure. 

Other than the construction equipment, some reinforced belts that can endure the pull 
should be sewn on the fabricform. When the fabricform is pulled, a transit should be 
placed on the riverbank to control the position of the barge to finish the joints of 
fabricform successfully.  

barge

reinforced 
belts

fabricform

winch

 
Fig. 5  The construction of fabricform using pulling out procedure 

2.7 Riprap on the Cellular Fabricform for Riverbank Protection 
Riprap is a very simple riverbank protection measure. However in the river stretch where 
the soil is mainly soft soil, the riprap will fall and vanish under a long period of erosion if 
the filter isn’t laid under the riprap. On the contrary, if the geotextile filter is set before 
dumping riprap, the effect of riprap will be improved very well. But it is very difficult to 
lay a goetextile filter in the flowing water, especially in the Yangtse River. Owing to the 
innovation of cellular fabricform and the construction method of pulling out fabricform, 
the geotextile filter can be setup triumphantly under the riprap in this project. 

When dumping the riprap, the boat used to do that must be located accurately. 
Furthermore, the dumping quantity should be designed in advance. The application of the 
geotextile can reduce the quantity of riprap. As a result the cost of riprap for riverbank 
protection with geotextile is about equal to the simple riprap riverbank protection. 
However it is much more effective.  
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2.8 The Wrecking Measure of Riverbank Collapse 
The riverbank collapse like nest or strip is very severe in the river stretch of this project. 
During the construction, a big riverbank collapse like nest suddenly happened whose 
earthwork quantity is about 3000 m3. This kind of collapse must be filled immediately. 
Otherwise, a notch will exist on the riverbank all the time. This project designed a method 
to deal with this kind of accident. At first, many geotubes of 10 m long were thrown into 
the nest to form a geotube embankment to an elevation above water level. The slope of the 
geotube embankment should be less than 1:2.5 to ensure its stability. Then the sand will 
be filled into the nest to make it stuff. After that, the geotubes will be cast again on the top 
of the geotube embankment just formed. The sand will be still filled into the nest. This 
process will be carried through time to time until the geotube embankment is uniform to 
the riverbank slope. Obviously, this is a economic method of dealing with the riverbank 
collapse like nest compared with the riprap method.  

3. CONCLUSIONS 

To check up the effect of this project, an underwater topography survey equipment is 
applied to prove up the underwater topography. The result indicated that the project hadn’t 
been impacted by torrent, and sedimentation had taken place. Some monitoring 
instruments are embedded to monitor the pore water pressure and displacement termly. 
After half one year’s observation, the data shows that the time-pressure curve is consistent 
with the time-water curve. The slope has little displacement along the slope surface. These 
show that this kind of riverbank protection method is effective. The measures used in this 
project are worthy of generalization. 
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Abstract: The paper summarizes the hydraulic characteristics of two types of drop structure, termed 
tangential-inlet vortex-flow drop structure and two-ramp vortex-flow drop structure, for diverting 
flows from near-surface storm-sewer systems to underground storage tunnels. A series of physical 
model studies were conducted to arrive at the final configurations. The tangential-inlet drop 
structure in general requires an open-cut construction, while the two-ramp drop structure can be 
constructed by tunneling technique, which can be more suitable in urban areas where open-cut 
construction can be expensive and undesirable. 

 

 
Keywords: drop structures, flood control, hydraulic structures, hydraulic models 
 
1. INTRODUCTION 

The perpetual growth in urban population in most countries has necessitated the 
development of improved means of storm-water disposal. A collecting system consisting 
of underground storage tunnels connected to the existing near-surface drainage system by 
long vertical shafts is one of the cost-effective schemes for the alleviation of flooding that 
is caused by inadequate capacity of the near-surface drainage system. Extensive work has 
been done in recent years at Iowa Institute of Hydraulic Research (IIHR) to improve 
designs of drop structures that must function effectively and simultaneously as a 
conveyance structure, an energy dissipator, and a deaeration structure, and yet be cost 
effective. The two types of drop structure, termed tangential-inlet vortex-flow drop 
structure and two-ramp vortex-flow drop structure have been constructed for drainage 
systems at Milwaukee, Wisconsin; Cleveland, Ohio; Phoenix, Arizona; Tucson, Arizona; 
and Tokyo, Japan Metropolitan Government and are under consideration at Houston, 
Texas; Boston, Massachusetts; and St. Louis, Missouri.   

The paper summarizes the geometrical features and the hydraulic characteristics of 
these two types of drop structures. 
 
2. TANGENTIAL-INLET DROP STRUCTURE 

The configuration of the drop structure is shown in Fig. 1. The drop structure comprises 
three main elements: Vortex-flow tangential inlet; Vertical circular drop shaft; and 
Deaeration chamber. The inlet consists of a rectangular approach channel, and a transition 
section with one converging wall and a sloping floor. The deaeration chamber with an air 
vent is included in between the drop shaft and the adit conduit. The upper end of the air 
vent is connected to the drop shaft near the top of the inlet.  



 
Fig. 1  Tangential-inlet vortex-flow drop structure 

 
2.1 Flow Configuration  
The discharge from the approach channel enters the tangential inlet at the top of the drop 
shaft. The tangential inlet imparts an angular motion to the flow that then swirls down the 
drop shaft as an annular jet with an air core at the center of the drop shaft.  The air-core 
area initially decreases and then increases along the drop shaft, thereby forming a throat. 
The throat area decreases with increasing effluent discharge. As the flow passes down the 
drop shaft, its vertical velocity component increases, and the swirl attenuates. The flow 
eventually plunges into a pool formed in the deaeration chamber, and a large amount of 
air is entrained by the flow in the plunging process. Downstream from the plunge region 
in the deaeration chamber, the air bubbles rise and coalesce into an air pocket that forms 
near the roof of the deaeration chamber. The collected air is released through the vent pipe 
back to the top of the drop shaft. For sufficiently long deaeration chambers, practically no 
air is transported to the adit conduit. 

The axial velocity of the annular jet increases with drop, as described above, and, if the 
drop shaft height is large enough, the axial velocity eventually reaches the limiting fall 
velocity.  The flow configuration in the drop shaft downstream from the section where the 
annular jet reaches the limiting fall velocity is independent of the drop-shaft height.  
Consequently, the hydraulic performance of a deaeration chamber also is independent of 
the drop-shaft height. A deaeration chamber, which is designed for the limiting fall 
velocity of the annular jet, will function satisfactorily for smaller drop-shaft heights. 

2.2 Hydraulic Analysis 
The hydraulic performance of the drop structure is controlled by its inlet, drop shaft, 
deaeration chamber, and adit conduit. The inlet generates the swirling motion in the drop 
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shaft and controls the depth of flow in the approach channel. The drop shaft conveys the 
flow from a higher to a lower elevation in the form of an annular jet with an air core in the 
center of the drop shaft. The air-core area is the minimum at the throat which forms near 
the inlet. A significant amount of flow energy is dissipated in friction in the drop shaft. 
The size of the adit conduit controls the pool depth in the deaeration chamber, which in 
turn affect the impact pressures due to the impingement of the annular jet. The size of the 
deaeration chamber determines the rate of air transport into the main tunnel. 
2.2.1. Depth-Discharge Relation   
For a given geometry of a tangential inlet, the flow depth in the approach channel is 
determined by the discharge. There exist two possible flow-control sections; one at the 
upstream end of the inlet, i.e., at the junction of the approach channel with the inlet 
(referred to as control-section 1), and the second at the downstream end of the inlet, i.e., at 
the junction of the inlet with the drop shaft (referred to as control-section 2). For small 
flows, section 1 acts as the control, so that flows in the approach channel and the inlet are 
critical and supercritical, respectively.  For larger discharges, control 1 is drowned by 
control 2 which now governs the flow depth; flows in both the approach channel and the 
inlet are subcritical. The flow at the junction of the tangential inlet with the drop shaft at 
high discharges is critical. An expression for the flow depth in the approach channel can 
be derived upon equating the energy in the approach channel and section 2 (Jain 1984).  
2.2.2.  Air-Core Diameter 
The size of the air-core at the throat, which governs the size of the drop shaft, is 
determined from the principle that the throat is another critical section (Jain 1984). Using 
the condition for critical section (Binnie and Hookings 1948), an expression for the throat 
area can be derived (Jain 1984) as 
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in which λ = d2/D1
2, d = air-core diameter at the throat; and D1 = diameter of the drop 

shaft. The values of λ measured in an experimental study (Jain and Kennedy 1983) 
showed that the agreement between the computed and measured values is satisfactory, 
except at the very low discharge (Jain 1984).  
2.2.3. Energy Dissipation  
The velocity of the annular jet in the drop shaft increases and the thickness of the annular 
jet decreases as the water swirls down the drop-shaft walls, till they reach their limiting 
values. An expression for the limiting fall velocity of the annular jet can be derived by a 
simple force-balance equation and is given by 
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in which V∞ = limiting fall velocity of the annular jet; and n = Manning roughness 
coefficient for the drop-shaft wall. The variation with elevation of the axial velocity, V, of 
the annular jet can be obtained from the one-dimensional continuity, energy, and 
momentum equations and is given by (Kellenberger 1988) 
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in which Z = elevation below the inlet level; and Z∞ = elevation where V = V∞ and is given 
by (Kellenberger 1988) 
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The energy of the flow at the bottom of the drop shaft is equal to the kinetic energy of 
the annular jet and is a maximum at the limiting fall velocity of the annular jet. The ratio 
of the loss of energy in the drop shaft to the total energy at the inlet of the drop shaft is 
given by 
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in which HL = loss of energy in the drop shaft, and HT = total energy in the inlet section. 
2.2.4. Impact Pressures 
The annular jet issuing from the bottom of the drop shaft impinges on the walls of the 
deaeration chamber. The value of the impact pressure cannot exceed the stagnation 
pressure based on the axial velocity of the annular jet. Actual impact pressures are much 
smaller than the stagnation pressures because of the depth of water in the deaeration 
chamber. The water depth is fairly large at high flows due to the choking of the flow by 
the adit conduit. The experimental data (Jain and Kennedy 1983) indicate that the 
measured average maximum impact pressure is about one-half of the stagnation pressure. 
A wear resistant lining at the base of the drop shaft can handle the impact pressures. 
2.2.5.  Air Transport 
The flow in the form of an annular jet plunges from the bottom of the drop shaft into the 
deaeration-chamber flow. A considerable amount of air is entrained in the plunging 
process. Downstream from the plunge region, the air bubbles rise toward the roof of the 
deaeration chamber, coalesce into an air pocket near the roof of the chamber. The air from 
the air pocket releases through the vent pipe and circulates back into the drop shaft. The 
air bubbles, which fail to reach the air pocket, are carried downstream into the adit conduit 
and eventually into the main tunnel.  

Airflow rate in the adit conduit decreases with increasing length of the deaeration 
chamber. For sufficiently long deaeration chambers, practically no air is transported into 
the main tunnel. The optimum length of a deaeration chamber is given by (Jain and 
Kennedy 1983) 
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in which Lc= optimum length of the deaeration chamber; D2= diameter of the deaeration 
chamber; and ( )2

2 2/Q D gD=F . 

 
3. TWO-RAMP DROP STRUCTURE 

The configuration of the two-ramp drop structure is shown in Fig. 2. It has three main 
elements: Ramp inlet; Drop shaft; and Ramp outlet. The inlet consists of an inflow pipe 
and a one-revolution helicoidal ramp in the drop shaft, referred to as the inlet ramp. The 
inflow pipe is connected radially to the drop shaft. The inlet ramp has a central circular 
hollow column and a guide wall at its upstream end. The drop shaft is vertical and has a 
constant diameter. The ramp outlet consists of a 6-revolution helicoidal ramp, referred to 
as the outlet ramp, and an adit conduit.. The adit conduit is connected radially to the drop 
shaft. 
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Fig. 2  Two-ramp vortex-flow drop structure 

3.1 Flow Configuration  
The flow from the inflow pipe enters the drop shaft radially, wherein it is deflected by the 
guide wall and the central column and swirls down the inlet ramp. At low discharges, the 
inlet helical channel is partly full; the water in the helical channel runs along the drop-
shaft wall as a free-surface flow. A small amount of air is entrained by the flow as it hits 
the inlet ramp and the central column; the entrained air is released through the free surface 
over the ramp. With increasing water discharge, the flow depth in the inflow pipe 
increases, the inlet helical channel runs more full, and the flow entrains more air due to 
the formation of a strong vortex at the helical-channel entrance. At a certain discharge, the 
inlet helical channel runs full with air-water mixture. With further increase in discharge 
the inflow pipe runs full and the air entrainment goes down. Eventually the inlet helical 
channel runs full without air.  

The flow leaves the inlet ramp as a swirling jet and remains attached to the drop-shaft 
wall. As the water swirls down the drop shaft, the flow becomes increasingly vertical as a 
result of the increase in the vertical velocity due to the gravitational force and the decrease 
in the tangential velocity due to the friction force. At the same time the jet becomes 
increasingly thinner. The jet in a long drop shaft eventually becomes vertical and attains a 
limiting thickness and velocity. 

The swirling, wall-attached flow is intercepted by the top revolution of the outlet ramp. 
A large amount of air is entrained by the flow as it is intercepted by the ramp. Due to 
inward pressure gradient produced by the swirl, the entrained air converges towards the 
center of the drop shaft where it is subsequently released into the central air core within 
about two to three revolutions of the ramp. The flow without air swirls down the ramp 
until it plunges in the pool formed at the bottom of the drop shaft, and once again it 
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entrains air during plunging. A significant amount of air is released back into the central 
air core, and the remaining air is transported into the main tunnel through the adit conduit. 
The amount of air transport decreases with increasing pool depth, which in turn increases 
with increasing tailwater depth and water discharge.  

3.2 Hydraulic Analysis 
The hydraulic performance of the drop structure primarily is controlled by its inlet (inflow 
pipe and inlet ramp) and outlet (outlet ramp and adit conduit). The inlet ramp generates 
the swirling motion in the drop shaft and controls the flow depth in the inflow pipe. The 
outlet ramp regenerates the swirling motion that forces the entrained air into the central air 
core. The adit conduit controls the pool depth at the bottom of the drop shaft, which in 
turn affects the air transport into the storage tunnel through the adit conduit. 
3.2.1. Head-Discharge Relation  
The head-discharge relation in a ramp inlet is controlled by the inflow- pipe diameter, Di; 
the drop-shaft diameter,D1; the helicoidal-ramp pitch, Pi; the helicoidal-ramp width, Bi 
and the distance, Zi, between the invert of the inflow pipe and the top of the inlet ramp.  

A typical head-discharge curve for drop structure is characterized by three flow regions, 
namely, a critical-flow, a transition-flow, and a pipe-flow region. In the critical-flow 
region, the flow depth in the inflow pipe (which is equal to the piezometric head for free-
surface flows in the inflow pipe) is close to the critical depth because the flow behavior at 
the downstream end of the inflow pipe is similar to that of a free overfall. The flow depth 
at the end of the critical-depth region is less than the inflow-pipe diameter; the inflow pipe 
is not full. The discharge at the end of the critical-depth region is represented by QA  For 
discharges higher than QA, the flow depth in the inflow pipe is affected by the flow 
conditions in the inlet ramp. At a certain discharge Q > QA, the inflow pipe runs full and 
the inlet helical channel carries the air-water mixture due to air entrainment by the free-
surface vortices near the entrance to the inlet ramp. The air entrainment decreases with 
increasing discharge and ceases at discharge QB. The region between QA and QB is the 
transition-flow region. At discharges higher than QB , both the inflow pipe and the inlet 
helical channel run full like a pipe flow; this flow region is termed the pipe-flow region.  

The inflow pipes in most storm-drainage systems are designed to handle the maximum 
flow without surcharge. The flow in partly-full inflow pipe primarily is controlled by the 
inflow-pipe diameter, Di; and gravitational acceleration, g. The head-discharge relation for 
the critical-flow region is given by (Ali 1993) 
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where C = 1.2 for 2.86 >  > 1.92 and C = 1.0 for = 1.12.  1 / iD D 1 / iD D

3.2.2. Flow in Drop Shaft 
The drop shaft is a constant diameter, vertical circular pipe that can be divided in three 
segments. The upper segment is a part of the inlet and has a length (between the invert of 
the inflow pipe and the bottom of the inlet ramp) of about 1.50 D1 for D1/Di = 1.12 and 
about 0.79 D1 for D1/Di = 1.92. The bottom segment is a part of the outlet and has a length 
(between the top of the outlet ramp and the invert of the adit conduit, described in the next 
section) of about 3.25 D1. The middle segment, whose length depends on the elevation 
difference between the crown of the inflow pipe and the invert of the outflow pipe, has no 
helicoidal ramp. For an elevation difference of less than about 4 D1 to 5 D1, there is no 
middle segment of the drop shaft; the drop shaft all along its length contains a continuous 
ramp consisting of the inlet and outlet ramps. 
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The angular motion imparted to the flow by the inlet ramp forces the water to cling to, 
and flow down, the drop-shaft wall in the form of an annular swirling jet. The swirling jet 
gradually loses its angular velocity due to wall shear and gains its vertical velocity due to 
gravitational acceleration. In the case of a very long drop shaft the annular jet eventually 
becomes vertical and attains its limiting fall velocity similar to that in drop structure A. 
The limiting fall velocity of the annular jet can be determined from Eq. 2. The flow 
remains attached to the drop-shaft wall in spite of decay of the swirling motion.  
3.2.3. Flow in Ramp Outlet  
The ramp outlet is designed so that the air-transport rate to the storage tunnel is less than a 
specified value. It consists of a six-revolution helicoidal ramp. The geometry of the outlet 
ramp is characterized by the diameter of the adit conduit, D3; the drop-shaft diameter, D1; 
the helicoidal-ramp pitch, Po; and the helicoidal-ramp width, Bo.  

The swirling, wall-attached flow along the drop shaft is intercepted by the outlet ramp. 
The discharge along the top revolution of the ramp increases with increasing interception 
of the flow. A large amount of air is entrained as the flow is intercepted by the ramp. As 
the air-water mixture moves down the ramp, the entrained air converge, due to radial 
pressure gradient, towards the center of the drop shaft where it is released into the central 
air core within the upper three revolution of the ramp. Thereafter the flow in the helical 
channel is without air until it plunges in the pool formed at the bottom of the drop shaft. 
Once again air is entrained during plunging, the air bubbles converge towards the center 
of the drop shaft, and a significant amount of entrained air is released into the central air 
core. The remaining entrained air is conveyed into the storage tunnel through the adit 
conduit. The rate of air transport into the tunnel decreases with increasing pool depth in 
the drop shaft. The pool depth in the drop shaft increases with increasing water discharge 
and water level in the storage tunnel, and decreasing diameter of the adit conduit.  

The outlet ramp should be able to handle the design discharge. The flow capacity of a 
ramp, which depends on the pitch and the width of the ramp, can be determined from the 
Darcy-Weisbach equation as shown in the next section. The number of revolutions 
required for the outlet ramp depends on the extent of the two air-entrainment regions in 
the ramp; the two regions should not interact with each other to minimize the air transport 
into the adit conduit. The upper region extends about three revolutions. The lower region 
depends on the pool depth, which in turn depends on discharge and tailwater depth. The 
extent of the lower region in most cases is less than about three revolutions. Hence the 
outlet ramp consists of about six revolutions. 

The continuity and the Darcy-Weisbach equations are used to relate the discharge to the 
ramp geometry and the relations are given by 

Q = Vwd                                                                  (8) 

V =  (8gRS/f)1/2                                                          (9) 

in which Q = discharge; V = mean flow velocity; d = mean flow depth; w = width of the 
helical channel; S = average streamwise slope; R = hydraulic radius; and f = Darcy-
Weisbach friction factor. These parameters are related to the ramp geometry (Kennedy et 
al. 1988) 

The friction factors for helical-channel flows are much higher than those for equivalent 
straight-channel flows. The increase of friction factor for swirling flows (Kennedy et al. 
1988) is due to (1) the intensification of turbulence by the concave boundary; (2) the 
development of Goertler vortices along the drop-shaft wall; and (3) the generation of a 
pair of secondary-flow vortices. The friction factor can be assumed to be the sum of two 
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components, i.e. f =fc + fs, where fc = friction factor due to curvature; and fs = friction 
factor for an equivalent straight channel.  

It is judged that the secondary-flow vortices are the principal source for the increase in 
friction factor and are primarily controlled by the flow geometry. The increase in friction 
factor due to curvature, fc, should be a function of d/D1 and w/d (Hayden 1993).  The fc 
increases with increasing w/d and d/D1. The other component of the friction factor, fs, can 
be determined either for a given Reynolds number and relative roughness from the Moody 
diagram. 
3.2.4. Air Transport 
On using dimensional analysis, the concentration of air transported to the adit conduit can 
be expressed as 

),,,( **3 RFZDfC t=                                                               (10) 
in which C = air concentration defined as ratio of the volume flux of air to the volume flux 
of water; D3* = D3/D1 = normalized outflow-pipe diameter; Zt* = Zt/D3 = normalized 
tailwater depth, where Zt = elevation difference between tailwater level and invert level of 
the outflow pipe; F = Froude number; and R = Reynolds number 
where υ = kinematic viscosity of water. The effect of Reynolds number can be neglected 
as the flow in the outlet is fully turbulent. 
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A typical variation of air concentration with Froude number for a fixed normalized 
tailwater depth and outflow-pipe diameter shows that the air concentration first increases, 
reaches to a maximum value, and then decreases with increasing Froude number. Such 
behavior of air concentration is due to counteracting effects of the two flow parameters, 
namely, pool depth and outflow velocity. Air concentration is expected to increase with 
decreasing pool depth and increasing outflow velocity. But both pool depth and outflow 
velocity are expected to increase with increasing Froude number, which in turn increases 
with increasing water discharge and decreasing adit-conduit diameter. The similarity 
relations for air concentration, which were developed by Hayden (1993), can be used to 
determine the rate of air transport to the main tunnel.  
 
4. SUMMARY AND CONCLUSIONS 

Vortex-flow drop structures can be designed either with, or without, a deaeration chamber. 
The latter includes a helicoidal ramp near the bottom of the drop shaft. The hydraulic 
performance of the two drop structures are described.  
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Abstract: Rubber dam is inflated by filling water or air and used for multi-purpose utilization such 
as flood control, irrigation and groundwater recharging. It also can be auto-deflated lying flat in the 
river before the flood-water arrive. Then flood can pass through smoothly in order to avoid 
upstream flooding. This paper introduces rubber dam technology development in China, interprets 
several typical rubber dams used for flood control and temporary bulkhead, discusses a removable 
rubber dam expectation as an effective means preventing from flood. 

Rubber dam and flood defense 

Benhu Gao  
China Institute of Water Conservancy and Hydropower Research, Beijing,100044,China 

Keywords: Rubber dam, flood prevention  

1. RUBBER DAM DEVELOPMENT IN CHINA 

With high polymer synthetic material development, rubber dam appears as a relatively 
new type of hydraulic structure Comparing with normal gated structures, rubber dam has 
lots of advantages as following: saving steel, cement and timber, low cost, simple 
structure, short construction period, long span, non-flow blocking, easy operation for 
flood releasing or water impounding, light weight and good seismic-resistance. Rubber 
dam has been developed well in China since 1965 and China has possessed lots of rubber 
dam technology and experience. 

The first rubber dam designed by an American engineer was located at Los Angeles, in 
California in U.S.A. in 1957. The dam was only 1.5 meters high and 6.1 meters long and 
filled with water. China had started a series of research programs on rubber dam and had 
designed and constructed many rubber dams without any technical data from 1965 to 
1970. For example, Youanmen rubber dam in Beijing and Hongxiuquan rubber dam in 
Guangdong Province were completed in 1966.  

At the beginning, it was found that there were some defects on rubber dams built 
because of insufficient experience on rubber dam design, manufacture and operation 
maintenance. Therefore, a full investigation was organized by China Institute of Water 
Conservancy and Hydropower Research (IWHR) from 1972 to 1973, and some of 
valuable data was obtained through collecting and analyzing data from all rubber dams 
built in the early days.  

Based on the valuable data, rubber dam problems/issues were found and sorted. 
Meanwhile, a series of research programs were initiated covering dam bag material and 
manufacture technology, dam bag bonding and anchoring in site, connection between dam 
bags and side walls and preventing aging and ice. These program achievements laid a 
foundation for spreading rubber dam technology and rubber dam wide application. About 
800 rubber dams have been in operation in China until now. Meanwhile there were some 
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international cooperation on rubber dam design, construction and train with Thailand, 
Bangladesh, Viet Nam, Iran, Indonesia, Malaysia, etc. 

On the base of rubber dam design and construction experience, Rubber dam technical 
guiding was edited by IWHR in 1988 and issued in 1989. Rubber dam technology was 
identified as China national key spreading program by the Ministry of Science and 
Technology of China in 1992. IWHR has been in charge of the technical support to this 
program. 

IWHR was in charge of editing and revising Rubber dam technical standard (SL227-98) 
from 1995 to 1998 again. This standard was issued by the Ministry of Water Resources of 
China with covering general rules, engineering layout, design, construction, installation, 
operation and management. Grasping and following this standard with total 136 items, 
you will find it is not difficult to build a rubber dam. 

2. CHINA RUBBER DAM TECHNOLOGIES RENOVATION 

A rubber dam structure is comparatively simple, it usually consists of three main parts: ①
hydraulic structure, including concrete base slab and side wall, upstream and downstream 
bake slop, imperious blanket or cutoff wall, pier, apron or stilling basin, protection apron, 
control house, water basin or well, etc, ②rubber dam bag and anchorage, ③Water (or air) 
inflation and deflation system, including pump or air compressor ,pipeline, control valve, 
pressure relief valve or hole, etc. The layout of rubber dam references as Fig. 1. 
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  1. blanket, 2. upstream wing wall, 3. side wall, 4. dam bag, 5. anchorage, 6. floor, 7. filling and drain pipe,  

  8. operation house, 9. slope apron, 10. stilling basin, 11. Protection apron, 12. Downstream wing wall,  
13. Upstream protection slop, 14. Downstream protection slop 

Fig. 1  Layout of rubber dam 

The dam bag being composed of canvas and rubber must be manufactured in a factory 
by using hot-pressed technique according to dimensions and strength designed, then is 
transported to a site and anchored to the concrete base slab and side wall. The canvas acts 
as a framework in order to sustain all the force. The basic requirements for canvas are 
high strength, sound flexibility and durability as well as good properties against tear or 
wear. The polyamide fibre canvas is commonly used for dam bags, one to three layers of 
canvas would be adopted in order to meet a design force requirement. In addition, the 
canvas can be so produced that its strength in both warp and weft directions can meet 
design requirements. The functions of rubber in dam bag materia1s are adhesion, sealing 
and protecting the canvas. Chloroprene rubber is the most common type used as dam bag 
material.  

A dam bag is anchored on a concrete base slab and side wall. There are two main types 
of anchor line as shown in Fig. 2. China rubber dam usually adopts double anchored lines 
for water filling type dam bags in order to improve a dam bag operation condition and 
save materials. A rubber spacer acts as a sea1ing layer installed between two anchored 
lines. The dam bag with double anchor lines has more stability and shorter length of the 
dam bag.  
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Fig. 2  Anchor line 
 

Bolts and press plates are usually adopted for anchoring. In 1971, the concrete wedge 
method (a big improvement based on Chinese condition) was invented and adopted in 
actual projects, which has some good properties of simple structure, steel saving, non-rust, 
low cost, safety and reliability. The anchorage methods refer to fig. 3. 

weld  bar bolt

press plate

reinforcing plate
nut

dam bag

wooden wedge

rubber spacer
rear wedge

fore wedge

a) bolt @ press plate anchorage b) concret wedge anchorage
 

Fig. 3  Anchor methods 

Reducing wrinkle as much as possible is the basic requirement for connection between 
a dam bag and side walls. It avoids stress concentration in a dam bag and ensures the top 
of dam at the same level. Meanwhile it is easy to construct and manage a rubber dam. 
Rubber dam bui1t at early days usually adopted vertical wal1s or inclined walls to connect 
with dam bags. Vertical connection has a defect of more wrinkles. When the bag is filled 
with water or air, some gaps would easily occur at the end of the bag. These gaps decrease 
rubber dam effective height. When the dam bag collapsed on the base slab, the end of dam 
bag is hung on the vertical wall and easily tore by floating debris. Although this can be 
improved by reasonable layout of anchoring line, it is difficult to eliminate wrinkles 
completely. Slope wall connection is slight1y better than vertical connection.  

In order to improve the stress state at the end of a dam bag, the pillow type connection 
was invented, tested and adopted in engineering practice in China. The end of dam bags is 
sealed off and not fixed on vertical wal1s. The sealing between dam bag and vertical wal1 
depends on tight press between dam bag and vertical walls resulted in internal pressure in 
the bag. It was proved that this method is effective and the wrinkles may basically be 
eliminated. The thick of vertical walls usually needs 0.8~1.0 meters. 

The filling and drainage system is generally installed at one side of a dam. The bag 
filled with water has the properties of more stability and less vibration. Most rubber dams 
in China are water-filling type. A bag filled with air has some merits of less width of base 
slab to be needed. If the dam bag is insta1led at the top of overflow weir instead of control 
gates, air-filling type would be more proper. 

 736



The operation and management is very important to use a rubber dam effectively. The 
special team must be established in order to operate and manage a rubber dam safely and 
effectively. Rubber dam management items are as following: a) check rubber dam 
regularly. b) make daily record, especially in an important case. c) map out a rubber dam  
control area in which some activities are forbidden such as explosion, excavating sand, 
swimming, fishing, draining sewage and any activity to threat rubber dam security. 

Colorful dam bags were built recently in order to beautify environment and city 
recreation. 

3. TYPICAL RUBBER DAMS FOR FLOOD CONTROL IN CHINA 

Youanmen rubber dam is the first rubber dam in China which was built on the Beijing 
south city moat in 1966. It locates at the position of 130 meters downstream to the 
dividing line of west and south city moat. This dam needed to meet water supply and 
flood diversion requirement. The flood discharge capability is 178 m3/s at the dam 
upstream and 110 m3/s at the downstream. To meet this flood discharge requirement, 
Youanmen rubber dam was built in order to divert 68 m3/s flood water into the upstream 
neighboring liangshui river. The overflow depth of this dam to be inflated is 1.3meters 
when 110 m3/s flood water goes through. Its design height is 3.4m with its crest length 
37m and bottom length 24m. Its side wall gradient is 1:2. Its dam bags were anchored by 
steel bolts and clamp plates and inflated or deflated by pumps. After having operated for 
21 years, the first bag was changed in 1987 from single anchor to double anchor line. 
After several year operations, the bag with single line was vibrated during overflow and 
sands was piled up in bag bottom in downstream side.  

Xiaobudong rubber dam is the biggest one in China which was built on the Yihe river, 
in Linyi city, Shandong Province in 1997. It gained a Genres 1999 world record and won 
the Genres best project prize. The original dam was built by concrete pile and grouted 
rubble in 1960 and was destroyed by several severity floods. Xiaobudong rubber dam was 
built to meet all requirements such as flood preventing, farmland irrigation, industrial 
water supply, tour development. Its total pivot length is 1274.4 meters. The rubber dam is 
1135 meters long and 3.4 meters high. The dam bag was divided into 16 spans by vertical 
middle pier. The net length of each span is 70 meters. Its pier thick in the middle is 1 
meter. At each bank, there are 5 span steel gates connected with the rubber dam in order 
to adjust water level and discharge. Each gate is 3.5 meters high and 10 meters long. 
When the rubber dam is inflated to its design height 3.4 meter, 28.3 million cubic meters 
as water storage is gotten and the rubber dam makes the water level back to 10.8 km too. 
Two tour islands were built in the upstream river. Many recreation places were built 
which were distributed over two banks. Now Xiaobudong rubber dam is not only a 
traditional hydraulic structure for flood control, irrigation and water supply, but also a 
good place for sightseeing and amusement. In additional, it also improves the Linyi city 
ecological environment. 

A new temporary water-stopping structure that was made of both steel frame and 
rubber dam bag was built on the end sill of the cushion pool of Ankang concrete dam in 
2000. Ankang concrete dam locates on the branch of Yangtze River-- Hanjiang river, 
Shaanxi Province. The main objective of the concrete dam is to generate electricity. Its 
overflow head is 84 meters from spillway top to cushion pool bottom. The end sill is 14 
meters high and 93 meters long, the top width of the end sill is only 5 meters. Some 
damage were found on the cushion pool floor due to the action of high-velocity flow from 
the spillway top. It is necessary to regularly examine and repair the floor. The generator 
daily working period is from 18:00 to 8:00am next day. The downstream water level will 
overrun a 2.1 meters over the end sill top when generators work. It is necessary to build a 
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barrage in order to prevent downstream water flow into the cushion pool while generators 
work. In 1996, a sand bag cofferdam was built. It was proved that this traditional 
temporary cofferdam was a hard works with high cost and a long time. To meet the 
requirements of safe and solid, easy installation and removal, short construction time and 
low cost, IWHR designed a new hydraulic retaining structure based on lots of 
investigation and research. This barrage was composed of steel frame and rubber dam bag 
as shown in Fig. 4. The steel frame was composed of double T-iron and channel iron 
which were connected by bolts. The stell frame was clamped with embedded parts on the 
end sill top. Finally, the dam bag was anchored on the steel frame and the end sill top. The 
barrage is 2.3 meters high and 93 meters long. This dam bag is 4.5mm thick. The dam bag 
tensile strength is 220kn/m and 200kn/m in both warp and weft direction. This barrage is 
so welcomed that it was used for two times during the period of Jan, 2000~May, 2000 and 
Feb. 2002~May, 2002. 

 

double t-iron

anchored by bolts 
and press plates

double T-iron

Weld jointing
bolts jointing

dam bag

channel iron

press platenut

Pre-embedded stainless 
steel bolt  

Fig. 4  Steel frame and rubber dam bag barrage 

4. EXPECTATION OF THE RUBBER DAMS FOR FLOOD PREVENTION 

The rubber dam can be used to provide flood protection in a variety of ways. For example, 
one sack-type movable coffer was successfully built in Anhui Province in 1977. The dam 
bag as the coffer replaced earth or rock fill coffer. The canvas as fore apron is connected 
with its rubber dam bag in order to not only increase a fraction force resulted in water 
weight on the apron and in the rubber dam bag but also prevent seepage and stabilize the 
bag.  

One welcomed rubber canvas aqueduct was built in Guangdong in 1976. The aqueduct 
design flow rate is 3 m3/s. Its diameter is 2.56 meters and length is 47.6 meters. This 
water-filled tube can also be used for flood control while it is set or anchored along the 
levee or the river bank. 

In order to meet the emergency need of flood control, the removable rubber dam such 
as the prefabrication dam bag or steel frame and canvas combination can be anchored with 
the embedded parts or pile before flood come. 

The potential applications of the removable rubber dams in providing flood prevention 
are numerous. They could replace sandbags, requiring less effort and no serious disposal 
problem afterward.  

Rubber dam could become more perfect in the flood prevention filed along with the 
development of science and technology. 
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Prediction of and measures against risks by an extreme flood in 
the lower Yellow River 
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Abstract: An experiment on a bed-movable model has been done to predict what will take place 
when an extreme flood flows through the channel similar to the current one of the lower Yellow 
River downstream of Dongbatou. Special attention is paid to the consequences in terms of change in 
streaming patterns, overflowing area, shifting of the mainstream course, and the situations of the 
flow going along the bank. Corresponding measures have been proposed against the potential risks. 

 

Keywords: Yellow River, stream pattern, bed-movable model  
 

1. INTRODUCTION 

Since 1986, the lower Yellow River has been seen less amount of oncoming flow and 
sediment, which, in turn, has caused serious sedimentation in the main channel of the said 
reach, the withering of the main channel, and a dramatic reduction in flow discharging 
capacity. Especially, in the Lankou and the Dongming reaches, which is downstream of 
Dongbatou, the river has become one with highly suspended main channel bed, low 
floodplains, lower ground at the toe of the bank and the much lower earth surface beyond 
the bank. For example, the Youfangzai cross section has become such a typical 
bi-suspended one with its main channel bed 1.06m higher than the floodplains, the latter 
3.4m higher than the bank toe, and the standard flood stage 8 ~ 10 m higher than the 
ground outside the bank. The condition is more unfavorable from the perspective of the 
flood control. It will be very likely for the main course to shift during an extreme flood. 
Even during a middle-scaled flood, it is likely for it to shift, or go laterally, or, flow along 
the bank. Any case of the above-mentioned would severely undermine the safety of the 
bank. 

In spite of the operation of the Xiaolangdi reservoir, there will still be more chances of 
occurring of big floods with its return period of 100 years, and even up to 1000 years in 
the reach downstream of the reservoir. The pressure imposed on flood control task might 
become very severe when the would-be big floods flow through the channel similar to the 
current channel featuring the above. The paper presents not only the experimental results 
of the potential flooding risks but also the measures to be taken against them. 
 
2. EXPERIMENTAL FLOW AND SEDIMENT AND BOUNDARY CONDITIONS 

The designed flood for the experiment on a bed-movable model, which is based on the 
representative flood in 1982, is of a 1000-year return period, features its main component 
coming from the branches below the Xiaolandi Reservoir. After considering the joint 
operation of Sanmenxia, Xiaolangdi, Luhun, and Guxian reservoirs, the floods from 



Xiaolandi reservoir, the Yiluo River and the Qi River--the latter twos are branches below 
the former, have its peak of 8,175 m3/s, 14,798 m3/s and 4,000 m3/s, respectively. The 
corresponding flow from the area between Xiaolandi and Huayuankou has its peak of 
7,871 m3/s. When the designed flood flows to Huayuankou, its peak will become 22,300 
m3/s. 

Considering adjustment of the reservoirs, sediment hydrographs from Xiaolandi 
reservoir outlet, the Yiluo River and the Qi River have its maximum of 10 ~ 15 kg/m3, 31 
kg/m3, 34 kg/m3, respectively. The initial topography for the experiment is based on the 
resultant one after a flood of a 300-year return period flows through the channel measured 
at the end of the flood-period in 1999. The training works for the experiment are same as 
those at the early flood-period in 2000. The horizontal and the vertical scales of the model 
are 1:600 and 1:60, respectively. The experiment follows the similarity law strictly. 
 
3.CHANGE IN STREAMING PATTERN 

Streaming patterns are found changeable at the different stages of the flooding. 

3.1 At the Flood Rising Stage 
The main stream coming into the reach of interest goes by the Dongbatou guiding works, 
then is diverted by Dongdaba on-the-bank dike to Canfan. Downstream further, the main 
stream goes smoothing through all the guiding works, as designed, only with the 
exception of the Daliusi works, which is found insufficiently long. 

The floodplains downstream of Dongbatou are found to be overflowed (Fig.1), which is 
caused by the following factors. First, the local boundary condition of the bi-suspended 
channel changes little in spite of the increasing of the bankful discharge to some extent. 
Second, the flood is rising so rapidly, and last, the peak flood is big. 

 

 
Fig. 1  Streaming Pattern at the Rising Stage 

 
Out of the Dongbatou, the main stream diffuses immediately and goes laterally over the 

vast southern Dongming floodplain to the low bank toe, then goes down along the bank. 
Immediately downstream of the Daliusi works, the main stream bends its way to such a 
extent that it goes perpendicularly to the right bank. There is about 20% of flow going 
laterally against the Dawangzai works, overtopping and then going further to the 
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floodplain. The works is made in a position to be breached. Another part of the flow goes 
over the bend near Daliusi, and over the floodplain further to the local bank. The main 
stream, which comes to the Laojuntang works, overflows its upper part and goes further to 
the local floodplain and accumulates, together with the flow coming from the upstream 
floodplain, before a barrier----a part of the Laojuntang works. When the accumulated 
water rises above the water level of the main stream, it will flow back to the main stream. 
Downstream of the Laojuntang works, the main stream overflows due to the narrow gap 
between the two opposite banks, so resulting in flooding a vast area. It, however, goes still 
through the route guided by the works.  

3.2 At the Peak Flood 
The flooded area increases with flow rising. Fig.2 shows the situation at the peak flood. 
a) Piracy Risk. 
The main stream coming into the reach of interest flows straightly to the Dongbatou 
on-the-bank dike without touching Dongbatou guiding works. Less influenced by the 
works, the main stream results in forming several forks immediately at lower end of the 
Yangzhuang works. The forks come to pirate the parent stream. It confirms that it is very 
likely for the reach below the Dongbatou works to pirate for a big flood. More attention 
should be paid to the piracy risk. Projects should be constructed to prevent it from 
occurring. 
b) Risk of Flowing Endangering the Bank.  
The peak flood, which is much bigger than the flood designed for the works, overtops all 
the works and flows further to the floodplains, and gathers together in front of the 
Laojuntang works. Eventually, the accumulated water rises so high that it flows over the 
barrier, which, now functions the way a weir does. Measured velocity of the overflow 
going down along the bank is about 1.1 ~ 2.5 m/s. The overflow is found to erode the 
downstream ground and even the bank, which endangers the safety of the bank. So it is 
suggested that the design standard for the barrier should be increased from one against 
middle floods to one against the big flood that the bank was designed to prevent against.  
 

 
Fig. 2  Streaming Pattern at the Peak Flood 
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3.3 At the Receding Stage  
On the receding stage, downstream of the Yanzhuang on-the-bank dike, overflow running 
on the local floodplains increases to 60% from 30% at the peak flood, which forms a fork 
on the floodplain, a severe consequence of shifting of the main stream, and river pirating 
(Fig.3). The streaming condition of the parent river is found to nothing special while the 
fork is found to breakdown into more branches and ditches due to the retarding effect of 
the villages and plants and vegetation covers on the floodplains. The flow over the fork 
runs to the bank and then goes down along it, downstream further, gathers together in 
front of the Laojuntang works and returns to the main river there (Fig.3). 

Summarily, the experimental results indicate the big flood will cause a severe disaster 
to the Yellow River downstream of Dongbatou, which is of bi-suspended channel, 
especially, to both all the villages on the floodplains and the bank, which will be under 
siege in deep water. 

 
Fig. 3  Streaming Pattern at the Falling Stage 

 
4. PREDICTION OF THE RISKS WITH THE WORKS 

The channel downstream of Dongbatou is found to be eroded severely. Also, it is more 
likely for guiding works and the on-the-bank dikes to fail. 

First, the guiding works against which the flood runs is found to suffer from loss of the 
stones from its foundation, so there will be a risk of the works’ being flushed away. It is 
found that flow velocity in front of the works is high up to 4 ~ 5 m/s. The local scoured 
depth near the works such as Dongbatou, Chanfan, against which the flood runs directly 
and forcefully, is more than 15 m with a maximum depth of 18m. 

Second, there is a risk of the works’ failure by overtopping. It is apparent that no 
protection could be provided to the guiding works on the floodplains when the latter is 
overtopped. So, it is suggested that consolidation of foundation should be done before the 
occurring of big floods. It is experimentally found that the big flood overtops the works 
just with the way as water flows over a weir. Because of considerable water fall, the 
velocity at the crest is found too big, which undermines the safety of the works of 
traditional structures. In case of its failure, there will be a dramatic change in streaming 
patterns such as the shifting of the main stream course, which will bring tremendous 
disasters to the downstream area. In the course of the experiment, it is found that most of 
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the guiding works downstream of the Dongbatou works are, to some extent, overtopped. 
Among the others, such works as Wangjiati, Wanggaozai, Dawangzai, Xidianji, and those 
below the Chengbu suffer from rather a long period of being overtopped. Further, it is 
found that the overtopping first damages the connecting part between two spurs, then the 
damaging effect spreads, so endangering the safety of the whole works at last. Besides the 
damage of the kind, overflow also tends to form forks on the floodplains, which guide 
flow laterally, or even perpendicularly to the bank, which will endanger the latter. It 
indicates the necessity of designing a new kind of guiding works. 

Last, there is a risk of inundation of the local villages on the floodplains. It is found that 
the topography downstream of the Dongbatou works, which features both highly 
suspended channel and low-lying bottom ground of the dikes, not only causes the bank 
ground to be in the water of 3 ~ 5 m in depth, but also makes difficult for the 
on-the-floodplain water’s returning to the main channel, which, consequently, causes the 
bank to be liable to suffer from piping and peeping. 

5. ENGINEERING MEASURES PROPOSED 

The experiment indicates a dramatic change in stream pattern, which indicates the need to 
improve the existing works and to construction of some additional works. 

a) New guiding works should be constructed near the lower end of the Dongbatou 
works in order to not only prevent the main stream from shifting and from pirating 
but also stabilize the nearby streaming pattern by delivering the flow smoothly to 
the Chanfan works. 

b) Upstream extension on the Caiji works should be done to prevent the main stream 
from going behind it be and from shifting its course. The suggestion is based on the 
observation on the experiment that the main stream is often found to touch, at best, 
the upper end of the extant works for any flow rate. 

c) Downstream extension on the Daliusi works should be constructed. The experiment 
indicates that for big flow rates, only the lower part can touch the main stream and 
that the former guides the latter so weakly that it often erodes its immediate 
floodplain to make a bend, which is found to guide the flow to go laterally or even 
perpendicularly to the southern bank. And, on the way, the main stream often first 
goes laterally or perpendicularly against the Dawangzai works or the Wanggaozai 
works, which will endanger them. 

d) More works should be constructed from Yuantang diversion gate to Simingtang to 
prevent the main stream from shifting. Besides, the extant preventive works on the 
Dongmin floodplain to the same purpose should be improved as soon as possible. 
Experimentally, it is found that the shifting and pirating often occur below 
Dongbatou, and that the flow, after pirating, goes against the local bank while there 
are less number of the works established before the bank. 

e) New guiding works should be constructed on the floodplain from the upper end of 
Laojuntang to the nearby bank. Experiment shows that the overflow from its 
upstream floodplain is found to gather together just before the Laojuntang works 
and from there return to the main channel. A new guiding works here will prevent 
the Laojuntang works from collapsing, and make less overflow to the bank. 

 
6. CONCLUSIONS 

Analysis of the experimental results leads to the key points as follows. 
a) There will be a dramatic change in streaming pattern in the lower Yellow River 

downstream of Dongbatou during a big flood. It is more likely to form forks and 
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shift its mainstream course on the Dongming floodplain. Water overtopping the 
works will form forks on the floodplain, which will go laterally and even 
perpendicularly to the bank, so endangering the latter. Construction of additional 
works is expected. 

b) During the peak flood, overflow will gather together and run along the bank at a big 
velocity. It will difficult for the flow to return to the main channel. Besides, the bank 
will be liable to suffer from piping and seeping. 

c) During the peak flood and the receding period, it is more likely for 30% ~ 60% of 
the main stream to shift from Dongbatou to the Lankao and Dongming floodplains, 
and it will go perpendicularly against the bank between the Simingtang on-the-bank 
dike and Yuantan Diversion Gate, so more protective works for prevention of 
shifting should be constructed while the part of the bank latter should be improved. 

d) The villages on the Dongmin floodplain will be under siege by overflow for long due 
to the difficulty in the water’s returning to the main channel, which will endanger the 
residents and their properties. 

e) The experiment, the previous experiment and researches (Hu, 1996) indicate that it is 
necessary to build more works and extensions on the extant works to control change 
in the streaming pattern for different flow rates. For example, it is necessary to 
construct a guiding works on the floodplain from the upper end of the Laojuntangon 
works to the local bank, as well as a guiding works downstream of the Yangzhuang 
on-the-bank dike. 
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Abstract: Geophysical Transient Electro-Magnetic Sounding (TEM) was employed in detection of 
hidden leakage defects in dikes, and Series SDC Dike Leakage Detector was developed by authors. 
TEM is a nondestructive detection technique (NDT). The advantages of TEM are that no electrode 
into ground, high resolution, high detection speed, easy to operate, and so on. The instrument can be 
applied not only in general survey of hidden defects and leakage in dikes and dams, but also in 
locating piping paths. The instrument was took part in the competitive testing of instruments held by 
National Office of Flooding Control and Fight Against Drought for detection of artificial hidden 
defects at an old dike of Yongding River in Beijing. Applications in site were conducted at three 
dikes in Yueyang County, Hunan Province, in 1999. Tests included detection of hidden leakage 
defects in dry season, and locating piping paths in flood season. The detection line was 17.4km long, 
and the detection depth was 30~60m. Five hidden piping defects had been found in Damaojiahu 
dike in dry season, where piping danger happened in flood season, and two new piping paths were 
found out in the same dike. The detection result in dry season was certified by watching piping path 
happened in flood season. It was also certified that TEM is an efficient method for detecting and 
locating hidden piping defects in dikes. 

Detection of hidden piping defects in dikes by transient 
electromagnetic technique 

Chungang Fang, Huaiguang Ge, Ying Lu, Zhiquan Ke, and Yongmei Jia  
China Institute of Water Resources and Hydropower Research (IWHR) 
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1. INTRODUCTION 

Serious flooding occurred in Yangtze River, Songhuajiang River and Nenjiang River in 
Summer 1998. Many dangerous situations happened in dikes such as piping, serious 
leaching, landslide, collapse, cracking, and bank caving. In which, piping happened was 
as much as 70%. In order to find hidden leakage defects, especially piping path, in dikes 
as soon as possible, and to provide scientific basis for re-strengthening dikes, it must be 
paid more attention to research the technique and relative instruments. 

In recent years, specialists both in China and abroad have been doing research in the 
area of detection and locating hidden defects in dikes and dams [Fang Chungang (1990)]. 
The following methods have been developed: TEM, electrical method, radioisotope, 
temperature, surface wave, shallow seismic, geo-radar (GPR), and flow field, etc. As the 
complication of dikes and the limitation of existing techniques, up to now, there are no 
well-experienced technique and reliable instruments for detection of hidden defects in 
dikes. To fit the urgent requirement of flood control and disaster reducing, there is an 
important task to work out effective and reliable techniques and relative instruments. 

The authors have been working on TEM to detect hidden defects and leakage in dams 
and dikes since 1989, and developed one series of three relative instruments for the 
purpose. These instruments belong to the sort of instruments of Non-destructive testing 
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(NDT), which can be employed on the ground to operate general survey of hidden defects 
quickly. The detecting depth of the instruments is 30~60m. The horizontal position 
resolution is 2~5m (the spacing of the station is arbitrary). The vertical resolution is 
0.5~2m.The relative resolution (the ratio of the diameter of target to the depth where the 
target is) is 8.6%. The instrument is easy to operate, and the measuring time at one station 
is less than 0.5min. The instrument has been successfully used in three dikes and seven 
dams to detect piping, serious leaching, leakage in embankment and basement, and 
by-pass seepage, and to examine the result of grouting. The detecting results were 
checked with dangerous situation of dikes in flood season, drilling data, piezometric level 
data, and water pressure test. The result of comparison was coincident with each other and 
satisfied.  

2. PRINCIPLE OF TEM  

Transient electromagnetic sounding, that can be called Time domain Electro-Magnetic 
method (TEM), is a sort of geophysical techniques. The principle of the technique is that 
if the conductivity of geological abnormal is different from surrounding rocks, then the 
abnormal region can be confirmed. 

Transient electromagnetic system is generally consists of an emitter, an emitting coil, a 
receiving coil, a receiver, and a computer based data acquisition and processing system. 
Fig. 1 shows the composition and the principle of Type SDC-3 Dike Leakage detector. 

The working process of the system is as follows: keep emitting coil and receiving 
coil in the same plain. After turn on the instrument, there is a stable electrical current 
keeping a short period of time in the emitting coil, which forms a magnetic field in 
homogeneous half space in the ground. Then turn off the current quickly. According 
to Farad law, as the primary magnetic field disappears sharply, the electrical motive 
force (emf) forms in the surrounding conductors. The intensity of emf is in proportion 
to the changing ratio of the primary magnetic field to time (dHp/dt). The emf produces 
eddy in the terrain. The intensity of eddy is reducing with time. The reducing of 
eddies is relative with the conductivity, size, and shape of the conductors. In other 
words, it means that reducing of eddy is relative with the time constant of the terrain. 
The reducing eddy produces secondary magnetic field whose intensity is in 
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Fig. 1  The composition and the principle of Type SDC-3 Dike Leakage detector 
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proportion with the ratio of the intensity of reducing eddy to time (di/dt). The 
secondary field transfers to both upward and downward. When the secondary field 
reaches ground surface, reducing magnetic field produces electrical current as signal 
in the receiving coil. The intensity of the signal current is proportional to the ratio of 
the intensity of the reducing magnetic field to time (dHs/dt). The signal current is 
transferred into receiver, in which the signal is processed, then the processed signal is 
sent into Analogue/Digital transformer, from which the digital signal is sent into 
computer to store. After then, a detection sampling process finished. The second eddy 
is produced in next layer of terrain that underneath the first layer, then the second 
secondary magnetic field is formed that reaches ground surface later than the first 
secondary. The time interval between two secondary fields is Δt. Delaying time 
intervalΔt after the receiver system completed first sampling, the second sampling is 
carried out. Above process is repeated until the sampling number is reached, that 
means the expecting detection depth is reached. So far, detection is fulfilled at one 
station. The electromagnetic property of layered terrain from surface ground to the 
expecting depth at one station is obtained. 

According to the horizontal position resolution, remove the coils to the next testing 
station, conduct detection at the second station. Continue above process till detection ends 
at all station in one detection line. 

Drawing processed data in a two or three dimension figure or a profile, one can get the 
vertical profile of conductivity distribution of layered terrain underneath the detection line, 
from which the electrical difference, shape, and position of the abnormal region can be 
tell.  

Next, the propagation of electromagnetic field is discussed in more detail. In a 
homogeneous half space, electromagnetic field propagates downward from layer to layer. 
In the meantime, the scope of electromagnetic field is enlarging. The process is so called 
as ‘smoke ring’ effect. 

First of all, a model of layered half space is considered. Soon after emitting current is 
turned off, the inducing electrical current concentrates in the surface layer of the ground, 
the inducing current is proportional to the conductivity of this layer. This is the beginning 
stage. When electromagnetic propagates in deep terrain, the inducing current in receiving 
coil is in proportion to t-5/2andρ-3/2 (here, t is propagation time of electromagnetic wave; 
ρis the resistivity of terrain). This is called the late stage of propagation. As TEM signal 
reduces so quickly with depth increasing, the instrument must have very large dynamic 
range. The formula for calculating apparent resistivity of terrain is as following: 
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here, µ is magnetic conductivity, r is radius of the emitting coil, Mr is receiving moment 
(circle number ×area of each circle), I is current intensity in emitting coil, t is current 
turnoff time, and V is inducing electrical voltage in receiving coil. In fact, square coil is 
usually used, but when calculating, the round coil with the same area as square coil is 
considered. 

There are three ways to explain the detection results: curve comparison, numerical 
interpretation, and experience. The last two ways is used here. 

As above explanation, it is the interpretation method of TEM that the conductivity of 
the area where the hidden defect or leakage exists is abnormal. Therefore, the reason of 
abnormal conductivity of hidden defects in dikes is discussed next. 
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Generally speaking, there are two factors that cause the conductivity of dikes changing. 
They are earth and water. One or more of the following factors changes will change the 
conductivity of dikes: compose of earth, conductivity of earth, density of earth (or 
porosity), and conductivity (the sort of dissolved ions and their concentration) and volume 
of water in earth, and existing biological caves and other substances. 

For homogeneous earth-fill dams, the length is relatively short (compared with dikes), 
quality control during construction is good, the filled materiel and its density are more 
homogeneous than dikes, and water seeped into different parts of dam is with the same 
quality. For the reason, considering the area above saturation curve, where the 
conductivity is higher than other place, where water content is higher, thus where may be 
considered leakage occurred. On the other hand, the area in embankment underneath 
saturation curve is saturated, where the conductivity is lower than other places, where the 
density of the filling material is lower, thus where there is a condition for leakage to 
happen. 

Considering dikes, the situation is more complicated; the length of a dike is large, from 
a couple of meters to dozens of meters, even to hundreds of meters. Most dikes, which are 
man-made, have long history. The filling material of various sections is inhomogeneous, 
because the material is from different places. The quality control during construction was 
not so good. The density of various areas is different. The foundation is not treated. 

In dry season, there is no saturated area in embankments. Under the same evaporation 
condition, where the density is lower (the porosity is higher), then the evaporation is more, 
the moisture in the area is lower. Consequently, the conductivity of that place is lower, 
where is considered to be a weak place, where the opportunity of leakage is larger than 
other place. 

Analysis of the foundation data is even more complicated because of the foundation 
construction is even more complicated. Owing to the foundation of both dam and dike is 
usually saturated, the conductivity of foundation depends on the properties of the 
materials, such as rocks, gravel, and sand, and the type of ions, and their content in water.  

3. DETECTION OF MAN-MADE DEFECTS 

An artificial deep ditch was made in an old dike in Daxing County, Beijing, where nine 
artificial defects are buried. After then, the ditch was refilled and compacted. For this 
reason, this dike condition is different from other actual dikes for detection. The length of 
the testing dike is 130m, in fact, the range where the defects buried is in 0~90m. The 
maximum height of the dike is about 10m. The schematic diagram of man-made defects in  
the test dike is shown in Fig. 2, in which the type, the size, and the depth of the artificial 
defects are given. 

In July 2000, there were five units and six instruments to be invited by National Office 
of Flood-control and Drought-fight to take part in the competitive test. The types of 
instruments were TEM, Electrical, GPR, and surface wave, etc. Eleven hidden defects 
were found out by authors using Type SDC-3 Dike defect detector. Seven of eleven 
defects were artificial targets; others were original defects in dikes. The percentage of hits 
of Type SDC-3 was 77.8% that was the highest percentage among all instruments 
participated in the test. The test result was shown in Fig. 3 in profile and Fig. 4 in 
three-dimension drawing. Comparing Fig. 2 with Fig. 3 and Fig. 4, all nine artificial 
defects are determined, but it is quite difficult to tell if there are defects and their positions 
under the condition of unknown targets. For instance, No. 5 and No. 6 defects are 
underneath No. 4 and another original defects, they are easy to be neglected.  

The test result can be considered as a calibration result, as the position (the horizontal 
coordinate and the depth), the property, size, and shape of the targets were well known.  
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No.  Defect    Size（m)    Depth(m)   No.  Defect    Size（m)     Depth(m) 
1  Wood board  0.5×3×3     4        6   Hole      1×0.5×1       5 
2   Root      1×0.5×0.5    4        7   Steel pipe   Φ0.1          3.5 
3   Cement pipe  Φ0.3        3        8   Reed      1×1×1        3.5 
4   Root      1×0.5×0.5    3        9  Cracked rocks 1.5×1.5×1.5    3 
5   Cracked rocks  2×2×2   8 
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Fig. 2  The schematic diagram of man-made defects in the test dike, Yanjiapu, Daxing County 
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Fig. 3  The detection result of artificial defects in testing Dike in Daxing County 

 
In Fig. 3, the X-coordinate represents distance, while the Y-coordinate represents 

sampling time. After the depth of the artificial targets was affirmed, the co-relationship 
between the sampling time of instrument and the detection depth can be established, 
therefore thus Y-coordinate can be directly indicated the detection depth. 
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Fig. 4  The detection result of artificial defects in testing dike in Daxing County 

4. DETECTION OF LEAKAGE AND HIDDEN DEFECTS IN DIKES 

Detection of hidden defects and piping paths in dikes was conducted at Matangyuan, 
Damaojiahu, and Zhongzhouyuan in Yueyang County, Hunan Province, China, in both 
flood season and dry season, in 1999 and 2000. Total detecting line length was 18.4km. 
During detecting, embankment, toe, overburden layer, and foundation of dikes were 
automatically tiered by the instrument for layered data acquisition. The detection result 
was as following: the quality of embankment was better than toe and shallow foundation, 
thus dangerous leakage situation might happen at toe or shallow foundation; Eleven 
hidden piping defects were found and located; and leaching in large area might appear at 
whole Damaojiahu dike. The result fitted the dangerous situation of the dikes in flood 
season in 1998 and 1999, which expressed that TEM was effective for general survey of 
dike and detection of piping and leaching. As the limitation of paper, only the result of 
Damaojiahu is introduced here. 

Damaojiahu dike is located in Lujiao Town, Yueyang County, between the outlet of 
Xinqiang River and the entrance of Dongting Lake. The length of the dike is 5020m; the 
height is about 7m. In flood season of 1998, wide-ranging serious leakage happened, 
many lands and fishponds were immerged, and the railway from Beijing to Guangzhou 
was critically threatened.  

The detection result in January, 1999, is shown in Fig. 5, in which low conductivity 
area was found at the chainage 0+800 with depth of 6~14m where piping defect may 
occur. At the night, 19th July, serious piping and sand boiling took place at the area that 
was 8m far from the toe of the dike. The chainage where the danger happened was the 
same place where there was the detected piping defect. After then, slope sliding occurred, 
in the meantime, a twenty five meter long crack formed, whose width was 3~4cm. The 
nearest distance between the crack and the River was only 1.2m. The situation was 
extremely critical. Then urgent repair was conducted and the dike was turned to be safe. 
Otherwise, in 0~2m curve, low conductivity area at the chainage 0+800 was noticed that 
expressed the crack existing. 
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There was less rainfall in the middle and the upper reaches of Yangtze River in summer, 
2000. When defect detection was conducted in October, there was no water in Xinqiang 
River, and the dike was dry. The result is shown in Fig. 6 and Fig. 7. The low conductivity 
area, whose chainage is from 0+800 to 0+900, is clearly displayed in both diagrams. After 
extremely serious flooding in July and August, 1999, the embankment and the foundation 
of this section were seriously damaged. The most critical section was at 0+850~0+870. 
Besides, the reason why the embankment conductivity was low between 0+870~0+900 
was that the filling material was composed by more coarse-grained soil. But, this section 
of dike was at a corner where the embankment was thick, for this reason, leakage here was 
not obvious. 
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Fig. 5  The detection result at the chainage 0+400~0+900 of Damaojiahu dike in January 1999.Low 
conductivity area was found at the chainage 0+800, where piping path formed. 
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Fig. 6  The detection result by SDC-3 Defect detector (in two dimensions) between  
the chainage 0+450~0+900 
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Fig. 7  The detection result by SDC-3 Defect detector (in profile) between the chainage 0+450~0+900 

5. CONCLUSIONS 

Geophysical Transient Electro-Magnetic method was firstly employed in detection of 
hidden defects and leakage in dikes and earth-fill dams by the authors, and the relative 
instrument Type SDC-3 dike leakage detector was developed. The instrument belongs to 
the sort of Non-Destructive Technique (NDT), which can be used for general detection of 
hidden defects and leakage in both dikes and dams, and used for locating of piping paths. 

It was conducted at three dikes that the detection of hidden defects in dry season and 
the locating of piping paths in flood season. The result was verified via leakage during 
high flood level at the place where the dike was weak as early found and predicted. It is 
demonstrated that TEM is an effective technique for detection of hidden defects and 
leakage, in dikes and dams. 

The specialists in China and abroad commonly notice that the electrical and 
electromagnetic property of filling material of dikes and dams changes more than other 
physical properties when there were holes, cracks, and low density areas in embankment. 
For this reason, relative technique and instrument must be paid more attention to research 
and to develop, in order to fit the requirement of flood control in China. 
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Abstract: The Funchun River lies in the middle reach of the Qiantang River of Zhejiang Province. 
Along the Fuchun river no other county town is bigger than Tonglu and Fuyang. Since the two 
towns are located in the river valley plain along the Fuchun river, they are affected by the plum rain 
and typhoon rain every year. According to the characteristics of the geographical location, 
topographic conditions and the features of hydrology and meteorology, the strategy of “keeping out 
the flood from the Fuchun river, draining off the water-logging in the area and diverting torrential 
flood” will be adopted to improve the cities’ flood control capacity. That is to say, flood control 
dikes along the river will be heightened and reinforced, at the same time, by the principle of 
“Upstream flood is discharged directly in local higher channels”, the torrential flood flowing into 
the city area can be avoided, furthermore, through widening and deeping of channels, the regulation 
capacity will be raised. Besides, since the two cities are located along the elegant Fuchun river, the 
influences of the project on the landscape must be considered.  

Keywords: flood-control strategies, engineering measures, Fuchun River 

1. INTRODUCTION  

The Fuchun River lies in the middle reach of Qiantang River of Zhejiang Rrovince. Along 
the Funchun River no other county town is bigger than Tonglu and Fuyang. The current 
populations are 10～15 ten thousand, and it will develop to 15～25 ten thousand in the 
near future. These two cities are the centres of ploitics, economics, culture and 
transportation of the two counties, and Tonglu is also a scenic spot for tourism. 

Since the two cities are located in the river valley plain along the Fuchun river, there 
are mountainous fields around the urban areas. The two cities are affected by the plum 
rain and typhoon rain every year. They are not only attacked by river floods, but also 
threatened by waterlogging from nearby mountain torrents. Dikes along the river belong 
to local agriculture flood embankment with low standards, and the drainage facilities are 
insufficient. Therefore, flood and waterlogging disasters take place frequently. 

There are 27 times of flood and waterlogging disaster in Tonglu since the founding of 
the People’s Republic, that is to say, more than one time every two years in average, the 
economic losses reach billions of Yuans RMB. More than 20 times of dangerous flooding 
water level. Fuyang city also occur exceeded 20 dangerous surplus of water level occurred 
at Fuyang city, about one time every twenty years. Waterlogging happens more often. 
Therefore, to ensure the safety of lives and economic sustainable development for the two 
cities, it is necessary to raise the flood control standards. 
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2. HYDROLOGIC CHARACTERISTICS 

The Qiantang River lies in the monsoon region of subtropical zone. The two county’s 
mean annual rainfall is around 1450mm, in which 70% rainfall concentrates in April to 
September. The actual records of the maximum rainstorm within 24 hours are 200mm in 
Tonglu and 256mm in Fuyang, and that within 3 days are 303mm and 320mm, 
correspondingly. It takes place mainly in June and July and sometimes occurs in the 
typhoon season. Plum rains last a rather long time, the amount of precipitation is huge, 
and the water level in Fuchun river is high, corsequently it is disadvantageous to drain 
flooded fields. Typhoon rains last a short period with a large amount of rainfall, the water 
level in Fuchun river is not high normally. According to the field record at the Fuchun 
Hydro-power Station, 97% of the annual maximum flood discharges took place in the 
rainy period from June to July, and the record maximum peak discharge reached 
29,000m3/s. 

3. FLOOD-CONTROL STRATEGIES AND MAJOR ENGINEERING MEASURES 

According to “the comprehensive planning for the Qiantang River watershed” and “the 
general planning of the two counties”, present situation of flood-control and storm 
drainage characteristics of flood, waterlogging and terrain, the strategies are determined as 
follows: “keeping out the flood from the Fuchun river, draining off the water-logging in the area, 
and diverting torrential flood”. Flood control dikes along the river will be heightened and reinforced, 
draining gates and pumping stations will be reconstructed and extended, channels will be deepened, 
etc. At the same time, nonstructural measures are adopted. The standard of flood-control is to 
prevent 50-years flood. 

The consideration of engineering measure is based on the existing flood-control and 
draining waterlogging regime, combined with fully using existing hydraulic project. 
Therefore, major measures are as follows: 

First, to heighten and strengthen dikes along the Fuchun river, in order to form a closed 
circle to protect the city and from 50-year flood; 

Second, to regulate and deepen the channels around the city. According to the principle 
of “Upstream flood is discharged directly through local higher floodway” torrential floods 
around the city are intercepted to and draining into the outer river through a proper flood 
way. 5~10-years floods will not flow in the urban areas once again.  

Third, to reconstruct or extend original drainage gates and pumping stations. Drainage gates will 
be opened when the outer river water level is low and pumping stations will be operated when the 
river water level is high. Through deepening inland drainage network regulation capacities will be 
raised as a result, the urban area will not get waterlogging when a 24 hours’ storm at a recurrence of 
20 years occurs. 

4. SEVERAL PROBLEMS  

1. Since the two cities lie along the two banks of picturesque Fuchun River, the elevation of the 
flood protection dikes is higher than the land surface, so it would affect the city landscape. 
Therefore, in the course of planning and designing the embankments, the landscape and 
city grade must be fully considered in order to reduce the negative influence as far as 
possible. 
2. To support the decision making for flood prevention, a set of communication system for 
flood prevention must be established it includes the automatic alley monitoring and 
forecasting the water regime such system that guarantees the necessary information of 
flood prevention can be accurately collected and transmitted in time. 
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3. As to exceeding standard floods, in addition to the preceding flood control plan, certain 
engineering measures may be considered in the planning and designing. For example, 
along lower reaches of the city dikes overflow section with certain length has been set up. 
It will be used when exceeding floods occur. A closed area will be submerged gradually 
after local people have left the area, other dikes will be safe. 

5. PROSPECT 

The city flood-control projects are implementing by stages according to above-mentioned 
flood-control strategies and the engineering measures for Tonglu and Fuyang counties 
along the Fuchun River. After the projects are completed, the flood control and draining 
waterlogging of the two counties will reach a new standard. 
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Abstract: Excessive precipitation produced severe flooding in the upper Mississippi River basin 
during spring and summer 1993. The flood began in June near the upriver city of Minneapolis and 
crested near St. Louis, 1,000 km downriver, about the first of August. Levees, which had not been 
designed or built to withstand such large-magnitude flooding, gave way along the mainstem rivers. 
Large scour holes were made by rapidly overflowing floodwaters, and masses of new sediment were 
deposited on floodplains downriver of the levee breaks. The quantities of water that flowed through 
broken levees, out of the main channels and onto the floodplains, were sufficiently large  to lower 
the heights of flood peaks measured farther downstream. 
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Flood of 1993 on upper Mississippi River: a selective overview 
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Concentrations of water-soluble agricultural chemicals remained high throughout the flood, even 
though it was anticipated that the massive streamflows would dilute the concentrations of these 
chemicals. Loads of major ions and trace elements transported by the rivers also remained large 
during the flood of 1993. 

 
Keywords: floods, levee breaks, sediment, dissolved solids, contaminants 
 
1. INTRODUCTION 

The large floods of the Mississippi River continue to engage the American imagination. 
North America’s greatest authors have encapsulated the vast power of the Mississippi’s 
floods, in both reportorial and literary modes (e.g., Mark Twain, 1882, and William 
Faulkner, 1939). Although the flooding of the Mississippi has not influenced the political 
destiny of America to the degree that the flooding of the Huang Ho in past millennia has 
influenced that of China, it continues to capture our imagination. In the last century, for 
example, an engineer was elected President of the U.S. largely as a result of the reputation 
he acquired as manager of relief efforts during the great Mississippi flood of 1927 (Barry, 
1997).  

The most recent event on the Mississippi River to engage the national imagination was 
the great flood of 1993. Although the local effects of this flood were concentrated in the 
upper half of the Mississippi valley, some effects, especially with regard to water quality, 
were propagated as far as the Gulf of Mexico and, in the case of the herbicide atrazine, 
could be followed into the Atlantic Ocean. Many excellent technical reports were 
published during the year after the flood (e.g., Bhowmik, 1994; Chrzastowski et al., 1994; 
Dowgiallo, 1994; NOAA, 1994; U.S. Army Corps of Engineers, 1994), and an edited 
technical volume of individually-authored chapters was published three years after the 
flood (Changnon, 1996). Local newspapers, which had provided excellent day-to-day 
coverage of the flooding, afterwards published retrospective volumes that summarized 



 

their accounts, mostly as memorable photographs (Hagood and Hagood, 1994: Quad-City 
Times, 1993; St. Louis Post-Dispatch, 1993). 

This essay concentrates mainly on the series of reports from the U.S. Geological Survey 
that were individually published as chapters of USGS Circular 1120. Owing in part to 
their piecemeal publication, this series of reports may not have attracted significant notice 
among international audiences. Altering an earlier tradition of hydrologic analysis of 
important floods in the Mississippi valley (Chin et al., 1975; Grover, 1938; Wells, 1955), 
the series of USGS publications on the flood of 1993 allowed individual authors to 
concentrate their analyses on particular aspects, rather than on the flood as a whole. 
Highlights of some of the USGS studies, augmented by a partial bibliography of studies 
published by others, make up the remainder of this summary report. I thank especially my 
colleagues Bill Bonning, Charles Parrett, Don Goolsby, Bob Holmes, Robb Jacobson, 
Nick Melcher, John Moody, Kevin Oberg, Gregg Schalk, and Ken Wahl, from whose 
publications I have taken (and, in some instances, plagiarized) most of what follows. 
 
2. STORMY WEATHER 

Prior to the flood of late June through early August 1993, much of the upper Mississippi 
basin had been under a wet-weather pattern that had persisted for at least six months. 
Rainfall totals in many parts of the flooded areas during the months of January through 
July 1993 were 150 to 200 percent of the averages recorded during the same seven months 
of the 30-year period 1961-1990. Between late June and late July, a series of five large 
storms each dropped between 50 and 200 mm of rain within a few days onto already-
saturated landscapes. From a regional perspective, the maximum rainfall for the three-
month period June-August was a total of 900 mm that fell over central Iowa. Within a 
circle of 500-km diameter centered on Iowa, the totals for the three-month period 
generally exceeded 300-400 mm. (Kunkel, 1996; Parrett et al., 1993; Rodenhuis, 1996; 
Wahl et al., 1993.) 
 
3. THE FLOOD 

The flood of 1993 affected only the upper half of the Mississippi River, especially the 
nearly-1400-km reach between Minneapolis, Minnesota, and Cairo, Illinois. The discharge 
of the Ohio River, which is usually greater than that of the Mississippi River at their 
confluence at Cairo, was exceptionally low during the summer of 1993. Consequently, the 
flood had no unusual physical effect on the lower Mississippi River between Cairo and the 
Gulf of Mexico. 

Flooding began in June along the upper Mississippi River near Minneapolis. The 
maximum discharge of the flood wave, which propagated downstream at about 0.6 m per 
second, was five to seven times the daily mean discharge at stream-gaging stations on the 
upper Mississippi. The phase or propagation speed of the flood wave was influenced 
largely by hydrologic factors such as water depth, channel width, and channel roughness. 
A record discharge (recurrence interval >100 yr) was recorded at Keokuk, Iowa, on July 
10. This part of the flood wave probably passed St. Louis, Missouri, on July 20, but was 
not the major peak there. Flood waters from the tributary Missouri and Illinois Rivers, 
which enter the Mississippi River just above St. Louis, arrived later to help constitute the 
maximum discharge of 29,700 cubic m per second that was measured on August 1. Below 
St. Louis, the progress of the flood crest was slowed because broken levees allowed some 
of the water to be stored temporarily on the floodplain. (Moody, 1995.) 
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4. EROSION AT LEVEE BREAKS 

Many levees were broken by the flood of 1993. Although the “levees-only” approach had 
been severely discredited in the aftermath of the great flood of 1927 (Barry, 1997), levees 
continued to be built during the post-1927 years. Most of the levees constructed by the 
U.S. Army Corps of Engineers, as integral components of an overall program of flood 
control on the Mississippi and its tributaries, held fast during the flood of 1993; those that 
broke did so because they had not been originally designed to withstand a flood of this 
magnitude. Most of the levees that had been privately constructed by local landowners, 
especially those along the lower Missouri River, did not survive the flood of 1993 intact. 

During levee breaks, the sudden releases of water with large hydraulic heads through 
constricted openings, from levee-confined channels onto floodplains, resulted in deep 
scour holes and other spectacular changes in the riparian landscapes. From a 
geomorphological perspective, the levee break that was studied most comprehensively, 
both during and after the break itself, occurred in southern Illinois, only 55 kilometers 
upriver of the Ohio-Mississippi River confluence. During the peak of the flood, 8,000 
cubic m per second (some 28% of the Mississippi River discharge) flowed through the 
break, at velocities as great as 3 m per second. Flows through the levee break eventually 
left behind an area 2,200 m long scoured to a maximum depth of more than 20 m. 
Transport of sediment from the main channel, through the break, resulted in net deposition 
on the floodplain of more than 8 million cubic m of sand. (Jacobson and Oberg, 1997.) 
 
5. TRANSPORT OF SOLIDS   

Suspended-sediment loads in the Mississippi River near St. Louis during the 1993 flood 
were approximately the same as those recorded during the previous large flood of 1973, 
although the 1993 flood generally transported less sediment per volume of water 
discharge than did earlier floods. Sediment apparently went into storage, either in 
channels or on floodplains, upriver of St. Louis, Missouri, because the total suspended 
sediment transported by the Mississippi River past St. Louis during the flood was 29% (22 
million t) less than the total transported past two upstream sediment stations on the 
Missouri and mainstem Mississippi Rivers. The storage of sediment was partly verified by 
the massive amounts of newly deposited sediment on the floodplains.(Holmes, 1996; 
Schalk and Jacobson, 1997.)  

Dissolved solids also were transported in substantial quantities by the flood of 1993. At 
the sampling station at Thebes, Illinois, about 70 km upriver of the Ohio-Mississippi 
confluence, major element concentrations increased as the flood flows subsided. However, 
the transported loads of most dissolved constituents generally were much larger during 
flood conditions than during lower flow conditions. (Taylor et al.,1994.) 
 
6. CONTAMINANT TRANSPORT 

The flood of 1993 flushed extraordinarily large amounts of agricultural chemicals 
(herbicides and nitrate) into the Mississippi River and, eventually, the Gulf of Mexico. 
Although we had anticipated that the higher streamflows during the flood would dilute the 
concentrations of herbicides that are usually flushed into streams in late spring and early 
summer, the concentrations remained high, and therefore the daily loads of herbicides 
transported through some of reaches of the Mississippi River were greater than those 
measured during similar seasons in previous years. The total load of the herbicide atrazine 
transported to the Gulf of Mexico from April through August 1993 was about 80% greater 
than that for the same period in 1991 and 235% greater than for the same period in 1992. 
In 1993, furthermore, atrazine concentrations remained elevated through the month of 
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August. In mid- to late-summer, the Mississippi River waters were entrained at the mouth 
by a clockwise-loop oceanic current that moved water out of the Gulf of Mexico, through 
the Straits of Florida, and northeastward with the Gulf Stream along the south Atlantic 
coast of the U. S. Anomalously high atrazine concentrations detected in waters of the 
Straits of Florida may have persisted as far north as Cape Hatteras. (Goolsby, 1994; 
Goolsby et al., 1993; Atkinson and Tester, 1994.) 

Nitrogen flux from the upper Mississippi River basin to the Gulf of Mexico was also 
exceptional during the flood of 1993. Nearly 400,000 t of nitrate-N were discharged to the 
Gulf during July-September 1993 as compared with less than 170,000 t during this same 
period in 1991 and 1992. Investigators of the hypoxic zone on the sea floor off the mouth 
of the Mississippi reported that the greater inputs of nitrate stimulated a greater level of 
phytoplankton growth and consequently a greater rain of fecal and other organic materials 
from near-surface waters to the sea bottom. When these materials decompose in the near-
bottom waters, they deplete the oxygen supply faster than it can be replenished, and the 
resulting hypoxia strongly inhibits the growth and development of finfish and shellfish 
(including the commercially valuable crabs and shrimp) that live there. (Goolsby, 1994; 
Rabalais et al., 1994.) 

Another unexpected result of contaminant studies following the flood of 1993 was the 
apparent reduction of the levels of heavy metals and organic contaminants adsorbed on the 
bottom sediments stored in the shallow areas of the navigation pools of the upper 
Mississippi River between Minneapolis and St. Louis. Concentrations of contaminants in 
the bottom sediments of these pools had just been sampled and measured, as luck would 
have it, as part of a comprehensive assessment made during the two years immediately 
preceding the flood year of 1993. When the bottom sediments were resampled and 
reanalyzed after the flood, the contaminant concentrations showed a general decrease 
from pre-flood levels. This apparent decrease, however, was not a result of any leaching 
of contaminants out of the pre-flood bottom sediments. Rather, the apparent decrease was 
best explained by the blanketing of the older deposits by newer less contaminated 
sediments that had been flushed out of tributary streams during the flood, and newly 
deposited in the navigation pools atop the older more contaminated materials. (Moody et 
al., 2000.) 
 
7. CONCLUSIONS 

The great flood of 1993 occurred in an already-well-studied segment of North America’s 
largest river. Already in place were the organizational infrastructures, both technical/ 
scientific and bureaucratic, that were ready to take advantage of this opportunity to learn 
more about floods by recording and studying their effects. Many of the relevant reports 
are listed below. 
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Abstract: This paper attempts to highlight the flood mitigation initiatives in selected cities of Sri 
Lanka, Cambodia and Bangladesh. It embodies the experiences of demonstration project activities 
undertaken in those countries by the Asian Urban Disaster Mitigation Program (AUDMP) of the 
Asian Disaster Preparedness Center (ADPC), Bangkok. 

 

Those who specialize in dealing with hazards tend not to deal with vulnerability and it is a 
common problem seen among the disaster management community. Therefore one of the 
primary steps in flood management process should be not only to define the hazard but also to 
define the extent of the vulnerability. That eventually has to transform in to different levels of 
risk. Delineation of risk can be achieved using scientific practices as well as through optimal 
usage of community knowledge. Accuracy required in such risk assessment depends on the 
objectives of the study and this paper describes different risk assessment scenario considered. 
The paper explains the procedures adopted in flood mitigation action planning in different 
socio-cultural settings. Solutions acceptable to  communities can be implemented without much 
resistance as seen from the lessons learned in case studies under reference. 

 
Keywords: flood risk, management, urban disaster 

1. INTRODUCTION 

The Asian Urban Disaster Mitigation Program (AUDMP) is an eight-year program of the 
Asian Disaster Preparedness Center (ADPC), Bangkok, designed to reduce the natural 
disaster vulnerability of urban population, infrastructure, critical facilities and shelter in 
Asian countries. Currently, demonstration projects under the program are being 
implemented in Bangladesh, Cambodia, India, Indonesia, Lao PDR, Nepal, Philippines, 
Sri Lanka and in Thailand.Core funding for the AUDMP comes from the Office of 
Foreign Disaster assistance (OFDA) of the United States Agency for International 
Development (USAID). Additional resources for implementation of projects under the 
program come from ADPC and collaborating institutions in target countries. 

The case studies presented here are based on the disaster mitigation initiatives 
undertaken in selected communities in Bangladesh, Cambodia and Sri Lanka. 

The selected city of Rathnapura in Sri Lanka is prone to multiple hazards, floods and 
landslides. Municipalities of Tongi and Gaibanda in Bangladesh, selected for project 
activities are threatened by recurrent flood disaster risk. In addition, experiences are 
drawn from implementation of Cambodian Community Based Flood Mitigation Project 
designed to address the problems of flooding in rural communities along the country’s 
two major watersheds, the Mekong River and the Tonle Sap. 

The implementation of pilot projects took a three-tiered approach as follows.  



• Demonstration of appropriate natural hazard mitigation practices in selected cities 
• Facilitation of information dissemination  
• Enhancing capacity of stakeholders (through training and continuing education).  
Demonstration activities focus on disaster risk reduction measures at municipality, 

community and household levels.  
 
2. BACKGROUND TO COUNTRY PROJECT ACTIVITIES 

The local government organizations in most developing countries face difficulties in 
introducing preventive and mitigation measures due to economic and resource constraints. 
In most cases, demand for improvement of infrastructure facilities such as supply of water, 
electricity, solid waste management, maintenance of roads etc. that demand speedy 
solutions, take priority over disaster mitigation. Where flood risk exist, it has been 
observed that many political leaders have chosen to ignore that a viable flood 
management approach is an important component in the development process, as 
important as any other issue they give priority to. When a disaster strikes an unprepared 
community, the diversion of money and resources from development activities to relief 
negates development efforts. A paradigm shift from government to governance has 
become necessary. Country projects therefore endeavored to create a paradigm shift from 
relief dependence to prevention and mitigation ensuring sustainable development. 

For communities constrained with resource problems, the cost effective way to reduce 
the flood disaster vulnerability appeared to be through community based initiatives. 
Physical planning disciplines consider that the optimal use of floodplain land is the best 
solution to floods.  Those who live in flood plains have through trial and error over 
generations learned of ways to reduce their susceptibility to floods thus optimizing use of 
flood plains. 

Creation of a behavioral change within affected communities and other stakeholders 
towards a culture of safety is a major objective in country projects. Conceptually, the 
desired is to find and implement a set of environmentally friendly, affordable and 
acceptable measures for mitigation of flood disaster risk .A participatory approach in 
every step of the process was considered to be a very important strategy. . 

 The main objectives of the country projects were 
 Establishment of sustainable public and private sector mechanisms for disaster risk 
reduction  
 Promote replication and adoption of successful mitigation measures  

Strategy adopted was to build consensus through stakeholder participation. This 
strategy was put in place by the project implementing organizations. The outcome 
expected was to transform the ownership of mitigation initiatives by taking it beyond the 
jurisdiction of the elected governing bodies to the communities concerned.  

3. CASE STUDY-1  
Sri Lanka Urban Multi-hazard Disaster mitigation Project (SLUMDMP) 

3.1 Scope of the project 
SLUMDMP selected the city of Rathnapura, the provincial capital of Sabaragomuwa 
province in Sri Lanka as its demonstration project site. The city is prone to frequent 
occurrence of rain induced multiple hazards such as flooding, erosion, ground subsidence 
and landslides. Rathnapura experiences riverine floods due to overflow of water of Kalu 
Ganga, which runs through the city. Kalu Ganga is the second largest river in Sri Lanka in 
terms of annual volume of runoff. At the entry point to Indian Ocean, Kalu Ganga drains 
an area of 2688 Km2 and discharges around 7600 MCM annually.  
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Apart from the natural factors, a number of man- made factors have contributed to the 
intensity of floods. Generally, floods can be expected when the flow of water is greater 
than the carrying capacity of the river. Encroachment in to flood plains, construction in 
the flood retention areas, gem mining and the excavation of river deposits, a high rate of 
erosion in the upper catchement due to deforestation and the increase in the sediment 
transportation have contributed to the reduction of the river drainage capacity. 

Several measures taken by the central as well as local governments to reduce the 
impacts of floods in the Rathnapura area prior to the project were found to be ineffective.  

One example of such measures was the widening of a   narrow section of the river, 
which caused local flooding. There was however no way to clean up the accumulation of 
material such as logs of timber and sediment deposits during floods. This measure 
therefore brought only limited success. 

An attempt has also been made to relocate the residents in flood prone areas and to 
shift the commercial areas of the town to a new township located in high ground. This 
attempt has also had limited success due to reasons of a socio –cultural nature.  

The SLUMDMP attempted to integrate hazard mitigation into urban planning process 
and demonstrate the methodology for preparation of urban land use plans using a risk 
based mitigation approach. This was expected to enable sustainable development in 
hazard prone areas. A comprehensive approach to mitigation of multiple hazards in 
Rathnapura was adopted in the Disaster Mitigation Action Plan that was developed. 

3. 2 Approaches for the mitigation of flood disaster 
Strategies of the SLUDMP project were drawn up after studying the measures taken in the 
past and reviewing reasons for their limited success.  The strategy adopted was a bottom 
up approach to find solutions to problems allowing consensus on suggested actions. 

Since there was no legal framework in existence for the initiation of actions to solve 
disaster-related problems, it was necessary to constitute a disaster management steering 
committee comprising of political leadership, government officials, community 
representatives and business community, so that solutions could be found through a 
dialogue. It was an attempt to blend the technical knowledge with traditional measures, 
and to transform them in to a set of actions acceptable to the authorities and the general 
public. 

Any disaster mitigation program should accompany a public awareness component to 
create awareness on the mitigation actions and to point out the usefulness of such actions 
in reducing the disastrous impacts. The project has taken steps to run awareness programs 
designed to suit the needs of different layers of communities. 

3.3 Some of the activities under the SLUDMP project   
The project was designed to include several interrelated activities.   
3.3.1 Hazard, vulnerability and risk assessment 
First exercise in this connection was to map the flood boundary and prepare the flood 
hazard maps in 1:5000 scale. Since Rathnapura area is subject to multiple hazards, the 
flood hazard map was integrated with the landslide hazard zonation maps and maps 
indicating the disturbed areas due to excessive gem mining using GIS.  This reflected the 
multi hazard vulnerability. The risk assessment has been carried out through an overlay of 
the integrated multi-hazard maps over the human settlement and infrastructure maps. The 
vulnerability assessment indicated the areas of high risk and degree of vulnerability to 
different flooding conditions. 
3.3.2 Flood plain zoning 
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The combined effect of multi-hazard risk of the area intensifies the impact of flood hazard 
affecting social and economic conditions of the urban population. Therefore it was a 
serious concern of the municipal authorities to introduce actions to arrest the situation. It 
was realized that if adequate measures were not taken to reduce the risk and vulnerability, 
there would be grave consequence for the future. The project understood the cost 
effectiveness of non-structural measures and possibility of speedier implementation. The 
main thrust therefore was to implement non- structural flood management measures. 
Flood plain zoning was taken as a long-term solution to the flood problem. 

Zoning regulates the urban land use in the flood zones. This can restrict damages and 
losses due to floods. Zoning aims at determining the locations and the extent of areas 
likely to be affected by floods of different magnitudes and frequencies. The flood-zoning 
plan combined with the landslide hazard zonation (zoning plan aimed at reducing the 
effect of slope destabilization) was the key to preparation of a new urban land use plan for 
Rathnapura. With the implementation of zoning, future development is expected to take 
place in such a fashion that the resulting damages are reduced to a minimum.  

For example the bus terminal has been shifted to high elevation and all government 
offices located within high-risk zone have been shifted to the new town. All commercial 
centers located within high-risk zone have been provided with concessions to shift to the 
new shopping center constructed in and around the new bus terminal. The vegetable 
market and the temporary fruit stalls will be permitted to remain in the present place. 
Main highway has been rerouted to avoid the high-risk area. 
3.3.3 Flood proofing 
Flood proofing tends to encourage persistent occupancy of flood plains due to lowered 
risk. Land scarcity in urban environment compels compromises in flood plain use. 
Development plan therefore allows certain communities who have genuine reasons to 
continue to live in those locations. The compromise may be to provide facilities to live in 
areas with minimum level of risks. Since the aim is to avoid disasters, it is necessary to 
have options for those living in such areas to be evacuated at times of risk. The actions 
may be to have escape routes devised, individual buildings sited to lower the risk and 
flood proofing measures introduced to give protection. Traditionally in Sri Lanka raising 
of the plinth level of houses or building on stills are not popular although there is a 
growing tendency to reclaim land in low lying areas. Historically, the floods have proved 
to be of short duration. (Floods in most of cases last only for few days but in extreme 
cases for one to two weeks). The people living in flood prone area use indigenous 
methods to forecast floods and evacuate in likely situations. They have built at least one 
room of the house to be above flood level and used to leave the premises after taking the 
valuables to the upper floor. The project has taken an initiative to study the traditional 
methods and record them.  

The issue of maintaining access to some of the frequently inundated areas was also 
taken up. The suggestion was to build elevated pedestrian crossings across the river. The 
suggestion was taken up as a better solution to the problem since the communities opted 
to live in flood prone areas. The municipal council built two overhead crossings across the 
main river.  
3.3.4 Emergency management and response plan 
The emergency responses for the flood and other natural disaster situations were taking 
place in a haphazard manner. It was found that during recent floods, the government 
supplied dry rations for refugees but they had no facilities for cooking.  The project took 
initiatives to draft an emergency management and response plan and to implement it. A 
generic plan was drafted so that other local authorities could suitably modify it and 
implement it. 
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4. CASE STUDY-2 
Cambodia Community -Based Flood Mitigation and Preparedness Project 
(CBFMP) 

4.1 Scope of the project 
Each year, floods of varying intensity affect the communities living along major 
watersheds of Mekong River and it’s tributaries in Cambodia. The Cambodian 
Community Based Flood Mitigation and Preparedness Project (CBFMP) was designed in 
association with Cambodian Red Cross (CRC), the International Federation of the Red 
Cross and Red Crescent Societies and Pact Cambodia to expand the ongoing flood 
preparedness activities through community based disaster mitigation mechanisms. The 
project strategy is based on effective involvement of a network of Red Cross Volunteers 
(RCVs) in the target communities in the flood prone provinces of Kampong Cham, 
Kandal and Prey Veng.The trained RCVs have facilitated mobilization of communities for 
implementation of solutions capable of reducing the vulnerability to floods 

4.2 Participatory community based solutions to flooding 
The training department of CRC conducted the training of RCVs with the technical 
assistance of ADPC. Design of the training cources; preparation of training modules and 
the skill enhancement of CRC trainers comprised the technical assistance provided by 
ADPC. 

After returning to villages, trained RCVs have established village-level Disaster 
management committees (DMC) in each targeted community. The village DMC is 
composed of a minimum of four persons - the Committee Chair, the Treasurer, the 
Secretary and a member. However, the size of the DMCs varied from 3 to 19 members. 
The nominated DMC members were well respected, giving credibility to activities 
initiated by the DMC. Committee members were predominantly male and often included 
the village chiefs, village deputy chiefs, village group leaders and elders. In some 
communities, DMC members and RCVs took upon themselves the additional role of 
raising public awareness on community-based flood mitigation and preparedness.  

RCVs were trained to facilitate a mapping exercise in their communities to identify 
hazard-prone areas.  This facilitated discussions and reaching consensus on planning and 
implementing mitigation solutions. The members of the village DMCs were born and 
raised in the community and had an intimate knowledge of the local geography. Therefore 
they were a useful source of information on the flood situation. 

With local indigenous knowledge, the community members could identify needs and 
cost-effective mitigation strategies that can be implemented and maintained by the 
communities themselves. This process had led to a participatory identification of 
mitigation strategies. From a list of solutions identified by community members, 
prioritized action were planned to mitigate floods and these were implemented as 
micro-projects.  

4.3 Additional benefits in community based approaches 
Community involvement in decision-making process on mitigation solutions for 
implementation was an important component of the project strategy. Otherwise it is 
difficult to mobilize people and solicit contributions if people perceive that the proposed 
solution would not remedy the problems. 

The mitigation solutions developed generally focused on water control structures 
necessary for livelihood (repairing dams and dikes, cleaning out irrigation ditches, 
culverts and water gates) or access (raising road levels or constructing small bridges). The 
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project partners have helped communities to obtain limited funds from outside sources but 
majority came as community contributions. 

Community contributions came as donations of labor or cash. People normally 
contributed their own tools or provided soil for elevating roads. Cash donations were 
solicited according to people’s means. Mitigation solutions identified were often those 
that reduce the communities’ vulnerability to flood as well as improve their livelihood, 
often in terms of enhanced safety, ease of access and economic benefits. For example, the 
construction of an emergency evacuation route enhanced the safety of villagers and their 
livestock. Raising of roads and construction of bridges provided a reliable transportation 
route and increased accessibility, allowing students to travel to school and traders to 
transport their agricultural produce to local markets. New, enlarged or rebuilt culverts 
increased the community’s control over the water flow, enabling them to increase their 
rice crop yield, and for some communities, even harvest a second rice crop. 

Ownership motivates people to sustain these projects. CBFMP had not only contributed 
towards building safer communities but also towards building trust through working 
together on a common problem – flood – to re-develop communities. The evaluation of 
CBFMP revealed that almost every villager took pride in what had been achieved in his or 
her community. Some villagers expressed sentiments that the project had served to build 
community solidarity and bring people together. The village elders recognized aspects of 
this important social element resurface in the process of this project. This provides the 
foundation for further community initiatives. 

5. CASE STUDY-3 
Bangladesh Urban disaster mitigation project (BUDMP) 

5.1 Flood situation in Bangladesh 
Because of Bangladesh’s low elevation, between 30 and 70 percent of the land area is 
inundated for part of the monsoon season (May-August). Massive water inflows from the 
watersheds in the upper catchement areas around Bangladesh also contribute significantly 
to annual flooding.  Flood causes severe economic and social disruptions to many 
households in flood prone areas.  Traditionally individuals and communities have been 
left to develop their own strategies for minimizing the effects of floods.   However, due 
to limited resources and lack of knowledge, many households were not able to protect 
their property or possessions from floods. A case in point was the 1998 flooding.  

Rapid urbanization has contributed to escalate flood risk in Bangladesh. Since 1974,the 
population in urban areas increased at over ten per cent annually. The urban population is 
expected to double over the next twenty years. Urbanization in Bangladesh is mainly due 
to the migration of people from the rural areas to the cities in search of employment. It is a 
recognized fact that the rapid urbanization has a negative impact on the overall living 
conditions within cities and increases the vulnerability to the effects of natural disasters. 

5.2 Project strategy 
The partner in implementation of BUDMP activities is CARE-Bangladesh. It has 
proposed to undertake a flood mitigation program in two secondary cities of Bangladesh.  
The first one is Tongi, located about 20 km north of the capital city of Dhaka. Tongi is an 
industrial area.  The Turag River flows between Dhaka and Tongi.  There is a flood 
control embankment to protect the Dhaka city, while the Tongi city is unprotected from 
flooding. The city is inundated every year during the flood season, causing extreme 
suffering for city residents. Most of the middle class people and daily laborers suffer 
severely from flooding. 
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The other secondary city is Gaibandha, a district town, situated on the bank of the 
Brahammaputra River.  The city is riverine and situated in a very low-lying area. Every 
year during normal flooding the major part of the city is affected by floodwaters.  People 
face severe problems due to the non-availability of public services and interruption of 
their livelihoods.  

The BUDMP has proposed to implement non-structural and minor structural measures 
that could be undertaken by communities to mitigate the effects of floods. With a view to 
make stronger ties at grassroots level as well to effect smooth implementation of project 
activities, CARE Bangladesh has chosen to enter in to partnership with two local NGOs 
namely Gano Unnayon Kendra (GUK) for Gaibandha and Association for Rural 
Development (ARD) for Tongi 

5.3 Project Activities 
As in the previous case studies, the project was implemented through a network of 
volunteers selected from the affected areas. They have facilitated a vulnerability 
assessment through a community participatory approach in all electoral wards. As part of 
the vulnerability assessment separate activities had been undertaken. It included 

a.) Baseline survey 
b.) Selection of volunteer and training of volunteers on participatory approach 
c.) Vulnerability Assessment 
d.) Identification of mitigation measures.  
Vulnerability assessment was conducted with the participation of Local Disaster 

management Committee (DMC) members and Community people. DMC is a local body 
comprising of elected representatives (Ward Commissioners) of the ward and community 
representatives selected by communities and volunteers. Based on the vulnerability 
assessment, the ward communities have formulated preparedness plans and mitigation 
action plans. An inventory of prioritized actions has been incorporated in to action plan.  

According to the institutional set up for disaster management in Bangladesh, disaster 
management committees (DMC) have to be established in local government bodies. This 
has not been observed or practiced by many authorities. BUDMP has undertaken to 
reactivate/reform the existing DMC in each of the Municipalities. The municipal 
Chairman has been selected as the Chairman of the DMC, and Ward Commissioners of 
the respective wards as the members of the DMC.  Local elite and NGO staff also have 
been included in the respective committees 

The ward based vulnerability assessment has been integrated to form a vulnerability 
map of the municipality area .The priority actions and the most vulnerable communities 
have been selected taking in to consideration the vulnerability of the whole municipality 
based on the selection criteria. The compliance with the government environment 
screening process is another criteria taken in to consideration in selection of priority 
actions. 
5.4 Implementation of mitigation solutions 
In all wards of two municipalities, learning from maps and diagrams have been explained 
and volunteers have disseminated relevant findings of vulnerability assessments to 
respective community members. Such dissemination programs have become forums for 
discussion of the problems connected with the hazardous situation. Community members 
have gained knowledge on individual disaster preparedness actions and mitigation 
measures needed for their locality.      

Through community participation in vulnerability assessment, community members 
have proposed structural measures such as individual homestead raising, raising tube well 
above flood level, installation of new latrines, road repairing (earth work), raising of road 
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up to flood level, construction of new drains, construction of box culverts, construction of 
drainage in community places, raising/house repairing, cluster village raising etc, 

5.5 Replicability of project interventions 
Mitigation initiatives proposed would demonstrate the affordability of implementation of 
these measures. They will serve as samples to other vulnerable communities within the 
municipality. As per recommendations by the Municipality DMC, BUDMP has prioritized 
interventions based on importance, quality, environmental soundness and resources of the 
projects. The solutions proposed by the communities are expected to be implemented 
through limited funds obtained from outside sources including the MDMC and through 
volunteered in-kind contributions of community members. 

Lessons learned through implementation of project interventions are expected to be 
disseminated to a larger audience.  It is also expected that other municipality authorities 
will become motivated through the success of the project. BUDMP expects to bring this 
about by participation in various fora.  

6. CONCLUSIONS 

The AUDMP through its project activities and associated endeavours attempted to 
develop tools for vulnerability and risk assessment. The approaches for such assessment 
can be through scientific practices as well as through community participatory approach. 
The case studies presented above have demonstrated several important aspects of disaster 
management practices.  

The experience of projects in Bangladesh, Cambodia and Sri Lanka indicates 
appropriate institutional mechanisms and adequate action planning is imperative for 
effective mitigation of flood disaster impacts. Plans must be kept under review and 
revised as necessary, so that they are fully updated.  

The answers to vulnerability reduction lie not only in a physical science or in 
engineering approach but also in a combined approach with social sciences. Strategies for 
coping with floods in countries with large numbers of vulnerable people such as 
Bangladesh, is becoming a high priority issue due to social and human considerations. In 
most cases basic concept of flood proofing is adopted as a solution and it is derived from 
indigenous flood adaptations and passed through many generations. Although these 
methods have limitations as long term solutions to the problem, one has to recognize that 
relocation of people is a huge task to achieve. Development of a culture for risk analysis 
before commencement of major infrastructure development projects and establishment of 
human settlements in hazard prone areas will be essential for sustainable development. 
This presentation bears evidence that flood mitigation projects implemented under 
AUDMP is a step in the right direction. 
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Abstract: Vietnam is situated in the tropical monsoon area and the coastal areas repeatedly  hit  by 
devastating storms and typhoons.  Protective sea dikes are overtopped or breached frequently with the 
resulting flooding causing loss of life and damage to agriculture land and infrastructure.  In the coastal 
area of the five northern provinces of the Red River Delta 361 kilometres dikes upgrading  have been 
realized in  the recent years. Master plans for measures in Red River Delta, Central Vietnam and Mekong 
delta are prepared or under preparation. This paper provides a review of actual situation in Vietnam.  
Special attention will be given to the necessary upgrading of the design methodology, the 
developing of appropriate execution techniques and capacity building, and the resulting actions 
concerning the management aspects of the flood defences. 
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1. INTRODUCTION 

Vietnam is situated in the tropical monsoon area of the South East Asia with average 
rainfall of 1800 to 2,500 mm/year and is a typhoon-prone country (Fig. 1). A large number 
of population involved mainly in agricultural and fishery sectors is situated in the low 
lying river flood plains, deltas and coastal margins.  Also, the important ports are located 
along the coast.  On the other side these areas are the most important potential disaster 
areas facing Vietnam.  Typhoons from the South China Sea bring torrential rainfall and 
high winds to the coast and further inland.  On average six typhoons attack the coast 
annually.  The monsoon season coincides with the typhoon season resulting in heavy 
damage, loss of life, and destruction of infrastructure facilities and services.  One reason 
that water disasters are so serious is that most of the population lives in areas susceptible 
to flooding.  The main population centres and intensively cultivated lands in the Red River 
and Mekong Deltas and the narrow connecting coastal strip of the country are particularly 
vulnerable to flooding from monsoon rains and typhoon storms. In the period from 1970 to 
2000 the following number of deaths has officially been reported: 5,858 due to storms, 
4,859 due to floods, and 1,310 due to other disasters. Thus floods are the most important 
potential disasters facing Vietnam. 
 
2. OVERVIEW OF ACTUAL SITUATION IN VIETNAM 

The importance of flood mitigation and control has been recognized as fundamental for 
the continued development and prosperity of Vietnam. In order to minimize the flood 
damage, the Vietnamese Government  is paying great attention to considering both 
structural (e.g, dike construction) and non-structural  flood mitigation (flood plain 
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management and regulations), flood-and disaster-warning systems, emergency 
preparedness and disaster management. 

Actually, Vietnam is seeking to build up the modern system of dike management and 
flood control based on new design methodologies and technologies, such as using more 
advanced design and construction methods for flood mitigation (often adopted from 
abroad), in combination with state-of-the-art warning and forecasting systems to improve 
the emergency preparedness, and by the construction of storm-proof shelters for disaster 
management. These objectives are incorporated into the current Vietnam Development 
Plan, where safety against flooding is recognized as a fundamental requirement for all 
forms of development. 

 
Fig. 1  Flood situation of Vietnam 

 
In particular, there is great emphasis placed on strengthening and improvement  of the 

entire system of  river and sea dikes to prevent flood damage. Structural measures for 
flood mitigation consist of the rehabilitation of old dikes or construction of new ones, 
flood-control structures, and reservoirs. Vietnam has approximately 5000 km of river 
dikes, 1000 km estuary dikes, and 2000 km of sea dikes providing protection against 
flooding. River dikes have been constructed, maintained and enlarged over many centuries 
using local materials and manual labour. These dikes are essential for the protection of the 
infrastructure of Vietnam, and rice agriculture would be impossible without the dikes. 

In the Red River Delta in the north, people have built 3000km of river dikes and 
1500km of sea and estuary dikes to protect against flooding. Many of these dikes are old 
and built of poor materials using inadequate manual construction technology. Dike 
foundation conditions and stability have not always been properly evaluated before 
construction or improvement. River dikes often suffer damage from under-seepage and 
piping, slides or local collapse during high flood stages. Further, the construction of dikes 
has gradually reduced flood plain areas which used to be available for excess flood flows, 
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with the result that river-flood levels have become higher and higher. There are now many 
areas where the flood levels are as much as five or six metres higher than the land 
protected by the dikes. However, in general, much more attention has been paid in the past 
to the river dikes than to the sea dikes and,  in the consequence, the condition of the river 
dikes is usually much better than those of the sea dikes Dijkman et al., 1996). 

Along the coastal plains in northern and central part of Vietnam, the people have built 
sea dikes to protect themselves against extreme events such as typhoons. These dikes are 
essential for agriculture in the central provinces. When these dikes are overtopped or 
breached, the fields are flooded by saltwater and rendered unproductive for years. If this 
happens frequently, there are not sufficient resources in the community to repair or 
upgrade the dikes, and the people become impoverished and prone to malnutrition. In 
some parts, the attacks on coastal lands by the sea have been aggravated by water-resource 
structures, particularly dams, that have interrupted the natural supply of sediment to the 
coast. This has sometimes caused the coastline to recede by as much as one kilometre in 
20 years. Houses and villages have been destroyed and people have been killed. 

Sea-dike systems are still primitive and placed usually on a shallow foreshore and 
therefore relatively small. After every typhoon landing, a great deal of earth, sand , clay 
and stone from the sea dikes are washed away. Local people normally use their own 
resources to repair  the broken dikes with the same soil the has been washed away. This 
process is repeated again and again for each typhoon landing. In areas of a structural 
coastal erosion the shallow foreshore is gradually eroded, the water depth in front of  a 
dike increases allowing development of higher waves, and in the consequence, the  dike 
will break through.  Because of the absence of the proper water born techniques allowing 
the repair of the dike from the sea side, the dike is usually offered to the sea and the new 
dike is constructed more inland. This retreat strategy is followed already for centuries 
leading to loss of the valuable coastal areas Pilarczyk et al., 1996, 2002). 

It is clear therefore, that sea dike rehabilitation and construction is a fundamental 
concern for flood mitigation in Vietnam. Vietnam also recognizes the need for non-
structural flood mitigation. Important objectives are land-use management, safety 
standards, flood-forecasting warning systems, public information and training, hazard 
mapping, flood proofing and house raising, property acquisition, and education (capacity 
building). To realize this new approach it is needed to build in future on the new (up-dated) 
design and construction methods, however,  including the own past experience related to 
the actual Vietnamese situation. 

The actual situation in Vietnam is under continuous changes which should be taken into 
account when preparing a new strategy/approach. There are in fact a number of new 
influences: 
 changes resulting from moving from a planned to a market economy, 
 the population is increasing rapidly, producing the pressure for more land, 
 many sections of the dikes are reaching obsolescence, 
 there has been substantial environmental degradation, 
 the country may already be experienced the first effects of global warming, 
 the traditional methods of disaster mitigation are less effective than they used to be, 
 there are now new techniques available. 

These developments raises a concern that, as the work is left more and more to 
government, fewer people will become identified with the program of maintaining the 
dikes. It is already becoming increasingly difficult to mobilize the population for 
maintenance and emergency preparedness during the dry season, and emergency repairs 
during floods, and this indicates that the public support for dike monitoring and repair may 
be gradually reducing. The result is the need to replace manual labour and traditional 
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construction methods with mechanised equipment and new construction technologies, and 
to introduce a new management system. 

The water defence system in Vietnam is in principle the responsibility of the Ministry of 
Agriculture and Rural Development (MARD). In this Ministry the Department of Dike 
Management and Flood-Flood Control (DDMFC) is in charge of the monitoring, 
maintenance, improvement, design and funding of projects on the river and sea dikes. The 
DDMFC manages 5000 km of river dikes and 3000 km of coastal and estuarine dikes 
throughout the whole country. In practice, the Ministry has especially a funding, 
controlling, managing and supportive function towards the local (province and district 
level) representatives.  Although the central and provincial governments incur substantial 
recurrent expenditure for maintaining the sea and river dike system, they lack the financial 
capability to undertake the upgrading of dikes without external assistance. 
 
3. CLIMATIC AND HYDRODYNAMIC CONDITIONS 

3.1 Rainfall and Water Availability 
The average rainfall in Viet Nam is about 2000 mm per year, from which 70 to 80 percent 
falls in the monsoon period(July to September) when the south-west monsoon brings 
warm moist air across the Indo-Chinese peninsula. The average rainfall in the Red River 
Delta is 1800 mm per year. The wettest month in this area is September and the driest 
month is January. 

Vietnam has an advantageous water situation, given the extensive network of rivers, 
favourable topography and rainfall patterns and in relation to its population size. The mean 
annual runoff totals 880 billion m3, of which the Red River and the Mekong River alone 
carry 75%. However, Vietnam lies downstream for most of the Mekong River, Red River, 
Ma River, Ca River and Dong Nai River. For example, more than 90% of the Mekong 
River Basin lies outside Vietnam and 90% of its flows are generated outside the country. 
Half of the Red River Basin lies outside the country, and one-third of its flow originates in 
China. Thus, the availability of water, especially during the dry season when the upstream 
countries withdraw large amounts, is often beyond Vietnam's control. The amount is also 
limited because of degraded and inadequate storage capacity. As a result, the country is 
experiencing wider localized and seasonal water shortages, particularly as demand 
increases. 

The seasonal distribution of water resources is also highly variable due to unevenly 
distributed monsoon rainfall. Seasonal variation (rather than annual) is the main cause of 
recurrent floods and water shortage. About 70% - 75% of the total annual flows are 
generated in the three - five months rainy season that falls between May and November, 
and just 20% - 25% in the dry season. The minimum three-month flow in most basins is 
only 5% - 8% of the annual run-off, and the minimum monthly flows that typically occur 
in March are only 1% - 2%. As a result the country experiences both seasonal and 
localized water shortages, while the lower reaches of almost all basins are subject to 
recurrent flooding, often compounded by flash flooding when the typhoons set in during 
October and November. 

3.2 Disasters 
The main types of natural disasters occurring in Vietnam are: river floods, storm surges, 
storms/typhoons, combination of river flood and storm surge, global warming and sea 
level  rise, land slides, saline intrusion, and others. Flood and storm are two natural 
disaster types occurring annually and causing many life and property losses and damaging 
infrastructure, and decreasing socio-economic development of the country. 

 777



 Floods are mainly due to the heavy rainfall. Because of features of topography and 
geographical location rainy season and flooding regime in each region of the country 
are different. 

 Storms. Vietnam is located in one of five storm zones. Every year Vietnamese coast 
is affected directly by 4 to 6 storms on an average, with wind speed from 8 to 12 
degree (Beaufort). 

Some essential marine and meteorological characteristics and hydraulic boundary 
conditions are presented below. 

According to long-term statistical data storm season is gradually appearing later from 
the north to the South. In the northern region storms occur earlier from June to August and 
gradually later in central region, and in the southern region from September to December.  
Storms and tropical low pressure when enter to the continent bring, besides strong wind 
effect, also a heavy rainfall of long duration, which is a cause of possible flooding, 
especially in the northern and central regions.  Most of these storms cause  significant 
storm surges. According to statistical data of more than 100 storms, 50% of  them caused 
considerable increase in water level from 1 to 2 m or even more . For example, DAN 
storm in 1989 entered to central region causing storm surge of 3.5 m. 

Combination of high astronomical tide with storm surge and waves is a most danger 
situation for stability of dunes and sea dikes along the coastline. Sea water intrusion is of 
danger to agricultural and aqua production.  In general, there is a lack of proper hydraulic 
data for Vietnamese coast. Some indicative information on storms/typhoons and extreme 
waves were collected and elaborated in the scope of the Vietnam Coastal Zone 
Vulnerability Assessment Studies(1994-1996) and are summarized below (see also Fig. 2). 

3.3 Characteristics of the Red River Delta 
The two major rivers systems in the Red River Delta are the Red River system and the 
Thai Binh River system. The Red River system consists of the confluents Da River, Thao 
River and Lo River and the five branches Duong River, Luoc River, Tra Ly River, Dao 
River and Ninh Co River. The Red River is named so because of the high amounts of (red) 
sediment it carries. Even though the Red River has a discharge which is four times less 
than the Mekong, the two rivers carry an equal amount of sediment each year (In the order 
of 200 million tonnes per year). Table 1shows some main river characteristics of the Red 
River Delta. 

Table 1  Characteristics of the Red River Delta 

  PROVINCES OF RED RIVER DELTA  
River characteristics unit Hanoi Ha Bac Ha Tay Hai 

Hung 
Thai Binh Nam Ha Total 

Name of major River      Thai Binh Red R.  
Catchment area km2     12680 143000 155680 
Average discharge to sea m3/s     1200 2700 3900 
Peak discharge m3/s     10000 25000 35000 
Annual sediment l mill.t     29 186 215 
measuring station  Hanoi Phai Lai Son Tay Hun Yen Ba Lat Ba Lat  
Distance to coast km 180 120 220 100 9 9  
maximum water level 1/10 y m 12.5 6.6 15 7.5 2.2 2.2  
maximum water level 1/50 y m 13.8 7.2 15.9 8.0 2.4 2.4  
maximum water level 1/100 m 14.2  16.2 8.5 2.5 2.5  
 
 

3.4 Tidal levels 
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Tide ranges (astronomical tides neglecting meteorological effects) generally are largest in 
the north with highest tide levels of about 1.8 m HD (HD = Hon Dau Datum = 0.14 m 
above MSL). The range reduces toward the central coast; the highest tide level off Thua 
Thien Hue Province barely reaches 0.4 m HD. Tide range  increases again towards Vung 
Tau in the south with a highest tide level of 1.6 m HD and decreases westward along the 
Mekong Delta  to +0.8 m HD. 

 
Fig. 2  Hydrodynamic conditions along Vietnamese coast 

3.5 Storm surges 
On the rocky nearshore islands and promontories of the Red River Delta (e.g. Hon Dau) 
and Quang Ninh coast, the extreme storm surge is 1 to 1.5 m but in shallow bays and over 
long shallow funnel shaped inlets an additional 1 to 1.5 m of storm surge can develop in 
front of dikes and shore protection works where extreme storm surge values of 2.5 to 3.0 
m have been observed. In the central coast the extreme storm surge is lower and barely 
exceeds 1 m whereas in the south, particularly along the Mekong Delta, typhoons are very 
rare and extreme storm surges are related to monsoon winds and do not exceed about 0.5 
m at the coast. 

3.6 Coastal Design Water Levels 
Design water levels at the coast are a combination of extreme storm surges and high tides. 
As such the 100 year storm water level varies from 3.0 m HD in the far north to less than 
1.3 m HD in the southern central coast and rising again to 1.7 m HD in the far south at 
Vung Tau, reducing again across the Mekong Delta coast. 

3.7 Wave climate 
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The wave regime along Vietnam coast depends much on monsoons and typhoons. In the 
northern areas, waves depend mainly on northeast monsoon and typhoons (in winter and 
autumn). In the southern areas, waves depend mainly on southwest monsoon and typhoons, 
and less on the northeast monsoon. Deep water significant wave heights are greatest off 
the central coast where the 1 in 10 years wave (Hs) is approximately 10 m with a period of 
about 10 to 12 s. In the far north and far south the design wave height reduce considerably 
due to shelter of Hainan island in the north and no typhoons in the south. 

In relatively shallow water near Hon Dau (Haiphong coast) wave heights of 5.0 to 6.0 m 
were observed in the period 1956-1993. Near the Co To station the highest observed wave 
height was 7.0 m. For Gulf of Tonkin (north) the wave height exceeding 10 m has 
occurred two times in 1985.  The highest observed waves in Vung Tau and Con Dao (in 
the south) are about 3.0 to 4.0 m. 
 
4. FLOOD CONTROL IN VIETNAM 

4.1 Flood Conditions and Trends 
Flooding is a serious problem in the deltas and lowlands of each of the three regions of 
Vietnam, due in part to the high concentration of population and level of development. In 
the Red River delta flooding is often the result of intense weather systems and intense 
rains, exacerbated by tidal effects. In the Central Region intense rainfall, short, steep 
watersheds and relatively little water storage capacity can result in flash floods. This 
region is also subject to periods of drought, low river flow and saline water intrusion. The 
southern region and the Lower Mekong Basin do not have the same rainfall intensity as 
the northern and central regions, but very low topography make drainage difficult and 
creates the risk of prolonged flooding and salinity intrusion from river inundation and tidal 
effects. 

Although flood conditions vary from year to year, annual losses often exceed $50 
million and involve hundreds of deaths. Vietnam has constructed and partly upgraded 
5,000 km of river dykes and 2,000 km of sea dykes for flood protection in the Red River, 
Ma River and Ca River Basins. There is also a system of 8,000 km of on-farm 
embankments in the Lower Mekong Basin to protect the lands from early flooding. The 
sea dyke system in the northern and central areas also helps to protect large areas from 
salinity intrusion. The Hoa Binh reservoir has a flood storage capacity of 4.9 billion m3 
and Thac Ba reservoir has a capacity of 2.5 billion m3. These reservoirs are managed of 
flood control purposes. Despite these extensive investments, flood risks remain serious in 
many areas. Many dykes are structurally deficient, river bed levels have risen in some 
cases several meters higher than the surrounding land. 

Flood risks seem to be increasing during the recent years due to upstream deforestation 
and the global climate changes, while the drainage areas lack infrastructure systems that 
can either reduce or limit the level of flood damage. Problems are particularly serious in 
the densely populated Red River, Ma River and Ca River. 

In coping with floods, strategies that can be or have been used by societies may be 
classified  into four alternatives: 

1. Living with floods 
2. Implement only the non-structural measures for alleviating flood impacts 
3. Implement structural flood control measures only 
4. Implement a combination of reactive and proactive structural and non-structural 

measures 
In Vietnam, all these strategies have been developed and are being used to cope with 

floods.  Structural strategies in use are mainly dikes while the non-structural strategies 
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include floodplain management, flood and disaster-warning systems, education, and 
preparedness programs. 

The Vietnamese system of water disaster mitigation does not strictly conform to the 
general categorisation of ‘structural’ and ‘non-structural’. For example, those concerned 
with direct mitigation of water disasters also tend to be concerned with efforts to improve 
preparedness, while those involved in watershed management are also concerned with the 
development of water laws. 

There is a noticeable change in the flood control and management practices from mainly 
large-scale structural or engineering measures to land-use control measures. In connection 
with this change, a wide variety of structural and non-structural measures have been 
adopted for  flood control and management in the region. It is important to note that in the 
application of these measures, there is a clear trend in the region towards increasing the 
participation of the community in flood control and management. 

4.2 Flood Control in Red River Delta 
The greatest part of the total length of river dykes in Viet Nam is situated in the Red River 
Delta. Viet Nam has approximately 5000 km of river dykes and 3000 km of sea and 
estuary dykes (Fig. 1). About 3000 km of river dykes and 1500 km of sea dykes form the 
water control system of the Red River Delta. The Red River Delta is intensively used for 
agriculture, primarily rice production, and has a population density of 1100 persons/km2, 
among the highest in the world. There never has been complete consensus on the 
development of the water systems in the area. Those in favour of the dyke system pointed 
to the increased agricultural production and the increased security. Those against feared 
the land would become less fertile and found that the people could live with the floods like 
they always had. Gradually however, as the political control became more centralised, the 
dykes developed as a unified water-control system. Rivers whose flood plains are 
protected by a system of dykes, which confine floodwaters, have higher flood water levels 
than they had formerly. At present, during the wettest months, the Red River near Hanoi 
can have water levels five or six metres above ground level, whereas 1,000 years ago 
waters only rose 2 to 3 metres above ground level. The river and coastal dyke systems of 
Viet Nam are centuries old and suffer from piping, slides and local collapse, in spite of the 
strengthening and repair work done by hundreds of thousands of people mobilised every 
flood season. 

The Delta extended seawards, causing a milder slope of the river and slower water 
velocities. Therefore water levels became higher and dykes needed to be raised higher 
every time. After the historical flood of 1971 it was decided that the dykes had to 
withstand such a flood in the future, but this would be the last raise of the dyke levels. A 
factor that influences flood situations in the red river in a positive way, is the Hoa Binh 
reservoir in the Da River. The main purpose of the Hoa Binh reservoir (finalised in 1989) 
is flood control, but it also generates a large amount of electricity. The reservoir reduces 
the maximum water level during flood emergencies. The reduction at Hanoi is estimated at 
1.2 to 1.5 m. On the other hand the duration of the flood is enlarged, which increases the 
risk of saturation and stability problems. In addition, the reservoir resulted in reduction of 
sediment transport, bringing unpredictable morphological changes in the river's network. 

There are many conflicting requirements in the Red River Delta. There is the need of 
flood protection, of agricultural exploitation and other economic activities, generating 
hydro-electricity, maintaining geomorphic regimes etc. At the same time the rapidly 
growing population will put even greater demand on the resources of the Red River Delta. 
The first master Plan for the Red River Delta was prepared in 1995with help of the UNDP. 
This master plan is an integral approach of the area and addresses the fields of water 
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resources, agriculture, transport, power, health and environment, on short and long term. 

4.3 Natural Disaster Mitigation (NDM) for Central Vietnam 
The location and topography of Central Vietnam makes this region extremely vulnerable 
to natural hazards.  Located along the coast of the East Sea, this part of Vietnam is subject 
to typhoons and tropical depressions from June to November every year.  In addition, 
because of the meteorological conditions generated during the monsoon season, Central 
Vietnam is subject to heavy rains from September to December. 

The topography of Central Vietnam makes the provinces there particularly vulnerable to 
flooding (Fig. 3).  The mountainous western region serves as the upper catchments area 
for the rivers that flow east, feeding relatively narrow low-lying coastal plains.  In Central 
Vietnam, the Truong Son Mountain Range runs parallel and close to the coast.  Thus, 
between the mountains and the coast are these low-lying plains that are repeatedly broken 
by the rivers and streams that flow from the uplands to the sea.  When overloaded by 
rainfall, these waterways discharge their excess runoff into the floodplains as flash floods.  
In sum, high mountains and large upland areas, relatively narrow lowland plains, many 
short steep gradient river systems, and long stretches of coastal sand dunes characterize 
the region (Tung, 2001). Existing sea dike are relatively low, with a rounded crest allowing 
overflowing by water from the landside, and providing some limited protection from the 
storms. 

 

Fig. 3  Topographical situation of Central Vietnam 
 

Central Vietnam is vulnerable to almost all classes of natural hazards: typhoons, tropical 
storms and tropical depressions, monsoon rains, flash floods, landslides, drought, and 
whirlwinds. These natural and often extreme weather events are not in themselves 
disastrous. Only when they affect human settlements and infrastructure are they 
transformed into natural disasters. The last severe flood disaster took place in 1999. The 
large economic damage due to this flood was the reason for the Vietnamese government and 
international donors to develop an integrated natural disaster mitigation policy for Central 
Vietnam. Unfortunately, the location and topography of Central Vietnam puts the region 
especially at risk of natural disasters. As indicated above, numerous short and high 
gradient river systems flow through this coastal region.  They deposit alluvial soil and 
provide life-sustaining water, turning the lowlands into the most fertile agricultural land in 
the Central Provinces. Thus, the coastal plains are the most heavily populated part of 
Central Vietnam. So, when extreme weather events such as typhoons and floods occur, the 
impact on people, their agricultural lands and livestock, and their infrastructure is 
calamitous. Their development efforts are set back, and thus they remain trapped in a 
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cycle of poverty. 
After the severe floods that occurred at the end of 1999 in the Central Region and the 

resulting loss of life and property, a series of disaster mitigation initiatives were taken by a 
number of governmental authorities and the international donor community. A joint 
mission led by MARD, the UNDP and the RNE in mid-2000 produced a report describing 
a mechanism and format for the partnership for Central Vietnam. That report has become 
the Initial Master Plan for Mitigation of Natural Disasters in Central Vietnam. 

4.4 Mekong Delta 
The Mekong River is one of the 12 great rivers of the world and is approximately 4,220 
kilometres long. From its source in the Xizang plateau, the river flows through the Xizang 
and Yunnan regions of China, forming the boundary between Laos and Burma as well as 
between Laos and Thailand. It then divides into two branches, the Song Han Giang and 
Song Tien Giang, below Phnom Penh and continues through Cambodia and the Mekong 
basin before draining into the South China Sea through nine mouths or nine dragons. The 
river is heavily silted and is navigable by seagoing craft of shallow draft as far as 
Kompong Cham in Cambodia. 

A tributary entering the river at Phnom Penh drains the Tonle Sap Lake, a shallow 
fresh- water lake that acts as a natural reservoir to stabilize the flow of water through the 
lower Mekong. When the river is in flood stage, its silted delta outlets are unable to carry 
off the high volume of water. Floodwaters back up into the Tonle Sap, causing the lake to 
inundate as much as 10,000 square kilometres. The flow of water reverses and proceeds 
from the lake to the sea when the flood subsides. This effect reduces significantly the 
danger of devastating floods in the Mekong Delta, where the river floods the surrounding 
fields each year to a level of one to two meters. Habitation of the delta remained restricted 
by these stagnant waters until canals could be constructed, at the end of the 19th century 
(Mburu, 2001). 

The Mekong Delta, covering about 40,000 square kilometres, is a low-level plain not 
more than three meters above sea level at any point and criss-crossed by a maze of canals 
and rivers for transport, irrigation, drainage and flood control. About 15 million people 
live within the delta with 3.5 million in the urban centers. So much sediment is carried by 
the Mekong's various branches and tributaries that the delta advance sixty to eighty meters 
into the sea every year. The estimated amount of sediment deposited annually is about 1 
billion cubic meters, or nearly 13 times the amount deposited by the Red River. About 
10,000 square kilometres of the delta are under rice cultivation, making the area one of the 
major rice-growing regions of the world. All developments on the main stream as well as 
the tributaries are co-ordinated by an inter-riparian Mekong Committee to prevent 
detrimental effects to any of the riparian countries 

In the Mekong Delta, which is largely unprotected and therefore characterised by 
widespread, uncontrolled and prolonged floods, some low dikes provide partial protection 
to agricultural production during the early part of the rainy season. A system of drainage 
channels and pumping stations are used to make agriculture possible. Houses are situated 
at high places such as along the canal banks, roads or the ridges but during the high floods, 
they are usually still flooded. Alternatively, the houses are built on stilts or raised 
foundations above the flood level. Boats are used for communication during floods. 

Because of the specific situation of the Mekong Delta it is neither economically 
justified  nor environmentally sound to provide complete flood protection. The actual 
policy recommendations include: 

- low embankments in the deeply flooded parts to protect against early floods, 
- full embankments in shallow agricultural areas to protect against 10-year floods, 
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- no embankments on land that has potentially serious acid-sulphate problems, 
- adequate forecasting and warning system, and 
- adequate evacuation plans and proper number of escape/rescue facilities. 

 
5. FUTURE APPROACH TO WATER DEFENCES 

5.1 Risk levels 
The first problem in design of sea defences is to define the socially acceptable risk-levels for 
inundation and to establish the resulting allowable failure frequency of the structures. It has to 
be decided how often flooding of an area is acceptable. This is normally not a responsibility of 
a designer, but more an economical and political problem of policy makers. One can imagine 
that an optimum relation can be found between the cost of dike construction and the value of 
the protected goods. Higher dikes costs more, but are economic when one has to protect 
valuable infrastructure in the area protected by the dike. However this problem can not be 
solved only on a financial basis. Another important question is: 'what is the economic value of 
a natural values and especially of human lives'. So in fact it is a mixture of politics and 
economics. Thus the level of safety depends on the willingness of investing money in safety 
and (of course) on the availability of money. After having determined the risk level (and thus 
the allowable probability of failure), one can determine the strength of a structure and the 
design load on the structure. It is recommended to start a study on a proper definition of 
acceptable risk-levels for inundation for specific Vietnamese situation. 

5.2 Design standards 
The actual design standards for coastal protection (including dikes) in Vietnam are outdated 
and must be updated according the actual state-of-the-art of the international knowledge in this 
field. Therefore new design guidelines should be formulated including the methodology on 
prediction of boundary conditions, selection of proper design formulas for various failure 
mechanisms, and also including  probabilistic design techniques. Actually, a new classification 
of dikes in respect to safety requirements has been introduced and new design guidelines for 
river and sea dikes are under preparation. 

It is also recommended to carried out some feasibility (and later more integrated) studies 
concerning  the densely populated areas  and for eroded coastal areas where actually a retreat 
strategy has been followed. Besides the studies on the physical components, an integrated 
policy analysis for these areas should be prepared (safety definition and risk analysis, 
evaluation of local interests, additional  protection measures/alternatives, environmental 
assessment, etc.) i.e., (Vrolijk, 2002). The results of this policy analysis will provide the base 
for the necessary decisions concerning these areas by the policy-makers, especially concerning 
the retreat strategy. 

Also capacity building for coastal engineering and flood management is one of the 
urgent items in Vietnam. Parallel with activities discussed above the short- and long-term 
educational program for all levels of technical and managerial staff should start. The short 
–term needs are partly fulfilled by organizing trainings and short-courses for technical 
staff with help of the Dutch Rijkswaterstaat (Public Works Department). To solve the 
problem on a long-term the project on “Upgrading of the Training Capacity in Coastal 
Engineering Hanoi Water Resources University” has recently started (HWRU-Delft 
Cluster, 2000). 
6. CONCLUSIONS 

From experience and observations in Vietnam the following conclusions can be drawn: 
In the last few decades, floods and storms have affected Vietnam very strongly. 

Therefore, improvement of the capacities for forecast and prevention measures will reduce 
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considerably the damage caused by disasters in Vietnam. 
The research on characteristics of storms, tropical depressions and floods across the 

country combined with senior experience on disaster prevention should be continued to 
improve disaster prevention and mitigation approach in coming future. The multi lateral 
cooperation of nations all over the world and in the region plays an important role. 

Disaster occurrence, particularly storms, tropical depressions and floods is unlikely to 
be avoided, however, the consequences can be minimized by a proper organization of the 
disaster management system. This system must be based on the particular situation in each 
local area/region and it should include the most clear, appropriate and effective targets and 
solutions. Preventing from natural disasters requires the close coordination between 
relevant bodies, from forecasting to directing bodies and communities. Operational 
decisions should be based on flood forecasts that are as reliable and accurate as reasonably 
attainable.  While such systems can be costly to develop and maintain, the consequences 
of mis-operation resulting from inaccurate forecasts can be severe. A flood warning 
system and evacuation plan can significantly reduce the risk to the affected population 
within the flood area. Once a reliable forecast system is in place, operational decisions 
should be predetermined and implemented based on forecast of river- and coastal stages. 

Further improvement of legislation, safety standards, design and maintenance guidelines, 
materials specifications and execution techniques is still needed in Vietnam.  However, it 
usually strongly refers to economic capability of the country and often, it needs also a time.  
Vietnamese Government is aware of  these limitations, but the steps already undertaken are 
going in a right direction. 
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1. FORWORD 

200 years dike failures in the Carpathian basin 

Nagy László 
National Water Authority 
Budapest 

Hungary is situated in the part of Europe drained by the Danube, in the deepest part of the 
hydrographic unit called the Carpathian Basin. Her territory covers 93,000 km2 and 
represents 11,4 % of the 817,000 km2 large Danube catchment. The Carpathian Basin is 
bounded to the west by the 2000-3000 high ranges of the Alps, to the north and east by the 
Carpathian Range the peaks of which rise to over 1000-2000 m above sea level. In 
contrast thereto, 70% of the territory are plains below 200 m, while hardly 1% consists of 
hills higher than 500 m a.s.l. The eastern parts of the country are the deepest, the lowlands 
here being between 80-100 m a.s.l. only. Owing to this topography, an area of round 21 
200 km2, that is 23% of the territory of Hungary is below the flood level of the rivers. 
This fact alone presents flood defence problems which are unique in Europe and 
comparable in order of magnitude perhaps to those in the Netherlands alone (Tóth 1993). 

2. INTRODUCTION 

The first evidences of local flood embankment construction date back to medieval times. 
Construction work on local flood embankments was started again along the Danube, the 
River Tisza and their tributaries towards the end of the 18th and early in the 19th centuries. 
In 1840 the total length of flood embankments in Hungary was 792 km, of which 464 km 
were in the Danube valley and 328 in the Tisza valley. This initial period of flood defence 
development lasted to 1846. 

The growing market for cereals in Western Europe, the recurring inundations and 
especially the 1845 flood on the River Tisza have prompted the landowners to join their 
forces in flood defence associations. Large-scale river regulation and parallel thereto the 
flood embankment projects extending to entire flood plain sections were thus launched in 
1846. The first 11 km long embankment section was built on the initiative of Count Istvan 
Szechenyi according to the designs of the engineer Pal Vasarhelyi along the cut through 
the meander at Tiszadob.  

3. FAILURE PROBABILITY OF DIKES 

There are several approaches conceivable to estimating the failure probability of flood 
levees (Nagy, 2000a). The results differ in their accuracy and the methods can be 
classified according to reliability into the following groups: 

1. Rough estimation must be resorted to if no basic data are, or can be made available. 
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A certain level of quantification can nevertheless be achieved by reviewing 
systematically the information available. In doing so, the magnitude of exposire, the 
mechaism of failure and the consequences thereof must be considered. The critical 
mechanism of failure is identified by the following procedure: 

- Review of the potential failure mechanism. 
- Estimation from the failure data of the probability of each mechanism. 
- Identification of the critical failure mechanism. 
- Estimation from the critical mechanism of the most probable one. 
- Starting therefrom the most probable failure value is determined, whence 
- The failure probability is estimated. 

The failure mechanisms may be sequences of events on the basis of which the abnormal 
circumstances leading to failure can be traced. 

2. Identificaton by processing historical data. The causes, location, size, etc. of 
earlier failures must be examined. This approach will be dealt with more in detail 
later. 

3. Using an event tree, starting from the potential failure mechanisms. In the wake 
of the Teton Dam disaster and some minor dam failures, experts in the U.S. have 
proposed inclusion of the failure probability in the cost-benefit aanalysis of new 
projects. Also, they have proposed using a designated annual failure probability 
of 10-4 in the absence of other information concerning the safety of the project 
(Ballofet and Sheffler, 1982). 

For performing the calculations, the experts have proposed in the early 80s, two 
mutually supplementary methods for approximating the probability of failure: 

- use of a decision-making tree, which presents a pattern and framework of the 
classification process, 

- a set of criteria, which offers guidance at each bifurcation of the decision tree for 
assessing the potential alternative choices, 

The statistics of earlier dam failures can also used to advantage in the application of the 
decision tree. 

4. Detailed investigations, involving observations, measurements, calculations and 
the evaluation thereof. Methods of analysis are available in civil engineering 
practice by which the stability of a dam and the probability of failure thereof can 
be estimated. These quantifiable methods rely on rapid, non-destructive 
geophysical tests, soil mechanical explorations, geotechnical and hydraulic 
analyses. Methods are available for determining (Nagy, 1999) 

- slope stability, 
- hydraulic subsoil failure, and 
- seepage pressure. 

The failure probability of flood levees can be calculated in cases, where basic data of 
the quality and quantity necessary for estimating resistance are available. The calculations 
rely for their soundness on the reliability of the basic data. No trustworthy results can be 
expected from false, or inaccurate data. 

The probability of failure can be determined by the combined application of the 
foregoing methods. In any method the result of another one can be used, or the methods 
can supplement each other. Thus e.g. 

• The failure probability of structures can be estimated on the basis of paragraphs 1, 
2 or 3; 

• The analysis of hydraulic subsoil failure is possible on the basis of paragraphs 1, 2, 
or 4;  

• There are scarce data available on the failure of levees, so that the probability of 
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their failure can be estimated using for instance the event tree. 
Care should be taken to ensure that the investigations form a system and that the results 

should be compatible. In analysing failures (or levee breaches), the compatibility of the 
failure categories is extremely important. The results should be examined for any trends, 
or regularities (Nagy, 2000a). 

In classifying failures the following groups are distinguished: 
• Grouping according to the hydrological, meteorological causes triggering the 

flood: ice-jam flood, snowmelt and/or storm flood. 
• Grouping according to a mistake causing failure: poor design, neglect of 

construction specifications, poor owner’s attitude, unskilled emergency measure, 
etc. 

• Grouping according to specific failure cause: a structure crossing the embankment, 
the levee body, or the subsoil 

The latter item can be subdivided further according to the failure mechanisms, as e.g. 
subsoil failure may be caused by hydraulic soil failure, erosion by a boil, etc. 

4. ESTIMATION OF THE DIKES FAILURE PROBABILITY FROM THE 
STATISTICS OF PAST FAILURES 

The use of failure statistics to estimate the probability of levee failures presumes that 
• the circumstances underwent no changes during the decades, centuries elapsed, 

and 
• true data are available on the past events. 

Data collection is a laborious, slow process. Even the data of events later than 1945 are 
difficult to trace and identify. According to a survey report of 1993, the floods between 
1945 and 1993 have caused 84 failures (Nagy, 1993). The causes thereof were grouped as 
follows 

• Overtopping: 59 (52 during the 1956 ice-jam flood on the Danube), 
• Hydraulic soil failure: 13, 
• Embankment saturation, loss of stability: 10, 
• Leakage along structures: 2 
• Unidentified positively: 8. 

The statement that information could be collected on 84 failures would have been more 
appropriate. Research on historical sources of information always involves the possibility 
of discovering new data not included in previous reviews. In the present case the data of 
some levee failures on minor Hungarian rivers had emerged after the previous report was 
published (Nagy, 1996). The floods during the past 55 years have thus caused 140 levee 
failures, grouped as: 

• Overtopping: 83 (52 of which during the 1956 ice-jam flood on the Danube), 
• Hydraulic soil failure: 23, 
• Embankment saturation, loss of stability: 10 
• Leakage along structures: 2 
• Other identified: 11 
• Unidentified positively: 14. 

The total obtained is 143 instead of 140, which is explained by the fact that in three 
cases different mechanisms of failure were named, which could not be judged as to their 
correctness. Evidently, the completeness of the list cannot be guaranteed. 

Owing to the often-conflicting records, the collection of historical data on levee failures 
is a time-consuming task requiring close attention. Over the past 200 years over 1800 
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embankment failures have been reported in the Carpathian Basin. The data on most of 
these are incomplete in the source documents. 

5. THE PHILOSOPHY OF DATA COLLECTION 

The sources were reviewed with the aim of finding the following data on levee failures 
(Nagy, 2000b): 

1. Year 
2. River of failure 
3. Failure mechanism 
4. Location (river, bank, stationing) 
5. Origin of the flood causing failure 
6. Length of breech 
7. Overtopping without failure 
8. Size of area inundated 
9. Losses according to contemporary assessment 
10. Number of casualties 
11. Exact time of failure 
12. Existence of a scour pit 
13. The floodplain section affected 
14. Other circumstances, notes. 

The data collected were processed taking the following considerations into account 
(Nagy, 2000b): 

• The data were tabulated in the sequence: Year, River, Flood plain section 
• In the table the Carpathian Basin comprises the Dévény-Iron Gates Danube 

section and her tributaries 
• Relatively little information is available on the flood on the River Maros in the 

20th century, on the Dráva and Száva rivers, further on the floods after 1920 
beyond the present boundaries. For more information on these co-operation with 
the neighbouring countries is necessary. 

• The expression “through-flow” mentioned in the earlier failure records was 
interpreted as overtopping. 

• The time of failure had to be estimated often from the shape of the flood level 
hydrograph 

• The failure mechanism was classified into the following eight groups: 
overtopping  hydraulic soil failure  deliberate cutting 
wave scour  crossing structure  loss of stability 
other known  unidentified 

• The deliberate cuts do not include officially approved diversions to emergency 
reservoirs to lower peak stages. Evidently, neither the cuts to drain these after the 
flood belong to this group. 

• The group of “crossing structure” contains the failures related to deteriorated 
culverts, etc. and leakage in their surroundings 

6. DISCUSSIONS 

The list compiled is probably an incomplete one. Nevertheless, some conclusions of 
potential interest not only to professionals can already be arrived at there from: 

• A unique attempt has been launched at reviewing the history of flood levee 
failures in a hydrographic unit shared by several countries. 

• The number of failures surpasses all former expectations. 
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• The collection of this type of historical data is a time-consuming and laborious 
task.  

• Considerable difficulties have been encountered in identifying ancient, no more 
used names of communities, sections, etc. mentioned by two authors under 
different names. This problem may have resulted in some overlaps in the table. 

• The data tend to become more ambiguous with time, though, unfortunately, the 
records on failures during the last three dates are also far from perfect. 

• At the time of closure (end of the year 2000) the review contains information on 
1816 failures in the Carpathian Basin. The number for the present territory of 
Hungary is 1174. The number of failures per five-year periods demonstrates 
clearly that the large-scale flood control project launched in 1845 was not fully 
successful up to the turn of the century (Fig. 1). 

• Early in the 19th century isolated areas were protected by levees of 340 km total 
length, which increased to 720 km by 1850.  The low number of failures before 
1850 is attributable to the shortness of the levees. 

• Over 100 failures occurred annually during a few disastrous years in the second 
half of the 19th century. The majority of these was caused by the large floods on 
the River Tisza in 1876, 1881 and 1888 (Nagy, 2000b).  

• In the second half of the 19th century only three years were found thus far in 
which no levee failure was registered (1852, 1863, 1898). 

• The largest number of failures, over 200, was recorded in 1888. 
• Most of the failures (375) occurred in the Körös Valley, where a total of 82 were 

recorded in 1879. 
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Fig. 1  Five years distribution of dike failures 

Failures were especially numerous along the Tisza tributaries at their emergence from 
the mountain reaches onto the plains. 

• Along the Fekete Körös 132 failures occurred between 1868 and 1887, 36 in 1869, 
35 in 1879, 11 in 1881 and 11 in 1887, 

• The right-hand levee along the River Szamos failed on 205 occasions during the 
32 years between 1864 and 1896, e.g. at 49 points in 1881 and at 31 in 1888. 
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• The left-hand levee along the River Szamos failed on 75 occasions between 1864 
and 1896, e.g. at 18 points in 1881 and at 9 in 1888. 

• In the Tisza Valley 74 failures were registered up to 1850. From 1851 to 1900 The 
Tisza levees failed on 150 occasions. High banks (considered safe) were 
overtopped 35 times. 

• Of the 16 failures along the Tisza between 1901 and 1950, only 10 were on the 
present territory of Hungary. 

• Along the Körös and Berettyó rivers 85 failures occurred in 1879. 
In the Carpathian Basin high level water cause three thing, ice jam on the plain section 

of river Danube, heavy rainfall on the smaller rivers and on the upper sections of larger 
rivers, and snowmelt in spring. The largest floods become when the snowmelt appeare 
with a heavy rainfall. The distribution of the flood origin can see on the Fig 2. (Nagy, 
2000b): 

The failure mechanism is known in 525 cases, that is 29% of the total (Nagy, 2000b) 
The distribution of those known is illustrated in Fig. 3. 
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rain and snow melt
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Fig. 2  Distribution of flood origin 

subsoil failure 7,8%

deliberate cut 7,6%

wave scour 0,6%

structure 4,6%

dike stability 6,3%

other known 3,4%

overtopping 68,2%

 
Fig. 3  Distribution of failure mechanism 
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The term subsoil, or hydraulic soil failure was coined in the 20th century in connection 
with flood levees, so that its application to earlier incidents is a retrospective 
interpretation. 

The figures on deliberate (illegal) cuts, wave scouring and culvert failures are probably 
correct, in that, as special cases, these were mentioned repeatedly in the contemporary and 
more recent press and in the professional literature. 

The calm period following the turn of the century was interrupted by the failures in 
1942, 1945, 1954 and finally by the 58 during the Ice-jam flood on the Danube in 1956. 

The stock of emergency materials and tools kept around the middle of the 19th century 
was inadequate to build a sub-levee basin around a medium-sized boil, or a crest dike 
along one-tenth of a levee range. 

7. CONCLUSIONS 

Owing to the continuous efforts at raising and strengthening the flood levees in Hungary, 
the failure thereof has become rare in recent times. A review of the historical records may 
offer welcome help in the analysis of such rare events. The data thereon must be examined 
critically in the light of the contemporary conditions. It should be noted that the historical 
data are often inaccurate, but the role of such inaccuracies is likely to diminish, as the 
database becomes wider. 

The data available for estimating the probability of failure are often scarce and in such 
cases rough estimation must be resorted to. Historical data on levee failures may offer 
valuable help in this respect. 

Of the over 1800 levee failures registered during the past 200 years in the Carpathian 
Basin, close to 1200 have occurred on the present territory of Hungary. Collection of the 
data on past levee failures has been started several years ago and will be continued as long 
as a reasonably complete database can be composed. 

The main conclusions arrived at from the statistics of past levee failures (Nagy, 1996) 
are summarised as follows: 

• As the result methodical improvements on the flood defences, the number of levee 
failures has dropped drastically in the 20th century; 

• The diminishing number of failures implies that flood control in Hungary has 
attained a fairly high level, though not all hazards have been eliminated yet; 

• The proportion of failures caused by overtopping has decreased and reveals a 
diminishing trend; 

• The likelihood of failures caused by overtopping, however small, is confined 
presently to streams carrying a small flow (the probability thereof being 
practically nil along the Danube and Tisza rivers); 

• The probability of failures associated with the subsoil (boils and hydraulic soil 
failure) is liable to grow; 

• Owing to the growing number of structures (e.g. gated culverts) and the poor 
maintenance thereof, the failures of the structures and in the vicinity thereof are 
also liable to increase in number. 
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Abstract: Since the twentieth century scientific developments have carried man's knowledge about 
nature further into macroscopic and microscopic worlds. Meanwhile, man's interference with mature 
has obviously increased. In social life, while science displays beneficial social functions, it brings 
about certain harmful results to society as well. Therefore, progress in natural sciences no longer 
means only the gain to knowledge of nature and reform in nature, it is also confronted with various 
kinds of social problems caused by nature's antagonism against human society and the necessity to 
find solution to those problems. Because of that, scientists, one after another, start to work into the 
overlapping areas of traditional scientific branches.  

 

 
Keywords: historical model, water conservancy   
 
1. INTRODCTION 

Overlap, coalition and mergence become a dominating trend of culture in the development 
of modern science. The overlap study that combines branches of natural sciences with 
relevant subjects of social sciences has begun to gain widespread attention because of the 
advantages it has. The combination of the subject of water conservancy with that of 
history create a new stimulus to the subject of water conservancy history, which helps to 
establish the theory of “historical model “approach. In this article, the mechanism, 
advantages, characteristics and prospects of this newly-born approach will be discussed in 
order to provoke more thoughts about it. 
 
2. THE BIRTH OF “HISTORICAL MODEL” APPROACH - AN APPEAL FOR 

HISTORICAL STUDY OWING TO SCIENTIFIC DEVELOPMENTS 

What is “historical model” approach? What advantages and characteristics does it have 
compared with other research methods of modern sciences? A review of the history of 
scientific developments will help provide an insight into these questions. 

Classical sciences are mainly focused on the outward features of their subjects. Over 
the last two centuries, scientific researches have made many breakthroughs and their foci 
have been gradually shifted from outward features to the inner mechanism of matters. 
Further breakdowns are being made about the existing subjects and more research 
methods have been established scientifically. Researches on the multi-factored dynamic 
system require that each section of the complex system be decomposed and analyzed 
statically before effects of so many sections are added up to show its performance as a 
whole. Such an approach plays an important role in the development of science. However, 
as researches go deeper, it is gradually discovered that this method can not reveal 



completely the character of a research subject because a subject is an organism whose 
sections not only exist alone but also are closely interrelated and interacted. Besides, due 
to the complexity of the research subject, some minor elements have to be dismissed 
during the research in order to emphasize functions of certain major outward factors. 
Meanwhile the extent of the influence of those neglected elements on the overall effect is 
still largely unknown to us up to now. That is why the quantitative research on some 
complex problems is usually concluded in a qualitative way. Therefore, after doing much 
work on in-depth researches, researchers start to look backwards, trying to make new 
breakthroughs in terms of unity and correlation between each section of a subject, which 
put stress on the interactive and interrestricted relationship between unity and its 
components, unity and its outside environment so as to have a comprehensive observation 
and research into the research subject, which leads to a new trend that demands 
cooperation and combination among subjects. Emergence of many border-line subjects 
move science and technology in the direction of further extensive combination on the 
basis of high differentiation and form the trend towards integration in the development of 
science and technology. 

It is the tradition of ancient Chinese philosophy and natural sciences to pay 
considerable attention to integrity and extensive relationship. In his book 'Chinese history 
of Science and Technology', British expert in history of natural sciences Joseph Need-ham 
holds the view that “while Greeks and Indians have been speculating about the formal 
logic since very early times, Chinese have been liable to developing dialectical logic”. 
Nobel prize winner, Belgian physicist and chemist prigogine further thinks that the new 
trend of modern science “has moved towards a new synthesis, a new induction”, it 
“combines the western tradition that emphasizes experimentation and quantitative 
statement with the Chinese tradition that is centered on 'spontaneously self-organized 
world '“,.By saying so prigogine gives his high opinion of the role ancient Chinese way of 
thinking plays in modern science. 

In terms of the field of water conservancy the branches of natural sciences that have 
immediate relationship with water conservancy are interrelated and interacted. What is 
more ,politics and economy have their heavy influence on the development of science and 
technology of water conservancy. Therefore, the overlap and infiltration among subjects 
go on not only between branches of water conservancy but also between social sciences 
and water conservancy science, which accounts for the emergence of subjects as water 
conservancy law, water conservancy environment, water conservancy economics, flood 
and drought study etc.. Among them, the discipline of water conservancy history is a 
boundary branch combining natural science of water conservancy with social science of 
history and it has shown its advantages ever since it was set up. That is because the history 
of water conservancy is in fact a combined result of ancestor's practice and relevant 
evolution of natural geography. Put in technical terms used for model experiment in 
physics, the historical water conservancy practice plus relevant change of natural 
geography is and experiment on the original model of history thousands of millions of 
years long, i.e. the model experiment that has the ratio of geometry to time as 1:1. If we 
can restore historical practice of water conservancy and its evolution through our study, 
build up and abstract model and undertake analysis and induction according to the model, 
undoubtedly the answer to relevant questions that people are very concerned about can be 
found. In order to be understood more easily, we name the research method that serves 
modern water conservancy “historical model “ approach of water conservancy. “Historical 
model “ approach opens up a new comprehensive area that combines natural sciences and 
social sciences, strengthening our ability to research and solve some macroscopic issues. 
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The research method and theory of “historical model” were established gradually on the 
basis of observation and practice over a long period of time. Examples show that the way 
to solve existing problems by utilizing historical documents has been done since ancient 
times. As early as two thousand years ago, our ancestors made the lunar calendar 
according to notes about celestial phenomena such as solar eclipse and lunar eclipse, 
decided solar terms according to historical document about phenology and made national 
food storage policy according to the record of historical disasters.  

Contributions to the development of modern science, technology, production and 
construction can be made by making historical research on the basis of rich cultural 
heritage unique to our country. Zhu Kezhen (1890-1974) in his article “The preliminary 
Research on the Chinese Climatic Changes Over Nearly 5000 Years”, discovered the law 
of our country's climatic changes for nearly 5,000 years by collecting a large number of 
historical phenology and making synthetic analyses in terms of historical and climatic 
reasons. His conclusion is generally in agreement with the law of climatic changes 
discovered by foreign studies based on the research into the Norwegian snowline. Zhu's 
thesis is highly praised in the international academic circle and his approach considered to 
be a breakthrough in research methods, which could be only made in China, a country 
with a long history and rich in historical documents. His thesis set a precedent for 
“historical model” approach. 

The overseas scholars have the same opinion on this matter. In 1920's, some famous 
American and German hydraulicians already raised the point that, with its long history, 
the successful management of Yellow River couldn't do without studying its history. 
Japanese experts also think that it is crucially important to learn from history since some 
hydraulic subjects are formed according to experiences. In 1988, in his letter to the author, 
professor Yutaka Takahashi, former chairman of Japanese Research Society of 
Investigation into Rivers and Mountains, emphasized that the study of water conservancy 
history would play an important part in the development of modern scientific management 
of water resources. He wrote “I hope this view can be widely accepted by technical staff 
of water conservancy all over the world. Once again, I'd like to show my respect for 
Chinese Research Institute of Hydraulics and water Conservancy for setting up a research 
department to study the history of water conservancy. “ So it can be concluded that 
foreign scholars share our view about the role study of history can play in the 
contemporary construction. Obviously, in terms of researches in natural science, historical 
study still plays an irreplaceable part in helping people gain more knowledge and reform 
of nature even though we are living in a time when science and technology are developing 
fast and microscopic research delving deeper. It can be said that the more concerned 
people are about their environment, the more strongly they feel they want to study its 
history. Judged in this perspective, although traditional technique of water conservancy is 
old and out of use, experiences and lessons it accumulated through thousands of years' 
practice and the historical evolution of nature it demonstrated are all highly valuable, 
which is where the significance of historical study lies to modern construction. 

Hence, we put forward the concept of “historical model” based on the theoretical 
summary of historical researches of water conservancy that are connected with 
construction work. This theoretical concept will help provide an insight for researches into 
macroscopic issues of relevant subjects of natural sciences. 

 
3. ADVANTAGES OF “HISTORICAL MODEL” APPROACH   

What advantages does “historical model” approach have? In the following we will discuss 
that in five aspects. 
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3.1 It can prolong the chronological order of documents effectively 
It is difficult to have quantitative analysis of some natural phenomena such as climate, 
movement of water, earthquake and land slide etc.. If there is rather long chronological 
order of documents, it is possible to find out the statistical pattern of these phenomena. 
The longer time it covers, the closer the statistical pattern is to reality. But average 
coverage of observed data of modern science is from enough for improving the accuracy 
of statistics. Then what should be done in order to prolong the chronological order of 
documents? Take hydrology for example. The comparative hydrology, which has been 
developed recently overseas, makes comparison between certain river basins that have 
observed data and those that are geographically similar but have no records, meanwhile, 
proper revision of data is made with those areas where rainfall and geography vary, which 
makes it possible to apply hydrological record of one river basin to researches into other 
river basins nearby. This approach is applied in other fields as well. But in China it is 
seldom adopted because our country teems with historical records of hydrological 
phenomena, which experts in other countries admire so much. If a river's own historical 
records can be directly used for the hydrological restoration of its historical process and 
statistical researches, the chronological order of hydrological documents will be obviously 
lengthened. What is more, since what is used is historical documents about the river itself, 
the result will be more reliable and true to fact compared with the application of 
documents about other rivers. The historical study of hydrology made important 
achievements in 1950's, which became one of the important hydrological data for 
designing the project of the Three Gorges of Yangyze River and that of Xiao Lang Di of 
Yellow River. 

3.2It and help reveal the developmental laws of things  
How many natural phenomena appear and develop is still difficult to know despite the 
rapid development of science. It often helps people deepen their knowledge to examine 
the historical evolution of natural phenomena because things have their different 
developmental stages since activities of nature and those of human reform of nature are 
subject to constant motions. These developmental stages are characterized by 
intensification, alleviation, resolution and recurrence of the internal conflicts of things that 
are revealed gradually with the passage of the time. Therefore, it helps gain an insight into 
laws to study the whole process of things through statistical analysis of long-time 
historical data and an understanding of such laws is critical to the forecast of the future. 
For instance, in the study of the large-scale rock fall and land slide, the historical model 
approach presents its irreplaceable superiority. 

In 1982, subjects for historical study of large-scale rock fall and land slide of the Three 
Gorges of Yangtze River were established in cooperation with the demonstration of 
feasibility of the Three Gorges project. Researchers reviewed relevant historical 
documents and references on geological prospecting in the past 1800 years and made the 
on-the-spot inspection for three times altogether, on the basis of which a relevant 
historical model was shaped and a systematic research report completed. The report had 
the following findings: 1) In the past 2000 years or so, the large-scale rock fall and land 
slide were concentrated only in several sections of the river; 2) The slide happened only 
during certain period and certain season; 3) The worst situation was the short-time 
blockage of the river, therefore, the river-blocking rock dam, which needs several years to 
grow, was not shaped; 4) The rock fall and land slide reached its largest scale and made 
the worst damage in Huanglashi and Xintan where the preliminary renovation should be 
made. But that will not affect the construction of the Three Gorges project. This report 
offered reference for the prevention of the similar geological disasters likely to happen in 
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that area in terms of geographical distribution, inducing factors, possible scale and 
frequency that became important data for estimating the influence of land slide on the 
construction work of the hydropower station at the Three Gorges, the operation of the 
station and the safety of towns and navigation. “Historical Model” approach gained 
achievements that geological theoretical analysis and computation could not make. 

3.3It helps understand the characteristics of things  
Owing to the different geographical and social conditions, every nation and region has its 
own characteristics of water conservancy. Only by grasping these characteristics can the 
construction achieve its most effective result. Such characteristics can be more clearly 
identified in a time of one or two thousand years. However, because the Chinese 
traditional techniques have been replaced almost completely by modern ones of water 
conservancy introduced from the west, it has unknowingly become a tendency to overlook 
our own historical achievements and the characteristics of our Chinese water conservancy. 

Most rivers in the northern part of our country contain large amount of sand, in which 
aspect the Yellow River tops all the other rivers in the world. Two thousand years ago, our 
ancestors described the amount of sand and silt in Yellow River as “sand and silt take up 
sixty percent of water” and pointed out that sand and silt should be controlled with water 
at the same time. But that has been regrettably forgotten today when foreign advanced 
techniques are introduced. In 1950s, when Three-Gate Gorge project of water conservancy 
was constructed, lack of proper attention to the problem caused by the unusual amount of 
sand in Yellow River led to the failure in the project that the reservoir had to be 
reconstructed by reopening the bottom holes of the dam to give an outlet for sand and 
flood. The expected efficiency was greatly reduced. Many factors caused the failure but it 
was obviously an important reason to copy indiscriminately foreign theory of cascade 
development of clear river and fail to notice the special problem caused by the unusual 
amount of sand and silt in the Yellow River. The historical research of Three-Gate project 
shows that the introduction of foreign advanced techniques are necessary but the proper 
consideration of our country’s particular situation should be given. Meanwhile, the 
historical research is one of the convenient ways to identify the characteristics of our 
country’s water conservancy. 
3.4 It shows the advantage of researches into overlapping areas of social science and 

natural sciences. 

With further development of water conservancy, it can be observed that enterprise of 
water conservancy is not merely restricted to project construction, it becomes more and 
more closely connected with social, economical and environmental factors. Success of 
water conservancy is even determined by social, economical and environmental 
conditions. Therefore, there is an increasingly impending demand for the researches on 
issues like history and future of environmental evolution, philosophy and managing 
system of water control, and disaster-reducing policy. To settle these issues, it is far from 
enough just to rely on engineering techniques only. Meanwhile it is exactly on these 
macroscopic issue that the historical model approach has its unique advantages. The 
reason lies in that history is the practice of ancestors which displays an overall result of 
different influential factors including natural and social ones. Hence, historical experience 
is a valuable heritage from which lessons can be drawn. 

Researches into the history of flood disaster finds out that the loss from and frequency 
of flood disasters of later ages usually exceed that of previous ages. In recent decades, the 
engineering capability of flood control has been greatly improved, nevertheless the loss 
caused by flood is still rapidly increasing. What is the key to understanding this seemingly 
contradictory phenomenon? The historical research demonstrates that the effort to reduce 
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disaster should at least include two aspects: one is to improve the flood-averting ability of 
mechanical measures; the other is to regulate the social development to flood occurrence. 
In the late West Han Dynasty, Jia Rang put forward three river-managing measures, the 
central idea of which is: (1) River management and flood prevention include both man’s 
control of flood and social adjustment to the flood; (2) Production needs to be enhanced, 
in the meantime the demand for flood prevention also needs to be met. So beaches should 
not be over claimed to pressure the flood. Jia Rang’s plan fully embodies the governing 
policy of our ancestors, that is “In ancient times, to establish a country, settle the people 
and manage the soil, the governor would keep the geographical difference between 
mountains and rivers. “Since 1960’s, the idea of non-mechanical measures taken by some 
countries with serious flood problems such as America has undergone a change from mere 
conquest of flood to combination of changing nature and adapting to nature. According to 
the historical study and the comparative study of Chinese and foreign flood prevention, 
our suggestion about improving flood prevention policy will be of some help to provoke 
new ideas and offer lessons for improving water-managing policy. 

3.5 “The historical model” approach is very suitable to China considering the 
abundant amount of historical documents in China. 

China has a very long history and teems with historical documents about natural 
phenomena. The literature of detailed record about the past can be traced back to over 
2,000 years ago. Since Ming and Qing Dynasty the number of local biographies has been 
increased to over 8,000 books which provide data that cover hundreds of years in time and 
almost every corner of the nation in geography. The rich historical heritage can make 
contributions to the development of modern science, technology, production and 
construction. Take a recent hot issue for example-how would the rise in temperature affect 
the sea level? Foreign experts calculated according to the thermal balance theory namely, 
the sea level would be raised to certain extent when the temperature of sea water rises by 
1 degree centigrade, but the calculation results they got where very different. One was 2 
meters, another 0.6 meters. 

As a matter of fact, with a rich amount of historical documents, this kind of complex 
problem can be solved by means of historical model approach. For instance, historical 
study shows that in about 500 years around Tang Dynasty the average yearly temperature 
was about 1 degree centigrade higher than now. By estimating the height of coastline at 
that time we can get an idea of the speed of the rise in the height of se level. 

 
4. CHARACTERISTICS AND APPLICATION OF “HISTORICAL MODEL” 

APPROACH. 

In ancient times, the historical study of water conservancy was merely a branch of history. 
In recent decades social sciences and natural sciences have been getting more and more 
involved with each other and frontier sciences and overlap sciences developed rapidly. 
The historical study of water conservancy is set up as an independent discipline out of the 
interaction between historical discipline and modern science of water conservancy. This 
discipline has its own unique research method and research subject which is different from 
that of history as a general discipline (which aims at studying the past human society) and 
that of water conservancy (which aims at the science of contemporary water conservancy). 
Its subject is the historical water conservancy and environment. “Historical model” 
approach takes the lead in applying the basic means of historical study such as data 
gathering, collation and textual criticism to give objective evaluation and interpretation of 
historical facts, at the same time it also requires the knowledge of science and technology 
involved in water conservancy for the analysis of historical facts in order to reveal the 
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historical truth and its concrete development on which theoretical exploration and 
corresponding conclusion is based with consideration of the present situation. 

Generally speaking, there are two fields where the historical model approach is at its 
best. One is the study of natural laws of history, including both the natural evolution 
which is not affected by human activities, such as movement of heavenly bodies, climate, 
tidal wave, earthquake and flood etc., and that which is apparently interfered by human 
society such as rivers, lakes, environment and flood disaster etc.; Another is the 
exploration of the historical lessons on management. 

As a research method, historical model approach has the following advantages and 
disadvantages compared with physical model approach and mathematical model 
approach. 

First, historical model approach has something in common with physical model 
approach and mathematical model approach, that is they are all means of scientific 
researches that can reach qualitative as well as quantitative results by deciding some 
major affecting factors, simulate and foretell the developmental pattern of the event 
according to some known boundary conditions. 

Second, the subject of historical model research is mainly concerned with issues of 
microscopic world, such as environmental evolution, historical hydrology, 
water-controlling, philosophy, management system and plan of water conservancy etc., 
while mathematical model approach and physical model approach are means of studying 
the microscopic world. Therefore, each of them displays its own advantages and 
disadvantages in its respective area. 

Third, the advantages of historical model approach lies in restoring the historical status 
in the past thousands of years and revealing the laws and characteristics of the movement 
of the matter that emerge only through a long period of time. 

Therefore, unlike mathematical model approach and physical model approach, 
historical model approach can get true-to-life experimental result without small-scale 
models and replace the mathematical expression that mathematical model approach has to 
establish with historical message. That is where the foundation and advantage of the 
historical model approach lies as a theoretical method. 

Fourth, compared with mathematical model and physical model, the conclusion based 
on historical model is usually qualitative or preliminarily quantitative because the 
message history left us is not very detailed, therefore its accuracy is generally affected. 
However, because history represents real occurrences and displays the overall result of 
synthetic interaction among multiple natural and social factors, the conclusion based on 
historical model is ratter reliable and persuasive. 

Fifth, historical documents and relics are the chief bases of historical researches. China 
tops all the other countries in the world in terms of the amount of historical documents. 
Hence, the research method of historical model is very suitable for Chinese researchers. 
But the amount and range of documents vary with regions. Historical model approach is 
more applicable in areas where large amount of documents are available. 

Finally, the cost of historical researches is fairly low. Take historical research on 
hydrology for example. It demands lots of expenses and manpower to get yearly 
hydrological data. To add it up, the expenses on historical data for several hundreds of 
years would be tremendous. It is obvious that the investment in historical researches on 
hydrology is significantly small. 

To sum up, like mathematical model approach and physical model approach, historical 
model approach also has its unique advantages as well as limitations. 

Historical model approach can be applied widely especially in areas like meteorology, 
geology, geomorphology, water conservancy and environmental engineering etc. 
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Historical researches might alter with the development of science because new scientific 
discoveries may offer new insight into historical events. The development of modern 
science and technology challenges the old historical discipline; meanwhile it also provides 
more advanced means for future development of historical researches. In another word, 
the scientific development doesn’t brush history aside; instead, to apply historical 
experiences in a scientific way is presently an important scientific subject. Historical 
development is endless; therefore the historical researches aiming at gaining knowledge of 
nature is endless too.        
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Abstract: The database used in this publication consists of 900 columns and 90 rows. It includes 
historical information which were categorised into indexes according to the dimension of the event 
(e.g. extreme flood, flood, drought, long-lasting rain, no rain), the point of time, and the timeframe 
of the incidents. The research area covers counties in the middle reaches of the Yangtze River 
Valley for which local chronicles as described are available. The time span covers a period of 840 
years (from 1100 to 1940). 

 

Keywords: historical flood and drought information, middle reaches of the Yangtze River valley, 
1100-1940 

1. INTRODUCTION 

Due to very uneven distribution of precipitation in space and time, China is frequently 
affected by floods and droughts. These natural disasters have been a major drawback for 
the economic and social development in China throughout history. Since the beginning of 
the 1920s, Chinese scientists have compiled a remarkably good inventory of historical 
climate data. This data is suitable for the evaluation of extreme climate events and for the 
creation of climatological long-term models which may allow a prediction regarding the 
future distribution and availability of water. Thereby, the development of climate factors 
should be projected into the future, starting from the available climate test series in China, 
as well as those from the historical proxy data (regarding extreme climate events and their 
effect, such as floods or droughts). 

With the research in the Yangtze River Valley it is aimed to assess and analyse 
historical climatological events in order to interpret flood and drought events in history. 
Even more important is the sole of this data in the designation of flood prone areas and the 
magnitude of major climatic events. On the basis of the evaluation of this long-term 
climatic trend. Predictions about climatic changes can be made.   

2. DATA DESCRIPTION: SOURCES AND QUALITY 

The general paleoclimatic database collected in China and available to our research group 
comprises more than 100.000 entries. Supplemented were these data through studies of 
archaeology, palynology and dendrochronology, as well as from the stratigraphical 
analysis of dust precipitation. The sources are, however, not homogeneous and very 
diverse. They consist of many short semi-quantitative observation series of greater 
importance. Additionally, the temporal and spatial distribution of the historical 
observation is very uneven. The main results in hand were obtained by the evaluation and 



interpretation of a large number of comprehensive climatic records in historical archives 
(cp. Fig 1). 

Most of the analysed data are derived from 'local chronicles'. Basically, the original 
historical data available in China can be assigned to four categories (Fig 1): 

1. Reports about extreme climatic events (especially floods, droughts and storms). 
2. Semi-quantitative climatic records based on series of systematic measurements. 
3. Records on natural phenomenon (especially those influencing the agriculture and 

diseases). 
4. Records on physio-geographic characteristics (e.g. travel reports). 
All information based on records of these four categories had to be evaluated, validated, 

and categorised into data groups. The data were derived from local chronicles, old and 
very comprehensive encyclopaedia, historic agricultural registers, and official weather 
reports. Despite the age of these documents (up to 900 years old), they contain valuable 
information on historical flood and drought events. 

Basically, two different kinds of local chronicles have to be differentiated: County 
chronicles and over-regional chronicles. Counties (in Chinese 'Xian') are in general 
smaller than the over-regional based 'Fu'-chronicles. Both chronicles consist of different 
sorts of documents. County and Fu chronicles form the major sources of information in 
this Paper. 

A major problem with the original data is that different authors at different dynasties 
had their own way to record flood and drought events and also to archive them. The 
quality of records differs due to different natural conditions, adjustments, standards, and 
with time. In every dynasty the location of the archival storage varied due to different 
hierarchical realities. Furthermore, it happened very often that the same natural events 
were unequally described in different local chronicles. Therefore, a lot of time had to be 
spent to compare different records, weight, assess, convert them to a value, and to finally 
put them in the database.  

Further difficulties consist in the data availability. As already mentioned before, the 
data quality differs a lot if different time periods are compared. The same applies for the 
data availability (although China still has a unique, very good, continuous and complete 
encyclopaedia of historical flood and drought records). However, many records were lost 
due to wars, fires, the Cultural Revolution, and other events. Therefore, it is difficult to 
reconstruct if a year without data means a year without flood and drought events or if for 
that year is just no data available. Although this means a limiting factor in the data 
analysis, these uncertainties can be reduced quite well through cross-checking of local 
chronicles of other locations.  

Nonetheless, the method to convert all historical information into a numeric (1 to 5) or 
- in the case discussed here – into a character value (e.g. F, cp. Table 1) is well tested and 
reliable. 

Since about 100 years the data collection is centrally organised, e.g. (climatological 
data, discharges and water levels of the Yangtze River at various hydrological stations are 
taken since 1865)  Therefore, there is no political order anymore to collect data in local 
chronicles. Because of this, the data availability in local chronicles has been decreasing in 
the 20th century. Of course, the general data availability and quality on flood and drought 
events is better for the last 100 years than the historical descriptive data but the presently 
generated data are not archived in local chronicles anymore. Since local chronicles are the 
most important basis of the research presented in this paper, they were only used up to the 
year 1940. 
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Climatic
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Official Systematic
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(Rain, Snowfall, etc.)

Historical
'Weather Reports'
(Storm, Fog, etc.)Database of Historical

Flood and Drought
Information

 in China

Physio-
geographic

Characteristics

Phenology,
Agriculture

History Books

Agricultural
Chronicles

(Cultivation, Yields)

Medical Books
(Diseases,
Epidemics)

Diaries and Notices

Travel Reports

Descriptions of
Geographic Features

(Landscapes) Old Encyclo-
paedias

Tai-Ping
Yu-Lian

1,000 Editions
appr. 850 years old

Yong-Le
Da-Dian

1,000 Editions
appr. 550 years old

Tu-Shu
Ji-Cheng

10,000 Editions
appr. 300 years old

Source: Revised after CHEN et al. 1998: 164 
Fig. 1  Sources of Historical Flood and Drought Information in China 

3. METHODOLOGY 

3.1 Generation of Historical Data 
As already described in previous chapters the basic data originates from local chronicles 
(e.g. Fu chronicles) which can be characterised as descriptive sources. For example, 
regarding the flood of the year 1608 the original qualitative information was written down 
by the historians as: 

“In May heavy rain. The land is only accessible by boats.  
In July the flood reaches the imperial town of Nanking.” 

Based on paleoclimatic research, it is nowadays known that the 1608 flood was an 
event with a return period of 200 years (CHEN et al. 1998). This flood was for instance 
categorised as a “heavy flood”. The historical documents were evaluated by the first 
author at the Nanjing Institute of Geography and Limnology, looking at weather records 
going back up to 900 years. Based on these materials, all records were transferred into a 
digital database at Giessen. 
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The database used in this publication consists of 900 columns and 90 rows. It includes 
historical information which were categorised into indexes according to the dimension of 
the event (e.g. extreme flood, flood, drought, long-lasting rain, no rain), the point of time, 
and the timeframe of the incidents. The research area covers counties in the middle 
reaches of the Yangtze River Valley for which local chronicles as described are available. 
The time span covers a period of 840 years (from 1100 to 1940). The following table 
shows the indexes included in the database: 

The indexes named in Table 1 were assigned according to a systematic procedure on 
the basis of descriptions in local chronicles. This rather sophisticated method is explained 
in more detail with the following condensed table: 

Table 1  Indexes included in the database 

F:  heavy flood D:  extreme drought 
f:   flood d:   drought 
h:  long lasting rain over a long period  n:   no rain over a long period 
s:  spring (March, April, May) o:   Autumn (September, October, November) 
u:  summer (June, July, August) w:  winter (December, January, February) 
1-12: numbering of month # :  records from ‘Fu’ (region) 

 
Table 2 represents the original indexes compiled by the first author. It shows how the 

historical information had been evaluated and it can be also considered as a manual for 
map compilation. The first indexes were already used for the research on flood and 
drought information in the Yangtze Delta and the Huanghe River Catchment. Most of the 
mentioned indexes can be combined according to the actual appearance of natural 
climatological events. In order to make this more comprehensible, some of them are 
presented in the following:  
Fun 4-5:  

Heavy flood during summer, no rain between April and May (time of occurrence is 
exactly known). The occurrence of both, flood and drought is also an indicator for sudden 
heavy rains. 
D n 4-8:  
Heavy drought, no rain from April to August. 
h D #: 

Rain over a long period, heavy drought based on over-regional Fu-records (this means 
a climatic event with over-regional dimensions). 

3.2 Geo-Referencing of Historical Data and Map Compilation 
All available data were assigned to counties, which represent the current administrative 
boundaries on sub-provincial level. The whole research area consists of 84 counties. The 
fact that most of the current counties are still identical with the historical county 
boundaries facilitated the assignment of the data.  

After conversion of the historical information to values the data were stored in a digital 
database in MS Access. This database was then 'linked' (or connected) to the geographical 
data, i.e. the counties, in a Geographical Information System (GIS). The software 
ArcView by ESRI was chosen as GIS. All maps were compiled in ArcView. However, no 
geographic analysis was performed here and all maps are rather a visualisation of 
historical flood and drought data. 

Usually, a Fu-region covers several counties. If data for Fu-regions were available this 
data were transferred to all counties situated in this specific Fu. Nevertheless, the 
administrative relationship between some counties and Fus has changed. This means that 
some counties could not be assigned to the Fu they belonged to in history. These counties 
were therefore excluded from the analysis. In the maps they are featured blank, i.e. white. 
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Table 2  Original notes in local chronicles and their categorisation 

F  (“severe Flood”): 
5 heavy rain („sintflutartig”) 
7 heavy flood 
8 water rise in lowlands 
9 water rises up to 1 Chi (ca. 33 cm)  
10 water rises above 1 Chi 
11 water piles up to several Chi 
12 water rises above 1 meter 
13 land is accessible by ships and boats  
14 water level of rivers and lakes rises suddenly and very heavily 
15 in the whole area of smaller catchments the water level of all water bodies rises  
16 flash floods flow from hills to valleys (“like a dragon”) 
17 dam failures at water bodies 
20 all grain-fields submerged 
21 numerous houses are submerged, straw of roofs swims on water surface 
22 numerous (to a large extent) agricultural fields and houses are submerged 
23 many people drowned 
24 tremendous amount of people drowned 
25 flood events occur yearly  
26 towns affected by floods 

f  (“flood”): 
1 rain 
2 continuous rain (several days) 
3 continuous rain (several months) 
4 heavy rain 
6 flood 
18 low lying fields inundated 
19 some grain-fields inundated 

D  (“severe Drought”): 
5 heavy drought 
6 lakes and rivers have low water level 
7 people can cross rivers and lakes without boats or ships 
8 ground of rivers and lakes dried out 
9 springs dry up 
10 ground is hard, fields parched (“hard like turtle-shell”) 
16 drought destroys most grain 
17 trees and grain-fields dried out 
18 people die with thirst 
19 grain prices explode 
20 people eat bark of trees 
21 people eat human flesh 
22 roads full of refugees 
23 roads full of cadavers 
24 area of dried out land can not be overlooked 
25 droughts for years 

d  (“Drought”): 
1 no rain 
2 no rain for longer period 
3 seed does not thrive, seedlings do not germinate 
4 locusts come 
11 more locusts come 
12 locusts destroy grain 
13 locusts appear in large numbers 
14 countless locusts, clouds of locusts darken the sun 
15 grain is destroyed by drought 

 
4. PRESENTATION OF RESULTS 

After a first review and analysis of the database some patterns of appearance of drought 
and flood in the Yangtze Valley become obvious. Selected parts of the database are 
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cartographically visualised in figures. 
Fig.2 gives an overview over the research area and the individual county names, 

respectively. The other maps show data for selected years and give therefore an idea about 
the accessible data in time. Moreover, the respective years demonstrate flood as well as 
drought events. However, it has to be noted that morphological and other aspects of flood 
and drought appearances are excluded from this map presentation. Subsequently these 
maps have to be explained and described in more detail: 

Year 1193 (Fig. 2a) 
This maps shows a flood which nowadays still occurs to a similar extend almost each year. 
It is a typical flood in the lowlands south of the Yangtze River in the area of the Poyang 
Lake.  

Year 1297 (Fig. 2b) 
In this year a similar flood as the one from year 1193 occurred. The dimension of the 
flood extended additionally to the Dongting Lake basin. 
 

 

 

 

 

 

 

 

 

 

 

 

 

                Fig. 2  a. Flooding map of 1193  b. Flooding map of 1297 
     c. Flooding map of 1833  d. Flooding map of 1835 

Year 1833 (Fig. 2c) 
During this flood year typical 'Hanjiang' and 'Yangtze' flood events were observed and 
occurred in summer.  

Year 1835 (Fig. 2d) 
Only two years after a serious flood, almost the same area as in 1833 was affected by a 
heavy drought ('D'). Despite some minor exceptions the drought occurred with 
commencement of the rain season which usually starts in May. 
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Abstract: Reconstruction of El Niño/Southern Oscillation (ENSO) activities over five centuries is 
now possible, based on the proxy Chinese climatic indicators of historical data from the periods 
between 1470 to 1990. This reconstruction provide insight into the temporal behaviour of El Niño 
and La Niña events during the last 520 years. The reconstructed time series of El Niño and La Niña 
activities have revealed the periodicity of a 10.38 years cycle (from 10.18 to 10.6) with a 
significance level of 99.9%. For this reason it might be questioned to what extend the Pacific 
climate system is controlled by the sun activity; its periodicity varies between 10 to 12 years. A 
further result is a high significance (r= - 0.72) between the monthly precipitation for several stations 
in China and the Sea Surface Temperatures (SST) from 1911 to 1990. These results show the 
exceedingly close relationship of the Chinese precipitation situation to the Pacific climate. 

Chinese historical flood/drought data as an indicator to 
reconstruct for El Niño and La Niña Events (1470-1990) 

Jiang Tong, Dirk Wollesen 
Geographisches Institut, Ruhr-Universität Bochum, 44780 Bochum, Germany 
 

Lorenz King, Wang Run 
Geographisches Institut, Justus-Liebig Universität, Seckenbergstrasse 1,  
35390 Giessen, Germany 
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Nanjing Institute of Geography and Limnology, Academia Sinica,  
73 East Beijing Road, Nanjing 210008, China 

Keywords: Chinese historical flood/drought data, reconstruction, El Niño and La Niña events, 
1470-1990 

1. INTRODUCTION 

Knowing both the spatial and temporal pattern of El Niño and La Niña activities over past 
few centuries provides a possibility to know the mechanisms of recent climatic variability 
(Mann,et al.,1998). A little instrumental evidence to be used to reconstruct El Niño and La 
Niña phenomena prior to the twentieth century. The El Niño/Southern Oscillation (= 
ENSO) variability can be provided by the tropical and subtropical ice core 
records.(Thompson,1992) The reconstruction of ENSO during the past centuries is based 
on the coral-based isotopic indicators of eastern tropical Pacific SST (Dunbar,et al.,1994) 
or central tropical Pacific variability in precipitation.(Cole,et al.,1993) A number of 
dendroclimatic reconstruction of the SOI have been performed, based on dendroclimatic 
series in ENSO-sensitive regions such as western North America (Lough,1991; 
Cleaveland,et al.,1992), combined Mexican/south-western U.S. latewood density 
(Stahle,et al.,1993), and combinations of tropical Pacific and North American 
chronologies (Stahle,et al.,1993). Such reconstruction can provide long-term descriptions 
of inter-annual ENSO-related climatic variability. An alternative approach to ENSO 
reconstruction is based on globally distributed proxy indicators (Bradley,et al.,1993; 
Hughes,et al.,1994; Mann,et al.,1995; Barbet,et al.,1996). However, trends and dynamics 
of ENSO are in fact uncertain even for the past century. Limited evidences for the 
evaluation of the characteristics in the pattern of ENSO during the twentieth century is 
very difficult without a long-term variability in the global ENSO phenomenon(Mann,et 
al.,1998). 

China holds the key position to the climate in Eastern Asia, not only as a result of the 
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vastness, but also due to its position. In the 20’s, it had already been acknowledged that 
the difference in air pressure between the Indian and Pacific Oceans closely correlated 
with the intensity of the Asian monsoons (Chen,et al.,1998).The connection between the 
described atmospheric interaction, called the Southern Oscillation, and the constantly 
occurring El Niño phenomenon was discovered in 1965 by Schell (Schell,1965). 
According to Schell, the warm coastal water by Chile and the weakening of the trade 
winds occur simultaneously during an El Niño phase. Therefore, the surface water 
temperature in the equatorial East Pacific (Sea Surface Temperature, SST) has an 
extraordinary function in measuring the intensity of the monsoons in the Pacific area. Its 
relation to the Southern Oscillation Index is quite close. Actually, there is a high negative 
correlation (r = - 0.73, p <0.01) between the SST and SOI in the years 1896 to 1990. The 
intensity of the Subtropical High and the Asian monsoons closely correlated with sea 
surface temperature (Tomita, and Yasunayi, 1996; Wang, et al.,1991; Zhang, et al.,1997), 
regarding to the relations among the equatorial Pacific surface temperature (SST), 
Southern Oscillation Index (SOI) and the Chinese climatic variability. We reconstructed 
the ENSO events covering time period between 1470 and 1990 through the usage of the 
climatic proxy data with the calibration of long-term instrumental climate data to yield 
insights into long-term global climate variations. 

2. DATA BASIS 

We use a historical proxy climatic data with the consisting of widely distributed 
high-quality annual-resolution located almost in China territory. This proxy data is based 
on a compilation of 2,100 local chronicles and official historical documents, as well as old 
encyclopedias and span the period from 1470 to 1911 (1981). Semi-numerical information 
about drought periods, storm-tides, high tides, thunderstorms, continuous rainfall, etc. are 
documented herein. The historical climate information was formulated in a five-scale 
index. We changed and developed a new method to calculate the index with the 
calibration of the instrumental precipitation during the period between 1911 and 1990 
(Wollesen,et al.,1999) (Table 1). 

Table 1  Basis for the conversion of precipitation data to an index of value 

Description Index* Index calculation* New index New index calculation 
extreme flooding 

flooding 
normal year 

drought 
extreme drought 

1 
2 
3 
4 
5 

P>1.17σ 
0.33σ<P<1.17σ 
-0.33σ<P<0.33σ 
-1.17σ<P<-0.33σ 

P<-1.17σ 

2 
1 
0 
-1 
-2 

P>1.0σ 
0.5σ<P<1.0σ 
-0.5σ<P<0.5σ 
-1.0σ<P<-0.5σ 

P<-1.0σ 

  P = Precipitation from
May until September  P = Annual precipitation 

*   Chinese Academy of Meteorological Sciences of National Weather Bureau, 1981 
σ  =  Standard deviation for the precipitation in the stated calculated time-period 
 

In order to attain reliable information about the Chinese proxy climate data, locations 
were chosen that have a fairly complete data series at their disposal. These are preferably 
found in the eastern China. Stations are only selected here with a data contented over 95% 
(with exception of the southern coastal region, Table 2). Altogether, 16 stations were 
chosen for the analysis and reconstruction of climatic variability. 

The region-related analysis of the historical climate data sets with the SST  (1991) 
(1886-1998) and SOI (1998 ) (1990) shows the existence of a relation between them and 
the historical proxy data (Table 2). However, the differences of the correlation are very 
clear. An interesting change from positive correlation values in the South (Guangzhou, 
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Fuzhou. Nanning and Guilin) to negative correlation values (Beijing, Jinan, Shijiazhuang 
and Tianjin) in the North can also be confirmed. The stations in the middle and lower 
reaches of the Yangtze River valley obviously belong to a transitional zone due to their 
minor correlation to the SST and SOI. It can also be indicated that the correlation values 
to the SOI are smaller than to the SST. The relation between the Chinese climate 
variability and the SST is, without a doubt, much closer than the relation with the 
Southern Oscillation Index. The sea surface temperature in the equatorial East Pacific will 
partly dominant the Chinese climatic variability. 

Table 2  Description an quality of data base and results of the regional and combined  
correlation analyses of historic time series 

Locations Southeastern  region Yangtze River Yellow River Northeastern region 
Station 
 
 
 
Correlation to the SST 
Correlation to the SOI 
Validity of data (1470-1990)

   Guangzhou 
    Fuzhou 
    Nanning  
     Guilin 
     0.26 
    -0.19 
     79% 

    Hefei 
    Anqing 
    Wuhan 
   Shanghai 
     0.03 
     -0.07 
     96.7% 

  Taiyuan 
   Xi`an 
   Datong 
   Yulin 
    -0.29 
     0.19 
    95.6% 

    Beijing 
    Jinan 
  Schijiazhuang 
    Tianjin 
    -0.39 
     0.29 
     96.9% 

3. CONNECTION BETWEEN THE SST OR SOI AND THE CHINESE 
HISTORICAL CLIMATIC INDEX 

Observing the monthly correlation of the precipitation with the monthly SST values, a 
similar, however obviously different view of the interrelation is produced. In this way, the 
above-mentioned connection from the southern region, for example, to the SST alone 
refers to the months from January to April and October to December. The summer months 
have, aside from July, a rather negative correlation to the SST. If the annual precipitation 
is consequently considered with the correlation analysis of the Sea Surface Temperature, 
only the dominant value in connection with the two appears as the result. However, this  
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Fig. 1  The Sea Surface Temperature (SST) and the Chinese historical index based on  

the instrumental monthly precipitation  

value is reduced to the corresponding inverse function. If in comparison, the individual 
monthly correlation phase would be combined into one phase, the result would be the 
exact opposite curve. In this detailed correlation analysis, the weaker correlation relations 
are added to those that are strong. Instead of the occurring reduction of connections until 
now, there is rather an accumulation of relations. A clear reverse correlation relation 
between the precipitation index and the SST evolves from Fig 1. This is also emphasized 
by the high correlation value r = -0.72 (p <0.01); the correlation value for SOI was 
determined as r = 0.62 (p <0.01). 

 811



Furthermore, corresponding to this result, and as already expected, the Pacific climate 
events reflect themselves in the hygrical conditions in China in a significant way. As a 
result, the strive for connection between the Chinese proxy historical data (from 
1470-1910), the SST curve and, therefore, also the ENSO connection, correspond to the 
real climate relations. Further agreements between the Chinese historical data and the 
values from the Pacific area cannot present coincidental results. The analysis of the 
historical data shows that the historical data from 1868 until 1910, as well as the 
precipitation data, express the described climate anomalies in the SST. For the calculation 
of the historical index in this fig 2, the northern and the southern time series, with its 
inverse data value, were summarized in one combined time series. 

Fig 2 proves, that the time period from 1868 to 1910, as well as the time period from 
1911 until 1990, have practically the same intense correlation to the SST. The correlation 
ratio, both from 1868 until 1910 and from 1911 to 1990 were determined as r = -0.46 (p 
<0.01) and r = -0.44 (p <0.01). The six negative SST periods (La Niña phases) from 1868 
to 1910, followed by the five positive index values, can be recognized. On the other hand, 
in the same period, ten positive SST conditions (El Niño), followed by nine negative 
index values are represented.  
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Fig. 2  The Sea Surface Temperature (SST) and the historical time series, developed from documents and 

chronicles (1868-1910), as well as the amount of the annual instrumental precipitation (1911-1990) 

4. RECONSTRUCTION OF EL NIÑO-LA NIÑA FROM 1470 TO 1990 

Because the amplitude of the events also shows a relatively high agreement, this means 
that the Chinese historical data can be implemented, with reservation, to approximately 
reconstruct the El Niño and La Niña events for the last century. Further examinations of 
this reconstruction are, of course, necessary. The recently composed El Niño-La Niña 
events can, however, supply a basis for the interpretation of long-term variability (Fig 3). 

Within the boundaries of the statistical examination of the reconstruction of the El 
Niño-La Niña events for the past 520 years, a Fisher-test and a harmonic analysis were 
carried out. The goal is to extricate significant harmonic parts with the help of the linear 
analysis. This can be done assuming that the distance span is not distributed because of 
mobility. Because the variation as well as the auto correlation function are fixed in the 
first and second half of the time lines (the mean varies with 90% probability); further 
significant comments about the periods are possible. A restriction exists for the category 
which includes a discrete quantity of elements. The test of the reconstructed El Niño-La 
Niña events for the past 520 years with the harmonic analysis shows a highly significant 
cycle between the years 10,18 and 10,6. A significance of 99.87% can finally be given for 
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the wave length of 10.38 years. Diagram four illustrates the results of the spectral density 
of the examined time series.  
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Fig. 3  Reconstruction of El Niño-La Niña in the past 520 years based on the Chinese proxy 
 climate historical data. 
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Fig. 4  The spectral density of the reconstructed ENSO events from 1470 until 1990. 
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Abstract: An ancient project of rainfall flood utilization in city is introduced here. 
Tuancheng Park in Beijing is a very famous ancient park culture ruins in China. The form 
of the park is like a platform of about five meter higher than surround land. In this type of 
adverse circumstances, some 800 years old trees have been still growing very well 
because there is an underground irrigation and drainage system, which was built during 
the park construction in Ming Dynasty. When raining, rain water is used to irrigate the 
trees as much as possible; when heavy raining, the system keeps enough water for 
irrigation in dry days, and surplus water is discharged out of the park to prevent tree roots 
from long time immersion. In order to delineate the system, the authors employed 
geophysical electromagnetic technique as nondestructive testing (NDT) for detecting and 
locating the underground structure of the system. The detection result shows that there is 
an underground irrigation and drainage system in Tuancheng Park, indeed; the shape of 
the system is like ellipsoid; and surplus water was discharged through deep drainage well 
when runoff forms in the subdrain.  

Detection of an ancient underground irrigation and drainage 
system by electromagnetic technique 
 
Chungang Fang, Yongmei Jia, Zhiquan Ke, HuaiGuang Ge, Ying Lu 
China Institute of Water Resources and Hydropower Research, IWHR 
Tel: 086-010-68515511-1727, E-mail: cgfang@iwhr.com 

Keywords: rainfall utilization in city, underground system, detecting 

1. INDRODUCTION 

Tuancheng Park (The Round City) situated in the South to Beihai (Northern Sea) Park in 
Beijing, China, is a very famous ancient park culture ruins in China, which is also the 
smallest round castle in the world. The area of Tuancheng Park is 5760m2(Zhang, 1994). 
The form of the park is like a platform of 5.73m higher than surround land. In this type of 
adverse circumstances, some 800 years old trees have been still growing very well. The 
reason why the ecology is kept so good is that there is an underground irrigation and 
drainage system, which was built during the park construction in Ming Dynasty. The 
system consists of 11 wells covered by stone-made covers with many holes, a vertical 
deep discharge well, and subdrains connecting wells. The ground of Tuancheng Park is 
completely covered by inverse-trapezoid-shaped bricks for more rainwater flowing into 
ground. The wells are filled with absorbing materials for breathing of roots and keeping 
irrigating water as much as possible. 

The function of the system is as follows: when raining, rain water flows into ground 
though bricks to irrigate the trees; when medium rainfall, ground water flows into the 
wells; when heavy rain happening, runoff forms in the underground system, the system 
keeps enough water for irrigation, and surplus water is discharged to prevent the tree roots 
from decaying.  
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The fact that such advanced irrigation and drainage system was built 500 years ago 
demonstrates that the engineering reflects the great intelligence of our ancestry and their 
consciousness of rainfall flood utilization and environmental protection in city, that is a 
glory model of later generations.  

In order to delineate the structure of system, authors employed geophysical 
electromagnetic technique (Fang, et al., 2001; Kaufrnan, and Keller, 1983), both transient 
electro-magnetic or time-domain electromagnetic technique (TEM) and frequency-domain 
electro-magnetic (FEM) method, as non-destructive testing (NDT) for detecting and 
locating the underground structure of the system. The test along 43 testing lines was 
conducted. The detection result shows that there is an underground irrigation and drainage 
system in the park, indeed. The structure form of the underground system is round-like. 
There are subdrains between ancient neighbor wells from 1# to 9# and 9# to 11#. But, 
There is not covered drainage ditch between 1# and 9# well. When runoff forms, all rain 
flood flows into well 1# from subdrains and ground, then surplus water flows from well 
10# (made much later) to deep vertical well 11#, finally surplus water is discharged out of 
the park. 

2. PINCEPLE 

The authors used two geophysical instruments for comparable testing, which were Type 
SDC-3 Leakage Detector based on TEM and Type 34-3 Ground Conductivity Meter based 
on FEM. 

2.1 SDC-3 Leakage Detector 
The instrument consists of a transmitter, a receiver, a transmitting coil, a receiving coil, 
and a microcomputer system. The physical principle of detection is that the conductivity 
of abnormal is different from that of normal surrounding materials, which has different 
response to the primary magnetic field that is produced by the transmitting coil. Different 
ground layer induces different intensity of eddies when primary magnetic field is decaying. 
The receiving coil receives the secondary magnetic field signal that is produced when 
eddy is decaying. According to the receiving time, one can get the information of the 
conductivity of soils from ground surface to deep layers, then deduct if abnormal exists 
and its form, position, and depth. 

2.2 Type EM34-3 Ground Conductivity Meter 
Just like SDC-3 Soil Leakage Detector, the instrument consists of a transmitter, a receiver, 
a transmitting coil, and a receiving coil, which can measure the apparent conductivity of 
four depths (7.5, 15, 30, and 60m) of ground.  

The difference of TEM and FEM is that FEM transmits continuous wave, whose 
frequency changes may change testing depth, higher frequency wave can test shallow 
ground layers while lower frequency wave tests deep layers according to skin-effect; 
however, TEM transmits pulse wave whose wave form is square wave usually, and 
according sampling time series to get the conductivity signals of layers at different depth, 
from shallow layers to deep layers.  

2.3 Parameters affecting the conductivity of soil 
As above discussed, the abnormal area is discovered via finding out the abnormal 
conductivity area when employing electromagnetic technique. But, there are many 
parameters affecting the conductivity of soil, such as the soil composition, the proportion 
of grain (mainly the content of clay), density, porosity, moisture, sort and quantity of 
conductive ions in water, and multifarious matters such as tree roots, pipes, etc. One of the 
above parameters changes will change the conductivity of soil, in other words, when 
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abnormal conductivity of somewhere is found out, the reason may be the result of one or 
some parameters changed. This is the reason why geophysical result is multi-explaining. 
In order to solve the problem, usually some instruments are used together as comparable 
techniques for increasing the accuracy of data explanation.  

2.4 Calibration 
In order to test and verify the functions of the instrument, a couple of calibration tests 
were conducted. Here, only the test in Beijing Ninth Water Resource Plant is introduced. 
There were two underground water pipes whose depths and diameters were known. The 
depths were 5m and 5.2m respectively, and the diameters were 0.7m and 2m respectively. 
The test result is shown in Fig.1 and Fig.2. In Fig.1 the vertical axes represents the 
sampling time that can be calculated into depth. Under the terrain condition of the Plant, 
time of ten microseconds corresponds to the depth of 1.25 meter, which means the speed 
of electromagnetic wave is 0.125m/µs. 
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Fig. 1  Calibration result in Beijing Ninth Water Resource Plant (in profile) 
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Fig. 2  Calibration result in Beijing Ninth Water Resource Plant (in three dimension) 
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3. FIELD TEST 

The irrigation and drainage system is consists of eleven wells and connecting subdrains. 
Wells 1#~9#are ancient absorbing wells while well 11# is the ancient deep discharge well 
whose depth is 1.9m. Well 10# is made in recent decades, which connected with well 1# 

and 11# via reinforced concrete pipes. The wells are filled with absorbing materials such 
as leaves, branches and loose soil for breathing of roots and keeping irrigating water. 
Table 2 listed the elevation and depth of the wells, and Table 3 listed the spacing of wells. 

Table 2  The elevation and depth of the wells 

Well 1 2 3 4 5 6 7 8 9 10 11 
Mode Ancient Modern Deep Drainage 

Depth/(m) 1.80 1.65 1.64 1.44 0.94 0.31 1.47 1.74 0.74 1.9 >3 
Ground Elevation

/(m) 48.80 48.81 48.85 48.91   48.94 48.97  48.80 Elevation of Well 
Top<46.9 

Elevation of well 
 Bottom (m) 46.90 47.16 47.21 47.45 48.00 48.10 47.47 47.23 48.06 46.90 <43.9 

Table 3  The spacing of wells 
Well 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-1 1-10 10-11 

Spacing/(m) 13.2 18.4 9.9 29.2 9.8 52.2 5.5 25.9 31.7 3.2 12.1 
 

There are 40 ancient trees and 4 contemporary trees in Tuancheng Park. Each tree is 
protected by iron fence that is about 1.3m high. Since there are many reinforced concrete 
pipes, running water pipes, heating pipes, and tree roots underground, the test is interfered 
very much. 

3.1 Measure of detection 
The purpose of detection is to examine if there are subdrains, the position and direction of 
subdrains, and the position of deep discharge well. 

It is difficult to mark the test line in a same coordinate system because the arrangement 
form of wells is like ellipsoid. In order to locate the subdrains correctly, the connection 
line between two neighbor wells is as a coordinate axis that the test line is perpendicular 
to. The zero chainage of all test lines is at the coordinate axis. 

The verification of test was conducted by a person who got into the subdrains of well 1# 
to 2# and 10# to 11#. The coincidence of test result with person examination was very well. 

3.2 Test result 
The test result is shown in Fig.3, in which the real lines between the wells represent the 
subdrains tested out. Since limitation of this paper, only the test result of wells 1#-2# and 
6#-7# is introduced here. 

The test result of subdrain between well 1# and 2# by TEM is shown in Fig.4. The zero 
coordinate of test line is 5m away from well 1#. This diagram is divided in two parts 
obviously, up and down, the dividing line situated at depth of 5.6~5.8m. The composition 
of deep soil is more homogeneous. After measurement, the ground of Tuancheng Park is 
5.73m higher than water surface of Beihai Park, which verified the position of dividing 
line in the diagram is correct.  

There is a higher conductivity zone at zero chainage, whose width is about 2m. 
Considering half-shadow effect, the real width of the abnormal zone is about 0.6~0.7m 
and the depth of the abnormal zone is about 1.9~2.0m. Fig.5 shows the same result, which 
is tested by EM34-3 Ground Conductivity Meter. According to general knowledge, the 
subdrain is filled by air, so the conductivity of this zone should be lower than surrounding 
materials, but Fig.4 and Fig.5 show in contradiction to general knowledge. So there must 
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be some materials with higher conductivity. A reinforced concrete pipe of 0.7m in 
diameter was found there via person examination, which verified the correspondence of 
test result. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3  The result of subdrains and deep drainage well in Tuancheng Park
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Fig. 4  The test result of subdrain between 1# and 2# well by TEM. The position of 
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 819



18

20

22

24

26

28

-4 -3 -2 -1 0 1 2 3 4

桩号(m)

-16 -14 -12 -10 -8 -6 -4 -2 0 2

-11

-10

-9

-8

-7

-6

-5

-4

-3

-2

-1

0

-2

0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

    m 深度（ ）

    m 桩号（ ）

Amplitude 
of Signal

D
ep

th
/(m

) 

Chainage/(m) 

Chainage/(m) 

视
在
电
导
率

(m
S/

m)
A

pp
ar

en
t C

on
du

ct
iv

ity
/ (

m
s/

m
) 

Fig. 5  The test result of subdrain between 1# and 2# well 
 by Em34-3 Ground Conductivity Meter 

Fig. 6 The test result of subdrain between well 6# and 7# by TEM, The direction of test line 
7 was from South to North, and across the reference coordinate at – 15.5m.  

The subdrain was at chainage –6.5m. 

Since buildings separated well 6# and 7#, there was no way to make direct connecting 
line between two wells as coordinate. Therefore, the connecting line of column bases of 
east and west side yard had to be as the zero reference line. There were two test lines, test 
line 6# was perpendicular to reference line at chainage 5.8m while test line 7# meets 
reference line at an angle of -30o at chainage –15.5m. The test result of subdrain between 
well 6# and 7# by TEM is shown in Fig.6. There is a low conductivity zone at chainage 
–7.2m, the depth of abnormal body is about 1.4m. The abnormal zone presented low 
conductivity because the subdrain is filled by air. Therefore, we get a very important 
deduction that there is a subdrain connecting well 6# and 7#. 

It can be seen from Table 2 that the depth of wells from 6# to 1# decreases 
progressively, thus it was deduced that water flows from well 6# to 5#, and so on, until 1#, 
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when ground water of west Tuancheng Park flows into wells. The situation of east 
Tuancheng Park is more complicated. Well 9# is the deepest one, well 8# is the shallowest 
one, and well 7# is in between. It seems difficult to figure out the flow direction in 
subdrains between well 9#, 8# and 7#. However, after many testing, it is found out that 
there is no subdrain from well 9# to 1#, which is another very important deduction, and 
there aren’t other subdrains from well 9# to other place except well 8#. It is observed that 
when heavy rain happening, most water on the east part ground of the park flowed into 
well 9#. It is deduced that underground water flows from well 9# to 8#, then 7#, when 
runoff forms in the subdrains. Now it can be drawn that the outline of the underground 
irrigation and drainage system: the direction of underground flow between wells is 9#→8#

→7#→6#→5#→4#→3#→2#→1#→10#→11#. 
In summary, the utilization of rainfall flood in underground irrigation and drainage 

system of Tuancheng Park is in following ways: ① when little raining, water is absorbed 
and flows into the joints of inverse-trapezoid-formed bricks, which can contains more 
water in ; ② when medium raining and runoff on the ground forms, water flows into 
wells and more water is absorbed by loose materials in the bottom of the wells; ③ when 
heavy raining, the bottom materials of wells absorb water as much as possible for 
irrigating trees when rain stops, then saturated, and surplus water flows other wells, on the 
way water continues to infiltrates into the bottom of subdrains that is also constructed by 
absorbing bricks; ④ when whole system saturated, surplus water flows into deep vertical 
well 11# and is discharged out of Park to prevent tree roots from decaying. 

4. CONCLUSIONS 

It was tested out via SDC-3 Leakage Detector which was developed by authors that there 
is an ancient underground irrigation and drainage system in Tuancheng Park in Beijing, 
China. The system was constructed in Ming Dynasty, some 500 years ago. There are 11 
wells in the system, of them 9 ancient wells (1#~9#) are constructed for irrigation, and a 
deep vertical well (11#) is for drainage. Well 10# was contemporarily constructed. There 
are 11 subdrains between every two neighbor wells. However, there is no subdrain 
between well 1# and 9#, so the system is not closed as a circle, just like a opened circle. 
The wells and subdrains can absorb rainwater as much as possible for irrigating trees in 
dry days. When runoff forms in the system, water flows from well 9# to 1# anticlockwise, 
some surplus water is discharged out the park through well 11#. 

The system is an ancient culture ruins in China and a model engineering of utilization 
of rainfall flood in city, which is a shining example for later generations to study. 

Geophysical electromagnetic method can be employed for not only survey, but also 
other engineering geophysics, such as detecting leakage and hidden defects in dams and 
soils, testing of underground pipes, groundwater, archeology, pipe leakage, and so on. 
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Abstract: At the Upper Rhine in Germany and France more than 25 retention rooms have to be 
built to reduce the floodwater level in the Rhine. In this paper, the strategy for finding solutions for 
the Rhine is explained. Three projects are described which cause very different costs in relation to 
the effect, measured by the capacity of the retention room. Advice is given on how to create projects 
with low costs and high efficiency. It also shows the land acquisition in Germany. The project 
management and its efforts during the planning and the implementation phase of projects are 
described. 

 

Keywords: implementation of retention rooms at the river Rhine, project management in the 
planning and building phase, costs and efficiency of projects, engineering of hydraulic 
projects. 

1. INTRODUCTION AND STRATEGY 

The river Rhine ist the biggest and longest river in Western Europe. It drains water from 
Switzerland, Austria, Germany, France, Luxembourg, Belgium and the Netherlands to the 
Northsea. 

The building of water power plants with locks and weirs by the Federal Republic of 
Germany and the Republic of France at the Upper Rhine in the years 1950 - 1977 induced 
a loss of about 130 sq.km of natural retention area. As a negative effect of these 
construction measures the frequency of flooding disasters along the River Rhine increased. 
As a consequence Germany und France decided in agreements of 1969 and 1982 to build 
at least 290 million m³ of flood water retention space in Germany and France. More than 
25 projects for controlled and non-controlled retention rooms have to be realised in the 
heavily utilised lowlands of the Rhine. The effect of individual flood water retention 
projects must be seen in the larger context of all flood water retention areas on the Upper 
Rhine. The aim of flood water protection can only be reliably achieved by a co-ordinated 
overall concept. 

In Germany the projects have to be carried out by the federal states (Länder). 
According to the "Administration agreement between the Federal Republic of Germany 
and the Lands of Rhineland Palatinate, Baden-Württemberg and Hessen for the regulation 
of flood water protection on the Upper Rhine" dated 1977 and the amendment agreement 
dated 1989, the Land of Rhineland Palatinate has the obligation for the construction of 
retention rooms with a total volume of a  minimum of 44 million m³ to retain Rhine 
flood water; the concept was later enlarged to 52 million m³. The Land of 
Baden-Württemberg will install retention room of about 170 million m³.  



The International Commission for the Protection of the Rhine integrated the 
retention-projects into its "Action Plan on Flood Defense" which has the aim to reduce the 
floodwater level in the Rhine by approx. 0.70 m and to minimise the risks of damages 
(1500 billion Euro) by approx. 25 %. Overall the retention rooms at the river Rhine will 
cost about 2.4 billion Euro. This sum is part of the total investment of 12.3 billion Euro 
for all measures of the action plan. Other measures are the retention of water in the 
catchment areas and the technical high water protection, such as building of dikes. The 
program covers the period until the year 2020. 

The European Union supports most of the projects by the allocation of European 
funding for example from the IRMA program in the years 1997 - 2002. 

Meanwhile some projects have finished. Other projects are still in the implementation 
phase while the planning phase for the last projects has just started.  

We present three German projects: The dike relocation Worms-Buergerweide which is 
completed and  the controlled retention rooms (polders) Soellingen (implementation 
phase) and Ingelheim (planning phase). The dike relocation areas are flooded with the 
rising water level even if smaller floods flow down the river. Polders are flooded 
coordinated by the use of inlet-buildings to provide effective protection during flood 
peaks. 

2. DIKE RELOCATION WORMS-BUERGERWEIDE 

The dike relocation in Worms-Buergerweide is situated in the Land of Rhineland 
Palatinate at Rhine-km 441. The main Rhine-dike has been opened over a distance of 
1,200 m, and has been replaced by a relocated dike line set backwards away from the river 
over a length of approximately 3,000 m. In this way, an area of 68 hectares has been 
gained as flooding area. The maximum retention capacity amounts to approx. 2,000,000 
m³, annually 200 years. 

 

 
1. The river Rhine     6. New bed for the Altbach 
2. Main Rhine dike, to be opened  7. Amphibian pool 
3. Retention room     8. Afforestation of fen woodland 
4. New relocated dike    9. Friedrichs-road 
5. New Altbach pumping station   10. Highway B9 

Fig. 1  Site plan dike relocation Worms-Buergerweide 
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The dike relocation works as an uncontrolled retention area. It is already effective in 
the case of minor flooding with a return period of 2 to 5 years and therefore provides 
relief to many local residents, e.g. in the Central Rhine area. When the retention space is 
fully flooded, the water will be up to 3 m deep for a duration of a maximum of 10 days. 
Evacuation of the water takes place naturally when the flood recedes.  

The project is subdivided into several construction phases. The main measure consist of 
the construction of the dike, as well as the sealing of the subsoil in areas with inferior caps. 
A new water drawing system makes it possible to lead the Altbach-stream through the 
new flood area. The bed of the stream will be laid in such a way that it can develop 
naturally without obstacles or curtailments. 

Flood protection also means protection, cultivation and development of nature and 
landscape. The adaptation to the natural flood regime of the Rhine resulting from the 
relocation of the dike leads to the natural development of biotope structures typical for 
fenland. In addition the project benefits the entire nature of the effected area.  A wide 
range of new habitats for animals and plants has been created such as fen woodland, 
meadows and water areas, which even enrich the origin beauty of the landscape and 
enhance the value of the Buergerweide. In total, the Buergerweide undergoes a substantial 
ecological upgrading. 

Our engineering office had to manage the project by co-ordinating all consultants, 
planners and contractors. Planning began in 1996 and building started in 1998. The 
project has been ready for operation since November, 2001. The first flooding of the area 
happened during the spring high water (every 3 -- 5 years) in March 2002. Approximately 
1,000,000 m³ water reached the retention space and the high water in the Rhine could be 
reduced. A noticeable reduction of smaller high waters will be reached if more dike 
relocations at the Rhine will be finished. 

The overall costs of the project amount to 8,000,000 Euro including the land 
acquisition, the engineering and the construction. 

3. POLDER SOELLINGEN 

The controlled retention room of Soellingen is situated in the Land of Baden-Württemberg 
at Rhine-km 317 – 330. It is located along the big dams of the power plant Iffezheim. The 
water level of the Rhine is raised through the dams by about 10 m, with negative effects 
for the water management and the ground water in the region.  
 

 
 

Fig. 2  Site plan polder Soellingen. Left side: inlet-buildings; right side: power plant Iffezheim 
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In case of bigger floods (every > 20 years) a part of the flow up to max. 450 m³ per 
second will be diverted to the retention room passing 4 inlet-buildings, which will be 
opened controlled by a co-ordinated management for the Rhine. Due to the narrow and 
long shape of the polder it will be subdivided into four sub-structures arranged like 
terraced basins with nearly 12,000,000 m³ of flooding space. 

Planning began in 1994 when the final decision after the regional development 
planning process had been taken. In 1999 the project has been split up into 13 construction 
stages. Meanwhile 8 stages are in the implementation phase while the other stages are 
prepared for construction. Our office prepared the construction and since 2001, it also 
carried out the site management in one of the building stages. The works consisted of two 
outlet-buildings with integrated weirs for 190 m³ per second, the modification of a 
channel and the building of a new dike. 

The project needs an area of 540 hectares (5,4 km²) and costs 55,000,000 Euros. In 
relationship to other polders, the measure is very expensive because of the length of the 
relocated new dike lines and of the high number of measures for water management 
parallel to the river Rhine. A further factor is necessity of technical buildings such as 
inlet- and outlet-buildings, bridges, channels and weirs. 

4. POLDER INGELHEIM 

The controlled retention room of Ingelheim is situated in the Land of Rhineland Palatinate 
at Rhine-km 517.  The polder will have a volume of approximately 4,500,000 m³ and an 
extension of 140 hectares. It is placed within an agricultural area. Planning of the project 
has begun in autumn 2001. It will have a major impact on the future use of the area.  

 
  

Fig. 3  Polder Ingelheim in the agricultural region between the Rhine and highway A60 

In the course of the co-ordination process between water management, agriculture and 
land conservation, various solutions were discussed within the framework of round tables 
as well as various target group meetings, bilateral agreements and site visits. The chosen 
approach was determined by the objective to achieve an integrated, sustainable 
development of the whole riverside area. Although, the design of the future polder should 
include ecological flood areas, the primary aim must be to provide effective protection 
during flood peaks. 
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Agricultural must be limited in order to achieve a usage compatible with the purpose of 
the retainment area. The details will still be elaborated. They will mainly involve land 
cultivation and provision of green areas. As proposed in the concluding decision of the 
regional development planning process, this concept will be implemented in such a way as 
to balance the land cultivation disadvantages and to facilitate the necessary land 
exchanges within the framework of land reallocation procedures. The whole riverside area 
of the Rhine will be included in these procedures.  

Land cultivation will reflect this approach when the procedures take account of the 
requirements of biotope integrity in particular through the upgrading or the provision of  
new surfaces in the lowland areas 

The project mainly consists of one big combined inlet- and outlet-building integrated in 
the Rhine dike, two new dikes and several measures in the landscape. Three weirs with a 
maximum capacity of 140 m³ per second are integrated in the inlet-building and similar to 
the polder Soellingen they will be part of a co-ordinated overall concept for the Rhine 
(annually > 5 years).  

 

 
 

1.The river Rhine  2. Main Rhine dike  3. Inlet-building with 3 weirs  4. Retention room  

Fig. 4  Inlet- and outlet-building polder Ingelheim 

The costs for the project are 8,000,000 Euros including the land acquisition, the 
engineering and the construction costs for the technical buildings. These costs are 
comparatively low in view of the dimension of the retention room. As a result of the site 
conditions, the area has flat surface, which rises towards the south. Only two dikes leading 
in a 90 degree angle from the main Rhine dike to the south are necessary to enclose the 
polder. The southern border of the polder does not need a dike which reduces the costs of 
the project. 

Two factors may increase the costs: the protection of a part of the city of Ingelheim and 
a landfill against ground water influence. Further measures necessary to avoid any 
damage will have to be decided in subsequent planning-steps. 

Our engineering office is working for the water management authority of the Land of 
Rhineland Palatinate. It designed the concept for the polder. Now it has the duty to 

 826



manage the project by co-ordinating all consultants and planners and is thus responsible 
for the time schedule, costs of the measure as well as the quality of the engineering works.  

5. COMPARISON OF COSTS 

The costs for all the three projects shown are mentioned in the text. They are including the 
land acquisition, the engineering and the construction costs for the technical buildings. 

 
No. Retention room Volume (m³) Costs overall (Euro) Specific costs (Euro/m³) 
(1) Worms-Buergerweide   2,000,000   8,000,000   4.00 
(2) Polder Soellingen 12,000,000 55,000,000   4.58 
(3) Polder Ingelheim   4,500,000   8,000,000   1.78 

 
Fig. 5  Table of costs 

The specific costs of comparable retention rooms in the Land of Rhineland Palatinate 
are: 1,50 – 2,00 Euros/m³ (4 polders) and 3,00 – 4,00 Euros/m³ (3 polders). 

So the dike relocation Worms-Buergerweide and the polder Soellingen are relatively 
expensive projects. They are situated in the heavily utilised lowlands of the river Rhine 
and cause many measures of siteadaption. Further reasons for the high cost-level are: 

Worms-Buergerweide: The pumping station and the bed for the Altbach-stream costed 
approx. 1.2 Mio Euros and the measures for landscape, animals and plants costed approx. 
1.1 Mio Euros, an extraordinary high asset. Unexpected measures such as the sanitation of 
soil contaminations and ground water drainage took approx. 400,000 Euros. 

Polder Soellingen: The high costs are caused by the long relocated new dike lines, a lot 
of measures for water management and technical buildings such as inlet- and 
outlet-buildings, bridges, channels and weirs. 

The polder Ingelheim is ranging on a low cost-level because of the positive site 
conditions (see chapter 4). 

6. LAND ACQUISITION 

The implementation of a retention room presupposes the acquisition of land, where dikes 
and buildings are erected or where ecologic flooding will be done every year. Also areas 
which are needed for the ecological compensation have to be bought by the water 
management authority. In general the land is in private property and it is mostly used 
agriculturally. Within the framework of land regulation procedures the necessary land 
exchanges are facilitated. In some cases the water management authority buys land in 
other regions and exchanges it for farmland lying within the retention area. In other cases 
the farmers sell their land directly to the authority to make the implementation of a polder 
possible. 

If the owners refuse to sell land needed for a project, the state may  initiate  a 
procedure of dispossession, a long procedure which should be avoided. 

Polders are flooded in intervals of statistically 5 – 20 years. So a part of the agricultural 
area may be cultivated furthermore - if the retention space has been flooded, the farmers 
have a claim for compensation, paid by the water management authority. 

7. PROJECT MANAGEMENT 

The first design, the planning, tendering and the implementation of projects as polders or 
dike relocations are very complex procedures. In the planning phase there is a need of 
many specialized consultants and planners, such as engineers for water management and 
experts for ecological planning, geology, hydrogeology, hydraulics, land surveying, 
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agricultural planning and climatology. In addition to this, in the implementation phase the 
contractors are to be co-ordinated. 

Co-ordination is necessary with many institutions and persons concerned, such as local 
authorities, municipal authorities, administration, politicians, farmers or inhabitants. 
Technical questions and questions of building or ecolocial regulations have to be 
co-ordinated with several administrative bodies. 

The project management is a big task for the water management authority and it has 
become a rule to delegate the co-ordination to a consulting engineer. 
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Abstract: In this paper the whole processes of flood defence for the catastrophic flood event that 
occurred in July 1995 in Liaoning Province, China is analyzed. A scientific regulation of large-sized 
reservoirs, especially the successful real-time forecast for the Dahuofang Reservoir was conducted. 
This paper summarizes the characteristics of flood events occurred in July 1995in different regions 
of Liaoning Province and raises the countermeasures for floods in various river catchments. 

The catastrophic flood event “95.7” in Liaoning province, China 

Yuzhen Liu 
Liaoning Provincial Institute of Water Resource and Hydroelectric Research 
 

Shiying Cheng, Xiang Yu 
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Starting from the last ten-day period of July through the middle ten-day period of August in 1995, 
heavy rains and storms happened in most parts of Liaoning Province, especially cloudbursts and 
extraordinary storms occur in the middle and east part of Liaoning Province. Because of the 
abruptness of the heavy stormscharacterized by the high intensity, large scope and long duration, the 
river floods in the Liaohe, Hunhe, Taizi and Yalu Rivers raised rapidly. In the Hunhe River the 
maximum occured flood in history. In the Yalu River occured the first big flood occurs since the 
founding of PRC. In the downstream of the Liaohe River the third big floods occured next to that in 
1951 and 1953. Namely the heavy storms resulted in the flood and waterlogging disasters scarcely 
seen in history in the catchments of these rivers. 

During the flood , under the guidance of the state Headquarters of Flood Defence and Combat 
Against Drought, and the related agencies and with the strong support from the People’s 
Deliberation Army and the Armed Police, the provincial administration mobilized and organized all 
the people to devote into the struggle against the flood which lasted over twenty days and nights, 
finally won five battles of upper the Liaohe River, the Hunhe River, the middle and lowe Liaohe 
River, the Yalujiang River, and storm drainage in the middle region, resulted in a decisive victory i.e. 
nonexclusive in more than 900 reservoirs, none of the 60 and more cities suffered from inundation, 
none of big rivers within the designed standard suffered from bank breaks, and the losses in the 
submerged farmland diminished to the minimum. 

 
1. THE CLIMATICAL AND PRECIPITATION CHARACTERISTICS OF THE 

CATASTROPHIC FLOOD EVENT “95.7” IN LIAONING PROVINCE 

1.1 The Characteristics of the Atmospheric Circulation 
During the last ten-day period of July to the middle ten-day period of August 1995, 
affected by the “El Nino” phenomena, the heat condition of the ocean surface layer in the 
West Pacific Ocean excerted abnormal influence on the East Asia circulation and relevent 
climate. The horse-latitudes high subtropical anticyclone moved evidently northward with 
strong potential and finally kept motionless. Its rear part with strong southwestward wet 
and warm air flow met the southward moving cold eddy air flow from the Oz Baikal. Both 
air flows stood facing each other in Liaoning and Jilin Provinces and formed a strong 
secondary front region. In the ground surface, these two sides form a quasi-stable front of 
low-pressure inverse trough under the combined action; in most parts of Liaoning 



 

Province storms occurred; especially in the middle and east part of Liaoning Province a 
heavy storms, even extraordinary heavy storms happened. 

1.2 Cause Analysis of Storms in the Flood Season  
Affected by the abnormal climate the average annual precipitation of 14 cities in 1995 was 
827.6 mm, 19% higher than the normal annual precipitation. The mean precipitation index 
of the whole province is 22, ranked the fourth one, next to 35 in 1985, 39 in 1984 and 29 
in 1953. The areas of maximum precipitation were located at the east part of Fushun, east 
part of Benxi and Panjin Prefectures, compared with the historical records of 624, 582 and 
543 mm in the above-mentioned areas respectively, the new records were as high as twice 
of them. The raining days over the whole Province in June to August were 82 days, and 
those in July and August reached 57 days with the mean precipitations of 508 mm, which 
was 143.1% of the mean value of the same time period. The rainfalls in different rivers are 
listed in Table 1. 
 

Table 1  Precipitations in various watersheds and different time periods 

Watershed 
Precipitation in 

June to Sept. 
Percentage of the 
mean annual (%) 

Precipitation in
July and August

Percentage of the 
mean annual (%) 

Liaohe river  627.5 mm 137.2 458.4mm 151.3 
Hunhe river 675.0 mm 161.8 639.0mm 176.1 
Taizi river 766.0 mm 137.2 572/8mm 147.8 
Yalu River 1039.0 mm 131.9 802.5 mm 138.8 

 
In the flood season of 1995, there were 7 heavy storms in Liaoning Province, among 

which 3 storms occurring in the period of July 20 to August 20 were the main heavy 
storms causing serious damages. The cyclonic storm from 24 July to 26 July moving from 
Shanhaiguan entered Liaoning Province. The centroid of the storm as located between the 
east side of Yiwulu mountain and the west side of Raoyang river, it showed as a long but 
narrow belt extending from north to south. The distribution of rainfall in all the province 
was relatively uniform, the areas of rainfall of 100 mm – 150 mm covered more than two 
thirds of the province. This large scope of rainfall, did not induced any disaster, despite 
that the peak flow of 1500 m3/s occurred in the Liugu Rivers at west Liaoning Province, 
yet the water content of soil province-wide raised up. Particularly, water content of soil in 
the eastern and northern regions was closed to the saturation status, causing a most 
unfavorable condition at the earlier stage of the flood season. 

During the period from 28 to 30 July in the Liaohe, Hunhe and Taizi Rivers in the 
northern and eastern regions of Liaoning Province, an extraordinary storm occurred, one 
centroid of the storm was found in the upstream of Qinhe River, the other centroid was 
found in the upstream of Hunhe and Taizi Rivers. The 3-day rainfall as 300-500 mm. The 
500 mm rainfall area covered 500 km2, the 400 mm rainfall area covered 2,200 km2, and 
the 300 mm rainfall area covered 5,630 km2. The Xiafeidi, Zenjiatun, Yinchang rainfall 
stations within the area of centroid of the storm in the Qinhe Pretecture recorded a 7-day 
rainfall of 250-450 mm, with a recurrence of once in 100 year to once in 1000 year. The 
Tongzhuangze, Aoniu, Jiubin rainfall stations collected data of maximum. 1-day, 3-day, 
and 7-day precipitations of 400 – 600 mm with a recurrence of once in 2000 years to once 
in 5000 years. The Waitoushan, Hailang rainfall stations collected data of maximum. 
1-day, 3-day and 7-day precipitations of 300 mm – 500 mm with a recurrence of once in 
1000 years to once in 5000 years. 

During the period from 6 to 8 August, in Dandong prefecture, a medium storm fell first, 
then turned to a heavy storm amounted to 100 mm – 200 mm; the rainfall measured at the 
centroid of storm at Baotang and Beishiping stations recorded 200 mm – 450 mm, with a 
recurrence of once in 300 years – to once in 1000 years. 
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2. SCIENTIFIC REGULATION OF LARGE RESERVOIRS A MEASURE TO 
ALLEVIATE EFFECTIVELY FLOOD DISASTERS 

Up to 1995, 255 reservoirs were built on the Liaohe, Hunhe and Taizi Rivers, among 
which were 9 large reservoirs, 25 medium-sized reservoirs, and 221 small-sized reservoirs.  
These reservoirs play evident functions in flood defence, water supply for cities, power 
generation and fishery. Especially they showed gigantic functions in the “95.7” flood 
event. 

2.1 Proper Management for Flood Defence by the Qinghe and Chaihe Reservoirs  
During the time period from the last ten-day period of July to the first ten-day period of 
August affected by the heavy rainfall and storm, the first peak flow of 2,810 m3/s 
appeared on 29 July at the Tielin hydrometric station on the Liaohe river, meantime at the 
entrance station of the Qinghe reservoir, Baheshu and Wangzhuan gauging station 
recorded the highest pool level, Which surpassed the flood control pool level for 5.93 m 
and the water flow entering the reservoir was 5,330 m3/s, with a recurrence of once in 100 
years. At Chaihe station, the entrance hydrometric station of the Chaihe reservoir, there 
also appeared a peak flood of 2,870 m3/s and pool level the exceeded the flood control 
pool level for 8.1 m. In order to ensure the safety of the dams and the safety of the 
downstream cities and rural areas, Scientific regulation was performed in these two 
reservoirs by increasing properly the releasing water flow, with a maximum. Outflowing 
discharge of 2,210 m3/s and 772 m3/s respectively, which were 42% and 21% of the 
incoming peak discharges respectively. Thus the peak flow in the Liaohe River reduced to 
4,950 m3/s. According to the analysis, if no scientific regulation was arranged, the peak 
flow at the Tielins hydrometric station would be as high as 7,670 m3/s, which was much 
greater than the standard flood control discharge (5,500 m3/s). Under the effective control 
of the Qinghe reservoir, Chaihe reservoir and Zhenzhilin reservoir, no dike break occurred 
in the middle and lower reaches of the Liaohe River. 

2.2 Regulation for flood defence in the Dahuofang Reservoir 
Attacked by the extraordinary storm occurred in the last ten-day period July to the 
beginning of August, a big flood large than the flood in 1888 happened in the Hunhe river 
catchment, which was the historical maximum known flood. Owing to the storage and 
regulation function of the Dahuofang Reservoir, the outflow from the reservoir was under 
effective control, so the cities of Shenyang city and Fushun city were safeguarded. The 
average rainfall during the period from 24 to 30 July was 344.2 mm. Especially the 
extraordinary storm during the period from 28 to 30 July was 243.5mm. The centroid of 
storm was located at the upstream area of the Dahuofang Reservoir and the Dongzhou 
River watershed, a tributary where the average precipitation was 356.6 mm. 

Consequently, on 27 July, the first flood peak appeared in the Dahuofang reservoir. 
Until the beginning of the second storm flood, the reservoir stored a flood volum of 176×
106m3. At that time, the water content of soil over all the drainage area was already 
saturated. Yet the reservoir was still operated in a normalstate of regulation. All these 
factors were extremely unfavorable for regulation of the sooner coming extraordinary 
storm. Up to 29 July 20h. a decision was made not to increase the releasing discharge and 
to keep the outflowing discharge at 437 m3/s for the sake of averting the greater flood due 
to the superposition of natural flood event. Even so there appeared a peak flow of 4210 
m3/s, with a recurrence of once in 1000 year in the downstream tributary Dongzhou River, 
which led to the inundation of a part of Fushun city. When the flood wave propagated to 
Fushun and Shenyang city, the peak flows at Fushun and at Shenyang hydrometric 
stations were 4,150 m3/s and 4,000 m3/s respectively. Then AT 8pm of 29 July, the flow 
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discharge in Fushun dropped down to 2,600 m3/s while the inflowing discharge of the 
Dahuofang Reservoir was 5,730 m3/s and the pool level at 130.92 m. Based on the 
principle of real time regulation it was decided to stop the above-mentioned operation. At 
2pm of In 30 July a peak flow of 5,330 m3/s appeared at the entrance station. On 12am 30 
July a peak flow of 4,850 m3/s appeared at the tributary confluence to the reservoir. All of 
these were the recorded historic maximum floods. At 12am of 29 July a peak flow of 
3,130 m3/s, occurred in Shehe river. The combination of these floods resulted in a 
maximum incoming flow of 10900 m3/s of the Dahuofang Reservoir. In order to safeguard 
Shenyang and Fushun and also to safeguard the sluice on the Hunhe river, it was decided 
that at zero hour of July 31, the releasing discharge had to be controlled within 5,500 m3/s. 
At 4am of July 31 highest pool level of 136.64 m appeared, which was 0.46m higher than 
the design flood pool level, with a recurrence of once in 1000 year. In At 11am of July 31 
at 11:00, the outflowing discharge was further controlled within 4,500 m3/s, which 
safeguarded Fushun and Shenyang cities. The maximum peak flow at Fushun hydrometric 
station was 6,000 m3/s. Because of the overflowing at the local dyke (built by local 
residents), one could measure only that part flowing in the main channel in Shenyang, it 
was 5,010 m3/s. In the downstream at Jiuchaihe hydrometric station the maximum 
discharge was 4,680 m3/s. 

Since 8am 29 July to 8am 5 August the total flood volume entering the reservoir was 
1,730×106m3, it exceeded 1,640×106m3 the standard of once in 1,000 years. Making use of 
the advanced automatic forecast system, providing informations of precipitation and 
runoff accurately and in time, and based on the real time regulation, the final decision of 
correct countermeasures were made which effectively controlled the releasing discharge. 
At zero hour of July 31 the maximum the outflow discharge was 5,490 m3/s. Thus, the 
Dahuofang Reservoir fully played its function in flood defence and disaster alleviation. 
The proper operation to avert the concentration of peak flows for 12 hours, resulted in the 
reduction of the peak flow for 50%, so to minimize the losses in the downstream. Analysis 
shows, if no storage and regulation were carried out in the Dahuofang Reservoir, then at 
Fushun hydrometric station, the maximum flood peak would be 12,700 m3/s, and at 
Shenyang hydrometric station the flood peak would be 13,100 m3/s, a vast inundated area 
would appear in Fushun and Shenyang cities. 
At the beginning of August, when the flood in the upper basin of Dabuofang reservoir had 
not yet receded, and the reservoir was still operated at high pool level, the gates of the 
Dahuofang reservoir were closed for 72 hours to provide a valuable time period for 
draining the waterlogging areas and repairing the industrial and main enterprises. When 
the flood season was near the last days the gates of the reservoir were closed to store water, 
thus to keep enough water for industrial and agricultural and urban uses in later years. 

2.3 Regulation of floods in Guangyinge and Shenwo reservoirs 
During the flood season in 1995, the precipitation over the Taizi river watershed was 
evidently more than common years. The flood peak was featured by high peak flow with 
large flood volume. In the upstream basin of the Guanyinge reservoir big floods more than 
1,000 m3/s happened 5 times while in the upstream basin of Shenwo reservoir big floods 
more than 1,000 m3/s happened 4 times. In July and August, the total runoff in Guanyinge 
reservoir was 1.728×109m3, and in Shenwo reservoir, 2.155×109m3,both ranked the third 
in historic record. Despite that the Guanyinge reservoir was uncompleted in construction, 
it kept on releasing the water flow of 42 m3/s for power generation and stored a large 
flood volume closed to 800×106m3. Thanks to the function of flood detention and 
lowering peak flow, it offered the possibility for Shenwo Reservoir to reduce its releasing 
outflow for 64%, 2,200 m3/s. Such that the peak flow at Xiaolinzi hydrometric station was 
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2,800 m3/s instead of 5,000 m3/s, also the peak flow measured at Sanchahe hydrometric 
station in the Daliao river was only 6,540 m3/s.  Thus the safety of the lower reaches of 
the Taizi River and the Daliao Rivers were ensured. 
 
3 CHARACTERISTICS OF EXTRAORDINARY FLOODS IN LIAONING 

PROVINCE AND ITS COUNTERMEASURES 

3.1 Characteristics of flood disasters in Liaoning Province 
Liaoning province is located in Northeast China and also along the northwest coast of the 
Pacific Ocean.  It belongs to the continental mansoon climate.  The cold and warm 
weather in different seasons are distinctive; the duration of cold time is rather long, the 
wind in plain areas is strong, the wet weather often appears in the east and dry weather in 
the west. The distribution of precipitation is uneven. So in Liaoning Province climate 
difference in time and in space are evident. From 1961 to 1999, storm occured totally 917 
days, 23.5 day per year on the average. raining day occurred 32 day each(in 1973, 1985 
and 1986),and 15 days and 16 days in 1968 and 1980, respectively. The climatic systems 
affecting local parts or most parts of Liaoning Province are mainly the Yellow River 
cyclones, the cold front of low pressure from Mongolia, typhoons, upper trough with low 
pressure and cyclones over the Yangtze and Huaihe Rivers, etc.  Among which the 
Yellow River cyclones rank the first, accounting for 34.4% of the total; next is the cold 
front of low pressure from Mongolia, 21.3%; typhoon and relevant events 18.3%, 
cyclones over the Yangtze and Huaihe Rivers 11.5%; the upper trough with low pressure 
9.9%; and rest 4.6%.  The extra ordinary storms over large areas are mostly caused by 
the Yellow River cyclones and typhoons, 69% of the total.  The rainfall intensity caused 
by typhoons and relevant events is the maximum, and the disasters are the most severe.  
The extraordinary storms over local areas are mainly caused by the Yellow River cyclones 
and the upper trough with low pressure from Mongolia, 60% of the total.  Cold front 
with low pressure from Mongolia may lead to extraordinary storms over local areas, 86%.  
The upper trough with low pressure nonexclusively leads to extraordinary storms over 
local areas.  Concerning the distribution of storms in Liaoning Province the annual mean 
precipitation increases from 400 mm in the west to 1200 mm in the west.  Most storms 
concentrate in the Yalu river, and the Liaohe, Hunhe , Taizi, Daling and, Xiaoling Rivers 
are the next. Storms vary form year and show periodicity; Senerally speaking, a relatively 
high flood occurs,[ in 11 years or so], corresponding to the sunspot cycle.  Within a year, 
the storms concentrate in June to September; especially from the last ten-day of July to the 
ten-day first period of August; most parts of Liaoning Province is covered by the front of 
cold low pressure trough and the rear part of horse-latitudes high subtropical anticyclones.  
This period is of the most frequent occurrence of extraordinary storms.  For example, 
among the 46 big storms, 43 happened in July-Aug. 

3.2 Countermeasures for protection against flood disasters 
3.2.1 Liaoning Province is located in Northeast China in lack of water resources. When 
the problems of flood control are faced, one has to consider how effectively to regulate 
and store flood water to minimize disaster damages and, on the other hand, how to make 
use of the flood water to solve the problems of drought and lack of water resources which 
have existed for a long time.  In the Dahuofang Reservoir, since 1990, based regulation 
on reservoir weather forecast has been implemented.  So the standard of flood control 
was raised from once in 150 years to once in 300 years.  Meanwhile, additional water 
supply of the river belong the dam 43×106m3 for the lower reaches can be provided.  
Along with the unceasing improvement of the automatic monitoring facilities, the rest 23 
large reservoirs in Liaoning Province will also adopt step by step regulation based on 
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weather forecast and real time regulation. Different pool levels in different time periods in 
the flood season have been adopted consequently, the standard of flood control can be 
raised, and more amount of water resources can be provided for the lower reaches. 

3.2.2 Facing big floods exceeding flood control standards, one has to seek proper 
countermeasures on the basis of fully playing roles of various hydro projects and 
considering the characteristics of floods in various catchment areas to minimize disasters. 
Eastern mountainous regions: There are plentiful precipitation and frequent floods. But 
the river channels in mountainous areas are favorable for the passage of floods. One has to 
pay much attention to urban flood control in Dandong city; meanwhile, one has to 
promote the active cooperation with the Korean side, to effectively manage and regulate 
the outflowing discharges through the Shuifeng hydropower station and Taipingwan 
hydropower station two dams on the border between China and Korea to safeguard the 
downstream Dandong city and Xinyizhou city in Korea. 

Central regions (the catchment of the Liaohe River).  This is the key area of flood 
control in Liaoning Province. The flood in the Liaohe River is caused mainly by the 
precipitation in the tributaries of Qinhe and Chaihe Rivers and other small tributaries.  At 
present, the flood control project is under construction to raise the standard of flood 
control in the downstream areas.  Meanwhile one has to search on countermeasures for 
emergency, i.e. one has to construct flood detention areas on the relatively lows and closed 
hilly areas between Tielin and Xinmin, so that even if a catastrophic flood happens, one 
may put these detention areas into use to effectively safeguard large and medium cities 
and rural villages, to avoid reckless protection of the levee system, what one gains may 
not compensate the caused losses. 

There are numerous large reservoirs on the Hunhe and Taizi Rivers. When the real-time 
regulations of these reservoirs are carried out, one should set up some flood detention 
regions in the lower places between these two rivers to manage the catastrophic floods to 
safeguard the big and medium cities in the downstream central regions, so that the 
submergence of the small flood detention area may get in return the safety of big and 
medium cities and vast areas of rural farmland. 

Western dry region: This region is located in hilly areas.  The gradients of stream 
channels are steep, so the duration of flood passage is short.  These factors are favorable 
for protection.  One has to lead the river toward the downstream side smoothly.  Facing 
the double threats of flood and drought one has to construct numerous small engineering 
projects to store water.  These projects may increase the storage capacity and meanwhile 
raise the regulation capability for flood control. 

In short, one has to seek the emergent countermeasures for various flood events with 
different frequencies.  This is the unique way to fight against different floods, i.e., to 
adopt the corresponding countermeasures for flood control, to give up something and to 
protect some key areas.  These may agree to the natural laws and also agree with the 
actural status of China. 
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1. INTRODUCTION 

 

Flood in Bangladesh is a common phenomenon which occurs almost every year as a normal 
cycle of the season. The physical setting and location of Bangladesh is in such a place that it 
create an ideal situation for flooding every year. Within  a large geologic setting Bangladesh 
constitute a small part. The country is located in a deltaic region formed by deposition of 
alluvia by three main rivers the Ganges the Brahmaputra and the Meghna (GBM) with their 
numerous tributaries and distributaries. The surface gradient is extremely low from 
northwards to the sea, so much so that the general idea of absolute flatness seems to be true. 
The average height of the alluvial plane is less than 10 metres above the sea level and the 
seaward slope is very gentle being less than 9 cm. per kilometre (Rashid, 1977). Over 60% 
of the country is flood prone. Moreover Bangladesh has a tropical monsoon climate 
characterized by heavy rain form one thousand to four thousand mm per annuam. At the 
same time, the Southwest monsoon wind raises the mean tide levels in the Bay of Bengal 
reduce water discharge capacity of the Meghna estuary (Elahi, 1992). As a result of the said 
topography and the very locational limitation, 30 to 35 percent of the country is flooded 
normally every year by over flowing main rivers during monsoon i.e. June-September 
(Ahmad, 2001). Therefore, normal flood can be said as a part of the overall hydrodynamic 
process active in the whole region (Khalequzzaman, 1994). 

These normal floods have some positive contribution for providing vital moisture and 
fertility to the soil through the alluvial silt deposition (UNEP, 2001). But severe floods 
which occurred occasionally are considered as disastrous like floods of 1974, 1987, 1988 
and 1998 (Ali, 2001). Among these the 1998 flood was most disastrous in recent memory. It 
surpassed all previous records in terms of duration and inundation (Hussain, 1999). 
Occurring from July to mid September water at one point inundated 66 percent land surface 
of the country (Khan, 2000). The 1998 flood brought in untold suffering to millions of 
people, death, disease and hunger, damaged standing crops, fish including flora and fauna. 
Such was the impact of 1998 flood, possibly the country's worst ever. Extensive flooding of 
1998 was linked with the flows of the three main river systems the 
Genges-Brahmaputra-Meghna (Nishat, 2000). Of the three first two passes along Northern 
Bangladesh. 

 
2. OBJECTIVE 

People are well adjusted with normal flood in Bangladesh. With the recession of flood 
water most people go back to their normal life. It is only problematic when abnormal 



 

disastrous floods visit the country. After such floods (like 1988, 1998) millions of people 
had  to struggle to make up their losses. Some probably would never be able to recover fully 
(Islam, 1998). Despite the various effort to flood control through different programme like 
Flood Action Plan (FAP), losses from devastating floods continue. At least one reason of 
the massive loss from high magnitude flood may be attributed to land settlement  within 
river basin, on charland and at the bank and cultivate of lands within flood plains taking the 
risk of danger (Fielding, 1974). These are marginal environments for human occupancy and 
farming and thus highly vulnerable to floods. From the above viewpoint the present paper is 
an attempt to asses flood damage and defence in reference to particular flood of 1998  in 
selected areas of northern Bangladesh. In order to  achieve this goal following specific 
objectives have been considered: 

⇒ Firstly  to assess flood damage at National Level; 
⇒ Secondly to examine the nature and extent of flood damage at family level  and  
⇒ to identify effective flood defence mechanism and sustainable flood control 
system. 
 

3. METHODOLOGY 

The present study is based on both primary and secondary sources of information. Detailed 
field works were undertaken in severely affected four different areas of Northern 
Bangladesh  namely, Chapi Nawabganj, Rajshahi, Gaibandha and Sirajganj. Of these, first 
two lies on the Ganges flood plain and remaining two lies on the Brahmaputra flood plain. 
Respective District Commissioner offices were visited especially to collect the information 
on population displacement and post-flood Relief and Rehabilitation programme. Data on 
flood damage at family level were collected through group interview of the affected 
villagers and field observation. Besides these, extensive use of secondary materials like 
reports, articles, books were made. Simple statistical methods and some GIS techniques 
were also followed to analyse and mapping the collected data and information. 
 

 
Fig. 1  Plausible Causes of 1998 Flood 
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As mentioned earlier, normal floods visit Bangladesh almost every year for which some 
common causes one responsible. With the common causes some especial causes and 
situation bring low frequency devastating floods. The worst ever flood of 1998 is thought to 
be the synchronisation of several common and special causes, which may be listed as 
below: 

Extensive rainfall: Extensive rainfall occurred in the month of July and August within 
the country and upper catchment area of the major rivers, including Himalayas and Garo 
hills. Heavy downpours during this period were 33 percent higher than the long term 
average (Wahra, 1999). The cause of heavy monsoon rainfall in 1998 is not clearly known. 
Generally it is assumed that due to some climatic change, like, green house effect, effects of 
El-Nino and La-Nina, deforestation in Nepal and the  Himalayan region caused heavy 
rainfall. Heavy rainfall and huge surface runoff due to Global Warming and snow melting 
in the Himalayas synchronized with peak flow of the main rivers made the country 
vulnerable to flooding in this year (UNEP, 2001). 

Sedimentation: Sedimentation is another problem hampring regular water flow through 
Bangladesh rivers. The river sediments are subjected to soil erosion, velocity of flow (River 
current), and the size of the total catchments area. Only 7 percent of the total catchments 
area of the GBM river system falls within the territory of Bangladesh (Brammer, 1990). The 
rivers of Bangladesh carry a huge amount of sediments, nearly  2.4 billion m. tons/year. 
Most of these sediments are washed down from highlands outside Bangladesh territory and 
deposited within Bangladesh, which in turn aggrade river beds and form chars (Islands) and 
cause river congestion. Further more, ploughing river banks in Bangladesh and 
deforestation in the upstream region are assumed to lead to accelerated soil erosion. Which 
ultimately enhance siltation process and reduce water carrying capacity of the rivers and 
help them to over flow their banks. This situation combined with other factors is another 
cause of catastrophic flood of Bangladesh in 1998. 

Sea Level Rise: It has been observed in Bangladesh, that climate change and Sea Level 
Rise (SLR) in Bay of Bengal resulting in more flood inundations in recent time. Any rise of 
sea level in Bay of Bengal reduces the gradient of river flow in general. Along with the 
normal sea level rise this year southwest monsoon wind and solar eclipse raising the tide 
levels in the Bay of Bengal coincided with the high flood periods, tended to retard the 
outflow of water into the sea through the Meghna estuary and prolonged the flood duration 
in the country. The rise of tidal level was measured by Flood Forecasting and Warming 
centre (FFWC) on 10th September, 1998 was 5.52 metres above the Sea level. This was 
further aggravated by the effect of full moon. 

Earthquakes: It is controversial how earthquakes can be a cause of flood. Still many 
authors identify earthquakes in the Bay of Bengal as one of the reasons for devastating flood 
in 1998. However, earthquakes cause tectonic anomaly in the  Himalayan region and the 
Bay of Bengal. The northwestern Bangladesh lies within an earthquakes zone. Since long 
neotectonic activities are changing the surface drainage pattern of this region. With this 
change watershed area has also increased which may be a reason for recurring and 
prolonged floods (Khalequzzaman, 1994). 

Development Works: Unplanned construction of roads, bridges and other infrastructure 
development like rural road development by various NGO's without adequate drainage 
facilities and damming of rivers all resist flood water recession. As a result flood duration 
and areal extent of flood did increase considerably in 1998. 

Land Elevation: As long term effect, land elevation is relatively decreasing in terms of 
sea rise. Due to neotectonic activities subsidence of Bengal Basin and compaction of 
sediments  is also undergoing. On the other hand surface soil erosion reduces land elevation 
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of flood plain areas of Bangladesh and thus increase flood intensity and flood inundation 
(Khalequzzaman, 1994).  

Concurrent floods: Finally, in this year concurrent floods in the upper ripariar countries 
like, Nepal, India and China extended flood time from July 12 to September 14, with 
duration of 65 days, longest time in the known history. 
 

 
 

Fig. 2  Flood Damage 
 
Assessing total flood damage at national level is a difficult task because of many factors. 

All damages can not be measured in terms of monetary value. Loss of family member, 
postponement of all social functions and visits are the examples. Many sectors affected and 
damaged by the flood cannot be identified immediately. Suffering of educational sector, 
transport services, spread of water-borne disease and imbalances in grain market continue 
for a long time, and losses in these sectors increase with time. After flood, grain market is 
always affected due to huge public stocks by big merchants, government distribution of 
food grains, and large scale food aid  for flood relief and rehabilitation (Ninno, 2001). As a 
result market price run below the actual production cost. Further more, damage at family 
level is never considered seriously. 

Flood damage at National level is seen horizontally in different sectors of the economy 
along with human suffering and environmental imbalance. Human suffering is the worst 
side of the flood damage. Nearly six millions people of Northern Bangladesh were 
displaced during the flood of 1998. More than one million houses were damaged of which 
62 percent were completely destroyed and rest were partially damaged. Damage of house is 
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very high because most of the people are poor and cannot take any effort to buy high land 
for their dwellings. Many select and illegally occupy Khash land free of cost along the river 
banks and even in charland  within the river bed. These are marginal environments for 
human occupancy and thus highly vulnerable to floods and river bank erossion. Further 
more, houses of poor people in Northern Bangladesh is made of mud plinth and wall, with 
thatched roof which are highly susceptible to water. Any waterlogging for a few days 
causes these houses collapse. 

During 1998 flood, tremendous loss and damage to the physical and social infrastructure 
like road, rail, bridge, culvert, embankment, educational and government institutions were 
most common throughout the country. Especially in Northern Bangladesh road network, 
ferry ghats, markets, growth centres, and urban water supply were damaged significantly.  
As a result of the  disrupted transport link many places of Northern Bangladesh remained 
isoloted during the flood period. Relief materials could not be  reached and affected people 
also could not move out. There was a huge crisis of safe drinking water during the flood due 
to submerged of pump house and hand tubewell both in rural and urban areas of Northern 
Bangladesh. In many cases  people having no option had to drink contaminated water and 
suffered from water borne diseases. Among the structural damage educational institutions 
are most severely affected. Along with the physical damage of the educational institutions, 
losses of academic days, teaching aids, dislocation of students, teachers and staff further 
aggravated the normal education program. 

The loss of standing crops mainly Aus rice and vegetable (vadoi season), livestock, 
poultry, fish and nursery plants have also been enormous. More than 1.5 million hectare of 
crops were damaged. The flooding caused losses of all major crops and affected production 
throughout the 1998-99 year. In the same year national deficit of rice was esteemed by the 
FAO to be 3.5 million tons (Khan, 2000). In a surveyed area single nursery house of Chapai 
Nawabganj lost 88 percent of their nursery plant of 34 variety amounting to taka more than 
one million equivalent to US $ 18,814. The allied fields of agriculture i.e. livestock and 
fishing have also suffered with great  losses. Huge number of poultry and cattle death and 
over flown of fish ponds further bound the poor farmer and traders in to more credit with 
different organization. 

In Northern Bangladesh most of the Industries are small and medium size and agro based 
in nature. These industries suffered losses from close down of production due to inundation 
and structural damage, shortage of raw materials, problems in machineries with contact of 
flood water, interrupted power supply, and over all inadequate transport linkage. Industries 
out side the flooded area also suffered losses, due to linkage effects of the flood. Combined 
effect of all these losses ultimately hampered local, national and international trade 
immensely.  

Environmental degradation is another harmfull effect of flood in general. 1998 flood was 
no exception from this, water pollution by overflown of sewage during flood cannot be 
prevented. The intensity of water pollution further increased with mixing of industrial waste 
and toxic chemicals. Drinking and use of this polluted water has been the main cause of 
dairrhoeal and other water borne diseases. The polluted flood water also posed health 
hazards to the willdlife and destroyed vegetation. Many plants, hearbs and shrubs are 
vulnerable to submerged conditions which caused, oxygen deficiency, pH imbalance for 
plants, and uprooting by flood water flow. Prolonged flood of 1998 also forced many 
wildlife to migrate and death due to shortage of food. 

Very little is known about flood damage at family level. Each family suffered on their 
own way. It is also difficult to generalize the problems of all flood affected families. Due to 
observance of privacy and related social problems many people could not move to the mass 
shelter or relief camps. Either they took shelter with their relations or on the roadside and on 
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embankment. In such shelter all families faced security problems of theft of their 
belongings and especially harassment of young girls by bad elements. Only higher income 
group could rent alternative accommodation. Poor people of the rural areas also faced  
problems of shifting with their livestock and other belonging whatever they have. In the 
next step displaced poor family suffered with shortage of food fuel and safe drinking water. 
They had to reduce their meals once in a day and the supplied food was of law quality 
(Hussain, 1999). This resulted to malnutrition  and ultimately morbidity and mortality. 
Further any death due to direct flood hit led to the immense  loss of respective family. In 
lower income groups malnutrition and ill health led to decreased earning ability. Moreover, 
labour demand also decreased due to dislocation and inundation of work place as well as 
closer of development work during and immediately after the flood period. As a 
consequence many poor people had to make several adjustments (including sell of their 
property and took loan) in response to their income and expenditure to regain  their previous 
position.  
 
4. FLOOD DEFENCE 

Flood defence is a two fold mechanism, firstly, coping with floods, and secondly, to reduce 
flood damage at different stages. It includes both structural and non-structural measures. 
Among the structural measures dams, embankments, sluice gates, river dredging etc are 
important. Since long FCDI (Flood control, drainageed and irrigation) projects are working 
in this country to redress the flood problems. Despite few benefits FCDI project, also creat 
some other new social and economic problems, such as, social conflicts between various 
groups both inside and outside the project areas, delayed in flood water recession reducing 
Rabi crops yield, and reduction of capture fishery. There are as many as 350 local FCDI 
projects in the country, but their ineffectiveness have been proved many times during the 
abnormal flood of 1987, 1988, 1998 and  2000. Because of their size and command area 
these projects could not protect abnormal flood. Therefore, flood defence should not be 
viewed as a local problems alone, rather an international one (Elahi, 1992). The damage 
caused by the floods of 1987 and 1988 facilitated the formation of a Flood Action Plane 
(FAP) in 1989 with assistance of the World Bank and other foreign aid and technical 
cooperation  with a view to devise a suitable structural technique to protect flood prone 
areas from flood effects (Nizamuddin 2001). All these big projects have outlined a plan to 
compartmentalize the whole flood plain to regulate flood water by intakes from rivers and 
oftake through the drains (Khalequzzaman, 1994). Many hydrologists, scientists and 
experts of our country and outside differed with this view. They felt that huge structural 
interventions might adversely affect the landscape, people's readjustment, environment and 
will bring   huge  loss of agricultural land. Furthermore, continuous maintaining of such 
huge embankments and dams are simply an impossible task for a poor country like 
Bangladesh (Khalequzzaman, 1994; Nizamuddin, 2001). The experience from Northern 
Bangladesh suggested that non- structural measures to flood control and mitigation are 
more viable. Continuous dredging of the rivers and channels to increase the water carrying 
capacity of the basin and land elevation through dispersion of the dredged sediments. 
Precautionary measures should also take to prevent soil erosion and draining out to the 
channels by run off from unwise tilling practices within watershed areas.  

Since the time immemorial people of Bangladesh are familiar with indigenous flood 
defence mechanism. By practicing indigenous methods each year they do save their live and 
properties. With the government and institutional help flood damage and loss can further be 
reduced. Government should warn the people beforehand about the flood. Flood forecasting 
may further be improved with more accuracy by using satellite technology (Sparkle) and 
co-operation with neighbouring countries, Nepal, China and India. 

 840



 

For settlement planning floodplain zoning according to vulnerability is a must. Low lying 
flood prone areas should not be allowed for any settlement. In the light of past experience 
land use pattern should be changed in order to minimize flood damage.  In the flood prone 
areas both house building techniques and materials, like easily replaceable and disbandment, 
durable and  water proof materials and raised platform (locally called machans) may be 
used. During 1998 flood Machans were used most commonly to adjust with flood in 
Northern Bangladesh. 

Agricultural adjustment vary depending on the nature of flooding and crops. During the 
harvesting time storing of food grain are most troublesome job for flood affected people. 
Flood affected people are forced to early harvest their crops in groups on voluntary basis. 
Selection of crops like deep water Aman variety is also a part of the adjustment. Because 
this variety can grow at the rate of 6 inches perday with flood water (Baquee, 1997). 

Finally, there should be a strong committee to maintain the law and order in the relief 
camps, ensure supplies of emergency medicine, food and fuel. Properly distribution of 
relief materials should also be  supervised  by this committee. 
 
5. CONCLUSIONS 

Floods in Bangladesh is a part of the normal cycle of the seasons. Depending its nature, 
magnitude, and duration flood is considered both as an asset and as a hazard. Normal floods 
are considered a blessing for Bangladesh as they renewed soil fertility and recharged soil 
moisture and underground water table. Traditional agriculture in Bangladesh is an 
adaptation with this cycle of normal flood. Besides all these blessing abnormal floods have 
many devastating affect on human and national economy. Displacement of human 
population, damages of housing, infrastructure educational institutions, industries, 
damaging crops and properties, disrupting economic  activities and causing injury and loss 
of life are most common. 1998 flood further showed that the duration of the flood 
determined the level of damage. Long duration floods greatly affect the marginal 
population who lose their belongings and shelter and suffer from lack of work and wages. 
Traditionally flood control planning and policy in Bangladesh are generally associated with 
structural measures.  Such, structural measrues  taken by FCDI and FAP could not mitigate 
the flood problems in Bangladesh. Rather these big structural elements like embankment 
along the rivers, dams, sluice gates have created many adverse affect on social, economic 
and on environment. Our experience says technically and economically it is infeasible to 
prevent abnormal flooding only through structural measures within Bangladesh. In the 
context of 1998 flood we suggest to give more emphasis on non-structural solutions 
considering all economic, social and psychological aspects of flood management. Hence, 
flood can not be stopped, we do not want to stop it. Our only goal, how people can better 
live with floods in Bangladesh. 
 
REFERENCES 
Ahmad, Q.A. et al. (ed.), 2000. The Perspectives on Flood 1998, UPL, Dhaka. 
Ali, K. and Islam, N., 1999. "Housing Damage in Dhaka City due to the 1998 Flood" in CUS. BULLETIN 37. 

(Special issue). Centre for Urban Studies, Dhaka, PP. 14-19. 
Baqee, A. (1997), "Coping with Floods and Erosion in Bangladesh Charlands" in Asia Pacific Journal on 

Environment and Development. Vol. 4, No. 2, PP. 38-52. 
Brammer, H., 1990. "Floods in Bangladesh: Geographical background to the 1987 and 1988 floods". Geographical 

Journal, 156 (1), PP. 12-22. 
Elahi, K.M., 1992. "Flood Hazard and the approaches to Flood management in Bangladesh". In Elahi, K.M. et al. 

(ed.) Bangladesh: Geography, Environment and Development. BNGA, Dhaka. PP. 53-69. 
Fielding, G.J., 1974. Geography as social science. Harper & Row, New York. 

 841



 

Hussain, S.H., 1999. "Population Displacement and Social Security Environment during the Flood 1998 in Dhaka 
city: A Gender Perspective" in CUS BULLETIN 37. (Special issue) Centre for Urban Studies, Dhaka, PP. 
20-23. 

Islam, N., 1998. "Flood 1998 and the future of Urban Settlements in Bangladesh" CUS BULLETIN 35, Centre for 
Urban Studies, Dhaka, PP. 2-3. 

Khalequzzaman, M., 1994. "Recent Floods in Bangladesh: Posible causes and Solutions" Paper presented at the 
conference on Hazard 91 held in August 4-9, 1991, in Italy. 

Khan, A.Z.M.O. 2000. "The 1998 Bangladesh Floods and Food security" Paper presented in a seminar on Natural 
Disasters and policy Response in Asia: Implications For Food Security. Harvard University Asia Center. 

Ninno, C.D., et al., 2001. The 1998 Floods in Bngladesh: Disaster Impacts, Household Coping Strategies and 
Response, International Food Policy Research, Institute, Washington. D.C. 

Nishat, A. et al., (ed.) 2000. The 1998 Flood: Impact on Environment of Dhaka city. Department of Environment, 
Ministry of Environmental and Forest. 

Nizamuddin, K., (ed.), Disester in Bangladesh: Selected Readings. Department of Geography & Environment, 
Dhaka University, Dhaka. 

Rashid, H., 1977. Geography of Bangladesh, University Press Limited, Dhaka. UNEP., 2001. Bangladesh: State of 
the Environment 2001, UNEP. 

Wahra, G.N., ed., 1949. Bangladesh Disaster Report 1998. Disaster Forum Bangladesh. 
 

 842



Flood Defence ’2002, Wu et al. (eds)© 2002 Science Press, New York Ltd., ISBN 1-880132-54-0 

Enhancing flood forecasts via complementary modelling 

A. J. Abebe, R.K. Price  
IHE Delft, P. O. Box 3015, 2601DA Delft, The Netherlands. E-mail: abebe@ihe.nl 

 853

Abstract: This article presents an approach that uses latest observations and errors in runoff 
forecasts from a conceptual watershed model with a neural network model to increase the quality of 
the runoff forecasts. The two complementary models are used in such a way that errors of a 
conceptual model are forecasted by a neural network model so that runoff forecasts can be improved 
as new observations come in. The approach is applied to a conceptual rainfall-runoff model of the 
Sieve basin in Italy. The results show that there is a substantial improvement in the accuracy of the 
forecasts when complementary models are applied on top of the conceptual forecast model 
compared to the results of the conceptual model alone.  

 

Keywords: complementary model, neural networks, average mutual information 

1. INTRODUCTION 

When the principal cause of runoff is local precipitation in a watershed, then conceptual 
rainfall-runoff models can be used in making flood forecasts. Several of these models 
have been developed and applied over the years. Conceptual models in general use some 
aspects of the physics of the rainfall-runoff process but are more parameterised than 
physically based models. The success of such models depends on several factors including 
the concepts used to represent the physics, the value of the model parameters, whether all 
the processes are included, and the quality of data.  

Most model parameters cannot be assessed explicitly from field data but have to be 
obtained indirectly through calibration. However, interdependence between the 
parameters, the danger of stretching parameters beyond their theoretically known bounds 
when minimising residuals, and the absence of a unique best set of parameters imposes 
uncertainty on the outcome of the calibration. Also, the predetermination of the structure 
of these models introduces structural uncertainty. Taking into consideration the 
complexity of physical systems the models represent only the most dominant processes 
and ignore those of less significance. It is therefore obvious that such models are subject 
to significant uncertainty arising from the model concept and structure, ignored or 
misrepresented processes, interaction with adjacent systems, the level of lumping or detail, 
uncertain model parameters, and the quality and completeness of data.  

Data-driven models are, on the other hand, based on neither an explicit representation 
of discrete physical processes nor a pre-conceived conceptualisation of the behaviour of 
the system. Rather, they are based on the relationship between selected input and output 
sets of data. Physical insight is necessary to select the best related data sets and to chose 
the type of the modelling technique. Data-driven models are limited to learning from the 



data they are provided with. If there are changes in the physical system, a data-driven 
model is unable to reflect these changes unless the changes can be parameterised and there 
is sufficient data. Similarly a data-driven model is less able to predict accurately the 
resultant data when the causative data is outside the range for which the model is trained. 
Recent examples of the application of data-driven models to rainfall-runoff modelling are 
given in Minns & Hall (1996); Dawson & Wilby (1998).  

In this article an artificial neural network (ANN) model s used to improve the forecasts 
of a conceptual rainfall-runoff model. First the relationship between the residuals of the 
conceptual model and selected time series such as rainfall and runoff observations is 
analysed using the average mutual information technique. Then an ANN model is trained 
to learn the error patterns of the conceptual model against the best related data. The ANN 
model is subsequently used to reproduce the runoff prediction errors of the conceptual 
model in forecast mode at various lead times.  

The approach is applied to a conceptual rainfall-runoff model of the Sieve basin, 
Tuscany, Italy. Artificial neural networks with multi-layer perceptron (MLP) topology are 
used for the complementary modelling. The results of the complementary modelling 
approach are compared with the conceptual model alone and the 'naïve' forecasting model. 
The naïve model is the one that assumes the forecast runoff to be equal to the latest 
available runoff record and is used here merely as a benchmark. 

2. USING RECENT OBSERVED DATA 

When runoff prediction models are used for forecasting purposes, recent observations can 
be used both to improve forecasting in several ways. Refsgaard (1997) presented a 
summary of model updating procedures. Accordingly updating can be done on input data, 
state variables, parameters, or the output of the model. 

Observations can be used, for example, to improve the state variables using Kalman 
filtering. Lee & Singh (1998) apply this technique to update the state variables of the Nash 
model in order to get an improved prediction of runoff. Yang & Michel (2000) 
demonstrated an approach to update the parameters of a model around a baseline set of 
parameters. Abebe & Price (2000) have shown that residuals arising from inappropriate 
selection of computational time steps can be modelled using neural networks. They 
explored a hypothetical estuary bounded by tidal input at the seaward boundary and 
discharge input at the river boundary. Shamseldin & O’Connor (2001) investigated 
updating runoff forecasts using a neural network approach. A neural network that uses the 
simulated flows from a model and the current and previous recent observed flows as input, 
and that targets the corresponding observed flows was used. It was reported that flow 
forecasts were improved up to a lead time of four days. It was also reported that neural 
network updates gave better improvements than auto-regressive models.  

In this paper the residuals between simulated and observed flows of the conceptual 
model are targeted instead of the observed flows. Also the input data to the updating 
(complementary) model is not restricted to the flows. Rather, any time series that can be 
related to the residuals and is available in forecast mode can be used. The main rationale 
here is the assumption that the residual time series is the best reflection of the gap between 
the model and the physical process it represents. Once the errors are predicted, improved 
flow forecasts can be obtained by taking the difference between the forecasts of the 
conceptual model and the error forecasts made by the data-driven model. In this way the 
data-driven model complements the conceptual model. Details on the methodology and 
case study applied here are presented in Abebe & Price (2002). 
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3. THE ADM MODEL 

ADM is a conceptual rainfall-runoff model (see Franchini, 1996 for a detailed description). 
The model consists of components for soil water balance and transfer of the flow to the 
basin outlet. The soil water balance component expresses the balance between the 
moisture content of the soil and the incoming (precipitation) and outgoing (evaporation, 
surface runoff, interflow and baseflow) quantities. Surface runoff is calculated using the 
soil storage capacity curve method applied in the XINANJIANG model (Zhao et al. 1980). 
The transfer component computes the flow along the hill slopes and the flow in the 
streams using a convection-diffusion equation, with a constant lateral inflow term in the 
former case. This is the same approach as used in the ARNO model (see Todini, 1996). 
The model has 11 parameters that usually have to be calibrated.  

4. STUDY AREA AND DATA 

The study area used here is the Sieve basin, which is a sub-basin of the Arno basin in 
Tuscany region, Italy. The basin has four sub-basins and a total area of 822 km2, a 
considerable part of which is hilly and mountainous. A three-month, hourly data set 
(December 1959 – February 1960) was used. The data comprise hourly water levels at 
Forcancina, hourly mean precipitation and hourly evaporation estimates. The streamflow 
was calculated from the hourly water levels using rating curve. The mean areal 
precipitation was calculated by the Theissen polygon method for 11 rainfall stations. The 
study area (and the data record) has been used as a reference case to test and compare 
several hydrological models and model calibration algorithms (see, for example, Franchini 
& Pacciani, 1991; Franchini, et al. 1996; Franchini, et al. 1998). It was chosen here for 
this reason. 

5. MODEL PERFORMANCE 

The ADM model was applied as a lumped model over the entire basin. A time step of 1 
hour was used. Calibration of the 11 parameters of the model was done using the data of 
December 1959 (the first one-third of the data). The best parameter set was selected based 
on the performance of the model on the remaining two months of the data. The root mean 
square errors (RMSE) between model and observation for the calibration and validation 
sets are 19.15 m3/s and 25.3 m3/s respectively. The corresponding values of the coefficient 
of model efficiency (CE) after Nash & Sutcliffe (1970) are 0.889 and 0.887 respectively. 
Considering the whole time series, the error in runoff prediction varies between –200 and 
+125 m3/s, the root mean square error being 25.2 m3/s. 

As it can be seen in Fig. 1, the model shows a reasonable reproduction of the observed 
runoff for most of the data. However, there are observable discrepancies in some portions 
of the hydrograph. For instance, in the period between 12-29 January 1960 (time steps 
1,032 and 1,440 hours in Fig. 1), there is an obvious separation between the observed and 
modelled runoff. Such a separation of the observed and simulated hydrographs over the 
same segment of the data is seen in a comparison of seven different conceptual 
rainfall-runoff models (namely, STANFORD IV, SACRAMENTO, TANK, APIC, 
SSARR, XINANJIANG and ARNO models) conducted by Franchini & Pacciani (1991). 
The climate of the study area and the fact that this portion of the data lies in the month of 
January suggest that such a response is possibly the effect of snow which is not 
considered in the conceptual model. The overall performance of the ADM model shows 
the same order of magnitude of the coefficient of efficiency, CE, as that of the other 
conceptual models applied to this basin (see Table 1 and Fig. 4. in Franchini, et al., 1998; 
note that the coefficient of model efficiency is termed as determination coefficient, DC.)  
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Fig. 1  Observed and simulated flows at forcancina (Dec 1959 – Feb 1960) 

6. DATA RELATIONSHIP 

The Average Mutual Information (AMI) technique, which is based on Shannon’s theory 
of entropy (Shannon, 1948) is used to detect the relationship between the observations and 
residuals of the conceptual model. The advantage of AMI is that it can be used to detect 
non-linear relationships as well as linear ones. The AMI is the measure of information in 
bits that can be learned about one data set in comparison with another known data set. It is 
based on Shannon’s theory of entropy (see Shannon, 1948). The AMI between two 
measurements ai and bj drawn from sets A and B respectively is  

2

( , )
( , ) log

( ) ( )
i j

AB i j
AB AB i j

a b A i B j

P a b
I P a b

P a P b
 

=  
  

∑      (1) 

where PAB(ai,bj) is the joint probability density for measurements A and B resulting in 
values a and b, PA(ai) and PB(bj) are the individual probability densities for the 
measurements of A and B. If the measurement A resulting in ai is completely independent 
of the measurement B resulting in bj , then the AMI IAB is zero.  

The AMI that the residuals of the conceptual model share with the observed rainfall 
and runoff data as well as with previous errors up to a lag time of 25 hours is plotted in 
Fig. 2. The analysis shows that the model errors share a maximum level of information 
with the observed rainfall at a lag time of between four and five hours and with the 
observed runoff just before the event. The highest level of information about errors is 
available in the previous errors. The level of information decreases with increasing lag 
time.  
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Fig. 2  AMI between error and other time series 
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7. THE COMPLEMENTARY MODEL 

An artificial neural network (ANN) model with a multi-layer perceptron structure is used 
as a complementary model. It is constructed using five input nodes and one output node. 
Two nodes from the previous rainfall, one node from the antecedent flow and two nodes 
from the previous model errors are used to predict the errors. Fig. 3 shows the structure of 
the network. The tests are conducted in two stages. 
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model errors

Predicted
errors
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Input
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Fig. 3  Neural network structure 

At first the relative performance of the ADM model, the naïve model and ANN error 
prediction models set-up on a one-hour lead time basis are tested. For the ANN model the 
available data record is used in three variants. In the first variant (ANN I) the whole data 
set (consisting of 2,160 examples) is used for training the network. In the second variant 
(ANN II), the first half of the data set (1,160 examples) is used to train the neural network 
while the second half (the rest 1,000 examples) is used for verification. For the third 
variant (ANN III) the first half of the data set is used to verify the network trained using 
the second half.  

The second stage is mainly intended to evaluate the efficiency of the ANN error 
forecast model for lead times of one to six hours. For this purpose, the first half of the data 
is used for training and the second half is used for verification, in other words the second 
variant (ANN II) is used. This essentially means that six neural networks (one for every 
hour of lead time) have to be trained with different input file configuration. This is needed 
to ensure the availability of the data in operational forecast mode. The network structure 
shown in Fig. 3 is maintained for all lead times. Table 2 shows the data composing the 
input nodes corresponding to various lead times. The root mean square error (RMSE) 
between observed and forecasted runoff and the coefficient of model efficiency (CE) are 
used for evaluating the performance.  

8. RESULTS 

Fig. 4 shows the verification performance on the second half of the data using the neural 
network trained on the first half of the data (ANN II). Similarly Fig. 5 shows the 
verification results on the first half of the data using the network trained on the first half of 
the data (ANN III). In both the cases there is a close reproduction of the prediction errors 
from the conceptual model. Even the simulation errors corresponding to the segment of 
the hydrograph between 1,032 and 1,440 hours in Fig. 1, which is suspected to be caused 
by snow, are well reproduced by the complementary model.  
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Fig. 4  Error prediction on the second half of the data (network trained on first half) 
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Fig. 5  Error prediction on the first half of the data (network trained on second half) 

Table 1 shows the RMSE and CE between observed and predicted runoff using the 
ADM model, the naïve model, and error prediction model applied on top of the ADM 
model. All the three variants of ANN applied with the ADM model show that there is a 
major improvement in the prediction when error prediction models are applied compared 
to the conceptual model alone and the naïve model.  

 
Table 1  The performance of different models (root mean square error and coefficient of model efficiency) 

Model variant Data set RMSE (m3/s) CE 
First half 20.0 0.841 ADM model 
Second half 26.7 0.907 
First half 8.0 0.975 Naïve model Second half 12.1 0.981 

ANN I + ADM All data (training) 4.8 0.995 
First half (training) 4.3 0.993 ANN II + ADM Second half (verification) 6.2 0.995 
Second half (training) 4.9 0.997 ANN III + ADM First half (verification) 4.9 0.990 

 

The results corresponding to the second stage of analysis are shown in Table 3. The 
measures RMSE and CE indicate a lot of improvement as a result of applying updates 
using the complementary model for lead times ranging from one to six hours.  

Table 2  Data organisation for the complementary ANN model 

Lead time (hours) Input nodes Output node 
1 Pt-4, Pt-5, Qt-1, Errt-1, Errt-2 Errt 
2 Pt-4, Pt-5, Qt-2, Errt-2, Errt-3 Errt 
3 Pt-4, Pt-5, Qt-3, Errt-3, Errt-4 Errt 
4 Pt-4, Pt-5, Qt-4, Errt-4, Errt-5 Errt 
5 Pt-5, Pt-6, Qt-5, Errt-5, Errt-6 Errt 
6 Pt-6, Pt-7, Qt-6, Errt-6, Errt-7 Errt 

 858



Table 3  Performance of the ANN model (used on top of ADM) on the verification set (second half of the data) 

Naïve model ANN model Lead time 
(hours) RMSE (m3/s) CE RMSE (m3/s) CE 

1 12.1 0.981 6.2 0.995 
2 23.3 0.929 12.3 0.980 
3 33.5 0.854 18.0 0.958 
4 42.7 0.763 21.2 0.942 
5 50.8 0.664 22.7 0.933 
6 58.1 0.561 23.9 0.926 

9. DISCUSSIONS AND CONCLUSIONS 

The results indicate that application of complementary models to forecast the error of 
conceptual runoff models improves the runoff forecasts considerably. It is also seen that 
the neural networks are capable of learning the error pattern of the conceptual model. Its 
success however depends on the careful selection of input-output data done using the 
average mutual information technique.  

The residual time series between a model and the physical process it represents is a 
direct indication of the deficiencies of the model and the data used along with it. The 
pattern in this residual is therefore expected to be highly non-linear and also contaminated 
by noise coming from the data. However with the use of appropriate analysis techniques 
such as AMI approach and ANN modelling which are both capable of handling non-linear 
relationships, it is possible to capture a significant portion of the forecast errors of the 
conceptual forecast model.  

The advantages of complementary modelling in flood forecasting lie on the fact that 
once a complementary model is established for a conceptual model, the complementary 
model is practically independent of the main model, which means there is no need to 
re-run the conceptual model. Also the complementary model can incorporate input data 
that the conceptual model is not structured to take. In fact any relevant data, if it is 
anticipated it can help in forecasting the forecast errors and is available in operational 
settings, can be incorporated in the complementary model.  

The main disadvantages of this approach are related to the limitations of data-driven 
models. If, for example, the main model is altered in any way, then its error pattern is 
likely to change and the complementary model has to be re-trained to fit the error patterns 
of the altered conceptual model. The issue of extrapolating outside the range of the 
training data is also a problem.  
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Abstract: In this study, a radial basis function (RBFNN) is employed to develop a rainfall-runoff 
model for flood forecasting. In essence, the nonlinear relation of rainfall and runoff can be 
considered a linear combination of some nonlinear functions. RBFNNs employ a hybrid two-stage 
learning scheme, unsupervised and supervised learning. In the first stage, fuzzy min-max clustering 
is proposed for measuring the similarity of the input data. During the second stage, the weights from 
the hidden layer to output layer are determined by multivariate linear regression method. The 
modified RBFNN is a model-free estimator with only two parameters that must be determined.  
Recently, powerful earthquake-induced landslides blocked the Chingshui River, and a new reservoir 
was born.  Flood forecasting is the top priority for establishing a warning system. Several rainfall 
and runoff events data collected during typhoons are used to construct the rainfall-runoff model.  
Our results show that the RBFNN can be applied successfully to build rainfall-runoff models and 
provide high accuracy of flood forecasting. 

 

1. INTRODUCTION 

Hydrological systems are marvelously complex and notoriously nonlinear.  In order to 
build a rainfall-runoff model for flood forecasting one must know the behavior of 
hydrological processes.  However, some hydrological and physiographic factors such as 
evaporation, infiltration and land use, associated with the change of time and space, affect 
the rainfall-runoff relationship.  For various engineering applications, rainfall-runoff 
models are important tools in reservoir operation, water resource planning, and hydraulic 
structure design for forecasting floods.  Hence, the relation of rainfall and runoff has 
always received great attention from hydrologists and engineers.  Many deterministic 
and stochastic models have already been developed to represent the rainfall-runoff 
relationship (Yue and Hahsino 2000).  One of the disadvantages of using these models is 
that the parameters of the models are usually difficult to determine from observed data.  
The unit hydrograph concept proposed by Sherman (1932) is one of the important 
rainfall-runoff models.  The assumptions of the unit hydrograph include that it is a 
simple linear model and rainfall is uniformly distributed in time and space.  
Unfortunately, these assumptions cannot be satisfied in most natural watersheds.  They 
limit the application of the unit hydrograph to a few small watersheds of less than 0.5 
hectares to 25 km2 (Chow et al. 1988).  Owing to lack of practicality and difficulty in use, 
the application of such sophisticated rainfall-runoff models in Taiwan, which has a 
tropical climate and high mountain watersheds, remains some distance away.  

Even with all these difficulties, neural networks (NNs) can make important 
contributions to flood forecasting.  An NN is an information-processing system designed 
to model mind and brain activity.  After McCulloch and Pitts (1943) proposed the 



 

prototype of a NN, many NNs were developed for solving a wide variety of problems.  A 
very important feature of NNs is their adaptive nature, which learns from the historical 
data, in dealing with nonlinear problems.  Constructing an input-output mapping without 
physical models is also another useful property of NNs.  Thus, NNs can be viewed as 
nonlinear self-organizing models.  Recently, they have been used for modelling 
hydrological processes (Hsu et al. 1995, Chang and Chen 2001).  By using NNs, the 
hydrological processes can be viewed as black boxes.  Thus poorly defined or 
misunderstood rainfall-runoff relationships can be described by RBFNN. 

2. RADIAL BASIS FUNCTION NEURAL NETWORK 

RBFNN have currently been widely applied in many areas, such as control and 
classification, for nonlinear input-output mapping. An important property of these 
RBFNNs is that high-dimensional space nonlinearity, such as the relation of rainfall and 
runoff, can be transformed by a set of nonlinear radial basis functions by linear 
combination.  Requiring less training time is another important feature of an RBFNN.  
The RBFNN itself may be traced back to an earlier work of Hardy (1971).  For the 
purpose of faster training speed, RBFNN with the hybrid learning scheme applied herein, 
which is suggested by Moody and Darken (1989), have a feedforward structure that 
involves three layers, as shown in Fig. 1.  The input layer is composed of n input nodes.  
The only hidden layer consists of J locally tuned units and each unit has a radial basis 
function acting like a hidden node.  The hidden node output zj(x) calculates the closeness 
of the input and projects the distance to an activation function.  The activation function 
of the jth hidden node is given by 
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 − = −
 
 

 (1) 

where K(.) is some nonlinear function; x is the input vector with n dimensions; µj is the 
center of the radial basis function for hidden node j; and σj is a parameter for controlling 
the smoothness properties of the radial basis functions.  The third layer of the network is 
the output layer with L nodes that are fully interconnected to each hidden node.  The 
output of the network is the sum of linear weighted zj(x) 
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where  is the lth component of the output layer; wly lj is the synaptic weight between the 
jth node of hidden layer and the lth node of output layer.   

Fig. 2 illustrates the nonlinear relation of rainfall and runoff, constructed by two 
dimensional input (rainfall P1 and P2) and one dimensional output (runoff Q(P1)).  Q(P1) 
is taken to be a linear combination of the radial basis functions Zi(P1,P2) and .  The cone 
is the Gaussian radial basis function for a hidden unit.  Many radial basis functions can 
be chosen to cover the region of the rainfall and runoff data.  The irregular surface that is 
a nonlinear relation of rainfall and runoff is a linear combination of finite radial basis 
functions. 
 

 862



 

0

Q

P 2

P1 0
0

Q(P1,P2)=ΣwijZij(P1,P2)

Zij(Pi,Pj)

( )1µ−xK

Σ

Σ

z1

zJ

zj

z2

yL

yl

y1

.

.

.

.

.

.

.

.

.

.

.

.

.
 .

 .
.

( )2µ−xK

( )jxK µ−

( )JxK µ−

Input Hidden layer
(Radial Basis functions)

Output

w00

wl1

wl2

wlj

wlJ

x1

xn-1

x2

xn

.

.

.

.

Σ

 .
.

 .
.

  

Fig. 1  RBFNN architecture Fig. 2  A schematic example of a nonlinear function 
Q(t) approximated by RBFNN 

3. NETWORK TRAINING 

Training a RBFNN occurs in two stages.  During the first stage, the unsupervised 
training scheme employs clustering for locating hidden units’ receptive field centers.  
Several algorithms including K-means and genetic algorithms are employed in 
determining the hidden layer structure.  Instead of the K-means clustering method, the 
fuzzy min-max clustering method (Simpson 1993) is employed in this study.  The 
advantage of the fuzzy min-max clustering method is that the number, centers and σj of 
radial basis functions can be determined dynamically and automatically.  During network 
training, many n-dimensional hyperboxes that range from 0 to 1 along each dimension 
will be generated.  The membership function for measuring the degree of the hth input xh 
falling within the hyperbox j is defined as 

( ) ( ) ([ ]∑
=

−−−−=
n

i
hijijihijjhj xvfuxf

n
uvxH

1
,,11,, γγ )  (4) 

( )








<
≤≤

>
=

00
10

11
,

ξγ
ξγξγ

ξγ
γξ iff  (5) 

where xhi is the ith node of the hth input; γ is the parameter governing how fast the 
membership values decrease; Hj(.) is the membership value setting to the unit interval 
[0,1].  The membership values are used to determine which hyperbox needs to be 
expanded. 

The fuzzy min-max clustering algorithm involves three phases: expansion of a 
hyperbox, overlap test, and contraction of a hyperbox.  At the beginning, the max and 
min points of the first hyperbox are set to be the first input data.  The degree of 
membership values will be calculated for every new input.  During expansion of the 
hyperbox, the hyperbox with the highest degree of membership will be tested for 
hyperbox expansion according to  
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in which θ is a user-defined value and 10 ≤≤θ .  A small θ means more hyperboxes 
will be created.  If the hyperbox can be expanded, the min and max points of the 
hyperbox will be adjusted. If no hyperbox can be expanded, a new hyperbox will be 
generated.  After the hyperbox is expanded, the hyperbox overlap test will be used to 
determine whether hyperboxes overlap or not.  If overlapping is found between 
hyperboxes, the max and/or min points of each dimension of hyperbox j could be 
contained within another hyperbox k.  Thus, the hyperboxes will be contracted with the 
minimal disturbance principle, and only one dimension that has the minimum overlap is 
adjusted.  The entire training data will be presented for clustering again and again until 
no hyperbox needs to be adjusted.   

After the clustering is completed, the radial basis functions are kept fixed.  During the 
second stage, the weights wlj are determined to let the output of network  

approximate to the target .  The supervised training algorithm aims to minimize the 
following sum of squares error, 
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where  and  are the lth node of the output layer of the hth set output and target, 
respectively.  Since the outputs of the network are linear combinations of the outputs of 
the hidden layer, the multivariate linear regression model can be used to determine the 
weights.  By using the multivariate linear regression method to minimize SSE, the 
RBFNN will have the best approximation property.  The unknown relation of runoff and 
rainfall constructed by the RBFNN will be optimal.  In addition, the multivariate linear 
regression method consumes less time for model training when compared with those of 
the other three-layer NNs. 

hly *
hly

4. STUDY WATERSHEDS AND DATA 

The watershed of Chingshui River in Taiwan will be considered, located as shown in Fig. 
3.  The Chingshui River covering 259 km2 is a tributary of the Choshui River, which is 
the longest river in Taiwan.  The catchment extends from the mountain area (over 2700 
m) down to 232 m above sea level.  A powerful and damaging earthquake of magnitude 
7.6 hit Taiwan on September 21, 1999, killing 2,405 people and injuring more than 10,000.  
Landslides resulting from the earthquake blocked the Chingshui River, creating a new 
reservoir.  Since it is important to establish a warning system for evacuating residents 
before the earth dam collapses, constructing a rainfall-runoff model to forecast flooding is 
the top priority.  Two rain gage stations are located in the study watershed, and the 
watershed is equipped with a streamflow recorder.  The available rainfall and runoff data 
during typhoons collected by Taiwan Water Conservancy Agent and Central Weather 
Bureau for the watershed are the hourly data measured at the rain and streamflow gaging 
stations. 
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Fig. 3  Locations of study watersheds 

5. PRACTICAL APPLICATIONS 

The travel times of flow from the rain gage stations to stream gaging station are less than 
three hours because of the small watershed.  In order to forecast flood lead times of up to 
one hour, the rainfalls and discharges within three hours are used for constructing the 
rainfall-runoff model.  The inputs of the model include the rainfall information and the 
streamflow differences between adjacent values for up to three hours before the study.  
The only output is the one-hour-ahead streamflow difference.  Fourteen sets of rainfall 
and runoff data of the Chingshui River during typhoons were measured from 1989 to 1998.  
The data are split into two independent subsets, the estimation and validation subsets.  
The estimation subset is devoted to training the model.  The validation subset is used for 
testing or validating the constructed model.  Thus, the first 11 sets data are used for 
constructing the model.  Some indices, such as correlation coefficient, and 
root-mean-square error, are used to evaluate the performance of the networks.  The 
correlation coefficient indicates the strength of relationships between observed and 
estimated streamflows.  The root-mean-square error for approaching to assessment of the 
performance of RBFNN. 

The parameters θ and γ used for training the network are 0.089 and 4.  Fig. 4 that 
compares the measured streamflows with those obtained by using the RBFNN shows the 
observed and forecasted streamflows of the Chingshui River at Tungtuo.  Where  
and , denote the observed and forecasted streamflows, respectively.  All the data 
points fall nicely on the line of agreement. The rainfall-runoff model of the Chingshui 
River is trained on 11 typhoons with 321 data adopting 98 radial basis functions.  The 
RMSE=69.54 is relatively smaller when compared to the range of the streamflow.  The 
value of ρ is 0.99, which is very close to unity.  The results indicate that the RBFNN 
provides good flood forecasting by using rainfall information.   

obsQ

estQ

The latest 3 typhoon data are employed for validating the model.  The rainfall-runoff 
model remains fixed.  The extra data that are devoted to constructing the models are used 
for testing the validity of model.  Fig. 5 illustrates the performance of the test 
streamflows, and shows the reliability of the streamflows obtained from the RBFNN.  
The observed and estimated hydrographs and hyetographs are presented in the figure.  
This figure that indicate that the RBFNN can be successfully applied to constructing a 
rainfall-runoff model and can provide accurate flood forecasting shows that the estimated 
streamflows agree quite well with the observed streamflows. 

 865



 

  

Fig. 4  Accuracy of forecasted streamflows Fig. 5  Reliability of the rainfall-runoff model for 
the Chingshui River at Tungtuo 
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6. SUMMARY AND CONCLUSIONS 

The RBFNN whose intelligent properties are adaptive model-free estimations can be used 
successfully for constructing rainfall-runoff models.  It can provide valuable information 
for hydrologists and engineers and performs well.  The RBFNN employs a hybrid 
unsupervised and supervised training scheme.  During the first stage, the commonly used 
K-means clustering method is replaced by the fuzzy min-max clustering for determining 
the characteristics of the radial basis functions.  The advantage of using fuzzy min-max 
clustering is that the number and centers and σ can be determined automatically.  It is 
not necessary to estimate many parameters for the model.  There are only two parameters, 
θ and γ, needed for constructing the rainfall-runoff models.  The weights between the 
hidden layer and output layer are chosen by multivariate linear regression method.  The 
output of the RBFNN is simply the sum of the weighted output of the hidden layer.  The 
hydrological information collected during typhoons is used for developing the 
rainfall-runoff model.  This demonstrates that RBFNNs can successfully model 
nonlinear hydrological systems and accurately forecast one-hour-ahead streamflows. 
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Abstract: Hydrological and hydraulic processes determine inflow-outflow transformation 
phenomenon in catchment areas in a complex way. An interesting issue in technical hydrology, i.e. 
urban drainage networks, is to predict runoff due to rainfall. Modeling this kind of phenomena is a 
very interesting aim because the behavior of such a physical system is neither linear nor time 
invariant. This means that a single Unit Hydrograph is not able to describe the hydrological 
processes during all the possible events of rainfall. In the last years, many authors modeled 
hydrological systems by means of Artificial Neural Networks, Support Vector Machines and Genetic 
Programming in order to remove linear hypothesis of models based on Unit Hydrograph. These 
techniques are called data-driven because they allow to use monitoring data to perform real time 
forecasting of runoff (on-line prediction) and off-line prediction (simulation). In this work, Artificial 
Neural Networks, Support Vector Machines and Genetic Programming data-driven techniques have 
been critically compared from a theoretical point of view. Then, they are utilized to model rainfall-
runoff transformation in a urban hydrological catchment. The aim is to test their performances 
especially in real time forecasting. For this reason, models built on basis of Artificial Neural 
Networks, Support Vector Machines and Genetic Programming techniques have been realized by 
means of the experimental data from the urban catchment of Luzzi, in South Italy, that is a well 
monitored small catchment area useful in testing data-driven rainfall-runoff modeling. The study of 
the performance of these non-linear models has been achieved by computing the estimated mean 
generalization error of k-step-ahead predictions, using cross-validation. 

 

 
Keywords: hydroinformatics, rainfall-runoff modeling, data-driven modeling, artificial neural 

networks, support vector machines, genetic programming 
 

1. INTRODUCTION 

A complementary way to make a model of rainfall-runoff transformations is to use data-
driven techniques that perform a data mining to link, in a functional way, inflow and 
outflow in hydrological catchment areas. In fact, prior knowledge of the physic of the 
system and Galilean point of view allow to built physically based models conceptualizing 
physical phenomena. However, the complexity of hydrological and hydraulic processes 
requires, in order to model rainfall-runoff transformation, the punctual knowledge of the 
catchment area, not allowing to use monitoring data for improving on-line prediction 
(real-time forecasting) of runoff. The data-driven modeling is a pragmatic point of view to 
perform environmental modeling that takes advantage in monitoring networks that are 
improving all over in the world thanks to the information technologies growing. 

Then, today there are many examples of scientists who are studying rainfall-runoff 
modeling by data-driven techniques such as Artificial Neural Networks (ANNs) (Hsu, 



Gupta and Sorooshian 1995; Smith and Eli 1995; Minns and Hall 1996; Mason, Price and 
Temme 1996; ASCE Task Committee 2000; Minns 2000; Abrahart, See and Kneale, 2000; 
Giustolisi, 2000; Sivapragasam, Shie-Yui Liong and Pasha, 2001; Giustolisi, 2002a) and 
Genetic Programming (Babovic and Abbott, 1997; Thiam Khu, Liong, Babovic, Madsen 
and Muttil, 2001; Giustolisi and Laucelli, 2002). 

About ANNs, related non-linear dynamic models are all based on the same 
connectionist paradigm, but they differ in some structural issues or training paradigms. 
The traditional Multilayer Perceptron (MLP) is usually named ANN but also Support 
Vector Machines (SVMs) belong to ANNs domain (Giustolisi 2002b). 

However, MLPs, in the form of Input-Output Dynamic Neural Networks (IODNNs) 
(Giustolisi 2000), and SVMs have been both used in order to built a rainfall-runoff model 
based on measured rainfall-runoff events of a hydrological catchment. 

More, also GP has been tested in modeling rainfall-runoff transformation and the same 
monitoring data have been used. In fact, if IODNNs and SVMs are two quite similar 
modeling techniques both based on the same connectionist paradigm, GP is a distinct way 
to model hydrological processes. Then, it is interesting to compare the previous modeling 
techniques both from a theoretical point of view and, subsequently, by constructing 
models based on the same data. 

It is to stress that quality and quantity of data are key issues to perform data-driven 
modeling techniques. For this reason, monitoring data from a quite small and impervious 
(Giustolisi, 2000; Giustolisi and Laucelli, 2002) urban catchment area in South Italy 
(Luzzi) have been used. In this way, models have been built by means of sixty-six 
rainfall-runoff events. Forty events, about 4500 data, have been useful to estimate 
parameters of models (SET1) and the remaining twenty, about 2500 data, to validate them 
(SET2). In fact, prediction performances of models have been tested on these unseen 
(during model construction) data by performing a cross-validation technique (Haykin, 
1999). For this reason, the SET2 allows to estimate the generalization performances of 
models, then their capability to keep physical information that are inside data. 

 
2. DATA-DRIVEN NON-LINEAR MODELING  

In general, the non-linear modeling of rainfall-runoff transformation concerns both in 
ANNs and in GP the construction of a non-linear data-driven regression to predict 
runoff. In the comprehensive form, this regression can be written as (Ljung, 1999; 
Giustolisi, 2000), 

( ) ( ){ θθϕ ,,| tFFtq = }                                                        (1) 

where q(t|F) is the runoff prediction performed by means of function F, whose 
arguments are parameters in vector θ  and the regressor vector ϕ. The regressor has 
general form and it depends on time t and vector of parameters. In fact, regressor ϕ of 
Eq.(1) can be constructed by measured data, i.e. rainfall and runoff, but also by 
computed runoff and model errors, dependence on θ. 

When the regressor vector is formed only by measured runoff and rainfall, Eq. (1) 
takes the form 

( ) ( ){ },θtF|Ft,tq ϕ=−1                                                     (2) 

and q(t,t-1|F) is the one-step-ahead prediction of runoff, that is performed by means 
of rainfall-runoff data measured until t-1. For this reason, regressor ϕ does not depend 
on model parameters. The structure of regressor vector is an important issue from a 
modeling point of view (Ljung, 1999; Giustolisi, 2000). In fact, Eq. (2) is usually 
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used in order to perform estimation of parameters thanks to measured runoff and 
rainfall, while the more general Eq. (1) allows to perform k-step-ahead prediction of 
runoff (on-line forecasting by measured rainfall until t-1, measured runoff until t-k 
and computed errors and runoff) and simulation (off-line forecasting by using 
measured rainfall until t-1 and only computed errors and runoff). 
 
3. LINEAR REGRESSOR 

One possible and simple structure of the regressor vector ϕ  in Eqs. (1) and (2) is the 
linear structure that is used in ANNs. In this way, the structure of the regressor can be 
derived from system identification linear theory (Ljung, 1999; Giustolisi, 2000). 

Two extreme cases of linear regressors are the ARX(na,nb) type, that is composed 
by na past measured runoff and nb past measured rainfall - ϕ(t)=[q(t-1),…,q(t-na), p(t-
1),…,p(t-nb)] - and OE(na,nb) type that is similar to ARX but it is composed by na 
past computed by model runoff - ϕ(t,θ) = [q(t-1|F),…,q(t-na|F), p(t-1),…,p(t-nb)]. 

The ARX regressor allows to perform one-step-ahead prediction, then it is the special 
case of on-line forecasting of runoff at line horizon one, see Eq. (2). 

The OE regressor vector is related to off-line forecasting - at line horizon infinite - that 
is computed without monitoring the output of runoff.  

The k-step-ahead prediction can be performed by opportunely updating the regressor 
vector as described in linear theory about dynamic systems (Ljung 1999). 

In ARX and OE regressors, it is supposed a delay nk=1 time units between runoff 
sequence q(t) and rainfall sequence p(t) because it is theoretically correct to assume that 
there almost is an input-output delay equal to the sampling interval of data. Actually, a 
higher delay nk exists. This can be estimated by data and fixed before constructing 
regresor, i.e. ϕ(t)=[q(t-1),…,q(t-na), p(t-nk),…,p(t-nb-nk-1)], or the data-driven model 
selects it as in GP technique. 

 
4. ARTIFICIAL NEURAL NETWORKS APPROACH (MLPs AND SVMs) 

As said, MLPs and SVMs are ANNs and they are both based on the same 
connectionist paradigm, but they differ from a structural point of view, parameter 
estimation paradigm and cost function (Haykin, 1999; Giustolisi, 2002b). 

When ANNs are used to perform a non-linear regression in time domain (input-output 
non-linear dynamic system), Eq. (1) can be re-written  

( ) ( ){ 2,1,2,1,| WWWWtFFtq }ϕ=                                               (3) 

where W1 and W2 are the weights of the first and second layer of the ANN. In ANNs, 
then, the vector of parameters θ  is replaced by vector W of weights. 

From a structural point of view, IODNNs, when the ARX regressor is selected 
(Giustolisi, 2000), and SVMs can be placed in the same framework (Haykin, 1999; 
Giustolisi, 2002b). In this way, both IODNNs and SVMs derive from the same expansion 
of F, see Eq. (2) and Fig. 1, by means of h (number of hidden neurons) kernels or mother 
basis functions K (Ljung, 1999; Giustolisi, 2000; Giustolisi, 2002b). 

More, both IODNNs and SVMs can support ridge and radial constructions (Haykin, 
1999; Giustolisi, 2002a), then the argument of their kernels can be function of a chosen 
norm, usually Euclidean, or linear function in the space of the regressor. 

Fig. 1 shows that SVMs and IODNNs, with ARX regressor, have the same structure, 
but they differ in the number of hidden neurons, then in the length of the expansion of F. 
In fact, SVMs have the number of hidden neurons equal to the number of measured data N, 
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while IODNNs are characterized by a more parsimonious structure and their number of 
neurons is strictly less than N (the theoretical upper bound is given by the fact that number 
of parameters of IODNNs, weights, must be less or equal than N). 

Actually, IODNNs and SVMs differ in the way they are trained. In fact, ANNs can 
generally suffer of poor generalization properties that is related to modeling performances 
evaluated on unseen, during training phase, data. The high number of parameters easily 
makes ANNs overparametrized, that corresponds to the overfitting of ANNs to training 
data. This corrupts the model that becomes unable to perform a good runoff prediction 
during rainfall-runoff events that are not very close to training events in the space of the 
rainfall-runoff events. To understand training paradigms of IODNNs and SVMs, it is 
helpful to write the mathematical system that must be solved to estimate their weights,  
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The system of Eqs. (4) is non-linear, being the kernel a non-linear function. Kernels have 
as arguments the ARX regressor and the weights of the first layer. ϕ(t) and q(t) are known 
because they are constructed by means of measured rainfall and runoff. 
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Fig. 1  Structure of ANN with static regressor (ARX), ϕ(t) = [q(t-1),…,q(t-na), p(t-nk),…,p(t-nk-nb-1)]. 
 
4.1 SVM case 
In the case of SVMs at first in mathematical system of Eqs. (4) weights W1i,j are fixed 
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equal to ϕ(t), i.e. W1i,j=ϕ(t)=[q(t-1),…,q(t-na), p(t-nk),…,p(t-nb-nk-1) 1], for t=j=1 to N. 
In this way, matrix of weights W1 is constituted by N rows ϕ(t), regressor matrix Φ, and 
if kernel satisfies Mercer's theorem (Haykin, 1999) the system (4) becomes 

 { } 0110 2222 WWGQWW,ΦΦK NxNxNNx
T +×==+×   (5) 

where Q is the column vector of measured runoff and G is derived from kernel and 
regressor matrix. Actually, bias W20 does not exit if kernel has an implicit bias or it exists 
in the regressor. 

Eqs. (5), with W20=0, represent a determined linear system that is the Radial Basis 
Function Regularization Network (RBFRN) (Haykin, 1999). In this case, linear 
mathematical system (5) is solved by minimizing a Sum of Squared Error (SSE) cost 
function having a Thikonov regularization term λ (Haykin, 1999; Giustolisi, 2002b) 
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where q(t|W2,K) is the one-step-ahead prediction of runoff by model. 
RBFRNs supply a smooth mapping of Eq. (2), but their solutions are not sparse, that is 

all the weights W2 are generally not zero, and for this reason the model is not 
parsimonious. More, SSE cost function is helpful from a mathematical point of view, but 
it does not work well when data are not affected by Gaussian noisy. 

SVMs overcome these problems (Vapnik and Chervonenkis, 1971), parsimony of the 
ANN and SSE cost function, by solving the system (5) with a linear ε-insensitive cost 
function (Vapnik 1995; Haykin 1999), see Fig. 2. 
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Fig. 2   Cost functions to estimate parameters of SVMs and MLPs (IODNNs).  
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where α are the Lagrangian multipliers of the dual problem in (7) (Haykin, 1999) and 
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...NiααW *
iii 12 =−=                                           (8) 

The solution of QP supplies a subset of weights W2 that are not zero and they 
correspond to support vectors, that is a sparse solution. The amount of non zero W2 is 
fixed by tuning parameter ε and C (Vapnik 1995; Haykin 1999; Giustolisi, 2002b). QP 
solution has a great appeal, because it performs a subset selection of the columns or rows 
of G (it is symmetric) that are independent with the degree of approximation fixed by 
tuning of parameters. In this manner, non zero weights W2 correspond one to one with 
linear independent columns in G and these columns correspond to points that fall outside 
the ε-tube around the function F in the space of regressors. 

The problem of SVMs is in solving the QP problem that is time and computer memory 
consuming and in tuning parameters ε and C (Haykin, 1999). For this reason, in this work 
SVMs have been trained by means of a strategy based on Linear Programming that is an 
alternative way to perform a subset selection; for more details see Giustolisi, 2002b. 

4.2 IODNN Case  
IODNNs are more parsimonious structures and the number of unknown parameters in 
system of Eqs. (4) is strictly less than N. 

For this reason, the mathematical system (5) is non-linear and both W1 and W2 must be 
contemporarily estimated. This requires the choice of a cost function that usually is the 
SSE. In order to avoid overfitting, the Thikonov regularization is performed, as well as in 
RBFRN, and the cost function is  
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The regularization parameter λ and the Euclidean norm of weights control the 
complexity of the model by smoothing the solution, similar inputs correspond to similar 
outputs. Such strategy equals to include an external information about the smoothness of 
physical phenomena. Eqs. (4) and (9) represent a non-linear unconstrained optimization 
problem that can be useful solved by efficient searching techniques (Fletcher, 1987;  
Giustolisi, 2002a) based on an initial random choice of weights more than by traditional 
Back-Propagation algorithm (Haykin, 1999). This does not guaranties a global minimum 
reaching if the problem does not becomes convex by means of regularization. 

 
5. GENETIC PROGRAMMING APPROACH  

The Genetic Algorithm (GA) is a model of machine learning which derives its 
behavior from a metaphor of the processes of evolution in nature. This is done by the 
creation, within a machine, of a population of individuals represented by 
chromosomes, essentially a set of character strings that are analogous to 
chromosomes observed in our own DNA. The individuals in the population then go 
through a process of evolution. Evolution is not a purposive or directed process. 
Indeed, the processes of nature seem to boil down to different individuals competing 
for resources in the environment. Someone fits better than others. Those that fit better 
are more likely to survive and propagate their genetic material. In nature, the 
encoding for our genetic information (genome) is done in a way that admits sexual 
reproduction. Asexual reproduction (such as by budding) typically results in offspring 
that are genetically identical to the parent. Sexual reproduction allows the creation of 
genetically radically different offspring that are still of the same general flavor 
(species). At the molecular level a pair of chromosomes bump into one another, 
exchanging chunks of genetic information and drift apart (wild oversimplification 
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alert). This is the recombination operation, named crossover, because of the way that 
genetic material crosses over from one chromosome to another. The crossover 
operation happens in an environment where the selection of who gets to mate function 
is of the fitness of the individual, i.e. how good the individual is in competing in its 
environment. Mutation also plays a role in this process, though it is not the dominant 
role that is popularly believed to be the process of evolution, i.e. random mutation and 
survival of the fittest. It cannot be stressed too strongly that the genetic algorithm (as 
a simulation of a genetic process) is not a “random search” for a solution to a problem 
(highly fit individual). The genetic algorithm uses stochastic processes, but the result 
is distinctly non-random (better than random).  

GP is the extension of the genetic model of learning into the space of programs 
(Koza, 1992), i.e. formulas in our rainfall-runoff modeling. That is, the objects that 
constitute the population are not fixed-length character strings that encode possible 
solutions to the problem at hand. In our case, they are symbolic regressions that, when 
executed, are the candidate solutions to the rainfall-runoff modeling problem. These 
symbolic regressions are expressed as parse trees of variable length. For example, in 
Fig. 3 is reported a parse tree that uses *, + and log functions to build a symbolic 
expression of the rainfall-runoff transformation.  

( ) ( )[ ] ( )[ ]2log51 −∗+−= tqtptq
*

+ log

p(t-1) 5 q(t-2)

GENETIC PROGRAMMING 
Parse tree of the formula 

Fig. 3  Example of Genetic Programming parse tree. 
 

The formulas in the population are composed of elements from a function set, a 
terminal set and constants. The function set is selected by user and in our case it is related 
to choice of function types that are candidate to play a role in the symbolic regression. 
The terminal set is composed by inputs or constants, that are arguments of the function set. 

In this work, the function set is composed by [+,-,*,/,square root] (Thiam, Liong, 
Babovic, Madsen and Muttil, 2001) and this is an implicit bounding of the formulas space 
domain where GP must search the best symbolic regression. At the same time, columns of 
the matrix Φ  are used as inputs of the GP and, then, they are constituted by ARX(4,8,1) 
regressors (Giustolisi and Laucelli, 2002); the delay nk is fixed unitary because, actually, 
the symbolic regression selects the best by choosing the inputs to be used. The target of 
GP is the runoff sequence and GP searches, in an evolutionary manner, the best formula in 
the space of symbolic regressions that have the best one-step-ahead prediction. In order to 
measure fitting of formulas, the user is free to select the cost function, because this 
evolutionary searching of the best symbolic regression has various advantages with 
respect to traditional parameters estimation based on solving optimization problems: 

1. it is a direct “estimation” of the symbolic regression and, for this reason, there are 
not ties about mathematics of cost function; 

2. it can support multi-objective fitness computing, i.e. by using a Pareto function; 
3. the evolutionary exploring of the formulas domain is a global method. 
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Here two cost functions have been used to measure the fitting of the formulas 
(Giustolisi and Laucelli): Coefficient of Determination, a.k.a. Pearson’s rank order 
correlation squared, (CoD) and Root Mean Squared error (RMS). 

More, the most important parameters of GP that have been used in this work are: 
• • 
• • 
• • 
• • 
• • 

Number of experiments: 400 Number of generations to run: 200 
Population size (µ): 450 Maximum length of parse tree: 60 
Number of children (λ): 1000 Objective functions: CoD, RMS 
Training percentage: 100% Set of functions: +, -, *, /, sqrt 
One target (measured runoff) 12 inputs (8 past rainfall and 4 past runoff) 

Disadvantage of GP with respect to ANNs is the fact that the evolutionary searching is 
slower and the space of formulas must be bounded by user to reach results. Moreover, GP 
and GA request many parameters to tune that influence results, but their choosing is not 
supported by a consolidated theory. 

 
7. MODELLING RESULTS AND COMPARISON AMONG MLP-SVM-GP 

As said, performances of MLPs (IODNNs), SVMs and GP in modeling rainfall-runoff 
transformation have been tested on data from a small catchment area in South Italy 
because it is well monitored and, then, it has good quality and quantity of data. 

About ANNs, both IODNN and SVM have a ARX(4,4,3) regressor as input and 
respectively ten and thirty hidden neurons (Giustolisi, 2002a, b). The regularization 
parameter in training IODNN was fixed equal to 10-4. 

About GP, the following symbolic formula was selected after evolutionary searching, 

( ) ( ) ( ) ( )( ) ( ) ( )( ) ( )4 1102.1146.051585.0 −⋅−⋅+−⋅−+⋅−⋅−⋅= tqtqtqtptptqtq  (10) 

Eq. (10) has three constants; two rainfall inputs and one runoff input are used and nk is 
chosen equal to four minutes by GP. Comparing Eq. (10) and structures of ANNs, see Fig. 
1, it is clear that GP is a very parsimonious way to model and it selects a very few number 
of inputs but its modeling performance, see Tab. 1 and Fig. 4, tested by CoD on SET2 
(cross-validation) are constantly worse than ANNs. Moreover, Fig. 4 and Tab. 1 show that 
MLP performs a little bit better than SVM. 

 
Table 1  Estimated mean generalization performance by means of CoD computed on test set. 

MLP (%) SVM (%) GP (%) k-step (min) 
96.59 96.09 95.64 1 
91.42 90.15 86.54 2 
84.42 83.41 79.14 4 
76.07 77.35 73.09 8 

 
The worst generalization capability of GP with respect to ANNs could be caused by its 

too parsimonious structure that derives from the maximum length of the parse tree, then 
GP could supply better generalization properties by improving evolutionary searching. 
Finally, it is interesting to see that GP does not seem to suffer of overfitting problems. 

 
8. CONCLUDING REMARKS 

The work has showed that IODNNs and SVMs are quite similar techniques to build 
models and they differ in the cost function type and in the overfitting avoidance 
techniques, but less in modeling performances. 
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GP is quite different because the training concerns a direct search of an explicit 
formula, that is our rainfall-runoff model in the form of symbolic regression, by 
evolutionary strategy. This is advantageous with respect traditional parameter 
estimation that concerns the solution of non-linear optimization problems, but, in 
evolutionary strategies, there are a lot of parameters that affects the final result 
without a strong theory that supports their tuning. More, GP seems to be a more 
parsimonious way of modeling than ANNs because it select the best inputs in parse 
tree and usually needs of few constants, but the evolutionary searching of the best 
formula is quite slow and this affect the choice of the number of elements in the 
function set and the maximum length of the parse tree that should be supported by a 
higher number of generations. 

Finally, today ANNs seems to supply better modeling performances, but it is 
possible to argue that, in future, GP will improve thanks to evolutionary strategies 
knowledge growing and computing velocity increasing. 
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Fig. 4  CoD for each event of MLP, SVM and GP predictions at line horizon k=[1 2 4] min. 
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Abstract: One of the most important prerequisites in the operational flood management is the 
predicted flood value with reasonable lead-time. Advance knowledge of the quantum of floodwater 
approaching the dam site can be used to route the flood safely through the reservoir, reducing thereby 
the danger of peak flood flows. The process of flood is basically uncertain and unpredictable owing to 
its complex and non-linear dependency on a variety of meteorological and topographic parameters. In 
the real world situation there are numerous external factors, which affect the decision making process. 
The decision makers always try to avoid risk. In certain critical conditions, they take a decision based 
on intuition and experience, which cannot be justified with facts and figures. Therefore, it is realized 
that complex real-world problems require intelligent systems that combine knowledge, techniques, 
and methodologies from various sources. These intelligent systems are expected to possess human-
like expertise within a specific domain, adapt themselves and learn to do better in changing 
environments, and explain how they make decisions or take actions. Attempt has been made in the 
present work, to map this complex phenomenon using Artificial Neural Network (ANN). An artificial 
Neural Network is characterized by its architecture that represents the pattern of connection between 
nodes, its method of determining the connection weights and the activation function. It imitates the 
function of human brain. Real life data are collected from the Mahanadi basin upstream of Hirakud to 
formulate and validate the model. 

 

 
Keywords: artificial neural networks, streamflow forecasting, river Mahanadi, 

rainfall-runoff models 
  
1. INTRODUCTION 

In large basins, complex hydrological processes, often pose difficulties for accurate site-
specific predictions. Non-linear statistical methods have been suggested by Jacoby (1966), 
Amorocho and Brandstetter (1971) to overcome such bottlenecks. A variety of methods 
have been proposed for modeling the rainfall-runoff process including conceptual (physical) 
and empirical (statistical) models (WMO 1994), but none of them can be considered as 
unique superior model (Shamseldin 1997). Owing to difficulties of formulating reasonable 
non-linear watershed models, recent attempts have resorted to Artificial Neural Network 
(ANN) approach for complex hydrologic modeling (Karunanithi et al. 1994; Saad et al. 
1996; Clair and Ehrman 1998; Jain et al. 1999; Coulibaly et al.  2000). 

Earlier works on streamflow forecasting include conceptual and empirical models. 
Traditional methods are adequately summarized in hydrology texts such as Ponce (1989), 
Singh (1988, 1989) and McCuen and Snyder (1986). Many of these methods assume a 
uniform rainfall distribution in space, or a coarse sub-division of the watershed area into 
sub-areas within which the rainfall can be assumed to be uniform in a piecewise fashion. To 

mailto:pcswain_2000@yahoo.com


overcome such difficulties, the use of soft computing in the field of hydrological 
forecasting is gaining ground (See and Openshaw 1999). This is one of the latest 
approaches for the development of systems armed with computational intelligence. This 
paper deals with the prediction of flow into the reservoir using ANN technique. ANN based 
daily Rainfall-Runoff models are developed for the sub-basins of river Mahanadi. Point 
rainfalls at the gauging stations are considered to be related to the outflow at the sub-basin 
outlet, for developing this model. The ANN is implemented using NEURAL NETWORK 
TOOL BOX in MATLAB environment (The Mathworks 1998, 1999).  
 
2. DATA COLLECTION 

Data on flow at different stream-gauging stations and rainfall at raingauge stations located 
in the Mahanadi catchment upstream of Hirakud dam are collected and processed before 
feeding to the models. The length of the data chosen varies from model to model 
considering its unavailability or inconsistency. A schematic view of River Mahanadi with 
its tributaries and river gauging stations is shown in Fig.1.  

 

 
Note:  The numbers indicate the gauging stations of Hirakud Dam Project and Central Water Commission; Master 
Control Room, Burla and the State Head Quarters of Orissa, Bhubaneswar. 
01.Ghorari  02.Nandaghat     03.Seorinarayan      04.Champa 05.Saradihi        
06.Tarapur              07.Deogaon        08.Rajim 09.Simga   10.Andhyarkore      11.Gatora         
12.Sankara         13.Baikunthpur    14.Pendra road       15.Manendragarh     16.Bangodam   
17.Korba           18.Bamnidihi       19.Basantpur         20.Raipur     21.Dharmajayagarh 
22.Kurubhatta       23.Thetatanger  24.Sundargarh     25.Burla                26. Paramanpur     
27.Surajgarh       28.Hirakud project    29.Jondhra        30.Rampur           31.Pathardihi       
32.Sukma           33.Salebhatta           34.Khairmal           35.Kantamal    36.Tikarapara      
37.Mundali         38.Baronda           39.Phulbani       40.Barmul          41.Bhubaneswar 
42.Belgaon        43.Kesinga            44.Kotni 

Fig. 1  Map of Mahanadi river basin showing hydro-meteorological gauging stations 
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The database is divided into two periods:  monsoon and non-monsoon. The reservoir 
operation during monsoon is complicated due to conflicting objectives like flood control, 
irrigation, power generation and conservation at the end of the period. The non-monsoon 
operation is relatively simple. Hence, only monsoon period is considered in this study, 
which starts on 21st June and continues up to 31st October.  
 
3. DEVELOPMENT OF RAINFALL-RUNOFF MODELS 

In this study, Levenberg-Marquardt Back-Propagation (LMBP) training is adopted for 
ANN models to improve the network training speed and efficiency.  The number of inputs 
is decided based on the physical problem at hand and the relation between the variables. 
Correlation analysis and plot of correllogram is also used for deciding the number of inputs 
influencing the physical process under consideration. 

Since a BP-NN simulator is quite sensitive to the initial starting point, an initial 
randomized weight space is adopted. This helps in breaking symmetry. This process 
continues until convergence is visible during the use of the simulator. In the present study, 
for a few cases, the input pattern is shuffled and is sent back to the simulator. This is found 
to be very effective in combating the input pattern sensitivity. The initial values of learning 
rate η and the scalar λ for LMBP are chosen as 0.02 and 0.001.   
 
4. MODEL EVALUATION CRITERIA 

The performance of the predictions resulting from both the training and the testing is 
evaluated by using various measures of goodness-of-fit. A variety of verification criteria, 
which could be used for the evaluation and inter-comparison of different models are 
proposed by World Meteorological Organization (WMO) and other investigators (WMO 
1975; Nash and Sutcliffe 1970; Atiken 1973; Kachroo 1992; Houghton-Carr 1999). They 
are grouped as graphical and numerical performance indicators. The graphical indicators 
suited to the present objective are listed as follows: 

1. A scatter plot of the simulated versus observed flows for both the training and the 
testing periods. 

2. A linear scale plot of the simulated and observed hydrographs for both the training 
and the testing periods. 

Of the several numerical indicators (WMO 1975), the correlation statistic (CORR), the 
Root Mean Square Error (RMSE) and the coefficient of determination (R2) (Nash and 
Sutcliffe 1970; ASCE 1993)are chosen for this study. The popular non-linear logistic 
sigmoid function is adopted as the activation function for hidden and output neurons. Each 
pass through the training data is called an epoch and the ANN learns through the overall 
change in weights accumulated over many epochs. The training and testing sets are to be 
representative of the whole data. In this study, feed forward neural net with LMBP has been 
adopted. 

The training starts with initializing the network with a set of random weights. In general, 
the number of training iterations is kept as 100. After this, the network weights are retrieved 
and performance assessed with respect to the testing set.  If the performance is not 
satisfactory, then the network training is reinitialized and a different set of weights are 
assigned. If the performance is not acceptable, then the network architecture is changed 
(increased or decreased) and the process is repeated. The network giving best performance 
with respect to the performance indices such as coefficient of efficiency, RMSE and 
comparison of actual and predicted values is adopted for further experimentation.  
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5. DAILY RAINFALL-RUNOFF MODELING 

The rainfall-runoff relationship is perhaps among the most complex hydrologic phenomena 
to comprehend. This is due to the tremendous spatial and temporal variability of watershed 
characteristics and rainfall pattern, as well as the number of variables involved in modeling 
the physical processes. ANN is capable of modeling the rainfall-runoff relationship due to 
its ability to generalize patterns in noisy and ambiguous input data and to synthesize a 
complex model without prior knowledge of probability distribution.  

5.1 Model Formulation 
The point rainfall at the rain gauge stations are pooled and processed for feeding into the 
ANN model. In this effort, the present analysis is a special one and differs from the 
previous treatments of the process, which considered the mean aerial rainfall over the entire 
sub-basin. The assumption of uniform rainfall over the area attracts errors into the modeling 
process. The present analysis overcomes this difficulty by directly considering the 
underlying relationship between the point rainfall and the discharge at the sub-basin outlet. 

The experiment is conducted on the sub-catchments, upstream of Hirakud (as adopted by  
Hirakud Dam Circle).  The functional relationships between the rainfall and runoff for the 
sub-basins Deogaon, Tarapur, Saradih and the whole upstream catchment are represented 
by the equations as illustrated below. The number of input neurons for the Neural Network 
Deogaon Model  (NNDM) is five, with four neurons representing rainfall inputs from four 
rain-gauge stations and the fifth one for the one time lag runoff at the stream gauging 
station Deogaon. Similarly, the Neural Network Hirakud Model (NNHM) Neural Network 
Saradih Model (NNSM) and Neural Network Tarapur Model (NNTM) have 6, 10 and 28 
input neurons with 5, 9 and 27 neurons respectively representing rainfall inputs from the 
respective rain-gauge stations and the last neuron for the one time lag runoff at the sub-
basin out let. The equations are expressed mathematically as follows: 

Q1(t+1) =  f1 {P1 (t),  P2 (t),……… P4(t), Q1(t)}                                 (1) 
where Q1(t) is the streamflow at a river gauging station at time t  and Q1(t+1) is the stream 
flow at that station  one time step ahead . P1(t), P2 (t)….. represent precipitation at 
respective raingauge stations 1, 2, 3   at time t  in the sub-basin.  

5.2 Model Implementation  
Before starting the training, the collected data are standardized so that the transformed 
values lie between 0 and 1. During the use of sigmoid activation function in the neurons, a 
value away from the boundaries is to be adopted to avoid bias towards extremes. Hence, in 
this work care has been taken to develop standardization (also known as normalization) 
scheme, which will keep the transformed values above 0 and below 1. The standardization 
(normalization) of the data is done as per the following formula. 

max

( )
( ) 0.1

1.2( )
i act

i std
x

x
x

 
= + 
 

                    (2) 

where xi ∈ X(xi) is the i-th standardized value of the variable x, (xi)act is the actual i-th value,  
and xmax is the maximum value of the variable x over the available data length, and (xi)std  is 
the standardized value of the data. 

5.3 Training 
The goal of the training process is to present a sufficient number of input-output pattern 
pairs, which when coupled with a suitable methodology for iterative correction of the 
interconnection weights, produces a final set of weights that minimizes the error. The 
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training tolerance is taken as sum squared error goal of 0.02. The training stops when either 
the network reaches this goal or when the maximum number of epochs, set as another 
stopping criterion, is reached. Regardless of the termination criteria, care is taken to stop 
training before the network is over-trained, which is achieved by checking the performance 
over the testing set. The training is stopped in case there is continuous decrease in 
performance over the testing set. Now the weights are frozen and the network parameters 
are saved. 
 
6. RESULTS AND DISCUSSIONS 

The results obtained for the models developed for 3 sub-basins Deogaon, Tarapur and 
Saradih sub-basins and the entire upstream catchment of Hirakud along with discussions 
are presented as follows: 

6.1 Neural Network Deogaon Model (NNDM) 
The NNDM is developed using the flow and precipitation data of current day as the inputs, 
the output being one-day ahead forecasted flow. This fixes the number of input and output 
layer neurons to 5 and 1 respectively. Next, the number of neurons in the hidden layer(s), is 
found out, so that the ANN can correctly map the input-output function, generalize and gain 
experience from the patterns presented to it. In the present work, the number of hidden 
nodes utilized, are obtained by trial and error process. The network is initially configured 
with both one and two hidden layers; but improvement in the forecasted results are seen to 
be only marginal for two hidden layers and is associated with the increase in training time. 
Ranjithan et al. (1993) recommended the determination of the number of intermediate units 
by trial and error based on total error criterion, which is followed here. The error criteria 
adopted in this study are the RMSE. Other performance measures are also followed for 
checking the fit. In this experimentation, it is found that the model with architecture 5-6-1 
(5 input neurons, 6 hidden neurons and 1 output neuron) is most suitable for Deogaon sub-
basin, to map the daily rainfall-runoff process in the sub-catchment. 

It is observed that at 500 epochs, the coefficient of efficiency, R2 achieved is 0.9084 in 
the training and 0.8517 in testing phases. The RMSE for training is 0.0442 and that for the 
testing set is found to be 0.0217. Further training causes a decrease in R2 value to 0.8508 
for testing. However, the R2 value for training remains the same. The RMSE for testing set 
increases after 500 epochs, whereas, that for training remains the same. Therefore, the 
optimum ANN structure for one day ahead forecast is presented as 5-6-1.In addition to the 
numerical indicators, graphical indicators for the model evaluation are considered. The 
scatter plots of the simulated versus observed flows for the training and testing phases and 
the linear scale plot of the observed and simulated hydrographs for training and testing 
show a good match between the predicted and actual daily flows. 

6.2 The Runoff Forecasters 
Rainfall-runoff models are also developed for Tarapur, Saradih sub-basins and whole 
upstream catchment of Hirakud. The best-fit models arrived after all the processes 
delineated in the previous article are reported in the Table 1.  

Table 1  Architecture of the ANN-based models 
Sl.N

o. 
Sub-catchment / Name of 

the model 
No. of input 

nodes 
No. of output 

nodes 
No. of 
hidden 
layers 

No. of hidden 
nodes 

1 Tarapur / ANNTM 6 1 2 12 - 12 
2 Deogaon / ANNDM 5 1 1 6 
3 Saradih / ANNSM 21 1 1 10 
4 Hirakud / ANNHM 28 1 2 10 - 10  
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Table 1 describes the architecture of the models, where as performance of the models in 
terms of RMSE and efficiency  for Tarapur, Deogaon, Saradih and Hirakud are 0.98, 0.85, 
0.91 and 0.87 in validation phase. 

For Tarapur sub-basin, it is observed that after 500 epochs SSE remains constant, 
indicating the completion of learning process. The variation of SSE with training epochs 
shows the learning is completed at 100 epochs. Fig. 2 presents the time series plots of 
actual and modeled normalized inflow into Hirakud reservoir. Fig. 3 shows the scatter plot 
of inflow in testing phase. The figures show that the model is able to predict high flow 
events with reasonable accuracy. 

 

 
Fig. 2  Time series plot of inflow into Hirakud Reservoir in training and testing phases. 

 
 

Fig. 3  Scatter plot of inflow into Hirakud Reservoir in testing phase. 
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7. CONCLUDING REMARKS  

This experiment and the results confirm that Artificial Neural Network is capable of 
learning the rainfall-runoff pattern in the area under consideration and the models 
developed are able to predict the future flows in river Mahanadi and its tributaries. 
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Abstract: An artificial neural network (ANN), which emulates the parallel distributed processing of 
the human nervous system, is a flexible mathematical model that is capable of simulating non-linear 
physical processes. It has been proven particularly efficient for problems in which the internal 
characteristics of the processes are difficult to be described by physical equations such as hydrologic 
processes. The study presented in this paper has investigated the capability of the ANN technique 
for real-time flood forecasting. Two case studies are presented, in which ANN models are employed 
to forecast 1- to 6-hour ahead inflows into Ikusaka reservoir, and 1- to 3-hour ahead discharge and 
water level along the Tsurumi River in Japan. The ANN models are trained to remember historical 
storm patterns for reproduction of relevant pattern for new floods. It was found that the ANN model 
might provide quite accurate forecasting when an optimum number of spatial and temporal inputs 
are included in the network, and the network with shorter lead-time produced better performance. 
Because the ANN model has no physically realistic parameters, it is not a substitute for conceptual 
watershed models. However, the ANN technique does provide an effective alternative for real-time 
flood forecasting when the internal characteristics of the watershed are complex or difficult to be 
simulated. 

Application of artificial neural network technique in real-time 
flood forecasting 
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Keywords: flood, reservoir, real-time forecasting, artificial neural network 
 
1. INTRODUCTION 

Floods are the most frequently occurred hazards in the world. Despite great advances in 
weather forecasting over the last decades, the requirement for accurate real-time flood 
forecasting remains as one of the most elusive challenges and it has been a significant 
field of research in hydrology for many years. During the past decades, different types of 
rainfall-runoff models were proposed. According to the degree to represent the physical 
processes, those models may be classified as black-box models, conceptual models, and 
physically-based models. Previously, the black-box models were widely used because 
they avoid addressing the background of the spatial and temporal variability as well as the 
complexities of the physical processes. With the increasing capability to represent the 
hydrologic processes, conceptual models were developed to approximate the internal 
structure and physical mechanisms governing the hydrologic cycle. This approach usually 
incorporates simplified forms of physical laws with parameters being representative of 
watershed characteristics. Recently, the advances in measurement and modeling 
techniques have made it possible to accurately simulate the hydrologic processes and the 
physically-based distributed hydrologic models have received special attention from 
hydrologists. Unfortunately, the limitations in knowledge of the hydrologic processes and 
interactions among hydrologic processes dramatically affect the practical application of 
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those complex models. 
The conventional time-series model is one example of the black-box approach, which 

has been widely accepted as a practical tool for many years. In this kind of models, 
difference or differential equations are usually used to identify a direct mapping between 
the inputs and outputs without detailed consideration of the internal structure of the 
physical processes. Most of the time-series models such as ARMA and ARMAX used in 
hydrology assume linear relationships among the hydrologic variables. Such models 
cannot represent the nonlinear characteristics of the transformation from rainfall to runoff 
and therefore usually do not perform satisfactorily. Recently, significant progress in the 
simulation for nonlinear processes has been made it possible through advances in the 
artificial neural network (ANN) technique. An ANN is a nonlinear mathematical model, 
which is capable of representing complex nonlinear processes (Hsu et al., 1995; Imrie et 
al., 2000). It learns about its environment through an iterative procedure known as training, 
which in turn adjusts the parameters of the network. ANN model has been successfully 
used to simulate complex nonlinear time series in different fields of engineering. In 
hydrology and water resources, the interests on ANN techniques has been motivated by 
the non-linear nature of hydrologic processes (French et al. 1992; Raman & Sunikumar, 
1995; Jain et al. 1999; Coulibaly et al., 2000). Although physically-based or conceptual 
models strive to account for all physical processes, their successful application is usually 
restricted by the catchment-specific data and the simplifications in solving the governing 
equations. Instead, the ANN technique offers a relatively flexible means for the simulation 
of complex hydrologic processes.  

The application of an ANN model does not require any prior assumptions regarding the 
physical processes (Smith & Eli, 1995; Luk et al., 2000). This feature makes it promising 
for the real-time flood forecasting in catchment with complex characteristics. In this study, 
attempts have been made to develop suitable neural network models for flood forecasting. 
Two case studies are presented in this paper: one for forecasting inflow into Ikusaka 
reservoir, and the other for forecasting the discharge and water level along the Tsurumi 
River in Japan. After an introduction for ANN techniques is given in the following section, 
other sections left will describe those tasks step by step and demonstrate the capabilities of 
neural network models in the real-time forecasting of floods. 
 
2. ARTIFICIAL NEURAL NETWORKS FOR FLOOD FORECASTING 

Since the 1950s, various kinds of ANN architectures have been proposed. The most 
widely used ones include multi-layer feed-forward networks, self-organizing feature maps, 
Hopfield networks, and counter-propagation networks (Hsu et al., 1995). Of these, 
multi-layer feed-forward networks have been found to have the best performance with 
regard to input-output function approximation. A feed-forward multi-layer perception 
(MLP) network consists of a set of sensory units that constitute the input layer, one or 
more hidden and an output layer (Sajikumar and Thandaveswara, 1999). In this kind of 
ANN model, information passes only in one direction from the neurons of a layer to the 
neurons of the succeeding layer. All inputs to a neuron in a particular layer are from the 
preceding layer. A gradient descent procedure known as generalized error-back 
propagation is usually employed for the training of the MLP network. The MLP network 
is, therefore, also known as a back-propagation network (BPN). Important and desirable 
features of ANN models are: (1) the ability to simulate nonlinear physical processes, (2) a 
parallel computational structure, and (3) the relative easiness of incorporating additional 
prognostic variables. It has been successfully applied in a number of diverse fields 
including hydrology and water resources. In order to optimally fit an ARMA-type model 
to a hydrologic time-series, the data must be stationary and follow a normal distribution. 
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When developing ANN models, the statistical distribution of the data does not need to be 
known. The non-stationariness in the data such as trends and seasonal variations are 
implicitly accounted for by the internal structure of the ANNs. It has the ability to 
determine which model inputs are critical, so that there is no need for prior knowledge 
about the relationships among the variables being simulated.  

A disadvantage of ANN models is that the optimum internal network parameters 
including the learning rate and the momentum as well as the optimum network geometry 
such as the number of hidden layers and the number of nodes in hidden layer are 
problem-dependent and the network complexity is related to the input parameters used 
(Maier and Dandy, 1996; Coulibaly et al., 2001). Physically-based models are able to cope 
with changes in the system. On the contrary, ANN models can not cope with changes of 
the system, because the models are trained on a historical dataset and it is assumed that 
the past physical relationship learned will apply into the future as well. Once a network 
has been trained, a general relationship between the inputs and outputs has been obtained. 
It is, therefore, advisable to retrain the model as new data becomes avaiable for real-time 
forecasting. In real-time flood forecasting, it is particular advisable to retrain the model 
once large flood occurs, because information contained in the large floods is required to 
adequately capture the features of the discharge variations. Some of ANN models tend to 
perform better on peak rather than low flows, others may have opposite performance. In 
order to improve the model performance on extreme values, the Peak and Low Flow 
Criteria (PLC) proposed by Coulibaly et al. (2001), or the error-predictor-type approach 
and on-line re-training method suggested by Cameron et al. (2002), may be used. Another 
shortcoming in applying the standard BPN to rainfall-runoff simulation is that the network 
does not incorporate storage elements, so does not take account of temporal dependence. 
In order to tackle this problem, the following method is usually used: using a window of 
input series x(t-m), x(t-m+1), …, x(t) as input at an instant t. In which x(t) is one of the 
inputs at time t and m the memory length of the physical system (Karunanidhi et al., 1994). 
Hence, a single real input requires m input units in the BPN network and the total number 
of input neurons increases with the length of memory. 
 
3. MODEL FORMULATION 

A BP ANN, used in this study, is composed of a number of interconnected nodes, arranged 
in an input layer, an output layer, and one hidden layer. Each layer consists of many nodes. 
The input layer receives input data from the outside world, the hidden layers transform the 
input to a hidden layer by a nonlinear function, and the output layer is the response of the 
network (Chang and Chen, 2001). Fig. 1 shows the three-layer feed-forward neural 
network with ni input, nh hidden, and no output nodes formulated in this study. The 
principal advantage of the neural networks is their adaptive nature, which learns from the 
historical data to automatically adjust parameters. The number of nodes in the hidden 
layer is an important parameter with respect the computational efficiency of the neural 
network model, which is usually decided by trial-and-error approach. The effective 
incoming signal to node j is the weighted sum of all input signals: 
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in which ni is the total number of nodes in the input layer, nh the total number of nodes in 
the hidden layer, wij the weight from node i to j, xi input from unit i, and uj is value at unit 
j of hidden layer. The combined signal is updated by the transfer function to produce the 
output, 
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in which f denotes the selected transfer function, vjk the weight from node j to k, yk the 
network output, and nh denotes total number of nodes in the hidden layer. A nonlinear 
transfer function allows the neural networks to consider nonlinear relationships between 
input and output datasets. 
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Fig. 1  Schematic of the three-layer feed-forward ANN model 
 

Initially, the weights are assigned arbitrary small values. As training progresses, the 
weights gradually converge to values such that each input vector produces output values 
that are as close as possible to the desired output vector. According to the investigation 
made by Zealand et al. (1999), over 80% of previous neural network projects used the BP 
training algorithm, and it gives a prescription for changing the weights, wij. In general, 
training data patterns are fed sequentially into the input layer, and this information is 
propagated through the network. The resulting output predictions yk are compared with a 
corresponding observed output, . The Mean Square Error (MSE) at any time t will be 
estimated over the entire data set using equation (3). The intermediate weights are 
adjusted using an appropriate learning rule until MSE has decayed to a suitable level. The 
training process continues for the number of prescribed sweeps or until a prescribed error 
tolerance is reached. The mean square error over the training samples is used as the 
objective function. The MSE for all input patterns is, 

kŷ
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in which  is the kth target value for the lth pattern; y)(ˆ l
ky k

(l) the kth output value for the 
lth pattern; n the number of patterns, and no is the total number of nodes in the output 
layer.  

Generally the dataset available is divided into three parts: one is for training the 
network, the second one for cross-validation, and the other is kept aside for validation. 
The training speed is governed by the learning rate. If it is increased too much, learning 
becomes unstable. One way to overcome this limitation is to alter the training rule from 
pure gradient descent to include a new term considering the proportion of the last weight 
change (Hsu et al., 1995). The weight update equation takes the following form, 
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in which α  is learning rate, governing the size of the adjustment. The gradient descent 
method changes the weights in the direction of the steepest descent down the error surface, 
reducing the likelihood that the network will stabilize at a local rather than global error 
minimum. β  is the momentum. It adds inertia to the training procedure and effectively 
increases the learning rate as the error gradient gets smaller, and helps avoid oscillatory 
entrapment in local minima.  
 
4. MODEL APPLICATION 

4.1 Description of the Study Area 
In the first case study, the formulated ANN model is employed to forecast the flood inflow 
into Ikusaka reservoir. This reservoir together with Taira, Minochi, Sasadaira, and Odagiri 
reservoirs in series constitutes the reservoir system, which is located along the Saikawa 
River, as shown in Fig.2. This reservoir system is mainly operated for hydropower 
generation. For the purpose of real-time operation for this system so as to minimize the 
damage due to shutdown of hydropower plant and obtain maximum benefits, the 
forecasting of 1- to 6-hour ahead inflow into Ikusaka reservoir during flood periods has 
become a challenge and an important objective for reservoir managers and operators for 
many years.  
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Fig. 2  Ikusaka reservoir and the river basin                 Fig. 3  Tsurumi River basin 
 
Tsurumi River, with a basin area of 235 km2, will be the second case study. It is a 

typical urban catchment. Residences cover 85% of its land with a population of 1.84 
million. The river basin is depicted in Fig. 3. Flood control has become the most important 
issue in the river basin management and has being one of the greatest challenges that the 
local water authority faces recently. Discharge and water level data covering the flood 
periods from 1975 to 1996 are available for a number of gauging stations located within 
the highly populated catchment. The data are prepared for use in two kinds of studies: 

1- to 3-hour ahead discharge forecasting at 7 flow gauging stations, and 
1- to 3-hour ahead water level forecasting at 12 water level gauges. 

4.2 Model Validation 
The data are first scaled so that the training data lay within the range [0.01, 0.99]. An 
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analysis has been performed on the data in order to identify a suitable length of time series 
from each gauging station with which to prepare the ANN’s input dataset. On the basis of 
the analysis, lags up to t=-6 h are considered appropriate for the first case study and t=-7 
appropriate for the second case study. Using the standard back-propagation algorithm a 
number of three-layer ANNs are trained for the two cases. The number of hidden units is 
varied until suitable ANN architectures were identified, and the networks are trained until 
the error calculated over the training data reached a minimum. 

Part of the forecasting results for Ikusaka reservoir with 1- to 6-hour lead-time is 
presented in Fig. 4. These graphs show the time the forecast is made, along the x-axis with 
a comparison of both the observed and forecasted inflows into the Ikusaka reservoir on the 
y-axis. It can be seen that the forecasts obtained are satisfactory, as they forecast all major 
variations in inflow without appreciable lag. The ANN model forecasts the magnitude and 
timing of the peaks with 1- to 5-hour lead-time satisfactorily, and forecasts the magnitude 
of the small- and middle-class flows quite well, but encounters difficulty in forecasting the 
magnitude of the peak flows when lead-time becomes longer than 5 hours. Generally, as 
the forecast lead-time grows from 1 to 6 hours, so does the forecast error. 
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Fig. 4  Observed versus k-hour ahead forecasting of inflow into Ikusaka reservoir 
 

 889



Part of the results of the 1- to 3-hour ahead discharge and water level forecasting in 
Tsurumi River is presented in Fig.5. Overall, the graphs show that peak flow and water 
level are captured well, and timing errors are small. An evaluation of both the discharge 
and water level forecasts is easily made from these graphs, where the forecasts are 
compared with the observations on a one-to-one basis. Ideal forecasts should match the 
observations exactly. Remarkably, this is practically the case for most of the cases. The 
forecasts show very good agreement with the observed discharge and water level for two 
gauging stations. For other gauge stations, the correlation coefficients between the 
forecasted and observed water level are generally greater than 0.85, and that coefficients 
between the forecasted and observed discharge are greater than 0.7. 
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Fig. 5  Observed versus k-hour ahead forecasting of discharge and water level 
at Kamenokobashi and Ochiaibashi in Tsurumi River basin 

 
5. CONCLUSIONS 

The application of artificial neural network models for real-time flood forecasting has 
been presented. From the results obtained, ANN model appears to be a useful tool for 
flood forecasting. The ANN model presented in this paper is simple to apply and its data 
requirements are limited to rainfall and river flow measurements from upstream gauging 
stations. The results obtained with the data from the two catchments show that good 
forecasting with significant lead times can be achieved. Compared with traditional 
sophisticated hydrologic models or conventional time series approaches, the principal 
advantage of the ANN approach is that the forecasting model could be constructed and the 
required parameters could be estimated easily using the ANN technique without detailed 
consideration of the catchment characteristics. The results obtained in this study provide 
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the evidence that the ANN model can offer satisfactory results with high accuracy for 
real-time flood forecasting. 
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Abstract: In the application of Artificial Neural Networks (ANNs) based models to the practices of 
flood forecasting, the problem is always encountered on how to find balance between generalization 
and over-fitting. The model should be general enough to capture all the necessary information 
inherently included in the data to explicitly reveal the input-output relationship. In order to satisfy 
this purpose, the structure of the model should be sophisticated enough (while not too much), the 
training algorithm be selected carefully and the training course be stopped at the right moment. 
Some methodologies dealing with how to create appropriate ANN-based models to overcome 
over-fitting while preserve generalization is presented in this paper. Multi-layer Feed-forward 
Network (MLFF) and Levenberg-Marquardt (LM) training algorithm were used in this research 
because they were reported to be the relatively preferred ANN-based measures in undertaking 
non-linear prediction work, and more or less the quickest and most robust training method 
respectively. Data selection and preparation methods utilized which are essential for the training 
course were first described, and then was the selection of model structure, where cross-validation 
was adopted in determining the appropriate amount of hidden neurons. Then a modified 
performance function was introduced into LM training algorithm, which aims at enforcing the 
model parameters to keep small during the training to obtain a smoother output. But even so the 
network cannot be guaranteed to generalize well unless the training be stopped at right iteration. So 
finally an early stopping method, which is based on the monitoring of validation subset data was 
introduced to determine the most appropriate training iteration. The performance of the network was 
increased step by step by the application of the techniques mentioned above, and quiet satisfied 
forecasting results which generalizes well was presented at the end.  

Balancing between generalization and over-fitting: ANN-based 
modeling for flow forecasting 
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1. INTRODUCTION 

The application of ANNs to various aspects of hydrological modeling has undergone 
much investigation in recent years. This interest has been motivated by the complex 
nature of hydrological systems and the ability of ANNs to model non-linear relationships. 
Although deterministic models strive to catch all physical processes, their successful 
employment may be restricted by the availability of catchment-specific data and much 
amount of expertise experiences during the validation period. The time-series methods are 
simpler, but they will probably be puzzled by the non-stationary and non-linearity in the 
data, tackling of this also need comprehensive experience from modelers. ANNs offers a 
relatively quicker and more flexible means of modeling. They do not impose a functional 
relationship between the independent and dependent variables. Instead, the functional 
relationship is determined by the data in the training process. The advantage of such an 
approach is that a network with a sufficient number of hidden units is able to approximate 
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any continuous function to any degree of accuracy, if enough training is performed 
(Coulibaly, 2000). In the hydrological forecasting context, recent experiments have 
reported that ANNs may offer a promising alternative for rainfall-runoff modeling 
(Sajikumar, 1999; Tokar, 1999), streamflow prediction (Zealand et al, 1999; Campolo, 
1999), and reservoir inflow forecasting (Jain et al, 1999; Coulibaly et al, 2000).  

Although ANNs have already been shown good perspective in the application of flow 
forecasting practices, a number of questions are still open for further investigation. One of 
the main concerns associated with their use is, whether or not a trained network will 
generalize when presented with new data. A considerable number of structures and 
training algorithms were developed to mapping the underlying relationship between in- 
and outputs as accurate as possible. But both too sophisticated models and too much 
training will arise another problem of over-fitting, that means the model is too sensitive 
that it models the noise in stead of the underlying function we want it to find. Over-fitting 
is of particular concern because most of the training algorithms (Levenberg-Marquardt for 
example) are so powerful that, unless we prevent it, over-fitting is a serious hazard. 
Therefore it is important to construct proper ANN models to obtain well-generalized 
forecasting results, while preventing over-fitting. A number of techniques were developed 
recently, herein we propose some of them that are implemented through the modeling 
procedure, including the preparation of the data, the appropriate structure of model and 
the appropriate training methods (regularization and early stopping) which proved to be 
efficient in releasing over-fitting.   

Many types of ANNs and training algorithms were developed in last decades, among 
them Multi-layer Feed-forward (MLFF) Network and Levenberg-Marquardt (LM) 
training algorithm have relatively better performances compared to other structures and 
training algorithms, especially in the field of complex function approximation. So the 
imposed methods which can improve generalization while preventing over-fitting will be 
based on MLFF and LM algorithm. These methods will be implemented step by step 
along with the extension of the modeling process, the performance of the forecasting 
reveals to be increasing step by step as well. The Meuse (Maas in Dutch) River in the 
Netherlands was selected as the objective in the case study. Daily discharge forecasting 
was made for Borgharen, a station located in the middle of the stream course. 
 
2. PREPARING INPUT DATA 

Data for the experiments were taken from the Meuse River, in west Europe which flows 
through France, Belgium and joins North sea from the Netherlands. The river course is 
880 km long and the watershed has an area of about 33,000 km2 . For this research work, 
only the part of the Meuse upstream of Borgharen (a city at the south-east Netherlands) is 
studied. 30 years daily records of discharges in Borgharen, and average areal rainfall 
upstream of Borgharen are available, among them, 6 years’ (1976, 1988, 1989, 1995, 1996, 
1997) data which represent wet, normal and dry years respectively were used to train the 
networks, 1 year’s (1998) data for validation, and another year (1999) for testing purpose. 
All of the data were preprocessed by normalizing the inputs and targets so that they fell in 
the interval [-1, 1] before fed into the networks 
 

3. APPROPRIATE STRUCTURE OF NETWORK 

ANNs may be classified into many different ways according to one or more of their 
relevant features (Basheer, 2000). Here we put all kinds of the networks into 3 categories: 
multi-layer feed forward (MLFF), competitive networks, recurrent associative memory 
networks. Among them, MLFF is most commonly used for streamflow forecasting. This 
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stems from the theoretical ability of the MLFF to approximate complicated nonlinear 
functions to arbitrary accuracy. In practice, a three-layer feedforward neural network 
which contains one nonlinear layer (hidden) and one linear layer (output) is usually 
sophisticated enough to withstand the challenge. The nonlinear mapping ability comes 
from the nonlinear transfer function embedded in the neurons in the hidden layer(s), here 
the hyperbolic tangent sigmoid function (tansig) is utilized, and the transfer function in the 
output neurons is a linear function: purelin, which are given by: 
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In neural networks, as in all modeling problems, the simplest network that can adequately 
represent the training sets is appreciated so as to be more likely to generalize. As the scope 
in this paper is limited to the application of MLFF, the problem of appropriate 
construction of the network will split into the selection of the number of input, hidden, 
and output nodes. 
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Fig. 1  Selection of hidden neurons: 6 input and 1 output neurons. 
 

The number of output nodes was generally determined by the nature of the problem, in 
most cases, this is the same as that of the input nodes. Also the input nodes are constrained 
by the availability of input data. There also exists a number of statistic techniques which 
could be employed to determine which input variables are most important for the 
input-output mapping, i.e. the principal component analysis (Jolliffe, 1986; Konishi, 
1992), but this topic was not touched in this paper. Herein, the MLFF was setup for 
one-day-ahead streamflow prediction and it was assumed that the streamflow, Q(t), can be 
predicted using known information from previous time steps about rainfall P(t-i) and 
streamflow Q(t-i) according to the general relationship: 

Q(t)=f(Q(t-1),…, Q(t-iq), P(t-1),…, P(t-ip))+e(t)              (3) 

where f(.) is a nonlinear mapping function, iq and ip are the number of past inputs and 
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outputs, respectively, contributing to the present output, and e(t) is the unknown mapping 
error. 

In order to learn the optimal number of hidden nodes for this flow forecasting 
application, we divided the data sample into training and validation sub-samples, training 
networks with different numbers of hidden neurons all the way to convergence on the 
training sample, measuring their performance on the validation sample, and then chose the 
network that yielded the best performance on the validation sample. As stated above, 6 
years’ daily rainfall and discharge records were used as training sample, 1 year was used 
to be validation sample. Fig. 1 illustrates the performance of networks with different 
hidden neurons, according to which 30 neurons is relatively better performed and is 
selected to construct the hidden layer. Thus a 6-30-1 feed forward network was selected as 
the testing architecture in this research.  
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Fig. 2  MLFF6-30-1 trained 1000 epochs: (a) Simulated with training data; (b) Tested with 1999 data. 
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The LM training algorithm was adopted to train the network, because it is by far the 
fastest and most reliable algorithm for this type of network. But even though, care should 
still be taken on proper selection of training iterations, stopping criterion, etc., to prevent 
over-fitting. In the first trial, the 6-30-1 MLFF was trained for 1000 iterations by training 
sample, then the trained network was tested by testing sample (1999). Fig. 2(a) shows the 
results from which the network was simulated by the same training data. The network 
does do a perfect fitting on the training data sets after such an intensive training process. 
But when it was fed with new data, it produced heavily over-fitted results, see Fig. 2(b). 
Two techniques—regularization and early stopping were utilized in the next section to 
cope with the problem exhibited in Fig. 2. 
 
4. REGULARIZATION 

The first method for improving generalization is regularization, which is proposed by 
MacKay (1992). The idea is trying to keep the parameters in a network small, then the 
network response should be smooth. Thus even the network is slightly oversized, it should 
be able to represent the underlying true function, rather than capture the noise. The typical 
performance function that is used for training feed forward networks is the mean sum of 
squares of the network errors: 

NE
N

i
D /)(

1

2∑
=

= ε                                (4) 

In order to keep the network parameter small, another term  is added to the 
performance function: 

WE

WD EEF )1( γγ −+=                              (5) 

where is the sum of squares of the network parameters (synaptic weights), WE γ is the 
performance ratio. If γ is large, then the training algorithm will drive the error small. But 
if γ is very small, then the training course will try to reduce parameter size at the expense 
of network errors, producing a smoother network response. 

Fig. 3(a) shows the testing results of the regularization approach mentioned above. We 
initialized the previous network and retrained it using LM again with the regularized 
performance function (5). Here the performance ration was set to 0.5, which gives equal 
weight to the mean square errors and the mean square weights.  

To evaluate the model performance, four criteria are used: Gumbel extreme value 
distribution (Shaw, 1994) , relative mean absolute error (RMAE), root mean square error 
(RMSE), and correlation coefficient (R) (Maidment, 1993). The Gumbel distribution will 
be described below yet the other three will not be tackled. 

In order to reveal the capability of the model to predict the extreme discharge, which is 
particularly concerned for flood releasing purpose, the Gumbel extreme value distribution 
was utilized to distinguish the observed and forecasted events at high values, as illustrated 
in Fig. 3(b). The equation of the Gumbel distribution is given by: 

( )( ) exp[ ]b X aF X e− −= −                             (6) 

where F(X)is the probability of a daily average discharge Q<X, and a and b are two 
parameters related to the moments of the population of Q values given by: 

0.5772 /Qa bµ= −                                (7) 
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/( 6)Qb π σ=                                    (8) 

where µQ is the mean, and σQ is the root of variance.  
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Fig. 3  Regularized MLFF: (a) Comparison of forecasted and observed discharge; (b) Gumbel distribution. 

 
For an ideal prediction, the forecasted discharges (the asterisks in Fig. 3(b)) should 

overlap the observed discharges (the circles). Whereas in Fig.3(b) reveals good 
performance of the model in median and lower discharges, but not in high value segment. 
The RMAE, RMSE and R statistics of the models are summarized in Table 1.  
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Table 1  Forecasting statistics for increased models 
No. Model RMAE RMSE R 
1 Original 6-30-1 MLFF, 1000 iterations 0.68 482 0.61 
2 Regularized MLFF, 100 iterations 0.15 78 0.96 
3 Regularized & trained with ES, 11 iterations 0.11 36 0.99 

 
Table 1 (which also includes performance evaluation of the technique—early stopping 

(ES) introduced in the following section) indicates tremendous improvement of model 2 
from model 1, although it still doesn’t reveal its utmost potential. 
 
5. EARLY STOPPED TRAINING 

As can be seen from section 4, train the model with regularized performance function can 
improve its generalization ability, but it is still not satisfactory in high value regime. This 
probably comes from the over-trained network parameters, or the loss of accuracy because 
of the introduction of the weight item into the performance function in equation (5). 
Therefore another method--early stopping which is also a remedy for over-fitting is 
adopted here in companying with regularization (Caruana, 2001). The idea comes from 
the fact that MLFF networks are trained step by step, moving from the realization of fairly 
simple to more complex mapping functions as the training progresses. This is reflected in 
the observation that mean square error decreases with the increasing number of iteration 
during training. As the LM back-propagation is such a powerful training method, it just 
enforces the error reduced continuously until it reaches zero. But from some critical point, 
the network starts to be over-trained, leading to the over-fitting as a consequence. So it is 
important to stop training at right occasion.  

0 2 4 6 8 10 12 14 16
10-4

10-3

10-2

10-1

100

101

Validation error
Training error  

 

M
ea

n 
S

qu
ar

e 
E

rro
r (

B
as

ed
 o

n 
no

rm
al

iz
ed

 d
at

a)
M

ea
n 

Sq
ua

re
 E

rr
or

 (B
as

ed
 o

n 
no

rm
al

iz
ed

 d
at

a)
 

17 Epochs17 Epochs 

Fig. 4  Early stopping. 

Since it is difficult to decide when to stop training by just looking at the learning curve 
(the solid line in Fig.4) for training by itself, because it always keeps on decreasing, 
therefore the available data were divided into training (6 years), validation (1 year), and 
testing subsets (1 year). The training subset is used for computing the gradient and 
updating the network weights. The error on the validation set is monitored during the 
training process. As shown in Fig.4 (the dashed line), the validation error decreases during 
the initial phase of training, as does the error on the training set. However, from 11 
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iteration, the error on the validation set begins to rise, this implies the network begins to 
over-fit the data. Therefore the training is stopped at 11-iteration and the network is tested 
by using 1999-year data. The results are exhibited in Table 1 and Fig.5 which reveal an 
perfect compliance between forecasted and observed discharges.  
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Fig. 5  Regularized & early stopped MLFF:  

(a) Comparison of forecasted and observed discharge; (b)Gumbel distribution. 
 
6. CONCLUSIONS 

As one of the most prevailing data-driven modeling approaches, ANN-based flood 
forecasting models were widely utilized in past decade because of its excellent 
representation in complex and non-linear function approximation. But that doesn’t mean 
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whenever an ANN model is set up and fed with training data sets, a perfect output will 
come out automatically. Particular attention should be paid in order to maintain its 
generalization ability, and to prevent over-fitting, which is prone to happen for such a 
powerful tool. This is usually done by trial-and-error which is fairly a time consuming and 
unreliable resort. Even over-fitting is a potential risk existed during the relentless gradient 
descent training process and inside the flexible model structures of ANNs, it can be 
restrained by careful selection of the model structures and control of the training 
procedures. This paper recommended a systematic way on tackling this issue, during the 
implementation of which the generalization was improving step by step with the 
application of these techniques (appropriate hidden neurons, regularizing the performance 
function and early stopping). A quiet satisfied result was obtained by the combination of 
above-mentioned measures. 
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Abstract: The Yangtze River Flood Control and Management Project aims to improve the 
reliability, accuracy and lead times of forecast flood discharges and flood levels along the upper and 
middle reaches of the Yangtze River between Chongqing and Wuhan. A key component of this 
project is the development of an integrated real-time flood forecasting system for the above reaches. 
As part of the hydrologic model evaluation and selection process, a comparative study was carried 
out for five well-established models to assess their performance and suitability for use in real-time 
flood forecasting in the Yangtze River catchment. The five models were Xinanjiang (Chinese), API 
(Chinese), URBS (Australian), RAFTS (Australian) and HEC-HMS (United States).  This paper 
describes the evaluation of the hydrological performance of the five models and presents the 
findings to date on their suitability for use in the Yangtze River flood forecasting system.  

 

Keywords: Yangtze River, hydrologic modeling, flood forecasting 

1. INTRODUCTION 

The five-year Yangtze River Flood Control and Management Project commenced in 2001 
under the program of technical cooperation for development between the governments of 
Australia and Peoples Republic of China. The project aims to improve the reliability, 
accuracy and lead times of forecast flood discharges and flood levels along the upper and 
middle reaches of the Yangtze River between Chongqing and Wuhan. A key component 
of this project is the development of an integrated real-time flood forecasting system for 
the above reaches. Central to the flood forecasting system will be the use of appropriate 
hydrologic and hydraulic models. To assist in the selection of suitable hydrologic models, 
the performance of five well-established models were assessed and compared. The five 
models evaluated were Xinanjang (Chinese), API (Chinese), URBS (Australian), RAFTS 
(Australian) and HEC-HMS (United States).   

The hydrological performance of the models were assessed through the application on 
two tributary catchments of the Yangtze River, namely Da Ning He (2,001 km2) and Tang 
He (6,877 km2). These two catchments have contrasting characteristics and were 
considered to be fairly representative of the range of characteristics encountered in 
Yangtze catchment. The Da Ning He catchment is very steep, but relatively uniform with 
little or no natural floodplain or depression storage areas. There are no large man-made 
storages in this catchment and the hydrological behaviour is fairly predictable. By contrast, 
the Tang He catchment is quite flat and has extensive floodplains. It has at least 6 large 
reservoirs with storages ranging in size from 200 to 1,300 million cubic metres, as well as 
numerous local depression storages and significant floodplain storage areas. Consequently, 
the hydrological behaviour of the Tang He catchment is quite complex.   



The model evaluations were undertaken using common data sets and performance 
criteria specified in the Chinese National Standards for Hydrological Information and 
Hydrological Forecasting (Chinese Standards, 2000). A brief description of each of the 
test catchments and the models, and the findings to date are given in the following 
sections. 

2. TEST CATCHMENT CHARACTERISTICS 

2.1 Daning River Catchment 
The Daning He is a minor tributary of the Yangtze River located in the Three Gorges 
reach. It has a total catchment area of about 4,180 km2 and a stream length of about 162 
km. The catchment rises from elevations of less than 100 m at its confluence with the 
Yangtze to elevations of over 2,000 m in the Daba mountain range. The catchment is very 
steep, has a thin topsoil layer and is covered with extensive marlite and karst limestone 
rock outcrops. Numerous groundwater flow conduits exist within these limestone 
formations and thus producing a steady base flow in the river.   

Data were available for 10 rainfall stations and 4 stream gauging stations spread across 
the catchment. Modelling was undertaken for the upper half of the catchment (2,001 km2 ) 
down to Wuxi, where the most downstream stream gauging station is located. No 
evaporation data were available within the Da Ning catchment. Hence, the data from the 
nearest available station (Xing Shan) located in the Xiang Xi catchment, some 120 km 
east of Da Ning, were used.  

2.2 Tanghe River Catchment 
The Tanghe is a tributary of the Tangbai River, which in turn is a major tributary of the 
Han River. Han River is one of the largest tributaries of the Yangtze River. The Tang He 
catchment is located in the north-eastern end of the Han River catchment and has a total 
catchment area of about 8,685 km2 and a mainstream length of about 230 km. Upstream of 
the Guotan stream gauging station (the downstream limit of this study) the catchment has 
an area of 6,877 km2 and a mainstream length of 148 km respectively.   

The catchment is quite flat and has extensive floodplains. The elevation range in the 
catchment is not known. However, based on limited available data, most of the catchment 
appears to be within the 100 m to 200 m elevation range. The bed slopes of major streams 
generally vary between 0.0003 m/m to 0.0007 m/m. Base flows in the Tang He drainage 
system are not significant compared to flood flows. 

The 6 largest storages in the catchment command a cumulative catchment area of about 
640 km2. It is understood that numerous other smaller storages exist within this catchment.  
Only limited data are available for these storages. 

Levees have been constructed along both banks of the lower reaches of Tang He to 
protect vast areas of agricultural land and population centres. Based on available 
information, some of these levees have been in place for over 50 years and have been 
progressively upgraded. There are extensive intra and inter basin irrigation networks in 
the Tang He catchment. No data on this irrigation network were available for this study. 

Data were available for 9 rainfall and 5 stream gauging stations spread across the 
modelled catchment. Evaporation is recorded at one location within the catchment.  

3. DESCRIPTION OF MODELS 

Based on an overview of the flood forecasting models currently used in the Yangtze 
catchment, three well-established international hydrologic models not previously tested in 
the Yangtze catchment (URBS, RAFTS and HEC-HMS) were selected for testing. Two of 
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these models (URBS and RAFTS) are non-linear rainfall runoff-routing models of 
Australian origin. It is understood that these types of models have not been previously 
evaluated for use in the Yangtze catchment. The third model (HEC-HMS) is of United 
States origin. Two Chinese models currently in use in the Yangtze catchment (Xinanjiang 
and API) were also selected for comparative purposes. A brief description of each of these 
models, including its background and conceptual basis, is given below.  

3.1 URBS Model 
URBS is a networked runoff-routing model, which has been in existence since 1989. It 
has been built on the work of earlier rainfall runoff models used in Australia. URBS is 
currently used by the Bureau of Meteorology in Australia for real-time flood forecasting 
in a number of States and Territories. Full details of the model are given in Carroll (1999). 

URBS estimates flood hydrographs by routing rainfall excess through a module 
representing the catchment storage. In URBS, the storages are arranged to represent the 
drainage network of the catchment. The distributed nature of storage within the catchment 
is represented by a separate series of concentrated storages for the main stream and for 
major tributaries to provide a degree of physical realism. The storage in the model is 
generally non-linear, but linear storages can be used. 

Rainfall excess is first estimated from rainfall data using one of several loss modelling 
techniques. It is then applied to the runoff routing component of the model to compute the 
surface runoff hydrograph. Baseflow is estimated separately and added to the surface 
runoff hydrograph to provide the total catchment hydrograph. 

URBS can be used as either an event model or a continuous model. Although the 
model does not have an automatic calibration algorithm, the level of effort required to 
calibrate a URBS model is relatively low.  

3.2 RAFTS Model 
RAFTS (formally RSWM) is also a networked rainfall runoff-routing model, which has 
been in existence since 1983. The original model has been regularly improved and 
updated over the years. Full details of the model are given in XP-Software (1996). 

RAFTS is fairly similar to URBS. Central to the RAFTS model is the use of the 
Laurenson’s non-linear runoff routing approach in estimating the sub-catchment outflow 
hydrograph. In RAFTS, each defined sub-catchment is automatically sub-divided into 10 
smaller sub-areas and storages before the rainfall routing is carried out. The model 
provides several options for both rainfall loss modelling and channel routing.  

RAFTS can be used as either an event model or a continuous model. The level of effort 
required to calibrate a RAFTS model is relatively low, especially when using a simple 
initial/continuing loss approach.  An increased calibration effort is required when the soil 
moisture accounting model is used. The model does not have any automatic calibration 
algorithm and requires calibrations to be carried out manually.  

3.3 HEC-HMS Model 
HEC-HMS is a networked rainfall-runoff-routing model developed at the Hydrologic 
Engineering Centre (US Army Corps of Engineers). HEC-HMS is the successor of the 
well-known HEC-1 Flood Hydrology Model. 

HEC-HMS uses unit hydrograph theory to convert excess rainfall to direct runoff. A 
major difference between HEC-HMS and other unit hydrograph models is that it can be 
used as a sub-catchment model rather than a lumped single node model. The focus of 
HEC-HMS is on the use of synthetic unit hydrograph parameters to represent the 
catchment and storage characteristics. An option exists to use the grided Modified Clark 
Distributed model or the Kinematic Wave model instead of the conventional synthetic unit 
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hydrograph models. A number of different options are available for rainfall loss modelling, 
baseflow modelling and channel routing. Full details of the model are given in USAC 
(2000,2001). 

HEC-HMS can be used as either an event or continuous model. For rainfall loss 
modelling, the initial/continuing loss approach with recovery of initial loss is similar to 
that used in URBS while the soil moisture accounting model is similar to that used in 
RAFTS.  

The level of effort required to calibrate a HEC-HMS model is dependent on the type of 
sub-models adopted. The simpler sub-models are relatively easy to calibrate, especially 
when aided with the semi-automatic calibration routine available in HEC-HMS. However, 
the soil moisture accounting model in HEC-HMS is complex and requires considerable 
effort for calibration. In this case, the semi-automatic calibration process is slow, 
particularly when using a network model with a large number of sub-catchments.  

3.4 Xinanjiang (XAJ) Model 
The XAJ model is a well-known Chinese model that was originally developed in 1979. 
Since then there have been several improvements to the model (Zhao, 1992). This model, 
which was built mainly for catchments in humid and semi-humid regions, has been 
extensively used for flood forecasting throughout China since 1980 (Zhao, 1992).   

XAJ is essentially based on unit hydrograph theory, but has an option to adopt the 
linear reservoir routing technique to produce runoff hydrographs. Either synthetic or user 
defined unit hydrographs can be used for flood simulation. Another major feature of the 
XAJ model is the use of non-uniform spatial distribution of soil moisture deficit and 
storage capacity in the catchment. By describing these two variables according to a 
non-uniform spatial distribution, the runoff producing area is also simulated in terms of a 
non-uniform distribution. XAJ is not a networked model and can only be used as a lumped 
single node catchment model. 

A semi-automatic calibration routine has been built into the XAJ model used in the 
Yangtze catchment . Since XAJ is a single node model, the automatic calibration process 
in XAJ is generally effective and efficient. The model is normally used in a continuous 
mode and is not considered suitable for event modelling. The limitations of the model 
include its inability to incorporate land use changes, reservoirs/lakes and flow diversions. 

3.5 Antecedent Precipitation Index (API) Model 
The API (Antecedent Precipitation Index) model has been extensively used in China for 
flood forecasting for many years. The API model used by the Yangtze River Water 
Resources Commission is based on the principles of the American Weather Service 
method developed in 1969 but modified to suit the local catchment conditions. 

API is essentially an empirical correlation method of flood forecasting. Direct runoff 
depth is estimated through the use of an empirical rainfall-runoff correlation diagram, 
which also takes into account the antecedent precipitation and surface retention conditions. 
The model requires the provision of user-defined unit hydrographs to convert direct runoff 
into a surface runoff hydrograph. Baseflow is calculated separately using a linear reservoir 
approach and added to the surface runoff hydrograph to produce the total runoff 
hydrograph. Some of the limitations of the API model include its inability to incorporate 
the effects of land use changes, reservoirs/lakes and flow diversions. 

4. MODEL EVALUATION 

The hydrological performance of the five models was assessed in accordance with the 
performance criteria specified in Chinese Standards (2000) through application on two 
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tributary catchments of the Yangtze River, namely the Da Ning He and the Tang He 
catchments. The two key performance indicators specified in the Chinese Standards (2000) 
are the ‘Coefficient of Determination’ (CD), which is a measure of the goodness-of-fit 
between the recorded and predicted discharge time series data, and the ‘Qualifying Rates’ 
of predicted individual flood event peak discharges and volumes. Under this terminology, 
a forecast peak discharge or flood volume is termed ‘qualified’ when the difference 
between the predicted and recorded values is within 20%.  

The forecast accuracy determined on the basis of the above two performance indicators 
is classified into Grades A, B or C according to criteria shown in Table 1. According to 
Chinese Standards (2000), the models that produce Grade A or B results are suitable for 
making official forecasts. Grade C models are only suitable for making ‘reference’ 
forecasts. Models that cannot make at least Grade C are not recommended for use in flood 
forecasting. 

Table 1  Accuracy Grading of Flood Forecast Elements 
Accuracy Grade A B C 

Coefficient of Determination  CD>=0.90 0.90>CD>=0.70 0.70>CD>=0.50 
Qualifying Rate (%) QR>85.0 85.0>QR>=70.0 70.0>QR>=60.0 

5. COMPARISON OF MODEL RESULTS 
All models were run in a continuous mode for six years of historical flood season data for 
each catchment. Fours years (1980, 1981, 1982 & 1983 for Da Ning He and 1975, 1977, 
1980 & 1982 for Tang He) were used for model calibration and the remaining two years 
(1979 & 2000 for Da Ning He and 1984 & 1998 for Tang He) were used for model 
verification. For Da Ning He, the predicted hydrographs were compared to those recorded 
at the Wuxi gauging station. For Tang He, the predicted hydrographs were compared with 
those recorded at the Guotan gauging station.  

5.1 Coefficient of Determination (CD)  
The combined results of the model calibration and verification runs for Da Ning He at 
Wuxi and Tang He at Guotan respectively are shown in Tables 2 and 3. The results show 
that the average CD values obtained from the different models do not vary significantly. 
Interestingly, the average CD values obtained for the more complex Tang He catchment 
were generally better than those obtained for the simpler Da Ning catchment. This could 
be a reflection of the quality of available rainfall, streamflow and other catchment data.  

The CD values obtained for each model for the years tested satisfy the criteria specified 
in the Chinese Standards (i.e. Grade C or better). The average CD values for all five 
models for both catchments are within Grade B limits. However, the gradings for different 
years of analysis  for the different models varied for different years and catchments. For 
URBS and HEC-HMS, CD values for all years are within Grade A or B limits for both 
catchments; for RAFTS and API, CD values for all years, except one, are within Grade A 
or B limits for both catchments; and for XAJ, 4 out of the 6 years for Da Ning He 
catchment and 5 out of the 6 years for Tang He catchment are within Grade A or B limits. 

Table 2  DC Values for Discharge Predictions at Wuxi, Da Ning Catchment 
Year URBS RAFTS HEC-HMS XAJ API 
1979 0.81 0.81 0.83 0.95 0.80 
1980 0.93 0.93 0.90 0.85 0.90 
1981 0.77 0.59 0.85 0.64 0.66 
1982 0.91 0.90 0.90 0.64 0.91 
1983 0.80 0.72 0.82 0.82 0.73 
2000 0.90 0.87 0.92 0.85 0.88 

Average 0.85 0.80 0.87 0.79 0.81 
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Table 3  DC Values for Discharge Predictions at Guotan, Tang He Catchment 

Year URBS RAFTS HEC-HMS XAJ API 
1975 0.93 0.93 0.93 0.95 0.93 
1977 0.89 0.88 0.88 0.82 0.79 
1980 0.94 0.88 0.86 0.88 0.89 
1982 0.79 0.68 0.84 0.68 0.66 
1984 0.88 0.88 0.89 0.90 0.81 
1998 0.90 0.92 0.84 0.87 0.91 

Average 0.89 0.86 0.87 0.85 0.83 

5.2 Qualifying Rates (QR) 
The predictions for individual flood events were extracted from continuous modelling 
results. Only flood events with peak discharges greater than 500 m3/s at Wuxi for Da Ning 
He  (35 events) and 1,000 m3/s at Guotan for Tang He (20 events) were extracted for the 
calculation of QR values. 

Qualifying rates obtained for the different models for Da Ning He and Tang He 
catchments are shown in Tables 4 and 5.  For the Da Ning He catchment, URBS and 
XAJ model results were within Grade A or B limits for both peak discharges and flood 
volumes; HEC-HMS model results were within Grade C limits for peak discharges and 
Grade A limits for flood volumes; RAFTS model results were within Grade C limits for 
both Peak discharges and flood volumes; and API model results were below Grade C 
limits for both peak discharges and flood volumes. For the Tang He catchment, URBS, 
XAJ and HEC-HMS model results for both peak discharges and flood volumes were 
within Grade A or B limits; RAFTS model results were within Grade B limits for peak 
discharges and Grade C limits for flood volumes; and API model results were below 
Grade C limits for both peak discharges and flood volumes. 

 Table 4  Qualifying Rates for Event Peak Discharges and Flood Volumes, Da Ning Catchment 

Model Peak Discharges Flood Volumes 
URBS 71% 77% 
RAFTS 66% 66% 

HEC-HMS 60% 91% 
XAJ 80% 86% 
API 52% 52% 

Table 5  Qualifying Rates for Event Peak Discharges and Flood Volumes, Tang He Catchment 

Model Peak Discharges Flood Volumes 
URBS 75% 70% 
RAFTS 70% 65% 

HEC-HMS 90% 70% 
XAJ 70% 85% 
API 45% 45% 

6. SUMMARY AND CONCLUSIONS 

Suitability of five hydrological models (URBS, RAFTS, HEC-HMS, XAJ and API) for 
inclusion in the real-time flood forecasting system for the Yangtze catchment was 
evaluated using common data sets from two hydrologically dissimilar tributary 
catchments of the Yangtze River, and performance indicators specified in Chinese 
Standards (2000).  

All models satisfied the CD criteria specified in the Chinese Standards, and all models, 
except the API model, satisfied the QR criteria. The URBS and HEC-HMS models 
appeared to perform better than the other models with respect to the CD criteria. The XAJ 
model appeared to perform better than the other models with respect to the QR criteria.   

 906



The data available for this investigation on topography, reservoir storage and operation, 
and other catchment features that may influence runoff behaviour of the two test 
catchments were limited. It is believed that the model performances can be improved with 
better quality data. Additional testing with the models also show that significant 
improvements in individual flood event predictions are possible if some of these models 
(URBS, RAFTS and HEC-HMS) are used in an event mode rather than continuous mode. 

It was interesting to note that the performance of the simpler models based on the unit 
hydrograph theory (XAJ and HEC-HMS) was similar to that based on non-linear 
catchment storage response models (URBS and RAFTS).   

Based on the results of this study, four of the five models evaluated (URBS, RAFTS, 
HEC-HMS and XAJ) satisfy all the requirements of Chinese Standards (2000). Therefore, 
it is concluded that the modelling requirements of the Yangtze tributary catchments are 
within the capabilities of four out of the five models evaluated in this study.  

It is noted that, when the hydrological performance of different models are similar, the 
ease of adapting a particular model(s) for real-time flood forecasting purposes in the 
Yangtze River catchment is a critical factor that should to be considered in the evaluation 
of models. Factors considered should include model simplicity and flexibility, ease of use, 
suitability for different types of catchments (i.e. model limitations), cost and level of 
technical support, source code availability, and ease of integration with hydraulic models 
and with components of the proposed flood forecasting system. Further, the short-listed 
models should be tested in real-time prior to adoption in the flood forecasting system. The 
final selection may involve some trade-off between model complexity (and possibly 
accuracy) and ease of use for flood forecasting. 
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Abstract: There is increasing interest in the application of Feed Forward Neural Networks (FFNs) 
for flood forecasting, modelling of the relationship between rainfall and streamflow. The exogenous 
inputs of FFNs require some pre-processing and can consume large amounts of storage before 
outputs are produced. Particular advantage of FNNs are their numerical stability, which is not 
sensitive to learning rate, the simplicity of the basic network and the relative efficiency with which 
the training converges. A set of exogenous rainfall inputs can be derived by using the Average 
Mutual Information. Instead of employing the FNN, another alternative is to apply the recurrent 
scheme known as Jordan Recurrent Neural Network (JRN), which keeps a bank of previous outputs 
in its interanl memory and feeds back to its input layer. In this case, required storage can be reduced. 
Both forms of network were applied to forecast high flows of the Thrushel river, located in the 
south west of England, up to three time steps ahead. Results were found to be comparable. The FFN 
is straightforward scheme while the JRN is more difficult because of the need to select learning rate 
to damp out its oscillation. Lower learning rates are needed to stabilise the JRN-network. It is found 
that JRN requires about 40% less epochs than that of FFN. 

Flood forecasting using Jordan Recurrent Artificial Neural 
Networks 

P. Varoonchotikul, M. J. Hall 
International Institute for Infrastructural, Hydraulic and Environmental Engineering, 
POB 3015, 2601 DA Delft, The Netherlands 
 

A. W. Minns 
School of Geoscience, Minerals and Civil Engineering, University of South Australia, 
Mawson Lakes 5095, Australia 

 
Keywords: flood forecasting, feed forward neural network, Jordan recurrent neural network, 

recurrent scheme, learning rate, oscillation, average mutual information 

1. INTRODUCTION 

Over the last decade, many researchers (Hall and Minns, 1993; Minns and Hall, 1996, 
1997; Minns, 1996; See and Openshaw, 1998; Campolo et al, 1999) had applied Artificial 
Neural Networks (ANNs) for the solution of hydrological problems using data from 
laboratory catchments or real river catchments. The common method employed is the 
Feed Forward Network with error back propagation. The type to be employed is multi-
layer perceptron (MLP), usually composed of 3 layers. The major advantage of the MLP-
type ANN is the simplicity of the basic network and the relative efficiency with which the 
training converges. 

One difficulty faced in applying FFN rainfall-runoff models is their inability to 
extrapolate. In brief, if the largest values in the testing data set exceed those in the training 
set, then the FFN will not be able to reproduce them (Minns, 1996; Minns and Hall, 1996). 
To solve this problem, Varoonchotikul et al (2002) suggested simple procedures to follow 
involving the standardisation of the input variables according to the type of activation 
functions incorporated into the hidden and output layer nodes of the network.  
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2. HYDROLOGICAL DATA 

The Thrushel river, located in the south west of England, has a catchment area of 112.7 
km2. Its hydrological data were obtained for a period during 1971-1985 and comprise 37 
events. The data for individual storm events were taken from the Representative Basin 
catalogue for the United Kingdom, an archive of flood events maintained by the Centre 
for Ecology and Hydrology (formerly the Institute of Hydrology), Wallingford, UK. The 
data were provided in ASCII file format, with runoff hydrographs (m3/s) listed at one-
hour (but in some cases 30-minute) intervals, and rainfall hyetographs in the form of 
areally-averaged totals (mm) at one-hour intervals. The areal averaging had been 
performed using the Autostorm method. In this approach, individual raingauge totals are 
multiplied by a weight, defined as the ratio of the reciprocal of the distance between the 
raingauge site and the centre of the catchment divided by the sum of the reciprocals for all 
the raingauges used. The products are then summed to give a total for each time unit (see 
NERC, 1975). 

The rainfall and runoff data, comprised of 3,673 records, were subdivided into three 
subsets as Training (1-657), Cross Validating (658-735) and Testing sets (736-3,673). 
Their basic statistical characteristics are summarised in Table 1. The rainfall data vary 
from 0.0 to 9.50 mm/hr, while runoff data from 0.175 to 123.656 m3/s. Table 1 shows that 
the peak flow in Training data set (37.448 m3/s) is about three time lower than that of 
Testing set (123.656 m3/s). If no appropriate measure is taken, the extrapolation problem 
will be encountered. Therefore, the procedures suggested by Varoonchotikul et al (2002) 
were employed in this study. The concept is to provided enough room in the standardised 
range which, in case of hyperbolic tangent, varies between (-1, 1). 
 

Table 1  Basic statistics of the three data sets. 
Data set 
(Records)

Training set 
(1-657) 

Cross Validation set 
(658-735) 

Testing set 
(736-3673) 

Statistical
Variables

 
Rainfall 

 
Flow 

 
Rainfall 

 
Flow 

 
Rainfall 

 
Flow 

MIN 
MAX 
MEAN 
STD 
VAR 

0.000 
5.500 
0.184 
0.561 
0.315 

1.435 
37.448 
4.920 
5.104 
26.054 

0.000 
5.000 
0.592 
1.011 
1.023 

1.373 
26.911 
7.812 
7.441 
55.363 

0.000 
9.500 
0.417 
1.077 
1.160 

0.175 
123.656 
9.391 
12.104 
146.503 

3. ANALYSIS OF AVERAGE MUTUAL INFORMATION (AMI) 

Given the rainfall and runoff data, the next step is to determine the lag variables with 
which they are most likely to be related. Abebe and Price (2001) employed the Average 
Mutual Information (AMI), which measures the information in bits that can be learned 
from one set of data having knowledge of another set. The AMI is based on Shannon’s 
theory of entropy (shannon; 1948). The idea is that the AMI between two measurements 
ai and bj drawn from sets A and B respectively is defined by 

2

( , )
( , ) log

( ) ( )i ji

AB i j
AB AB i ja b

A i B j

P a b
I P a b

P a P b
 

=  
  

∑                                     (1) 

where PAB(ai,bj) is the joint probability density for the measurements A and B resulting in 
values a and b, and PA(ai) and PB(bj) are the individual probability density for the 
measurements of A and B. If the measurement of a value from A resulting in ai is 
completely independent of the measurement of a value from B resulting in bj, then the 
Average Mutual Information IAB is zero. 
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The advantage of AMI over Cross Correlation is that the former can detect non-linear 
relationships as well as linear relationships since it employs set theoretic principles and is 
not bound to any specific function. However, for discrete measurements the actual AMI-
values depend on the number of class intervals used to calculate the probability densities. 

Thrushel river
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Fig. 1  Average Mutual Information between runoff and variables. 

 

Fig. 1 shows the resulting AMI between rainfall and runoff and future runoff. AMI 
helps to discover how much information about the future runoff is available from each of 
the past recorded rainfall and runoff at various lag times. Obviously, the concurrent runoff 
provides the best information to predict runoff and the AMI will be less if antecedence 
runoffs are employed. The antecedence rainfall, lagged 5 hours, will provided the most 
information about concurrent runoff if only rainfall data are available. If the 5-hr lagged 
rainfall is employed with the runoff data, smaller lags should be used to add missing 
information to supplement that of runoff data. In this case, the first three lags were used. 

4. NEURAL NETWORK MODELLING 

In all cases, three-layer perceptron-type ANNs were employed for rainfall-runoff 
modelling, with the weights determined by error back-propagation. Hyperbolic tangent 
activation functions were used at all nodes in the hidden and output layers. Before 
presentation to the networks, all series of events were converted into time series. In some 
cases, the serial order of the recorded events was changed to obtain closer coincidence 
between the end of one recorded event and the start of the rising limb of its successor. 
Where the flow discrepancies between recessions and rising limbs were too large, the 
recorded recessions were extended artificially, assuming the logarithms of flows were 
reducing linearly. The sections of the rainfall time series corresponding to the flow 
recessions were infilled with zeros. 

4.1 Feed Forward Network (FFN) 
The Feed Forward Network used in this study is composed of three layers as input, hidden 
and output layers as shown in Fig. 2. The configurations of the FFN models were 
determined based on AMI analysis and past experience. The models employed to predict 
one time step ahead (QPt+1) were obtained with six exogenous inputs: the concurrent 
rainfall and two antecedent rainfalls (RFt, RFt-1, RFt-2), and three antecedent flows (Qt,Qt-

1,Qt-2). In all cases, the hidden layer consisted of three nodes (see also Campolo et al, 
1999), with one output in output layer. The advantage of FFN is its numerical stability, 
which is not sensitive to its learning rate, although its convergence rate depends on the 
learning rate. 
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Fig. 2  Feed Forward Network 

 
If one can keep the same time interval between inputs and output, the forecasted results 

can have a similar accuracy. Then to march in time, the six inputs for the second time step 
ahead (QPt+2) were: the concurrent rainfall and two antecedent rainfalls (RFt, RFt-1, RFt-2), 
two antecedent flows (Qt,Qt-1) and one predicted flow (QPt+1). The exogenous input of 
QPt+1 helps providing extra information to the FFN. 

Finally, the six inputs for the third time step ahead (QPt+3) were: the concurrent rainfall 
and two antecedent rainfalls (RFt, RFt-1, RFt-2), one antecedent flows (Qt) and two 
predicted flows (QPt+1, QPt+2). It will not be proper to proceed further owing to the lack 
of future rainfall information. This implies the need of forecasted rainfall, if one plans to 
forecast flow further in time. 

4.2 Jordan Recurrent Network (JRN) 
The structures of Jordan recurrent network (Jordan; 1986), shown in Fig. 2, is difference 
from feed forward network in the way that its output is fed back to the input layer. This 
feedback is referred to as a context unit.  

The structures of time marching scheme described in section 4.1 suggests the 
possibility of using a Jordan Recurrent Neural Network to work in the same manner. The 
configurations of the JRN for two and three time step ahead (QRt+2, QRt+3) were: the 
concurrent rainfall and two antecedent rainfalls (RFt, RFt-1, RFt-2), one antecedent flows 
(Qt) and a bank of three consecutive recurrent predicted flows. The are therefore seven 
input nodes this case. 

 
Fig. 3  Jordan Recurrent Network. 
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5. MODELLING RESULTS 
The results of these two networks are shown in Fig. 4-8. Details of each network, tabulated in Table 
2, are as follow: 
 

Table 2  Testing Results of Feed Forward and Jordan Recurrent schemes. 
Variables TF1 TF2 TF3 JTF2 JTF3 
EPOCS: 
CE    : 
DTER(R2): 
COREL(R): 
RMSE : 
MAPE : 
MAE  : 
MSRE : 
 
Raw Min: 
Raw Max: 
Cal Min: 
Cal Max: 
Err Min: 
Err Max: 

8295 
97.641 
0.977 
0.989 
1.875 
38.157 
1.080 
3.834 
 
0.175 
123.656 
1.113 
119.750 
-13.067 
16.609 

13826 
95.295 
0.958 
0.979 
2.629 
25.870 
1.137 
2.056 
 
0.175 
123.656 
0.742 
97.708 
-37.792 
22.467 

11028 
89.473 
0.896 
0.946 
3.927 
27.955 
1.649 
1.353 
 
0.175 
123.656 
0.834 
98.519 
-49.183 
29.459 

6709 
95.675 
0.958 
0.979 
2.523 
23.294 
1.099 
2.131 
 
0.175 
123.656 
0.628 
129.559 
-20.361 
30.369 

6171 
89.160 
0.892 
0.944 
4.265 
47.021 
2.475 
2.204 
 
0.175 
123.656 
-1.261 
114.113 
-45.224 
28.806 

 

6. REMARKS 

CE the coefficient of efficiency; DTER(R2) : the coefficient of determination; COREL(R): 
the coefficient of correlation; RMSE : Root mean square of error; MAPE : Mean absolute 
percentage error; MAE : Mean absolute error; MSRE : Mean square relative error; Raw 
Min : Minimum measured flow; Raw Max : Maximum measured flow; Cal Min :  

Minimum calculated flow; Cal Max : Maximum calculated flow; Err Min : Minimum 
calculated error; Err Max : Maximum calculated error. 

The Feed Forward Network-results: 
The results, named as TF1, TF2 and TF3 for one, two and three step ahead, respectively, 

are shown in Table 2. The first two results are very good with the coefficients of 
efficiency between the calculated and measured data being greater than 95%, while the 
last one is satisfactory (89.5%) but less accurate, largely because available rainfall could 
not provide further information to the network. The RMSE’s are increased from 1.875 to 
3.927 m3/s when forecast forward in time. If one consider the coefficients of correlation as 
a measure, all results would be very good since they are higher than 0.90. 
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Fig. 4  FFN for 1 time step ahead (TF1). (a) the time series (b) the scattergram. 
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Fig. 5  FFN for 2 time step ahead (TF2). (a) the time series (b) the scattergram. 
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Fig. 6  FFN for 3 time step ahead (TF3). (a) the time series (b) the scattergram. 
 
The Jordan Recurrent Network-results: 
The results are named as JTF2 and JTF3 for two and three step ahead, respectively. These 
results are comparable to those of the feed forward network. Some remarks can be made 
as follow: Firstly, the number of epochs required to obtain a trained network is some 40% 
less than that for the comparable FNN. Secondly, the stability of JRN is sensitive to the 
learning rate. To avoid instability, a small learning rate is suggested. Thirdly, the 
calculated peaks were underestimated more by the FFN than the JRN. 
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Fig. 7  JRN for 2 time step ahead (JTF2). (a) the time series (b) the scattergram. 
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Fig. 8  JRN for 3 time step ahead (JTF3). (a) the time series (b) the scattergram. 

6. CONCLUDING REMARKS 

The two neural networks employed in this study have shown that ANN-based rainfall-
runoff models are capable of reproducing recorded behaviour to a high degree of fidelity. 
The Feed Forward Networks are straightforward to use and higher learning rates can be 
used, while the Jordan Recurrent Networks are more complex in that their learning rates 
must be carefully selected to provide stability to the network. The drawback of selecting 
this learning rate is compensated by cutting down the epochs by 40% as compared to an 
FFN. There are a number of measures of goodness of fit, none of which is universal. For 
example, in the case of TF1 and TF2; the coefficients of efficiency are 97.6 and 95.3, 
while the means absolute percentage of error are 38.2 and 25.9, respectively. If one bases 
his(/her) decision on MAPE, then results of TF2 would be much better than TF1. This 
reveals the fact that new measure or a range of indicators is needed. 
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Abstract: Based on the experience of flood forecast, this article gives a peak value recognizing 
method and the corresponding improved BP algorithm. The algorithm is useful to improve flood 
peak forecast precision in Artificial Neural Network (ANN) flood forecast model. It is very 
important to provide scientific basis for flood control decision. 

 

Keywords: ANN, flood forecasting, flood peak value recognition 

1. INTRODUCTION 

Flood forecast is non-structural flood control measure and is getting more and more 
concerning, accurate and timely flood forecasting results can provide scientific basis for 
making flood control decision. ANN is a kind of method, which may simulate the 
structure and functionality of human being brains and can recognize and deal with 
non-linear problems. Application of ANN in flood forecast is a new technique and many 
scholars are researching in this field. 

Detailed and systematic introduction of applying ANN in hydrological and water 
resource model can be found in reference (Wang, Cao, 1999). Most of the research 
achievements are about how to apply ANN in flood forecast, that is, how to schematize 
practical problems to setup ANN model. Recent research results have made more progress 
about it. For example, LINDA SEE (United Kingdom, 1999; Linda stan, Openhaw, 1999) 
divided flood process into three phases: increasing phase, peak phase and decreasing 
phase. Considering the different characteristic of flood propagation in these three phases, 
he setup forecast models for them respectively. Fi-John Chang and Hwang (Taiwan, 1999) 
introduces the concept of flood peak value error and flood peak time error, using them as 
the evaluation criteria of flood forecast precision. Improving flood peak forecast precision 
is the key of practical application of real time ANN flood forecast technique. 

Based on the experience of flood forecast, this article gives a peak value recognizing 
method and the corresponding improved BP algorithm (BPPR). The BPPR algorithm can 
improve flood peak forecast precision in flood forecast model based on ANN. This 
contributes to the reliability of flood peak forecast. 

2. PEAK VALUE RECOGNIZING METHOD IN ANN 

The main purpose of flood forecast is supporting for flood control management and the 
precise forecast of water level and discharge in flood peak stage is especially important. In 
conventional BP algorithm, the weight correction is carried out according to the global 
error in training process. Using this method, the weight is mainly influenced by the 



medium and low values, which constitute the majority of training values. After the 
training process, the ANN model forecasts medium and low values of water level or 
discharge more precisely, but flood peak forecasting is comparatively less precise, so 
conventional BP algorithm can hardly guarantee the precision of flood peak forecasting. 
How to avoid this deficiency is important for applying ANN in flood forecast. 

Based on comprehensive research on practical problems, this article introduces an 
improved BP algorithm, which can forecast flood peak more precisely. 

2.1 Basis of Peak Value Recognizing Method 
The training process of conventional BP algorithm is composed of two parts: signal 
forward propagation and error back-propagation of. In the second part, the weight is 
corrected according to the aim of reducing global error in gradient. The basic principle of 
peak value recognizing method is that weight correction is adjusted according to global 
error and reducing the error of peak values in outputs. The essence is that weight 
correction follows the rule emphasized on reducing peak value error. 

This principle is embodied throughout the flood forecast model to improve the 
precision of peak value forecast. 

2.2 Algorithm of Peak Value Recognizing Method 
This algorithm improves the BP algorithm that introduces momentum term and makes 
self-adapting adjustment. The new algorithm introduces reasonable correction coefficients 
for peak value error and making the weight correction tend to reduce peak value error 
during training process. 

Suppose a multi-I/O ANN model which is composed of n-dimensional input nodes 
x1(t)、x2(t)、⋯xn (t), m-dimensional output nodes xL

1(t)、xL
2(t)、⋯xL

m (t) and some hidden 
nodes (t is the serial number of samples). 

The sum of upper layer input received by node i in layer l is 
1
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where, —— transforming function, here is Sigmoid function ( )f •
       σ  —— coefficient determining the condensation of Sigmoid function 

After the model is trained k times, the error of output layer and hidden layer is 
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where, —— standard outputs of training sample ( ) ( )L
id t

So, the weight correction equation is written as 
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where, ( )kη —— the training efficiency when trained k times 
       α   —— the coefficient of momentum term 

Above content is conventional BP algorithm. Based on peak value recognizing method, 
error correction in new algorithm tends to reflect the big values of outputs in samples, the 
error correction coefficient ξ is defined as 

             
( )

( )
max

( )
( )

L
i

i L

d t
d t

ξ =                              (7) 

where,  —— the standard maximum output value of training sample ( )
max ( )Ld t

To improve the training efficiency and peak value recognizing precision of ANN 
model, an error correction amplifying coefficient µ can be used. With these two 
coefficients introduced, the vector expression for output layer error is written as 
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When trained k times, the vector expression for hidden layer error is 
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If this algorithm is applied in training process, the peak value error is corrected with 
higher priority and the precision of peak value is higher. 

3. EXAMPLE 
3.1 Example Introduction and the Based Model 
The river network in Zhu Jiang River Basin is very complicated, as shown in Fig.1. Given 
the data at Liuzhou hydrology Station、Qianjiang hydrology Station、Nanning hydrology 
Station or Guigang hydrology Station, forecasting the flood at Wuzhou hydrology Station 
is very difficult. Research results about this flood forecasting example is useful to prove 
the efficiency of peak value recognizing method. The flood forecast model is trained 
respectively using conventional BP algorithm and peak value recognition algorithm. The 
training samples in both cases are recorded data of water level and discharge in 1988、
1992、1993、1994、1996、1997、1998. Then the 1999data is used to check up the results. 
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Conventional flood forecast method is that based on river flood propagation theory the 
law of flow propagation when wave propagates from upstream station to downstream 
station is sought. 

ANN has the ability of distributed information storage, paralleled processing and 
self-learning. So ANN can recognize and process fuzzy information and complicated 
non-linear problems. ANN may recognize the inner law of targets through model training. 
The key problem when an ANN flood forecast model is setup is how to generalize flood 
process reasonably to the I/O relationship that ANN can deal with. 

 

 

 

 

 

 

 

 

 

 Fig.1  The sketch map of Xi Jiang river system of Zhu Jiang River Basin 
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Upstream stations data, water level or discharge, is used as the inputs and the down 

stream is used as the outputs and the down stream data same time to the upstream data is 
also adopted as a part of input data. The flood propagating time from upstream station to 
downstream station is the prediction time of ANN model. 

In this flood forecast model there are Jiangkou Station, Duiting Station、Liuzhou 
Station、Qianjiang Station and Nanning Station at upstream of Jiangkou Station and 
Qianjiang Station is at mainstream. From Duiting Station the water level variation is very 
big but discharge is small and this will reduce the precision of water level forecast. In 
order to avoid the influence of such small tributary, the water level at Duiting Station is 
not considered when the water level forecast model is setup. But when discharge forecast 
model is setup, the discharge at Duiting Station will be included according to total water 
volume balance. 

The input data of Qianjiang Station at t hour、data of Duiting Station and Liuzhou 
Station at t-3 hour、data of Nanning Station at t-8 hour and data of Jiangkou Station at t 
hour. The output is the data of Jiangkou Station at t+T hour(T is the prediction time of 
model, that is, flow propagation time from Qianjiang to Jiangkou). The prediction time of 
model is the average of flow propagation time from each upstream station to downstream 
station, about 28 hours. Fig.2 shows the structure of flood forecast model of Jiangkou 
Station. 

In the model design, the count of input and output nodes is determined by practical 
problem and the count of hidden layers and the nodes must be chosen carefully. 
Theoretical analysis reveals that ANN with single hidden layer can simulate all 
continuous functions, two hidden layers are needed only when using ANN to simulate the 
discontinuous functions. In practical application, usually two hidden layers are used 
because the complexity of problem can not be hardly estimated. The count of hidden 
nodes is determined by quantity of training sample, noise of sample and complexity of the 
problem. In this project, the reasonable structure of model is: water level forecast model 
(4-40-20-1), discharge forecast model (5-40-20-1).  
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Fig. 2  Structure of flood forecast model of Jiangkou Station 

 

The initial weights are produced randomly between –1 and 1, the momentum term 
coefficient is 0.9. The initial training efficiency is 0.001 in conventional BP algorithm, 
0.0005 in this algorithm. The amplification coefficient of error correction in this algorithm 
µ is 2.0. The condition of stopping training for water level model is average error el≤0.20 
m. This condition for discharge model is average error eq≤500 m3/s. 

3.2 Results 
The model is trained using conventional BP algorithm and peak value recognition 
algorithm respectively, as shown in Fig.3 and Fig.4. the model is used to forecast the 
flood in 1999, the results of both algorithms is shown in Fig.5 and Fig.6. 
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Fig. 3 comparison of BP and peak value recognition algorithm in water level model 
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Fig. 4  Comparison of BP and peak value recognition algorithm in discharge model 
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3.3 Result Analysis 
Fig.3 and Fig.4 show the training results of BP and peak value recognition algorithm in 
water level and discharge model. These express that the peak value recognition algorithm 
is better to improve the recognition precision of flood peak values and the effect is more 
obvious for bigger peak values. Fig.5 and Fig.6 reveal the results of the model. In water 
level model, the peak value error of BP algorithm is 0.13m(lower than measured data), 
while the error of peak value recognition algorithm is –0.05m(higher than measured data). 
In discharge model, the peak value error of BP and peak value recognition algorithm is 
291m3/s and –83m3/s respectively. 

Judging from the training and testing results, ANN model can simulate flood 
propagation precisely and the peak value recognition algorithm can improve the peak 
value forecasting precision apparently. Water level forecast is very important to flood 
control decision, usually a difference of more than 10 cm may affect the decision 
significantly. So peak value recognition method is very useful to improve the flood 
xforecast model based on BP algorithm. 

 
4. CONCLUSIONS 

Flood forecast model based on ANN is a new technology. It can reflect the non-linear law 
of flood propagation. Research shows ANN model is able to realize flood real-time 
forecasting. 

Since flood peak value forecasting is very important in flood control, this article 
introduces peak value recognition algorithm, which can improve the training and 
forecasting precision and keep the reliability and practicality of flood peak forecasting. 
This method can also be applied to tide forecasting and earthquake forecasting where peak 
value is most important. 

This method has huge potential and wide application scope. It is believed that this 
method will be improved as ANN developing. 
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Fig. 5  Results of 1999 water level                  Fig. 6  Results of 1999 discharge 
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Abstract: The daily flow processes (DFPs) of the headwaters of the Yellow River at Tangnaihai 
and of the middle reaches at Tongguan are decomposed into trend component, periodic component 
and stochastic noise component first, and the trend, periodicity, autocorrelation and long memory 
properties are analyzed correspondingly. The analysis shows that: There is no obvious trend in the 
average annual flow process at Tannaihai, but there is downward trend at Tongguan; The DFP at 
Tangnaihai is is much smoother than that at Tongguan because of different situations of rain 
distribution within the year and different intensity of human intervention; Strong seasonality present 
in autocorrelation functions (ACFs) at both Tangnaihai and Tongguan, and autocorrelation 
coefficients at Tangnaihai are generally much larger than at Tongguan; DFPs exhibit strong 
long-memory properties at both Tangnaihai and Tongguan, while DFP at Tangnaihai shows stronger 
long-memory properties. 

Stochastic properties and preliminary forecasting of daily flow 
of the Yellow River at Tangnaihai and Tongguan 
W. Wang 
Hohai University, Water Resources Development & Utilization Lab. Xikang Road 1#, Nanjing, 
210098, P.R.China. lhwwang@yahoo.com.cn; TU Delft, Civil Engineering, Hydraulic and Offshore 
Engineering Section. P.O. Box 5048, NL-2600 GA Delft, Netherlands 

 

J. Ma 
Yellow River Conservancy Commission, Hydrology Bureau.Chenbei Road 12, Zhengzhou, 450004, 
P.R.China 

 

Pieter H.A.J.M. Van Gelder, and J.K. Vrijling 
TU Delft, Civil Engineering, Hydraulic and Offshore Engineering Section. P.O. Box 5048, NL-2600 
GA Delft, Netherlands 

Autoregressive integrated moving-average (ARIMA) models, autoregressive fractionally 
integrated moving average (ARFIMA) model and periodic autoregressive (PAR) model are fitted to 
DFP at Tongguan and Tangnaihai and preliminary forecasts are made. The forecasts show that the 
predictability is highly correlated with autoregressive coefficients.  

Keywords: daily flow, stochastic process, long memory, time series model, forecast 

1. INTRODUCTION 

Daily flow processes (DFPs) are usually nonstationary processes. The DFPs at Tangnaihai 
and Tongguan are decomposed first, then three components, namely, trend component, 
seasonal component and random noise component, are analyzed correspondingly. After 
those pre-processing steps, preliminary forecasting are made. 

2. TREND ANALYSIS 

Trend analysis is applied to both annual flow series at Tangnaihai and Tongguan based 
upon Spearman’s rank correlation method.  

For the annual average flow process at Tongguan (Fig.1), it’s verified that there is an 
obvious downward trend from 1984 onwards. A linear regression model is therefore fitted 
to the raw average annual flow series at Tongguan for detrending the raw series. 

The annual average flow process at Tangnaihai is shown in Fig.2. There is no trend was 
detected for the series from 1956 to 1999. But if we divided the series into two parts from 
1980, the same trend as that in the series at Tongguan is found in the latter part at 
Tangnaihai. 
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Comparing annual flow processes with annual precipitation processes, we can find that 
the changes of annual flow at both Tongguan and Tangnaihai are mainly controlled by the 
precipitation process. 
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Fig. 1  Average annual flow series at Tongguan  from 1984 -1997 
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 Fig. 2  Average annual flow series at Tangnaihai  from 1956-1999 

3. SEASONALITY ANALYSIS 

Daily flow series of N years are rewritten as the following matrix form: 

1,1 1,2 1,365

2,1 2,2 2,365

,1 ,2 ,365

,

... ... ...

... ... ...

... ... ...N N N

j i

x x x
x x x

x
x x x

 
 


 
  


       (1) 

Where rows denotes year 1~N, columns denotes day 1~365. For simplicity, the 366th days 
of leap years are omitted. Then, the mean value, standard deviation and coefficient of 
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variation of each column of the matrix are daily mean discharge, standard deviation and 
coefficient of variation of daily mean discharge.  

The plots of daily mean value and standard deviation are shown in fig.3, and fig.4. 
Two points should be noted in the variations in DFPs at Tangnaihai and Tongguan: 
(1) There are two peaks of DFPs at both Tangnaihai and Tongguan, but the two peaks 

of the DFP at Tangnaihai are caused by heavy rainfall, whereas the first peaks of DFP at 
Tongguan is caused by snowmelt river-ice melt in the spring and the second peak is also 
caused by concentrated rainfall. 

(2) Although the contributing area of Tongguan is about as 5 times larger as that at 
Tangnaihai, the DFP at Tangnaihai changes much smoother than that at Tongguan. This is 
mainly because of less rainfall variability and less human intervention in the headwater 
area. 
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Fig. 3  Variation in daily mean and standard deviation of the Yellow River at Tangnaihai  
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Fig. 4  Variation in daily mean and standard deviation of the Yellow River at Tongguan 

4. AUTOCORRELATION ANALYSIS 

The autocorrelation function (ACF) that takes the whole time series data into 
consideration reflects the autocorrelation property for the time series as a whole, but to 
examine the seasonality exists in the ACFs, we can calculate values of the autocorrelation 
coefficient between column vector Xi and Xi+m of matrix (1), where I=1, 2, …, 365 and m 
= 0, 1, 2, …, mmax, ( mmax≤365) (Mitosek, 2000). The result can be called daily 
autocorrelation function. It’s calculated after detrending (if trend exists), normalizing and 
deseasonalizing the raw series. The daily ACFs at different lags for DFPs at Tangnaihai 
and Tongguan are displayed in Fig.5 and Fig.6. 
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Fig. 5  Daily ACFs at different lag days for daily flow series at Tangnaihai 
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Fig. 6  Daily ACFs at different lag days for daily flow series at Tongguan 

It is shown in fig.5 and fig.6 that there are obvious seasonal variations in daily ACFs 
for DFPs at both Tangnaihai and Tongguan. Daily autocorrelation coefficients (ACCs) at 
Tangnaihai are generally much higher than those at Tongguan since the DFP at 
Tangnaihai changes comparatively smoothly with season. In period from the end of 
January to February and in November, the daily ACCs at Tangnaihai are especially high, 
which can still be as high as 0.9 even between days 20-day apart. In March, June and July, 
daily ACCs at Tangnaihai are low because of large volume of snowmelt water and heavy 
rainfall respectively. Daily ACCs at Tongguan are generally much lower because the DFP 
changes much more irregular than that at Tangnaihai. The daily ACCs are especially low 
in March because of river ice-jam break and in July and August because of 
over-concentrated rainfall. In these two periods, the ACCs even between contiguous days 
are very low, for instance, lower than 0.5 in the end of March and the beginning of April, 
and lower than 0.6 in the end of August.  

5. LONG-MEMORY ANALYSIS 

Long memory property denotes that a series has a slowly declining correlogram. The long 
memory phenomena were well interested after the research of Hurst (1951), and because 
they exist in many fields, such as economy and hydrology, long memory models keep 
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being a hot research area (Granger et al., 1996; Montanari et al., 2000; Ooms et al., 
2001)。 

In the term of the definition, the most obvious evidence of long memory is the slow 
decaying of ACFs. ACFs of DFPs at both Tangnaihai and Tongguan show such kind of 
slow decaying. And by comparing the correlogram, we can find that the decaying of ACF 
at Tangnaihai is slower than that at Tongguan, which denotes that the DFP at Tangnaihai 
has more intense long memory. Besides determining the existence of long memory by the 
direct view of slow decaying ACFs, we can also determine the intensity of long memory 
with some other heuristic approaches (Beran, 1994), among which is R/S statistic.  

R/S-statistic, namely, rescaled adjusted range, which is first studied by Hurst (1951), is 
the most commonly used statistic to verify the existence of long memory. 

R/S varies with the series length k. The relationship can be written as R/S = (k/2)H, 
where H is so-called Hurst coefficient. Therefore, plot the logarithm of R/S against logk, 
and fit a least squares line to the data, then the slope of line is the estimate of H. For 
short-dependence or independence series, H should be 0.5.  The logarithm of R/S for 
DFPs at both Tangnaihai and Tongguan is plotted against logk displayed in fig.7 (a, b). 
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Fig. 7  R/S plot for daily flow series at Tongguan (a) and Tangnaihai (b) 

 
The slopes of fitted line are 0.876 for Tangnaihai and 0.871 for Tongguan, both of 

which are much higher than that of independent standard normal observations, which 
should be 0.5. That indicates the existence of long memory in DFPs at both Tangnaihai 
and Tongguan. 

6. TIME SERIES MODEL CONSTRUCTION FOR DAILY FLOW  

Three types of time series model are fitted to deseasonalized daily flow series. Only the 
fitted models and forecasts for daily series at Tangnaihai are presented here.  

6.1 Deseasonalized ARIMA model 
After deseasonalization, one type of  models could be fitted to the deseasonalized series 
is the ARIMA (p, d, q)  model, which has the general form as: φ(B)(1-B)dxt=θ(B)at, 

 926



Where, B is the backshift operator defined as Bxt = xt-1, φ (B) = 1-φ1B - φ2B
2
- ··· - φPB

P, θ 

(B) = 1- θ1B - θ2B
2 - ··· - θqB

q (Box and Jenkins, 1970). 

The order p, d, q chosen for the fitted ARIMA model to DFP at Tangnaihai according 
to AIC criteria is 1, 1, 0. The fitted model is: xt = 0.19673xt-1 + at. 

6.2 Deseasonalized ARFIMA model 
Because long memory exists in both daily flow series at Tangnaihai and Tongguan, so 
after deseasonalization, ARFIMA models could be fitted. The general form of ARFIMA 
(p, d, q) model is: φ (B) (1-B)dxt = θ (B)at, -0.5<d<0.5, Where B, φ (B) and θ (B) are 

defined the same as those in ARIMA model, (1-B)d can be expanded as 
0

(1 )d j
j

j
B Bπ

∞

=

− =∑ , 

and 
0

( ) 1 , 0,1,2,...
( 1) ( )j

k j

j d k d j
j d k

π
≤ ≤

Γ − − −
= = =
Γ + Γ − ∏ (Brockwell and Davis, 1991). 

The fitted ARFIMA model for the DFP at Tangnaihai is :  

(1-0. 8808B+0.1639B
2
-0.1586B

3
)(1-B)

0.332
xt = at. 

6.3 Periodic model 
PAR models, which can be thought of as the periodic extensions of the nonseasonal AR 
models, are the most commonly used periodic model. When fitting a PAR model to a 
single seasonal series, a separate AR model is designed for each season of the year. For 
daily flow series, it’s impossible to fit a model for each day of the year. So, the adjoining 
days are combined into groups, and an overall PAR(1) model is fitted to the grouped data. 

12 groups are identified according to the rising and falling dynamics in the average 
daily mean flow series. The 12 groups are as following: Dec 7~Feb 1, Feb 2~Apr 4, Apr 
5~Jun 13, Jun 14~Jul 14, Jul 15~Jul 25, Jul 26~Aug 2, Aug 3~Aug 14, Aug 15~Aug 25, 
Aug 26~Sep 19, Sep 20~Oct 16, Oct 17~Dec 6. A separate AR(1) model is fitted to each 
group. Before fitting the AR(1) model to each group, the daily flow series should also be 
preprocessed as discussed in section 5.1. 

7. PRELIMINARY FORECASTING 
Forecast experiments are made using the above fitted models for daily flow at Tangnaihai 
in 1998 and 1999. The following error measures are used to evaluate the result: Mean 
Absolute Error (MAE), Mean Absolute Percentage Error (MAPE), Mean Squared Error 
(MSE), Mean Squared Relative Error (MSRE), Coefficient of Efficiency (CE), coefficient 
of determination (R_SQR). Three types of model are used to make 1- to 10-day ahead 
forecast. Table1, table2, and table3 shows the error measures for ARIMA, ARFIMA and 
PAR(1) model respectively. 

Table 1  Measures of 1- to 10-step ARIMA(1,1,0) forecast of daily flow at Tangnaihai  
Lag (days) MAE MAPE MSE MSRE CE R SQR

1 24.9 0.034 2185.3 0.003 0.993 0.996
2 49.6 0.062 8221.8 0.008 0.973 0.983 
3 68.1 0.084 18154.4 0.015 0.940 0.955 
4 88.6 0.101 32381.6 0.023 0.892 0.914 
5 110.7 0.122 50314.4 0.034 0.854 0.864 
6 132.8 0.139 73496.8 0.044 0.790 0.805 
7 135.2 0.144 72846.0 0.050 0.783 0.805 
8 137.6 0.156 72138.6 0.054 0.786 0.806 
9 145.2 0.163 74607.4 0.056 0.784 0.803 

10 151.4 0.172 86373.7 0.066 0.751 0.779 
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Table 2  Measures of 1- to 10-step ARFIMA(3, 0.332,0) forecast of daily flow at Tangnaihai 

Lag (days) MAE MAPE MSE MSRE CE R_SQR 
1 31.4 0.043 2883.6 0.003 0.991 0.992 
2 54.5 0.076 9945.5 0.010 0.967 0.970 
3 77.9 0.099 20430.3 0.018 0.932 0.939 
4 97.7 0.119 31671.5 0.025 0.894 0.904 
5 129.6 0.144 60889.0 0.038 0.823 0.853 
6 142.3 0.155 77712.0 0.045 0.778 0.812 
7 146.5 0.161 74418.3 0.046 0.778 0.815 
8 154.1 0.171 78615.3 0.052 0.767 0.809 
9 163.1 0.183 85780.8 0.057 0.752 0.801 

10 165.5 0.182 93945.5 0.058 0.730 0.782 

Table 3  Measures of 1- to 10-step PAR(1) forecast of daily flow at Tangnaihai 

Lag (days) MAE MAPE MSE MSRE CE R_SQR 
1 31.6 0.040 3727.2 0.003 0.987 0.987 
2 52.9 0.065 10665.5 0.009 0.964 0.964 
3 68.7 0.081 18494 0.014 0.938 0.939 
4 83.0 0.096 26698.7 0.019 0.912 0.913 
5 95.8 0.110 35142.3 0.025 0.886 0.888 
6 107.8 0.122 43832.6 0.030 0.859 0.863 
7 119.7 0.134 52944.8 0.036 0.832 0.837 
8 131.2 0.146 62071.7 0.042 0.805 0.812 
9 141.6 0.157 70607.2 0.048 0.781 0.789 
10 151.3 0.167 78794.6 0.053 0.758 0.769 

 
Three types of model give similar result according to those error measures. Although 

generally speaking, these models perform well when taking the whole year into 
consideration and all the models give satisfying forecast for daily flow in winter, early 
spring and late autumn, forecast in the summer half year is poor, because in that period 
daily flow is strongly influenced by rainfall but no rainfall data is considered in these 
models. The models perform much better for forecasting daily flow series at Tangnaihai 
than at Tongguan (not presented here), and the models perform much better for daily flow 
in winter than in summer. Therefore, it indicates that the predictability is highly correlated 
with autoregressive coefficients, because autocorrelation coefficients of daily flow in 
winter are higher than those in summer, and autocorrelation coefficients of daily flow at 
Tangnaihai are generally much higher than those at Tongguan. 

8. CONCLUSIONS 

(1) There is no obvious trend in the average annual flow process at Tangnaihai from 1956 
to 1999. But after 1980, the annual average flow process at Tangnaihai shows the same 
downward trend as that at Tongguan after 1984. Such kind of trend is also found in the 
precipitation at the headwaters and middle reaches area of the Yellow River. 

(2) Daily flow process (DFP) at Tangnaihai is much less variable than that at Tongguan, 
mainly because of different forms of precipitation and different intensity of human 
intervention. 

(3) There are two peaks of DFPs at both Tangnaihai and Tongguan, but the reasons that 
cause the two peaks are different. Both of the two peaks of DFP at both Tangnaihai are 
caused by heavy rainfall in summer, but the first peak of DFP at Tongguan is caused by 
snowmelt and river-ice melt and river ice-jam breakup while the second one is also 
resulted from concentrated rainfall in summer. 
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(4) The estimated autocorrelation functions of DFPs at both Tangnaihai and Tongguan 
exhibit strong seasonality. For both Tangnaihai and Tongguan , autocorrelation 
coefficients in March and June-August are lower than those in other months, whereas in 
late January, February and November higher. However generally speaking, 
autocorrelation coefficients at Tangnaihai are much higher than those at Tongguan. 

(5) DFPs at both Tangnaihai and Tonguan show strong long-memory properties. 
(6) Predictability of DFP is strongly influenced by the seasonality of ACF. Better 

predictability corresponds to higher ACF. Therefore, time series methods perform much 
better at the forecasting experiments for daily flow series in winter than in summer, and 
much better at Tangnaihai than at Tongguan. 

(7) Three types of time series model, ARIMA, ARFIMA and PAR(1),  give similar 
performance in the forecast experiment for DFP at Tangnaihai. Although generally 
speaking, these models performs well when take the whole year into consideration and all 
the models give satisfying forecast for daily flow in winter, early spring and late autumn, 
forecast in the summer half year is poor, because in that period daily flow is strongly 
influenced by rainfall but no rainfall data is considered in these models. 
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Abstract: The system take the real-time precipitation and water information collected by the 
automatic system of hydrological data collection and transmission of Xiaolangdi Reservoir as the 
model input data. It utilizes Xinganjiang model to forecast the flood on the inflow of Xiaolongdi 
Reservoir. This system consists of data processing, initial soil moisture calculating, model 
computing and result outputting. The software is developed with Visual Basic. It divides the Reach 
of the Sanmenxia to Xiaolangdi of the Yellow River into 17 sub-basins and hydrologic model 
parameters are the same. Through calculating runoff generation and flow concentration with the 
data of 7 floods after year 1980, the average deterministic coefficient is 0.85. The system can be 
used for the flood forecasting on the inflow of Xiaolongdi Reservoir.  

 

Keywords: Yellow River, Xiaolangdi Reservoir, Xinganjiang model 

1. INTRODUCTION 

The reach of the Sanmenxia to Xiaolangdi (abbreviated with Sanxiao Reach) in the 
Yellow River located between eastern longitude 111° 22´ to 112° 22´ and northern 
latitude 34° 40´ to 35° 30´. It is surrounded with Xiaoshan mountain on the southern bank, 
Zhongtiaoshan and Wangwushan mountain on the northern bank. The Sanxiao Reach has 
5,734 km2 of drainage area, and is covered with 2,000 km2 of forest. This reach has the 
characteristics of steep topography, thin soil layer and better vegetation. 

The multi-annual average rainfall in the Sanxiao Reach is 646 mm. It varies with a 
large range among years, and distributes very asymmetrically within a year. The rainfall 
from June to September is 409 mm, and accounts for 63 percent of annual rainfall. 

The Xiaolangdi Reservoir is located on the 40 km north of Luoyang City in Henan 
Province, 130 km downstream of Sanmenxia Reservoir and 115 km upstream of the 
Jing-Guang railway bridge. The Xiaolongdi Reservoir in the Yellow River is a large-size 
project which main purpose is flood control, ice prevention, silt reduction. Other benefits 
to be achieved are water supply, irrigation, hydroelectric power generation, etc. 

The automatic system of hydrological data collection and transmission of Xiaolangdi 
Reservoir has been built fully and put into use on October, 1998. The system consists of 
43 terminal of water information collection and transmission, in which there are 29 rain 
gauge stations, 4 stage gauge stations, 7 flow stations and 3 relay stations. The 
communication mode is the network mixed with satellite and super-shortwave. The flood 
forecasting system on the inflow of Xiaolangdi Reservoir is the very important component 
of the automatic system of hydrological data collection and transmission. 



2. MODEL BRIEF 

The flood forecasting system on the infow of Xiaolangdi Reservoir in the Yellow River 
take the Xinanjiang Model for three water sources to calculate runoff generation and flow 
concentration. The Xinanjiang Model is a conceptual model and normally used in humid 
and sub-humid region. It consists of four parts: computation of evapotranspiration, 
calculation of total runoff, water sources division of total runoff, and flow routing.  

2.1 Computation of Evapotranspiration 
The system uses the three-layer evapotranspiration model to compute soil moisture. The 
maximum tension water storage in areal mean WM is divided into upper, lower, and deep 
layer storage areas: WUM, WLM, and WDM. The formulas used in the computation of 
evapotranspiration are as follows: 

If       P+WU>K*EM    EU=K*EM 

If       P+ WU≤K*EM   EU=WU 

EL=(K*EM-EU)WL/LM 

ED=C(K*EM-EU)-EL 

Where WU, WL, WD are the upper, lower, and deep water storage; EM is measured pan 
evaporation, or potential evapotranspiration; EU, EL, ED are the upper, lower, and deep 
evapotranspiration; K is the evapotranspiration coefficient; C is the coefficient of deep 
evapotranspiration.  

2.2 Computation of Total Runoff 
Xinanjiang Model is the full storage type. It is applied in humid and semi-humid regions. 
The formulas used in the computation of total runoff are as follows: 

f/F={1-[1-(A+P+E)/WMM]}(1+IM)+IM 
WM=WMM(1-IM)/(1+B) 
A=WMM[1-(1-W/WM)] 

If P-E≤0, R=0, there will be no runoff; 
If P-E>0, there will be runoff; and then, 

If P-E+A<WMM        R=P-E-WM+W+WM[1-(P-E+A)/WMM] 

If P-E+A≥WMM           R=P-E-WM+W 

Where f/F is runoff generating area; A is the ordinate value corresponding to W on the 
watershed storage curve; W is tension water storage; WMM is a maximum tension water in 
basin; B is an exponent of the tension water storage capacity curve. IM is the ratio of 
impervious area to total area. 

2.3 Water Sources Division of the Total Runoff 
The Xinanjiang Model uses storage reservoir of free water to resolve the problem of water 
sources division. The total runoff firstly enters into storage reservoir of free water, then is 
divided into three water sources.  The formulas are as follows: 

MS=(1+EX) SM 
1

1[1 (1 / ) ]EXAU MS S SM += − −  
FR=[R-IM(P-K*EM)]/(P-K*EM) 
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RG=S*KG*FR 

RI=S*KI*FR 

If   P-K*EM≤0, RS=0.  Otherwise, 

If P-K*EM+AU<MS RS={P-K*EM-SM+S+SM[1-(P-K*EM+AU)/MS]1+EX}FR 

If P-K*EM+AU≥MS RS=(P-K*EM-SM+S)FR 

Where AU is the ordinate value corresponding to S on the free water storage capacity 
curve; EX is an exponent of the free water storage capacity curve; S is free water storage; 
SM is the free water storage capacity; RS is surface runoff; RG is groundwater runoff; RI 
is subsurface runoff; FR is runoff generating area; KG is the outflow coefficient of 
groundwater runoff; KI is the outflow coefficient of subsurface runoff.  

2.4 Flow Concentration 
Sloping flow concentration uses linear reservoir method. The formulas are as follows: 

QG(I)=QG(I-1)*CG+RG(I)*(1-CG)*U 
QI(I)=QI(I-1)*CI+RI(I)*(1-CI)*U 

Where QG is groundwater flow; QI is subsurface flow; CG is subsidence coefficient of 
groundwater flow; CI is subsidence coefficient of subsurface flow; U is coefficient of unit 
converting. 

River network flow concentration uses lag and route method. The formula is as 
follows: 

Q(I)=Q(I-1)*CS+T(I-L)*(1-CS) 
Where Q is outflow discharge; T is total inflow; CS is storage subsidence coefficient.  
Flood routing from the sub-basin outlets to the total basin outlet is achieved by applying 
the muskingum method to successive sub-reaches. 

3. SYSTEM INTRODUCTION 

The flood forecasting system on the inflow of Xiaolangdi Reservoir in the Yellow River is 
the very important part of the automatic system of hydrological data collection and 
transmission of Xiaolangdi Reservoir. The automatic system applies communication, 
telemetry and computer technology to collect, transmit and process the data of rainfall, 
stage, and discharge. The flood forecasting system can provide fast and accurate flood 
forecasts for the flood regulation of Xiaolangdi Reservoir. Jointed with the flood 
prevention and regulation system of Sanmenxia Reservoir and the flood forecasting 
system of the lower Yellow River, It can produce large social and economic benefits for 
the flood prevention of the lower Yellow River. 

The task of the system is to forecast the inflow hydrograph of Xiaolangdi Reservoir, 
according to the real-time hydrological data, the operating principle of the flood 
prevention projects and the condition of real-time flood regulation. The system consists of 
4 parts: data processing, initial soil moisture calculating, model computing and result 
outputting. The system general logic structure is shown as Fig 1 and the top-layer data 
flow chart is shown as Fig 2. 
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Fig. 1  The Logic Structure of Software System 

 
Fig. 2  The Top Data Flow Chart of Software System 

4. RESULTS ANALYSIS 

The system selects hydrological data of 7 floods after 1980 to simulate the actual flood. 
There are 4 floods which originate from the Sanxiao Reach and the flood codes are 
820802, 820814, 830908 and 960804. There are 3 floods which originate upstream of the 
Sanmenxia Reservoir and the flood codes are 830802, 890724 and 920815.  

According to the simulating results, the average deterministic coefficient is 0.86. The 
results are shown as Table 1 and Table 2. In Table 1, the deterministic coefficient of the 
flood coded with 820814 is the least due to the mixed runoff generation. In Table 2, the 
runoff generation computing error of the flood coded with 960804 has the least due to the 
same reason. 

Table 1  The Statistic Data of Flood Simulating Precision 

Flood  
Code 

Measured 
Discharge 

(m3/s) 

Forecasted 
Discharge 

(m3/s) 

Absolute  
Error 
(m3/s) 

Relative Error
(%) 

Peak Time 
Error 
(h) 

Deterministic 
Coefficient 

820802 9330 8620 -710 -7.6 6 0.82 
820814 5210 6610 1400 26.9 6 0.61 
830802 5920 5850 -70 -1.2 4 0.96 
830908 4730 6090 1360 28.8 2 0.89 
890724 5710 5660 -50 -0.9 0 0.96 
920815 4540 4610 70 1.5 0 0.94 
960804 5020 4980 -40 -0.8 -2 0.83 
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Table 2  The Statistic Data of Computing Precision for Runoff Production 

Flood  Code Measured Rainfall 
(mm) 

Computed Runoff 
(mm) 

Measured Runoff
(mm) 

Absolute Error 
(mm) 

Relative Error 
(%) 

820802 378 179 156 23 15.1 
820814 84 65 66 -1 1.6 
830908 79 45 51 -6 11 
960804 138 41 57 -16 28 

5. CONCLUDING REMARKS 

The Sanxiao Reach is semi-humid region. Considering from the shape of inflow 
hydrograph of Xiaolangdi Reservoir, the flood peak rise up very steeply, but there are 
some groundwater at some ratio, so the runoff generation mode is mixed. So the study on 
mixed runoff generation mode of Sanxiao Reach is very significant. The Xinanjiang 
model has a high accuracy in southern humid region, and the experiences applied in 
northern semi-humid region is not abundant. So the applicability of the Xinanjiang model 
in the northern semi-humid region should be researched deeply. 
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Abstract: Pakistan has unique flood forecasting problems, which can be appreciated only if the 
meteorological causes of the floods are first understood. Floods in Pakistan are mainly caused by the 
heavy monsoon rains during the summer monsoon period from July to September. Meteorologically 
there are two situations which cause flood producing rains in the upper catchments of the rivers. The 
two meteorological situations in relations to different conditions of intensity and movement of 
low/depression may produce three categories of floods. Category-I Floods: This is the situation 
when the seasonal low, which is a semi permanent weather system gets occasionally intensified and 
causes the moisture from the Arabian Sea to be brought up to the upper catchments resulting in the 
heavy downpour. Category-II & Category-III Floods: The second flood generating meteorological 
situation is the one linked with a monsoon low/depression. Such monsoon systems originate in the 
Bay of Bengal region and then moving across India in a general west/north westerly direction arrive 
over Rajasthan or any of the adjoining states of India. Flood management process in Pakistan is 
multi-functional involving a number of different organizations. The very first step in the process is 
the issuance of the flood forecast/warning. This function has been assigned to the Pakistan 
Meteorological Department (PMD) since the basic cause of the floods in Pakistan is the rainfall, 
which can be best, predicted and monitored by PMD utilizing the satellite cloud pictures and the 
quantitative precipitation measurement radar data, in addition to the conventional weather 
forecasting facilities. Digital terrain mapping through GIS technique is being carried out for 
effective floodplain management in the Indus river basin and co-related with the flood level 
expected and the depth of the area effected. 

 

1. INTRODUCTION  

In Pakistan, minor floods are caused by the penetration of the southeast and southwest 
monsoon currents, along the region of the active monsoon at which includes the upper 
catchment of the Sutlej, Ravi, Chenab and Jhelum rivers. Major floods are however, 
caused by the monsoon lows/depressions which have a long track stretching from the Bay 
of Bengal to the catchment areas of the rivers. The above two meteorological situations 
need be closely monitored in order to develop the capability of predicting the time and 
amount of the flood producing rains. 

The flood forecasting system comprises three components, namely, i) meteorological 
component which pertains to forecast of precipitation ii) Hydrometeorological component 
which pertains to generation of flood wave at rim station, and iii) hydrological component 
which pertains to routing of flood wave and forecast of flood peaks at downstream sites. 
The three components of flood forecasting system are described as below. 

 



2. METEOROLOGICAL COMPONENT 

Meteorological component is extremely important component of the flood forecasting 
system specially in the tropical countries where floods are caused by rainfall only (with 
little or no snow melt contributions). Flood producing rain is in turn caused by the 
condensation of the moisture-laden monsoon air mass due to convection in a low pressure 
area or due to the orographic lifting across a mountain barrier or both. The resulting super 
saturation of the cloud mass triggers off process of precipitation which shall depend upon 
the continued availability of the most air flow into the precipitation region. 

In Pakistan, minor floods are caused by the penetration of the south east and south west 
monsoon currents, along the region of the active monsoon at which includes the upper 
catchment of the Sutlej, Ravi, Chenab and Jhelum rivers. Major floods are however, 
caused by the monsoon lows/depressions which have a long track stretching from the Bay 
of Bengal to the catchment areas of the rivers. The above two meteorological situations 
need be closely monitored in order to develop the capability of predicting the time and 
amount of the flood producing rains. The following meteorological means are utilized for 
this purpose. 

2.1 Meteorological Charts/Maps 
As members of the world meteorological organization (WMO) almost all countries of the 
world are committed to observe, collect and transmit meteorological data of their 
respective countries in accordance with schedule as laid down by WMO. The schedule 
provides that commencing from 0000 Hrs GMT, the meteorological data of all surface 
observatories is observed every three hours, while that of the upper air observatories is 
recorded at a six hourly interval. 

This makes it possible or Pakistan to receive the much needed meteorological data 
which includes such elements as pressure, temperature, rainfall, clouds, surface and upper 
winds etc. This data along with the data from Pakistan and the other surrounding countries 
is then plotted on the meteorological surface and upper air charts and the analysis done to 
identify the low/depression etc or the extent, and intensity of the monsoon incursion into 
the catchment areas. This, even though an age old conventional process, is still the most 
important means of meteorological forecasting. The depth of the low pressure for example, 
is an important indicator to the intensity and duration of the rainfall.  

In addition to the locally prepaid meteorological maps/charts those prepared at 
Tashkent (which is one of the world Meteorological Organisation’s centers) and the one 
prepared at Reading, U.K, (which Is the European Center  for the medium Range 
Forecasting are also received as and when needed .A number of meteorological studies  
aimed at improving the methods of predicting the rainfall from a monsoon low and 
predicting the conditions of recurring of the monsoon lows towards the catchments areas 
are in progress, while some are planned for future. 

2.2 Weather Satellite Pictures 
There are two types of the meteorological satellites in use for receiving the cloud pictures: 
the Geostationary and the Polar Orbiting Satellites. The Geostationary Satellites are more 
useful since they provide a picture at every half hour interval (as they remain static 
relative to the earth and are thus continuously monitoring a very large region of the earth 
under them). Perhaps Pakistan is the only country in the world today having no access to a 
Geostationary Satellite and thus has to fall back on the use of the polar Orbiting Satellite 
only. 

Orbit of the Polar Orbiting Satellite is continuously shifting with respect to earth. The 
amount of shift depends upon the time taken by satellite in circling the earth which is 
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related to the orbital height. Presently, the two satellite in the use are the NOAA and 
NOAA 14 Satellites which are orbiting the earth at the height of 850 km approximately 
and thus take about 100 minutes to circle round the earth. This makes the earth to shift by 
about 25.4 degrees eastward by about 25.4 degrees longitude, progressively bringing new 
regions of the earth under it. Polar Orbiting Satellite therefore has the advantage that a 
single satellite is able to cover all points on earth. On the other hand, however, it has the 
disadvantage of having long intervals of time between two passes over a particular 
location and providing only from 2 to 4 usable passes in 24 hours. The 2 polar orbiting 
satellites together providing only from 2 to 6 usable passes in 24 hours. Fortunately, the 
long awaited Russian satellite is about to be launched above the Indian ocean at longitude 
76°. This will be the Geostationary satellite and shall provide the cloud pictures at every 
half hour interval. The visible and the infrared (thermal) bands shall be received to 
identify such weather systems as monsoon low/depressions and the areas of extensive 
convective build-up within the monsoon air mass, this shall be an excellent device for the 
flood forecasting of the hill torrents as well specially in connection with the radar 
information. 

2.3 Use of Weather Radars in Flood Forecasting 
Radar is a remote sensing device capable of monitoring the falling precipitation. It has a 
meteorological range up to which it can detect the existence of precipitation. Radar has a 
very special use in the context of flood forecasting in Pakistan in view of the fact that 
upper catchments of almost all the rivers lie across the border and are thus physically 
inaccessible for the installation of ground based rain gauges. Real-time rainfall data from 
India is also not possible from within the upper catchments. The only alternative under the 
situation – remotely sense the falling precipitation’s from across the border using the 
quantitative precipitation radar. Consequently, a ‘C’ band 5.32 cm wave length QPM 
radar was installed at Sialkot in 1977. The radar, despite its low specification (improper 
wave length) has given useful service. But for the Sialkot radar it would not have been 
possible to detect the floods at Marala and Jassar. A lot of expertise has now been 
developed in the use of the radar data since the time that it was first installed. The radar 
catchments were redesignated and the radar data suitably improved in relation to the 
prevailing weather conditions. The range circles of Sialkot Radar are shown in Fig. 1. 

A ‘C’ band radar has also installed at Islamabad. It is a Japanese radar manufactured by 
Mitsubishi Co. The radar is linked to a computer with a number of terminals including one 
at the Chaklala airport. Rainfall is indicated in levels shown on the screen in different 
colours relating to the rainfall intensity. Islamabad radar is being used mainly for 
aeronautical forecasting.  

Recently, an “S” band (10-cm) radar has been installed at Lahore. This is the much 
needed and long awaited equipment constituting a big step forward in flood forecasting in 
the country. It is a Doppler radar and is thus capable of monitoring the movement of the 
approaching weather system. The meteorological range of this radar is about 480 km, 
while the hydrological range is 240 km. The meteorological and hydrological ranges of 
Lahore radar are indicated in Fig.1. The radar, because of its location at Lahore, is able to 
cover the Sutlej and Beas catchments in India. It does indeed cover the Ravi and Chenab 
catchment as well. Even though it cannot cover the Jhelum catchment as such, yet it will 
provide reliable information in respect of Mangla catchment under Category-II, and 
Category-III flood situations. Lahore radar on account of its higher wave length will be 
subject to much less energy attenuation problems and so the accuracy of data will be 
much greater. Rainfall/runoff model in respect of each river has been worked out afresh 
using the Sacramento watershed model. The radar will also provide invaluable rain data in 

 937



respect of the important nallahs in Lahore, Gujranwala, Kasur, Sialkot, Wazirabad and 
Gujrat Districts including the data from across the border. This will therefore, make it 
quite possible to issue improved flood warnings in respect of the nallahs which quite often 
cause great loss of life and property. 

More radars at places like Mangla, and Pasni etc. have been planned for future to cover 
all the vital flood prone areas in the country. The radars would be linked with the FFD at 
Lahore. The range circles of these radars are shown in Fig 1. 
 

 
Fig. 1  Showing the area coverage of Weather Radar Network in Pakistan 

3. HYDROMETEOROLOGICAL COMPONENT 

The hydrometerological component of the flood forecasting system starts after the 
rainfalls on the ground and the runoff in its incremental form is generated. The component 
mainly pertains to the flood forecasting at the rim stations which are Ganda Sinsh Wala, 
Jassar, Marala, Mangla and Tarbela in respect Sutlej, Ravi, Chenab, Jhelum and Indus 
rivers respectively . Flood forecast computation at the rim stations is based upon the 
rainfall/runoff transformation which was previously done using Constraint Linear System 
(CLS) model and the statistical correlations etc. and has now been replaced by 
Sacramento watershed  model. Data needed consists of the rainfall data of the 
catchments above the rim stations and the flow data of the upstream station including that 
of the important nallahs which enter the main channel above the rim station. Catchments 
above the rim stations of the river Sultej, Ravi and Chenab are almost completely across 
the border and thus radar rainfall data and the flow data as received through the 
Commissioner of Indus Waters (CIW) are the two data source for the rain and discharge 
data respectively. Radar at Sialkot covers only a small portion of the Sutlej catchment is 
not properly covered except for some south eastern part of the Poonch catchment. Sialkot 
radar therefore is not effective for Sutlej and Jhelum catchments. Islamabad Radar covers 
a good portion of the Mangla catchments, but is not yet linked with NFFB at Lahore. 
Consequently, as for as river Sutlej is concerned the flood forecasting uptill now was 
mainly dependent upon the Indian flow data as received through the Commissioner for 
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Indus Waters. However, now with the installation of the 10-Cm radar at Lahore, the entire 
flood generating rainfall areas of rivers Sutlej and Bias has come under the Radar cover. 
This has made it possible now to run the rainfall/runoff model for Sutlej river as well. 
Additionally, the flow data below Bhakra and Pong reservoirs and that below Harike and 
Ferozpur ( as received through CIW) plays an important role in forecasting flood at Ganda 
Singh Wala. Ravi and Chenab flood forecasting procedure makes use of the radar data and 
that of the few Indian discharge stations reached through CIW. Regarding river Jhelum it 
is only the ground based rain and discharge data which forms the basis for the flood 
forecasting. Discharge measurement stations include Garhi Habibullah and Muzaffarabad 
for the rivers Kunhar and Neelum respectively and Domel, Kohala and Azad Pattan for 
the Jhelum main. Poonch river is measured at Kotli while Khanshi is gauged at Palote. A 
number of WAPDA telemetric and manual stations exist at Kotli, Kohala, Muzaffarabad, 
SehrKakota and Palandri. However, because of very short time to peak after the rain peak, 
very little lead time is available based upon data of actual rain and discharge 
measurements. Quantitative Precipitation Forecast (QPF) is thus, essentially required to 
get the necessary lead time at Mangla to afford proper flood management at the reservoir. 

4. HYDROLOGICAL COMPONENT 

Hydrological component of the Flood Forecasting System relates to the routing of the 
flood wave below the rim stations. Input data consists of the discharge data at the 
measurement sites along the river and the discharge data of the tributaries wherever 
available. River flow model called SOBEK is used for routing the flood wave. 
Computations start from the rim stations where the output from the rainfall/runoff model 
forms the input to the routing model. A brief description of the two model is given in 
Annexure-I. Data pertaining to the channel geometry is available for every reach. The 
flood levels are thus computed at various locations. Flood inundation maps for flood 
levels corresponding to various return periods are prepared using the model. Such maps 
form the permanent record to be placed in Volume-II of the Manual. Alongwith maps the 
list of three categories of villages are provided. Category-I consist of the list of those 
villages (along the river channel) which are unlikely to be affected by a particular flood. 
Category-II on both sides are villages which stand positive risk of getting inundated. 
Category-III are the villages fall within the flood risk zone, but may or may not be flooded. 
Consequently, where as villages falling within the Category-II would be ordered complete 
evacuation; the villages within the Category-III would be asked to maintain a close 
contact with the flood relief department and be prepared for evacuations and when 
situation arises.  

4.1 Category-I Floods 
Meteorological condition for the category-I floods in Mangla as depicted in Fig 2 is the 
condition under which strong south westerly monsoon incursion reaches the catchment 
due to the accentuation of seasonal low. Under the condition heavy short lived rainfall 
occurs mostly during late night/early morning lasting upto about 10:00 hrs. Sharp peaks of 
short duration shall arrive in the Chenab and Jhelum rivers at the rim stations Marala & 
Mangla under this situation. The peaks may occur daily as long as the seasonal low 
remains in the accentuated state, which may last from 3-5 days at a stretch. The seasonal 
low is generally strong during the early monsoon period and therefore, Category-I floods 
are more common during last week of June or up till the end of July, even though they 
may occur during August also on relatively few occasions. More than 80% of the flood 
peaks under the conditions may be limited to within 2 lac cusecs. Only 15% peaks may 
range between 2-4 lac cusecs, while only 5% may cross 4 lac cusecs. All peaks have a 
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short duration and they would carry a relatively small volume of water into the reservoir, 
posing no serious flood management problem. 

4.2 Category-II Floods 
Second condition  (Fig 3) under which floods in Mangla catchment occur is when a 
monsoon low/depression approaches from east/south-east traversing across Sutlej, Ravi 
and Chenab catchments. Under this situation the rain producing capacity of the depression 
is considerably reduced (by the time it reaches Mangla catchment) due to extensive 
moisture shedding (in the form of Heavy rains) over Sutlej, Ravi and Chenab catchment. 
Consequently, the floods under this condition shall generally range within 3-6 lac cusecs. 
Only in an extremely rare case however when the depression happens to be extremely 
intense, a peak ranging from 6-8 lac cusecs may occur, Again no serious flood 
Management problem would arise in this case. 

4.3 Category –III Floods 
Third and the most critical situation is (Fig 4) when the depression takes a straight 
northerly path from its position in Rajasthan and enters Pakistan along Lahore division 
and then continues to move towards Rawalpindi division skipping the catchment of Sutleg 
and Ravi to the east. Under this condition Chenab and Jhelum catchment shall come under 
the direct effect because firstly it is the north east sector of the depression which gets the 
heaviest precipitation and secondly because the depression reaches the vicinity of Mangla  
catchment (along the plains) with most of its intensity still in tact. Additionally, since the 
northwards movement of the depression is caused by the presence of a strong westerly 
wave to the north, heavy rains shall always extend further north to cover lower part of 
Terbela catchment, Hazara division and whole of Kashmir. Heaviest floods on record are 
caused under this situation (1928,1929 and 1992 flood situation). 

During the flood season (July-Sept. 2001) the radar images helped a lot in determining 
the rainfall over catchment areas of neighbouring country. This cross border rainfall 
estimation in quantitative terms was extremely useful input before the maximum runoff 
could reach in the river plain in Sutlej riverbed. The rainfall estimates helped us in both 
determining the peak discharge value and time of its arrival. A timely forecast issued on 
15-8-2001 at 1030 Hours & actual peak occurred 18-8-2001 at 0000 Hours, which enabled 
the District Management of Kasur to evocate the people and cattle, who were in the river 
bed of river Sutlej and the heavy loss of life & property was saved. 

 
Fig. 2  Showing the Meteorological Situation for the Category-I Floods in Pakistan 
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Fig. 3  Showing the Meteorological Situation for the Category-II Floods in Pakistan 

 
Fig. 4  Showing the Meteorological Situation for the Category-III Floods in Pakistan 

5. CONCLUDING REMARKS 

The comprehension of river basis and its flow pattern in conjunction with heavy rainfall 
generating meteorological situation results in authentic calculation of peak discharges 
river flows at destinated sites. This helped in saving life, cattle and property by issuing 
timely forecasts / warnings to Government Agencies responsible for Flood Relief 
evacuation and mitigation for the people living in river bed areas. 
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Abstract: The lower Yellow River is a wandering channel that goes through periodic water build 
up. As the channel is scoured and silted at irregular intervals and to different degrees, water level is 
often an uncertain quantity. Over the past 10 year period the lower channel has gone through 
intensified shrinkage which has resulted in a diminished flood carrying capacity of the channel and 
gradually rising water levels. According to statistics, in the year 2000, water level discharge of 3000 
m3/s in all river stretches downstream of Huayuankou were 2 m higher than those in 1950. Since 
protection of projects and operation of flood detention areas in lower reaches are closely related 
with water levels, water levels are an indispensable factor in forecasting. Analyzing the factors that 
cause changes in water levels in the lower Yellow River, this paper uses multivariate regression to 
build flood-peak level linear regression forecast models for seven hydrological stations on the lower 
reaches. All the models exceed 75% in accuracy. 

A multivariate regression model for flood-peak level forecasting 
on the lower Yellow River 

Keyan Xu, Wei Ren, and Li Xie 
Hydrology Bureau of the Yellow River Conservation Commission, Zhengzhou, China 
E-mail: xkeyan@163.net 

Keywords: lower Yellow River, water level, factors causing changes, multivariate regression 

1. BRIEF INTRODUCTION OF MULTIVARIATE REGRESSION 

Regression analysis is a method of finding a quantitative expression that represents the 
relationship between a forecast object and the forecast factor according to the previous 
observed values of known factor X and forecast quantity Y. For example, suppose there 
exists a certain undetermined relation between X and Y and the value of Y changes with 
changes in the value of X.  

If the forecast object changes with the change of more than one forecast factor (X1, 
X2,…, Xm), the regression equation constructed is a linear multivariate regression equation, 
whose expression is: 

mm XbXbXbbY +∧+++= 22110                 (1) 

The regression coefficient is determined by mean of the least-squares method. Suppose 
that forecast object Y is connected to forecast factors X1, X2, …, Xm. The forecast object 
and the various forecast factors have observed data Yt, X1t, X2t, …, Xmt of n times 
respectively, where the subscript m indicates the serial number of the factors and the 
subscript t is the number of times of observation (t = 1, 2, …, n). 

The observed values of each time of every X are substituted in Equation (1), and an 

estimated value tY
∧

 of Y is obtained. In this way we get n estimated values  of Y tY
∧
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altogether, and between observed data Yt and estimated data tY
∧

 of Y of every time there 

is an error , whose residual square sum is: 
∧
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It is obvious that the residual square sum  depends on bQ mbb ,,, 10 Λ . Since  is 
required to be the minimum, according to the principle of limit value calculation in 
function of many variables,  can be determined with the following set of 
equations: 
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ib  is obtained by solving this set of equations, thus the m-variable linear regression 
equation is fully determined. 

2. FACTORS AFFECTING WATER STAGE CHANGES IN LOWER YELLOW 
RIVER 

The lower Yellow River has high sediment content and is scoured and silted frequently. 
The resulting changes in topography and grade cause water levels of the river at the same 
flow rates to vary greatly. These factors make identifying the level-discharge relationship 
very complicated. Flood levels of a changing channel are a reflection of interaction 
between incoming water and sediment conditions in addition to existing boundary 
conditions. Since the factors affecting water levels are highly complex, they are beyond 
current abilities to predict. Analysis of historical flood data from hydrological stations of 
Huayuankou, Jiahetan, Gaocun, Sunkou, Aishan, Luokou and Lijin shows that the main 
factors affecting change in water stage in the lower Yellow River are incoming water and 
sediment characteristics, intervening inflow, section configuration, discharge variation, 
total discharge and the shape of the flood hydrograph.  

2.1 Characteristics of Incoming Water and Sediment 
The most immediate factors affecting flood levels are believed to be the characteristics of 
the incoming water and sediment from upstream stations. The general consensus is that 
the larger the flood peak discharge, the higher the resulting flood level will ultimately be, 
In this case, when the overflow occurs and the regulation and detention has a large effect 
on the channel and the flood-plain. In the case of the lower Yellow River, high sediment 
content is a fundamental cause of the recurring flood phenomena. Special water 
conditions such as scouring and silting of the channel, steep rise and fall of water levels, 
formation of abnormal flood waves and the increase of flood peak discharge combine to 
directly and indirectly affect the sediment content of the flood. 

The condition of the incoming water and sediment during a flood can be represented by 
the incoming sediment coefficient sK  during the rising period at the upstream station: 
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QK s ρ=  

where, ρ  is the average sediment content between the rising point and the crest of the 

flood at the upstream station (kg/m3); Q  stands for the average discharge between the 
rising point and the crest of the flood at the upstream station (m3/s); and sK  is the mean 
incoming sediment coefficient (kg^s/m6). 

The incoming water and sediment coefficient reflects the condition of incoming water 
and sediment from upstream. It is therefore commonly used as a reliable indicator for 
flood stage forecasting in sediment inundated rivers. 

2.2 Intervening Inflow Amounts 
In a river segment that is fed by tributaries, the amount of intervening inflow can bring 
about a change in the characteristics of incoming water and its sediment during the flood. 
Therefore, in flood forecasting for a river segment in which tributaries join the main river, 
parameter q can be used to reflect the influence of the intervening inflow on the flood 
wave in the channel: 

QQq q=  

in which,  is the corresponding intermediate resultant discharge (mqQ 3/s), and Q  is the 
average discharge between the point of rise and the crest of the flood at the upstream 
station (m3/s). 

In the lower Yellow River, excluding Huayuankou Hydrological Station which is 
affected by intervening inflow, most river segments do not have this kind of intermediate 
inflow. In the one or two river segments where intervening inflow exists, the actual impact 
is very low. Though incoming water from the Xiaolangdi-Huayuankou reach has a low 
sediment content, its amount can bring about changes in both water and sediment 
characteristics of flood waters. Analysis indicates that under existing conditions, if the 
inflow from Xiaolangdi-Huayuankou reach is large, incoming water and sediment from 
upstream the rating curve of Xiaolangdi will be gentle. Oppositely, if the inflow from 
Xiaolangdi-Huayuankou reach is small, the rating curve will be steep. 

2.3 Section Configuration 
On the whole, the channel sections of the lower Yellow River are compound sections. The 
scouring and silting of various sections, the corresponding river bed elevation, section 
configuration and flood-plain lip elevation are the basic factors that determine whether 
overflow will occur. The section configuration of a changing channel has a great effect on 
flood level. It is manifested as a channel that is narrow and a deep rating curve. All factors 
being the same, the stage at the same discharge will be on the high side. This is in contrast 
to a channel that is wide and shallow where the flow path is inordinate, the rating curve is 
gentle and the level at the same discharge is on the low side. Since it is difficult to get the 
real-time information of the channel section configuration when the forecast is being 

made, we use initial rise rate 
0








∆
∆

Q
H to reflect the overall effects of section configuration 

prior to the flood can be calculated with level and discharge data gathered during the 
rising period. 

2.4 Amplitude of Discharge Variation 
The level change is the most influential factor in level change. It can be expressed with an 
amplitude of discharge variation  (the difference between flood peak discharge and Q∆
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initial discharge). 

0QQQ m −=∆  

where,  is the initial discharge (mQ∆ 3/s), and  is the peak discharge (mmQ 3/s). 

2.5 Bankfull Discharge 
Flood-plains are widely distributed over the lower Yellow River with a total area of 3,500 
km, occupying more than 80% of the channel area of 4,200 km2. The largest among them 
are the Changyuan-Dongming Flood-plain and the Changqing-Pingyin Flood-plain. There 
are production dikes with a total length of 594 km, of which 250 km are in Henan 
Province and 344 km are in Shandong Province. It is just due to the effect of the 
flood-plains and the production dikes that the normal routing pattern of the flood is 
destroyed. Bankfull discharge  reflects the flood carrying capacity of the main 
channel. Analysis of historical flood data reveals that once flood overflow occurs, 
particularly overflow from large floods, the slope of the rating curve will be noticeably 
less than that when there is no overflow. 

bQ

3. MULTIVARIATE REGRESSION MODELS 

3.1 Basic Principle 
On the basis of analysis of factors affecting water stage changes in the lower Yellow 
River, we constructed linear regression models with the multivariate regression method 
for flood-peak level forecasting at hydrological stations in Huayuankou, Jiahetan, Gaocun, 
Sunkou, Aishan, Luokou and Lijin. The information used for this work was the data from 
30 floods with peak discharges larger than 4,000 m3/s at the Huyuankou Station during the 
period from 1970 to 1996. 

The basic principle of the model is to forecast flood levels by forecasting the slope of 
the rating curve - level rise rate ( QH ∆∆ ) or the level rise difference ( YH∆ ). Suppose at 
the initial time of forecast the stage and discharge are  and Q  respectively. A level 
rise difference forecast 

0H 0

YH∆  can be obtained on the basis of the forecasted rise rate 

YQ
H








∆
∆  and the forecasted amplitude discharge variation Q∆ . An alternative is level rise 

difference H∆
Q

 can be obtained directly from the forecasted amplitude discharge 
variation . The flood level forecast is then represented by∆ YHHH ∆+= 0 . 

3.2 Forecast Models 
(1) Huayuankou Hydrological Station 
Floods at Huayuankou Station are greatly influenced by the characteristics of the 
incoming water and sediment from Xiaolangdi and its intervening inflows. Characteristics 
of incoming water and sediment from Xiaolangdi are expressed with incoming sediment 
coefficient QK s ρ= , intervening inflows are expressed with QQq q= , where ρ  and 

Q  are the average sediment content (kg/m3) and average discharge (m3/s) within the 
period from point of rise to crest of the flood at Xiaolangdi Station. is the 
corresponding resulting discharge (m

qQ
3/s) at Heishiguan Station on the Yiluohe River and 

Wuzhi Station on the Qinhe River. 
Since the behavior of an overloaded flood is different from that of typical flood, its 

level is noticeably higher than a typical flood level of the same discharge. For example, 
during the "1992.8.16" flood, the peak discharge at Huayuankou Station was only 6,430 
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m3/s, whereas the level was as high as 94.33 m. This is 0.34 m higher than the 15,300 m3/s 
flood level recorded in 1982. Therefore, at Huayuankou Station, linear forecast equations 
were designed for overloaded flood and common flood conditions respectively. 
(2) Jiahetan Hydrological Station 
At Jiahetan Station the main flow swings frequently during a flood period and at middle 
or low stage phenomena such as shallow sands, crossed ditches and inclined flow are 
likely to appear. When the initial rate of increase is smaller than 0.15*10-3, the H-Q rating 
curve markedly takes on the shape of a counterclockwise loop. For a large overflow flood, 
the flood level will be higher than the bankfull level. The slope of the H-Q rating curve 
will be noticeably decreased (the rate of increase is approximately 1/2 the initial increase 
range). For our calculation, we took overflow floods and floods with initial increase rate 
smaller than 0.15*10-3 as special flood conditions, and built regression forecast models for 
common floods and special floods respectively. 

 

Table 1  Multivariate Regression Equations for Level Forecasting for 
Seven Hydrological Stations in the Lower Yellow River and Their Precision 

Station Flood Type Forecast Equation 

Huayuankou Common flood ( )∆
∆

H
Q Y =0.0931+0.4333*( )∆

∆
H
Q 0 -0.000843*

Q

Q
q

 

 Overloaded flood ( )∆
∆

H
Q Y =-0.1109+0.37224*( )∆

∆
H
Q 0 +2.3999*

Q
ρ

 

Jiahetan Common flood YH∆ =-0.0564+0.000289* Q∆  

 Special flood YH∆ =0.4996+0.000073* Q∆  

Gaocun Common flood ( )∆Q Y
∆H =0.5995+0.07088*( )∆

∆
H
Q 0 -0.000052*Qm 

 Overflow flood ( )∆
∆

H
Q Y =0.0668+0.068*( )∆

∆
H
Q 0  

Sunkou Common flood ( )∆
∆

H
Q Y =0.1464+0.812093*( )∆

∆
H
Q 0  

 Overflow flood ( )∆
∆

H
Q Y =0.0610+0.4031*( )∆

∆
H
Q 0  

Aishan No classification YH∆
H∆

=0.2635+0.000534*Qm-0.000588*Q0 

Luokou No classification Y =0.0831+0.000587* Q∆  

Lijin No classification ( )∆Q Y
∆H =0.1899+0.506308*( )∆

∆
H
Q 0  

Notes: [1] q

Q
Q  — inflow amount from Xiaolangdi-Huayuankou reaches (%) 

 [2] 
Y

H
Q

∆
∆ 


  — forecast stage rise rate ( 3

2 10s
m

−× ) 

 [3] 
0

H
Q

∆
∆ 


  — initial stage rise rate ( 3

2 10s
m

−× ) 

 [4] 
Q
ρ  — coefficient of incoming sediment from upstream ( 6kg s m× ) 

 [5] YH∆  —forecast amplitude of stage rise variation ( ) m

 [6] ∆  — amplitude of discharge variation (Q 3m s ) 

 [7] Q  — flood peak discharge (m
3 sm ) 

 [8] Q  — initial discharge (0
3m s ) 

 [9] Overflow food and flood with initial rise rate larger than 0.15*10-3 are taken as special flood. 
 
 

 946



(3) Gaocun and Sunkou Hydrological Stations 
According to analysis of the historical the discharge-level relationship between the 
Gaocun and Sunkou Hydrological Stations, for large overflow flood the flood levels were 
higher than the bankfull levels. The slope of H-Q rating curve would be noticeably 
decreased. Therefore, regression forecast models were set up for common floods and 
special floods respectively. 
(4) Aishan, Luokou and Lijin Hydrological Stations 
The three stations have a better discharge-level relationship and there is no need for flood 
separation. Direct quations for these similar stations for amplitude of level variation - 
amplitude of discharge variations were established. Additionaly, forecast level increase 
rates - initial level increase rate can be used. 

The forecast equations for the seven stations are given in Table 1.  

4. RESULT ANALYSIS 

Multivariate regression models for flood level forecasting for the various stations were 
constructed on the basis of analysis of factors affecting level change in the lower Yellow 
River. These forecast factors are clear, identifiable and easy to obtain. Compared with 
corresponding forecast charts, the multivariate regression forecast model has the 
following advantages: the forecast operation can be conducted using a computer, and the 
precision of the models has been shown to be over 75% at all hydrological stations (see 
Table 2). This demonstrates that it meets the requirements of the "Code for Water Regime 
Forecasting" promulgated by the Ministry of Water Resources. Therefore, the model can 
be used for flood-peak level forecasting at all stations in the lower Yellow River. In 
practical forecasting operations, it is common to conduct level forecasts on the basis of 
discharge forecasts. Since discharge forecasting has inherent problems, there will be 
larger errors in level forecasting. This should be taken into consideration. 

Table 2   Results of Level Forecasting with the Multivariate Regression Model 

Station Flood Type Number of Floods Pass 
Number 

Pass 
Rate Grade 

Huayuankou Common flood 37 34 89% A 
 Overloaded flood 7 6 86% A 
Jiahetan Common flood 40 32 80% B 
 Overflow flood 4 4 100% A 
Gaocun Common flood 28 21 75% B 
 Overflow flood 4 4 100% A 
Sunkou Common flood 35 31 89% A 
 Overflow flood 6 6 100% A 
Aishan No classification 40 38 95% A 
Luokou No classification 40 39 98% A 
Lijin No classification 37 35 95% A 
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Flood forecasting and warning system in Bangladesh 

A.N.H. Akhtar Hossain 
Director, Processing and Flood Forecasting Circle Bangladesh Water Development Board 

 948

Abstract: Bangladesh is one of the largest deltas in the world having a very flat topography. Three 
major rivers, the Ganges, the Brahmaputra and the Meghna having a total catchments area of about 
1.7 million sq.km. Pass through this country. 93% of the catchments area of these rivers lies outside 
the country in India, China, Nepal and Bhutan. The country has an average rainfall of about 2300 
mm, the range being 1500 mm to 5000 mm. Bangladesh has also an unique coast line, conical in 
shape, which causes a higher sea level during monsoon months. Due to the unique topography, river 
system and rainfall pattern flood occurs in Bangladesh almost every year and devastating ones in 
every 5 to 10 years time. In its management of flood, Bangladesh has taken many structural and 
non- structural measures. One of the main non-structural measures is the flood forecasting and 
warning system. Flood Forecasting and Warning System of the country are in the process of 
continuous advancement since 1970’s. Starting with a very simple way of flood forecasting, it has 
now developed most advanced real time flood forecasting system with Mike’00 Hydrodynamic 
Model, which is interactive with the GIS and has the capability of showing flood inundation with 
Digital Elevation Model (DEM). The paper will deal with development of flood forecasting since 
1970’s and depict the latest system of flood forecasting and warning system in the country. 

 

 
1. INTRODUCTION 

Bangladesh is one of the largest deltas in the world. Three major river system e.g. Ganges, 
Brahmaputra and Meghna flow through this country. Total catchments area of these three 
rivers is to the tune of 1.7 million sq. km  (Catchments Map Fig. 1). Almost 93% of the 
catchments area lies beyond the territories of Bangladesh in Bhutan, China, India, Nepal 
Combined maximum flow of two major rivers e.g. Ganges and Brahmaputra is about 
120,000 cum per sec. Annual sediment flow of these three major rivers has been estimated 
to be about 1.8 billion tons. All most all of its land area was formed through siltation of 
these river systems. As a result, the topography of the land is very flat which is usually 
prone to flood every year. Sometimes when there is simultaneous excessive rainfall in the 
three catchments, flood situation becomes worse and at times devastating .In last half a 
century at least 10 major flood events occurred in Bangladesh four of them may be termed 
as devastating. It has been observed that incidence of flood has increased in the last two 
decades with the increase in flood damages compared to earlier floods. Since early sixties 
Bangladesh has implemented a good no small, medium and large flood control and 
drainage  (FCD) projects covering about 30% of the land area. All these structural 
measures could not restrict the occurrence of flood. Experience over the years showed that 
complete flood control in a country like Bangladesh is neither possible nor feasible. 
Having this understanding Bangladesh started developing flood forecasting and warning  
 



2. TYPES OF FLOOD 

Types of flood are generally termed according to their cause of origin. In Bangladesh 
usually four types of flood are experienced and they are as follows: 

River Flood 
Rain fed Flood 
Flash Flood 
Tidal Flood and Flood due to Storm Surges 

 
Fig.1  The Ganges, the Brahmaputra and the Meghna River Basins 

 
2.1 River Flood 
This is the most common type of flood in Bangladesh. This kind of flood occurs in the 
three major river catchments within the country. When excessive rain fall occurs in the 
river catchments outside Bangladesh and the river course can not hold the flow within the 
banks it spills to flood plains in the vicinity creates flood. Bank spilling is a very common 
phenomenon in Bangladesh. In normal years about 30% of the land area are inundated and 
in case of devastating floods about 50 to 70% of the land area are inundated. When 
simultaneous rise in water level occurs in the three river catchments, flood becomes 
devastating one. Areas, which are susceptible to river flood, are shown in the Fig. 2.  
Experiences of floods of 1954 & 55, 1974, 1987 & 88, 1998 show the fact.  Flood of 1998 
was the most devastating flood of the last century. It affected about 70% of the land area 
as well as the duration that flood was maximum of about 60 days. A picture floods during 
last 50 years is given in the Table: 1.  
 

 Table 1  Statistics of 50 year floods 
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Fig. 2  Areas susceptible to river flood 

 

2.2 Flash Flood 
Flash flood is characterized by fast rise and fall in water levels in the rivers. This kind of 
flood generally occurs in the flood plains along the river course in hilly region as well as 
in the foothill areas. This kind of flood occurs in all the trans-boundary rivers in the 
northern and northeastern part of the country. This kind of flood also occurs in the rivers 
of southeastern part of the country. Catchments of the Trans-boundary Rivers in the 
northern and northeastern lie in India. Flash flood occurs due to rainfall in the Indian part 
of the catchments. Areas, which are prone to flash floods, in the northeastern part of the 
country are shown in Fig.: 3.  
 

 
Fig. 3  Area prone to flush floods (northeastem part of the country) 
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2.3 Rain Fed Flood 
This kind flood is most common in different parts of the country where land elevation is 
relatively low and drainage is restricted. Occurrence of this kind of flood is in increase 
because of change of hydrological regime in the flood plains due to unplanned 
construction of different infrastructures e.g. road, bridges, culverts, embankments, 
irrigation canals etc. Another important factor contributing to this phenomenon is 
continuous fall in flow in these rivers and drainage channels causing continuous 
sedimentation and concomitant rise of bed level. This situation can become serious if 
some unprecedented event of rainfall occurs even outside the country. In September 2000 
one such very unprecedented event occurred in the southwestern region of the country. 
Heavy Trans-boundary inflow entered as an overland flow due to an extreme climatic 
event occurred in some parts of Bihar and West Bengal, India. Overland flow entered 
Bangladesh following natural topography. When it entered Bangladesh, its evacuation to 
the sea was obstructed due to major changes in the hydrological regime because of both 
natural and human interventions. Flood waters, which was supposed to be evacuated 
within days but stagnated for about 2-8 weeks in some parts of the region. Natural 
topography as well as human interventions in said region is shown in Fig. 4. 
 

 
Fig. 4  Natural topography with human intervention 
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2.4 Tidal Flood 
This kind of flood occurs in the tidal flood plains along the coastal areas of the country. 
Land elevation along the coastal areas generally varies from 1-2 m whereas the sea 
swelled to about 1m during monsoon months from June to mid-September. As a result 
when the spring tide occurs during monsoon most of the tidal plains are susceptible to 
flooding. The situation become worse when storm surges occurred along with the tropical 
cyclone. Loss of lives due to storm surges during the tropical cyclones of 1970 and 1991 
was huge exceeding few hundred thousands. Extent of storm surges due to 1970 cyclone 
is shown in Fig.: 5. In order to tidal flooding as well as provide protection against cyclonic 
surges the started building polders all along the tidal estuary in the coastal areas of the 
country. In spite of the fact, newly accreted lands in the estuary and in the coast are still 
subjected to tidal flooding. Storm surges accompanied with the severe cyclone still poses 
threat of breaching the coastal polders endangering lives of people living in the high-risk 
zones. A picture of areas, which are prone to tidal flooding, is shown in Fig. 6. 
 

 
Fig. 5  Extent of storm surges of 1970 cyclone 

 

 
Fig 6  Areas prone to tidal flooding 
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3. DEVELOPMENT OF FLOOD FORECASTING AND WARNING SYSTEM 

Flood forecasting warning system in Bangladesh is in the state of continuous development. 
Till to-day three distinct stages of development can be identified and the stages are as 
follows: 

a) Initial Stage, 1972-88 
b) Second Stage, 1990-99 
c) Third Stage, 2000 till to-date 

3.1 Initial Stage 
During the sixties policy planners in the water resources development and management 
considered that the structural measures, e.g. embankments, regulators etc. are important 
means to control the flood. Fortunately, during sixties no major flood occurred in 
Bangladesh. During early seventies, policy planners thought that complete control of 
flood will take a long period of time but in the meantime if any major flood event 
occurred how to deal with it. Realization of the fact by the policy makers that for 
mitigating the effects of flood, advance warning system can play an important role. With 
this end in view Flood Forecasting and Warning Center was established in 1972 under the 
Bangladesh Water Development Board. It started in a very humble manner. It applied 
gauge-to-gauge statistical co-relation and Muskinghum-Kunje methods for predicting 
water levels in advance. Initially, it started with only 10 WL stations on the major river 
systems. All the computations were done manually. In 1981 WMO and UNDP provided 
technical assistance for computerization of the Hydrological Data Base. During this period 
early computerization, computer programs were developed to carryout the computations, 
which was earlier done manually. It worked quite well. During the devastating floods of 
1987 & 88, flood forecast i.e. advance predictions of WLs on the major river systems 
were interestingly quite accurate. 

3.2 Second Stage 
After two consecutive devastating floods of 1987 and 1988 the Government of 
Bangladesh realized that non-structural measures e.g. flood forecasting and warning 
system can play a vital role in reducing the flood damage as well as protecting human 
lives. Development partners of Bangladesh took the issue of flood management seriously 
and they were determined to find a way out for mitigating the flood damages. As a result 
of the initiatives of the OECD countries, Flood Action Plan (FAP) came into being. FAP 
was mainly a study project having 26 components and lasted for about five years, 1990-95 
two components of FAP, Expansion of Flood Forecasting and Warning (FAP 10) and 
Flood Hydrology Study  (FAP 25), studied the flood problems. Under FAP 10 project, 
hydrodynamic model Mike 11 was introduced for Flood Forecasting and Warning System 
(FFWS) and real time monitoring stations were increased to 30 and the project continued 
till December 1999. Modernization of FFWS yielded a very productive and successful 
result during the flood of 1998, which considered as one of the most devastating floods of 
the 20th century. Experience of 1998 Flood showed that FFWS should be extended to all 
flood prone areas of the country. Besides, dissemination of flood information to the 
vulnerable communities became omnipotent. 

3.3 Third Stage 
Many lessons were learnt from the experiences of flood of 1998. People living in the 
vulnerable community would like to receive flood information with some time of lead. 
They also want it in an understandable language. Further, they were willing to know when 
their homestead were going to be inundated and for how long. This reflects that people are 
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demanding area specific flood forecast. Moreover, it was also observed that many groups 
and categories of people are interested to receive flood information.  All these demand of 
the people has constituted the basis for improved formulation and dissemination of flood 
information. At this stage FFWC is trying to bring the fruits of the science to the benefits 
of the society. Work of the third stage was started from January 2000 and will continue till 
December 2004. Objectives of the third stage is as follows: 

a) To improve the accuracy and time of lead of Flood Forecast; 
b) To upgrade the Flood Forecast Model; 
c) To expand the real time Flood Monitoring Stations to all flood prone areas of the 

country; 
d) To improve Flood Information dissemination up to the vulnerable community 

level; 
e) To build up a sustainable Institution; 
f) To ensure transfer of technology. 

All the above-mentioned activities are still continuing. At the end of the project further 
achievement will made in different fields of activities as regards the Flood Forecasting 
and Warning Systems in Bangladesh. Some of the activities carried out so far are 
mentioned in the following paragraphs. 
 
4. FLOOD FORECASTING AND WARNING ACTIVITIES 

Flood Forecasting and Warning activities run during the monsoon month i.e. June to 
September every year. In the entire activities field offices as well as the Flood Forecasting 
and Warning Center (FFWC) are closely involved. FFWC remains open all days during 
this period. During the occurrence of extreme flood events FFWC remains open for 24 hrs.  

4.1 Data Transmission From the Field 
Hydrology Organization of BWDB has an extensive network of WL, Rainfall, Flow, and 
Sediment, Water Quality stations all over the country. Data collection from the field has 
been established on the basis of requirements of the Flood Forecast (FF) Model. For daily 
operation of FF model real time WL and Rainfall data are collected. FFWC starts its 
activities from 6 O’clock in the morning. Water Level (WL) Gauge Readers from 70 WL 
stations send the data every day. Gauge Readers send the WL data of morning 6 O’clock 
and the four records of 3-hourly data of the previous day. Rainfall records of every 24-hr, 
ending at 9 O’clock in the morning, are also collected from 46 stations. Most of the data 
are sent by SSB Wireless sets. Now-a-days mobile phones are also used to send the data. 
A pilot telemetry network covering 16 stations was established in 1996. This is mainly 
used to monitor the Wls of the major rivers at bordering stations. 

4.2 Operation of the FF Model 
It has already been mentioned that FF model was prepared on the basis of Mike 11 
hydrodynamic model. Mike 11 model has two components: a) NAM model, a rainfall run-
off model, b) Flood Routing Model, based on St. Venant’s continuity equation. Recently, 
the model has been upgraded to Mike Zero version, which is on Windows platform. FF 
model has been customized to be interactive with GIS model. GIS feature is capable of 
generating flood inundation map on real time basis. This is being done, currently, on 
coarse basis because of non-availability of updated Digital Terrain Model (DTM). Data 
received from the field are processed to check the validity and consistency of the data. 
Processed data are then put to the model and the model is run. Model usually provides 
advance flood forecast for 24 and 48 hrs. An assessment was made on the forecasted and 
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observed WLs and it was found that the confidence level of the forecast for 24 and 48 hrs 
at the monitoring stations inside the country is between 95-100%. A graphical picture of 
the assessment of Flood Forecast of FFWC is given in Fig. 7. It should be bear in mind 
that as most of the rivers flow through alluvial plains morphological changes are very 
frequent and the model needs to be updated on a regular basis, preferably, in every 5-years 
period. Otherwise model might not provide good result.  
 

 
Fig. 7  Forecast evaluation of 1998 flood 

 

4.3 Flood Warning Dissemination 
It has been recognized that an early warning system can save life and property of the 
people. It can help preparation of an advance disaster preparedness program. This has 
amply been proved during the floods of 1987, ‘88 and 1998. FFWC usually disseminate 
the flood information every day through different media of communication e.g. Internet, 
fax, telephone etc. Dissemination of flood information by FFWC has limitations. It 
provides timely information to different Government Departments, Agencies, Disaster 
Managers, NGOs, news media etc. According to a recent study made by the center to 
assess the response to its information by the people living in the flood prone areas, it has 
been revealed that most vulnerable community has no effective means of receiving timely 
information. In spite of the fact that technological level of flood forecast in Bangladesh 
like many countries has reached both sophistication and perfection. Its dissemination to 
the vulnerable communities lagging far behind. This aspect of flood information 
dissemination needs serious attention. Local Government Organizations (LGO) and 
Community Based Organizations (CBO) can play an important role in this regard. 
Bangladesh has successful experience on Cyclone Preparedness Program. At the moment, 
pilot studies are being conducted to find out best possible means for timely dissemination 
of flood information to the vulnerable communities.  

A schematic diagram showing the activities of FFWC is shown in Fig. 8.  
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Fig. 8  Daily Activities of Flood Forecasting and Warning Center 

 
5. CONCLUSIONS 

In order to receive value-added benefits from the flood information, requirements of 
different users need to be looked into very carefully and to be met judiciously.  More over, 
accuracy and lead- time of forecast is very important for a country like Bangladesh, which 
is a lower riparian country of three major river systems and drains huge run-off from a 
large catchments. Improvement, extension and accuracy of lead-time of flood forecast 
also need close co-operation among the co-riparian countries. Timely dissemination of 
flood information to the vulnerable communities is vital to the success of Flood 
Forecasting and Warning System of any country. It is also important to keep pace with the 
technological innovations, which need continuous updating of the technical capacity. 
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Abstract: The flood forecast of the Beijiang river below Feilaixia Dam relates to the flood routing 
(including the reservoir’s flood regulation function), the confluence of tributaries and mainstreams, 
divertion of floods to the flooded areas and divertion of floods to the breaching dykes. In order to 
comprehensively reflect these factors and exactly simulate the flood routing, a mathematical model 
of flood forecast for the Beijiang river below Feilaixia Dam, is erected, which is an open model 
instead of a single flood forecasting approach. The hydrodynamics of  the main stream and 
tributaries is described by the Saint-Venant equations which are discretized with Preissmann scheme 
and resolved with double-sweep method. Especially, the connection of flooded areas and the 
breaching are taken into consideration. The model is naturally fit to the boundary conditions of 
hydraulic calculation, It is quite simple to deal with the interior conditions and there is no need to 
build matrixes for solving branch equations. It has the advantages of small computer memory and 
high computing speed. The calculated results were quite agreeable to the observed data.   

A flood forecasting model for the Beijiang River below 
Feilaixia Dam 

Ping Huang, Jing Yang, and Yi-long Zhong 
Department of Environmental Science, Sun Yat-sen(Zhongshan) University, Guangzhou 510275 

Keywords: the Beijinag River, Feilaixia Dam flood forecast, Preissmann scheme, diversion of 
floods to the flooded areas, diversion of floods to the breaching dykes 

1. INTRODUCTION 

The Beijiang water system is one of the three water systems of the Pearl river basin, 
which lies in the mid-north of Guangdong Province. The whole length of the mainstream 
is 466 km, the basin area is 46,686 km2, the whole fall is 305 m, and the average channel 
gradient is 0.0254 %. The floods of Beijiang basin are mainly caused by rainstorms (esp. 
frontal precipitations), which always occur in the prefreshet period, from April to June, 
and the main sources of the flood are the Beijiang mainstream and the Lianjiang River. 
The concentration time is short, the flood peak rises quickly and drops rapidly, and the 
water level changes quickly, a flood lasts fifteen days or so (Li ,1999). The flood forecast 
of the Beijiang River relates to the flood routing downstream the Feilaixia Dam (its 
reservoir’s flood regulation function is also included ), the concentration of tributaries, the 
divertion of floods to the flooded areas and the divertion of floods to the breaching dykes. 
In order to comprehensively reflect these factors and exactly simulate the flood routing, a 
mathematical model to forecast flood propagation is developed based on one-dimensional 
unsteady flow equations, in which flood diversion and dike breaching are also condidered. 

2. ONE DIMENSIONAL KINETICS MODEL  

2.1 The Saint-Venant Equations Used in the Model 
The model uses the following fundamental equations: the discharge, Q, and the water 
level, Z, are unknown variables.  
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where: B-the section width, which includes the width of right and left bottomlands; A-the 
section area, which includes the areas of right and left bottomlands; K-the conveyance 
modulus; q- the lateral inflow in unit length; β - the coefficient of non-uniform velocity 
distribution; φ- the local energy loss coefficient. 

After developing the Saint-Venant equations (1) and (2) with the Preissmann scheme 
and linearizing the terms of the higher order in each point j, equations (3) and (4) can be 
obtained where the unknowns are  ( , ), ( , ).Q x t Z x t∆ ∆
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Thus, based on the given initial conditions and the exterior boundary conditions, we 
those unknown parameters can be calculated with double-sweep algorithm. 

2.2 Interior Boundary Conditions 
Those reaches where there is a marked discontinuity in geometrical or hydraulic 
characteristics do not accord with the basic hypotheses of Saint-Venant equations, so 
interior boundary conditions exist at such discontinuous such. Interior boundary 
conditions should meet the two comparability conditions: the discharge continuity and the 
momentum conservation. 

In order to insert the interior boundaries into the double-sweep algorithm, the following 
method is used (PROJECT NA/83/38,1990; Yu, et al., 1987): linear the interior boundary 
conditions, and expressing the coefficients Ej+1 , Fj+1 as the functions of the known 
variables Ej , Fj , then calculating and saving Lj , Mj , Nj. By this means the corresponding 
algebraic expressions can be chosen to calculate Ej+1 , Fj+1 , Lj , Mj , Nj, instead of 
changing the algorithm . 

Three interior boundary conditions are considered in the model: confluence, lateral 
outflow and lateral inflow. 
(1) Confluence(Fig 1) 
The momentum conservation at the confluence: 
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Fig. 1  Sketch of confluence 
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The discharge continuity at the confluence: 1 1
31 11 21
n nQ Q Q+ += + +

f

       
After developing equation (9) and (10) with Preissmann scheme and linearizing them, 

equation (11) and (12) can be obtained: 

1 1 3 3a b Q d e Q∆Ζ + ∆ + ∆Ζ + ∆ =      (11) 

2 2 3 3
' ' ' 'a b Q c e Q∆Ζ + ∆ + ∆Ζ + ∆ ＝ '      (12) f

3Based on equations (5) and (10), 3 3 3Q E Z F∆ = ∆ +  can be obtained, thus the 
algebraic expressions of E3  , F3 are also obtained. 

Based on Eqs. (11) and (12), Eqs.(13) and (14) are easily obtained: 

1 1 3 1 3 1Z L Z M Q N∆ = ∆ + ∆ +       (13) 

2 2 3 2 3 2Z L Z M Q N∆ = ∆ + ∆ +       (14) 

(2) wier flow 
Two conditions are taken into consideration: free outflow and drowned wire outflow (Fig.2).  

 

   
a. Free outflow                       b. Drowned wier outflow 

Fig. 2  Free outflow(a) and drowned wier outflow(b) 

The following comparability conditions should be met: 
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After developing these equations with Preissmann scheme and merging them, then: 
             'a Z' ' ' '

1 1j j j jb Q d Z e Q f+ +∆ + ∆ + ∆ + ∆ =      (19) 

The corresponding algebraic expressions to calculate Ej+1 ,Fj+1, Lj , Mj , Nj are also 
obtained: 
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Correspondingly: 
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(3) Lateral inflow 
The model only considers the contribution of rainfall runoff to lateral inflow, and the 
discharge of lateral inflow is calculated by a rainfall runoff model. The lateral inflow 
infuses into the Beijiang mainstream as a local discharge. 

Between knots j and j+1 a local discharge is introduced: 1n n
L L LQ Q+ Q= + ∆  

The two comparability conditions are as follows: 
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The same method as used in the previous subsection is used, then:  
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And the corresponding algebraic expressions to calculate Lj , Mj , Nj  are the same as 
those in the previous subsection.  

2.3 Particular Conditions 
(1) inundated areas-interconnected cells (e.e. diversion of floods to the flooded areas ) 

The flooded area is divided into cells by borders such as dykes, roads, etc. It is assumed 
that the water surface is horizontal within a cell and that a cell exchanges water with other 
cells or the river. 
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① The connection between cells 
For the connection between two cells i and k, the following equations exist :   

( ) ( )
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where: x∆ - the horizontal distance between cells i and k, measured between their centers 
of gravity; - the conveyance modulus, the wetted area and the hydraulic radius of 
the flow section between the two cells respectively. 
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 Fig. 3  The cells in inundated areas 
 

② The connection between the river and cells. 
This type of connection, that is lateral drowned wier outflow, has been discussed in the 

interior boundary conditions. 
As an example, on Fig.3, the inundated area consists of 5 cells (C1 to C5) and 3 weirs 

(K1, K2, K4) connected to cells C1, C2 and C4, cells, C3 and C5 are not directly connected to 
the river. Here  is the exchange discharge between cells, is the exchange 
discharge between a wier and a cell. 

biQ ikQ

During the first sweep, normal calculation of Ej+1 , Fj+1 , Lj , Mj , Nj , LLb,1 and NNb,1 is 
performed, during the second sweep, the values of ,, ,j j b iZ Q Q∆ ∆ ∆  are determined. Once 
these values are determined, ,b iZ∆  in each cell can be determined by using the following 
procedure.  

According to the discharge continuity of the cells, the system of equations formed by 
the equations of continuity of the cells is obtained: 

( )1 1 1 1,
n n n n n nV V V t Q Q Q Qi i i b i ik b i ikk k

θ θ ,
   + + +∆ = − = ∆ + + − +∑


∑   

  

 

  (17) 

Developing 1n
ikQ +  into a Taylor series, and letting iV S zi i∆ = ∆ , equation (17) can be 

transformed into:       
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, ,
S Q Qi ik ikZ Z Q Qi k b i b it z zk k ki k

θ θ θ
  ∂ ∂ 
   ∆ − + ∆ − = + ∆ +∑ ∑ ∑   ∆ ∂ ∂     

Qik  

In a matrix form, the system of equations becomes:  

1

1

×× =
∆

∆

N

N

NN N
Z

Z
M  

where N is the number of cells in an inundated area.  
(2) The Dyke breaches(diversion of floods to the breaching dykes) 

When a dyke is breached by the river, the situation can be considered as a lateral 
diversion to an inundation area.  

When a dyke-breach occurs at knot i, there may be a discharge flowing through the 
breach and another discharge flowing over the dyke-crest, they should be calculated at the 
same knot. 

In order to simulate a dyke breach, the followings have to be available: 
--- The moment when the dyke breach occurs, and the time period necessary for breach 

formation. 
--- Dimensions of the breach in its final state: the level of the breach bottom and the 

width of the breach. 
To simplify the problem, three statuses are distinguished assuming that the evolution of 

the breach is in a linear way. 
(a)Before the breach. (b)During the breach formation. (c)After the breach stabilized. 
During the simulation, the discharge from the river to the dyke in a reach j, j+1 is now 

composed of two parts: the discharge Qb, 1 flowing over the dyke-crest and the discharge 
Qb, 2 flowing through the breach. Consequently, the total discharge is the summation of the 
two terms. 

3. APPLICATION OF THE MODEL IN THE LOWER BEIJIANG RIVER  
3.1 Hydraulic parameters of river  
The modeled area of the Beijiang River consists of 209 cross sections, 4 confluences and 
46 nodes where dyke overtopping may occur. The hydraulic parameters (such as 
roughness coefficients, cross-section areas and etc) are described by vertical delamination, 
i.e. these hydraulic parameters corresponding to a certain water level are pre-calculated.  

3.2 Three particular flow connection ways 
Confluence: three tributaries of the Pajiang, Bingjiang and Suijiang Rivers join the 
Beijiang mainstream, and the confluence of the Beijiang and Xijiang Rivers exists in the 
modeled area. Lateral inflow: there are 8 nodes, where a lateral inflow influences the 
discharges in the rivers. Wier flow: there are 46 nodes where dyke overtopping may 
occur. 

3.3 Exterior boundary conditions 
An upstream boundary, there are 4 boundary conditions where Q(t) curves are given. At 
the downstream boundary, there are 2 boundary conditions where Q(H) curves are given. 

3.4 Computation time step 
In normal conditions, one hour is the standard time step, but, when an overtopping or 
breaching of a dyke occurs, the time step reduces to 5 minutes.  
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3.5 The process of rainfall 
The model only considers the contribution of rainfall runoff to lateral inflow, and the 
discharge of lateral inflow is calculated by a rainfall runoff model. The calculation of 
production phase is brought into the parameters of transform phase, the transfer function 
is a dissymmetic triangular function (Yuan, 1990). 

3.6 A simulating example 
A Flood in June,1994 was simulated which had the corresponding observed data. The 
calculated results are quite agreeable to the observed data, as shown in Fig.4 (dots express 
observed data and the curves express the calculated results). 
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Fig. 4 Simulation results of a flood occurred in June, 1994 

4. CONCLUSIONS 
Compared with other models the flood forecast model in this paper has the following 
advantages: 

(1) It is naturally fit to the boundary conditions of hydraulic calculation. 
(2) The implicit scheme is used in the dynamic model, so the value of time step not 

limited by the stability condition.  
(3) If there are natural floodplains, the influence of floodplains on water storage is 

considered. 
(4) The dyke breach problem is also considered. 
(5) It is simple to handle interior boundary conditions, and there is no need to build 

matrixes for solving branch equations, instead, what it needs to do is to choose the 
corresponding algebraic expressions to calculate coefficients according to the interior 
boundary type. Therefore it needs small memory and has high computing speed. It is quite 
potential to apply the model to tidal rivers.  
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Abstract: A coupled use of the meteorological BOLAM mesoscale model with a distributed 
conceptual hydrological model has been tested in the past four years in some research projects 
framed, to a large extent, within the Mesoscale Alpine Programme. In order to investigate the 
hydrological response of mountain catchments and to test potentials and limits of flood forecasting 
schemes based on the above concept, the study area of Lago Maggiore was selected. It is located on 
the southern side of the European Alps where orographically enhanced precipitation is often very 
intense. For the Toce river basin, objective performance indexes against available detailed 
measurements of precipitation, runoff and water volume stored in reservoirs are presented and 
discussed. 

 

Keywords: flood forecasting, quantitative precipitation forecast, hydrological models 

1. INTRODUCTION 

In midsize river basins, around 10³ km² in size, the efficiency of a flood warning system 
largely depends on the accuracy of precipitation forecasts 24 to 48 hours ahead. In recent 
years the reliability of mesoscale meteorological models in predicting precipitation fields 
in cyclonic storms significantly improved. Mesoscale models, also referred to as Limited 
Area Models (LAM), are today running operationally in several meteorological services 
around the world. The spatial resolution of their computational grid is now typically few 
kilometers in size, a scale that, although still not suitable for resolving cloud scale 
convection, is compatible with that needed to simulate the hydrological response of basins 
some hundreds of square kilometers in size. With a model output aggregated on a hourly 
basis also the time resolution and the forecast time ahead (36 to 72 hours) is effective for 
using the predicted meteorological fields (basically precipitation, snowfall and air 
temperature) as input for distributed hydrological flood models. Here we present the 
results of applications to the Toce River basin, at the Candoglia gauge (Piedmont, Italy), 
where the drained area is 1,532 km², and in 16 other sub-basins with area ranging from 5 
to 350 km². The Toce River basin experiences a mean annual specific peak flow of 0.8 
m³/s·km², the largest in the Italian Alps for basins of this size. Six major floods occurred in 
the last decade, including the catastrophic "Po-Rhone 2000" flood, have been simulated 
using both the raingauge-based precipitation forcing (a dense network of about 40 
raingauges was used) and the simulation of the BOLAM mesoscale model running with a 
resolution of 6.5 km and with forecast lead times up to 36 hours. The coupled 
hydrometeorological modelling chain was also tested operationally during the Special 
Observing Period of the Mesoscale Alpine Programme. 



2. THE METEOROLOGICAL MODEL 

The meteorological modelling component considered in the present study is the regional 
model BOLAM (BOlogna_Limited_Area_Model, Buzzi et al, 1994; Buzzi and Foschini, 
2000), version 2000. Model dynamics are based on hydrostatic primitive equations, with 
wind components u and v, potential temperature θ, specific humidity q, surface pressure 
ps, as dependent variables. The vertical coordinate is terrain-following σ, with variables 
distributed on a non-uniformly spaced Lorenz grid. The horizontal discretization uses 
geographical coordinates, with latitudinal rotation, on an Arakawa-C grid. The model 
implements an original second-order, forward-backward, advection scheme (Malguzzi and 
Tartaglione, 1999). The time scheme is split-explicit (forward-backward for gravity 
modes). The lateral boundary conditions are imposed using a relaxation scheme that 
minimizes wave energy reflection near the boundaries. 

The atmospheric component of the water cycle is described by means of five explicit 
prognostic variables: cloud ice, cloud water, rain, snow, graupel. A semi-Lagrangian 
scheme for 3-D advection of the hydrometeors is applied. The most important 
microphysical processes are parameterized as a function of local thermodynamic variables 
and concentration of condensate, with a simplified approach similar, in several aspects, to 
that proposed by Schultz (1995), which has proved to be suitable for non-convective types 
of cloud processes.  

The sub-grid scale convective precipitation is treated in BOLAM following the 
Kain-Fritsch convective parameterization scheme (Kain and Fritsch, 1993). The 
Kain-Fritsch scheme is derived on the Fritsch-Chappell scheme, with improvements on 
the detrainment effect and the cloud model. In this scheme, the parameterization of 
convection is triggered as a function of both the lifted parcel buoyancy at the condensation 
level and of the grid scale vertical velocity. The convective adjustment is a function of the 
convective available potential energy (CAPE). Once convection is triggered, the CAPE is 
assumed to be removed in a grid column within a convective timescale (30-60 minutes). 
The Kain-Fritsch scheme has shown considerable success in simulating the development 
and evolution of convection under a variety of convective and synoptic environments 
(Kuo et al., 1996). Ferretti et al. (2000) tested the skill of different convective 
parameterization schemes in predicting precipitation on the Alpine region and concluded 
that the Kain-Fritsch scheme performs better especially for cases of strong local 
convection. The surface and boundary layer scheme is based on the mixing length theory, 
with exchange coefficients computed as a function of the Richardson number. Different 
roughness lengths for momentum, heat and humidity are prescribed both over land, 
depending on orography sub-grid variability, and sea. Surface processes (heat and 
moisture fluxes, snow cover evolution) are described using water and energy balances in a 
three layer ground model, where the deepest layer maintains prescribed temperature and 
water content. The orography used in the model is derived from interpolation and 
smoothing of the ~1 km GLOBE DEM. 

The model has been tested and compared with a number of other mesoscale  limited 
area models in the course of the COMPARE WMO Project. Model intercomparison was 
conducted on a case of mid-latitude explosive cyclogenesis (Compare I) (Gyakum et al, 
1996), on a well documented  case of flow over orography in the presence of lee waves 
and a lee vortex (Compare II) (Georgelin et al, 2000), and finally on a case of explosive 
development of a tropical cyclone in the Pacific (Nagata et al, 2001). Although in the 
latter exercise none of the models was able to fully simulate the very strong pressure fall 
in the centre of the typhoon, the BOLAM model produced the most realistic intensity of 
the tropical  cyclone and of the rainfall distribution associated with it. The BOLAM 
model has been installed at the Physics Department of the University of Genoa (in 
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cooperation with the Meteorological Centre of Liguria Region CMIRL), to be used for 
scientific purposes during the MAP SOP (Sept. – Nov. 1999), and since then has been run 
daily at the same site. The initial conditions have been supplied from the ECMWF 
analyses at 00 UTC (see for example fig 1a), while the lateral boundary conditions derive 
from the ECMWF global forecasts available every 6 hours at about 0.5°x0.5° resolution. 
Hybrid ECMWF model level data are directly interpolated on the limited area model grid.  
Snow cover, sea surface temperature and soil temperature and wetness are also derived 
from the ECMWF analyses. Sequential self-nesting is employed: the largest and coarser 
domain has a horizontal resolution of about 22 km (fig 1a), while the inner finer domain, 
centred over Northern Italy, has a resolution of 6.5 km (fig 1c). The meteorological model 
outputs, used as input for the distributed hydrological model, are constituted mainly by 
predicted hourly precipitation and other surface parameters, including temperature and 
snowfall, at the inner grid resolution of 6.5 km, in the area comprising the Toce watershed. 
Such values have been available every day in the early afternoon, for a 36 hour forecast 
ending at 24 of the subsequent day.  

a) b) 

 

c) 
 

d) 
Fig. 1  a) equivalent potential temperature and wind at 850 hPa, 13 Oct. 2000, 00 UTC. ECMWF analysis, 

interpolated on the BOLAM grid (coarse domain, 22 km resolution); b) 24 h BOLAM forecast of mean sea level 
pressure, verifying 15 Oct. 2000, 00 UTC (coarse domain, 22 km resolution); c) 24 h BOLAM forecast of 2 m 

temperature and 10 m wind, verifying 15 Oct. 2000, 00 UTC (inner domain, 6.5 km resolution; d) 36 h BOLAM 
forecast of 24 h accumulated precipitation, verifying 15 Oct. 2000, 12 UTC (inner domain, 6.5 km resolution). 
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3. THE PIEDMONT AND PO RIVER FLOOD EVENT OF OCTOBER 2000: 
METEOROLOGICAL EVOLUTION  

In the period between 13 and 16 October 2000, heavy and persistent rainfall, locally 
exceeding 700 mm (for example, 740 mm were recorded at the raingauge station 
Bognanco-Pizzanco (BP), in the Toce river basin), were conducive to extensive floods in 
several Alpine watershed of the western Alps in the Piedmont region of Northern Italy. A 
detailed description of the event can be found in Regione Piemonte (2000). In particular, 
the area of the Toce watershed was affected by high values of accumulated precipitation 
during the entire period, but especially during the first two days, namely October 13 (339 
mm at BP) and 14 (210 mm at BP). In the entire period, the Western Mediterranean was 
affected by a surface depression, with meridional flow at upper levels. On Oct. 13 a 
persistent  southerly flow brought very moist and slightly convectively unstable air 
towards the Toce area (fig 1a). Indeed, convective activity developed over the southern 
slope of the Alps and was mainly responsible for the heavy precipitation of that day in the 
Toce area. On Oct. 14, a small scale secondary cyclone developed over Tunisia and 
moved rapidly northward over Sardinia and then northeastward (fig 1b), intensifying a 
southeasterly flow, in the form of a low level jet, over the Tyrrenian sea, impinging over 
the Western Alps and bringing very moist air at mid-low levels. The near surface flow in 
this period was easterly over the Po Valley, advecting moist air from the Adriatic sea (fig 
1c). The general rising motion over the flood area was favoured not only by the 
orographic lifting but also by the northward movement of an upper trough associated with 
a distinct upper potential vorticity anomaly over the Western Mediterreanean. In this 
period, precipitation was mainly orographic and stratiform, with a frontal contribution on 
Oct. 15, when a cold front moving from south-west affected the Piedmont region. The 
BOLAM model quite successfully predicted the very high values in this period (fig 1d). A 
new contribution from convective precipitation was observed after the arrival of the cold 
air aloft (between 15 and 16 Oct.). The height of the freezing level, that in the first 2 days 
exceeded 3,200 m, dropped to 2,000 during Oct. 15. 

4. THE HYDROLOGICAL MODEL  

A conceptual distributed hydrological model, called DIMOSOP was applied to simulate 
and predict the flood hydrographs at several gauging sites. It was forced by the rain/snow 
partitioned precipitation and the surface temperature fields forecasted by the mesoscale 
meteorological model. Up to 17 basins gauged by 7 streamgauges and 10 reservoirs 
systems were selected for the “internal” verification of the model’s output. A Digital 
Elevation Model with a spatial resolution of 250 m was used to simulate runoff in the 
Toce River watershed at Candoglia (1,532 km²). On the basis of the DEM, the river 
network was extracted. The hydrological model is a development of that used by Mancini 
et al (1998) to simulate some floods occurred in the Toce basin. The version implemented 
for these experiments accounts for the generation of surface runoff only. It was observed, 
indeed, that in most of the lateral tributaries of the Toce watershed the baseflow and the 
subsurface flow components of the hydrographs were negligible. Only at the Toce basin 
outlet at Candoglia a significant subsurface component is evident in the hydrographs 
analysis, as a result of the groundwater recharge in the floodplain areas. The routing 
process is represented through a dynamic Muskingum-Cunge scheme, as described in 
Ranzi et al. (2002). The time resolution of the meteorological data input is 1 hour, while 
the computational time step is adapted to account for numerical stability and accuracy 
criteria. The runoff generation mechanism is represented through the Soil Conservation 
Service-CN method. In order to take care of the physical meaning of the storage 
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parameter in this standard conceptual method, the spatial variability of the soil properties 
was analyzed both on the field and in the laboratory. About 200 soil samples in the Toce 
basin were tested with a single ring infiltrometer and variable head laboratory 
permeameter to estimate permeability. Other physical and hydraulic properties, as the 
retentivity curves, were measured (Clerici and Cantoni, 2000, Bacchi and Ranzi, 2000) 
and verified via an inverse-modelling approach using a 3D FEM model (Barontini and 
Ranzi, 2002). On the basis of these observations a Toce permeability map was drawn and 
the values of the soil storage capacity estimated on the basis of the land-use maps 
applying the standard SCS procedure. Channel roughness parameters were estimated on 
the basis of surveys and stage-discharge measurements. As a result of the above 
procedures no model’s parameters were fitted. At each time step, the model requires the 
total precipitation, the vertical temperature gradient, the altitude of the 0°C isothermal line 
and of the snowline. Point precipitation observations or the output of the mesoscale 
models are used to compute areal precipitation according to the Thiessen procedure. 

5. VERIFICATION AND PERFORMANCE OF THE FORECASTING CHAIN 

Six major flood events occurred in the Toce basin in the last decade were simulated, four 
of them using also the mesoscale model's simulation. In Table 1 the basin averaged 
simulated precipitation is compared with the raingauge observations at the event scale. To 
test the performance of the meteorological model the basin-averaged precipitation 
simulated by BOLAM was compared with that observed by a dense network of 
raingauges. For the IOP-02 and the TT5 events the model run operationally and the 36 
hours ahead forecasts issued after 12:00 UTC of every day were used. For the TT1 and 
TT3 events the simulation was done using the ECMWF 00:00 UTC analysis as initial 
conditions and its forecasts for the boundary conditions. The observed precipitation 
volume is underestimated of about 14% by the mesoscale model. The hydrological model 
was verified on the basis of the hydrographs recorded at seven streamgauge stations, 
draining catchments with size ranging from 50 to 1,532 km²  (see Fig 2b). The 
percentage errors in the flood volumes simulated using the raingauge data is –15% on 
average, as shown in Table 2. When also inflow volumes at ten additional subbasins 
gauged by reservoir systems with drained area ranging from 5.5 to 42.9 km² are 
considered (see Fig 2a), the average percentage error becomes  –18% (with a standard 
deviation of 60%). When the BOLAM meteorological fields were used this error 
decreases to -10%. Percentage peak flow errors in the raingauge-based simulation was 
72%, a value that increases up to 141% when the BOLAM predicted field are used in 
input. It has to be stressed, however, that observed runoff volumes were corrected for the 
water volumes stored in reservoirs, while peak flows were not corrected. 

Table 1  Comparison of the basin average total precipitation using the mesoscale BOLAM meteorological 
model and raingauge observation. Net precipitation is computed using the conceptual distributed hydrological 

model. Results for the six analysed flood events are reported. 

Flood event Simulated B observed 
 total net total net 
 mm 

tt1-sept. 1993 306 149 345 163 
tt2-oct. 1993 n.a. n.a. 137 64 
tt3-nov. 1994 247 109 215 62 
tt4-june 1997 n.a. n.a. 133 48 

iop 02-sep. 1999 164 70 197 70 
tt5-oct. 2000 368 250 506 309 
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Table 2  Performance of the hydrological simulations using the BOLAM precipitation input (B) and raingauge data as meteorological forcing . Data for the six events analysed at 7 
streamgauges are reported. Observed runoff volumes in italic take into account also the water volume stored in the catchment reservoirs. The flood model assumes that reservoir 

levels are constant during the floods. The lag (column 4) and the value (clomn 3) of the maximum correlation between observed and raingauge-simulated flows is reported also as 
timing error. 

Flood Lag Timing Peak flow Flood volume
 event Corr.

[-] 
error

h 
sim B
m³/s 

sim 
m³/s 

obs 
m³/s 

diff B 
% 

diff 
% 

simB
mm 

sim 
mm 

obs 
mm 

diff B
% 

diff 
% 

TOCE at CANDOGLIA 1532 km² tt1 0.973 0 2940 2123 2535 16 -16 146 163 219 -33  -16
TOCE at CANDOGLIA 1532 km² tt2 0.835 0  1527 941  62  72 130   

   
   

           
   

   

   

           
   

           
           
           

            

-45
TOCE at CANDOGLIA 1532 km² tt3 0.959 1 2223 962 978 127 -2 110 64 94 17 -32
TOCE at CANDOGLIA 1532 km² tt4 0.968 2  1201 928  29  51 83 -39
MELEZZO at MASERA 50.35 km² tt4 0.855 -2 34 72 -53 28 138 -80
TOCE at PONTEMAGLIO 360 km² tt4 0.765 -2  224 66  237  44 61 -28
DIVERIA at CREVOLADOSSOLA 316.8 km² tt4 0.775 -2  274 168  63  47 64  -27 
BOGNA  at PONTECADDO 81.4 km² tt4 0.746 -1  186     90    
OVESCA at VILLADOSSOLA 145 km² tt4 0.805 0  272 126  117  77 126  -60 
TOCE at CANDOGLIA 1532 km² iop 02 0.971 0 2254 1527 1462 54 4 67 73 106 -37 -32
MELEZZO at MASERA 50.35 km² iop 02 0.653 1 114 73 53 114 37 61 90 63 -5 42 
ISORNO at PONTETTO 70.6 km² iop 02 0.850 -1  38 74  -49  67 93  -28 
TOCE at PONTEMAGLIO 360 km² iop 02 0.733 -1 600 194 86 597 126 73 43 39 87 9
DIVERIA at CREVOLADOSSOLA 316.8 km² iop 02 0.841 0  327 166  97  67 44  51 
BOGNA  at PONTECADDO 81.4 km² iop 02 0.661 -1 177 70 131 35 -47 64 91 111 -42 -18
OVESCA at VILLADOSSOLA 145 km² iop 02 0.844 0  275 92  200  86 94 -9
TOCE at CANDOGLIA 1532 km² tt5 0.939

 
-1 3185 2542 2681 19 -5 253 314 387 -35 -19

MELEZZO at MASERA 50.35 km² tt5 101 85 96 6 -12 170 194 332 -49 -42
ISORNO at PONTETTO 70.6 km² tt5 0.851 -2 151 122 128 18 -4 243 218 281 -13 -22
TOCE at PONTEMAGLIO 360 km² tt5 0.528 3 528 633 90 487 605 213 252 38 463 566 
DIVERIA at CREVOLADOSSOLA 316.8 km² tt5 0.775 -2 652 551 363 80 52 216 383 196 10 95 
BOGNA  at PONTECADDO 81.4 km² tt5 0.827 -1 218 192    242 497    
OVESCA at VILLADOSSOLA 145 km² 

 
tt5 0.648 -3 559 393    357 459 408 -12 12 

average 0.809 -0.5 141 72 -10 -15
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Ensemble verification of the hydrological model
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Fig. 2  a) Observed vs. raingauge simulated flood volumes at 7 streamgauges and 10 reservoir systems for the 
six flood events investigated in the Toce watershed. b) Flood peaks simulated  for the same streamgauges and 

events using the hydrological model forced by the mesoscale model predictions and raingauge data. 

It is very difficult, in practice, to know the effective reservoirs regulation during flood 
events in small mountain basins, and it was assumed, in the simulations, that the water 
volumes in reservoirs was kept constant during the major floods, also for safety reason.  

6. DISCUSSION AND CONCLUSIONS 

A flood forecasting chain was tested by simulating six major floods occurred in Northern 
Italy in the last decade, a period when GCM models, as the ECMWF, begun to provide 
forecasts suitable for precipitation predictions at the mesoscale using regional models. The 
BOLAM model's output with 6.5 km and hourly resolution was used to force a distributed 
conceptual hydrological model. The timing of this model was accurate since observed 
peaks at 7 streamgauges were anticipated, on average, by only 0.5 hours when a 
raingauge-based simulation was used. Using the BOLAM simulation runoff volumes  
were underestimated, on average, by 10% when volumes stored in reservoirs were 
accounted to compute the observed runoff. Peak flows in basins with size ranging from 50 
to 1,532 km² were overestimated by 141%, on average, while at the basin outlet (1,532 
km²) the peak error decreases, on average, to 54%. In both cases reservoirs were assumed 
to have a neutral effect on the floods. The forecast of one of the events, IOP02, was issued 
operationally, by involving civil protection agencies in a prototype experiment (Ranzi et 
al., 2000) that provided encouraging indications about the effectiveness of coupled 
hydrometeorological models in forecasting floods in midsize mountain catchments. 
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Abstract: Hydrologists and engineers need effective methods to forecast watershed runoff for many 
researches and engineering applications. In the present integrated water management context, time 
efficiency and cost effectiveness are mainly concerned, and at the same time, forecasting techniques 
must be practical and accurate. This paper describes the application of artificial intelligence 
techniques to forecast the runoff of a waterbasin in the upper reach of Huai River, east of China. A 
hybrid approach to simulate the future behaviour of waterbasin runoff is presented which combines 
the clustering ability of decision tree to feed the instances of data into different branches of an 
integrated ANN model and the generalising ability of an ANN to establish rainfall–runoff 
relationship and further forecast the future system behaviour. The main focus of this paper is to train 
several classifier–based local ANN (LANN) models to deal with different part of a wide range of 
flow stages, namely dry period, average period and high flow (wet) period respectively. Then when 
new data coming, a classifier will send data into different LANN. The results obtained are presented 
and compared with outputs of other global ANN (GANN).  

 

 
Keywords: classifier, global ANN, local ANN, watershed runoff forecasting 
 
1. INTRODUCTION 

Watershed runoff generation is a very complex problem. While the runoff generation 
mechanism is the combining functions of precipitation; initial loss including infiltration, 
detention, vegetation detention; evaporation, catchment geographical characteristics, land 
use, subsurface flow and groundwater flow, the runoff time series shows highly time–
varying features and forecasting its future behaviour is always not an easy job. 

Due to the reason the runoff forecasting is the principal part of water resources 
management and planning, hydrologists and engineers need effective methods to forecast 
watershed runoff for many researches and engineering applications. In the present 
integrated water management domain, time efficiency and cost effectiveness runoff 
forecasting tools are urgently needed, such tools should also achieve practical and 
accuracy solutions.  

The application of one or more artificial intelligence techniques in the domain of 
watershed runoff forecasting is extensively performed in the recent years. Luk et al. (1999) 
used ANN  to carry out short – term rainfall forecasting; Coulibaly P. et al. (2000b) 
employed a recurrent neural network to forecast regional annual runoff. 

All the above mentioned literature carried out runoff forecasting utilising the 
generalising ability of ANN to perform such complex non–linear relationship formulation 
work. This kind of global ANN (some person use singular ANN to describe such kind of 
approach, see Zhang et al. 2000) seems simulating median events well and the 



performance is quite poor for extreme events sometimes for high flow period and 
sometimes for low flow stages. To solve this problem, the priori physical knowledge 
should be integrated into the ANN architecture. ASCE (2000b) also pointed out such 
knowledge could help to design an effective ANN model and could guide the direction of 
modification. Zhang et al. (2000) argued that the low flow is dominated by initial loss; 
while the high flow is mainly affected by rainfall intensity. So it seems some degree of 
unreasonable to mixed all the range of runoff data sets and want to achieve a best 
compromise solution in such global fashion. Zhang (2000) adopted a modular neural 
network instead of singular NN to perform the training to improve the accuracy of 
extreme events. 

While the singular NN model try to describe all the available data sets in one global 
architecture, there are several limits: first, it will omit the specific information extensively 
related to part of the data sets. Second, it tries to satisfy the needs of all the data, trade-off 
will be reached and only the data that appears frequently will be forecast precisely in 
some degree. Third, due to the overlap and contradictory exist in the data sets, which will 
confuse the ANN and makes a wrong reaction. Fourth, the amount of data will cause the 
long training time and could not support real– time operation using new information. 

The accuracy description of low flow and high flow plays same important roles in the 
integrated water resources management framework. The detail simulation of low flow 
periods could offer useful information to ecological preservation and maintenance. The 
accuracy forecasting of high flow will support the decision-maker to employ the anti-
flood measurements effectively. 

But in the context of singular ANN architecture, due to the ability of generalisation of 
ANN, some special features will be treated as noise and filtered to avoid over-fitting. So 
before using ANNs to capture the rainfall – runoff relationships, it is better to classify the 
hydrologic sequences into several homogeneously grouped data sets which represent 
separate flow stages respectively and train local ANN models to map the input and output 
in the range of each individual data set. 

That is the motivation of designing several Local ANN models for each cluster of 
events. Each LANN will have different input patterns to contain the main influence 
factors. For LANN related to wet periods, rainfall and previous precipitation will be the 
main components of input space. For dry periods, the LANN’s input parameters should 
mainly consist of upstream runoff variables. 

Under such situation, a classifier is introduced before the input is fed into the umbrella 
of ANN models. 

This paper will describe a classifier based local ANN models. The idea is that several 
local ANNs are trained using the clustered data sets and for each LANN, the optimal input 
pattern will be determined separately, which consisted of different variables.  

In the second section, the applied ANN theory will be summarised and the framework 
of a classifier based LANNs model will be proposed. In the third section, the study area 
and the data set will be introduced. In the fourth section, the classification of rainfall and 
runoff will be provided and then the identification of input parameter will be addressed. 
Then in the fifth section, the results and discussion will be given, and finally in the sixth 
section, the conclusion will be drawn. 
 
2. ANN AND THE FRAMEWORK OF THE CLASSIFIER BASED LANN 

2.1 Artificial Neural Networks 
A three – layer feed forward neural network is selected to perform the experiments of this 
study. The scheme of this kind of NN is shown in Fig. 1. 
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Fig. 1  A typical structure of a feedforward multilayered perceptrons  

(Dawson and Wilby, 1998, Cited by Abrahart., 2000) 
 

There are three layers, namely input layer whose nodes would receive the input signal 
formed by rainfall or past runoff etc.  The hidden nodes of hidden layer are consisted of a 
summation device and a non – linear activation function. The non – linear relationship 
between input and output will be reproduced in this layer. Nodes of the output layer will 
receive the signal from hidden layer and transfer them into the output of network. This 
output will be compared with desired results, if the error not reach the requirement, the 
modification of weights and biases will be performed using selected algorithm and the 
next iteration will be going on till the epoch number is met. 

2.2 Framework of a Classifier Based ANN Model 
 

LANN1
LANN2

 

Input 

 

Fig. 2  Architecture of a
 

3. STUDY AREA 

The present study is carried out
Basin namely Xixian Subcatchm
The catchment area is a hilly are

 

Classifier
 

LANN3
LANN4

Forecaster 

 classifier-based LANN model (Inspired by Kim, 2001) 

 using the data from the upper reach of the Huai River 
ent. The map of the sub – river basin is shown in Fig. 3. 
a, and measures about 10,190 km2 up to the stream gauge 
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site of Xixian. The area is very turbulent during monsoons seasons, with sudden and high 
fluctuations in the runoff.  

21 years (1976 – 1996) continuous daily measurements of rainfall at the 17 gauging 
stations which distributed all the area as shown in Fig. 3 are available. The concurrent 
daily runoff data of three stream gauge sites is also obtained.  
 

 
Fig. 3  The catchbasin of  study area  (after Li, 2001) 

 
There are several small to median size reservoirs, one is Nanwan reservoir which could 

be recognised in Fig. 3. 
 
4. CLASSIFICATION OF SPATIAL RAINFALL SITES AND  HYDROGRAPH  

4.1 Statistical Indexes 
A classification of rainfall sites and hydrograph “magnitude” could be derived through the 
cluster analysis of rainfall (or flow) indices estimated from the rainfall for each site and 
discharge observations for each month. The indices with the hydrological justification for 
their inclusion are listed in Table 1 (Hannah, et al. 2000). Only the indexes for discharge 
is listed here. For rainfall, the same indexes will be used and their related meaning is 
similar. 

Table 1 The indices with the hydrological justification for their inclusion 
Indice Name and Formula Hydrological Meaning 
Qmean Mean monthly discharge (m3/s) The mean of the discharge sequence. 
Qmax Maximum monthly peak (m3/s) The maximum value of discharge. 
Qmin Minimum monthly discharge (m3/s) Baseflow discharge 

Qrange minmax QQ −  Represents the maximum amplitude of the monthly 
flow cycle 

Qstd The monthly standard deviation of 
discharge observations 

Provides an indication of the aggregate monthly based 
variability in discharge around mean rather than just 
emphasising maximum and minimum flow 

 
Tree clustering module of STATISTICS is used to carry out the clustering task then a 

classifier is formed according to the results. For each class, a different ANN model is 
constructed. 
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4.2 Classification of Spatial Rainfall Sites 
There are 17 rainfall sites, if the data is used without further analysis, the amount of 
highly related data will cause the redundancy and lead to unnecessary complexity of ANN 
architecture. If the averaged values are used, it will cause the loss of the spatial 
information. So the cluster procedure is performed to obtain proper size of spatial data. 

The above mentioned indexes are abstracted from each rainfall sequence and the cluster 
number was assigned to 5. The final elements of each cluster was decided according to the 
results of STATISTICS and some modification was performed according to the 
correlation analysis. The 5 clusters are listed in Table 2. 

 
Table 2   The final elements of each cluster 

Cluster1 Cluster2 Cluster3 Cluster4 Cluster5 
TongBai 
NanWan 
HuJiaDian 

DingYuanDian 
PengXinDian 
KaFang 
XinDian 

HuangGang 
BoShan 
DaPoLing 

XiaoCaoDian 
ChangTaiGuan 
ZhengYang 

LouShan 
WuliDian 
ZhuGanPu 
XiXian 

 
4.3 Classification of Runoff Magnitude 
The separation of low flow period, average flow period and high flow period should be 
performed. For the convenience of carry out forecasting and practice, the separation is 
done monthly based. Otherwise the reorganisation of data set will not be easy. 
The discharge of Xixian station is reorganised monthly. And the flow indexes are 
abstracted. According to the results of clustering analysis on the platform of STATISTICS, 
the following groups are formed also having some little modulation for the practical 
reason (The following table 3 is the four classes of runoff and the related names of local 
ANN models for each group). 
 

Table 3   four classes of runoff and the related names of local ANN models for each group 
Group 1 Group 2 Group 3 Group 4 
Dec. , Jan.,  Feb. Mar. ,  Apr.,   May Jun.,   Jul.,   Aug Sep.,  Oct.,  Nov. 
LANN1 LANN2 LANN3 LANN4 

 
5. IDENTIFICATION OF INPUT PARAMETERS 

The identification of input parameters is an essential issue of the formulation of ANN 
architecture. The auto-, cross–correlation analysis and some physical considerations can 
be helpful in selecting the optimal network input patterns using a trial and error process. 

Correlation analysis between runoff and average rainfall of each cluster with lag and 
moving average, upstream rainfall with different lags and auto–correlation was conducted. 
And the variables that exhibit the highest correlation with target runoff were selected as 
elements of input patterns. Two kinds of schemes were designed and listed in Table 4. 
 
6. RESULTS AND DISCUSSION 

16 years data of 21 years series (1976 – 1991) used as training data sets, while another 
five years independent data sets (1992 – 1996) tagged as testing. 

6.1 Performance Indicators 
To evaluate the performance of each model, two kinds of numerical indicators were used 
to quantitatively analysis the results of model outputs of training groups and testing 
groups. One is Normalised Mean Square Error(NMSE), the value close to zero means the 
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better results; another one is correlation coefficient, the value of unity signals perfect 
association between measured values and calculated results. 

6.2 The Results of Comparison with Different ANN Models 
Table 4 listed the performance for different ANN models of two schemes, where Q1,t-1 Is 
the discharge of Dapoling of lag 1, Q2,t-2  is the discharge of Changtaiguan of lag 2, Qt-1 is 
the discharge of Xixian of lag 1; the three index of P1, MA2,t-2  represents first class of 
rainfall stations, moving average with window 2 and lag 2 respectively. 

From table 4, we could find that GANN was indeed average the effects of each part of a 
whole flow stage. While adding distributed rainfall information drastically improve the 
performance of wet period, and poor the performance of dry stage, the results signal that 
for different stage of runoff generation, different input parameters have to be identified 
separately. So in the global fashion of ANN models, some specific information intensively 
related to a special period will be shadowed.  
 

Table 4  the performance for different ANN models of two schemes 
NMSE r Models Input Patterns 

Training Testing Training Testing 
GANN 0.183 0.275 0.904 0.853 

LANN1_1 0.074 0.094 0.962 0.955 
LANN2_1 0.188 0.287 0.902 0.860 
LANN3_1 0.214 0.228 0.887 0.879 
LANN4_1 

Q1,t-1 
Q2,t-2 
Q2,t-1 

Qt-1 
0.111 0.208 0.943 0.907 

LANN1_2 0.696 0.703 0.789 0.789 
LANN2_2 0.144 0.223 0.925 0.892 
LANN3_2 0.134 0.186 0.930 0.902 
LANN4_2 

Q1,t-1, Q2,t-2, Q2,t-1, Qt-1 
P1, MA2,t-2, P2, MA2,t-2 
P3, MA2,t-2, P4, MA2,t-2 

P5, MA2,t-2 0.056 0.133 0.972 0.957 
 

     
Fig. 4  is the comparison of a period of testing part of hydrograph of GANN and LANN1_1. 

 
7. CONCLUSIONS 
Although ASCE (2000b) said that ANNs could extract the relation between the inputs and 
outputs of a process without the physical meaning being explicitly provided to them. A 
priori knowledge of the physical processes indeed offers highly advantage in the stage of 
ANNs architecture design and could dramatically improve the performance of this kind of 
expert – knowledge – based ANNs models. 

The problem of forecasting the watershed runoff is addressed through establishing 
several local ANNs models, supported by a classifier. 

The classifier is used to decide which pre - constructed LANN should be selected to 
forecast the runoff. For each LANN, different input patterns are organised, according to 
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priori physical runoff generation process knowledge. For low flow period, where rainfall 
will not be included in the input configuration space; for high flow stage, rainfall is the 
determining factor which should be considered and should assign heavy weight in the 
input patterns. 

Here some further explanation should be addressed for the term local ANN. The word 
“local” is taken to mean for similar events namely low flow events (dry period), medium 
events (average period) and high flow events (wet period), individual ANN will be trained 
to offer careful consideration of different driving mechanism under the case. 

While large case bases can result in poor performance if not used properly. Trade-off 
should be obtained which balance the benefits of low, medium and high flow events 
(stages) simultaneously and actually filter some useful local information as noise which 
result in poor performance. 

We should also draw the conclusion that the superior performance for the results of 
formulated models resulted from the fact that the input space was the most “separable” 
among the different flow stages.  

Another factor that leads to superior performance for continuously watershed 
hydrological modelling is the distribution of events in the training data set. There were 
more high flow events presents in the training data to achieve better generalisation over 
this portion of the input space. 
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1. INTRODUCTION 

This paper, which was also presented at the XVI National Seminar on Great Dams held in 
1985 in the city of Belo Horizonte, capital of the State of Minas Gerais located in the 
Southeastern region of Brazil, recounts the experience of Brazilian engineers during the 
construction of the Tucuruí Hydroelectric Power Station.  It is presented here with a view 
to contributing to the work of Chinese engineers currently engaged in the planning and 
construction of large hydroelectric plants. 

Thus, this work refers to the studies and findings of flow and daily water level forecasts 
for the Tocantins river in Tucuruí, State of Tocantins, Brazil, with one, four and seven day 
anticipation.  These studies were undertaken during the second phase of diversion works 
for the Tucuruí Hydroelectric Power Station (HPS)(In this paper the acronym HPS is used 
for Hydroelectric Power Station ), at the time of exceptional flooding of the Tocantins 
river basin in 1980.  The Tocantins river has a drainage area of 758,000 km and a mean 
flow of approximately 11,000 m3/s. 

The Tucuruí HPS, built and run by ELETRONORTE, is located on the Tocantins river, 
in the hydrographic basin by the same name in the State of Pará, Brazil. It is upstream 
from the city of Tucuruí and around 300 km by plane from the city of Belém, 
approximately at latitude 3º 45’ South and longitude 49º 41’ West (Fig. 1). 

In Phase I, 4,000 MW were installed at the HPS in 12 units of 330 MW and 2 auxiliary 
units of 20 MW each.  A further 10 hydro-generation units of 330 MW each are expected 
to be added in a Phase II. 

The main function of HPS is to provide electric power to the area polarized by Belém 
and the Southeast of the State of Pará, as well as to the State of Maranhão and the North 
of the State of Goiás, and to other States of the Northeastern region of Brazil, through a 
link-up with the CHESF(Companhia Hidrelétrica do São Francisco) system. 

 As its secondary purpose and by decision of the Federal government, the implantation 
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of a system composed of two sluice gates and an intermediate canal was considered, so as 
to enable further fluvial navigation along the Tocantins river at the confluence of the 
Araguaia river, thereby converting the area into the fluvial navigation axis for the 
Brazilian Midwest Region. 

During Phase I of the HPS implantation only the head of the upstream sluice gates was 
built. This work was done by PORTOBRAS (Empresa de Portos do Brasil S.A.),  and it 
will enable the construction of the remainder of the transposition system when the 
appropriate time comes. 

Construction of HPS started on November 24, 1975 and the filling of the reservoir took 
place on September 6, 1984.  The first hydro-generator equipment started operating on a 
commercial basis on November 10, 1984. 

The results of the  previously mentioned forecast activities have been promising; in fact, 
the main objectives of this kind of ground work have been attained in full, among which 
the execution of emergency works that provided security for personnel involved in the 
construction of the Tucuruí HPS and the preservation of the works themselves, as well as 
of the equipment located in areas that had been submitted to a drying process. 

Another important aspect that is highlighted in this paper is the redefinition of the key 
curve of Turucuí, based on new data collected during net flow measurement campaigns 
carried out during the 1980 floods.   

This document may thus be considered a historical record of what really happened to 
forecast services in 1980 with regard to the subject under study, and, as such, may be an 
important tool for further similar studies in the Tocantins river basin or in other basins.  
 
2. GENERAL BACKGROUND 

During the first quarter of 1980, at the time of the largest historical floods ever registered 
in the Tucuruí river, forecasts of daily flows and corresponding water levels of this river 
were undertaken during the Phase II diversion, when ELETRONORTE was building the HPS. 

The main purpose of such forecasts was to provide sufficient time for those in charge of 
HPS works to take whatever emergency steps were necessary for the security of the staff 
and of the works themselves (Moraes, 1985). 

This paper presents studies and findings of the flows and corresponding daily water 
level forecasts near the cofferdams of Tucuruí HPS undertaken during those exceptional 
floods of 1980. 

Table 1 presents a list of the most important floods happened in Tucuruí in order to 
compare the 1980 event with other major floods.  

 
Table 1 the most important floods happened in Tucuruí 

Year Maximum Flow (m3/s) 
1980 68,400 
1926 62,400* 
1957 53,100** 
1979 47,600 
1978 47,200 
1974 42,500 
1977 36,000 

* Data acquired from a survey carried out at the time. 
** Ditto. 

 
3. METHODOLOGY 

The SSARR (Streamflow Synthesis and Reservoir Regulation) model was chosen for the 
discharge propagation study along stretches of the river up to Tucuruí (US Army 
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Engineering Division.  SSARR Model, Program Description and User Manual, 1981).  
This selection was based on the following criteria: 

- previous experience of Engevix and of other enterprises in Brazil as well as abroad, 
demonstrating that the use of the SSARR model has provided satisfactory results in 
several basins; 

- SSARR has proved through previous studies to be an adequate tool for application in 
basins like that of the Tocantins river, where there is a large drainage system that 
presents specific difficulties with regard to a precise definition of some of the main 
characteristics of flows, such as slope, horizontal sections, extent and amplitude of 
the flood plain. Through SSARR it is actually possible to overcome these difficulties 
by compiling available data in synthetic parameters, determined by calibration. 

The previously calibrated SSARR model was then used in three studied configurations 
in order to obtain forecasts for four, seven and ten days of anticipation.  The main stream 
gauges, as shown in Fig. 1, were the following: 

- - four-day forecast: Carolina, Conceição do Araguaia and Tucuruí; 
- seven-day forecast: Porto Nacional, Conceição do Araguaia and Tucuruí; 
- ten-day forecast: Porto Uruaçu, Paranã, Conceição do Araguaia and Tucuruí. 

The following prerequisites were considered in this selection: 

- good distribution in the area 
- adequate extension and quality of basic data records 
- location in sites of relatively easy access and with minimum infrastructure for the 

installation of radios capable of transmitting staff gauge readings to these stations on 
a daily basis; 

- being representative of the Araguaia river sub-basins, as well as of the Tocantins 
river basin. 

It is important to add that no model configuration was studied for a one-day forecast, 
since this anticipation would be unsatisfactory in case emergency actions were necessary.  
Consequently, the one-day forecast was obtained through the outcome of the 
configuration of the model used for a four-day forecast, of which an one-day forecast is an 
integral part. 

After adequate data processing using the configurations of the model above referred to, 
it was possible to obtain daily flows simulated in Tucuruí and corresponding water levels 
of the M-6 stream gauge located near the downstream cofferdam.  The M-1 staff gauge  
was used to control water levels in the upstream cofferdam (Fig. 2). These values were 
obtained through a correlation with water levels of the M-6 stream gauge.  However, since 
February 27, 1980, due to some abnormalities occurring in M-6 stream gauge described in 
the next section, flow control in Tucuruí became a function of the Tucuruí-Cidade stream 
gauge and the water level control was made through the correlation of data from this 
station and from the M-1 and M-6 staff gauges.   

Further details on the evolution of studies regarding flow and water level forecasts 
during the construction of the Tucuruí HPS in 1974-1979 can be found in Siciliano et al. 
(1976) and Silva et al. (1979). 
4. OVERALL COMMENTS 

It is important to mention that before 1980 flood forecasting was made only as an alert, 
due to the fact that the expected water levels did not overreach the top quotas of the 
existing cofferdams.  Nevertheless, in 1980 forecasts did have an important role in terms 
of security, since they served to guide the procedures that provided for the security of 
works and personnel involved. 
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All preventive measures were taken on the basis of four and seven days of anticipation 
forecasts, since forecasts for ten days had been interrupted.  This was due to the fact that, 
having had such exceptional floods that year, the staff gauges of Porto Uruaçu and Paranã 
stations– which are basic for such a long forecast – were covered, and access to these 
stream gauges was interrupted. 

The only data available to analyze the distribution of rainfall over the basin in terms of 
space and time were those of the pluviometrical stations of Porto Uruaçu, Paranã, Porto 
Nacional, Conceição do Araguaia, São Félix do Araguaia (Santa Isabel do Morro) and 
Tucuruí.  This analysis was reinforced by the information provided by the Meteorological 
Forecast Center of CESP(Companhia de Eletricidade de São Paulo ); it also served to 
estimate better the intermediary contribution of the area located between Conceição do 
Araguaia, Carolina and Tucuruí (160,000 km2) without flow control.  

However, it is important to mention that on February 24-26, 1980 some abnormalities 
in the correlation of the M-1 and M-6 staff gauge readings were noted during the analysis; 
they were later observed in site at Tucuruí.  This event was mainly found in the M-6 staff 
gauge, in which the readings during that period were influenced by waves of 
approximately 1.5 m high that forced the transference of the M-6 staff gauge to another 
place on February 26, 1980. 

In view of the above mentioned changes in the hydraulic behavior of the section of the 
M-6 staff gauge, since February 27, 1980 flow control in Tucuruí, for forecast reasons, 
started to be done by the Tucuruí-Cidade stream gauge, where hydraulic conditions had 
not changed. 

 
5. FINDINGS 
In the following pages we present the findings of the forecast activity during January-
April, 1980.  The information is shown briefly in tables and  summarizes the outcome of 
flow forecasts; there are also graphs that contain daily forecast for water levels within one, 
four and seven days of anticipation (Fig. 3 to 5). 

 
Table 2  Summary of Water Flow Forecasts 

Diversion* 
Frequencyof Events (%) Average(%)             

Month 

Time of 
Anticipation

(Days) 
Extent 

(%) (+) (-) (+) (-) 

Average** 
Mistakes 

(%) 

January 

1 
4 
7 
10 

-1 to +5 
-14 to +11 
-22 to +28 

- 

50 
47 
60 
- 

50 
53 
40 
- 

1.4
5.6
10.7

- 

0.6 
6.5 
9.0 
- 

1.0 
6.0 
10.0 

- 

February 

1 
4 
7 
10 

-4 to +2 
-8 to +3 
-14 to –3 

-24 to +15 

34 
20 
- 

12 

66 
80 

100 
88 

0.8
1.8
- 

9.1

1.5 
4.7 
8.6 

17.1 

1.3 
4.1 
8.6 
16.1 

March 

1 
4 
7 
10 

-1 to +1 
-4 to +6 
-9 to +13 

- 

50 
56 
52 
- 

50 
44 
48 
- 

0.5
2.7
6.5
- 

0.5 
1.8 
4.2 
- 

0.5 
2.3 
5.4 
- 

April 

1 
4 
7 
10 

-2 to +1 
-3 to +3 
-2 to +10 

- 

74 
58 
72 
- 

26 
42 
28 
- 

0.4
1.7
5.6
- 

0.6 
1.2 
1.3 
- 

0.5 
1.5 
4.4 
- 

*: Negative diversion means that a flow with less intensity than the one that occurred was forecast (contrary to 
the case of a positive diversion).  
%: Event in which there were positive or negative diversions and frequency, i.e, flow forecasts were above or 
below reality. 
**: Average forecast mistake: arithmetical average of absolute values of diversions. 

 983



In Table 2 we can see the extent of variation, the frequency of events and average 
diversions, as well as average mistakes in flow forecasts. 

Tables 3 to 5 present the findings of flow and water level forecasts in hydrometric 
stations M-1 and M-6 from February 26 to March 15, 1980.  This period was considered 
critical, since the flow diversion of the project (51,000 m3/s) was completely overreached 
during that time; also the water level was higher than the project level for the crowning of 
the upstream cofferdam (19.00 m). 
 

Table 3 Flow Forecasts in Tocantins River for 1, 4 and 7 Day-Anticipation 
Expected  Flow (EF) 

m3/s Date 
Real 

Flow (RF) 
m3/s 1 Day 4 Day 7 Day 

02.26.80 52,770 51,500* 51,200 48,500 
02.27.80 53,550 54,400* 52,000 50,500 
02.28.80 56,296 56,200 53,000* 53,000 
02.29.80 58,372 54,500 55,000* 54,000 
03.01.80 59,425 59,500 58,000* 55,000 
03.02.80 60,424 59,800 59,500 55,500* 
03.03.80 60,801 60,200 59,600 56,000* 
03.04.80 60,613 60,000 58,800 59,000* 
03.05.80 60,613 60,000 58,400 59,000 
03.06.80 60,111 60,000 57,900 58,500 
03.07.80 59,362 59,000 58,700 57,200 
03.08.80 58,619 58,500 58,000 56,300 
03.09.80 57,880 - 58,000 55,500 
03.10.80 57,024 - 56,500 56,500 
03.11.80 55,873 56,000 55,500 55,500 
03.12.80 54,735 55,000 - 55,000 
03.13.80 53,608 53,500 - 53,500 
03.14.80 52,494 52,500 52,500 52,500 
03.15.80 51,046 51,500 51,000 - 

*: These values were affected by the previously mentioned abnormalities registered  in M-6 stream gauge. 
 

Table 4  Precision and Diversion  of Flow  Forecasts in Tucuruí for 1, 4 and 7 Day-Anticipation 
1 Day 4 Day 7 Day Date EF/RF Diversion (%) EF/RF Diversion (%) EF/RF Diversion(%) 

02.26.80 0,976 -2,4* 0,970 -3,0 0,919 -8,1 
02.27.80 1,016 +1,6* 0,971 -2,9 0,934 -5,7 
02.28.80 0,998 -0,2 0,941 -5,9* 0,941 -5,9 
02.29.80 1,002 +0,2 0,942 -5,3* 0,925 -7,5 
03.01.80 1,001 +,01 0,976 -2,4* 0,925 -7,5* 
03.02.80 0,999 -1,1 0,985 -1,5 0,919 -8,1* 
03.03.80 0,990 -1,0 0,980 -2,0 0,921 -7,9* 
03.04.80 0,999 -1,1 0,970 -3,0 0,973 -2,7 
03.05.80 0,990 -1,0 0,963 -3,7 0,973 -2,7 
03.06.80 0,998 -0,2 0,965 -3,5 0,915 -8,5 
03.07.80 0,994 -0,6 0,989 -1,1 0,964 -3,6 
03.08.80 0,998 -0,2 0,969 -1,1 0,960 -4,0 
03.09.80 - - 1,002 +0,2 0,959 -4,1 
03.10.80 - - 0,991 -0,9 0,991 -0,9 
03.11.80 1,002 +0,2 0,993 -0,7 0,993 -0,7 
03.12.80 1,005 +0,5 - - 1,005 +0,5 
03.13.80 0,998 -0,2 - - 0,998 -0,2 
03.14.80 1,001 +0,1 1,001 +0,1 1,001 +0,1 
03.15.80 1,009 -0,9 0,999 -0,1 - - 
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Table 5  Water Level  Forecasts in Tocantins River for 1, 4 and 7 Day-Anticipation 

Expected Water Level (m) Effective Water Level
(m) 1 Day 4 Day 7 Day Date 

M-1 M-6 M-1 M-6 M-1 M-6 M-1 M-6 
02.26.80 23,68 18,14 24,00* 17,94* 23,00 17,89 22,10 17,45 
02.27.80 24,56 18,61 24,50* 18,40* 23,30 18,02 22,90 17,78 
02.28.80 25,40 19,19 25,35 19,15 24,30* 18,18* 23,40 18,18 
02.29.80 25,82 19,55 26,00 19,55 25,15* 18,49* 23,65 18,34 
03.01.80 26,01 19,72 26,12 19,75 25,60* 18,94* 23,90* 18,49* 
03.02.80 26,30 19,94 26,10 19,80 26,27 19,75 25,05* 18,57* 
03.03.80 26,34 19,97 26,20 19,88 26,28 19,82 25,45* 18,64* 
03.04.80 26,24 19,92 26,18 19,85 25,93 19,61 26,00 19,09 
03.05.80 26,24 19,94 26,15 19,85 25,82 19,53 26,12 19,65 
03.06.80 26,02 19,83 26,15 19,85 25,72 19,45 26,00 19,60 
03.07.80 25,77 19,70 25,80 19,60 25,88 19,60 25,55 19,31 
03.08.80 25,56 19,56 25,50 19,50 25,70 19,40 25,30 19,15 
03.09.80 25,33 19,44 - - 25,70 19,40 25,10 19,00 
03.10.80 25,00 19,24 - - 25,30 19,20 25,36 19,20 
03.11.80 24,62 18,99 24,60 19,00 24,80 19,00 25,10 19,00 
03.12.80 24,28 18,77 24,30 18,80 - - 24,95 18,90 
03.13.80 23,93 18,55 23,80 18,50 - - 24,50 18,60 
03.14.80 23,57 18,30 23,60 18,30 23,60 18,40 24,00 18,40 
03.15.80 23,17 18,03 23,30 18,10 23,00 18,00 - - 

*: These values were affected by the previously mentioned abnormalities registered  in the M-6 stream gauge. 
 

6. CONCLUSIONS 

From the work carried out during January-April, 1980 we may conclude the following: 
- in Table 2 we note that mistakes increase in the same proportion as the number of days 

the forecast anticipation increases; 
- on the other hand, looking carefully over Fig. 3 to 5 and Table 1, we can observe that, 

as the model was used and as a greater sensibility over the phenomenon took place, the 
diversions  were also reduced; 

- due to the abnormalities previously mentioned that occurred on February 24-26, 1980, 
forecasts were affected, including the one done within 7 days of anticipation with 
regard to the date of the effective peak of the flood registered on March 3, 1980.  In 
spite of this, forecast estimated fully satisfied the purpose of the work, since its main 
objective was reached, i.e., to assure security for both works and personnel; 

- based on the model configuration and using fluviometric data for only five stream 
gauges, it was possible to achieve high sensibility to the phenomena concerning this 
kind of forecast, except the one for ten days of anticipation, due to the fact that during 
the 1980 floods the basic stream gauges responsible for this forecast  could not be used.  
This happened in view of the fact that staff gauge writings could not be read, and due 
to the impossibility of reaching these stations.  Nevertheless, according to a 
preliminary analysis of forecasts made during certain days in February, we estimated 
that the precision, within ten days of anticipation, was around 80%; 

- the data transfer system worked well, in spite of natural difficulties encountered during 
an event of the magnitude of the referred flood; these difficulties were related to access, 
impossibility of reading registers in some staff gauges, and urgent transfers and 
maintenance of some of the radios.  All these obstacles were overcome thanks to the 
personal efforts of observers as well as of the personnel in charge of the permanent 
maintenance of radios, except those from the stream gauges of Porto Uruaçu and 
Paranã for obvious reasons;  
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- it is important to emphasize that the main purpose of water level forecasts at upstream 
cofferdams (crowning at 27,00 m) and at downstream cofferdam (crowning at 19,00 m) 
were fully satisfied.  Indeed, ELETRONORTE and the enterprises in charge of the 
project and building of the Tucuruí HPS were able to anticipate the necessary 
measures that assured safety of the works as well as of the personnel involved 
(Reference 1).  This action included lifting the upstream and downstream cofferdams 
by 3 m; 

- this experience also helped ELETRONORTE to make the decision of investing in a 
more modern telemetric network and in the improvement of the inflow model forecast. 

 
7. SPECIAL REMARKS 

Values presented in this paper correspond to the actual situation of what the flow and 
water level forecast consisted of in the Tocantins river in Tucuruí during the 1980 floods. 

It should be added, though, that the data on flow taken from the key curves of Tucuruí-
Cidade and M-6 stream gauges, adopted at that time and based on a small amount of 
measuring and correlations with the Itupiranga stream gauge, were used during the above 
mentioned services.  Therefore, it was possible to obtain, for instance, the value of 60,801 
m3/s for the peak of the flood on March 3, 1980, to which should be associated the 
forecasts of 60,200 m3/s, 59,600 m3/s and 56,600 m3/s for one, four and seven day of 
anticipation, accordingly, as it is presented in this document. 

Taking into account the measurements carried out during the 1980 flood, it was 
possible to reestablish the upper branch of the calibrating curve of the Tocantins river in 
Tucuruí.  It should be clarified that, if the hydrological model being used had already had 
the new key curve, its calibration could also have permitted closer forecasts and with the 
same precision presented in this paper, with regard to the flows that now we consider as 
real. 

This special remark is necessary, but, on the other hand, it is important to stress that the 
best definition of the Tucuruí key curve that was obtained later did not affect, by any 
means, forecast activities.  Indeed, the main objective at that stage of the works was to 
achieve water level forecasts with reasonable precision.   As water levels were higher than 
the level of the cofferdams, it was necessary to lift them, exactly as it had been forecast. 
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Abstract: An artificial neural network model was developed to analyse and forecast the behaviour of 
the Chumporn River in Thailand during year 1990. The model makes use of the upstream river 
gauging stations (X.46 & X.64) and predicts the water level of the river at station X.158 at Khlong 
Tha Taphao, Chumporn. Model predictions up to six hour ahead are very accurate (i.e. coefficient of 
efficiency is more than 95%) when the model is used with a hourly time horizon. Increasing the time 
horizon decreases the accuracy of the model and also amplifies the phase errors. The time horizon of 
the input data and the response time of the river basin limit performance of the model.  

 

 
Keywords: flood forecasting, Artificial Neural Network, time marching scheme 
  
1. INTRODUCTION 

Flood disasters have often occurred in many countries due to urbanisation, deforestation, 
climatological change, etc. They cause impacts to society that go beyond cost and facilities, 
including family and community disruptions, dislocation, injuries and unemployment. In 
order to cope with these problems efficiently for public safety and water management, flood 
forecasting is necessary. Hydrologists and engineers have utilised rainfall-runoff models for 
a long time with reasonable successful. The models vary from simple rational formulas, 
simple black box models, conceptual models, etc. to complex computer model e.g. SHE 
(Système Hydrologique Européen). The more complex the model, the larger the input data 
and the computational time required by the model. One drawback is that with complex 
models the costs of setting up and operating the model are high and it also requires an expert 
person to operate such a model. 

The Artificial Neural Network (ANN) approach has been found capable of identifying 
complex, non-linear relationships between the rainfall and runoff in a wide range of 
catchments. This new approach has a number of advantages over the conventional 
hydrological models, since it deals with the observed values of inputs and outputs without 
applying unrealistic assumptions and simplifications on ever-changing complex natural 
hydrological systems. An ANN learns the complexity of the natural systems through its 
weights from the data supplied for the training and can make very accurate predictions. It is 
flexible and can be used as a lumped or a distributed model according to the requirement. It 
is simple in data requirement, economical, computationally fast and easy to apply. 

Many researchers (Hall & Minns ,1993; Zhu et al., 1994; Minns & Hall, 1996;1997; 
Campolo et al., 1999) have shown that the Artificial Neural Network is capable of simulate 
runoff from rainfall. Once the Network is properly trained, the computational time is small. 
  



2. DATABASE 

The Chumporn river, located in the southern part of Thailand (Fig. 1), is subjected to 
monsoon climate. The river basin at gauging station named X.158 is about 1,819 km2, and 
includes two gauging stations upstream named X.46 and X.64. The station X.46 is located 
at Khlong Rap Ro and X.64 is at Khlong Tha Sae, Chumporn. Their river basins are about 
751 and 957 km2, respectively. The hourly hydrometers of 1990 were selected for this study. 
Somsin & Varoonchotikul (2001) had successfully shown that the daily flood forecasting at 
this location was possible with 98.5% of the coefficiency of efficiency (Nash & Sutcliffe, 
1970). These results encouraged pursuing for hourly flood forecasting. 

 

 
Fig. 1  Map of the Chumporn river basin shows the hydrologic observation stations. 

 
All the rainfall-gauging stations within the basin are equipped with totalizer and record 

as daily rainfall. Although the flood is generated by rainfall within the river basin, the 
rainfall data are not used in this study since the response time of the river basin is less than a 
day and rainfall data alone are not sufficient to compute flow (Minns & Hall, 1996). 
Therefore, daily rainfall will not match this characteristic of the basin. To overcome this 
deficiency, the two hourly water level gauging stations will be employed instead. The 
advantage of these runoff data is due to the fact that the water level upstream are already 
representative of the integrated effects of the rainfall in the sub-area upstream. Since the 
monsoon season starts from August-December, the analysis was carried out in these periods, 
which comprised of 3,672 records.  

In order to examine the contribution of the upstream water levels to the one being 
forecasted, the cross correlation between those data were calculated and the time lag 
between them were presented in Table 1. 

 
Table 1  Results of Correlation Analysis.  

Gauging station 
 

Minimum Lag 
(hours) 

Maximum Lag 
(hours) 

X.46 
X.64 
X.158 

6-7 
1 
1 

29 
24 
30 
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3. ARTIFICIAL NEURAL NETWORK (ANN) 

The model is based on a feed forward ANN with hyperbolic tangent activation function 
being applied to all nodes in the hidden and output layers. The configurations of the ANN 
model was pre-set to seven inputs: two antecedence water levels (lag 6 and 7 hours) at X.46 
and X.64, three antecedence water levels at X.158 in input layer, three nodes in hidden layer, 
and one concurrent water level levels at X.158 in output layer.  Although the minimum lag 
of X.64 was one hour, it was not selected due to the fact that it would give too short time 
horizon for forecasting.  

The three nodes in the hidden layer were selected to avoid excessive number of 
parameters, although the more the number of nodes, the faster the trained time. Campolo et 
al (1999) found that the number of nodes in hidden layer necessary to obtain satisfactory 
results was three for one-hour flood forecasting. The authors also pointed out that only one 
layer of hidden nodes was sufficient to perform the input-output transformation for the river 
stage prediction. 

The available data were divided into three subsets. The first subset comprising 1,000 
records were used for training, with another 500 records reserved for cross-validation and 
the remaining 2,172 records for testing. The networks are initially run with the training 
subset, the back-propagation algorithm ensuring that the mean square error between 
observed and computed outputs decreases with repeated presentations (“epochs”) of the 
input data. However, every one hundred epochs, the mean square error of the 
cross-validation sub-set is checked. Once the latter measure reaches a minimum, the 
training is terminated, thereby ensuring that the ANN does not “overlearn”, and retains an 
ability to generalise beyond the events in the training data sub-set. 

To avoid the inability of the ANN to extrapolate beyond the training data set (Minns, 
1998; Minns & Hall, 1996), the algorithm suggested by Varoonchotikul et al (2002) will be 
employed. 
 
4. RESULTS 

In this study, the results are presented in terms of the well-known coefficient of efficiency 
CE (Nash & Sutcliffe, 1970) as follows 

( )

( )∑

∑

=

=

−

−
−=
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i
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n

i
icali

QQ

QQ
CE

1

2

1

2
,

1                                                   (1) 

where the Qi are the n measured water level with meanQ  and the Qcal,i  are the n calculated 
water level. This coefficient tells how well the calculated water level can describe the 
variance of the measured water level. 

4.1 One Hour Forecasting 
As mention earlier, the input of the model for one-hour forecasting is composed of two 
antecedent (lag 6 and 7 hours) water levels at X.46 and X.64 and three antecedence of water 
level at X.158. The two water level upstream are needed since they represent the input to the 
system at X.158, also its precedence water level will represent the wetness of the basin at 
that moment at that location. The characteristics of each data set are summarised in Table 2. 
One remark is that the maximum training data is 3.50 m, which is half of 7.00 m of the 
testing data set. The results show no extrapolation problem at all. 

The results obtained with the model are shown in Fig 2 for the period of testing and Fig 3 
for selected period from Fig 2. The results show good agreement between the predicted and 
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measured river stage at X.158. The coefficient of efficiency is found to be 99.66 %. The 
maximum error in the prediction for the whole period is less than 0.50 meter and the 
average value of error is about 0.03 meter with standard deviation of 0.07 meter. The 
enlarge period of Fig 3 reveals that there is no timing error (phase error) with very small 
errors in magnitude. 

Table 2  Characteristics of each data set. 

 
Station Name 

 
X.46 

 
X.64 

 
X.158 

Training set 
- Min value 
- Max value 

Cross-validation set 
- Min value 
- Max value 
Testing set 
- Min value 
- Max value 

 
0.810 
4.720 

 
1.230 
3.250 

 
0.880 
6.910 

 
0.280 
1.050 

 
0.370 
1.500 

 
0.420 
7.690 

 
0.650 
3.500 

 
1.070 
2.800 

 
0.810 
7.000 

Remarks: all data are water level in meter. 

Chumporn : 1 hour forecasting.
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Fig. 2  Time series of measured and calculated water level at X.158 for one hour ahead forecasting. 
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Fig. 3  Selected time series of measured and calculated water level at X.158 for one-hour ahead forecasting. 
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4.2 More Hours Forecasting 
To predict water level at longer times, the same structure of the model was employed by 
keeping the same lag intervals. This concept, adopted as “time marching scheme” in this 
study, will limit phase error not to be amplified through time. It was accomplished, in case 
of two hour forecasting, by using lag 5 and 6 hours at X.46 and X.64, two recorded 
antecedence water levels at X.158 plus previously forecasted one as input to the network. 
Continue with the same procedures, the results up to six-hour were summarized in Table 3, 
and shown in Fig 4. Fig 5 enlarges selected period of Fig 4. 
 

Table 3  Results of up to six hour forecasting. 

Forecasted 1-hour 2-hour 3-hour 4-hour 5-hour 6-hour 
CE (%) 

Cal WL, m 
Min Error, m 
Max Error, m 

99.66 
7.43 
-0.24 
0.47 

99.60 
7.12 
-0.52 
0.38 

99.15 
7.49 
-0.81 
0.69 

98.82 
7.57 
-1.02 
0.81 

98.24 
6.74 
-1.23 
0.60 

99.08 
7.07 
-1.25 
0.77 

Remark: Cal WL = calculated water level in meter. 
 

Chumporn : Up to 6 hour forecasting
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Fig. 4  Time series of measured and calculated water level at X.158 for up to six-hour forecasting. 
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Fig. 5  Selected time series of measured and calculated water level at X.158 for up to six-hour ahead forecasting. 
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5. DISCUSSION 

The ANN is capable of simulating the flow behavior of the catchments when appropriated 
inputs are available. The time marching scheme introduced here, using antecedence 
upstream data, can suppress or limit some phase errors, which will propagate and be 
amplified in time. In most cases, these phasing errors deteriorate the forecasting results very 
rapidly. 

Although neural networks can be used to predict floods quite well, it depends very much 
on input data. This study is to introduce the possibility of applying the network for this kind 
of work. To implement this methodology in the real situation, more upstream gauging 
stations in the river basin are needed. Not only the location of the gauging station, but also 
the time interval of data collection has to be carefully considered by the expert. (S)he also 
has to consider the characteristics of the river basin such as steep slope, mild slope, etc. and 
other relevance. 
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Abstract: In this study the Index Flood Method used for regional flood analysis in small catchments 
in north of Tehran Iran. 
    At first, for this aim gathered maximum instantaneous and maximum daily discharge records and 
data from hydrometery stations that occurred in study area and determined index period for 
compeletion and reclamation of defective records by attention to length of record period (selected 
15 stations). 
    Then achieved random-test maximum instantaneous discharge data series for total stations. In 
other stage for aim of prevaling distribution, functions of probable distribution matched with data 
series. 
    Hemogenity-Test (or uniformity factor) achieved with maximum instantaneous discharge station 
data for regional analysis flood .In this test specified that flood data from 5 hydrometery stations are 
not hemogen with other stations and eliminated that to consisted of: Kamarkhani, Bagh Tangeh, 
Magasak, Oushan and Farahzad stations.Another stages of survey accomplished without these 
stations(5 mentioned)data. 
    Then estimated northern parts of Tehran, flood in different areas downless from 200 km2 by using 
results of regional flood analysis. 

At last, obtained one table which show the estimated discharge pay attention to area catchment 
and return period of case study.  

 
Keywords: flood, catchment, discharge, hydrometery, distribution  
 
1. INTRODUCTION 

There are several rivers and streams that flow in the south slopes of Central-Alborz and 
some of them reach to the northern regions and piedmonts of Tehran .The intensive 
urbanization and insta of projects around and on bed of these streams need to planning 
and prediction of floods that damage buildings, facilities and settlers of Tehran. Different 
data and values presented by authorities for a river indicate on uniformity of methods, 
don,t use whole observation data of flood and their  to an historic event or verbal 
communication with settlers of the region. Therefore, it causes considerable differences in 
estimations. In some cases the significant differences between observed and design floods 
are not meaningful. This study was conducted to analyze the relations and regional 
coefficient of flood in small catchments in north of Tehran. The research determined 
relations and equations for each flood with given exceedance probability using drainage 
area and minimum elevation of the catchment. 
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2. GENERAL CHARACTERISTICS OF THE STUDY AREA 

This region is part of the southern slopes of central Alborz and located in uplands of 
Tehran plain. The topographic boundaries are tributaries of Karaj and Jagrod rivers in the 
north, Karaj and Jagrod rivers in west and east respectively and in southern parts limited 
by Tehran plain .The general elevation is more than 1,450 m from sea level and maximum 
elevation belongs Touchal peak (more than 3,900 m). Because of steep slope and sparse 
vegetation cover, floods have high instantaneous maximum discharge that contain 
considerable amount of sediment including clay, sand and rocks .The geological 
formation belongs to  Karaj formation  of Eocene with Tuff, and mid-Volcanic rocks. 
Because of secondary materials, some of Tuffs are soft and permeable and vice versa. The 
overall structure of the geologic system consists of anticline and syncline that it’s axis to 
east and west of the region is southern and northern direction respectively. Therefore, they 
controlled the hydrographic network of the area. The climate of the region is in semi-arid 
that belongs to cold regime. The precipitation has Mediterranean characteristic (annual 
snow coefficient in elevation 2500 m in 57%) (1987, Shafii Alavicheh). The gradient 
between precipitation –elevation based on data of 42 stations during period 1974 –1996 is: 
P= 452.88 Ln(H)-2942.1, N=42, R2 =0.8144, P (mm), H (m) 
 
3. MATERIALS AND METHODS 
In this study, regional flood analysis has been carried out using Index Flood Method 
(I.F.M) and all statistical methods were used for analysing of observed and estimated data. 
All rivers and streams with small catchment area located between Karaj and Jajrod rivers 
were studied. The maximum period of observed records is related to Rodak station, with 
25 years records of daily discharge and 20 years of instantaneous maximum discharge and 
then Kamarkhani, Bagh Tangeh and Haft Hovz (14-24 years). Due to length of period for 
observed data of maximum daily discharge and instantaneous maximum discharge from 
stations, 25 years of data (1968-1993) were selected as index period for completing of 
data. 

A. Completing of flood data 
The defective records were completed by data of 25 years as index period. This period has 
two exceptions for water years (1969-1970 and 1987-1988) that 1969-1970 year was wet 
water year in this period and in this year, all parts of Iran was affected by rainfall that is 
important in regional flood studies. In water year 1987-1988, a high flood in Golab-darreh 
and Darband of the north of Tehran has been recorded. Then, stations with less than 5 
years of record (Kande-Sofla and Chitgar) and their instantaneous maximum and daily 
maximum discharge were removed from calculations and completing of data were done 
using these stations. In first, the linear correlation of daily maximum discharge data from 
each station with another stations by SPSS Software were studied. Then, for each 
dependent station, a basic station which had high coefficient of correlation comparing to 
other station was selected to and complete more records using its data. The linear 
coefficient of correlation between dependent variable (Y) and independent variable (X) is 
high and significant. After completing the daily maximum discharge data in all of stations, 
the records of instantaneous maximum discharge were completed using completed daily 
maximum discharges, completed the defective records of other stations were completed. 
The calculated equations, coefficient of correlation and level of significant have been 
shown in table 1. As observed, in all situations, the coefficient of correlation was higher 
than 0.75 in 99% level of significant. 
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Table 1 Correlation equations of Instantaneous and daily maximum Discharge 
Row River Station Correlation. Equ Correlation.Coef Common

No. Data 
Significant 

level 
1 Oson Pasghaleh Qp=1.0272Qm8=1.2879 0.86 14 0.001 
2 Abmeygon Magasak Qp=1.6488Qm8=1.1508 0.8 7 0.02 
3 Jagrod Rodak Qp=1.6488Qm8=1.1508 0.9 11 0.001 
4 Galandok Naggarkola Qp=.8393Qm8=104.3 098 5 0.002 
5 Ahar Oushan Qp=1.2283Qm8=1.1191 12 9 0.001 
6 Darabad Ghalak Qp=0.3959Qm8=1.6458 0.97 12 0.001 
7 Afgeh Narvan Qp=0.8937Qm8=1.1442 0.92 20 0.00001 
8 Darakeh Hafthoz Qp=1.1513Qm8=1.056 0.98 7 0.001 
9 Gafarabad Pasghaleh Qp=1.2752Qm8=0.9719 0.99 5 0.001 

10 Emameh Kamarkhani Qp=1.1781Qm8=1.1482 0.98 6 0.001 
11 Emameh Baghtangeh Qp=1.6539Qm8=1.5789 0.84 17 0.01 
12 Farahzad Dalagher Qp=1.325Qm8=1.388 0.77 16 0.01 
13 Kan Soleghan Qp=3.43Qm8=0.597 0.98 7 0.001 
14 Levarak Aliabad Qp=1.279Qm8=0.1023 0.92 10 0.001 
15 Darband Maghsoudbeik Qp=1.1069Qm8=1.1015 0.78 6 0.06 

B: Random test of instantaneous maximum discharge from data series 
Before fitting different probability distributions to instantaneous maximum discharge data 
series, they must be test for randomic conditions of data. This test achieved for total data 
of all stations and heir randomic confirmed.  

C: Fitting Probability distribution functions to instantaneous maximum discharge 
data series 

For this aim HYFA software was used and showed that Log Pearson type III has better 
coincidence than to other distributions for data series. 

D: Estimation of floods using Log Pearson type III distribution 

The discharge of floods with different return periods were estimated using mentioned 
distribution  (Table 2). 
 

Table 2 Estimated instantaneous maximum discharge with difference return period of  
stations by log Pearson type III distribution. 

Row River Station T=2 T=2.33 T=5 T=10 T=20 T=25 T=50 T=100
1 Oson Pasghaleh 1.8 2.2 5.3 10.3 19.4 23.8 42.7 76.1 
2 Abmeygon Magasak 9.4 10 13.1 15.8 18.5 19.4 22.3 25.4 
3 Jagrod Rodak 59.9 66.2 97.9 129 163.5 175.4 215.7 264.2
4 Galandok Naggarkola 18.7 22 43 70.1 108.3 123.5 182.5 163.7
5 Ahar Oushan 11.2 12.3 17.5 22.4 27.8 29.7 35.9 42.8 
6 Darabad Ghalak 4.1 4.9 9.4 162 26.9 31.6 51.2 82 
7 Afgeh Narvan 4.5 5.3 11.7 22.1 40.7 492 88.3 156.7
8 Darakeh Hafthoz 7.1 8.7 18.7 31.1 47.5 53.8 76.7 105.6
9 Gafarabad Pasghaleh 1.5 1.9 4.6 9.6 19.3 24 46.8 90 

10 Emameh Kamarkhani 6.4 6.7 8.1 9.2 10.6 10.6 11.6 12.6 
11 Emameh Baghtangeh 2.6 2.9 3.9 4.8 5.5 5.7 6.4 7.1 
12 Farahzad Dalagher 7.3 8 9.4 9.6 9.7 9.7 9.8 10 
13 Kan Soleghan 51.2 57.5 86.6 111.5 135.7 143.5 167.4 191.1
14 Levarak Aliabad 10.2 191.1 17.2 23.6 31.5 34.3 44.6 57.2 
15 Darband Maghsoudbeik 6.5 57.2 17.5 36.8 77.2 98.1 207.4 441.8

 
For instantaneous maximum discharge data series of Darband river in Maghsoudbeik 
station, the flood occurred in 1988 had much effects on the values of parameters in 
distribution, so the estimation of flood with return period more than 10 year resulted very 
high values which did not resulted in other near catchments and rivers of this region 
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because of the effects of small or high data on adjusting appeared in final results of 
regional flood analysis, the computations continued considering data of this year. 
 
3. Results 
Regional flood analysis 
Based on analysis that achieved with probability distribution from observed or estimated 
values of instantaneous maximum floods and obtained results, it is possible to we can 
determine the values according to supposed probability of a given event. With analysis of 
regional flood, we can estimate the discharge flood with a specific return period in regions 
that do not have observed records. In addition, using more than one data series decreases 
errors even for measurement station. One of methods for regionalisation of flood data is 
using empirical formula for example to relate discharge with drainage area. One of 
reliable method in flood index method (U.S. Geological Survey), Before computing the 
uniformity factor of flood data must be tested. 

A: Test of uniformity for data of station (Dalrympie, 1960) 
Test of uniformity factor achieved for flood data of 15 hydrometery stations (table 3 ). 
 

Table 3 Computed Parameters Ne and Te For uniformity Test 

Row River Station O.No.
data

E.No. 
data NE Q2.33 

(m3/s) Q10(m3/s) Q10/Q2.33
 X*Q2.33

 TE 

1 Awson Pasqaleh 5 20 15 2.2 10.3 4.68 6.2 6 
2 Abmeygon Magasak 7 18 16 10 15.8 1.58 28.2 >100 
3 Jagrod Rodak 20 5 22.5 66.2 129 1.95 186.7 30 
4 Galandok Naggarkola 8 17 16.5 22 70.1 3.19 6 8.5 
5 Ahar Oushan 12 13 18.5 12.3 22.4 1.82 34.7 49 
6 Darabad Ghalak 6 19 15.5 4.9 16.2 3.31 13.8 8 
7 Afgeh Narvan 11 14 18 5.3 22.1 4.17 14.9 7 
8 Darakeh Hafthoz 14 11 19.5 8.7 31.1 3.57 5.4 7 
9 Gafarabad Pasghaleh 19 19 1.9 1.9 9.6 5.05 18.9 6 

10 Emameh Kamarkhani 16 9 20.5 6.7 9.2 1.37 18.9 >100 
11 Emameh Baghtangeh 20 5 22.5 2.9 4.8 1.66 8.2 >100 
12 Farahzad Dalagher 7 18 16 8 9.63 1.2 22.6 >100 
13 Kan Soleghan 10 15 17.5 57.5 111.4 1.94 162.1 40 
14 Levarak Aliabad 6 19 15.5 11.3 236 29 31.9 16 
15 Darband Maghsoudbeik 8 17 16.5 7.7 36.8 4.78 21.7 6 

     TE=Modyfied return priod        NE=Effective record priod           X=2.82 Ratios mean 
 
    Results indicated that estimations from flood data in 5 stations: Kamarkhani, Bagh-
angeh, Magasak, Farahzad and Oushan were not homogene with other stations and 
removed from homogene regions therefore, the computations were continued with 10 
remained stations. 

B: Flood Index Method 
The general purpose of this method is to increase the confidence and accuracy of 
frequency characteristic in a region. The stages of this method are as below: 
    1.Determining the type of frequency distributions for flood data series which certained 
the homogenity of their records (In this case: Log Pearson type III).  
    2.Estimating of flood discharge values for different return periods and computing ratio 

of 
2

tQ
Q

 for all stations (table 4 and Fig. 1). 
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Table 4  Ratio of flood with T return period to 2 years 

QT/Q2 Row River Station Area
(km2)

Elev 
.(m) Q2 T=2.33 T=5 T=10 T=20 T=25 T=50 T=100 

1 Osun Pasghale 10 2000 1.8 1.22 2.94 5.72 10.78 13.06 23.72 42.28 
3 Jagrod Rodak 426 1700 59.9 1.11 1.63 2.15 2.73 2.93 3.6 4.36 
4 Galanodok Najarcolah 59.4 1770 18.7 1.18 2.3 3.75 5.79 6.6 9.76 14.1 
6 Darabad Qalak 17 1833 4.1 1.2 2.29 3.95 6.56 7.71 12.49 20 
7 Afjeh Narvan 30 1790 4.5 1.18 2.6 4.91 9.04 10.93 19.62 34.82 
8 Darakah Hafthevz 25 1760 7.1 1.23 2.63 4.38 6.69 7.58 10.8 14.87 
9 Jafarabad Pasqale 9 2000 1.5 1.27 3.07 6.4 12.87 16 31.2 60 
13 Can Solaqan 196 1410 51.2 1.12 1.69 2.18 2.65 2.8 3.27 3.73 
14 Levarac Aliabad 103 1790 10.2 1.11 1.69 2.31 3.09 3.36 4.37 5.61 
15 Darband Maqsudbeik 25.8 1800 6.5 1.18 2.69 5.66 11.88 15.09 31.91 67.97 

Ratios mean 1.18 2.45 4.165 6.625 7.645 11.65 17.45 
 

 

Fig. 1  Plot of  Qp(T)/Qp(2) 

 

    3. Determining of median series of
2

tQ
Q

 for each return period (table 3). 

    4. Drawing of regional frequency curve on median ratios which determined by 
largeness T years comparing to 2 years flood. 
    5.Determining of relation between physiographical factors of catchment and floods 
with 2 years of return period in homogenetic stations for the regional frequency curve.  
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      a. Determining of coefficients for regional relation (2)
nQ CA=  with knowing of area of 

catchment and floods with 2 years return period in hydrometery stations obtained from 
this equation: 0948

2 0.237Q A=  (R2=0.958, N=10) significant level: 99% Q2 = instantaneous 
maximum discharge with 2 years of return period (m3/s). A=km2 (drainage area of 
catchment) 
      b. Determining of coefficients for regional relation b c

pQ aA H=  .  
Generally, with increasing the effective hydrologic parameters on surface runoff results of 
equation will be accurate, but increasing the number of independent variables make 
difficult their application. In this study used area and minimum height of catchment for 
computation of 2 years flood. 0.8 2.5

(2) 72488382.1Q A H −=  Which Q (2)=instantaneous maximum 
discharge (R2=0.97, N=10), A=km2 (drainage area of catchment) with 2 years of return 
period (m3/s). H= elevation of output of catchment (m).  
    Using of two equations and regional frequency curve facilitate the estimation of flood 
with T years-return period for each catchment in uplands and northern slopes of Tehran. 
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Fig. 2  Plot of median QT/Q2 VS.T 

 
    The use of these equations has two limitations. The area catchment and the elevation of 
out put of catchment. Therefore, it is recommended to use these equations in catchments 
lower than 200km2 area and because of flood discharge with 2 years of return period area 
effected by snow fall and melt in mountains and equations obtained using observed 
records. 
    Also elevation of studied catchments is higher than 1500m, it is better to use these 
equations for small catchments with elevation 1500 m.  
      c. Estimation of flood for northern regions of Tehran (using results of regional flood 
analysis). Small catchment in uplands of north of Tehran have some regional common 
characteristics for example: steep slope, poor vegetation, low infiltration, high erosion, 
direction of slope .Therefore, it is possible to estimate probability of flood for  catchments 
with different area. The results of flood analysis in Fig. 2 and 3 facilitate this estimations. 
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Fig. 3  Variety of instantaneous Qp(2) to Area 

 
At first according to catchement area, instantaneous maximum discharge flood with 2 

years return period from Fig. 2 will be determined and then using Fig. 3 the ratio between 
flood with T years of return period and 2 years flood and by multiplication this ratio in 2 
years flood, the value of T years flood, will be calculated. 
 

 
Table 5  Estimated flood discharge in several Time of Return for different Areas 

200 100 50 25 20 10 5 2 years Area (km2) 
28.80 19.32 12.79 8.25 7.18 4.48 2.64 1.09 5 
55.48 37.28 24.68 15.92 13.84 8.65 5.09 2.10 10 
81.64 54.75 36.24 23.39 20.33 12.70 7.48 3.09 15 

107.27 71.91 47.60 30.72 26.70 16.68 9.82 4.06 20 
132.36 88.85 58.82 37.96 32.99 20.61 12.13 5.01 25 
157.46 105.61 69.91 45.12 39.22 24.50 14.42 5.96 30 
182.30 122.23 80.91 52.22 45.39 28.35 16.69 6.90 35 
206.87 138.72 91.83 59.26 51.51 32.18 18.95 7.83 40 
231.18 155.11 102.68 63.26 57.60 35.98 21.18 8.75 45 
255.48 171.40 113.46 73.22 63.65 39.76 23.41 9.67 50 
303.83 203.74 134.87 87.04 75.66 47.26 27.82 11.50 60 
351.65 235.80 156.09 100.73 87.56 54.69 32.20 13.31 70 
398.94 267.62 177.15 114.33 99.38 62.07 36.55 15.10 80 
446.23 299.23 198.08 127.83 111.11 69.40 40.87 16.89 90 
493.00 330.66 218.89 141.26 122.78 76.69 45.16 18.66 100 
608.98 408.45 270.38 174.49 151.67 94.74 55.78 23.05 125 
723.91 485.53 321.40 207.42 180.29 112.61 66.31 27.40 150 
837.78 561.90 371.96 240.04 208.65 130.33 76.74 31.71 175 
950.86 637.74 422.16 272.44 236.81 147.92 87.10 35.99 200 

 
4. CONCLUSIONS 

Using data in Table 5 can estimate the value of flood probability with 2-200 years of 
return periods in different catchment of northern Tehran and it is possible to determine for 
flood control methods. 
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Abstract: Water levels along Qiantang estuary are mainly controlled by tidal level at Ganpu station, 
the lower boundary of Qiantang Estuary. Since the large tide range, severe deformation of tide wave, 
changeful underwater topography etc, if only use harmonic analysis to forecasting high tidal level at 
Ganpu station, the precision is hard to satisfy requirement. The method introduced in this paper has 
two steps, namely linear self-tuning model is used based on harmonic analysis results. This method 
can be better to catch the effect of short period factors, and the forecast precision is raised greatly. 

Researching of high tidal level forecast method at ganpu station 
in Qiantang Estuar 

Guojian Hu, Shichang Huang, Bingyao Lin, and Aiju You 
Zhejiang Institute of Hydraulics and Estuary, Hangzhou, China 

 
Keyword: Harmonic analysis, Harmonic constant, High tidal level, Storm surge, Self-tuning 

 
1. FOREWORD  

Qiantang estuary is a macro tide estuary, water levels along the estuary are controlled by 
sea tide, therefore, the strong astronomical tide and storm surge from sea take very 
important roles with the high water level along estuary. Ganpu station (its plane location is 
shown in Fig.1) as the lower boundary of Qiantang estuary, its forecast precision of high 
tidal level directly affects the forecast precision of water level along upper reaches.        
 

 
Fig. 1  Plane location of Ganpu station 

 

Ganpu station is located at the top of Hangzhou bay, the tide range, affected by energy 
assembling, is very large. At the same time, because of the influence of underwater 
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topography, tidal wave is deformed severely. And river tendency of Jianshan, upward to 
Ganpu, is changeful. Furthermore, there have large-scale polder at this reach. Considering 
these special conditions at Ganpu station, this paper adopts the forecast method named " 
two steps forecasts law". First, harmonic analysis as the basic method used to fit the 
astronomical tide factors, the major, long-term factors. Second, using the real-time 
self-tuning forecast method. The method of the second step can modify the parameters of 
the model constantly according to the observed data, namely use this method to tracking the 
influence of short-period factors such as underwater topography, river tendency change and 
storm surge and so on. 

 
2. HARMONIC ANALYSIS 

It is the basic prerequisite that the harmonic constants of component tides must be stable 
relatively, but the constants are changeful at Ganpu station. This paper made yearly and 
pluriennial (19 years) harmonic analysis from 1981 to 2000 base on 122 component tides. 
As Table 1 showing, harmonic constants of component tides are very instable. The M2 
component tide's (the most major component tide at Ganpu station) maximal variation 
reaches 12cm from 1980 to 2000 (Fig.2). 
 

Table 1    Statistical of harmonic constants 
Average deviation between one year and 19 

years  ( % )  30 20 

Number of component tide 85 71 
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year
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Fig. 2  Process of M2’s amplitude between 1980 to 2000 

 
Since the instability of harmonic constants of component tides, adopting different 

observed data would get different result. This paper has tested 3 kinds of method to select 
observed data: one former year observed data, 19 years observed data and one year 
observed data select by the principle of making the forecast mean square error between 
January to May in that year minimum. Among the three methods, the last one is best, which 
can make use of the information from observed data of the former 5 months in that year 
sufficiently and get the best forecast precision. So, this paper adopts the last method to 
select observed data for harmonic analysis. The forecast procession of high tidal level in 
1991, 1998 and 1999, these three years were not be affected by storm surge, are shown in 
Table 2, and the relation between observed tidal level and forecast tidal level is shown in 
Fig.3. 
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Table 2  Stat. of forecast errors 

      Err
  Num 
 
Tidal Lev 

<=20
（cm）

20～30
（cm）

30～40
（cm）

40～50
（cm）

>50
（cm） Total

Mean square 
error 
（cm） 

600~650 102 19 9 8 4 142 20.9 
650~700 21 5 1 3 3 33 25.3 
700~750 0 0 0 0 1 1 103.9 
750~800 0 0 0 0 0 0 0 
>=800 0 0 0 0 0 0 0 
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Fig. 3  Relation between observed and forecast tidal level 

 
As shown in Table 2, the percent that the absolute value of forecast errors are less than 

30cm, whose high tidal level is higher than 6.0m in flood season, is 83.5%. According to 
《The criterion of hydrology information forecasting in Zhejiang Province 》, this precision 
belongs to second grade. The forecast precision of tidal hour is better than tidal level, it is 
96.6% when the error between 30 min and can meet the need of prevent flood. 

Harmonic analysis method is a kind of simulation method. So, one time simulation 
precision can be improved by select appropriate component tides. But the harmonic 
constants are changeful at Ganpu station, and only using harmonic analysis to forecast high 
tidal level is not sufficient. In view of this, this paper is taking harmonic analysis forecast 
tidal level as a foundation, and then adopting the self-tuning forecast method, which can 
modify the parameters timely according to the observed tidal level. 

 
3. SELF-TUNING FORECASTING  

Harmonic analysis is a kind of method which has very long forecast period; but in flood 
season, the focal point is forecast precision. Therefore, the following discussion of forecast 
period in this paper is one tide period, namely about 12 hours.  

According to the "input" taken, two specific methods have been tested:  
(1) With harmonic analysis forecast error as input  
(2) With harmonic analysis forecast high tidal level as input 

The self-tuning method adopted in this paper is the traditional linear self-tuning method, 
and the details of the method are omitted in this paper. 
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3 .1 With harmonic analysis forecast error as input  
Take the input vector of model at  moment as: k

ˆ( ) [ ( 1), ( 2), ( ),ak k K k K k K nϕ ε ε ε= − − − − − −
^ ^

2 2( 1/ 1), ( 2 / 2),k k K k k Kε ε− − − − − −  
^

2 ( / bk n k K nε − − − )]

1)

                       (1) 
In formula (1):  

(k Kε − − ——harmonic analysis forecast error at 1k K− −  moment;  

)1()1()1/1(
^^

2
^

−−−=−−− KkkKkk T ϕθε ——Worth for the forecast after error examination. 
In 1991’s flood season, there has no strong storm surge and the boundary also dose not 

change. So, the observed tide levels of 1991 have been adopted to calibrating the 
parameters of the model. Take ， n ，2=an 2=b 0.1=ρ  when forecast period is one tide 
period. Then high tidal levels in 1991,1998 and 1999’s flood season, there has not strong 
storm surge in this period, are calculated with the certain model. As shown in Table 3, 
percent of forecast error between 30 cm reaches 90.3% and it is showed that the forecast 
precision has got obvious improvement. However, with error as input is with the error at 

 moment to forecasting error at k moment, it is equivalent to self-regression whose 
parameters can be rectified duly. Therefore forecast error series is hysteretic to actual error 
series. When actual error series’ tendency is not obvious, and its change is greater, frequent, 
the hysteretic of the system may cause error enlarging.  

1−k

 
Table 3   Stat. of forecast errors 

     Err 
    Num 
Tidal Lev 

<=20
（cm）

20～30
（cm） 

30～40
（cm）

40～50
（cm）

>50
（cm） Total Mean square error 

（cm） 

600~650 117 10 11 3 1 142 16.88 
650~700 27 5 0 1 3 33 14.88 
700~750 0 0 0 0 1 1 58.00 
750~800 0 0 0 0 0 0 0 
>=800 0 0 0 0 0 0 0 

3.2 With harmonic analysis forecast tidal level as input 
Take the input vector of model at  moment as:   Kk −

)1(),(),(),1(),([)(ˆ ''' −−−−−−−−=− KkyKkynKkyKkyKkyKk aϕ

),2/2(),1/1(),(, −−−−−−−− KkkKkknKky b εε

 
 

)]/( cnKknk −−−ε                            (2) 
In formula (2):  

)1( −− Kky ——observed high tidal level at 1−− Kk  time;  
)1/1( −−− Kkkε — — forecast error of this self-tuning model;  

)(' Kky − ——harmonic analysis forecast high tidal level at Kk −  time;  
an ， ，  — the parameter of input vector length;  bn cn

After calibrating parameters of this model still by the observed tidal level in 1991, take 
， ， ， ，2=an 2=bn 2=cn 1=K 1=ρ . 

With the certain model to calculate high tidal level in 1991, 1998 and 1999’s flood 
season, the forecast precision gets greater improvement than the model with harmonic 
analysis forecast error as input (Table 4). The percent of error between 30 cm reaches 
95.5%. The relation between forecast tidal level and observed tidal level is shown in Fig.5. 
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Table 4  Stat. of forecast errors 
     Err

  Num 
Tidal Lev 

<=20
（cm） 

20～30
（cm） 

30～40
（cm）

40～50
（cm）

>50
（cm） Total Mean square error 

（cm） 

600~650 124 13 5 0 0 142 12.89 
650~700 24 7 2 0 0 33 17.51 
700~750 0 0 0 1 0 1 47.7 
750~800 0 0 0 0 0 0 0 
>=800 0 0 0 0 0 0 0 
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Fig. 5  Relation between observed and forecast tidal level 

 

From paper above, the self-tuning model with harmonic analysis forecast high tidal level 
as input can suit better to trail the forecast error caused by these factors of short period such 
as riverbed topography change and river tendency change, and then raises the forecast 
precision at Ganpu station fleetly. This paper recommends this method. 

4. STORM-SURGE FORECASTING 
In Qiantang estuary, the special high water level in flood season is often caused by storm 
surge. Since typhoon central, typhoon route and such parameters of typhoon are difficult to 
be forecasted accurately and it is hard to couple astronomical tidal level with water level 
increments by storm, the forecast precision is hard to improve if only use the traditional 
storm surge forecast method. In fact there is some information of water level increment that 
can be used before typhoon center arrived. In this paper, the self-tuning method with high 
tidal level, forecasted by harmonic analysis, as input is adopted to forecast the high tidal 
level in typhoon season. 

The results forecasted by harmonic analysis method and self-tuning method during 
No.9611 and No.9711 typhoon course are shown in Table 5, and the process are shown in 
Fig.6 and Fig.7.  
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Table 5  Compare with results forecasted by two methods 
Typhoon 

No. 
Forecast 
method 

Mean square 
Error (cm)

Percent of error in 
20 cm (%)  

Percent of error in 
30 cm (%) 

Biggest error 
( cm )  

Highest tide position 
error ( cm )   

Harmonic 
analysis  41.8 0 21.7 59.3 48.4 9611 

Self-tuning  10.6 100 100 19.5 13.8 
Harmonic 
analysis  45.1 41.4 65.5 155.8 155.8 9711 

Self-tuning 30.9 75.8 79.3 89.9 89.9 
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Fig. 6  Forecast process of high tidal level in No.9611 typhoon 
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Fig. 7  Forecast process of high tidal level in No.9711 typhoon 

 
From Tables and Figures above, it is obvious that this method has good precision for the 

forecast of tidal level in not strong storm surge period. To strong storm surge, as the 
No.9711, the precision is still not good because its process of water increment is very quick 
and hard to be followed. 

To accelerate the adaptive speed, this paper has tested two methods, one is to reduce 
forgetting factor ρ , second is to enlarge parameters of modifying rate. The former can get 
some improvement for the forecast precision of the highest tidal level, but the model 
changes to instable. The later has little influence to the stability of model, but forecast 
precision does not improve obviously. In a word, two methods have each goodness and 
shortcoming. We can adopt different method according to actual condition in order to 
ensure the accuracy of forecast. 
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5. CONCLUSIONS  

At Ganpu station, there are such factors as underwater topography, boundary topography, 
river tendency, storm surge and so on, which will affect the high tidal level. Under such 
complicated conditions, this paper adopts the forecast with two steps. 

The first step is harmonic analysis, which can reflect the major, long-term factors. This 
step uses 3 kinds of data series for comparison, and finally it is recommend that 
establishing harmonic constants database, calculating tidal level before flood season, and 
select a set of harmonic constants, which have the minimum square error, to forecast the 
tidal level among flood season. This data selecting method has improved the forecast 
precision obviously, but the precision is still lower to meet the need of prevent flood. 

The second step is adopting linear self-tuning method on the foundation of the first step, 
which can modify model parameters in time using the error of early stage, in order to reflect 
the influencing caused by short period factors. With harmonic analysis forecast high tidal 
level as input, the forecast precision is improved obviously  

In a word, the forecast precision of the method recommended in this paper could reach 
the first grade and satisfy the requirement of prevent flood in the period when the storm 
surge is not strong. However to the strong storm as No.9711 the precision is still lower 
because the water level increment of this kind of storm surge is very fast and the linear 
self-tuning method cannot catch it. 

REFERENCES 
Fang Guohong, 1986, “Analysis and Prediction of Tide and Current”. 
Amin, M. 1976. “The fine resolution of tidal harmonics”. Geophys.J.J.astr.Soc.,44(2). 
Cheng Zhongyong, 1978, “Tide theory”. 
 

1011 



Flood Defence ’2002, Wu et al. (eds)© 2002 Science Press, New York Ltd., ISBN 1-880132-54-0 

River stage real-time forecasting in Qiantang Estuary 

Aiju You, Bingyao Lin, and Youcheng Xu 
Zhejiang Institute of Hydraulics and Estuary, Hangzhou 310020, China 

 1012

Fig. 1  Planim position of Qiantang River

Abstract: It is difficult to establish river stage real-time forecasting model of Qiantang Estuary in 
hydrologic or hydraulic way because the riverbed changes violently but the necessary data of river 
configuration are limited. Based on system theory, this paper develops self-tuning forecastor and 
recursive neural network models, taking the upstream flow and the downstream tide as the input, and 
river stage of five forecasted stations as the output. Simulation result shows that the prediction 
accuracy is different along with the different stations and the different causes of high water-level 
formation.  

 

 
Keywords: Qiantang Estuary, self-tuning forecastor, neural network, river stage real-time forecasting 
 
1. INTRODUCTION 

Qiantang River, the largest river in Zhejiang Province, has a uniquely characterized estuary 
named Qiantang Estuary. The estuary area is serving as the south wing of the Changjiang 
Delta Economic Development Zone. Advanced and accurate forecasting of river stage in 
Qiantang Estuary is important for water resources planning and flood warning. 

Qiantang estuary is a typical macro-tidal estuary with the annual average volume of flood 
tide 200 times larger than that of runoff. The formation of water stage of it is very complex. 
Firstly, the estuarine reach from Wenyan to Ganpu is a transient reach under the conjunctive 
action of runoff flow and tidal flow. All stations to be forecasted locate at this reach, 
including Wenyan, Zhakou, Qibao, Cangqian and Yanguan, see Fig.1. Furthermore, water 
stage of Zhakou indicates the situation of flood prevention of Hangzhou City.  

 
 



Secondly, the riverbed of the estuarine reach has characteristics of great erosion in flood 
season and deposition in dry season owing to the higher flow velocity and lower sediment 
content of the flood. Due to the erosion and deposition of the riverbed, water stages of the 
same peak flow may be very different; likewise, the same water stage can be caused by 
very different discharge. For example, the peak water stage occurred in July 1983 was 
almost the same with that occurred in June 1955 with the peak flow 11,000m3/s and 
29,000m3 /s respectively. 

The climate is typically the subtropical monsoon pattern. From March to June, or 
otherwise from April to July is the season of spring rain involving the season of plum rain, 
when flood occurs frequently. July to October is the season of spring tide and also a second 
rainy season of the River Basin, when typhoon occurs frequently. The estuarine area suffers 
from typhoon about once in every two years and typhoon always causes high water level.  
 
2. FORECASTING MODEL 

2.1 Self-tuning Forecastor 
Self-tuning forecastor combines linear forecasting model and coefficients modification 
using recursive least-square method. Supposing a linear controlled process is a multi-input 
and single-output forecasting model: 

1 21 1 1
1 1 2 2( ) ( ) ( ) ( ) ( ) ( )m mA q y k q B q u k q B q u k− −− − −= + 1 1( ) ( ) ( ) (lm

l lq B q u k C q e k− − −+ + )         (1) 

where  is the output of the model,  is the input of the model, represents the 
number of the input, and the “residual”  is a random variable with mean zero. 

( )y k )(kui

( )e k

l

1( )A q− 、 、 )C q  are variable operators as following:  1(iB q− )
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1 1
1

1 1
1

1 1
1

( ) 1

( ) 1

( ) 1

n
n
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i

n
n

A q a q a q

B q b q b q

C q c q c q

− − −

− −

− − −

 = + +


= + + +
 = + +

                              (2) 

1 na a 、 、 c  are determined by the recursive least-square method. The 
whole forecasting process consists of modification of model coefficients and estimation of 
model output. 

1 ( 1i i
nb b i l= 1 nc

2.1.1 Modification of model coefficients 
Model coefficients can be modified according to the difference between the observed and 
simulated values. Equations for modifying are deduced based on recursive least-square 
method: 
















−−=
−−−+

−−−−
−−=

−−−+
−−

=

+−=

)/(ˆ)()(

]
)(ˆ)1()(ˆ1

)1()(ˆ)(ˆ)1()1([1)(

)(ˆ)1()(ˆ
)(ˆ)1()(

)()()1(ˆ)(ˆ

11

1

Kkkykyk
KkkPKk
kPKkKkkPkPkP

KkkPKk
KkkPkK

kkKkk

T

T

T

ε
ϕϕ

ϕϕ
λ

ϕϕλ
ϕ
εθθ

        (3) 

where k is current time, K is step length,  is estimated value of model coefficients, K(k) 
is gain matrix,  is difference between observed and simulated output, P(k) is error 
covariance matrix;  is input vector,  is forecasting value before 
check, and  is observed value 

θ̂
)(1 kε

)(ˆ 2 Kk −ϕ )/(ˆ1 Kkky −

)(ky
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2.1.2 Estimation of output 
)(ˆ)(ˆ)/(ˆ 21 kkkKky Tϕθ=+                           (4) 

where  is estimated model coefficient, and )(ˆ kθ )(ˆ 2 kϕ  is input vector  

2.2 Back Propagation (BP) Neural Network 
Neural network is a promising new generation of information processing system that 
demonstrate the ability to learn, recall, and generalize from training patterns or data. 

The BP learning process works in small iterative steps: one of the example cases is 
applied to the network, and the network produces some output based on the current state of 
it's synaptic weights (initially, the output will be random). This output is compared to the 
known-good output, and a mean-squared error signal is calculated. The error value is then 
propagated backwards through the network, and small changes are made to the weights in 
each layer. The weight changes are calculated to reduce the error signal for the case in 
question. The whole process is repeated for each of the example cases, then back to the first 
case again, and so on. The cycle is repeated until the overall error value drops below some 
pre-determined threshold, see Fig. 2. 

In this paper, recursive least square algorithm is adopted. The mean-squared error signal 
defined as follows: 

 Hidden layer 

Input Output 

Fig. 2  A Generalized Network 
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where k is the number of the training sample; λ is the weighted oblivious factor; 
represents the number of the output  layer;  is the error value of the 

lN l ( )L
jε ( )t j  neuron 

at  layer;  represents known-good output; L ( )jo t ( )f •  represents activation function; 
and  is the input of the t case of the  neuron at l  layer, calculated as follow:   )()( tl
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The error value is propagated backwards through the network comply with the following 
equations: 
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where  represents the number of layer;  represents j weight link with  neuron 
of the t case at  layer; and  is the output of the t case of the  neuron at l  layer, 
calculated as follow:   

l )()( tl
ijω i

l )()( tx l
i

i

))(()( )()( tyftx l
i

l
i =                                 (8) 

 
3. CASE STUDY 

The upstream mean daily discharge , tidal stage at Ganpu station TQ GZ  and the passed 
tidal stage at the forecasted station FZ  as input of the forecasting models, and the coming 
tidal stage of the forecasted station as output, this paper develops self-tuning forecastor and 
neural network model. It should be noted that it is appropriate to use corresponding 
discharge of the forecasted stage instead of mean daily discharge, but the data are 
unavailable. Discharge from branches is neglected in this case due to the short of data. Here 
is the form of the forecasting models: 

    Z ))(),(),(),(),(()( KtZKtZtZKtQtQft FGGTTF −−−=             (9) 

where ( )f •  is forecasting function, K is forecast period. In this case, the forecast period is 
12 hours.  

The study choses one or more data sets every year from 1980 to 2000 to test the 
forecasting models. 

3.1 Self-tuning Forecastor 
For self-tuning forecastor, the forecasting function ( )f • is explicit. In this section, the 
following function is adopted. 

)()()()()()( 2121 KtZctZcKtQbtQbKtZatZ GiGiTiTiiii −++−++−=  
          )2/(ˆ KtKtzd i −−+                            (10) 

where  is from 1 to 5, represents the different forecasted station; , b , , c , , d  
are model coefficients; and  is the simulated water stage of the last step. 
Other variables are the same meaning as in equation (9).  

i ia 1i 2ib 1i 2ic
)2/(ˆ KtKtzi −−

Study shows that predicted high water is higher than the observed value. The reason may 
be that the relation between the discharge and water level is a nonlinear one, but such 
model can only develop linear input-output relation. In order to improve the forecasting 
accuracy, transformation was done before using the discharge. Based on analysis, the 
relation between discharge and water stage along Qiantang River could be: 

                   ZQ=a×ln(Q )+b                                (11) T

a, b is coefficients 
Prediction accuracy improved significantly after replacing  with ZTQ Q as the input in 

equation (10), especially for the high water stage, see Fig. 3. 
Table 1 lists out the average forecast result of all data sets. The result shows that the 

prediction accuracy is different along with the different stations. Prediction accuracy of 
river-stage is higher at downstream stations mainly controlled by tide than upstream 
stations mainly controlled by flow. One of the possible reasons is that the stage-discharge 
relation is more complex than the stage-stage relation; another reason is because that the 
downstream input Ganpu water-stage is more accurate than the upstream input, mean daily 
discharge.  
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3.2 Recursive Neural Network    
With the same input and output variables as the self-tuning forecastor, recursive neural 
network model is established. The network has the 5-5-1 structure with 5 neurons at the 
input layer, 5 neurons at the middle layer and 1 neuron at the output layer. 

Tests show that linear activation function is better than nonlinear activation function in 
predicting peak water stage. Forecast result listed in Table 2. 

Table 1  Prediction accuracy of different stations (self-tuning forecastor) 

Target Rate (%) Stations Average absolute
Error(m) 

Error Average 
Variance(m) 

Deterministic 
Coefficient <20cm <30cm 

Wenjiayan 0.15～0.21 0.14～0.20 0.93 71.8～60.4 87.3～77.8 
Zhakou 0.19～0.18 0.18～0.17 0.87～0.94 63.5～64.9 78.4～83.4 
Qibao 0.14 0.15～0.13 0.97～0.96 78.2～68.6 87.0～88.1 

Cangqian 0.12～0.11 0.12～0.11 0.96～0.97 82.7～80.5 91.6～96.7 
Yanguan 0.10～0.09 0.11～0.09 0.96～0.98 86.8～94.8 95.0～97.4 

Table 2  Prediction accuracy of different stations (neural network) 

Target Rate (%) Stations Average Absolute 
Error(m) 

Error Average 
Variance(m) 

Deterministic 
Coefficient <20cm <30cm 

Wenjiayan 0.16～0.19 0.18 0.94 73.5～64.2 86.9～80.9 
Zhakou 0.14～0.17 0.15～0.16 0.94～0.95 76.8～69.6 88.6～83.4 
Qibao 0.13 0.13～0.12 0.95～0.96 79.2～71.1 90.8～85.7 

Cangqian 0.10 0.10～0.11 0.97 87.7～88.6 95.5～92.7 
Yanguan 0.08～0.09 0.08～0.09 0.98 93.1～92.1 97.8～96.7 

 
With the same reasons, prediction accuracy of river-stage is higher at downstream 

stations than upstream stations and is little higher than that of self-tuning forecastor. 

3.3 Result Analysis 
As mentioned above, the prediction accuracy is different along with the different stations 
because the main influencing factors of the different stations is different. For example, 
water stage of Wenjiayan and Zhakou is mainly affected by runoff flow; those of Yanguan 
and Cangqian is mainly affected by tide. Additionally, for a certain station, the forecast 
accuracy is different along with the different causes of high water-level formation, as 
showed in table 3.  
 

Table 3  Prediction accuracy of high water stage of Zhakou Station in 90 era (unit: m) 

Flood 
number 

Observed 
value 

Simulated value 
(modelⅠ) 

Error 
Ⅰ 

Neural 
Network

Error 
Ⅱ Cause of formation 

1# 7.63 7.84 0.21 7.77 0.14 Small flood 
2# 7.76 7.71 -0.05 7.79 0.03 Astronomic tide 
3# 8.34 8.34 0.00 8.2 -0.14 Tide & flood 
4# 8.1 8.08 -0.02 8.03 -0.07 Small flood 
5# 8.33 8.27 -0.06 7.95 -0.38 Tide & flood 
6# 8.74 8.86 0.12 8.77 0.03 Tide & flood 
7# 8.97 9.8 0.83 9.21 0.24 Tide & flood 
8# 9.26 9.16 -0.10 9.1 -0.16 Typhoon 
9# 8.54 8.65 0.11 8.83 0.29 Middle flood 
10# 8.51 8.77 0.26 8.78 0.27 Astronomic tide 
11# 8.45 8.39 -0.06 8.43 -0.02 Cataclysm 
12# 9.07 9.47 0.40 9.04 -0.03 Astronomic tide 
13# 9.66 10.1 0.44 9.31 -0.35 Cataclysm 
14# 9.94 9.45 -0.5 9.29 -0.65 Typhoon 
15# 9.35 9.39 0.04 9.36 0.01 Tide & flood 
16# 8.72 8.66 -0.06 8.57 -0.15 Tide & flood 
17# 8.52 8.65 0.13 8.56 0.04 Tide & flood 
18# 8.5 8.68 0.18 9.04 0.54 Cataclysm 
19# 8.23 7.98 -0.25 7.96 -0.27 Small flood 
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From the table, the two forecasting models produce comparative prediction accuracy of 
high water stage. The prediction accuracy of high water stage caused by serious typhoon 
and cataclysm is lower than that caused by other factors. Because typhoon and cataclysm 
are infrequent events seldom occurred, therefore, the example cases of them AREnot 
enough for models to be trained.  

 
4. CONCLUSIONS 

Based on system theory, this paper develops self-tuning forecastor and recursive neural 
network model, taking the upstream flow and the downstream tide as the input, and river 
stage of five forecasted stations as the output. Study shows that prediction accuracy of 
self-tuning forecastor is improved while the upstream flow is transformed according to the 
stage-discharge relation; and to neural network model, linear activation function is better 
than nonlinear activation function in predicting the peak river stage.  

Prediction accuracy is different along with the different stations and the different causes 
of high water-level formation. The two prediction models yield higher degree of river-stage 
prediction accuracy at downstream stations mainly controlled by tide than upstream stations 
mainly controlled by flow. The prediction accuracy of high river-stage caused by typhoon 
and cataclysm is lower than that caused by flood or by astronomic tide. 

In addition, the recursive neural network model is a little more effective than self-tuning 
forecastor in water-stage process forecasting. But for high water stage, the two models yield 
comparative results. 
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Abstract: Long-term integrated river basin planning is the key factor to achieve sustainable 
development of social-economic, environment and ecology of a river basin. As an alternative to 
traditional predictive approach to modeling the river basin development, the decision system 
proposed in this study does not rely exclusively on prediction, but simulates desired futures in order 
to evaluate various paths of region development. The decision support system (DSS) encourages 
thinking about sustainability by actually placing a user in the position of making decisions that 
impinge upon river basin development, and displaying the consequences of these decisions in an 
easy to understand way. In user input interface level, the user’s perspective related to behavioural 
change, advancement technological, and ecological resilience is determined. The sub-models in 
second level include urban growth submodel, macroeconomy submodel, government submodel, 
energy submodel, cost of living submodel, agriculture submodel, land use submodel, fisheries 
submodel, and water submodel. In the third level, the figures and tables can be displayed to show 
the users the consequences of their choices. Therefore, the decision system allows users to construct 
and evaluate future development strategy of socio-economic, environmental and ecological, and to 
explore the feasibility and implications of these alternatives. In this study, the developed modeling 
system will be applied for the regional development planning of the Xiangjiang River basin, which 
is the largest river basin in Hunan province, China. 

 

Keywords: user choices, sustainable development, river basin, decision system 

1. INTRODUCTION 

Many approaches and efforts have been done to develop various decision support systems 
for watershed management. Datta (1995), Bishr and Radwan (1995), Bishr et al (1996), 
and Osmond et al (1997) developed decision system for specific watershed to deal with 
water quality management. RTI’s River Management Decision Support System 
(RIMDESS) (Bondelid et al, 1997) was developed for water quality management in 
Central and Eastern Europe, Central Asia, and, the United States. RIMDESS integrates 
databases on instream water quality, discharges, pollutant loads, regulatory standards, 
hydrological structure, and an array of programs for analyzing these data. Bellmann (2000) 
established an interactive decision support system for integration of ecological, 
hydrological, economical and social components of disturbed regions. Illinois River 
Decision System (ILRDSS) (2002) was developed to manage the river basin issues such 
as habitat restoration, floodplain management, erosion and sedimentation and water 
quality. Simulation and assessment models and information system are integrated within 
the decision system. Most of those decision systems are based on the predictive modeling 
and database. They are very useful for river basin short-term management. But for 



long-term planning to explore alternatives futures of the river basin and link user choices 
with consequences, most of those decision systems have several shortcomings (QUEST, 
1998). First, they often concentrate on predicting future state of the world base on the 
extrapolation of current trends. Decisions were made on the basis of the prediction result. 
They are unable to incorporate user choices in the decision procedure. Second, predictive 
models attempt to optimize around a particular “most probable” future, other contingent 
and variable nature of possible consequences is neglected, therefore, the complexity and 
variability of the system are underestimated (Ludwig et al., 1993). 

As an alternative to the traditional, backcasting method has been considered as an 
effective tools to stress the importance of choices in decision making (Robinson, 1988, 
1990, 1994). The method allows users to construct and evaluate development strategies of 
future socio-economic, environmental and ecological characteristics and to explore the 
feasibility and implications of these alternatives. The approach does not rely exclusively 
on prediction, but instead simulates desired futures in order to evaluate various 
possibilities. QUEST (Quite Useful Ecosystem Scenario Tool) is one of the successful 
applications of backcasting method. Currently, QUEST projects around the world include 
regions of the Lower Fraser of Canada, New Zealand, Mexico, Malaysia, England and 
Indonesia.  

The concerned region, Xiangjiang river basin, is one of the 7 greatest branches of 
Yangtze River. The total area of the river basin is 94,660km2. Agricultural area of the 
basin is the half of the provinces around. The issues of river basin management are very 
critical under the pressure of high population, serious water pollution, frequent flooding, 
and high requirement of economic development. Flood becomes more often and high 
damage to the asset of the river basin with unreasonable land use. Water quality of the 
river basin is getting worse with the social-economic development. The pollutant sources 
are point sources (i.e. industrial and domestic discharge) and area source (i.e. agricultural 
discharge). There are more and more land use competition between land conservation and 
social-economic development. All sectors are dependent on each other. The goals of 
economic development, resources utilization and environmental protection affect each 
other. While the sustainable development of Xiangjiang river basin directly decides the 
sustainability of Hunan Province. Unfortunately, there’s no well-designed decision system 
for decision makers to see the consequences when they make different choices, even 
though there are many researches on water pollution prevention (Wang, 1999), flood 
control (Guo, 2001) and water resource management (Chen & Pan, 1999) of river basin. 
The purpose of this study is to develop the decision support system to help the decision 
makers to find the sustainable way to solve the current issues challenging the development 
of Xiangjiang river basin. In this paper, the framework of user interactive decision system 
is initially designed with backcasting method based on the previous approaches. The user 
interactive interface, integrated submodel, and the overall structure are introduced in the 
next sections.  

2. DEVELOPMENT OF USER INTERACTIVE DECISION SYSTEM 

Fig. 1 illustrates the steps in a backcasting analysis. In this method, future goal and 
objectives must first be defined. Then the technological, socio-economic and biophysical 
characteristics of a path that would lead to the specified goals are determined to generate a 
strategy which is evaluated in terms of its feasibility and policy implications. A 
backcasting model would then examine whether the development strategy of the river 
basin is feasible. If well designed, the model should point out trade-offs, inconsistencies 
or unexpected impacts arising from the combination of objectives. 
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Policy adjustment

Goals 
adjustment

7 Determine implementation requirements

6 Conduct impact analysis 

5 Conduct scenario analysis

3 Describe present system 4 Specify exogenous variables2 Setting goals and targets 

1 Determine objectives

Fig. 1 Outline of generic backcasting method 

2.1 General structure of user interactive decision system 
Economic development, population growth, land use and water resource management are 
the key issues for concerned study area in future decades. In order to supply scientific 
information to decision makers and let the public understand alternative futures, the 
backcasting method is introduced to develop a user interactive decision system support 
(DSS) to approach the sustainable development of Xiangjiang river basin. Based on the 
principle of backcasting method, the general conceptual framework of the user interactive 
decision system is depicted in Fig. 2 for future 40 years.  

Level 1 
User choices (choose policies) for first decade

-- Water    
-- Ecological footprint 
-- Habitat 
--Air quality 

-- Economic   -- Land use 
-- Agriculture  -- Energy use 
-- Government 
-- Demographics

Environmental submodels Human activity submodels 

Level 3 View consequences for each decade 

Development strategy review at the end of the 40-year 

Politics Priorities World 
view

Economi
c activity

Population 
growth

Land use 
goals

Water management
goals 

Values and Beliefs Goals and Targets 

Level 2 

Fig. 2 Conceptual Framework of the user interactive decision system 

The interactive system includes three levels: (1) user input interface level; (2) 
sub-models level; and (3) consequences view level. In user input interface level, the user’s 
perspective related to behavioural change, advancement technological, and ecological 
resilience is selected determined by their (1) values and beliefs and (2) setting goals and 
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targets through the seven sections (see Fig. 2). The priorities regarding social, economic, 
and environmental health of the region are also selected by users. The user has the ability 
to make choices in areas such as urban development, economy, and resources at a very 
detailed level which will directly affect sub-models in the second level, which include 
macroeconomy, government, energy, agriculture, land use, and water submodels. These 
submodels are linked to each other to generate consequences in the third level with the 
users choices set in the first level. The submodels are developed using programming 
language of VC++ and operated through user interface. The DSS is modular in design and 
is represented as a set of linked submodels. The submodels are designed to run linearly 
with feedback occurring through the user. In the third level, the figures and tables can be 
displayed to show the consequences of their choices. Therefore, the DSS allows users to 
construct and evaluate alternative river basin plans or strategies, and to explore the 
feasibility and implications of these alternatives. 

2.2 User interface development 
Once the decision system is completed, all operations will be done through the interactive 
user interface. Through water management goals, land use goals, population growth, 
economic activity, world view priorities and politics input sections, users customize their 
40-year regional development strategy. Users select policies for one decade at a time in 
user choices screens. The choices represent a customized range of issues and options for 
the future available to decision makers in the region. Those choices affect sustainability 
within several areas, most broadly characterized as urban development, economy, and 
resources.  

In the user interface, ‘sliders’ or radio buttons are used to record the user’s decision on 
each issue. For each user choices, there is default setting for it. Submodels in the second 
level catch those records to adjust the value of parameters correspondingly. In this paper, 
some key input screens for user choices are illustrated to show how the user interface is 
designed. 
World View 

“World view” settings supply one of the primary ways to address the issue of system 
uncertainty. Three primary areas of uncertainty surrounding sustainability are: (1) 
ecological resilience (How fragile are regional ecosystems?); (2) technological innovation 
(How rapidly will technology evolve?); and (3) social adaptability (How willing will 
people be to change their behaviour?). 

Users are asked to input their assumptions on these areas of uncertainty on a scale from 
‘low’ to ‘high’ in term of the user’s perspective on the three areas above. For example, 
Social Adaptation slider indicates change in response to economic incentives, to 
additional learning, to regulatory efforts, or a variety of other causes. Five options are: 

Low--xx--<middle setting, unlabeled (default)>--xx--high 
Various users’ assumption on these three areas of uncertainty yields very different 

results even when the same development strategy choices are made elsewhere. The value 
of these sliders directly impacts the rate of change of the choices in the Choose Policies. 
Priorities 

In this input screen, users can customize how the decision system summarizes the 
results with selected choices at the end of each decade, and at the end of the whole 
planning years. Picking from a list of available indicators, users choose their top three 
priorities in the following three categories: (1) ecological indicators, such as water quality, 
air emissions; (2) economic indicators, such as GDP; and (3) social indicators. The 
indicators chosen in this screen have no effect on the model outputs, but rather affect the 
display of the consequences. 
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Goals and Targets 
 Population and Economy 

System shows users graphs of historical population growth and economic activity in 
the region and asks users to create ‘what if’ scenarios of future population and economic 
growth. Users can pick from a set of typical growth trends or from a wide range of 
population levels and economic activity levels for the end year (2040). 

 Land use goals and water management goals 
In this section, the choices made in this step reflect only the users’ general land use and 

water management preferences and do not impact the calculations of the submodels. 
Water management goals include flood-prevention standard, water quality requirement, 
and water supply capacity. Users specify the mix of land use types that they would like to 
see in the future of their region. The mix consists of the following land use types: 

(a) High density development; (b) Low density development; (c) Agricultural land; and 
(d) Undeveloped (natural) land. 
User Choices (Choose Policies) 

User choices input screens allow users to make decisions and select policies for one 
decade at a time. The choices represent a customized range of issues and options available 
to decision makers in the region. In this framework, issues to manage for the future of 
human activities in areas such as government, industry, water, land use, agriculture, and 
transportation are offered to users. In this paper, some key screens directly related to 
economic, agriculture, and water submodels which are key issues of regional development 
are illustrated here. 
 Government  (e.g. taxation, spending) 
 Industry   (e.g. industry structural change, pollutant emissions) 
 Water   (e.g. treatment options, water management) 
 Agriculture  (e.g. methods, intensity) 
 Land use   (e.g. development patterns, new land resources) 
 Housing   (e.g. density, energy efficiency) 
 Lifestyle   (e.g. diet, goods consumption) 

The policies chosen in the creation of the development strategy of river basin are 
recorded. These actual policy choices are compared to the overall goal that was defined in 
the politics section by the end of the customization. 
Urban Growth Screen 

There are four questions with answer options to ask users to select listed as follow? The 
users’ selection will directly affect economic submodel, land use submodel and 
agricultural submodel. 

(1) “Development pattern”—Where will homes and businesses be clustered?” 
(a) Locate at major urban cores; (b) Around numerous existing nodes; and (c) 
Continue existing development (default) 

(2) “New development land source”—What land will be preferred for new 
development? 

(a) Underused urban sites; (b) Agriculture or natural land; and (c) Both okay 
(default) 

(3) “Protection of natural land”—Will natural lands be protected or developed? 
(a) Don’t preserve any natural areas; (b) Preserve protected natural areas only 
(default); and (c) Discourage development on all natural land 

(4) “Flood-prone areas”—Develop in high risk areas? 
(a) Yes; and (b ) No (default) 

Industry Screen 
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Five questions in Industry screen allows user to select their preference which will 
directly affect economic submodel, water submodel, and air quality submodel. 

(1) “Industrial structure change”—Will the economy continue shifting from primary 
industries to services? 

No change (default)—xx—xx—xx—Significant change 
(2) “Industrial resource efficiency”—Will industries use less raw materials? 

Significantly less—xx—xx—xx—No less (default) 
(3) “Industrial energy efficiency”—Will industries reduce energy use and air pollution? 

Some reduction (default)—xx—xx—xx—Significant reduction 
(4) “Industrial production”—Will air pollution and water pollution from industrial 

production be reduced? 
Slight reduction (default)—xx—xx—xx—Significant reduction 

Agriculture Screen 
There are five sliders/choices to let users to select their preference which will directly 

affect economic submodel, agricultural submodel, land use submodel and water 
submodel. 

(1) Preservation of Agricultural Land 
(a) Don’t preserve Agricultural land; (b) Preserve Agricultural Land Reserve (ALR) 
but allow development on other agricultural land; and (c) Preserve ALR and 
discourage development on other agricultural land 

(2) Agricultural production market 
(a) Agricultural production only for more local (domestic) market; and (b) 
agricultural production for less local market (for export) 

(3) Diet behavior 
(a) Less Meat (preferences for vegetarian food type); and (b) More Meat 
(preferences for non-vegetarian food type) 

(4) Cropping Intensity 
(a) Less intensity (lower crop yields but less environmental impact); and (b) More 
intensity (higher crop yields but higher environmental impact) 

(2) Soil Conservation Practices 
(a) Conventional tilling; (b) Conservation tilling; and (c) No-Till Conservation 

Water Screen 
Currently, there are four sliders to allow users to select their preference which will 

directly affect the cost of water management and water supply-demand balance. 
“Water treatment efficiency”—Will the water treatment efficiency be increased? 

Slight increase (default)—xx—xx—xx—Significant increase 
“Flooding prevention”—Will the capacity of flooding prevention be increased? 

Slight increase (default)—xx—xx—xx—Significant increase 
“Efficiency of water utilization”—Will the water utilization efficiency be increased? 

Slight increase (default)—xx—xx—xx—Significant increase 
“Water price”—Will water price change? 

Current price—Slight increase—xx—xx—Significant increase 

2.3 Submodels structure and contents 
Due to the large amounts of interactions between and within the submodels, it is 
extremely difficult to represent the overall model structure detailedly and clearly. In this 
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paper, the overall model structure is introduced through basic model dependency structure 
and the description of the main submodels. One of the advantages of the user interactive 
decision system is that each submodel in the second level is developed independently. The 
input/output of submodels connected with each other. According to the requirement of 
decision making, submodel can be either very complexity or very simple. Submodel even 
can be replaced by a set of data as the output of itself. 
2.3.1 Submodels description 
There are two types of submodels in the decision system. One is the human activity 
submodel, the other is the environmental submodel (nature activity), as shown in Fig. 2. 
Demographics submodel 

The demographics submodel will have a significant impact on other submodels through 
determining the demographic structure of the scenario population based on the user’s 
population goal. Starting from 2000, it calculates population level based on 
age-bracket-specific birth rates, death rates, as well as the user choice of population target. 
Age-bracket-specific birth rates are projected into future based on the Hunan Province 
level population projection. Constant death rates are used for age bracket. The output of 
this submodel feed directly or indirectly into other submodels. 
Economic submodel 

The economy is a very important part of regional sustainable development. The 
standard economic Input-Output modeling is applied to calculate future economic 
activities based on the inputs such as population growth, total growth in GDP, changes in 
sectional economic activity, and domestic demand for products and services. The RAS 
procedure considers variable ratios of inputs in production over time, as well as user 
choices regarding input ratios, to adjust the technical production coefficient matrix across 
decades. The structural and technological change within the regional economy is 
incorporated through this procedure. The economic data come from regional statistical 
regent. A number of economic outputs are created that allow the user to explore the 
consequences of their choices. The conceptual flowchart of economic submodel is shown 
in Fig. 3. 

Input-output tables
for year 2000 

User choices and output of other 
submodels affecting final demand

Economic growth goals 
from input screen 

Population growth goals 
from input screen 

Other information RAS procedure 

Output of economic submodel 
Economic model

Input-output modeling 

Calculate and adjust the technique 
production coefficient matrix 

Fig. 3  Conceptual flowchart of economic submodel 

Land Use submodel 
In this paper, four land use categories are used in the decision system. They are natural 

land, agricultural land, urban land, and industrial land. The land use submodel first 
determines the distribution of population and land area by land use category based on the 
output of economy and demographics submodels. Then it displays these values in a 
geographical representation by spatially allocating the total land use distribution through 
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out the river basin. In order to reallocating the land use distribution, the cells that are most 
likely to change in land use category according to thee users’ inputs and policy choices 
based on a cellular automata technique are ranked. The maps redrawn in land use 
submodel will be used in water submodel to simulate rainfall-runoff for each decade. The 
flowchart of land use submodel is shown in Fig. 4. 

 

 

Basic land use 
information in 2000 

User choices from 
land user policy 

Economic output Demographic output

Land Use 
submodel 

Spatial reallocation procedure 

Natural land area calculationAgricultural area calculation 

Calculate new development needed

Urban area calculation Industrial area calculation

Fig. 4 The conceptual flowchart of Land Use submodel 

Agricultural submodel 
Agricultural submodel shows the effects of both land use development and the changes 

in agricultural intensity on agricultural production in the river basin. The two main inputs 
into the submodel are the user’s agricultural intensity slider setting from the agriculture 
input screen and the amount of past and present agricultural land from the land use 
submodel (see Fig. 5). In the agricultural input screen, two choices delegate two different 
development policies. Increasing agricultural intensity assumes the use of more 
technology and high energy production methods such as more chemically dependent 
farming techniques to increase agricultural output per unit area, but bring more serious 
environmental issues. Decreasing intensity has the opposite effect. The output of 
agricultural submodel is used in water submodel to calculate water demand and water 
quality and in energy use submodel to calculate energy consumption. 
 
 
 
 
 
 
 
 
 

Agricultural output at the end of each decade 

Agricultural intensity 2000 agricultural output

Water submodel Energy Use submodel 

Out put calculator

Change in agriculture land area since 2000 

Fig. 5 Flowchart of agricultural output submodel 
 
Water Management submodel 

Water management submodel consists of water quality calculation, flood peak flow 
calculation and water demand calculation. The water quality calculation shows the effects 
of strategy activities on the stream water quality in the Xiangjiang river basin based on 
population density data and area of each land use category from the Land Use submodels. 
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The water quality of the river basin depends on the amount of local rainfall and the extent 
of activities that contribute to stream water pollution: agricultural runoff, road and 
developed area runoff, and population density. Each land use category is characterized by 
certain properties and the area spatially contained in the watersheds. The water quality of 
a watershed is then calculated by multiplying the size of each land use category by its 
surface permeability and summing over all land use categories.  

Water submodel also has the function to show the extreme flood peak flow with the 
effects of strategy activities such as land use activity through distributed/lumped 
hydrological model. Then user can see that whether the customized flood prevention 
capacity is satisfied or not. Distributed/lumped hydrological model is integrated within 
Water Management submodel. 

Water demand due to human living and economic activities is calculated to show the 
water resources consumption under the customized way. The water consumption 
coefficients for human living and economic activities are used to calculate water demand. 
Fig. 6 shows the flowchart of water management submodel. 
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Fig. 6 The flowchart of water management submodel 

2.3.2 Basic dependency structure of submodels 
Fig. 7 shows how submodels are interconnected in the overall model structure within a 
hierarchical relationship. This dependency structure is intuitive to a discussion of 
sustainability since the human effects a region’s environment are largely determined by 
the number of people and the level of economic activity. The outputs from demographics 
submodel are used by almost all of other submodels directly and indirectly. With the 
revenue and spending results from government submodel, economic submodel calculates 
future economic activities with part results from micro-economic sectors’ activities. Land 
use submodel gives out land use category information with the output of economic 
submodel to some micro-economic activity submodels and environmental submodels. 
Transportation submodel calculates energy use and environmental emission for energy 
submodel and air quality submodel. The habitat submodel uses the land use information to 
determine the amount of land for natural habitat in the river basin that is not appropriated 
for human use. The water management submodel operates based on the user choice inputs 
and land use category.  

2.4 Consequences and development strategy view 
The view consequences uses visual tools to report on environmental, social and economic 
conditions at the end of the decade. It provides access to details on any indicators of 
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environmental, social, and economic conditions. Decision system uses graphs and GIS 
map to display river basin conditions as they unfold over the period of simulation. In 
development strategy view, users are provided a summary of their customized choice 
including a comparison of how close they came to the desired mix of policy types and 
development goals. Any strategy can be saved and compared to other strategies so that 
users can evaluated the relative success of any strategy in satisfying their personal goals 
and in satisfying the overall goal of sustainability. 
 

Agricultural submodel Energy submodelTransportation submodel 

Habitat 
submodel 

Water management 
submodel 

Air Quality 
submodel 

Ecological Footprint 
submodel 

 

Land Use submodel Economic submodelGovernment submodel  

Demographics submodel  
 
 
 
 
 
 
 
 
 
 

Fig. 7 The dependency structure of second level submodels in decision system 

3 CONCLUDING REMARKS 

In this study, a framework for user interactive decision system is proposed for supporting 
decisions of Xiangjiang river basin management. The backcasting method is used to 
generate customized sustainable strategy for the river basin development. The decision 
system is modular in design and presented as user interactive interface integrated with 
some submodels which describe the key issues of concerned river basin. The contents of 
user interactive interface are initially designed to catch users willing and preference and 
transfer to the second level of decision system. The main submodels’ structures and 
functions are developed to represent the social-economic activities and environmental 
receiver. The overall model structure is deliberately designed to allow openness, through 
which the user intuition and creativity can be integrated into the system. One of the 
advantages of openness is that various submodels are easily integrated and designed 
independently and function interactively. With the developed decision system, desired 
future of river basin is simulated to evaluate various alternatives and show how desirable 
futures can be attained. Future efforts will focus on system implementation and 
application to the case study area. Detailed work includes basic data collection for 
Xiangjiang river basin, undertaking workshop with experts to determine the possible 
future trends or changes of some parameters of submodels to incorporate uncertainties, 
realizing user interactive interface, transfer submodels into programming language and 
training users to play the decision system. 
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Abstract: Based on our previous work on water quality management using an object-oriented 
software system (SMILE), this paper presents the design of real-time online hydrological 
information and modelling system using object-oriented approach and relational database. Key 
technical issues of the implementation of O-O modelling system on a relational database have been 
investigated. A prototype system has been built for river flows in the Upper Mersey river catchment. 
The potential of its application in flood defence has been explored. 

 

Keywords: hydrological-information system, modelling, object-oriented method, relational 
database, Upper Mersey catchment 

1. INTRODUCTION 

In general hydrological information is important for everyday life. Flooding is a typical 
example, which often causes loss of life, severe property damage, and financial hardship. 
In some southern Asian countries, flood control is a battle for millions of people year after 
year. Some flood control measures have adverse impacts, sometimes very severe. More 
accurate warning is important and prompt correct decision making by relevant authorities 
is vital for life saving and damage reduction. However, very precious time is lost in the 
process of collecting hydrological information and analysing its consequences. Although 
some plans could be made in advance, the circumstances are so complicated that no plan 
can handle all cases. Therefore, a real-time online information gathering and analysing 
system becomes an urgent matter. Furthermore, such an information and modelling 
system (Figure 1) will enable engineers, environmental agencies, insurance companies to 
access hydrological information via a PC for various purposes like flood defence, 
engineering design and premium calculation.  

Today’s information technology (IT) is revolutionizing many traditional fields. Flood 
defence and water resources are benefited particularly due to the large amount of data 
involved and thus the dream of effective data exchange can come true. 
Telecommunication enables data to be immediately transferable. The links between the 
gathered data and computer software input can be implemented at different levels from 
keyboard typing to sophisticated databases. Normally most environmental model 
developers tend to implement such a link in their own ways. This practice makes data 
exchange between models difficult. Also security measures are normally casual and data 
backup may not be a standard practice. Driven by the need of the financial and 
commercial world, relational databases have become sophisticated tools and their 
functions are updated every year. Security control and data backup are the major features 



of such databases. Effective data retrieval always has a high priority. For example, 
database software maker Oracle has become one of top software companies in the world. 
Such a database can readily be used for a hydrological information system. For example, a 
relational database (Informix) has been used in the National Weather Service/NOAA in 
the USA.  

In the past decade, the Object-Oriented (O-O) programming technology has been 
widely used. Its importance to software is analogous to that of IC (integrated circuit) to 
hardware. A combination of the object-oriented method and a relational database thus 
become an important issue in software development. In recent years, efforts have been 
made to implement the object-oriented approach into Oracle and other relational databases. 
For example, an O-O object is introduced since Oracle 8i, but the way of implementation 
is still quite complicated.   

In the area of water resources, recently, some attempts have been made to use the O-O 
approach. For instance, a river catchment water quality simulation software system 
(SMILE) has been developed adopting the O-O method by the author’s research team. 
SMILE provides tools for low-flow studies, the simulation of river flows, the 
identification of water-quality models, the assessment of river water quality, and the 
control of point-source pollution. The software design and the included tools have been 
described in detail elsewhere (Spanou and Chen, 2000; 2001a and 2001b).  The benefits 
of using the O-O approach have been demonstrated.  

In the present work, the design of real-time online hydrological information and 
modelling system using O-O approach and relational database is presented. Its potential 
application in flood defence is demonstrated in a prototype system, which is based on 
Mersey River catchment in North West England.  

2. SYSTEM DESIGN 

2.1 The need for better hydrological information handling 
First of all, as an example, the current practice in handling hydrological and 
environmental information is reviewed for the region of the North West of England, 
which has a glory past of being the base of the industrial revolution and is now developing 
into a new economic power in northern England. The Upper Mersey catchment covers 
695 km2 and includes the Etherow, Goyt, Tame, and Mersey subcatchments (Figure 2).  
The corresponding river system is regulated at its headwaters by 8 impounding reservoirs 
with total compensation flow 85 Ml/day.  It is subject to many municipal and industrial 
abstractions with a total annual licensed volume 145,490 Ml.  It also accepts the 
continuous discharges of 19 sewage treatment works (STW) and 12 trade effluents, and 
the intermittent discharges from the combined sewer overflows and the sewerage network.  
Flood plains have been designed in various areas. Its integrated management is of interest 
to numerous bodies in the UK (National Rivers Authority North West Region, 1996.  

The two typical restrictions for a sustainable development, mainly water resources and 
environmental pollution, are particularly important to the region because the Mersey River 
catchment has been heavily polluted from Manchester surrounding areas down to 
Liverpool Bay. And there are a large number of contaminated lands from past industrial 
development. In the past decade, a tremendous amount of resources have been spent to 
upgrading the water and sewage systems in the region to meet the higher standards set in 
relevant EC directives. Large amounts of information are generated from field 
observations, operation of wastewater treatment works, groundwater samples around 
polluted lands and dumping sites, water use and discharge permissions issued. The 
Environmental Agency, MAFF and water companies handle their information separately. 
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Information exchange between different agencies, even in different divisions in the same 
agency is still a slow process. While the author’s term was developing their SMILE 
software system in past a few years, it normally took two to three months to get a respond 
for their data requests. Information availabilities are vital for an efficient management of 
water resources and environmental pollution, especially flood defence. It is an urgent need 
to improve such a situation using the latest information technology.  Furthermore, 
balanced considerations are needs for water consumption, river water quality, flood 
defence, coastal defence, and coastal water quality and fishery industry.  A systematic 
view is also important for a better use of resources. For these purposes, the possible 
application of the latest information technology should be seriously considered. 

2.2 The complexity of a hydrological data 
Hydrological data such as rainfall, stream flow, net radiation and snow are distributed 
both temporally and spatially. Various ways have been used to transfer the data from its 
original sites to the central databases.  For instance, in the Western NOAA Centre, radio, 
satellite and wire communication are used to collect rainfall and snow data. Even 
telephone reports from local farmers are also being taken. Apart from real physical data, 
modelling output also ought to be stored and archived for calibration purposes. For 
instance, this is part of normal operations in the National Weather Service of NOAA in 
the USA. Satellite images as another important data source need to be handled. Proper 
management and manipulation of such huge amount of data is not a trivial task. 

2.3 The structure of the prototype system 
Therefore, based on the current inefficient information handling practices in a large 
number of organizations and the available advanced information technology, an Integrated 
Environmental Information and Modelling System (IEIMS) has emerged to be the tool for 
strategic planning and management of water resources and environmental pollution for a 
sustainable development of the region. Environmental information consists of 
hydrological data, river water quality data, and spatial-distributed information for land use, 
point and non-point pollutant sources. Basically, the IEIMS consists of two subsystems: 
the one for water quality is the “Real-Time Online Hydrological Information and 
Modelling system” which is presented here and the other is for water quality and 
ecosystem. In the new system, the use of best available information technology is the 
combination of the Object-Oriented approach and a modern relational database. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Diagram of the information system            Fig. 2  The Upper Mersey river catchment 
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The key feature of the system is to introduce a modern relational database to handle the 
large amount of information mentioned above and the basic frames of modelling the water 
quantity and quality modelling software use O-O approach in the SMILE software system 
will be retained. 
Object-Oriented approach 
Object-Orientation is one of the most important developments in software engineering 
(like IC to hardware). It is also a new philosophy of programming and is implemented 
with SmallTalk, C++ and Java programming languages. The benefit of O-O languages has 
been demonstrated in SMILE that the same structure remains but with added ability to 
organise and structure in a different way. Many of the concepts are taken for granted in 
everyday life where they occur on a continual basis. A full set of concepts is developed 
for the O-O method such as class, instance, polymorphism, inheritance and abstraction 
(Graham, 1994).  

In our previous work on river water quality modelling SMILE (Spanou and Chen, 2000 
and 2001), O-O analysis have been conducted first and four subsystems are built-up as 
Watershed, River-flow Simulation, River-Water Quality Simulation and River-Water 
Quality Control. In each subsystem, a number of objects are defined. For example, there 
are four objects (Community, Wastewater Treatment Plant, Industry and River System) in 
the Watershed subsystem. Following up above analysis, O-O design will be undertaken 
and the subsystems described above are grouped in the Problem-Domain-Component 
(PDC). They also communicate with the River-Network-View and Result-Report 
subsystems of the Human Interaction Component (HIC) and the Watershed-Data- 
Management subsystem of the Data-Management-Component (DMC). The separation of 
concerns and organisation of classes in cohesive, loosely coupled components facilitate 
their changes and increase the like hood of their reuse. In the present system, the O-O 
approach is implemented with Java language that has been used due to its powerful 
features in applications interacting with WWW.  
Relational Database 
A database is a collection of stored operational data used by the application systems of 
some particular enterprise. The relational model defined in Codd (1970 and 1990) formed 
a theoretical basis for database language. The model consists of a small number of simple 
concepts for recording data in a database, together with a number of operators to 
manipulate the information. Since then relational database languages have been developed 
in the past few decades and large amount of data can be handled easily. There are a 
number of relational database languages available such as Oracle, DB2, Sybase, Quadbase, 
Ingres and Informix. Oracle has become the number one software supplier perhaps due to 
its close tie with the top E-commercial software developer SAP. Informix has been used 
in US NOAA information system. In general, modern databases have the advantage of 
high speed access and retrieval of data, well defined levels of security control, good data 
backup and recovery, easy connection to WWW, training programs are in place so that 
DBAs are available. In the present prototype system, ORACLE database has been tested 
due to its excellent security measures and data backup functions.  The features of 
different versions of the ORACLE database system are: 

• Version 7.3 – Reliable and with advanced security and backup 
• Version 8 – Parallel processing and objects 
• Version 8i – Introduced Java language and object concept 
• Version 9i – Unbreakable feature and data warehouse 
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Mid-Tier tools 
The choice of the O-O approach is obvious in next generation software system. But the 
reason to use modern relational databases is because they are readily available with 
excellent performance. A fundamental problem is that the structure of a relational 
database is different from the O-O approach. Although some efforts have been made to 
implement O-O in relational database such as Oracle 8i, it can only be partially successful. 
The abstract data type can be implemented but some features like encapsulation cannot be 
realized. Ideally, an O-O database can be used but such databases are still in the early 
stages of development and it needs time to be developed into an excellent reliable system, 
which is also currently being developed by the author. Inevitably, some mid-tire tools are 
needed to map the objects in the relational database. VBSF has been identified for the 
present system. 

3. KEY TECHNICAL ISSUES IN THE IMPLICATION 

There are four major components in the designed system: hydrological models, Java, web 
access and the relational database. Because the tremendous flexibilities in software 
development, all possible options need to be carefully considered. 

3.1 Java in relational database and dynamical linkage with WWW  
In some relational databases such as Oracle 8i and 9i, the Java Virtual Machine has been 
built into the database. In Oracle 8i, JAVA language has been included as a working 
language and running JAVA code is compatible. A JDBC driver and a SQLJ translator are 
also included so that Java applications can be created within the database to access Oracle 
data. However, the Java AWT cannot be used within the database. There are three ways 
available to develop Oracle applications with Java: Java stored procedure, Enterprise 
JavaBeans (EJB) and Common Object Request Broker Architecture (CORBA).   

New features of Oracle Net 8 allow direct access by WWW and interaction with 
programs written in other languages such as Fortran, JAVA and C++.  Some low level 
function can be written in PL/SQL to manipulate the data more efficiently. A Web-DB 
tool can be used to make the database dynamically linked with the simulation system 
using O-O method. More powerful package such as OAS (Oracle Application Server) can 
be used to connect Oracle application with WWW. 

With the consideration of future possible interactions with GIS and other tools, the 
modelling system is written in Java in a more or less independent way. It is a stand-alone 
software package with access to the relational database through VBSF, JCORBA and 
JDBC. In such a way, flexibilities are provided in choosing different database vendors. Of 
course, the possibility of integrating the codes more tight with the database is still possible 
in the future. Dynamic linkage with WWW is implemented with Java and its AWT. Again 
this is to make sure the system is platform independent.  

3.2 Logical structure of data 
A logical structure design is an important step. The relationship between different data 
sets needs to be fully understood. Then primary key and foreign key constraints are 
defined for different data columns to ensure the database integrity. Cluster structures can 
also be possibly used.  Parallel Query Option (PQO) is used to speed-up data access and 
processing. 

3.3 The implementation of the prototype system 
The prototype system was built on a PC server and access to the server from a local 
network has been tested. All of the powerful functions of modern relational databases 
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have been demonstrated. The integration of various parts of the software has been tested 
to be successful. But before the system to be used in a real circumstance of flood defence, 
more software engineering work is undertaken to debug the whole system.  

4. MAJOR BENEFICIAL OF THE SYSTEM 

4.1 Reliability and scalability  
It has been proved in our previous SMILE system that software systems developed with 
Object-Oriented approaches are very reliable. Flood defence is very important because it 
can be life threatening. Therefore, the reliability of the modelling system is very important. 
The modern relational databases such as Oracle, DB2 and Informix have been developed 
over a long time period and been tested at tremendous mount of applications in many 
fields. Its reliability has been proved to be excellent. The scalability is that a software 
system can be used to applications of different scales from a small catchment of tens km2 
to large catchments of Yangze and Mississippi. It is a common feature of the object 
oriented approaches and modern relational database that their scalability are excellent.  

4.2 Excellent security control 
Because the modern relational databases such as Oracle, DB2 and Informix are designed 
to handle financial data for banks, security control is very important and the best available 
techniques have been used to assure it. Basically, data stored in the databases can be 
classified into different security levels. The right of access to the database can be granted 
to users with several different levels. In flood defence, for example, general water level 
information can be made available to the public but the simulated possible damage caused 
by flood defence measures can only be accessed by proper level of authorities. If the later 
information was released to the public, it may negatively affect the process of 
implementing such flood defence measures such as releasing floods to designed flood 
plain. 

4.3 Web access 
Because WWW has become the most popular and convenient way of communication, 
Web access can greatly reduce the cost of maintain specific communication channels for 
flood defence purpose. It is not only to allow various users to access hydrological 
information but also to provide ways for local hydrological professionals to input 
real-time data into the central database via normal telephone lines. 

5. CONCLUSIONS 

Real-time online hydrological information and modelling system has been designed to use 
the object-oriented approaches and a modern relational database. A prototype system has 
been built up to investigate various technical issues and to test its capabilities. The 
potential of this system to flood defence has been explored. 
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Abstract: A multiobjective optimization analysis is designed to search for an integrative 
management strategy in the Guadalupe River Basin system in Central Texas. The optimal release 
policy from a one-reservoir system is proved helpful for decision makers to fully grasp the key 
points of the sea land interaction mechanisms between river infrastructure, morphdynamics, 
environmental quality, and ecosystem functioning. The strategy gained here would enable us to not 
only maximize the biological productivity of the bay and income from hydroelectric generation but 
also maintain river populations of trout in the downstream area at the same time. 

 

Keywords: water resources systems analysis, multiobjective evaluation, ecosystem management, 
reservoir operation  

1. INTRODUCTION 

Nearly two-thirds of the world’s population and between 60 and 70% of cities with 
populations greater than 1.6 million are found near the coast (Huntley et. al, 2001). 
Coastal zones are the primary interface for the exchange of natural and man-made 
materials between sea and land (Huntley et al., 2001). Coastal regions are of enormous 
economic, environmental, and societal value to the U.S. The Gulf of Mexico coastline 
extends from Florida to Texas and parts of Mexico. Texas alone has 2,360 miles of 
shoreline, 142 coastal counties, and two of the nation’s top five ports, Houston and 
Corpus Christi, handling 50% of the nation’s crude oil import (NDC, 2000). In terms of 
environmental study, coupled sea-land interaction models that simulate nutrient fluxes, 
sediment transport, and water flow are required especially for addressing the complexity 
arising from increased or decrease estuarine stream flow, algal blooms, food chain 
variations, and dramatic water quality changes. Nevertheless, holistic evaluation using 
optimization analysis as a means to search for an integrative management strategy based 
on the systems engineering paradigm is also of significance to fully grasp the key points 
of the sea land interaction mechanisms between river infrastructure, morphdynamics, 
environmental quality, and ecosystem functioning.  

Powell et al. (2002) pointed out the needs of fresh water inflow for 10 state’s bay and 
estuary areas along coastal bend in Texas. Guadalupe River Basin and San Antonio Bay 
have been recognized as one out of the ten typical environmental systems in this region.  
It involves a one-reservoir operation requirement on a monthly basis with respect to the 
goals of water supply, hydropower generation, and ecological conservation. Optimal 
release policy is anticipated for justifying the multifaceted needs when sustainability 
information is available. Previous studies for optimal control of a one-reservoir system 
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simply focused on hydroelectronic generation control using piecewise affine 
approximation (Drouin et al., 1996; Lamond and Lang, 1996), saline source control using 
dynamic programming (Nabdalal et al., 1995), and optimal release policy with respect to 
multiple purposes using dynamic fuzzy criteria model (Liu and Odanaka, 1999). None of 
them linked the outputs with ecological integrity. This paper is designed to address the 
conflicting objectives between ecological conservation, environmental protection, and 
economic development simultaneously. It could assist in decision makers to fully 
characterize the effective management strategy and to ensure informed decisions meeting 
the sustainability goals in the semi-arid area in Texas.   

2. CASE STUDY 

2.1 Background  
San Antonio Bay is located on the gulf coast of Texas between Galveston Bay and Corpus 
Christi Bay and is the primary bay in the Guadalupe Estuary. Three rivers feed San 
Antonio Bay from two river basins (Fig. 1), the Brazos and Guadalupe Rivers in the 
Guadalupe River Basin and the San Antonio River in the San Antonio River Basin. 
Reservoirs constructed on these rivers are utilized for hydroelectric generation, recreation, 
irrigation, flood control, and domestic use (Longley, 1994). As reservoirs store water, they 
reduce the flow of freshwater to estuaries. The inflow of freshwater is an essential factor 
influencing the biological productivity of estuarine systems (Longley, 1994). The effect of 
reduced freshwater inflows leads to increased salinity of estuarine waters and possible 
resultant loss of commercially important seafood harvests (Longley, 1994). 
 
 

 
Fig. 1  River Drainage to San Antonio Bay (GBRA, 2002) 

2.2 River infrastructure 
The Guadalupe-Brazos River Authority maintains two reservoirs and six lakes for 
hydroelectric generation, municipal, industrial, agricultural, and recreational use (TDWB, 
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1980). The Canyon Reservoir holds 386,000 acre-feet of water under normal conditions 
(called the conservation pool), up to 732,000 acre-feet during flood conditions, and diverts 
50,000 acre-feet/year to water users. When the conservation pool is at its maximum height, 
the water is 909 feet above mean sea level. When water rises above this level, water is 
released downstream. During the months of May through September, if the water level 
rises 909 ft above the mean sea level the reservoir must release water for the maintenance 
of river trout populations. Table 1 lists the release plan (GRTU, 2001). The remaining 
lakes and reservoir are maintained at constant level and hold 55,414 acre-feet. The 
hydroelectric plants use 5-18 acre-feet /month (60-218 acre-feet/year) to generate 25,000 
mega-watt hours/year and the release of water may support five water treatment plants in 
the region to withdraw 15,940 acre-feet /year for domestic use (GBRA, 2002).  The 
Medina Lake Reservoir -- largest reservoir in the San Antonio River Basin -- has a 
capacity of 253,843 acre-feet and is used for irrigation. 

Table 1  Canyon Reservoir releases for river trout. (GRTU, 2001) 

Month River Trout Water Releases  (acre-feet/month) 
May 9 
June 13 
July 12 

August 12 
September 12 

3. ECOSYSTEM REQUIREMENTS 

Salinity levels have an impact on the life cycle of estuarine species (Holliday, 1972) 
causing different responses to salinity depending on different stages in the life cycle. Most 
estuarine species living in the Gulf of Mexico spawn in the near Gulf waters where eggs 
and larvae tolerate greater salinity (>34 ppt), but the juveniles move into the bay where 
there is protection from predators and lower salinity (Longley, 1994). Table 2 lists various 
species and their tolerance to salinity during different stages in their life cycle. 

Table 2  Salinity requirements of species in the bay area (Longley, 1994) 

Species Eggs and Larvae (ppt) Juveniles (ppt) 
Callinectes sapidus (Blue Crab) 23 -30 6-21 
Crassostrea virginica (Oyster) 17-24 10-30* (15 optimal) 
Penaeus setiferus  (White Shrimp) 8-34 <10 
Penaeus aztecus (Brown Shrimp) 0-45 0-20 
Sciaenops ocellatus  (Red Drum) >25 4-10 or 20-32 
Brevoortia petronus (Gulf Menhaden) >30 0-12 
Cynoscion nebulosis (Spotted Seatrout) 24-30 28 (optimal) 15-20 

*Oysters are unique in that they are sessile, spending their entire life cycle within the estuary. They depend on 
salinity change to drive off predators. Most predators prefer higher salinities; therefore, freshwater inflows are 
necessary for oyster survival.   

4. OPTIMIZATION STUDY 

The multi-objective programming model was developed using the software package 
LINGO® as a solver (LINDO, 2002). Before performing the formulation of the 
multiobjective one-reservoir optimization model, two submodes are required to support 
this formulation. One is the salinity equation, and the other is the harvest equation. The 
former is designed to determine the impact of freshwater inflow to the salinity levels in 
Texas bays and estuaries, which can be characterized based upon the Texas Estuarine 
Blend Model (TxBLND) -- a hydrodynamic model developed by the Texas Water 
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Development Board (TWDB) (Longley, 1994). Harvest functions for several species that 
were developed specifically for San Antonio Bay by Longley, (1994), could address the 
interactions between salinity level and production of species in the bay area. With the aid 
of harvest function provided by TWDB, the multiobjective evaluation model formulated 
in this paper may relate freshwater inflow to salinity variation and fishery harvest while 
preserve the ecological integrity for the river trout and maximize the hydropower 
generation at the same time.  

4.1 Mathematical Formulation 
MAX     W1ΣQj + W2ΣHk + W3ΣIj 

s.t. 
1) Salinity equation  

Sj = aQj
b  ∀j 

2) Harvest equation: Three species, including blue crab, red drum and shrimp, were 
included. Note that a ,c, and d in the following equation are regression coefficients.  

HK = ecaln(Qj+Qj+1)d   ∀k 
3) Income equation: Income gained from hydropower generation 

Ij = 9200Ej    ∀j 
4) Weighting constraint: Three objectives, including maximization of hydropower 
generation, maximization of water released for downstream trout conservation, and 
maximization of harvest in the bay area.  

W1 +W2+W3 = 1 
0 ≤ W1, W2, W3 ≤ 1 

5) Flow constraint 
● mass balance constraint 

Qj = Nj + Ej   ∀j 
● trout conservation constraint 

Qj ≥ TLBj 
● salinity requirement constraint 

SLBj ≤ Sj ≤ SUBj ∀j 
● in-stream requirement constraint  

NLBj ≤ Nj ≤ NUBj ∀j 
● hydroelectric requirement constraint  

ELBj ≤ Ej ≤ EUBj ∀j 
where subscript j represents the month and subscript k stands for the specie considered. 
W1, W2, W3 are weighting factors that assign varying importance to the objective function 
variables. They create a continuum of objective function values, which allow for the 
determination of optimal conditions. The sum of these variables must equal one. Income 
generation (Ij) in 1000 US$ per month was formulated based on flow used for 
hydroelectric generation, megawatt hours produced (GBRA, 2002) and sale price of 
electricity per megawatt hour (PUC, 2000). Hj is harvest of species in month j 
(1000lb/year). Harvest equations relate inflow on a bi-monthly basis (Qj) in 1000 
acre-feet/month to harvest (Hk) in 1000 lb/year increments. Statistically significant 
regression equations (p<0.05) were developed for seven coastal species found in San 
Antonio Bay. Actual harvests were plotted against predicted harvests and the results 
indicated that the regression models were adequate predictors of past harvests in San 
Antonio Bay (Longley, 1994). But only three of them can be included in the constraint 
due to numerical limitation. Sj is salinity in month j (ppt). Total flow Qj is the sum of 
undiverted flow in the rivers Nj, plus flow released for hydroelectric generation Ej, plus in 
some cases flow released for river trout maintenance Tj in month j (acre-feet/month).  
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Income generation in month j (Ij) is derived by dividing the annual power generation 
(mega-watt hours) by the annual flow used for electrical generation (1000 acre-feet) to 
achieve a value of power to flow ratio (MWH/KAF). This is multiplied by the monthly 
flow rate for electrical generation (KAF/Month) to achieve mega-watt hours per month 
(MWH/Month) generated. The annual hydropower generation is 25,000 MWH and the 
annual release flowrate for hydropower generation is 218 KAF in the study area. This 
would come up with 115 MWH/KAF for use in the modeling analysis. Electricity is sold 
in Texas for $80 dollars/MWH (PUC, 2000). This sale price ($/MWH) multiplied by 
(MWH/Month) results in dollars per month (Ij) generated. Trout lower bounds (TLB) 
were developed for the Guadalupe River for sustainable recreational trout fishing (GRTU, 
2001). Salinity and natural lower and upper bounds per month include SLBj, SUBj, NLBj, 
and NUBj that were developed by TWDB (Longley, 1994). The lower and upper bounds 
of water release for hydropower generation per month include ELBj and EUBj.   

5. RESULTS AND DISCUSSIONS 

The results of various weightings with the associated total flow, harvest, and income and 
objective value are summarized in Table 3. Three categories of the optimal release policy 
can be classified in this table. They include cases 4, 6, and 9.  

Table 3  Multi-objective evaluation of decision alternatives 

Case no. W1 W2 W3 Total Flow 
(1000 ac-ft/month) 

Total Harvest
(1000 lbs) 

Total Income 
(1000USD) 

Objective Function 
Value 

1 0.0 0.0 1.0 743 1,215 1,987 1,987 
2 0.0 1.0 0.0 948 1,829 671 1,829 
3 1.0 0.0 0.0 1,878 1,366 671 1,678 
4 0.33 0.33 0.33 1,506 1,687 1,987 1,752 
5 0.0 0.1 0.9 1,034 1,687 1,987 1,957 
6 0.0 0.9 0.1 1,013 1,829 1,796 1,752 
7 0.1 0.9 0.0 1,485 1,829 671 1,795 
8 0.9 0.1 0.0 1,678 1,366 671 1,647 
9 0.8 0.1 0.1 1678 1,366 1,987 1,677 

10 0.1 0.1 0.8 1,506 1,687 1,987 1,909 
11 0.8 0.8 0.1 1,485 1,829 1,796 1,791 

Table 4  Optimal monthly flow released in each case. 

Month Case 4 Case 6 Case 9 
JAN 140 140 140 
FEB 140 64 140 
MAR 140 61 140 
APR 140 60 140 
MAY 140 140 140 
JUN 140 140 140 
JUL 140 65 140 
AUG 137 137 137 
SEPT 140 57 140 
OCT 140 61 140 
NOV 51 43 140 
DEC 57 44 140 

  Unit: 1000 ac-ft/month 
 
Case 4 equally weights the decision variables. The sharp drop in flow requirements during 
the months of Nov-Dec. coincides with the spawning of red drum and spotted trout. The 
eggs and larvae of both of these species survive better in higher salinities (>25 ppt) 
(Longley, 1994). It is postulated that the model takes this into account and reduces flow 
accordingly. Case 6 simulates an extreme case of low flow. The Nov.-Dec. period is 
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similar to case one presumably for the same reasons. The period of May-Jun. experiences 
an increase in flow. For Spotted Trout, this is the period when they are juveniles and 
tolerate a lower salinity (15 – 20 ppt) (Longley, 1994). The model may be increasing flow 
to lower salinity. Case 9 is the opposite extreme of high flow. It is interesting to note that 
the low flow scenario (Case 4) yields the highest harvest with little loss to hydroelectric 
income generation. Fig. 2 illustrates the trend of three cases selected and differences in 
between. 
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Fig. 2  Comparative analysis of the planning scenarios selected 

6. CONCLUDING REMARKS 
This multiobjective evaluation analysis was able to successfully incorporate various types 
of river flow constraint for trout in the downstream river and sea lives in the bay area 
while achieve the goals to maximize hydropower generation and fishery harvest.  With a 
set of weighing factors, the planning scenarios are organized to produce results for flow, 
income, and harvest over a wide range of varying conditions. One limiting factor is the 
inability to produce harvest results for more than three commercial species. Future work 
includes incorporating more complete monetary framework of benefit cost analysis 
between income from commercial species, water supply, recreation, and hydroelectric 
generation.  
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Abstract: A flood wave propagates from upstream to downstream sections of a river at varying 
average speeds along the reach. Past research has showed that, for a given reach, the wave speed 
depends largely on the magnitude of the discharge and as well as the nature of the event. The wave 
speed is an important parameter in flood forecasting models that use upstream flow measurements 
as a basis. In this article an approach based on information theory is modified and applied to 
investigate the dynamics of flood wave propagation and to calculate the wave speed. The approach 
is tested on reaches of the Dutch part of the Meuse River and the Wye River in the UK. With this 
approach, it was possible to determine the wave speed corresponding to different discharges.  

 

Keywords: flood wave speed, information theory, weighted mutual information 

1. INTRODUCTION 

The speed of a flood wave in a river is regarded as a very important parameter in flood 
routing models. In some simpler routing models this parameter is considered as a constant. 
However, a flood propagates from upstream to downstream of a river reach at varying 
speeds that largely depend on the magnitude of the discharge but can differ from event to 
event.  

In this article an information theory approach whose origin dates back to the 1940’s is 
used in its original form but with some modifications to establish the connection between 
wave speed and discharge.  

The main advantage of this approach lies on its indifference to the type of functional 
relationship between the data sets. Because it is based on set theoretic principles it can be 
used detect non-linear as well as linear relations. In particular, the important time 
dynamics between data sets can be identified by applying the approach to the varying lag 
times in the data.  

A modified form of the approach was used to estimate the travel times of flood waves 
corresponding to different magnitudes of the discharge using only measured flow time 
series at the two ends of a reach. The approach is demonstrated using data from the Wye 
River in the U.K. and the Meuse River in the Netherlands.  

2. BACKGROUND 

Determination of the relationship between wave speed and discharge is a tricky problem 
mainly because of the attenuation of flood peaks and the variation in cross-section shape 
along the reach. If it is assumed that the flood wave does not change its shape along the 



reach and if the flow is a sole function of the depth then the speed of the wave is the same 
as that of a kinematic wave (Henderson, 1966; Chow et al., 1988) and can be written as  

1dQ dQc
dA B dy

= =       (1) 

where c is the wave speed, Q is the flow, A is cross sectional area, B is the surface width, y 
is the depth of flow.  

Besides the limitations due to the above assumptions, the use of Eq. (1) is limited since 
most practical applications regard the wave speed as a property of the reach and not of a 
cross section. The use of Eq. (1) therefore needs cross-section (B(y)) and rating 
information (Q(y)) at all the sections considered. Equations derived from Eq. (1) have 
been applied by Sriwongsitanon et al. (1998) on the Herbert River in Australia. 
For particular flood crests, the speed of a flood wave between two reaches can be 
calculated as  

p

Lc
T

=           (2) 

where L is the length of the reach and TP is the time difference between the upstream and 
downstream peaks. This approach can only be used for flows corresponding to 
hydrograph peaks available in record. In addition, it does not take into consideration the 
rest of the hydrograph other than the peaks. 

Price (1973, 1985) developed a functional form of the relationship between flow and 
wave speed that takes the attenuation into account as  

*Q
T
L

dQ
d

T
Lc

pp










+=                        (3) 

where Q* is the attenuation of the flood peak. This approach was applied to several British 
rivers. However, as it is stated in Wong & Laurenson (1983), the correction term for 
attenuation requires cross sectional information (B(y)). The problem here is that the cross 
section of a natural river varies along a reach and further assumptions have to be made.  

3. INFORMATION THEORETIC APPROACH 

3.1 Entropy and average mutual information 
The approach developed in this paper is based on Shannon’s entropy (Shannon, 1948) 
which can be written as: 

2
1,

logi
i N

iH P
=

= P∑        (4) 

where Pi … PN are the set of probabilities. Shannon describes the expressions of the form 
shown in Eq. (4) as measures of information, choice and uncertainty (Klir and Folger, 
1988).  

The average mutual information (AMI) which is based on Shannon’s entropy, is the 
measure of information that can be learned from one set of data having knowledge of 
another set of data. The AMI between two measurements ai and bj drawn from sets A and 
B respectively is defined by 

2

( , )
( , ) log

( ) ( )
i j

AB i j
AB AB i j

a b A i B j

P a b
I P a b

P a P b
 

=  
  

∑      (5) 
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where PAB(ai,bj) is the joint probability density for the measurements A and B resulting in 
values a and b, and PA(ai) and PB(bj) are the individual probability density for the 
measurements of A and B.  If the measurement of a value from A resulting in ai is 
completely independent of the measurement of a value from B resulting in bj, then the 
average mutual information IAB is zero. 

As a measure of information, the advantage of this approach compared to other 
approaches such as cross-correlation is that it is independent on any pre-defined function. 
Rather it is a set theoretic approach implying that it has the possibility to detect non-linear 
as well as linear relationships that might exist between data sets. 

The equation for the AMI (Eq. 5) involves the probabilities of the individual events A 
and B and that of the joint probability. In most practical cases, data are available as 
discrete time series. Therefore computation of AMI involves the use of class intervals to 
establish the frequency histograms. This makes the AMI somehow dependent on the 
choice of the number of class intervals used.   

AMI has been applied in chaos theory (e.g. Abarbanel, 1996) mainly to determine the 
optimal time delay (Fraser and Swiney, 1986) for the re-construction of the phase space in 
modelling a non-linear dynamic time series. Abebe and Price (2002a,b) used the AMI 
approach to select best matching data to set up artificial neural network models to predict 
the errors of forecast models. 

Let us assume that the measurement A is the preceding event. If the AMI measures 
between A and B at various lag times are computed and compared, the lag time 
corresponding to the maximum AMI is the time that information needs to propagate from 
A to B.  As its name implies, AMI is a measure that is average to the whole data used in 
the analysis. This measure can therefore be applied to compute the average time in which 
flood propagates between two water level (or flow) measuring locations along a river.  

If the lag time for maximum AMI is TI and the length of the reach is L, then the average 
wave speed can be computed as  

I

Lc
T

=         (6) 

For general flow routing purposes, this approach can be considered to be better than Eq. 
(2) since it represents the average wave speed corresponding to the data rather than only 
the peak flows. 

3.2 Weighted mutual information 
To face the fact the wave speed varies with the magnitude of the flow, the AMI approach 
has to be modified to suit the problem. For this a weighting pattern is imposed on the first 
joint probability term of the AMI equation and named here as the Weighted Mutual 
Information (WMI). This weighting pattern is intended to give more importance to 
particular classes of the preceding event (event A).  

The WMI, which is designated here as W for class k of the preceding event, can be 
defined as: 

2

( , )
( , ) log

( ) ( )
i j

AB i j
ABk i AB i j

a b A i B j

P a b
W w P a b

P a P b
 

=  
  

∑     (7) 

where wi is the weight pattern that gives emphasis to class k of the measurement A. If wi=1 
for i=1 to NA then WABk=IAB where NA is the number of class intervals used in grouping 
event A. 

The weight pattern can be introduced in such a way that it gives full bias to the class 
interval k and 0 for the rest. That could be done only if the distribution of the available 
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measured data in all the classes is adequate to carry out this analysis. In most hydrological 
situations that will not be the case since the frequency of extreme events is low and thus 
long and diverse records would be needed to carry out the analysis.  

To manage under scarcity of data, a weight pattern that allocates a higher value for 
each class interval of the data considered and that dies away farther in both directions is 
recommended. In this study, a simple and convenient weight pattern that allocates higher 
weight for class k and linearly fades away in either direction (Eq. 8) is considered initially.  

A
i

A

N k i
w

N
− −

=        (8) 

However, linearly varying weights may not suppress the information from other classes 
sufficiently enough and the resulting information might be highly influenced by the 
adjacent classes. If there is “sufficient” data, it is necessary to concentrate the weight on 
the particular class k. For that an exponent n is introduced to Eq. (8) which results in the 
weight pattern written as  

n
A k

i
A

N N i
w

N
 − − 

= 
 

       (9) 

where n is an exponent used to manipulate the contrast of the weight pattern. 
The value of the exponent n has the following implications:  
if n=0 then the WMI and AMI will be equal 
if n=1 then the weight will linearly fade away from class k.  
if n ∞ then the weight will be exclusive to the class k. 
Therefore the choice of n has to be made depending on the quantity and diversity of the 

data record used for analysis in which case expert judgement will be important. Fig. 1 
shows the effect of the weight contrast factor n on the weight pattern on a data set divided 
into 20 classes. In this case, the class interval under focus, k, is 10. In the case where n is 
set to 20, the weight pattern is more dominant for class 10 than in cases where lower n 
values are considered. 
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Fig. 1 Effect of the weight contrast factor n on the weight pattern (weights are normalised to a maximum of 1) 

3.3 Calculating wave speed using WMI 
The WMI at varying lag times can be computed for every class interval k of the preceding 
event.  For a flood routing problem, the preceding event is the upstream hydrograph. The 
lag time (Tw) at which the WMI corresponding to a class of upstream discharge is a 
maximum is considered as the average time at which this class of discharge takes to 
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propagate along the river reach. The wave speed for class k of the upstream discharge can 
be computed as  

1k A
Wk

Lc for k
T

= = to N      (10) 

In effect what the WMI method does is to track the time at which information about 
particular segments of the upstream hydrograph are best related to those of the 
downstream hydrograph. The wave speed obtained from Eq. (10) corresponds to the 
average of upstream discharges in class k. However, since the corresponding downstream 
discharge is different due to attenuation and diffusion, eventually this wave speed has to 
be mapped to the average of the upstream and corresponding downstream discharges. A 
very important question here is what is the corresponding downstream discharge? 

4. APPLICATION 

4.1 The Wye River, U.K.  
The first case study was performed on the 70-km reach between gauging stations Erwood 
and Belmont on the Wye River, UK. The quarter hourly flow data recorded at the two 
measuring stations taken during the flood events that occurred in February 1990 and 
November 1992 are used.  

Fig. 2 shows the flow records corresponding to the 1990 event. From the hydrographs 
it can be seen that the flow spills to the flood plains when it is in excess of about 400 m3/s. 
The base flow part of the hydrographs shows that there is considerable lateral inflow 
between the two reaches. Also the attenuation corresponding to an upstream flow of 650 
m3/s amounts to 200 m3/s. 
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Fig. 2 Flood of February 1990, River Wye, UK 
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Fig. 3 AMI between flows at Erwood and Belmont, River Wye, U.K. 
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Fig. 3 shows the AMI between the flows at Erwood and Belmont computed using the 
data from the two flood events (1990, 1992) up to a lag time of 25 hours. The maximum 
AMI corresponds to 11.5 hours. Using Eq. (6) the average wave speed can be computed as 
70 km/11.5 hrs = 1.69 m/s. 
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Fig. 4 Wave speed versus discharge on the Wye River 
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Fig. 5  Wave speed versus discharge on the Meuse River 

In Fig. 4, the wave propagation speed between the two stations is plotted against the 
upstream flow. The figure shows a break in the relationship between the wave speed and 
flow corresponding to average flows between 200 and 300 m3/s. For low flows, the scatter 
shows different behaviour compared to theoretically expected low wave speeds. However, 
this computation is done only with two flood events, and for low discharges the 
magnitude of the lateral inflows could be more significant. The rest of the scatter is 
consistent with the theoretical behaviour of the wave speed. 

4.2 The Meuse River, the Netherlands 
The second test case is done on the Dutch part of the Meuse River in the 91 km reach 
between measuring locations Borgharen and Venlo. Hourly flow data from 1997 to 2001 
was used in this case study. A mass balance analysis of the records shows that the average 
inflow in the reach amounts to 70 m3/s.  

Fig. 5 shows the wave speed versus the flow for the reach considered on the Meuse 
River. The data used for this analysis was continuous and longer than the one used for the 
Wye. The corresponding result is also a smoother relationship between the flow rate and 
wave speed than the results for River Wye.  
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5. CONCLUSIONS 

The results indicate that the weighted mutual information analysis technique presents a 
promising and viable alternative to calculate/estimate the speed at which flood waves 
propagate from upstream to downstream of a river. Its application is particularly important 
when the only available data is the flow or water level measurements at two ends of a 
river reach. In its present form, the weighted mutual information approach can be used in 
river reaches that have flow or stage measuring stations at both ends. Although its effect 
on the method is not yet properly established, the lateral inflow also has to be minimal 
compared to the main flow.  

At this stage, the study is preliminary. Further research is underway to establish the 
applicability of the information theory based approach in a wide variety of river flow 
conditions particularly at the transition between in-bank and floodplain flows. Also it is 
necessary to compare the results obtained with this approach to those obtained by 
conventional approaches. The best way to do such a comparison is perhaps to use data 
generated synthetically under controlled conditions.  
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Abstract: Flood management in a reservoir setting is one of the most important control objectives 
in a watershed system. Optimization of flood-control operations for a multi-reservoir system is a 
large-scale and complicated task. Such a system is dynamic and involves multiple objectives. A 
dynamic control system for multi-reservoir management is presented in this paper. The real-time 
approach enables operation decisions to be made in a timely fashion. The reservoir system is 
divided into subsystems with specific flood control objectives. Methods of fuzzy set 
theory and expert system are used to represent the uncertainties and complexities that 
exist in the study system. Domain knowledge is collected and a knowledge base is 
constructed. This decision support system will be used to deal with the uncertain 
relationships among various system components.  

 

Keyword: damage analysis, decision support system, flood control, optimization, reservoir 

1. INTRODUCTION 

Flood is one of the most wide spread hydrologic hazards in Canada and throughout the 
world. In the 1990s, over two dozen flood disasters occurred worldwide, leading to 
tremendous amounts of property and life losses. Therefore, it is imperative that decision 
makers are provided with real-time flood management plans that can ensure their 
insightful understanding and correct response to the disasters. 

Flood management in a multi-reservoir system involves variability across locations, 
non-stationary with multiple criteria. The decision making process for identifying the best 
flood management plan is a complicated task because normally many important criteria 
must be considered. Factors that affect flood control decisions include not only economic 
criteria, environmental impact, social considerations, and feasibility of the alternative, but 
also land-use changes, channel modifications, economic development, and climate change 
and variability. Due to the complex decision making process involved in selecting an 
optimal flood control plan, it is hard to make a decision. The expert system technology 
provides a powerful tool for helping a user choose the most appropriate flood control 
measures out of a set of available options.  

Expert system technology has been adopted for various aspects of water resources 
engineering (James and Dinn, 1986; Simonovic, 1996; Ford and Killen, 1995). In these 
studies, the use of expert system technology had been explored for the selection of 
appropriate flood management plans. Several environmental, hydraulic, hydrological, 
topographic, geotechnical and economical parameters have been considered for making a 



final selection. However, researches that focus on addressing variability that may affect 
flood control decision is scarce.  

In this paper, a dynamic fuzzy real-time flood management decision support system for 
multi-reservoir management is presented. This system can compare explicit tradeoffs 
among social, economical and fuzzy environmental objectives of each location and also of 
the whole floodplain.  

2. PROBLEM DOMAIN: DYNAMIC FLOOD MANAGEMENT OF THE RED 
RIVER 

Dynamic flood management involves a broad spectrum of water resources activities 
aimed at reducing potentially harmful impacts of floods on people, society, environment 
and economy of the region. A decision support system capable of formulating the problem 
and choosing the appropriate option requires knowledge about the flood control problem 
domain, flood control options, hydrological/hydraulic modeling, and social-economic 
analysis. In making decisions on the flood management plan, factors that need to be 
considered include environmental, hydraulic, hydrological, topographic, geotechnical, 
social and economical parameters and their dynamic variation. These factors were all 
considered in the development of the decision support system reported here. 

The area for which the fuzzy real-time flood control decision support system was 
developed and implemented is the Canadian portion of the Red River Basin, situated in 
Manitoba, Canada. Several floods of catastrophic proportions occurred in these areas 
(Table 1). The major flood control works that provide protection for Winnipeg include the 
Red River Floodway, the Portage Diversion, the Shellmouth Dam, the diking system and 

Fig. 1  Flood Protection Systems for the City of Winnipeg and the Su

the related flood protection infrastructure within the city (Fig.1).  

rrounding Area 

Knowle on flood 
m

3. KNOWLEDGE ACQUISITION 

tudy is published reports. Based on a review of the 
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Red River

St. 

Winnipe

Lockpor

Red 
River 

Floodway
Assiniboine 

River

Portage
la 

Portage 
Diversio

Shellmouth 
Reservoir

Lake WinnipegLake 

dge engineering for constructing the decision support system 
anagement decision making involves three stages: knowledge acquisition, conceptual 

design, and system implementation. In the knowledge acquisition phase, the objects and 
decision processes were clarified and determined. In the conceptual design stage, the 
knowledge was formalized and represented with various representation methods. Then the 
formalized knowledge was represented in production rules in the knowledge base of the 
system. 

The main knowledge source for this s
literature, three facets of knowledge are obtained: (a) information about the concerned 
floodplain, which includes environmental, hydraulic, hydrological, topographic, 

 1208



geotechnical and economical parameters, (b) information about the existing flood control 
infrastructure, which includes the designed function, capacity, and operation options as 
well as the effects on the regional and entire floodplain, and (c) historical records of 
floods, control measures, and their damages. 

Table 1  Historical Flood Peak in the James Avenue (unit: 1000 cfs) 

Year 1  1605 349 1002 1698 1330 1394 1451
Peak 306 254 250 235 224 212 193 
Year 1020 1642 1386 1602 1362 1033 1600 
Peak 193 189 186 185 182 182 180 
Year 1715 1203 1471 1266 1965 1997  
Peak 170 169 167 166 165 163  

4. CONCEPTUAL DESIGN 

r’s analysis of the elicitation results, we used both a top-down 

e representation for the main domain task 
ent plan for a given situation. 

asks 

A knowledge base has been built to store information about flooding management 
pl

 representation of subtask on “flood reak level prediction” 

od management plan is to predict the potential 
flood. Based on Warkentin (1999), the formulas used for predicting the natural peak 
discharges at the James Avenue are: 

4.1 Knowledge analysis 
In the knowledge enginee
analysis approach and an object oriented technique called the Inferential Modeling 
Technique. By adopting the top-down approach, the knowledge engineer began by 
identifying the main task of the system and then subdividing the main task into several 
subtasks. This process of decomposition continued until every subtask can be easily 
implemented. 

4.2 Knowledg
The main task of the system is to decide the flood managem
This task was represented as a decision tree as shown in Fig. 2. 
 

 

Main Task: 
Optimal Flood Plan Selection

Knowledge base: 

Sub-Task1: 
eak 

Sub-Task2: 
anagement

Sub-T Sub-Task4: 
m

Management 

Fig. 2  Task Structure and Sequence of Sub-T

ask3: 

hy 

Legen

Flood p
level prediction 

Alternative m
plans selection

Damage 
analysis

d

Select opti al 
output

Hierarc Sequence   Dependence  
Flood management plans 

ans. To select the optimal flood management plan, the first step is to predict the 
potential flood peak level based on users’ input data; secondly, the system searches the 
knowledge base and select applicable management plans; thirdly, the system calculates 
potential damage level for each applicable plan; finally, the management plan with the 
minimal damage level will be recommended to users as the optimal option for this set of 
input data.   

4.3 Knowledge
4.3.1 Prediction of flood peak discharge 
A principal requirement for selecting the flo
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Peak (cfs) = 149 (API)1.5(WP+SP)1.5(MI)0.3(T)0.4 , if Peak <163,000 cfs 
Peak (cfs) =97.744 (API)1.5(WP+SP)1.5(MI)0.3(T)0.4+ 56,072, if Peak >163,000 cfs 

where:  
API: S u p t tecedent 
p

ater content of snowpack, represented by total winter precipitation 

elt, represented by melt index and mean deg-days/day 
n  

em. 
4.
It ty 
of e natural peaks of the 

sed on these records and the 

50 33 

oil moisture at freeze- p in the revious au umn, represented by an
recipitation index 

WP: W
SP: Spring rain amount, rainfall before the spring peak date 
MI: Rate of snow m
T: timing factor, percent of worst possible south-north progression of melt and rai
The above five parameters are the required inputs of this syst

3.2 Classification of the degree of flood peak discharge 
was estimated that the combined measures in Fig. 1 can provide protection for the Ci
 Winnipeg from peak discharge up to 169,000 cfs. Table 2 lists th

Red River at the James Avenue and their return periods. Ba
capacity of the existing measures, the peak discharge has been classified into the five 
linguist levels of {very low, low, medium, high, extremely high} in this decision support 
system. Five triangular fuzzy membership functions have been constructed to determine 
the membership grade of the natural peak level, as shown in Fig. 3. 

Table 2  Natural Peaks of the Red River at the James Avenue 

Return period (years) 500 200 100 
Natural Peak (cfs) 245,000 200,000 170,000 150,000 135,000 
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Fig. 3  Fuzzy Membership Functions for the Peak Level Classification 
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where: 
µi: the membership value of x that belongs to level i, 
Upperboundi: the upper bound value of level i, 

rboundi: the lower bound value of level i, 
m
Lowe

eani: the mean value of level i. 
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For different degrees of peak discharge of potential flood, different management plans 
wi atives will be compared using damage analysis. 

The objective of flood management is to minimize the overall damage on the entire region 
 this decision support 

d environmental damages. Also, for an entire floodplain, 
th

the different characteristics 
ions can be 

rtance of flood damages in each location of the region. 

ortance” = 0.6 and “low importance” = 
0.

nce can be considered as the weight. Thus, the system will 
rank the oose the 
op

 varies among locations within the floodplain. For 
llowing three 

nomic value of potential damage  

ll be recommended. Then all altern

4.4 Knowledge representation of subtask on “damage analysis” 

and also satisfy the requirements of each location in the region. In
system, the potential damage that would result from each recommended management plan 
for a particular flood will be calculated. The management plan which would cause the 
minimal overall damage and also satisfy the criteria of each location will be considered as 
the best alternative for this flood. 

All potential damage of a particular flood management plan can be classified into 
facets such as social, economic an

e overall damage can be considered as the aggregation of damages of all spatial 
locations in this region. The distribution of the damage is a function of the flood 
management plan; implementation of a particular plan may reduce flood damage at one 
location, while providing less or no protection for the others. 
4.4.1 Knowledge representation of subtask on “overall damage analysis” 
According to the general flood management objectives and 
and roles of the each reservoir in the concerned floodplain, all study locat
grouped into three linguistic levels in terms of importance: {low, middle, high}. The 
locations that belong to the first class are less important and the main objective of the 
flood management for these locations is the reduction in flood inflow to the City of 
Winnipeg. If an emergency occurs, flooding of these locations may be necessary in order 
to protect the city. That is, these locations can be used as run-off zone if necessary. The 
locations such as small towns will be grouped into the second class. The flood 
management objectives of these locations are not only to reduce the flood inflow to the 
city, but also to keep local safety. The flood management of these locations involves 
compensation regulation of the flood. The only location that belongs to the third class is 
the City of Winnipeg and the flood management objective is to guarantee its safety. 

In this decision support system, the level of importance is an input parameter, due to 
the following reasons: 

a) Local people, provincial government and federal government may have different 
opinions about the impo

b) The conditions of economic development or land-use changes may change the 
importance of a particular location in the region.  

The system will translate each input linguistic parameter into a numerical parameter, as 
the value of “high importance” = 1, “medium imp

2. The numeric values are assigned based on heuristics. Then the overall damage 
corresponding to each flood management plan can be calculated by using a simple 
weighted method, as follows: 

Overall damage = Σfor all locations (importance of location* local damage). 
In this function, the importa

proposed management alternatives based on the overall damage, and ch
timal plan for flood management.  

4.4.2 Knowledge representation of subtask on “local damage analysis” 
The damage caused by flood typically
each location, the damage caused by a flood can be classified into the fo
types:  

a) social value of potential damage 
b) eco
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c) environmental value of potential damage 
other considerations. For example, the social 

val  as a function of the following factors: 
pe

ons may involve different key impact factors as well as their 
in e concerned factors may also vary among components of 
lan

orst 
val locations). The value of the factor (xi) is 
tra

Each damage type may be a function of 
ue of potential damage can be considered

rsonal economic loss, family financial burden, evacuation need, evacuation duration, 
days out of work, health damage, stress level, life disruption, anxiety level, suicide risk 
level, damaged sense of basic security, and so on.  

The related decision making process will be based on these factors, involving the 
following 3 steps: 

a) Selection of basic factors.  
Different locati

teractions. For each location, th
d use plan, economic development, and climatic conditions. The system provides users 

with a set of default data on the factors concerned, which are selected based on the current 
status of each location. The system also provides users with options of modifying the 
selected factors in the user interface, in order to implement dynamic management. 

b) Normalization of selected basic factors  
The normalization process is performed by using the overall best (Besi) and w
ues (Wori) for each basic factor i (in all 
nsformed into a normalized value (Nxi) with the following expressions: 
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c) Composition of normalized basic factors  
To aggregate all normalized basic factors for each location into a more inclusive 

pa :  

1
W

=

where Wij is the weight of factor i which is used to epresent the importance of this 
consideration for location j. Three linguist values have been used to describe this 

STRATION AND VALIDATION OF THE SYSTEM  

ven a particular set 
s of the developed 

 (PP), the Lake Manitoba surrounding area (LM), the 
Sh

rameter, the following equation has been used

( )
1

( ) /
j j

j ij
i

n n
x NxiWL

= −

= ×∑ ∑  
ij

r

parameter, such that Wij = {very important (VI), important (I), not important (NI)}. These 
linguistic values correspond to numerical values such that: VI = 1, I = 0.6, and NI = 0.2. 
System users provide the input values on this parameter based on their subjective 
judgment. 

5. DEMON

In this section, a case study is presented to illustrate system response gi
of user inputs. The resulting recommendations demonstrate usefulnes
system for decision support. 

The study area has been classified into six locations, including the City of Winnipeg 
(W), the Portage la Prairie

ellmouth Reservoir surrounding area (SR), the St. Adolphe (SA) and the Lake Winnipeg 
surrounding area (LW). The input data set is: Importance (W) = high, Importance (PP) = 
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medium, Importance (LM) = medium, Importance (SR) = low, Importance (SA) = medium, 
and Importance (LW) = low. Table 3 lists the linguistic value of Wij.  

Table 3  Linguistic Value of Wij 

i               j WP SR SA LW  PP LM 
Social impact VI I NI NI I I 
Economic impact VI I NI I I NI 
Environmental impact VI I I I I I 
 
Two sets of peak-discharge-related data were tested. Set (a): API = 2.5, WP = 8.6, SP = 

0.

ment plan is that the Shellmouth Reservoir should 
sto

ommended management is that the Shellmouth Reservoir should 
sto

 is similar to the flooding conditions in 1997; the 
re

6. CONCLUSIONS  

support system for multi-reservoir flood management has been 
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1, MI = 11.6, and T = 62; and Set (b): API = 2.7, WP = 9.3, SP = 2.7, MI = 9.0 and T = 
76. The following are system outputs:  

For set (a), the recommended manage
re 70% of runoff above the reservoir, and the Portage Diversion should intercept flows 

from the west and shunt them into Lake Manitoba to maintain the flow downstream to 
Assiniboine being at nearly zero. The gate of the Red River Floodway should keep contact 
with the river bottom, only permitting flow into the floodway when its water surface 
surpass the gate elevation. The peak discharge at the James Avenue should be controlled 
under 80,000 cfs. 

For set (b): the rec
re runoff from the upper reach to its maximum capacity, flooding some runoff 

diversion zone in the surrounding area. The Portage Diversion should intercept flows from 
the west and shunt them into Lake Manitoba, with the flow of 25,000 cfs, in order to 
maintain the flow downstream to Assiniboine being at nearly zero. The gate of the Red 
River Floodway should be raised up, in order to permit a large amount of water flowing 
into the floodway instead of the Red River, and thus keeping the peak discharge at the 
James Avenue being under 80,000 cfs.  

The predicted peak discharge of set (a)
commended management plan also matches the historical record. No flood warning at 

any location in this region will be needed by using the recommended flood management 
plan because the peak discharge is still lower than the total capacity of all flood 
management measures. The predicted peak discharge of set (b) is much higher than the 
designed overall capacity in the region, and thus the recommended plan may cause 
damage on locations LW and SR. However, these two locations are considered of the 
lowest importance and would suffer the lowest overall damage.   

A real-time decision 
developed. This system can analyze explicitly tradeoffs among the social, economical and 
environmental objectives in each location and also the entire floodplain. These 
considerations are often imprecise and fuzzy logic is employed to represent them. This 
system also addresses variability in criteria such as different time zones, land-use changes, 
channel modifications, economic development, and climate change. The real-time 
approach supports formulating management plans in a timely manner. The result from a 
case study indicated that the system can provide useful decision support and can be 
applied to other watershed where similar complexities apply. 

The generous support of t

 1213



REFERENCES 
Cheng C. (1999). “Fuzzy Optimal Model for the Flood Control System of the Upper and Middle Reaches of the 

Yangtze River.” Hydrological Sciences – Journal – Des Sciences Hydrologiques. Vol. 44. No.4. 
 J. R. (1995). “PC-Based Decision-Support System for Trinity River, Texas.” Journal of 

 Runoff in the Red 

lysis, Vol. l, No. l, pp. 25-43. 

Ford D. T. and Killen
Water Resources Planning and Management, Vol.121, No.5.  

James W. and Dinn A. (1986). “An Integrated Conceptual Expert System for Flood and Water Pollution 
Management.” Proceeding Water Forum’86, Mohammad Karamouz, et al. (eds.).  

Morris W. V. (1955). “Report on Assiniboine River Flooding.” Manitoba Water Resources. 
Olsen J. R., Beling P. A. and Lambert J. H. (2000). “Dynamic Models for Floodplain Management.” Journal of 

Water Resources Planning and Management. Vol. 126, No. 3. 
Rannie W. F., University of Winnipeg (1999). “A Survey of Hydroclimate, Flooding and

River Basin Prior to 1870.” GSC O/F Report 3705, Ottawa. 
Simonovic S. P. (1996). "Decision Support Systems for Sustainable Management of Water Resources: 1. 

General Principles." Water International, Vol. 21, pp. 223-232.  
Simonovic S. P. (1999). “Decision Support System for Flood Management in the Red River Basin.” Canadian 

Water Resources Journal, Vol. 24, No. 3.  
Tkach R. J. and Simonovic S. P. (1997). “A New Approach to Multi-criteria Decision Making in Water 

Resources.” Journal of Geographic Information and Decision Ana
Warkentin A. A. (1999). “Red river at Winnipeg Hydrometeorological Parameter Generated Floods for Design 

Purposes.” Proceeding Red River Flooding-“Decreasing Our Risks”, Canadian Water Resources Association 
Conference, Winnipeg, Manitoba. Oct. 

 

 1214



Flood Defence ’2002, Wu et al. (eds)© 2002 Science Press, New York Ltd., ISBN 1-880132-54-0 

Abstract: This paper developed a decision support system for the flooding forecast of Gezhouba 
Reservoir. A rainfall-runoff model and a river routing model are calibrated and validated based on 
the past ten year observed hydrologic data. A real-time forecasting system built on the Gezhouba 
Hydropower Station management information system(GHSMIS) is developed which can forecast 
the flood daily at a fixed time automatically and manually.  

A decision support system for the flooding forecast of  
Gezhouba Reservoir 
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1. INTRODUCTION 

Gezhouba Dam is the first dam built in Yangtze River, the China's largest river. The 
Gezhouba dam controls a drainage area of a million square kilometers with a very limited 
flood control capacity. To forecast the flood accurately is critical to the reservoir operation 
and safety.  

The reservoir flood are attributed to two inputs, the first one is the flood routed from 
the upstream river flow at Chongqing City, where there is a hydrologic station that can 
measure the river discharge automatically and send the results to the hydrologic database 
run in the central computer center. The second part is the runoff caused by the rainfall 
within the basin area from Chongqing to the dam site, which has a drainage area of 58,000 
square kilometers. In this paper, the flood forecast of Gezhouba reservoir is done by two 
models, the first model, which is a river flow routing model, is set up to route the river 
discharge at Chongqing hydrologic station to the dam site; The second model is a 
rainfall-runoff model which is set up to determine the runoff caused by the precipitation 
within the basin. 

The river flow routing model is the linear cascade reservoir model that is calibrated by 
using 21 floods from the past ten year observing data. The rainfall-runoff model is a 
lumped hydrologic model that is calibrated based on 27 floods from the past ten year 
observed hydrologic data. One year data is used to validate the model, and this model is 
applied in the real time forecast of the summer of 1999 with satisfactory forecast result. 

2. RAINFALL-RUNOFF MODEL STRUCTURE  

The rainfall-runoff model is a lumped hydrologic model, which includes several 
sub-models: the precipitation treating model, the evaporation model, the runoff generation 
model, the hill slope and ground water routing model. 

The precipitation treating model is set up to determine the basin average precipitation, 
the evaporation model is used to calculate the evaporation and to decide the net 
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precipitation, the runoff generation model is set up to determine the total runoff generated 
in the basin and divide the surface runoff and underground runoff, the hill slope routing 
model is used to route the surface runoff to the dam site and the ground water model is 
used to route the underground runoff. 

3. PRECIPITATION TREATING MODEL  

There are 53 precipitation gauge stations within the basin, the average basin precipitation 
is the weighted average precipitation based on the area of the Thiesson Polygon. 
According to the geographic position of rain gauges, a Thiessen Polygon is draw in the 
GIS software-ArcView, and the area of each polygon is determined, the average rainfall 
of the whole basin is calculated as following: 

1

1 N

i i
i

P w
N =

= ∑ p

s

                           (1) 

where P is the basin average rainfall, and are the precipitation of ith rain gauge and 
the area weight of ith polygon over the whole basin, N is the gauge number, here . 

ip iw
53N =

4. EVAPORATION MODEL  

In this paper a simplified method for calculating evaporation is presented, that means if 
the precipitation is great than the basin evaporation capacity, then the evaporation is equal 
to the evaporation capacity as 

tE E=                                (2) 

where  is the basin evaporation, andtE sE is the basin evaporation capacity. If the 
precipitation is less than the evaporation capacity, then the evaporation can be determined 
as: 

( )
2

t
t t s t

m

W
E P E P

W
 

= + −  
 

                      (3) 

where  is the water stored in the soil, is the water storage capacity of the basin, 
and is precipitation. 

tW mW

tP
From the past ten year observed evaporation data, the average evaporation capacity of 

the basin is determined as 2.4 mm per day, i.e., sE  =2.4 mm/day. 

5. RUNOFF GENERATION MODEL  

The Xinanjing module is employed for the runoff generation, that means the runoff will 
be and only will be produced after the soil is saturated, which is corresponding to the soil 
storage capacity W . Considering that the soil storage capacity is different within the 
whole basin, a storage capacity distribution function is used to represent this distribution. 
If the whole basin is divided into a number of equal size cells which have different storage 
capacities, then the storage capacity function can be described as (Zhao,1984): 

m

1 1
b

m

Wx
W

 
= − −

 
                            (4) 

where is the storage capacity of one cell, is the maximum cell storage capacity of 
the whole basin, and

W mW
x is the percentage that the whole basin saturated when the basin 
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average storage capacity is ,  is a parameter.  W b

1
1b0 ( 1) (1 )n m

m

WP b W
W

+


= +

=

2

∂
∂

Here defines a net precipitation , which is the difference of precipitation and 
evaporation, i.e.,  

nP

nP P E= −                          (5) 

Then the runoff generated can be determined as (Todini, 1996): 

If  then:  ≤ < + −

          ( )
1

11 1[(1 ) ]
1

bnb
n m m
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PWR P W W W
W W b
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− − − − 
+ 

              (6) 

if 
1

1( 1) (1 ) b
n m

m

WP b W
W

+≥ + −  then: 

(n m )R P W W+ −                           (7) 

if  then: 0nP ≤

0R =                              (8) 
In this paper, the runoff is divided as surface runoff and underground runoff, the 

underground runoff is governed by the infiltration, so it can be determined as: 

gR I t= •∆                                (9) 

where gR is the underground runoff, I is the steady infiltration rate. Then surface runoff 
is determined as 

s gR R R= −                             (10) 

6. HILLSOLP AND UNDERGROUND RUNOFF ROUTING MODELS  

The Nash linear cascade reservoir model is employed as the hill slope and underground 
runoff routing models. There are two model parameters, the reservoir numbers  and 
the time constant . In this paper, a mathematical procedure (Todini, 1996) is used to 
make this calculation. The equation for this calculation can be written as: 

n
k

( 1

2 2
i i i
t t t t t t

k t tB B B
k t k t

− −
+∆ +∆

− ∆ ∆
= + +

+ ∆ + ∆
                (11) )1iB

where  is the discharge of ith reservoir at stage t,  is runoff, and  is the 
discharge at the basin outlet routed from the basin runoff. 

i
tB 0

0B n
kB

7. THE RIVER FLOW ROUTING MODEL 

In this paper, the concentrated input parabolic model (Todini and Bossi, 1986) is 
employed to route the upstream inflows. The routing of the upstream inflows is carried 
out by means of a linear model consisting of a parabolic unit hydrograph deriving from 
the analytical integration of the unsteady flow equations when the inertia effects are 
ignored and the coefficients are linearized around mean outflow values, that is the 
upstream inflow is governed by the following equation. 

2

2

Q QD C
t xx

∂ ∂
= −

∂∂
                    (12) Q
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where  and  are the convectivity and diffusivity coefficient respectively, and also 
the model parameters. The discrete time solution for this equation for mean values of the 
coefficients  and  is 

C D

C D

( ) ( ) ( ) ( )2

1, 2xU t t t IF t t IF t IF t t
t∆ + ∆ = + ∆ − + −∆  ∆

            (13) 

where  

( ) ( ) ( )
0 0 0

t t

xIF t F d u d d
θ

θ θ τ∆= =∫ ∫ ∫ τ θ                     (14) 

where xu∆ is the impulse response function, which can be written as  

( ) ( )2

3
exp

44
x

x Cxu
DD

τ
τ

ππ τ
∆

   ∆ −∆
= −  

    
              (15) 

Integrating equation (14) and substitution from equation (15), the following equations 
can be obtained 

1( ) ( ) ( )exp
2 2

x Ct xC x CtIF t Ct x N ct x N
C DDt Dt
 ∆ − ∆ ∆ +   = − ∆ − + + ∆ × −


    

    



     (16) 

where  is the value of the standard normal probability distribution, ( )*N x∆ is the 
length of the channel.  

8. PARAMETER CALIBRATION AND MODEL VALIDATION 

The model parameters include river routing parameters  and , the runoff generation 
parameters ,  and 

C D
b mW I , the hills lope runoff routing parameters sk  and sn , and the 

underground runoff routing parameters gk  and gn .  
In this paper, the river routing parameters  and  are first calibrated. 21 floods in 

the past 10 years have been selected to calibrate these parameters. In the 21 floods, there 
are no precipitation within the basin, so the discharge at the basin outlet is solely caused 
by the upstream flow. The criteria for optimizing the model parameters is to minimize the 
mean squared error as following: 

C D

( 2'

1 1
min

n n

t t
i t

Q Q
= =

−∑∑ )                      (17) 

where  is the total number of the flood stages of one flood,  is the number of the 
total floods, here 

m n
21n = , is the observed discharge, and Q  is the simulated 

discharge by the model. The calibrated model parameters are listed in table 1. 
tQ '

t

Table 1  calibrated model parameters 

C D b Wm I Ks Ns kg Ng 
0.936 60.8 66.6 92 mm 3 mm 6 66  6 3 66  21 

 
The average relative error for the model calibration is 4.74%, so the model parameters 
 and  are good enough and can be accepted. C D
27 floods selected from the past ten years are used to calibrate the runoff generation 

and routing model parameters. This include two stage, stage 1 is to calibrate the runoff 
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generation model parameters  and W , and the second stage is to calibrate the runoff 
generation model parameter 

b m

I  and routing model parameters. 
The criteria for optimizing the parameters  and W  is as follow: b m

1
min ( )i

N

i
i

V R
=

−∑                             (18) 

where is the numbers of the floods, so N 27N = ,  is observed total runoff generated 
in ith flood, and is model simulated total runoff generated in ith flood. The calibrated 
parameters are listed in table 1. 

iV

iR

The other parameters are calibrated using the same 27 floods, the criteria for 
optimizing the parameters is as follow: 

                           (19) ' 2

1 1
min ( )

N M

t t
i t

Q Q
= =

−∑∑
where M is the total number of the flood stages of one flood, is the number of the total 
floods, here 

N
27N = , is the observed discharge, and  is the simulated discharge 

by the model. The calibrated model parameters are listed in table 1. 
tQ '

tQ

The model is validated by using the data of the summer of 1998, fig. 1 is the validated 
results. 

10000
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60000

70000
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simulated

 
Fig. 1 Model validation results 

9. DECISION SUPPORT SYSTEM 

A decision support system is developed, which is built on the Gezhouban Hydropower 
Station management information system(GHSMIS). GHSMIS is a network computer 
system with a network hydrologic dataset that collects hydrologic data automatically. This 
decision support system has several functions as data assimilation, model parameters 
calibration and validation, real-time flood forecast, data and result search, and system 
help. 

The function of data assimilation can analysis and standardize the hydrologic data for 
model parameters calibration and validation. The model parameters calibration and 
validation function is to calibrate the model parameters and validate the model. In this 
system, the model parameters can be calibrated on line if there are new data, and there is 
need to do so. This function allow the technicians on site to calibrate a new model 
parameters in the case of need. 
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The real-time flood forecast function is the main function of this system, this system 
can automatically collect hydrologic data from GHSMIS and forecast the flood at a fixed 
time daily automatically or at any time manually. This system also provide an interface 
for the forecaster to adjust the forecast result interactively, the forecasters can use their 
experiences, reference the results from other models, and their independent decisions to 
adjust the forecasted result, so to improve the forecast accuracy. 

The data and result search function allows the user search the historical and real-time 
hydrologic data, past forecasted results and other hydropower operation information. The 
system help function is developed based on the WWW technique, which provide the helps 
for system operation and the model studies.  

10. CONCLUSIONS 

This paper developed a real-time flood forecast system that can automatically collect 
hydrologic data from GHSMIS and forecast the flood at a fixed time daily, it was put into 
operation since 1999, and runs well tile now. 
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Abstract: This study introduces a novel hybrid optimization approach, an inexact two-stage integer 
programming model, for flood management under uncertainty. The model is derived by 
incorporating the concepts of mixed integer, two-stage stochastic and interval-parameter 
programming techniques within an optimization framework. The proposed approach provides a 
linkage to pre-defined flood policies and reflects uncertainties expressed as probability distributions 
and discrete intervals. Penalties are imposed when policies expressed as water diversion target are 
violated. The developed model is applied to a hypothetical case study of flood management. The 
binary variable solutions represent the decisions of flood diversion-capacity expansion within a 
multi-region, multi-flood-level and multi-option context; and the continuous variable solutions are 
related to decisions of flood diversion toward different regions.  

 

Keywords: decision-making, flood, integer programming, interval, management, optimization, 
policy, two-stage stochastic programming, uncertainty, water. 

1. INTRODUCTION 

Flood management is becoming an issue of growing importance and complexity 
throughout the world under climatic variability. Recent catastrophic flood events in USA 
(1993, 1999), Canada (1997), China (1996, 1998), Pakistan (1993, 2001), Poland (1997), 
Bangladesh (1998), UK (1998) and many other countries have caused great losses of life 
and property. In the United States only, flooding has caused deaths of more than 10,000 
people during the 20th century, and property damaged totals over $1 billion each year 
(FEMA, 2002). Losses cannot be avoided when major floods occur. However, an effective 
flood mitigation plan can help reduce flood losses. 

In flood management planning, mixed integer linear programming (MILP) may be a 
useful tool for expansion planning of water-diversion regions, where integer decision 
variable solutions are used for determining optimal expansion schemes, and continuous 
variable solutions are employed for flood diversion planning. Previously, flood 
management studies were undertaken through conventional system analysis approaches 
(Day and Weisz, 1976; Windsor, 1981; Srinivasan et al., 1999; Needham et al., 2000; 
Olsen et al., 2000). However, complexities of real-world problems were beyond the 
capacity of the conventional ways, where many system parameters may appear uncertain 
and their interrelationships are complicated.  

To address the prescribed complexity and uncertainty, stochastic, fuzzy, and 
interval-parameter programming techniques can be employed in context of integer 
programming problems, leading to stochastic integer programming (SIP), fuzzy integer 
programming (FIP) and interval-parameter integer programming (IIP). For example, 



Huang et al. (1995) proposed an interval-parameter integer model for waste management. 
Though chance-constraint integer programming (CIP) and FIP methods can reflect 
probabilistic or possibilistic distributions of a linear model’s right-hand sides, they cannot 
handle independent uncertainties of its left-hand sides and cost coefficients; moreover, the 
CIP and FIP methods are lack of linkage to economic consequences of violating system 
constraints, which are essential for the related policy analyses. The IIP can deal with 
uncertainties of the model’s left-hand sides; but it has difficulties when the right-hand 
sides are highly uncertain. 

In comparison, two-stage stochastic programming (TSP) is an effective tool for 
optimization analysis of medium- to long-term planning problems where an analysis of 
policy scenarios is desired and the related data are mostly uncertain. The TSP methods 
were widely explored over the last few decades (Pereira and Pinto, 1991; Ruszczynski and 
Swietanowski, 1997; Seifi and Hipel, 2001). For example, Mobasheri and Harboe (1970) 
used a two-stage optimization model for the design and operation of a multipurpose 
reservoir. More recently, Huang and Loucks (2000) introduced an interval-parameter 
two-stage stochastic approach for water resources management. 

One possible approach for better accounting for expansion planning, uncertainties and 
economic implications would be to incorporate the concepts of two-stage stochastic 
programming and interval-parameter programming within an MILP framework. This 
leads to an inexact two-stage integer programming (ITIP) model. The ITIP can directly 
incorporate uncertainties expressed as probability density functions and discrete intervals. 
More importantly, it can be employed for quantitatively analyzing a variety of policy 
scenarios that are associated with different levels of economic penalties when the 
promised policy targets are violated. 

No previous study has been reported on the development of ITIP. The objectives of this 
study are to propose such a new method, and apply it to a case study of flood management 
under uncertainty. The results will help develop efficient water diversion patterns as well 
as the related capacity expansion schemes. 

2. MODELING FORMULATION 

Due to rapid socio-economic development, availability of lands for water diversion is 
diminishing. At the same time, ecosystem deterioration in watershed is leading to 
increased soil loss, raised river bed, and varied runoff patterns. These may results in more 
frequent and serious flood disasters. To address these challenges, more effective water 
management is desired. 

Consider a watershed system where water needs to be diverted in a wet season from the 
river channel that has limited water-conveyance capacity to three existing water-diversion 
regions. Based on the local flood management policies, a fixed flood-diversion target has 
been assigned to each region in order to minimize flooding to densely populated 
communities and industries located in the lower reach. If water level in the river is below 
the predefined warning level, then only the fixed diversion target will be realized, which is 
associated with a regular diversion cost. However, when a flooding event occurs, the 
excess river flow will raise the water level and make it exceeding the warning level if no 
mitigation action is undertaken. This implies a damage cost for surplus water (i.e., the 
amount above the fixed diversion target). Under such a situation, the total water diversion 
amount will be the sum of the fixed diversion target and the surplus diversion amount. 
The damage cost associated with the surplus diversion amount is indeed a penalty toward 
the flood disaster. 

As the stream flows are uncertain, and a link to the related policies is to be incorporated 
and an optimal expansion scheme is desired, the problem under consideration can be 
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formulated as a two-stage stochastic mixed integer linear programming (TSMILP) model. 
The TSMILP can effectively deal with uncertainties in water availability and can 
incorporate policies in terms of allowable water diversion targets. However, uncertainties 
may also exist in other parameters such as costs and, expansion capacities and 
water-diversion targets. To reflect such uncertainties, interval parameters were introduced 
into the TSMILP framework, resulting in an inexact two-stage integer programming (ITIP) 
model as follows: 
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where  is system cost ($);  is cost to region i per m±f ±
iC 3 of water diverted ($m3);  

is fixed water allocation amount that is diverted to region i (m

±
iW

imR

3); is maximum 

allowable water allocation amount for region i (m

±
maxiW

3);  is loss to region i per m±
iD 3 of 

surplus water diverted, Di > Ci ($);  is surplus water amount in reference to W±
ijS i when 

the flow is qj (m3); Eim is capital cost of expanding region i by option m ($); is 
amount of capacity expansion m for region i (m

∆
3);  is amount of the existing capacity 

in region i (m
iR

3);  is binary decision variable for region i with expansion option m; 

 is river flow quantity to be diverted with probability p

±
imy

±
jq j of occurrence under flood 

level j (m3); pj is probability of occurrence under flow level j (%); i is name of 
water-diversion region, i is 1, 2, 3; j is name of flood level, j is 1, 2, … , 7 where j is 1 for 
very low flood, 2 for low flood, 3 for low-medium flood, 4 for medium flood, 5 for 
medium-high flood, 6 for high flood, and 7 for very high flood; m is name of expansion 
option, m is 1, 2, 3; u is total number of regions; v is total number of flood levels; and w is 
total number of expansion options. 

When  are determined, the model can be transformed into two sets of 
deterministic submodels, which correspond to the lower and upper bounds of the desired 
objective. The resulting solutions provide stable intervals for the objective function and 
decision variables with different levels of risk in violating the constraints. They can be 

±
iW

 1223



easily interpreted for generating decision alternatives. Thus, solutions for model (1) with 
optimized water-diversion patterns and capacity expansion options are: 

]  ,[ +−± = optoptopt fff        (2) 

jiSSS optijoptijoptij ,      , ]  ,[    ∀= +−±      (3) 

mj, iyyy optijmoptijmoptijm ,  21     ]  ,[ ∀== +−±     (4) 

Thus, the optimum diversion pattern is: 

jiSWA optijoptioptij ,      ,     ∀+= ±±±       (5) 

3. CASE STUDY 

3.1 Overview of the study system  
The study system is assumed to include a river basin wherein three existing 
water-diverting regions are available to serve flood-diversion needs in a wet season (Fig 
1). Regions 1, 2 and 3 have existing capacities of [3, 4]× 106 , [6, 7]× 106 and [5, 6]× 106 
m3, respectively.  The water diversion targets, maximum allowable diversion amounts 
and the associated diversion and damage (penalty) costs vary among the regions, as shown 
in Table 1. Table 2 provides different flood levels and the associated probabilities of 
occurrences. 

 
Fig. 1  Schematic of flood diversion to multiple regions 

Table 1  Allowable water-diversion amounts (in 106 m3) and the related economic data (in 106 $) 

River 

Region 1 
Region 3

Existing capacity

Expansion option Region 2

M aximum expansion limit 

Activity       i = 1   i = 2   i = 3  
Maximum allowable diversion ( W ) 4   8   6 ±

i max

Water diversion target ( W )   [2, 3]   [5, 6]   [3, 4] ±
i

Cost of water diversion ( )    [80, 120]  [90, 110]  [100, 130]  ±
iC

Penalty ( )     [350, 400]  [150, 180]  [180, 200] ±
iD

Table 2  River flow distribution (in 106 m3) and the relevant probabilities (in %) 

Flood level     Flow volume ( jq )  Probability (p±
j)    

Very low (j = 1)    [0.5, 1.5]    5 
Low (j = 2)     [2.0, 4.0]    10 
Low-medium (j = 3)   [5.5, 7.5]    15 
Medium (j = 4)    [8.0, 11.0]    40 
Medium-high (j = 5)   [11.5, 15.5]    15 
High (j = 6)     [16.0, 22.0]    10 
Very high (j = 7)    [23.0, 29.0]    5 
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Table 3 shows the capacity-expansion options and the associated costs in the three 
diversion regions. It is indicated that capacity of region 1 can be expanded once by any of 
three options, with a maximum expansion limit of 12× 106 m3; capacity of region 2 has 
three other expansion options, with a maximum expansion limit of 7× 106 m3; and 
capacity of region 3 is not allowed to expand due to intensive human activities in this 
region. 

Table 3  Capacity expansion options and the associated costs 

Water diversion region     i = 1   i = 2   i = 3  
Capacity expansion option (106 m3): 

1iR∆  (option 1)      8   5   0 

2iR∆  (option 2)      10   6   0 

3iR∆  (option 3)      12   7   0 
Capital cost of expansion ($106): 

1  (option 1)      100   200   0 iE

2iE  (option 2)      150   250   0 

3iE  (option 3)      200   200   0 

 
The problems under consideration include (a) how to select preferred capacity 

expansion schemes for the regions, (b) how to effectively divert surplus flows to the three 
regions, and (c) how to incorporate flood policies in terms of allowable targets within this 
planning problem with the least risk of system disruption with the objective of minimizing 
total system cost. Since uncertainties exist in terms of intervals and probability 
distributions, and an optimal expansion scheme as well as a link to predefined policies is 
desired, the ITIP is considered to be a feasible approach for this type of capacity-planning 
problem. 

3.2 Result analysis 
Tables 4a and 4b show results obtained through the ITIP model. The solutions for the 
interval binary variables (Table 4a) indicate that region 1 would be expanded under the 
medium-high to very-high flood levels. In comparison, region 2 should not be expanded 
under any flooding circumstances because of the much higher cost for capacity expansion; 
region 3 is not allowed to expand as well.  

Fig 2 shows the detailed expansion schemes for region 1 under a variety of flood levels. 
It is indicated that no expansion is needed under the very low to medium flood levels with 
a probability of occurrence being between 5 and 40%. However, an expansion is required 
under the medium-high to very-high flood levels with a probability of 5 to 15%. Under the 
medium-high flood level, the expansion level would be [0, 100]× 106 m3, indicating that 
no expansion would be needed under very optimistic settings, but an expansion of up to 
100 10× 6 m3 may be desired under disadvantageous conditions. Under the high flood level, 
an expansion of 100× 106 m3 is required and; under the very-high flood level, the required 
expansion level of [100, 150]× 106 m3 implies a conservative option (150× 106 m3) and an 
optimistic one (100× 106 m3). Thus, when the decision scheme tends toward  under 
advantageous system conditions, it may be appropriate to expand region 1 by 100× 10

−f
6 m3; 

and when the scheme tends toward  under disadvantageous conditions (i.e., very high 
flood level), it may be suitable to expand the region by 150

+f
× 106 m3. 

Solutions for the objective function value and many of the non-zero continuous 
decision variables are intervals (Table 4b). The objective function value is $[1456, 
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2394] 10× 6. In case of flooding events, the surplus water (in reference to the allowable 
water-diversion target) should firstly be diverted to region 2, secondly to region 3, and 
lastly to region 1. Region 2, has the highest diversion capacity with the lowest diversion 
cost; this region is also subject to the lowest penalty when accepting the surplus water. In 
comparison, regions 2 and 3 correspond to higher costs and penalties. 

Table 4a  Solutions of binary decision variables 

Region Flood Expansion Symbol Solution 

number level plan  region 1 region 2 region 1 region 2 

1 / 2 
1 / 2 
1 / 2 
1 / 2 
1 / 2 
1 / 2 
1 / 2 
1 / 2 
1 / 2 
1 / 2 
1 / 2 
1 / 2 
1 / 2 
1 / 2 
1 / 2 
1 / 2 
1 / 2 
1 / 2 
1 / 2 
1 / 2 
1 / 2 

very low 
very low 
very low 
low 
low 
low 
low-medium 
low-medium 
low-medium 
medium 
medium 
medium 
medium-high 
medium-high 
medium-high 
high 
high 
high 
very high 
very high 
very high 

1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 

±
111y  
±
112y  
±
113y  
±
121y  
±
122y  
±
123y  
±
131y  
±
132y  
±
133y  
±
141y  
±
142y  
±
143y  
±
151y  
±
152y  
±
153y  
±
161y  
±
162y  
±
163y  
±
171y  
±
172y  
±
173y  

±
211y  
±
212y  
±
213y  
±
221y  
±
222y  
±
223y  
±
231y  
±
232y  
±
233y  
±
241y  
±
242y  
±
243y  
±
251y  
±
252y  
±
253y  
±
261y  
±
262y  
±
263y  
±
271y  
±
272y  
±
273y  

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
[0, 1] 
0 
0 
[1, 1] 
0 
0 
[1, 1] 
[0, 1] 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Table 4b  Solutions of continuous decision variables 

Region Flood     Symbol     Solutions 
number level   region 1 region 2 region 3 region 1 region 2 region 3 

1 / 2 / 3 very low        0  0  0 ±
11S ±

21S ±
31S

1 / 2 / 3 low         0  0  0 ±
12S ±

22S ±
32S

1 / 2 / 3 low-medium        0  0  0 ±
13S ±

23S ±
33S

1 / 2 / 3 medium        0  0  0 ±
14S ±

24S ±
34S

1 / 2 / 3 medium-high       0  [1.5, 2.5] 0 ±
15S ±

25S ±
35S

1 / 2 / 3 high         0  [6, 8]  [0, 1] ±
16S ±

26S ±
36S

1 / 2 / 3 very high        [0, 2]  8  [3, 6] ±
17S ±

27S ±
37S

System Cost ($106):          = [1456, 2394] ±
optf
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Fig. 2  Solution of capacity expansion for region 1 

The optimized surplus diversion patterns and the relevant maximum allowable 
diversion amounts are presented in Fig 3. The solutions of  to = 0 and  = [0, 
2] 10

±
11S ±

61S ±
71S

× 6 indicate that, for region 1, there may be no surplus diversion under the very low 
to high flood levels; however the situation could become more ambiguous under the 
very-high flood condition. There may be no surplus to be diverted to this region under 
advantageous conditions when all surplus is diverted to the other regions and/or the actual 

 values approaches their lower bounds; however, under disadvantageous conditions, 
the surplus may become as high as 2 10

±
jq

× 6 m3 (in reference to the allowable diversion 
target of [2, 3]× 106 m3). 
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Fig. 3  Optimized diversion patters under very low (VL), low (L), low-medium (LM), medium (M), 
medium-high(MH) and very high (VH) flood levels 

Similarly, the results of  to  = 0,  = [1.5, 2.5]±
21S ±

42S ±
52S × 106,  = [6, 8]× 10±

26S 6 

m3, and ±
72S  = 8× 106 m3 indicate that, for region 2, no surplus exists under the very low 

to medium flood levels; however, some surplus of 1.5× 106  to 8× 106 m3 may exist (in 
reference to the allowable diversion target of [5, 6]× 106 m3) under the medium-high to 
very-high flood levels with a probability of  5 to 15%. Likewise, the solutions of  to 

 = 0,  = [0, 1]

±
31S

±
53S ±

3S 6 × 106, and  [3, 6]±
73S × 106 m3 indicate that, for region 3, there 

may be zero surplus under the very low to medium-high flood levels; however, surplus 
may become as high as 6× 106 m3 (in reference to the allowable diversion target of [3, 
4] 10× 6 m3) under the high to very-high flood conditions with a probability of 5 to 10%. 
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4. CONCLUSIONS 

An inexact two-stage integer programming (ITIP) model has been developed for flood 
management under uncertainty. The model improves upon the existing mixed integer, 
two-stage stochastic and interval-parameter programming approaches by allowing 
uncertainties presented as random distributions and discrete intervals, as well as policies 
expressed as allowable water diversion targets, to be effectively incorporated within a 
general optimization framework. In the modeling formulation, penalties are imposed when 
policies expressed as allowable water-diversion levels are violated. The ITIP model is 
transformed into two deterministic submodels, which correspond to the lower and upper 
bounds of the desired objective. Interval solutions, which are stable in the given decision 
space with an associated level of system-failure risk, can then be obtained by solving the 
two submodels sequentially. The developed model was applied to a case study of flood 
management that involves decisions of flood-diversion planning. The results indicate that 
reasonable solutions have been generated for both binary and continuous variables. The 
binary variable solutions represent decisions of flood-diversion-capacity expansion within 
a multi-region, multi-flood-level and multi-option context; and the continuous variable 
solutions are related to decisions of flood diversion toward different regions. 
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Abstract: This research introduces an integrated approach for flood risk assessment through GIS. 
The developed approach is based on an integration of hydrologic simulation and GIS analysis. This 
integration of GIS and hydrologic simulation analysis allowed visualization and spatial based 
prediction of flood disaster. Specifically, (1) the Hydrologic Engineering Center River Analysis 
System (HEC-RAS) model was employed to simulate multi-scenario flood cases within a Canadian 
context; (2) the dimensional stream channel model was constructed based on geometry obtained 
from Digital Elevation Model (DEM), and (3) ArcView GIS software was used for producing water 
surface grids, and Triangular Irregular Network (TIN) model was utilized for the study area based 
on Digital Terrain Model (DTM).  A real case study application of the developed model has been 
conducted for a section of Qu’Appelle River in Southern Saskatchewan. The results of this 
application have indicated that the developed methodology is efficient in modeling and visualizing 
the spatial extend of different flood scenarios and in determining areas at risk over certain time 
periods. In the case of the study section of Qu’Appelle River, it was clear that changes in water 
surface elevations made areas down stream of the channel at more risk. The considerable presence 
of creeks along the study section has significantly shared in taking the access amount of flow.  

Application of a GIS-based approach for flood risk assessment 
of the Qu’Appelle River, Southern Saskatchewan 
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1. INTRODUCTION 

Natural disasters associated with flood have been considered as one of the major risks that 
threaten human life for a long time. In some cases, flood disaster damage exceeds billions 
of dollars and hundreds of lives. This makes it a difficult task for researchers to come up 
with valid models, which could simulate real world scenarios and remove system 
redundancies associated with flood prediction (Xia et al., 2001). 

For the past 20 years, discussions about environmental risks and their assessment have 
been punctuated by debates between members of different disciplines. Risk assessment 
and control tasks are always controversy issue between Engineers, Environmentalists and 
Policy Makers. Geospatial Information Systems (GIS) is now widely used as a powerful 
Risk Assessment tool. GIS-based Risk Assessment may be defined as a computer-based 
technique to imitate or simulate the operations of various kinds of risk related to real 
world processes (Goodchild et al., 1993). Consequently, many of developed techniques 
and methodologies tried to emphasize the role of the GIS through developing plans and 
proposals that came to existence to validate and improve old models. One of these models 
is by Garcia (2001) who designed a conceptual model that represents the real world 
scenarios to develop feasible risk assessment/ management tool. This type of risk 
assessment modeling is known as GIS-supported risk assessment, and geospatial 

 1229



information systems (GIS) technology is utilized for simulation of large natural features 
that can harmfully influence life. Such risk modeling has been proved to be efficient for 
dealing with flood disasters and many researchers provided real case scenarios that have 
helped in estimating as well as analyzing these natural features (ESRI, 2001). For example, 
Dale (1998) used GIS-based risk assessment to evaluate land-use impacts on natural 
recourses, the main objective for their research was to model changes occurred in natural 
resources from spatially-explicit data on environment and conditions by using relevant 
information and data models that simulate the susceptibility of species to changes in 
habitat suitability and landscape patterns. The main workflow adopted in this research was 
overlaying layers of vegetation dynamics along with land use changes to characterize 
habitat and then relate habitat to ecological resources, i.e. habitat associations, population 
models and available area. The final product was a spatially explicit model showing 
environmental risks generated from land-use change. Huang and Chakma (1999) utilized 
GIS-based risk assessment model to simulate petroleum-contaminated sites. They 
constructed database of subsurface oil leaks from storage tanks and simulate the influence 
that might have on the soil.  

GIS always utilizes constructed thematic data sets, data use generally depends on the 
purpose and type of analysis. Therefore, GIS data is tailored according to the purpose and 
objective of the project in most of the cases. On the other hand, general purpose data 
serves considerably in most of the projects due to the standardization factor that makes it 
accessible and efficient for most of the purposes. In this study, many types of data sets 
were used for conducting this study: GIS Data represented by Digital Elevation Model 
(DEM), digital toposheet and non-digital hardcopy data in the form of topographic sheets 
of the study area, flow data and hydrographs. The software used for performing this study 
are: HEC-RAS, HEC-GeoRAS from US Corps of Engineers, and ArcView GIS from 
Environmental Systems Research Institute (ESRI). 

The main objectives for conducting this research are as follows: 
(1) To develop an integrated GIS and hydrologic simulation approach for flood risk 

assessment. 
(2) Applying the developed model to a pilot study area in the province of 

Saskatchewan, Canada. 
(3) To analyze regional flood risks with scientific bases that benefits local 

environment.   

2. GIS-SUPPORTED FLOOD ANALYSIS AND RISK ASSESSMENT 

2.1 Study Area 
The study area relates to a 30-km section of Qu’Appelle River. Qu’Appelle River is 430 
km long rising in North West of Moose Jaw, South Saskatchewan, and flowing East 
through Buffalo Pound Lake and Fishing Lakes, and Fort Qu’Appelle to the Assiniboine 
River. The section used for this study is part of the huge watershed system in the province 
of Saskatchewan (Fig. 1). 

The Qu’Appelle River is of special importance, because there are some major 
metropolitan centers located close enough to the portion represented by the study area. 
Therefore, conceptually simulating flooding scenarios are of great importance. Flood plain 
analysis model and GIS were used here for identifying the exact needs and requirements 
of effective flood management.  
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Fig. 1  The location of the study area 

2.2 Gis-Based Flood Risk Assessment  
The methodology applied for conducting this GIS-based Risk Assessment consists of two 
stages. The first stage is performing flood modeling and the second stage is visualizing the 
spatial extend and examining the risk through GIS. For conducting the hydraulic 
simulation part of this analysis, GIS support was also required in the sense of providing 
geometry and cross section for the study section derived from the Digital Elevation Model. 
Fig. 2 gives an overview of the integrated approached with the details as follows. 

Visualization 

Simulation 

Channel Geometry

Flood Model

HEC-
RAS 

Pre-processing

 
Post-processin

Digital  
Toposheet 

Shape file

GridDEM TIN 

Digital  
floodplain

VectoreFloodplain
shape file

Fig. 2  The flowchart of the integrated model 

2.2.1 Pre-Processing 
Pre-processing is the first stage in the GIS geometry generation. It involves a number of 
tools that are used for creation of shape files that will be used in developing the geometry 
of the study section from Qu’Appelle River. Fig. 2 also explains procedures used for 
creation HEC-RAS export file.  In this process, stream centerline, banks line, floodplain 
and geometry cross sections were developed from the Digital Elevation Model. 
2.2.2 Hydraulic Simulation  
Surface water flow in open channels is always governed by energy head, velocity head, 
and pressure head. HEC-RAS model is develop by the US Army Corps of Engineers 
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(US-ACOE), which is able to operate with subcritical flow, supercritical, and mixed 
regime conditions. For instance, the following two equations are solved for subcritical 
flow by an iterative procedure for upstream (subscript 2) and downstream (subscript 1) 
sections (US-ACOE 2001): 

WS2 + (α2V2
2)/2g = WS1 + (α1V1

2)/2g  + he             (1) 
he = L Sf + C[(α2V2

2)/2g - (α1V1
2)/2g ]              (2) 

where, WS1 and WS2 are water surface elevations at ends of reach, V1 and V2 are mean 
velocities at ends of reach, α1 and α2 velocity or energy coefficients for flow at ends of 
reach, g is gravitational constant, he is energy head loss, L is discharge-weighted reach 
length, Sf is representative friction slope for reach, and C is expansion or concentration 
loss coefficient.  
2.2.3 GIS-Supported Flood Analysis 
The process of simulating flood scenarios that is schematically illustrated in Fig. 2. Is 
mainly based on three types of input: the first one was the channel geometry obtained 
from the GIS post processing, the second was the TIN model utilized to construct the and 
terrain of the region, and the third was the numerical values used for hydraulic simulation. 
The integration by the three types of model input was in the form of GIS data for the sake 
of geometry description, hydrologic data for the sake of flood simulation and GIS TIN 
model for the sake of floodplain delineation. This allowed complete simulation and 
visualization of the flood extent. In detail, the integrated GIS flood analysis includes the 
following steps: 
 

 
 

Fig. 3  Triangles parameters of the Qu’Appelle TIN 

STEP 1: Generate Qu’Appelle River geometry 
Qu’Appelle River geometry was generated with the help of ArcView HEC-GeoRAS 
(US-ACOE 2000). It was produced mainly based on the triangular irregular network (TIN) 
as shown in Fig. 3. Other geometry parameters including banks, floodplain, river 
centerline and cross section were created using pre-RAS edit command of the software 
Fig. 4). 

STEP 2: Prepare Geometry Data for Flood Simulation 
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The second step involved importing Qu’Appelle GIS to HEC-RAS. The information 
imported from HEC-GeoRAS was in the form of detailed geometry data. The geometry 
data (cross sections at the station locations) for the study section is shown in Fig. 5. 
 

 
 

Fig. 4  The digital elevation model of the study area with the channel geometry parameters 
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Fig. 5  The studies section of the Qu’Appelle River 

STEP 3: Prepare HEC-RAS Flow Data 
The third step was completing HEC-RAS flow data. This was achieved in two different 

stages, the first was by entering 5 flow profiles for the ten cross sections generated for the 
section of study area, and the second was entering water surface profiles. The flow data 
was categorized in three major categories: the normal flow profile for the month of July  
in 2000, 2010, and 2020 as shown in Table 1. Each profile was selected as the average 
daily flow for the second half of July from flow data provided by SaskWater and 
Environment Canada. These profiles were selected based on the highest discharge rate 
obtained for the year 2000, which was the daily average of July 12, 2000 of a 24.1 m3/s. 
Flood scenarios were estimated according to the following flood frequency equation 
(Serrano, 1997): 

Q= Q`+KTSQ                  (3) 
where, Q is maximum annual flow rate associated with a return period T (m3/s), Q` is 
sample mean of historical series (m3/s), KT is frequency factor, and SQ is sample Standard 
deviation. 

According to this equation, daily flow of July 2000 has been correlated with the same 
year flow plus (“minus” in short term flood estimation) a factor of standard deviation 
(Serrano, 1997). The factor KT depends on the probability distribution describing the flood 
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series and the given return period Table 2 is showing frequency factors for the normal 
distribution. 

Table 1  Flow statistics for the simulated profiles (m3/s) 

Day Jul-00 STDEV 10 YEARS 20 YEARS 
10-Jul-00 14.1 4.5504945 19.932494 21.585563 
11-Jul-00 15.2 4.9074433 21.389443 23.272744 
12-Jul-00 24.1 5.5407581 30.922758 33.214547 
13-Jul-00 19.8 4.1243181 25.206318 26.584503 
14-Jul-00 14.4 1.9091883 17.591188 17.540615 
15-Jul-00 11.7 5.1171094 18.099109 20.117645 

Table 2  Frequency factors (KT ) (after Serrano, 1997) 
T (year) KT T (year) KT 
200.00 2.576 1.82 -0.126 
100.00 2.326 1.67 -0.253 
40.00 1.960 1.54 -0.385 
20.00 1.645 1.43 -0.524 
10.00 1.282 1.33 -0.674 
6.67 1.036 1.25 -0.842 
5.00 0.842 1.18 -1.036 
4.00 0.674 1.11 -1.282 
3.33 0.524 1.053 -1.645 
2.86 0.385 1.026 -1.960 
2.50 0.253 1.010 -2.326 
2.22 0.126 1.005 -2.576 
2.00 0.000 1.001 -3.090 
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Fig. 6  The base and 20 years flow profiles for the simulated section 

2.2.4 Post-Processing (Floodplain Mapping) 
Post processing is the last phase in conceptualizing Qu’Appelle model. HEC-RAS Data 
can be read into GIS mainly through ArcView and HEC-GeoRAS, with the Qu’Appelle 
steady flow model export file created, the post-processing aspects of HEC-GeoRAS are 
used to map the floodplain over the Qu’Appelle TIN. The produced floodplain 3-D map 
as shown in Fig. 6 displays the produced water surface elevations for each cross-section. 
Fig. 7 presents the details for a cross section. All post-processing stages from this point 
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forward will be using Qu’Appelle TIN in ArcView under the postRAS menu. The 
floodplain themes are represented as shown in Fig. 8. 
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Fig. 7  The base year 2000 channel cross section 

 
Fig. 8  Tlood delineation stage of the post-processing 

2.2.5 Results 
A set of results have been obtained from this case study in addition to the above analyses. 
Fig. 9 shows the delineated flood grid of the study section of Qu’Appelle river. Fig. 10 
gives the 20 years flood profile. The developed procedures have produced floodplain grids 
that clearly show the spatial extent of different flood scenarios. These results are 
highlighted in Fig. 11, 12 and 13. It was clear that changes in water surface elevations 
made areas down stream of the channel at more risk. The considerable presence of creeks 
along the study section has significantly shared in taking the access amount of flow.  

3. DISCUSSION 

Determination of data requirement is an important issue in this study. It might be different 
type of data to be used with certain software rather than data to be mapped directly or 
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visualized through data explorer. There are many approaches of parameter estimation 
techniques considering hydraulic modeling and GIS becomes a central part in parameter 
estimation (Krahe, 1997). Many types of hydrological/hydraulics analysis are limited by a 
lack of spatial data since traditionally the data are produced by point measurements. The 
rapidly developing GIS technology is a powerful tool to organize processes and visualize 
spatial data. 

GIS has provided a new environment to develop Risk Assessment conceptual and 
simulation models. These models take into account and predict the values and parameters 
of the studied features at any point within the watershed. By taking the case study project 
of Qu’Appelle River as an example, it would be obvious that GIS has developed a 
framework integrating hydrologic simulation sources for predicting flood risk of a section 
of the Qu’Appelle River. This model could be implemented to conceptualize any similar 
risk parameters for any river in the world and should come with unique results based on 
the accuracy of data used. Accessing risk of spatial features with GIS has recently been 
implemented as an automated tool. It can be used with a GIS software such as ArcInfo and 
ArcView to define and connect the hydrological units, then linking them to hydrological 
simulation packages such as HEC-RAS for producing risk assessment model. 
 

 
 

Fig. 9  The delineated flood grid of the study section of Qu’Appelle River 

 
 

Fig. 10  Qu’Appelle River 20 years flood profile 
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Fig. 11  Flood situation for the base year (2000) 

 
Fig. 12  Flood situation in 10 years (2010) 

 
Fig. 13  Flood situation in 20 years (2020) 

Post-processing and floodplain delineation stage is accompanied by lots of data and 
processing problems. The main target of this stage of processing was floodplain 
delineation. This can be achieved by importing HEC-RAS GIS export file to ArcView and 
with the help of pre-processing DEM. It would be achievable to get all water surface 
elevations as shape file to get the water surface TIN. Finally, floodplain would be 
delineatated from water surface TIN. One shortcoming exists in rasterization of water 
surface TIN as it might be very much time consuming to get small pixel size raster. 

4. CONCLUSIONS 

In summary, this approach was dedicated to describing a new way of integrating GIS and 
environmental hydraulics simulations for the sake of risk assessment. This integrated 
approach utilized GIS as a tool for Spatial Analysis and visualization along with 
HEC-RAS as Hydrological modeling software.  

The developed method has been applied to the Qu’Appelle River, Saskatchewan. 
Reasonable results have been obtained. The findings of this research could be concluded 
in the following points: 

• The applied methodology proved to be a very useful and efficient flood risk 
modeling approach. 
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• It was attainable to visualize and quantify the extent of the 10 and 20 years flood 
levels, which have changed water surface elevation from 485 meters in ten years to 
495 meters in 20 years leaving the area at the minimal risk due to the presence 
creeks. 
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Abstract: Urbanization often is accompanied with increased overland flow, shorter time of 
concentration, and larger flooding area. The threat of flooding from such change can be serious 
concern both financially and environmentally to governments that are responsible for flood warning 
and flood damage reduction. It is critical to get accurate estimates of the place and extent of impacts 
to have quick and effective emergency response. This paper reports the development a flood 
warning system by integrating Internet, Geographic Information System, and the Runoff Curve 
Number (CN) method (TR55). It first delineates flooding areas in response to different rainfall 
amounts and/or land use scenarios, then overlays the flooding areas with other data layers to identify 
properties and streets potentially to be affected by the flooding event. Finally, results from the 
simulation and overlay analysis are published via Internet. This study demonstrates that based on the 
simulation of changes in land use patterns, the change of runoff and flooding areas can also be 
visualized on a temporal and spatial context. The system can be used to estimate the impact of land 
development on flooding events, therefore, to support better planning and development decisions. 

 

Keywords: curve number, land use, flooding, internet, geographic information system 

1. INTRODUCTION 

This paper presents an Internet-based Flood Warning Information System. The system can 
be used by local governments, which are responsible for flood warning and flood damage 
reduction. It is critical to accurately estimate where flooding will likely occur and what 
will be affected. Based on such information, local governments can quickly response to 
emergencies and more importantly, to take action to alleviate flooding impact. The 
development of a flood warning system requires the understanding of water flow and land 
surface features. Increasingly, Geographic Information System (GIS) and hydrological 
modeling have been used by communities to forecast and manage such emergency events 
(Brimicombe and Bartlett, 1996; Brun and Band, 2000). The focus of this study has three 
components: integrating GIS and modeling for delineating flooding areas; using GIS 
spatial analysis functions to identify flood-prone properties and streets; applying Internet 
Map Server to provide remote access.  

Recently, studies have demonstrated the potential of Internet in improving accessibility 
to spatial data and spatial data processing services (Abel et al., 1998; Kingston et al., 
2000). The Internet can be employed as a distribution mechanism for GIS-based 
applications (Doyle et al., 1998). However, the majority of Internet use is limited to map 
service: a map server publishes maps onto the Internet. Users can view the maps, perform 
queries to select layer for display. An important feature of this Internet-based flood 
warning system is that the system can take a user’s input to execute an analytical model. 



Further, the modeling result is added to a spatial database. Finally, the result becomes 
available to the system users via an Internet Map Server. We choose the Internet user 
interface because it helps solving the limitation of a traditional decision support system 
that stores data, model, and user interface on a single computer (Bhargava and Tettelbach, 
1997). Developing an Internet-based GIS will provide remote access and sharing of 
geographic data (Peng and Nebert, 1997). 

2. SYSTEM DESIGN 

Fig 1 displays the structure and communication flow of the proposed flood warning 
information system. The system consists of five components: a spatial database; a GIS 
analytical component; a flood simulation modeling component; a map service component; 
and an Internet user interface component. Those components are dynamically connected 
and each is responsible for one part of the system function.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Flood 
Model

Spatial Database 

Map Server

GIS
Internet User 

Interface 
Internet User 

Fig. 1  Structure of the Internet Flood Warning Information System 
 
Typical data layers in the spatial database include land use, land surface elevation, 

soils, streets, and building footprints. Those data are used for flood simulation and impact 
analysis. Attributes for different land uses and soil types are stored as tables in the 
database. The flood simulation model delineates flood area for a given size of storm. The 
flood areas generated by a simulation model for different storm events also are stored in 
the database.  

The GIS functions provide the capabilities of overlaying flood areas with building and 
street data layers in order to identify the buildings and streets within the potential flooding 
areas. It is combined with the map server to present the overlaid results as maps to the 
system users. The map server allows the basic map viewing function, such as zooming 
in/out, panning, identifying, and selecting via the Internet user interface. The system is 
implemented with several design principles: The final product is user friendly with 
customized interface and scripts to support the “click and run” interface for most tasks. It 
presents both maps of area of interest and tables of the building and street features. 

3. SYSTEM IMPLEMENTATION 

The flood simulation model used in this study to estimate runoff is a modified Runoff 
Curve Number (CN) method, TR-55, of the United States Department of Agriculture 
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Natural Resources Conservation Service (Wang and Jin, 2001). The model estimates 
runoff for a given storm size. Determination of runoff depends on the amount of rainfall 
and potential maximum retention. The runoff equation is expressed as: 

( )
( )

20.2
0.8

P S
Q

P S
−

=
+

 

where  
Q = runoff (depth), 
P = rainfall (depth), 
S = potential maximum retention after runoff begins (depth), calculated as: 

1000 10S
CN

= −  

This model presents simplified procedures for estimating runoff in small watersheds 
under various combinations of land uses using single-event rainfall data, and gives special 
emphasis to urban and urbanizing watersheds. Soil and land use data are used to calculate 
the CN values and runoff, Q, using the CN model. Infiltration rates of soils vary widely 
and are affected by subsurface permeability as well as surface intake rates. According to 
the USDA Natural Resources Conservation Service, soils are classified into four 
hydrologic soil groups (A, B, C and D) based on minimum infiltration rate (USDA 1986). 
Land use often determines the type of land cover that also affects the amount of runoff 
generated from rainfall. Curve Numbers used in the TR-55 model, ranging from 0 to 100, 
are derived from both land cover and hydrologic soil group. Once CN for an area is 
determined, the potential maximum retention, S, can be calculated and then, runoff Q can 
be calculated for a given size of rainfall, P.  

Normally the CN model divides a watershed is into several areas depending on the soil 
and land cover conditions. Curve Numbers for different areas are determined and used to 
calculate a composite Curve Number for the watershed. This CN is then used to calculate 
runoff depth for the outlet of the watershed.  

We integrate GIS spatial analysis functions with the CN model to form a cell-based 
calculation. Such integration adds land surface elevation to the runoff calculation. Fig 2 
displays the calculation process. Four types of input data are needed to delineate flood 
areas. The GIS rasterization function is used to convert the soil, land surface elevation, 
and land use data into grid format. Surface elevation, soil characteristics, and land 
use/cover type are assigned to each grid cell. Flow directions for the cells are calculated 
based on the surface elevation. Soil, land use and user-entered precipitation data are used 
to calculate the CN values and runoff, Q, from each cell, using the CN model. The 
calculated Q values are then used with the flow direction to derive flow accumulation for 
each grid cell, representing the amount of runoff into the cell from upstream areas. Then, 
the water depth is calculated from the flow accumulation (the amount of water 
accumulation divided by the cell size). After the water depth is added to the original land 
surface elevation to produce a new surface, the GIS “fill” function is used to fill holes in 
the new surface. That is, if a cell’s surface elevation is lower than the surrounding cells, 
its elevation will be adjusted to the lowest elevation of the surrounding cells. This 
procedure is based on the concept that a flooding area is where water accumulation 
exceeds a certain depth during a storm. Such flooding often lasts a prolonged period that 
water in a temporary storage place can overflow to adjacent areas where the land surface 
is lower than the water level. The product of this “fill” step is a smooth surface. This 
surface is used to derive flooding areas where water storage exceeds a threshold depth. 
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The advantage of this approach is that it accounts for the accumulation of water from both 
rainfall and overland flow from upstream areas.  

Rainfall

Flood areas

Filled surface elevation

New surface elevation

Storage depth

Flow accumulation

Flow direction

SoilLand useSurface elevation 

Runoff depth

Fig. 2  The integrated Curve Number-flow accumulation model. 

The system is developed with ArcView GIS, version 3.3, its Spatial Analyst extension, 
ArcIMS (Internet Map Server), all products of the Environmental System Research 
Institute, Inc. (ESRI), for its mapping and spatial analysis functions. Microsoft Active 
Server Pages (ASP) and Sun Microsystems Java technology are used to create and run 
dynamic, interactive applications, including running the flood simulation model.  

The most common concerns by a local government regarding flood impact are the 
properties affected and streets that have to be closed. Therefore we have chosen these two 
data layers for evaluating flood impact. The flood warning information system can list the 
addresses for those properties that are within the identified flood area. Similar to the 
property data layer, the streets with address ranges are stored in the database. We use the 
GIS spatial selection function to select the street segments that are within the flood area. 
The address ranges of those street segments are kept in a separate file that can be called by 
the user to be displayed on the user's screen.  

The user interface is developed with ArcIMS to provide the necessary connection 
between the flood warning system and its user (Fig 3). A user may review a particular 
scenario or compare two scenarios. If the user is only interested in one scenario, he/she 
can choose a land use scenario and enter the rainfall amount. After the user submits the 
request, the program will search if flood simulation for the requested scenario was 
calculated before. If the selected scenario was calculated the system will launch ArcIMS 
to publish data for the selected scenario. If no previous calculation is found, the system 
will launch the flood simulation model to calculate runoff and flood area for this rainfall. 
After the simulation is complete, the system will display via ArcIMS the scenario as a 
map with multiple data layers to its user. A user will be able to query, identify, zoom, pan 
and select the layers. In addition to viewing the results on line, a user may print maps and 
tables. 
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Fig. 3  System user interface 

The following figures illustrate one potential use of this system. After a user specifies a 
land use and rainfall scenario, the system produces a map of the potential flooding area as 
shown in Fig 4. When this flood layer is overlaid with building or property layers the 
affected properties can be highlighted (Fig 5). In addition to maps, the street segments that 
may be affected by the flood are also identified and highlighted in a tabular format (Fig 
6).  

 
Fig. 4  Flooding areas resulted from a user specified land use and rainfall scenario 
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Fig. 5  Properties that may be affected by a user specified flood event 

Strlabel L_f_add L_t_add R_f_add R_t_add

CRAFT ST 73 299 74 298

WINNESTE AV 4801 4811 4800 4818
WINNESTE AV 4813 5051 4812 5040

RANKIN ST 2421 2499 2420 2498

RANKIN ST 2415 2419 2414 2418
ERROR PL 2321 2399 2320 2398

QUEEN CITY AV 1701 1711 1700 1710

RANKIN ST 2401 2413 2400 2412
MERTON ST 2301 2399 2300 2398

QUEEN CITY AV 1811 1821 1810 1820
QUEEN CITY AV 1713 1737 1712 1736

ERROR PL 2319 2299 2320 2300

QUEEN CITY AV 1783 1809 1782 1808
QUEEN CITY AV 1739 1767 1738 1766

  
Fig. 6  Attribute table of affected street segments 

In addition to reviewing a single storm event, the user may compare two scenarios to 
examine the variations of flood impacts. The comparison can be for two different rainfall 
amounts, or for same rainfall with two different land use scenarios. The user is able to 
compare the two scenarios with maps or tables. The GIS-based Curve Number-Flow 
Accumulation Model estimates flood stage elevation in a watershed based on precipitation, 
land use, soils, and land surface elevation. When the other three independent variables are 
held constant, the flood stage elevation will reflect the change of land uses. By predicting 
the change of flood stage elevation from the change of land uses within a watershed, 
planners can identify and evaluate measures required to reduce the impact of urbanization 
on flooding.  
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4. CONCLUSIONS 

A flooding warning system is designed and implemented with GIS and Internet 
technology. During a storm event, it is critical to accurately estimate where the flood is 
and how much the impacts it will have. Although many sophisticated watershed models 
exist, they are rarely used as management tools because of difficulties in data collection 
and model implementation. Considering this, the integration of GIS and hydrologic 
modeling in this study serves as a useful tool for assessing the impact of urban growth. 
Data required to operate the model are readily available in most municipalities 
(precipitation, land surface elevation, soils, and land uses). The design that data are 
maintained separately from the model makes it possible to eliminate the unnecessary costs 
of collecting duplicate data, to simulate under different sizes of storm events, and to 
compare results from different land uses.  

The product from this study can be used as the primary information source to raise 
public awareness of the extent and nature of stream flooding as a consequence of urban 
growth. The user-friendly display and query capabilities allow dynamic manipulation of 
GIS database and a two-way communication between the system and its user. A user may 
interactively enter precipitation amount and select different land uses. This system can be 
used to promote public participation in decision-makings related to reduce or prevent 
flooding damage.  
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Abstract: A fast identification of land use patterns in a river basin using satellite image as a means 
has been highly anticipated for various environmental management applications. To achieve this 
goal, the state-of-the-art 3S information technology by properly integrating the skills of remote 
sensing (RS), geographic information system (GIS), and global positioning system (GPS) is viewed 
as an important means for watershed land-use classification. A supervised classification process was 
applied to analyze the land-use patterns leading to classifying orchard, farmland, sugarcane farm, 
forest, grassland, barren, community, and water body in the Kao-Ping River Basin, Taiwan. Final 
accuracy can be confirmed by using available aerial photographs simultaneously or separately for 
ground truth verification. Based on such a database, simulation analysis of nonpoint source pollution 
impacts may demonstrate its potentials. 

 

Keywords: land use classification, river basin management, remote sensing, nonpoint sources 
pollution control 

1. INTRODUCTION 

Assessing the potential of nonpoint sources pollution to assist in planning of the Best 
Management Practice (BMP) has long been recognized as an integral part of pollution 
prevention and control in a river basin. Simulation analysis of nonpoint source pollution 
impacts play an important role in decision making. In many cases, the grid-based 
modeling analysis is prohibitively laborious and hindered because of insufficient 
information and unbearable data-intensive requirements. The essential information to be 
identified beforehand normally includes land use pattern, soil texture, soil moisture, land 
coverage, etc. A fast identification process of land use patterns using satellite image as a 
means has been highly anticipated for nonpoint sources pollution control and 
environmental management in recent years. To achieve this goal, this paper presents a fast 
methodology for catchment land-use identification and nonpoint sources waste load 
estimation by properly integrating the skills of remote sensing (RS), geographic 
information system (GIS), global positioning system (GPS), and nonpoint sources 
pollution models.  

In this analysis, eight types of land-use patterns in the watershed area of the Kao-Ping 
River Basin, Taiwan were classified with the aid of SPOT satellite images, Erdas 
Imagine® image processing system, and ArcView® GIS system. Hydrologic and 
geographical features were obtained or derived by the Digital Elevation Model (DEM) 
and GIS technique simultaneously. The export coefficients were then applied to assess the 
trend of nonpoint sources pollution impact in this paper.  

 



2. ANALYTICAL APPROACH 

The analytical procedure applied in this study addresses the logic of identifying the 
physical characteristics of land cover by SPOT multi-spectral images in a GIS 
environment and estimating the non-point sources waste load in a river basin. In the 
beginning, overlay of SPOT image and GIS themes of the study area has to be carried out 
in order to detect the geographical location of the study area based on the Thematic 
Mapper (TM) coordinates. The SPOT has high-resolution visible (HRV) imagery, which 
includes three bands with 20-m resolution color mode and 10-m resolution panchromatic 
mode. Colorful image includes infrared, red, and green bands corresponding to the 
wavelength of 0.79~0.89 µm, 0.61~0.68 µm, and 0.50~0.59 µm, respectively. Satellite 
image reception, archiving, and validation are normally carried out by the Center for 
Space and Remote Sensing Research in Taiwan. Current HRV data precision (80bit) 
appears suitable for land-cover identification in a river basin scale. The entire analysis for 
land use identification and classification in the watershed of the Kao-Ping River Basin 
was designed based on a practical scale GIS framework. Study area has been further 
classified by the authors using three thematic raster layers of SPOT digital images that 
were generated during the time period of 1994 (i.e. November, 1994), 1996 (i.e. June, 
1996 and August, 1996), 1997-1998 (i.e., November, 1997 and January, 1998), and 2001 
(i.e. January, 2001). These SPOT scenes selected for identifying covering the portions of 
the Kao-Ping River Basin in southern Taiwan must be first verified to a status of GICS 
level 10 by the staff in the Center for Space and Remote Sensing Research before 
performing various environmental applications. Automatically matching conjugate 
features in overlapped images was required first. Due to time differences when producing 
these three thematic raster layers, direct matching of them was impractical. Instead of 
using advanced direct matching algorithms, this study applied a different method in which 
three thematic raster layers were used for land use classification separately and individual 
outcomes were then integrated together as a whole for final evaluation. They were 
analyzed eventually using the Erdas Imagine® image processing system in this study. 

Application of GPS helps verify the effectiveness of land use classification based on 
SPOT satellite image. The information gained from GPS can be divided into two groups. 
One group is prepared as a set of feature points that is designed for a direct calibration of 
land use classification in the Erdas Imagine® image processing system. The other group is 
designed as an additional set of feature points or ground-control points (GCPs) for 
validation purpose. The overall supervised ground truth classification process can 
therefore be trained based on the first set of feature points in the first stage and then be 
validated by the given condition of land use pattern in reservoir watershed with the aid of 
the second set of feature points in the second stage. Final accuracy can be improved by 
using available aerial photographs simultaneously within any of these two stages. The 
process can be manipulated entirely in a GIS environment. Overall, in the way to identify 
and discriminate between different land cover classes in the first stage, the image 
processing system of Erdas Imagine® may classify each SPOT scene into eight unrelated 
and distinct classes, consisting of orchard, farmland, sugarcane farm, forest, grassland, 
barren, community, and water body, then combine each response into the study area as a 
whole. The information in relation to eight pre-specified land use patterns were then 
enhanced by a “sliding through” procedure via assigning each spectral class of interest a 
color and viewing it on the computer monitor within the ArcView® GIS environment in 
the first stage. The work in second stage requires entering the second set of feature points 
for checking the effectiveness of land use classification in the first stage, followed by 
image geo-correction and re-sampling through the use of GPS for enhancing the 
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understanding of those unclear regions if required. In any circumstances, the location and 
spatial pattern have to be noted and compared with the existing land use patterns by part 
of the feature points identified in advance or gained in the re-sampling procedure within 
the second stage. Statistical analysis sometimes is required to quantify the prediction 
accuracy when comparing the aerial photograph and the satellite image in the target area. 
The export coefficients were selected as a preliminary tool to estimate the waste load in 
terms of nutrient constituents in the watershed of the Kao-Ping River Basin. These models 
were verified in Taiwan to assess the nonpoint sources loadings of nitrogen and 
phosphorus based on several different land use types. 

3. RESULTS AND DISCUSSIONS 

The focus of this study places upon classifying eight types of land-use patterns in the 
coastal watershed with the aid of SPOT satellite images that are generated during the 
time period of 1991-2001. The satellite images selected are shown in Fig. 1. The spatial 
analysis module embedded in the ArcView ® system can be applied for computing the 
land use statistics corresponding to each drainage sub-basin. Except the area covered by 
the cloud, the land use patterns being categorized include orchard, farmland, sugarcane 
farm, forest, grassland, barren, community, and water body in each sub-basin. These 
land-use patterns can be delineated as an ArcView® cartographic output as shown in Fig. 
2. An independent survey of land utilization in 1991, as shown in Fig. 3, is selected as the 
baseline information to trace out the variations within a ten-year time frame when looking 
for the possible temporal variations of land use.  

Table 1 therefore summarizes such comparative outputs that cover a time period from 
1991 to 2001. At present, forested land occupies approximately 60.3% of the total area of 
the river basin. It spreads out along the eastern mountainous area in the watershed. 
Orchard areas are scattered around on both sides of the river corridor. It occupies 
approximately 17.7% of the total area. Besides, farmland, grassland, barren, and 
community constitute approximately 9.9%, 3.3%, 2.2% and 4.1% of the total area, 
respectively. They are normally located at the southwest region of the river basin. Fig. 4 
shows the GPS feature points prepared for ground truth verification and validation in 2001. 
From 1994 to 2001, the land use for orchard has increased dramatically due to fast 
economic development, as shown in Fig. 5. As a result, grassland and community have 
also presented an increase trend over time. On the other hand, forested land has decreased 
substantially in the last decade. A considerable area of forested land might be eradicated 
and transferred into the golf courses, recreational parks, and residential areas. Overall, as 
shown in Table 1, the land development programs have significantly changed the land-use 
pattern in this region so that the land management, ecological conservation, and pollution 
control actions have become a new challenge to the environmental decision maker in the 
river basin. Based on the land use classification in the last decade, the changes of nonpoint 
sources waste load can be estimated by export coefficient. Table 2 lists the export 
coefficients applied in this analysis (Chang et al., 2001). Table 3 therefore summarizes the 
changes of nonpoint sources waste load in the last decade based on the land use 
identification using remote sensing as a tool. 

4. CONCLUDING REMARKS 

This analysis quantifies the non-point sources waste loads emphasizing the engineering 
application of 3S information technology. With the aid of 3S information technology, the 
case study explains the model functionalities for the estimation of nonpoint sources waste 
loads in light of supporting analysis provided by the information technology and 
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site-specific sampling outputs. It eventually leads to assess the long-term variations of 
land use patterns leading to derive the long-terms changes of nonpoint sources waste loads. 
Such information must prove useful to watershed manager for controlling future land use 
planning in this river basin. The applications of Generalized Watershed Loading 
Functions (GWLF) model (Haith et al., 1992) in the future to estimate the waste loads of 
nonpoint sources in terms of the total phosphorus (TP) and total nitrogen (TN) over time 
by a more accurate way is anticipated in the future. Further managerial policy can then be 
made with respect to the identified nutrient loadings in the Kao-Ping River Basin, 
southern Taiwan, leading to help fulfill part the goals in the Total Maximum Daily Load 
(TMDL) program in this river basin.  

 
Table 1  The area of land-use patterns identified in the Kao-Ping River Basin (km2) 

land-use patterns 1991 1994 1996 1998 2001 
orchard 132.44 385.90 389.60 471.44 576.22 
forest 2,242.30 2,182.28 2,048.55 1,816.97 1,962.52 
grassland 169.48 114.53 132.68 206.51 106.99 
community 69.74 71.96 108.55 153.44 133.59 
farmland 442.84 267.80 285.71 255.17 323.10 
sugarcane 102.06 47.26 47.91 46.19 45.89 
barren 0.00 132.98 191.60 207.06 70.70 
water body 91.71 48.72 41.97 38.08 29.30 
cloud 0.00 0.86 9.80 61.71 3.99 
Total 3,250.58 3,252.30 3,256.38 3,256.57 3,252.30 

Table 2  Export coefficients applied in this analysis (Chang et al., 2001) 

Land use Forest Community Orchard Agricultural land Grassland Sugarcane 
TN (kg/ha/yr) 3.3 10.0 26.0 2.5 0.74 10.69 
TP(kg/ha/yr) 0.6 1.0 4.0 0.3 0.2 4.67 

Table 3  Changes of total nonpoint sources waste load in the last decade 

Year TN (Kg/day) TP (Kg/day) 
1991 3,798.39 709.12 
1994 5,264.15 890.11 
1996 5,287.64 885.50 
1998 5,773.20 948.74 
2001 6,622.31 1,081.81 
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Fig. 1  The SPOT images of the Kao-Ping River Basin 
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    Fig. 2  The identified land-use patterns in the Kao-Ping River Basin 

 1251



 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 3  The surveyed
Riv

 

Fig. 4  The distribution of feature points for calibration 

 

 

 land use patterns in the Kao-Ping 
er Basin (1991) 
Fig. 5  The variation of forest regions in the Kao-Ping River Basin (1994-2001) 
1252



Flood Defence ’2002, Wu et al. (eds)© 2002 Science Press, New York Ltd., ISBN 1-880132-54-0 

Flood assessment in part of Yewa basin 

Olusegun Adeaga 
Department of Geography, University of Lagos, Lagos 
E-mail: oadeaga@yahoo.com, oadeaga@hotmail.com 

 1253

Abstract: Meaningful water resources planning requires, among others, spatio-temporal 
understandings of extreme hydrological events if the severe negative impacts of these extremes are 
to be managed with gratified socio-economic benefits. Frequency analysis of hydrological events 
involves systematic interpretation of hydrological data using statistical approach. Geographical 
Information System (GIS) provides easy data query, search and retrieval operations of spatial 
processes. Such information is useful while setting criteria for standard water resources production 
and management system. 

 

Key words: flood, frequency analysis, Geographical Information System, flood planning 

1. INTRODUCTION 

Flood is a natural hydrological phenomenon that is characterised by relative streamflow 
conditions, which overtops the natural or artificial banks in any reach of stream. It is an 
unusual high rate of streamflow, which overflow land, that is not normally submerged, 
leading to overflowing of streams and riverbanks (Oyebande, 1990). Thus, flood becomes 
a hazardous phenomenon due to human encroachment on natural floodplain of stream, 
which with the channel form complementary and inseparable appropriate floodwater 
conveyance.  

Fig. 1  Geological formation and Gauging station  
in Yewa basin (Nigeria) 



Major target of floods in Yewa basin is man’s socio-economic activities that inhabit 
locations that encourage flooding. Such locations include floodplains, valleys and flats 
among others. Hence, tremendous reliance of socio-economic activities of the people on 
water without adequate hydrological extreme mitigation technology has increased flood 
vulnerability rate in the basin. Noted consequences of flooding in the basin include 
enormous loss of lives and properties as well as disarray of socio-economic structures 
with a lot of institutional implications.  

Disastrous effect of flood on man and his activities, in-addition to the need to harness 
Yewa basin rich surface waters potentiality call for an in-depth study of flood severity, 
occurrence and duration among others. Such study is essential if a quantitative and 
qualitative water management scheme is to be instituted through structured water 
resources system design.  

In this study, frequency analysis and probability methods were used to analyze monthly 
flow of gauging stations between 1983 and 1999 (Fig. 1) within Yewa basin. 
Geo-modeling of maximum flow events and flood prediction was carried out using 
Geographical Information System (GIS). 

2. ANALYSIS METHOD 

Extreme value prediction of partial series annual (maximum) flow distribution was carried 
out using Log Pearson Type (111) model (Viessman et al, 1989; Shaw, 1993). GIS 
technique was used to model spatial distribution of Maximum flow while a 2-meter water 
level effect prediction was estimated from derived DTM of the basin. The analysis was 
carried-out in order to provide appropriate flood indices suitable for measuring design 
criteria for water resources system and appropriate mitigation actions. 

Extreme value prediction of partial series annual (maximum) flow distribution was 
carried out using Log Pearson Type (111) model (Viessman et al, 1989; Shaw, 1993). 
Digital Elevation Model (DEM) of Yewa basin is interpolated from contours. 
Topographical maps of Yewa basin at Scale 1:50,000 were used for the DEM analysis.  

The DEM processing involves elevation mapping and landform depiction as well as 
stream network and watershed delineation. The steepest descent method combined with 
automatic algorithm for pit removal has been used to compute flow direction pattern. 

Log Pearson Type 111 distribution is quantitatively expressed as: 
log θ = log Ô + k (slog Ö)        (1) 

where k is skew curve factor, log Ô is mean of monthly peak flow; slog Ö is standard 
deviation of monthly peak flow. 

Meanwhile, the upper and lower confidence limit of return periods and estimated 
values of discharge (Ô) is mathematically expressed as: 

Ô ± tα.v SE(Ô)               (2) 
where Ô is discharge value at specified return period, tα.v  are values of the t distribution 
with α the probability limit required and v the degree of freedom, SE is standard error of 
estimate. 

3. RESULTS 

Mean discharge value for the period was 334.44 m3/s while C.V and skewness values 
were 12.67% and 1.64 m3/s respectively. Estimation of frequency curve on peak discharge 
which are likely to be equaled or exceeded on average once in a specified period, T years 
and confidence limits about the fitted straight-line relationship between the annual 
maxima and the linearized probability variable are shown in Fig. 2. 
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Fig. 3 Flood frequency (Confidence Interval) analysis of Yewa Basin 
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Fig. 2  Flood frequency (Log. Pearson Type 111) of Yewa Basin 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 4  (a) Digital Terrain Model (b) Flood image (2 meters) of Yewa Basin 
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At return period 1.01 and 100 peak flow magnitude of 1,310.09 m3/s and 3,334.59 m3/s 
were recorded respectively. Fig. 3 depicts Flood frequency (Confidence Interval) analysis 
of Yewa Basin. 

Digital Terrain Model of Yewa basin and flood image of 2-meter water level are shown 
in Fig. 4 (a and b) respectively. In the flood imagery a 2-meter water level inundates about 
118 km2 (about one-third of the basin total area covered). 

4. IMPACTS AND CONSEQUENCES OF FLOOD 

The impact and consequences of flooding however varies and are aggravated by numerous 
physical and humans factors. Hence, natural and anthropogenic factors are fundamental to 
occurrence of flood hazards. Natural factors within an environment are of great significant 
in the generation of flow while, anthropogenic factors usually trigger and aggravate the 
devastating effects of flood. This is as a result of man’s interaction with the environment 
in the bid for development.  

In Yewa Basin, high poverty rates and low technological capabilities in the area of 
appropriate flood mitigation measures has resulted into people within the region being 
highly vulnerable to hazardous consequences of flooding. 

Hazardous threats from river and coastal flooding on man’s developmental activities 
like settlement, agricultural and industrial activities within flood plain, wetlands and flood 
prone coastal locations within Yewa basin are enormous. These include loss of lives and 
properties as well as disarray of economic, social and institutional structures. Such hazard, 
usually leave most dwellers in a state of stupor and streets to rivers.  

This is due to low elevation and gentle slopes combined with intense coastal storms, 
frequent tidal upsurge and high-intensity short-duration thunderstorm of coastal region 
within the basin which usually cause-damaging inundation. 

Hence, flood hazards are greatest in pre-urban and urban centers located in the coastal 
plain like Badagry, Ibereko, Akere and Ibawe-Kekere among others, where human impact 
is more visible on flood plain and path, as a result of pressure from their population. 

5. CONCLUSIONS 

Flood is a natural phenomenon, which cannot be out rightly eradicated, whose hazards are 
due to designed socio- economic and political system alteration of the physical 
environment. The alteration is usually carried-out by man without adequate provision / 
reservation for the natural system being in operation in the environment. Thus, there is a 
temporal imbalance of the natural environment. 

Flood mitigation measures, prediction and preparedness should involve systematic 
approach while formulating policies and designing institutional framework towards 
precautionary measures on ways to reduce flood hazard intensity and vulnerability 
through non-structural and structural measures. 

Such measures should be holistic in nature and involve conversion of destructive flood 
activities into economically beneficial flood. Beneficial aspect of flood, which includes 
use of floodplain alluvium for agricultural practices (food and cash crops) as evident in 
the upper and lower Yewa Basin floodplains. Beneficial flood planning and management 
remains the only way towards solving flood menace. Flood menace is usually created by 
unplanned and haphazard economic, political and social development. 

Proper understanding of a structured socio-economic system of the people and their 
livelihood and its relationship in terms of flood generation and flooding on man within 
Yewa Basin is also paramount.  
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Structured socio-economic system provides basis for systematic approach to flood 
vulnerability study in an environment. This is of great relevance while dealing with 
people’s capacity to anticipate, cope, resist and recover from hazardous flood. 

Also, outright strategic approach should also, involves wholly funding of coordinated 
research program, staff training and development, data gathering and information 
dissemination on flood planning and its management at the local, national and 
international levels. This will furnish a more computationally efficient and less 
cumbersome continuous flood analysis and modeling plan towards effective and efficient 
flood planning, management and preparedness.  

In addition, measures like application of appropriate conservation measures and 
operational water resources system and hydraulic structures, needs to expand in terms of 
construction, and maintenance due to increasing growth rate of urbanization and 
modification of the physical environment is essential. 

Furthermore, government needs to ensure that structures are protected and damages to 
homes and financial losses are reduced through serious mass mobilization campaign on 
Flood occurrence and its mitigation measures. 

Flood zoning and insurance need to be encouraged while socio-economic status of 
populace needs to be improved while Cost-of-service tax should be encouraged for the 
maintenance and operational cost of flood maintenance system. Such taxes should adopt 
principle of equitability. The more susceptible your activities or location is to flood hazard 
the more you pay, also the rich should pay more. 

Finally, advanced technological tool of investigation like remote sensing and GIS 
should be made use of in flood mitigation, prediction and preparedness. Advanced 
technological tools provide spatial systematic approach to hazard monitoring and archive. 
It’s a great investment if well used in an organized institutional framework for successful 
sustainable planning. 
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Abstract: The concept of carrying capacity has been proved to provide contribution to solve 
environmental problems. So, it is used widely in environmental planning and urban planning. 
Because cities are major users of scarce natural resources and the cause of serious environmental 
damage, assessing urban carrying capacity of water resources has been emphasized. But there are 
some problems should be solution when it is used in urban water system. The key issues in 
estimation of carrying capacity are discussed by analyzing urban water system in this study. The 
first of them is the relationships in water system, economic system, social system and ecological 
system. How water quality and economic development impacts the estimation of water resources 
carrying capacity. The second is using variables which have close relations with urban planning to 
evaluate the carrying capacity. The third one is method to estimate carrying capacity. In the paper, 
the system dynamic model has been built based on system analysis for urban water cycle. This 
model considers changes of water resources caused by changes of water quality and adjustment of 
economic structure, uses water resources and environmental investment as its major variables and 
confirms development costs of water resources by Logistic equation. Because data in the model are 
easy to obtains, it can be used in urban planning and environmental planning widely. Furthermore, 
because major variables of the model are usually described in urban planning, the model can be used 
to assess strategy of urban development. In the case study, the carrying capacity of water resources 
in Guangzhou city has been estimated by the model. Based on “tenth five years project of 
Guangzhou”, some projects are built by scenario analysis and its carrying capacity of water 
resources has be calculated. From the results of simulation comparing, some conclusion have been 
get in the paper. 

 

Keywords: water resources, carrying capacity, urban 

1. INTRODUTION 

Water scarcity and pollution are two major issues in China. These problems have become 
limited factors of economic development. In recent years, urban water scarcity and 
pollution are more serous in China. End of pipe treatment has long history application in 
China and confronts with great challenges now. To consider water problems during urban 
planning and control water quality during water resource development are thought as a 
more effectively way to solution urban water problems. As a key indicator to show 
development of water resources, carrying capacity has been introduced into environmental 
management and resource assessment from ecology since 1990s (Gao, 2001), and many 
studies have been developed.  

Joardar (1998) used carrying capacity in urban infrastructure in India for urban water 
supply and sanitation. It helps to determine the relative potentials of individual urban 
centre across regions for sustainable growth and also provides a framework for rational 



sectoral and spatial allocations of resources for infrastructure development. But the 
method to estimate is not mentioned in his paper. Rijsberman (2000) used different 
approaches to assessment of design and management of sustainable urban water systems. 
Carrying capacity is looked as one of basic approaches to sustainability in his study. The 
study considers ecological, environmental and hydrological integrity. But it stay analyzing 
them in qualitative described. For most methods to evaluate carrying capacity are 
non-quantitative and lack analytical rigor, Prato (2001) built AEM model and used it in 
national parks. This model are more suitable to used in ecosystem management than in 
urban planning, because most variables in model are not described in urban planning. 
Based on the support area required by a production process can be determined by 
“balancing” the environmental loading produced by the process with the overall emergy 
of environmental support in the region, environmental loading ratio is used to calculate 
carrying capacity (Ulgiati and Brown, 2002). This method has been applied in process of 
electricity production. Compared with this, some researches using the balance of water 
supply and demand to calculate carrying capacity has been developed (Chen, 1999; Qu 
and Fan, 2000). Although these researches considered some factors which can impact 
water supply, the analysis of water system is not overall. The attribute of water resources 
can not be show fully. Urban water system is very complex and impacted by economic 
system, social system and environmental system, some methods have been introduced 
from system science. There are two major methods used. One of them is multiobjective 
optimization model (Xu and Chen, 2000; Jia et al., 2000). The other one is system 
dynamic model (Wang et al., 1999; Chen et al., 2000).  

In general, there are three problems limited application of carrying capacity in urban 
planning. The first is to reveal and analyze the attribute of water resources overall. The 
second is to evaluate carrying capacity with quantitative and analytical rigor method. The 
third is the estimation must be suitable for urban planning. System dynamic model can 
analyze urban water system integrally. Combined with scenario analysis, they can provide 
decision support for urban planner perfectly. So, this method is been selected to estimate 
carrying capacity of urban water resources in Guangzhou city. In this paper, water cycle 
of Guangzhou city is analyzed, and the system dynamic model is built. The model can 
show integrated impact from social, economic and environmental system of city. Based on 
the urban development planning and status, some scenario projects are presented. Using 
the model combined with these projects, urban carrying capacity of water resources are 
estimated and analyzed. In the end, some conclusions are discussed and results can be 
provided to urban planning and management. 

2. EVALUATION METHODS 

2.1 Water resources of Guangzhou city 
Guangzhou city is lying in delta of the Pearl River, south of China. Its rainfall 
precipitation is 1,443.6 mm. The urban water resources are very plenteous (Table1). The 
city is a confluence of Xijiang River, Dongjiang River and Beijiang River in the Pearl 
River basin. That special geographical position makes the river network developed.  

From this table, we can find transit water and tidal discharge of estuary are far more 
than local water resources. Although there are much water resources in Guangzhou city, 
the amount of water resources per capita at the downtown is small because spatial 
distribution of water resources is very uneven. Water scarcity and serious pollution have 
appeared in some parts of the city in recent years. Carrying capacity can be used as a 
control indicator for sustainable development of water resources in the city.  
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2.2 System analysis of urban water system 
There are many arguments about concept of water resources carrying capacity. Some use 
max population supported by water supply. The others calculate the threshold of 
sustaining power for human activities which water environment can provide (Guo and 
Tang, 1995). In this paper, water resources carrying capacity is defined as “in different 
time scale, based on expectant economic and technological developing level; ability of 
available water resources in specified region can sustain a benign social system 
sustainable under eco-environmental is not damaged” (Wang et al., 1999). Based on this 
concept, we choose the population and gross domestic product as carrying capacity 
indicator. 

Table 1  the water resources of Guangzhou city 

Item Unit Downtown Conghua Huado Zengcheng Panyu Total 
Area km2 1,443.6 1,974.5 961.1 1,741.4 1,313.8 7,434.4 

Surface water 108m3 8.83 20.86 8.78 14.15 7.48 60.10 
Underground water 108m3 4.30 5.79 3.00 5.02 3.08 21.19 Water resources Total 

Runoff volume of river
108m3 
108m3 

13.13 
12.89 

26.65 
26.49 

11.78
11.48

19.17 
19.09 

10.56 
10.52 

81.29 
80.47 

Different 
assurance factor 

of water resources 

P=10% 
P=50% 
P=90% 

108m3 
108m3 
108m3 

16.17 
10.97 
7.10 

38.81 
25.87 
16.44 

16.15
11.11
7.22 

27.95 
18.25 
11.22 

12.23 
8.10 
5.06 

111.31 
74.30 
46.30 

Transit water 
Tidal discharge of estuary 

108m3 
108m3 

  
  

        1,245 
1,320 

 
To build model, the urban water system must be analyzed. First, the urban water 

system is separated into five subsystems. They are water resources developing system (S1), 
domestic water system (S2), industrial water system (S3), agricultural water system (S4) 
and water treatment system.(S5). Ten urban water system (S) can be expressed as follow: 

{ }1~5kS S S= ∈                                 (1) 

The relationship in subsystem can use next formula. 

( ){ }, i jR R i j S S= ×                                (2) 

where, R is all of relationships in system; R (i, j) is the relationships between Si and Sj; R (I, 
i) is the relationship within Si; i, j are from 1 to 5. 

Water resources are not only related with economic activities, such as industrial water, 
agricultural water and water resources development, but also related with social level and 
environmental state. There are three types of water scarcity, service, management and 
quality. Service and management have been known for a long time. But the third type of 
water scarcity have emphasized until 1990s. Water quantities shortage caused by water 
quality deterioration has become major problem in Guangzhou city. Increasing quantities 
of water resources by improving water quality is an effective measurement to abate water 
scarcity. 

By adjusting economic structure, improving ratio of cyclic utilization, scientific 
allocating water resources and advancing water quality, water supply is increasing and 
water demands are dropping. Recently, the increment of urban water demands in 
developed countries is near to zero or negative (Liu, 2002). These measurements can be 
control factors in system dynamic model.  

The relationships in subsystems can be described by two ways. Because water 
supply/demands balance is the kernel conflict in urban water system. Considering water 
supply and water demands, making them balance, is the basic approach to build the model. 
The other one is water saving stress. Why does enterprise improve their ratio of water 
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cyclic utilization and save the water? Water saving stress is basic reason for allocating and 
adjusting water in subsystems. The model uses it to drive water supply and demands. 
Using these ways, the relationship of subsystem can be show clearly and water changes in 
urban water system can be estimated. 

2.3 System dynamic model for estimating water resources carrying capacity 
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Based on system analysis, feedback mechanism of urban water system can be draw as 
Fig.1. 

+ Domestic water Water diversion 
from river 

- 
+ Agricultural water Water supply 

from reservoir
Total 
service 
discharge 

Diff between
supply and
demands 

Total 
water 
demands

+ - ++
- + Pumping water 

from 
Industrial water 

+
- + Sewage reuse

Sewage reuse Ecological water 

Fig. 1  The feedback mechanism of urban water system 

This system has two cycles, water supply and water demands. They are joined by water 
saving stress. The feedback mechanism clearly shows system framework in the whole, but 
basic structure and attribute of variables are not reflected in it. Using flow chart of system 
dynamic model, the relations and attributes of variables can be described.  

To make sure the operability of model, some problems should be discussed primarily. 
On thing is how to choose the variables. In this model, some variables have been previous 
clesaning. They are basic variables. The second step is to choose working variables which 
are added into model actually. Working variables are filtrated from these basic variables 
based on system analysis and some rules: 
 Including basic parameters of urban water system; 
 Involving basic factors of physics, information and energy; 
 Including flow and structure of temporal and spatial variation; 
 Showing the dynamic of variables and features of interrelations; 
 Showing reciprocal interchange with outsides; 
 Do not involvement within the variables. 

The other thing is data when variables are chosen. Because monitoring systems are not 
very sound, especially data about water system in Guangzhou city, variables choosing 
must consider data attainability. Based on the relationships between social economic 
systems and urban water system, some economic data and social development data can 
calculate data of water system. For instance, investment can show increment of water 
supply and combing with sect data, industrial output can make out industrial water etc. 
These data are described in urban planning and environmental planning and easily 
obtained. 

The system dynamics model can be established by selected variables and their relations 
(Fig. 2). The parameters of the model include initial value of variables and its rate of 
change, coefficient of ratio etc.  

 
 
 
 



3. APPLICATION 

3.1 Scenario analysis 
Before using the model to calculate, some projects should be built. These projects give 
rate of economics, social and environmental development in future five or ten years. 
These rates are used by model as parameters. Based on “tenth five years project of 
Guangzhou”, the three projects have been made, they are high, middle and low project. In 
every project, there are some indictors to control them (table 2). 

 
Fig. 2  The flow chart of system dynamics model for water carrying capacity 

Table 2  Controlling element of project 
Items Describe Items Describe 
AI1 rate 1 of investment growth per annum NWR Investment ratio for water development 
AI2 rate 2 of investment growth per annum ASWIR Investment ratio for agricultural water saving 
AI3 rate 3 of investment growth per annum RUWIR Investment ratio for water recycle 
IN2 Investment annual allocation from 2006 to 2010 NUCIR Change of water use coefficient 
IN3 Investment annual allocation from 2011 to 2020 ARC Allocation coefficient of corps 
RI Local investment   

 
In the table, AI1 is per annum increment rate of investment from 2000 to 2005, During 

the years from 2006 to 2020, its value is 0, In the same way, AI2 is per annum increment 
rate of investment from 2006 to 2010, Its value is 0 when it in other years; AI3 is per 
annum increment rate of investment from 2011 to 2020, Its value is 0 when it in other 
years. 

 1262



3.2 Major variables 
Base on the characters of water system in Guangzhou city, some variables are chosen 
(Table 3). 

Table 3  Major variables in the model 
Variable Describe Variable Describe 
IA05 Investment annual allocation from 2000 to 2005 LW Domestic water 
IA10 Investment annual allocation from 2006 to 2010 UPA Urban per capita domestic water 
IA20 Investment annual allocation from 2011 to 2020 RPA Urban per capita domestic water 
TTW Total investment for water resources P Population 
NWI New exploration investment of water  UP Urban population 
SWI Total investment of water saving RP Rural population 
ISEI Investment of industrial water saving TW Total water resources 
ASWI Investment of agricultural water saving PW Sewage discharge 
CIW water storage  IPW Industrial sewage annual discharge 
UICW Unit investment of water storage LPW Domestic wastewater annual discharge 
ACW Increasing water by diversion LPWR Annual increment of domestic wastewater 
TSW Total available water RWU Cycling water 
PEW Urban environmental water RUIL Investment norm for water reclamation 
ISW Industrial water supply RUWI Investment of cycling water 
AS Agricultural water saving SWIN Industrial water saving 
ASPI Unit investment for agricultural water saving SHW process load of urban sewage 
ANWS Agricultural net water UINI Industrial unit investment of water saving 
ASW Agricultural available water WIT Total industrial water 
EW Sanitation water UCI Use water coefficient of per 104 yuan output 
IAE Irrigation area for industrial crop NQI Irrigation ration 
IA Total irrigation area IV gross industrial output value 
IAC Irrigation area for food crop   

3.3 Results 
To drive the model, initial values must be given. Based on statistical data of 1999 and 
Gaungzhou Water Resources Bulletin of 1999, most of data can be got. IA05 = 
5.4354×108yuan; IA10 = 3.8×108yuan; IA20 = 5.9×108yuan; CIW = 74×108m3; RWU = 
11.2142×108m3; UCI = 176.3m3/104yuan; RPA= 63.86m3/per; UPA = 215.35 m3/per; 
LPW = 7.13×108 m3.The results of water carrying capacity are as follow. 

Table 4  Water carrying capacity of Guangzhoucity 
IA(hm2) ASW(108m3) IV(108yuan) WIT(103m3) P (104) Year 

low middle high low middle high low middle high low middle high low middle high 
2000 8.2 8.2 8.1 19.1 19.1 19.1 3,198 3,186 3,153 56.4 56.2 55.6 994 994 994 
2005 9.1 9.2 9.6 21.7 21.8 23.1 4,152 4,377 4,793 62.9 62.9 65.4 1,243 1,246 1,299 
2010 10.2 10.5 11.7 24.0 24.3 26.9 5,335 6,007 7,223 69.4 70.4 76.3 1,490 1,509 1,599 
2015 11.7 12.6 16.5 27.4 29.0 38.1 7,038 8,644 12,638 78.6 82.6 103.2 1,811 1,917 2,261 
2020 13.8 15.5 23.4 32.2 35.4 54.1 9,473 12,676 22,343 90.8 98.8 141.2 2,183 2,405 3,241 

 
Comparing three results, the increasing rate of Industrial production value is far more 

than increasing rate of water resources at high project and the low project describes a low 
efficient way to management water resources. By adopting measurements of water saving, 
controlling pollution and improving efficiency of using water, Lease water consume can 
support more production value. Finally, Increment of water supply will be zero or 
negative, and economic of scale will expand in the same time. The structure of water 
consume is imagine in the fig.3. 

In this model, local water resources and Transit water of Guangzhou city are included. 
The number of water resources is 1222.39×108m3. In 1999, total developing water is 
74×108m3. It is lying in primary phase in Logistic curve. The type economy in this phase 
is water consumption and integrative management level of water resources is very low 
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Fig. 3  Structure change of water consume  
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(Fig.4). The quantities of water development will continuously increase with increase of 
investment in planning period. The cost for developing water will rise in the same time. 

Because quantities of total water resources are very big, increment of per-unit 
development cost less than increment of development quantities. 

 

  
Fig. 4  State of water developing            Fig. 5  State of water developing with local water 

 
If local water is only water resource in the city (the number is 81.29×108m3), the 

results of model will change (Fig.5). In this case, per-unit cost of water development 
quickly increasing with water resources developing, and closing to developing threshold 
of water resources rapidly. The exploitation intensity of local water is very great and little 
transit water is developed in Guangzhou city now. Because of improper management of 
water resources, local water will be exhausted in short time. Some adjustment and 
protection measurements must be adopt. 

4. CONCLUSIONS 

In this paper, some methods to estimate water carrying capacity are discussed. Based on 
this discussion, a system dynamic model for estimating water carrying capacity of 
Guangzhou city is built by analyzing urban water system. Combined with scenario 
analysis, the model can provide decision support to decision-maker efficiently. The water 
carry capacity of Guangzhou city is estimated in case study. Comparing the results 
calculated by three projects and analyzing state of water development in Guangzhou city, 
some conclusions can be addressed. 

Using system dynamic model can show the relationships in water system, economic 
system, social system and ecological system. Water carrying capacity is not only decided 
by water system but also affected by economic, social and ecological system. 
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Variables in the system dynamics model must show the relationships in subsystems. 
The data using by variables must get easily. That can make the model using widely in 
urban planning and environmental panning. 

Based on the model, the increasing rate of water resources development is lower than 
increasing rate of economy in high projects. By measurements of water management, such 
as water saving, water recycling, sewage treatment and improving efficiency of using 
water, the water demands will close to zero or negative, and economics of scale will 
expand in the same time. 

Only using local water, the intensity of water exploration is very great now and the 
water resources will exhausted quickly. So, the government must consider new water 
resources, such as using transit water or transferring water from other city. 
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1. INTRODUCTION 

Digital elevation models (DEMs) represent elevation data, and are the principal digital 
data source for acquiring watershed properties used in GIS-supported analysis for water 
resources management. There are generally four types of elevation models, point model, 
digitized contour lines, triangulated irregular networks (TIN), and regular grids. The most 
commonly used spatial data model employs uniformly-spaced grids to describe the 
elevation surface. The grid0based or raster DEM’s popularity in water resources 
applications stems from both its applicability to landscape-based runoff modeling and its 
practicability of utilization together with other raster data layers such as land use and soil 
type. Distributed or semi-distributed modeling of rainfall-runoff is accomplished most 
easily with the DEMs from which physiographic information such as channel network 
configuration, channel length, slop, aspect and sub-watershed properties can be obtained.  

The past decade has seen widespread availability of digital elevation data via Internet 
free of charge or at low cost. Dramatic advances in DEM processing methods have also 
been made for hydrologic applications. Quality of readily available DEMs varies from 
country to country and from source to source. Horizontal resolution and vertical accuracy 
that represent the DEM quality have gained significant attention especially with regard to 
spatial uncertainties in hydrologic modeling outputs. In this paper, issues of DEM quality, 
processing and uncertainty are reviewed and discussed in relation to watershed 
characterization for runoff modeling studies. The paper provides an updated profile of 
DEM processing and uncertainty modeling methods, associated with some remarks from 
both application and research perspectives. 

2. QUALITY OF PRODUCTION DEMS 

While there are still viable alternative sources, most of hydrologic applications use readily 
available DEMs typically produced and/or distributed by governmental agencies such as 
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the U.S. Geological Survey (USGS), the Natural Resources Canada (NRC), and the UK 
Ordnance Survey. These production DEMs are created in regular blocks at various 
resolutions with various accuracy levels. 

2.1 DEM Resolution 
The USGS distributes several terrain data products at different resolutions and coverage 
ranges. Complete US nationwide coverage is available from the 1:250,000-scale set. 
These are also called 1-degree DEMs, which specify the coverage area of each file. 
Elevations are stored on a regular 3 arc second grid. Distance between 3 arc second posts 
varies by direction and latitude but is roughly between 70 and 90 m in the conterminous 
United States. A second major format is the 7.5’ DEM. Elevations are stored in a regular 
grid with 30-m spacing, ostensibly at a scale of 1:24,000 (USGS, 1997). 

The Canadian Digital Elevation Data (CDED) comprise raster data stemmed from 
NTDB (The National Topographic Data Base) contours at the 1:50,000 and 1:250,000 
scales. The grid spacing of the 1:50,000 CDED is based on geographic coordinates at a 
maximum resolution of 0.75 arc second and a minimum resolution of 3 arc seconds 
depending on latitude. The grid spacing maximum and minimum resolutions for the 
1:250,000 CDED are respectively 3 and 12 arc seconds depending on latitude (NRC, 
2000). The United Kingdom’s Ordnance Survey offers DEMs created from contour maps 
at 1: 50,000 and 1: 10,000 (10-m spacing) scales (Ordnance Survey, 1999). The 
Australian DEM developed at 1/20 degree and 1/40 degree spacing for the continent and 
at 1/60 degree for the individual states, is provided by the CRES (Hutchinson, 2000). 

2.2 DEM Accuracy 
Accuracy of elevation data can be assessed by root mean square errors (RMSE) 
(Sasowsky et al., 1992), epsilon bands (Dunn et al., 1990), probability surfaces (Lowell, 
1992), and classification error matrices (Walsh et al., 1987, Veregin, 1995). The 
quantification of DEM accuracy is commonly restricted to reporting a RMSE value. The 
USGS describes the accuracy of its 7.5 minute DEMs with one RMSE value for each 
quadrangle or tile (30m x 30m spacing). This RMSE value is based on the difference 
between DEM elevation and the elevation of 28 test points measured by field survey or 
aerotriangulation, or from a spot height or point on a contour line from an existing source 
map (Hunter and Goodchild, 1997). In the UK, the Ordnance Survey’s digital contour data 
has a quoted accuracy of +/- 1.0 m to 1.8 m RMSE. 

The RMSE, while widely used as a DEM quality statistic, is not an accurate 
representation of true elevation for DEM cells. It merely provides an assessment of how 
well the DEM corresponds to the data from which it was generated.  The RMSE often 
describes error in the source elevation data, e.g. contour lines and spot heights, rather than 
the derived DEM. The estimate often does not relate to the true elevation, but the 
elevation recorded in another data source. As well, a single nationwide figure in the case 
of the Ordnance Survey or a quadrangle-wide figure in the case of the USGS is a global 
estimate, which does not reflect the spatially varying nature of DEM errors (Liu, 1994). 

3. DEM PROCESSING ISSUES 

3.1 Flow Path Algorithms 
Flow path algorithms serve as the basis for the derivation of topographic/topologic 
drainage information from DEMs in hydrologic modeling. The most popular algorithm is 
the nearest-neighbour steepest descent, or D8, algorithm (O’Callaghan and Mark, 1984; 
Marks et al., 1984) because of its simplicity and practicability. Many hydrologic modeling 
studies have selected the D8 for calculating contributing area and other hydrologic 
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parameters (Band, 1989; Ehlschlaeger, 1989; Morris and Heerdegen, 1988; Lammers and 
Band, 1990; Jenson and Domingue, 1988; Martz and Garbrecht, 1992). In 
semi-distributed modeling, D8 has been widely used to partition a study watershed into 
sub-watershed areas (Band, 1986a; Jenson and Domingue, 1988; Tarboton et al., 1991). 
To achieve more accurate representation of surface hydrology, Fractional, or F8, flow 
algorithm was proposed. It partitions flow from a cell to all its eight neighbours by 
weighting flow according to relative slope (Freeman, 1991; Quinn et al., 1991).  Several 
other algorithms present themselves to overcome uncertainties associated with F8 
weighting schemes, including DEMON (Costa-Cabral and Burges, 1994), D-Infinity 
(Tarboton, 1997) and Continuous Flow Direction (Lea, 1992) that all consider both aspect 
and gradient of surface plane. 

3.2 Problems with depressions and flat areas 
In the presence of depressions or flat areas, a raster cell within a DEM may not have 
neighboring cells at a lower elevation, and thus has no downslope flow path. All the 
grid-based algorithms presented above have difficulties in identifying surface drainage in 
DEMs with depressions and flat areas (Garbrecht and Starks, 1995; Martz and Garbrecht, 
1998). These features could occur due to insufficient data, data noise, or interpolation 
errors during DEM production. In small and steep watersheds, this problem is usually 
negligible because of the high local topographic relief. However, in flat areas that often 
present in large watersheds, depression depths often exceed local true elevation 
differences. As a result, actual channels cannot be captured from the raster DEM. 

There have been a number of methods developed for handling depressions and flat 
areas in DEM processing. O’Callaghan and Mark (1984) suggested smoothing a DEM 
prior to efforts to reduce the size and number of depressions. A simple “pit-filling” 
approach proposed by Band (1986b) increased the elevation of depression cells until a 
downslope path to a cell becomes available, under the constraint that flow may not return 
to a depression cell. During the pit filling a surface is formed by filling a pit to some new 
pour height. The pit-filling approach was extended by a few researchers (Jenson and 
Domingue, 1988; Martz and De Jong, 1988; Martz and Garbrecht, 1992) to provide 
methods for treating depressions in a more general and effective manner. Another 
algorithm proposed by Garbrecht and Martz (1997) improved upon other approaches on 
depression surface treatment, and proves to be able to produce more realistic and 
topographically consistent drainage patterns. The algorithm increments cell elevations of 
the depression surface, and also considered the information on the terrain configuration 
surrounding the depression. As a result, two independent gradients were imposed on the 
depression: one away from the higher terrain to the depression, and the other out of the 
depression towards lower terrain. The linear combination of both gradients with localized 
corrections identified the drainage pattern while satisfying all boundary conditions of the 
depression. 

3.3 Channel initiation area 
Watershed delineation with DEMs replies on the correct extraction of its channel 
networks. Channel initiation is essential for defining drainage topologic characteristics. 
There have been two common methods used for channel definition, the constant 
area-threshold method (Mark, 1984; Band, 1986b; Jenson and Dominique, 1988) and the 
slope-dependent critical support area method (Dietrich et al., 1993; Montgomery and 
Foufoula-Georgiou, 1993). Both methods define a minimum drainage area required to 
initiate a channel. 
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The constant  threshold area method assumes that channel sources represent the 
transition between the convex profile of the hillslope (sheet flow dominated) and the 
concave profiles of the channel slope (channel discharge dominated). The constant 
threshold area method has found widespread applications (Band, 1986b; Morris and 
Heerdegen, 1988; Tarboton et al., 1991; Gardner et al., 1991). Garbrecht and Martz (1995) 
broadened the use of the constant threshold area method by allowing the threshold area to 
vary within the DEM. This is particularly useful in large watersheds in which geology and 
drainage network characteristics display distinct spatial patterns. The critical support area 
is based on the assumption that the channel network extends up to the point where 
unstable fluvial sediment transport processes change to stable diffusive hill-slope 
processes. This implies that the channel source represents an erosional threshold. In 
practice, this threshold is often selected on the basis of visual similarity between the 
extracted network and the blue lines depicted on topographic maps. Tarboton et al. (1992) 
proposed a method to find the critical value of the contributing area from scaling diagram 
of slope versus contributing area for individual grid cells within a watershed. Nevertheless, 
determination of appropriate channel initiation area is still an unsolved problem. It is very 
difficult to establish general theories since erosion is highly nonlinear with threshold 
functionality upon the occurrence of channelization. For example, most theories on the 
channel initiation are based on the studies conducted on the field scale with high 
resolution DEMs. However, the source area size is likely to be smaller than the grid size 
of low or medium resolution DEMs. Obviously, this deficiency may present significant 
uncertainty to the DEM-based watershed characterization.  

3.4 Watershed segmentation and sub-watershed properties 
Distributed parameter hydrologic models account for heterogeneity and spatial variability 
by considering variations in watershed characteristics across a watershed. However, fully 
distributed watershed modeling, in which each raster cell is a computation unit, requires 
large amounts of data and computing capacities. As stated by Singh (1995), most of 
models referred to as distributed models are actually not fully distributed, rather they are 
semi-distributed. The semi-distributed modeling commonly partitions a study watershed 
into a set of zones (sub-watersheds) that are assumed to be homogeneous in their 
hydrologic responses, and therefore a lumped model can be applied to each zone. There 
have been several prevailing zone-based methods and extensions, including HRUs, GRUs 
and REA (Leavsley and Stannard, 1986, Kite and Kouwen, 1992; Wood et al, 1990). 

DEMs have also been widely used for watershed segmentation and identification of 
sub-watershed properties in addition to channel network extraction. Sub-watersheds 
basically represent the direct contributing drainage areas of the left and right sides of each 
channel link, and of the source node or upstream end of each exterior link. 
Sub-watersheds and corresponding divides are determined from previously defined 
drainage pattern and channel network based on a flow path algorithm, mostly D8, and a 
channel initiation method. Martz and Garbrecht (1992) described a set of algorithms for 
automatically defining drainage network and sub-watersheds from DEMs. The algorithms 
constitute the essential part of TOPAZ landscape analysis tool (Garbrecht and Martz, 
1999a) which has gained much popularity in hydrologic applications. There are a few 
other computer programs available for partitioning a watershed, such as those in GRASS 
(GRASS, 2001), TARDEM (Tarboton, 2000), and some ESRI GIS Extensions (Djokic 
and Ye, 1999). Sub-watershed properties can also be determined with these programs. 

Compared to the significant amount of researches on drainage network extraction, the 
determination of sub-watershed properties has got relatively little attention. A detailed 
discussion about D8-based methods for sub-watershed property estimation is provided by 
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Garbrecht and Martz (1999b). The representative slope of a sub-watershed can be 
calculated by four models: the average terrain slope, the average flow-path slope, the 
average travel-distance slope, and the global slope. The average terrain slope is the 
average of the local slope value at every point in the sub-watershed. The average 
flow-path slope is the average of the slope of all flow paths in the sub-watershed. Again 
flow paths are defined as the route followed by runoff starting at a divide and ending at 
the first adjacent downslope channel. The average travel-distance slope is the average of 
the slope from each point in the sub-watershed to the next adjacent downslope channel. In 
addition, the global slope is calculated as the average elevation of the sub-watershed 
minus the average elevation of the receiving channel divided by the average travel 
distance. For sub-watershed length calculation, two models are present: the average travel 
distance and the average flow-path length. The average travel distance is the average of 
the distance from every point in the sub-watershed to the first downstream channel. The 
second alternative, the average flow-path length method, is different because not all points 
in the sub-watershed are considered in the length calculations. A flow path length is 
defined as the distance from a divide to the first adjacent downslope channel. 

4. DEM UNCERTAINTIES IN RUNOFF MODELING 

In watershed runoff modeling, imprecision with DEM are propagated to derived 
physiographic properties, and further to modeling outputs. Grid size and vertical accuracy 
of DEMs are two major extents of elevation uncertainty issue that have been dealt with 
separately. Due to the complexity of natural processes, mechanisms of the error 
propagation are poorly understood. It is therefore very difficult to perform analytical 
examination of the uncertainties. 

4.1 Effect of grid size 
A large number of studies have been conducted to examine the effect of DEM grid size on 
topographic parameters (Garbrecht and Martz, 1994; Gao, 1997; Bolstad and Stowe, 1994; 
Chang and Tsai, 1991; Quinn et al., 1991, 1995; Wolock and Price, 1994). It has been 
found that increasing grid size results in higher minimum, mean, variance, and skewness 
of the topographic index distribution. The studies also indicated that the map scale used to 
produce the cartometric DEM has an observable but much smaller effect on the spatial 
distribution of topographic index than grid spacing. The grid dependency of extracted 
drainage properties was also found to be related to the inability of a DEM to accurately 
reproduce drainage features at the same scale as the spatial resolution of the DEM. 

Several previous works were specifically related to hydrologic modeling. Zhang and 
Montgomery (1994) documented the effect of grid cell resolution on topographic 
parameters and on hydrologic simulations of surface processes. The DEMs evaluated had 
resolutions of 2 through 90 meters. They found that increasing the grid size resulted in an 
increased mean topographic index because of increased contributing area and decreased 
slopes. And they concluded that grid sizes of 10 meters would suffice for many 
DEM-based applications of geomorphic and hydrologic modeling. Perlitsh (1994) 
investigated the sensitivity of an agricultural non-point source pollution model to grid cell 
resolution; sediment yield was greatly affected by grid cell resolution used in developing 
model parameters. In a study by Seybert (1996), GIS coverages of land use, soils and 
elevation (DEM) were used to study the effect of spatial data resolution degradation on 
the output of an event based surface runoff model. Results of the spatial data resolution 
study indicated that volume estimates in the model are less sensitive to spatial resolution 
change than peak flow estimates. Also, increasing the number of sub-watersheds in the 
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watershed representation caused the model to increase estimates of runoff volume and 
peak flow. 

4.2 Effect of vertical accuracy 
An obvious approach to assess DEM error is to use higher accuracy field-surveyed data to 
evaluate the DEM elevation values (Adkins and Merry, 1994; Bolstad and Stowe, 1994; 
Walker and Willgoose, 1999). In the absence of field collected data, researchers have 
devised other ways of characterizing uncertainty, including using limited elevation values 
derived from higher resolution DEMs as ground-truth data (Shortridge, 1997; Kyriakidis 
et al., 1999), exploring fractal dimensions of DEMs to reveal production artefacts or 
anomalies (Polidori et al., 1991), or assigning distributions of error for each grid cell 
based on the reported global error measurements (Ehlschlaeger and Shortridge, 1996; 
Endreny and Wood, 2001). The error measured at discrete points is used to supply 
estimates of error, and of error uncertainty, in locations where error was not measured 
directly. The process responsible for inducing errors in a DEM, like many geographic or 
environmental processes, is not sufficiently well understood to permit a deterministic 
analysis of error. A geostatistical approach to error characterization, based on a 
probabilistic model that recognizes these inevitable uncertainties, is more appropriate 
(Holmes et al., 2000). 

The work by Walker and Willgoose (1999) compared the Australia-published DEMs of 
various grid spacings with a ground truth data set, obtained by ground survey, and studied 
the implications of these differences on key hydrologic statistics. Inferred watershed sizes 
and stream networks from published DEMs were found to be significantly different than 
those from the ground truth in most instances. Their results also suggested that hydrologic 
properties are poorly estimated from the published DEMs. Endreny and Wood (2001) 
conducted a research on the uncertainties in runoff flowpath predictions generated from 
vertical accuracies in terrain data propagating through dispersal area subroutines. The 
study documented how terrain error sensitivities in several dispersal area algorithms 
responded to changes in terrain and DEM error patterns. The results showed that high 
gradient and convergent terrain obtained increased spatial consistency of dispersal area 
predictions and reduced algorithm sensitivity.  

5. SUMMARY AND REMARKS 

Several topics related to DEM applications to watershed runoff modeling have been 
reviewed and discussed. It is hoped that this paper could provide a clear picture of DEM 
factors involved in watershed characterization for hydrologic applications. A few 
pertinent points can thus be highlighted with a summary of the discussion. 

Production DEMs supplied by government agencies are the major digital elevation data 
source for watershed runoff studies. The quality of readily available DEMs varies from 
source to source in terms of resolution and accuracy. High resolution DEMs (e.g., less 
than 30 m x 30 m spacing) are preferred, especially for small watersheds. Quantitative 
accuracy information, usually in terms of RSME, is generally supplied with elevation data. 
Reliability of the information depends on data acquisition process for individual sources. 

The D8 has been the dominant flow-path algorithm, and the constant threshold area 
method has been mostly used in channel initiation for drainage network delineation. 
However, determination of the source area is still short of a satisfactory solution. A 
universal theory for establishing a general channel initiation model is not available due to 
the complexity of fluvial processes. More laboratory and field studies are still needed with 
focus on defining channel source under different site conditions. 
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Most of the previous studies have employed straightforward methods, i.e., comparison 
of accurate field elevation measurements with DEM estimates, to assess vertical accuracy. 
However, survey-quality terrain measurements are often unavailable for areas of interest. 
Such an approach is not a general option for studying elevation uncertainty in runoff 
modeling. For environmental applications, it would be more appropriate to apply 
stochastic analysis to the propagation of DEM uncertainty. This can be accomplished by 
generating, via Monte Carlo simulation, a set of equiprobable realizations of a DEM. The 
runoff modeling is then run upon all realizations, producing a spectrum of distribution 
outputs. A comprehensive study of this approach may require numerous simulations with 
various site conditions. Otherwise it would be difficult to draw any general conclusions. 
This design involves intensive computational needs, and can be implemented with the aid 
of highly automated computing systems. 
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Abstract: This study provides an application of multitemporal and multispectral Landsat TM 
images to detect stream channel changes in the Qu’Appelle River. Two different digital change 
detection techniques were applied and compared. These techniques are: image differencing and 
principal components analysis (PCA). IKONOS panchromatic imagery with 1-m spatial resolution 
acquired in December 2000 along with 1:50,000-scale map of the study area was used as a 
topographic reference. The image difference technique has shown higher accuracy on detecting 
change, comparing to other techniques. The overall accuracy and Kappa coefficients for image 
differencing change detection method were 70% using the standard error matrix. 

 

Keywords: change detection, stream channel, Landsat TM, multitemporal, multispectral, algorithm 
comparison. 

1. INTRODUCTION 

The Qu’Appelle River in South Saskatchewan, Canada is of special importance, because 
there are some major metropolitan centers close to the floodplain of this channel, this 
made monitoring changes in this river is of great importance. An increasingly important 
and popular application of remotely sensed data is for change detection. Change detection 
is the process of identifying differences in the state of an object or phenomenon by 
observing it at different times (Singh, 1989). There are four major aspects of change 
detection, which are important when monitoring natural resources: (1) detecting that 
changes have occurred, (2) identifying the nature of the change, (3) measuring the Arial 
extent of the change, and  (4) assessing the spatial pattern of the change (Brother and 
Fish, 1978; Malia1, 1980; Singh, 1986; Macleod, 1998). Techniques to perform change 
detection with satellite imagery have become very popular, because of increasing 
versatility in manipulating digital data and increasing computing power (Jensen, 1996). 
Still, some work has to be done for the determination of the qualitative accuracy of the 
different change detection techniques that have been adopted. An excellent review of all 
digital change detection techniques can be found in Singh (1989) and modified by Nelson 
(1993) in a table lists all the different techniques. 

The primary objective of this research was to determine what type of change has 
occurred in the Qu’Appelle River over the study period. The main objectives were: (1) to 
determine the influence of environmental factors on the Qu’Appelle River, (2) to perform 
two types of change detection to map the changes in the Qu’Appelle River, (3) to perform 
an accuracy assessment to check the accuracy of the detected change, and (4) to compare 
the obtained results of change detection with related environmental Phenomena. 

mailto:rifaat.abdalla@isc-online.ca
mailto:junli@ryerson.ca


2. METHODOLOGIES 

This section is divided into a description of the study area, satellite and referenced data 
reference data acquisitions, image classification and accuracy assessment. 

2.1 Study area and date sets 
The study area used for this research was a section of the Qu’Appelle River, which is a 
part of the huge watershed system in the province of Saskatchewan. This section is 
located in the southern part of the Province of Saskatchewan (50oN, 103oE ~ 56oN, 109oE) 
and the study area is of 34 km long (Fig. 1). 

 

 

Fig. 1  The Study Area 

For the purpose of adequate change detection of the Qu’Appelle River channel, three 
Landsat TM scenes were acquired during the summer months. The timing for image 
acquisition was crucial, because during this period it may be difficult to know the exact 
shape of the river, after snow melting, which might influence the image interpretability. 
The three data sets used were acquired in July and August, which is meant to provide us 
with the best realistic shape of the river. 

The reference data used to compare with Landsat TM classification was 1-meter 
resolution IKONOS imagery in addition to topographic sheets of the area. 
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2.2 Proposed change detection strategy 
Prior to any change detection, Landsat-5 TM for 1988 and 1992 were in separate different 
seven bands.  It is crucial to get the imagery geometrically corrected, but before that, a 
pseudo-color layer of the 7-band composite has been created. Following that this image 
has been rectified to the reference image IKONOS 2000. Rectification aims to align the 
same pixel in the raw image with same pixel on the reference (Townshend et al., 1992) for 
the study; the registration for each image was performed using the image-to-image 
rectification algorithm. 

Image differencing was performed using IDRISI-32 by transforming the images into 
Boolean image and assigning a value of one to the stream channel and a value of zero to 
all other image components. By applying overlay subtraction of the first image from the 
second image was possible to detect the change from 1988 to 1992 and from 1992 to 2000. 
The accuracy assessment was reasonable, as the feature of interest was very obvious 
among the other classification training areas. The result of the image differencing is 
simply the pixel that has changed between two images time period. 

2.3 Principal components analysis 
In the principal components analysis (PCA), the three band of the 1988 image were 
combined with the three bands of 1992 and with 2000, to create two multitemporal images 
(Fig 2). The standardized principal component has been shown to provide better results. 

 

 
Fig. 2  Principal component analysis image of Landsat TM of 1988 

 
Fig. 3  A sub-scene of Landsat-5 TM imagery of the Qu’Appelle River 
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Fig. 4  Classified stream channel in Landsat-5 TM 1988 imagery 

 
Fig. 5  The image differencing change detection model. 

3. RESULTS AND DISCUSSION 

This classification was on low average in comparison with satellite classification, yet 
more error should be attributed to the land classification. This classification was done 
using the 3 data sets of the study. Change detection operation was performed using 
overlay subtract command (IDRISI, 2000) this methodology is good for obtaining direct 
results with Boolean images. The overlay operation in which to imageries are combined 
together, resulted in several change detection categories from 1988 to 1992 and 1992 to 
2000 ( Fig.5 ). The overall change detection is summarized in Table 1. 

It is not possible to check on errors in the classification that associated with change 
detection process, In addition to the errors generated in the single data classification, the 
post classification change detection is probably the most straightforward process. As the 
functionality of the software is capable of isolating and defining the new changes, 
Eventhough, this change detection technique generally depends on the classification 
procedures. However, the accuracy might be poor if the classification was poor. In that 
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case the combination of the accuracy assessment procedure can seriously influence the 
outcome. 

Table 1  Image differencing and classification statistics 

Correlation Matrix Band 1 Band 2 
Band1 1.000 0.330 
Band2 0.330 1.000 

Determinant 0.891 
Corr. Eigenvectors PC1 PC2 

Band1 0.707 0.707 
Band2 0.707 1.707 

Inv. of Corr. Ev. PC1 PC2 
Band1 0.707 0.707 
Band2 0.707 2.707 

Covariance Matrix Band1 Band2 
Band1 40.547 18.642 
Band2 18.642 78.794 

Determinant 2847.315 
Cov. Eigenvectors PC1 PC2 

Band1 0.377 0.926 
Band2 0.926 0.377 

  
The accuracy of change detection is mainly provided by the means of change detection 

sum of errors accumulated from the classification, but more important is to allow the 
utilization of standard accuracy assessment techniques that may verify the procedure that 
have been applied in this study. The classification accuracy has been calculated through 
the statistical analysis of the error matrix and found to be 70% that is acceptable. 

The accuracy of both classifications for all the three data sets was obtained using 
standard, single data, and quantitative accuracy.  Accuracy Assessment techniques have 
been developed for a single date remotely sensed data and is reviewed by (Congalton, 
1991). However, this technique adopted on the nature of the change detection, that certain 
issues like: - obtaining some reference data for different time series? How does the data 
sets can enable the best representation of change detection? What is the type of pattern of 
change? And if so, could it be statistically represented? Which change detection technique 
could be the best for certain environmental application? (Macleod, 1995), as most of 
change detection studies have not included qualitative accuracy assessment, it is difficult 
to determine which change detection have been developed. Studies to determine the 
optimal threshold value (Fung and LeDrew, 1988) and the accuracy between different 
change detection techniques (Singh, 1986; Marlin, 1989; Macleod 1998) have made 
encouraging steps for accomplishing standard accuracy assessment for change detection. 
It is obvious that accuracy assessment techniques to be used with change detection have 
also been very important. 

4. CONCLUSIONS 

The study has compared the two techniques for detecting and mapping the Qu’Appelle 
River change, using post classification and overlay techniques, in order to detect the 
changes in the Qu’Appelle River with Landsat TM data sets for three different times 
covering twelve years period. 

Images differencing using overlay subtract command produced the higher accuracy.  
In certain cases, the accuracy is very important component for the analysis. 

This study has provided an application of using Landsat TM to detect the changes in 
the Qu’Appelle River and the methodology for quality assurance procedures for the 
classification using direct analysis procedure, which is not totally accurate, yet; it could 
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match to some degree with the image differencing technique. In addition this study has 
showed that image differencing was more accurate than post classification technique in 
detecting changes for stream channel. 
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Abstract: An aggregated model of a large scale region of the Taiwan Island has been developed for 
exploring the surface water pollution in Taiwan. The trends of river pollution were simulated 
associated with various scenarios using a system dynamics software tool Vensim®, where the 
biological oxygen demand (BOD) is the index pollutant of concern. The interrelationships between 
economic and environmental aspects were emphasized. According to the assumptions with respect 
to some policy variables in each of the scenarios, the generation, treatment, and emission of BOD 
for each county and each main river basin were simulated. The length ratios of not or slightly and 
severely polluted river segments were also predicted. Moreover, the treatment costs and the SEEA 
maintenance costs can be calculated and accordingly the Green GDP’s taking into account the BOD 
pollution in rivers can then be derived. 

Keywords: Vensim, system dynamics, BOD, maintenance cost, Green GDP  

1. INTRODUCTION 

In recent decades, the rivers in Taiwan have been polluted due to rapid industrialization 
and mismanagement of the government. Thus, the EPA of Taiwan and local government 
agencies in charge of environmental protection have been monitoring the main streams 
using four key indicators. These include suspended solid (SS), biochemical oxygen 
demand (BOD), dissolved oxygen (DO), and ammonia-nitrogen (NH3-N), from which the 
River Pollution Index (RPI) can be derived. According to the RPI, river segments can be 
classified as “not polluted”, “slightly polluted”, “moderately polluted”, or “severely 
polluted”. In the last decade, based on the monitoring data of EPA, the total length of 
severely polluted river segments has been increasing whereas not or slightly polluted river 
segments were decreasing. In the year of 1998, downstream segments of 5 main streams 
were severely polluted and only 7 main streams can be defined as “not or slightly 
polluted” (Chu et al., 1999). 

Many numerical water quality models are used to simulate water quality indicators in 
surface water bodies, e.g., QUAL2E (Brown and Barnwell, 1987), WASP5 (Ambrose et 
al., 1987), and AMPTOX3 (Limno-Tech, 1990). Most of these models were applied to 
problems in the field of environmental sciences and. Economically or physically, it is not 
easy to simulate water quality in all segments of all rivers in Taiwan. Thus, the research 
group in this study considered building models on an island-wide scale, simulating and 
evaluating changing trends of water pollution influenced by economic development 
scenarios. In the literature, many research works relating to integrated models proposing 
environmental and economic development strategies can be found (Johnstone, 1996; 
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Kenny et al., 1996; Svan Buuren and Luiten, 1996; Hoekstra, 1995) The proposed model 
in this paper is similar to these. 

In this research, the dynamic interrelationships between environmental and economic 
elements were linked to simulate desired variable values of concern. Hence, a system 
dynamics based software package, Vensim® was selected as the core tool. Historical data 
were collected and analyzed to obtain necessary input parameters for the model for further 
simulation of future periods. Among those water quality indicators, BOD was selected as 
the key one because it is the only water pollutant with satisfactory availability for this 
model. 

2. RESEARCH TOOL 

System dynamics is a science regarding “the investigation of the information-feedback 
characteristics of systems and the use of models for the design of improved organizational 
form and guiding policy” (Forrester, 1961), as defined by Forrester, the founder of system 
dynamics. It was also emphasized in later definitions or descriptions that system dynamics 
deals with managed systems where time is important and which involve how the system 
can adjust itself to external shocks (Coyle, 1979). Essentially, it is a branch of 
management science. Both qualitative and quantitative models can be described using 
system dynamics techniques and robust information feedback structures and control 
policies can be understood through simulation and optimization (Coyle, 1996). 

Vensim® is a system dynamic based visual modeling tool that allow model builders to 
conceptualize, document, simulate, and analyze models of dynamic systems. The dynamic 
relationships between the elements, including variables, parameters, and their linkages, 
can be input into the model using user-friendly visual tools. The software also offers a 
flexible way of building simulation models from casual loops or stock and flow. Causes 
and uses of a variable and the feedback loops involving the variables can be observed 
through analyzing the model throughout the building processes. With some specified 
objective functions, Vensim can also perform optimization using numerous simulations, 
generally to attain appropriate system parameters or policy variable packages. In the field 
relating to sustainable development, Vensim has been applied to a variety of issues 
including population prediction, balance between supply and demand of goods, economic 
growth, and economic-environmental interaction (Qu and Barney, 1998; Qu et al., 2000). 
Vensim has also been applied to strategic university management (Barlas and Diker, 
2000), revolutionizing social work curriculum (Robards and Gillespie, 2000), total quality 
management (Mandal et al., 1998) and many other issues. Its features make it suitable to 
be used to simulate economic and environmental trends in this research. 

3. MODEL BUILDING 

The BOD pollution model scale in this study is the Island of Taiwan, while the areas to be 
simulated include 21 counties and 22 main river basins. Major output variables of concern 
include generations, emissions, and treatment costs for each sector, employment category, 
county, and main river basin. To build the model, enough related economic and 
environmental knowledge, thorough understanding of local characteristics of Taiwan, and 
acceptable data availability are needed. Input data to the model are from government 
sectors and through appropriate pre-processing and transformation. Historical data ranging 
from 1981 to 1997 were used for model validation and calibration. Based on the historical 
data and model results, trends of many variables of interest could be simulated from 1998 
to 2011. The simulation results were compared to the short-term, mid-term, and long-term 
goals announced by the EPA in “National Environmental Protection Plans” (NEPP) in 
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1996 (EPA of Taiwan, 1996). Moreover, possible approaches to reach these goals were 
discussed. 

The BOD sources in this model were classified into four employment categories 
including industrial, agricultural, service, and “municipal wastewater excluding service” 
sources. Several sectors exist in each of these categories. There are 12 industrial sectors: 
“mining”, “food processing”, “textile and leather”, “wood, paper and printing”, 
“petrochemical and products”, “non-metalic mineral products”, “basic metal and 
products”, “electric machinery and electronics”, “other manufacture”, “construction”, 
“electric power”, and “water and gas”. The four service sectors are “transportation and 
warehousing”, “sanitary services”, “medical services”, and “other services”. As for 
agricultural sectors, to emphasize livestock’s impact on the environment, only two sectors: 
“livestock” and “non-livestock” exist. The BOD generation coefficients, i.e., BOD 
generation (weight) per unit production GDP, were specified for each of these sectors. 
These BOD generations can then be reduced using treatment facilities and only a part of 
these would be emitted to the environment. Thus, BOD emissions for 18 sectors 
belonging to the three employment categories can be calculated. By multiplying these 
sectoral BOD emissions by a distribution matrix composed of respective coefficients 
regarding their distributions in 22 counties1, county BOD emissions can then be derived. 
BOD emissions from “municipal excluding services” sources were originally computed in 
the unit of counties and hence the total county BOD emissions can be obtained by adding 
them to the county BOD emissions derived from the 18 sectors previously mentioned. 
Moreover, these county BOD emissions can be transformed into basin2 BOD emissions 
by employing a “county vs. basin” transformation matrix containing many transformation 
coefficients. 

Other important variables in this model include the BOD treatment cost, the SEEA 
maintenance cost (UN, 1998), and the resulting Green GDP. For each sector the 
associated BOD treatment cost can be calculated by multiplying its specified BOD 
treatment rates to its BOD generation amount and the unit cost for BOD treatment. The 
SEEA maintenance cost can then be calculated by multiplying the BOD emission by the 
unit treatment cost. This term means the cost brought about by the BOD emission because 
originally the emission did not exist in the environment. Thus, the Green GDP can be 
simply computed just by subtracting the maintenance cost from the regular GDP. 

Data necessary to start the simulation model were collected from various sources. 
However, many exogenous parameters are not available and hence they needed to be 
obtained through excessive processing tasks or by making acceptable assumptions. The 
major data sources include “A Trial Green GDP Account of Taiwan” (DGBAS, 2000), 
some survey reports regarding the electric machinery and electronics (CTCI, 1999), and 
“Monthly Statistics of Industrial Production” (MOEA, 1998), etc. 

Hundreds of equations and thousands of variables and parameters were employed to 
construct the model. It is impractical to describe all of the details in this paper. Thus, only 
major points are stated. The sectoral GDP’s for the three employment categories were 
derived essentially based on the Cobb-Douglas production function. The technical 
coefficient, employment, capital, and labor share for each sector are the key variables. The 

                                                           
1 Taipei City, Taipei County, Keelung City, Taoyuan County, Hsinchu County, Hsinchu City, Miaoli County, 

Taichung City, Taichung County, Nantou County, Changhua County, Yunlin County, Chaiyi City, Chaiyi 
County, Tainan City, Tainan County, Kaohsiung City, Kaohsiung County, Pingtung County, Yilan County, 
Hualien County, and Taidung County, totally 22 county-level units. 

2 Lanyang Hsi, Tamsui River, Touchien Hsi, Houlung Hsi, Taan Hsi, Tachia Hsi, Wu Hsi, Juoshuei Hsi, Peikang 
Hsi, Putze Hsi, Pachang Hsi, Jishuei Hsi, Tsengwen Hsi, Yianshuei Hsi, Erjun Hsi, Kaoping Hsi, Tungkang Hsi, 
Peinan Hsi, Hsioukuluan Hsi, and Hualian Hsi, a total of 20 main streams with data available. 
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sectoral BOD generation can be derived by multiplying the sectoral GDP by a pre-defined 
generation coefficient. The sectoral BOD emission is then computed based on the sectoral 
BOD generation and the corresponding reduction rate. The BOD emissions for each 
county and each main river basin can then be computed using transformation matrices. 
Taking industrial county BOD emission as an example, these key processes can be 
expressed as follows: 

12

1

(c i
i

)icICE ISE ISCEC
=

= ×∑ ， 1 ~ 22c =            (1) 

where 
i : industrial sector, 12~1=i  
c : county number, 22~1=c  

iISE : BOD emission of industrial sector  (ton/year) i

cICE : industrial BOD emission of county c (ton/year) 

icISCEC : the emission ratio of industrial sector i in county c 
Equation (1) can also be expressed by matrix multiplication: 

= ×ICE ISE ISCEC       (2) 
The dimensions of these three matrices are 1×22, 1×12, 12×22, respectively. 
The simplified conceptual flowchart was demonstrated in Fig. 1. 

sectoral GDP
sectoral BOD generation

sectoral BOD
generation coefficient

unit cost for BOD treatment

sectoral BOD treatment cost

sectoral BOD treated

Sectoral BOD emission

BOD treatment rate

National BOD treatment cost

County BOD emission

Basin BOD emission

sector to county
transformation

matrix

county to basin
transformation

matrix

Maintenance cost
(BOD)

Green GDP

 
Fig. 1  The simplified conceptual flowchart of the simulation model 

4. SCENARIO SIMULATIONS 

4.1 Fundamental assumptions 
The time horizon under consideration is from 1981 to 2011, where historical data from 
1981 to 1998 were used and the trends of economic and environmental variables were 
simulated from 1999 to 2011. Many assumptions were made and the following are the 
most important ones: 

a). The projections for economic growth, industrial structure, and the employment 
structure are based on the governmental reports announced by the Council for 
Economic Development (The Enterprises Daily, 1998). 

b). The sectoral BOD generation coefficients were the same as those in 1997. 
c). All monetary values in this model are in 1987 NT$ (New Taiwan Dollars). 

4.2 Scenario designs 
To understand the possible trends of BOD generation, emission, and other costs and the 
Green GDP in the coming decade, simulations with respect to different scenarios are 
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needed. These scenarios should be designed based on different combinations of policy 
variables so that sensitive policy variables can be identified and the causal relationships 
between them and the variation of target variables can be traced. Thus, the first step in this 
scenario simulation procedure is to define the “baseline” or “business-as-usual” scenario 
by assuming development of the economy and the environment will go steadily as before 
in all aspects without significant changes. In this study, the main issues emphasized in the 
baseline scenario are as follows: 

a) The industrial and agricultural BOD reduction rates during 1992 and 1999 were 
referred to the EPA data. The reduction rates increased from 0 to the value in 1992 
gradually. After 1999, the reduction rates will keep constant. 

b) For municipal and service BOD emissions, the reduction rates before 2000 are the 
same as those for industrial and agricultural sources. However, after 2000, a new 
equation was employed to compute the reduction rate due to new urban development 
regulations. The BOD reduction rate of septic tanks is 14%. 

c) The sewer connection ratio has increased from 0 in 1981 to 7% in 2000 and will keep 
increasing following the NEPP goals. 

In addition to the baseline scenario, four scenarios in which some key policy variables 
differ were defined to check the influences of these policy variables on the BOD 
emissions, river pollution, and the treatment costs and Green GDP’s. Table 1 listed the 
main differences among these scenarios. 

Table 1  Fundamental assumptions in the scenarios 

Scenario # / name Assumptions 
1 / baseline As stated in the text 
2 / slow growth 1 The sewer connection ratio increases 1% annually from 2000 to 2011 
3 / slow growth 2 The sewer connection ratio increases 2% annually from 2000 to 2011 
4 / tanks28 The BOD reduction rate of septic tanks is 28% due to frequent cleanup 
5 / 2ind Increase the BOD reduction rates for the two industrial sectors emitting the most BOD 

 (textile & leather, petrochemical & products) by 12.5% from 1999 to 2011 

5. RESULTS AND DISCUSSION 

The simulation model was run according to the five scenarios, including the baseline, 
mentioned in the preceding. Most variable values would differ as one single policy or 
control variable value changed. In the following, the variables of major concern are 
demonstrated for comparison and further discussion. 

5.1 Total BOD emission  
The total BOD emissions for the five scenarios were illustrated in Fig. 2. It can be 
observed that as the growth rate of sewer connection ratio became slower, the total BOD 
emission would increase, unlike the case for the baseline scenario that there is no 
significant trend for the total BOD emission. If the BOD reduction rate of septic tanks 
could be raised up through more frequent cleanups, the total BOD emission would be 
reduced in the first several years but finally increase slowly. If the BOD reduction rates of 
the two industrial sectors emitting the most BOD, i.e., the “textile and leather” and 
“petrochemical and products”, could promoted by 12.5% from 1999 to 2011, not only the 
total BOD emission would become the lowest among these scenarios, the trend of 
decrease would be obvious. 

5.2 The length ratio of river segments classified as different pollution levels  
The length ratio of river segments classified as “not or slightly polluted” and “severely 
polluted” are important indicators for evaluating the overall performance in water quality 
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improvement of rivers. Thus, there are NEPP goals for them. In this model, a simplified 
statistic regression methodology was employed to describe the correlations between the 
BOD emission and these length ratios. Table 2 summarizes the BOD emission and the 
length ratios predicted by the model in 2001, 2006, and 2011. It was indicated that only 
the fifth scenario can meet the NEPP goals that the length ratio of the “not or slightly 
polluted” main river segments should not be less than 70% in 2011 and that of the 
“severely polluted” main river segments should not exceed 7.9% in 2011. 

Table 2  The total BOD emission and the length ratios of “not or slightly polluted” and “severely polluted” 
main river segments 

Scenario Variable 2001 2006 2011 
Total BOD emission (ton/year) 528,081 528,883 526,176 
length ratio of “not or slightly polluted” river segments (%) 67.16 67.1 67.3 1 / 

Baseline length ratio of “severely polluted” river segments (%) 10.29 10.33 10.18 
Total BOD emission (ton/year) 531,066 543,029 551,659 
length ratio of “not or slightly polluted” river segments (%) 66.95 66.1 65.49 

2 / 
Slow 
growth 1 length ratio of “severely polluted” river segments (%) 10.46 11.12 11.6 

Total BOD emission (ton/year) 529,872 535,242 535,911 
length ratio of “not or slightly polluted” river segments (%) 67.03 66.65 66.61 

3 / 
Slow 
growth 2 length ratio of “severely polluted” river segments (%) 10.39 10.69 10.73 

Total BOD emission (ton/year) 487,845 492,745 493,803 
length ratio of “not or slightly polluted” river segments (%) 70.02 69.67 69.59 4 / 

Tanks28 length ratio of “severely polluted” river segments (%) 8.05 8.32 8.38 
Total BOD emission (ton/year) 520,634 502,435 483,919 
length ratio of “not or slightly polluted” river segments (%) 67.69 68.98 70.3 5 / 

2ind length ratio of “severely polluted” river segments (%) 9.87 8.86 7.83 
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Fig. 2  The total BOD emissions for the five scenarios 

5.3 The BOD emission for each county and each main river basin  
In the year of 2011, the top five counties emitting the most BOD are Taipei City, Taipei 
County, Touyuan County, Tinan County, and Kaohsiung County, sharing about 51.3% of 
the total BOD emission in Taiwan. Also in the same year, the top five main river basins 
receiving the most BOD are Tamsui River, Wu Hsi, Juoshuei Hsi, Erjun Hsi, and Kaoping 
Hsi, sharing about 63.1% of the total amount. It can be understood that BOD emissions 
are relatively much more in urban areas with high numbers of population. 
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5.4 The treatment cost, maintenance cost, and green GDP 
The treatment costs for the five scenarios were illustrated in Fig. 3. The fourth scenario 
would cost the most. On the other hand, the fifth scenario can lead to the least BOD 
emission and also meet the NEPP goals but cost less than the fourth scenario. Thus, it is a 
rather cost-effective alternative to improve the river water quality. The maintenance costs 
and the resulting Green GDP for the five scenarios were summarized in Table 3. The 
fourth scenario has the most treatment cost and consequently the least maintenance cost. 
The Green GDP’s derived by considering the environmental costs brought about by BOD 
emission for the five scenarios differ in a limited range. It is because only the maintenance 
cost of BOD was taken into account whereas in practice those due to all types of pollution 
need to be considered. The fourth scenario could result in the most Green GDP; whereas 
the second would generate the least Green GDP because more BOD would be emitted to 
the aquatic environment. 
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Fig. 3  The total BOD treatment cost for the five scenarios 

Table 3  The maintenance cost and Green GDP derived from the five scenarios 

Scenario # / name MC in 
1999 

MC in 
2011 

MC 
growth 

GGDP in 
1999 

GGDP in 
2011 

GGDP 
growth 

∆GGDP w.r.t. 
baseline 

1 / baseline 57.1 62.1 8.87% 6,416.2 12,256.8 91.03% 0 
2 / slow growth 1 57.1 65.1 14.11% 6,416.2 12,253.8 90.98% -3 
3 / slow growth 2 57.1 63.3 10.87% 6,416.2 12,255.6 91.01% -1.2 
4 / tanks28 57.1 58.3 2.23% 6,416.2 12,260.6 91.09% 3.8 
5 / 2ind 57.1 59.0 3.38% 6,416.2 12,259.9 91.08% 3.1 

MC: maintenance cost (billion NT$), GGDP: Green GDP (billion NT$) 

6. CONCLUSIONS 

A system dynamics based simulation model has been developed for exploring the trends 
of the BOD emission, the length ratio of differently polluted river segments, the BOD 
treatment cost, the maintenance cost, and the Green GDP based on assumptions made in 
five scenarios. This scenario simulation model can demonstrate the variation of 
economic-environmental variables of major concern and also identify possible means to 
accomplish specified goals. This can help the government or policy managers to 
understand the potential development trends of a nation or an area in various aspects. 
However, the model demonstrated in this paper is highly simplified and hence 
discrepancies between the model and the reality must exist. Nevertheless, this model can 
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successfully predict and describe the trends of many key variables and thus is helpful in 
policy management. 
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Abstract: The Tha Chin River Basin is located in central Thailand with an area of approximately 
11,760 km2. However, increasing environmental concerns are associated with the social and 
economic development in the basin. This research focuses on providing a plan for water quality 
management in the Tha Chin River Basin, with a special emphasis on pollution-related economic 
activities. Since the study basin for a large-scale regional water quality management system with 
various interactive relationships between human activities, optimization modeling is considered 
suitable for integrated planning of various activities in the entire basin. The constraints consist of 
relationships among economic and environmental concerns. The objective is to accomplish the 
desired compromise among environmental, resources and economic considerations. This planning 
study provides bases for the formulation of policies/strategies with respect to the regional 
socio-economic development and environmental protection. 

 

Keywords: water quality management, integrated planning, optimization and socio-economic 

1. INTRODUCTION 

The Tha Chin River Basin is located in the Central River Basin of Thailand. It has an area 
of 11,760 km2, a length of 320 km, an average depth of 5.4 m and an average width of 100 
m. The total population in the basin is approximately two million. In the basin, there are 
many environmental problems such as water pollution, soil erosion and ecological 
deterioration. The river water quality deterioration has the greatest environmental impacts.  
This study proposes that the current environmental conditions can be equilibrated with the 
economic objectives through effective environmental planning, where various impact 
factors could be incorporated within a general framework. Hence, studies of 
environmental planning for this basin system are desired for making effective tradeoffs 
between economic and environmental objectives. The model should also be able to reflect 
the dynamic feature of temporal variations of many system factors along with 
socio-economic development. There has been a few studies applying conventional 
optimization techniques to large-scale planning.   

In Thailand, problems from the increasing wastewater discharge into major rivers are 
considered to be major environmental concerns.  Measures of water quality management 
needs a include source control through the central wastewater treatment plants and source 
allocation through simulation and optimization modeling studies.  Water quality 
problems in the Tha Chin River have been investigated for more than two decades.  In 
1986, the National Environmental Board (PCD, 1995), which is a central government 
organization in charge of pollution problems in Thailand, began to establish water quality 
standards for the Tha Chin River.  In recent years, mathematical modeling techniques 



have been used to assist the water quality management and planning works in this river 
basin.  Macro Consultants Co (1995) studied water pollution control management in the 
lower reach of the Tha Chin River basin and recommended a series of measures for 
improving effectiveness in managing the basin’s environmental problem.  In 1996, PCD 
developed a water quality index for the Tha Chin River which helped to provide 
comprehensive analyses of the river’s water quality.  The Thailand Environmental 
Foundation, Montgomery Watson Asia and Coastal Consultancy International Pty Ltd. 
(1997) developed an action plan to improve water quality in the central river basin.  This 
action plan, based on a water quality simulation software package (MIKE 11), links the 
modeling works to GIS.  The model can be used as a tool for water quality management 
and planning.  The model could be run under real-time or dynamic conditions.  
Simachaya (1999) provided a modified WASP 5 system for water quality simulation in 
the Tha Chin River.  WASP5 was developed by the USEPA and was also linked to GIS.  
However, most of the previous studies were limited in system assessment or simulation.  
No optimization study has been conducted to provide basis of water quality management 
in the study basin.  This dissertation research is to address this challenging issue. 

2. THE STUDY AREA AND ENVIRONMENTAL CONDITIONS 

2.1 The Study Area 
The Tha Chin River is a major branch of the Chao Phraya River, and is subject to frequent 
flooding events.  The maximum elevation of the basin is 1,475 m above mean sea level 
(MSL). The mountain ranges are located in the Northeast of the Chainat and Uthai Thani 
Provinces and the Southwest of the Kawnchanaburi Province.  They are parts of the Tha 
Chin Highland.  It contains 6 provinces that are further divided into 27 districts.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                  Fig. 1  The Tha Chin river basin 
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Geologically, the Tha Chin Basin is typically flat with an average elevation of 77 m.  
The slope within the basin is approximately 1.9 percent (Simachaya, 1999), which is 
similar to those of the other basins in central Thailand.  Soil in the basin is mainly 
well-drained sand to clay.  In the lowerlands, dark clays and the sand–loam soils are 
often found (Simachaya, 1999).  In the middle area, to northern side of the basin, there 
are primarily brown color soils, which are typical for the tropical region, and the soils are 
good to support abundant plant lives.  In the northeastern to western sides of the basin, 
there are red color soils that are enriched in hydrated iron oxides.  Soils along the 
riverbanks consist mainly of clay.  

The Tha Chin Basin has only one major river with many tributaries.  The depth and 
width of the riverbeds are 3 to 12 m and 50 to 600 m, respectively.  The maximum flow 
rate in the river occurs between September and November (rainy season).  The major use 
of water in the middle and upper reaches of the river is for agricultural activities.  In the 
lower reach, the water is mainly for industrial and transportational purposes.  However, 
flow of the Tha Chin River needs to be administered in order to: 

(1) mitigate the effects of flooding in the rainy season, 
(2) provide sufficient water supply to the lower-reach users, 
(3) provide water for irrigation purpose, 
(4) protect the river from saline intrusion.   

2.2 Pollution Sources 
2.2.1 Point Pollution Sources 

(a) strial sources 
Industrial water pollution in the Tha Chin River Basin is generated from industries and 

industrial settlements.  Water use in industrial system is dependent upon the type of 
industry such that the wastewater from industrial discharges varies in type and amount.   
There are 2,120 industries in the basin (Department of Industrial Works, 1997). The 
standard levels of BOD concentrations ranged from 20 to 100 mg/L.   

(b) Residential Wastewater 
Residential wastewater is another main source for water pollution the basin.   The 

wastewater polluted by domestic use generates from living activities.  The residential 
wastewater originated from private residences, slaughterhouses and governmental 
buildings.  Most of residential wastewater was generated near densely populated areas, 
especially along the river (PCD, 1995).             

(c) Commercial and institutional wastewater  
Commercial activities are mostly located in urban and domestic areas.  Commercial 

wastewater is mainly from commercial buildings, hotels, restaurants and food makers.  
2.2.2 Non-point Sources 
Non-point pollution sources in the Tha Chin River Basin were mainly from agricultural 
activities.  Agricultural activities are the third major contributors to the river pollution 
problems.  Agricultural land in the Tha Chin River Basin is approximately 8,960 km2 or 
76 percent of the basin.  Soil loss from agricultural farmlands and other human activities 
are other problems related to water quality in the river.   In 879 farms, there were 
livestock husbandry activities; they were mainly pig and poultry farms.  At the present, 
there are roughly two million pigs, and more than 70 percent of pig farms are located in 
the Nakhon Pathom Province (Simachaya, 1999).  Livestock waste in the basin is 
discharged directly into the river and streams without any treatment. Wastewater from 
livestock activities was roughly 41 tonne/d  (PCD, 1997).  
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3. ETHODOLOGY 

3.1 Model Identification 
In this study of environmental planning for the Tha Chin River Basin, the time horizon 
under consideration is between 2000 and 2019.  It can be further broken up into 4 
periods, i.e. 2000 to 2004, 2005 to 2009, 2010 to 2014, and 2015 to 2019.  Totally, the 
river basin is divided into twenty seven sub-areas based on the existing administrative 
districts. 

The desired objective is to plan various system activities with the consideration of 
environmental-economic tradeoffs. The constraints of this system include all the 
relationships between decision variables and a variety of system conditions. The above 
complexities can be effectively reflected through development of a (LP) model as follows: 

3.2 Model Formulation 
The detailed modeling formulation for environmental planning in the Tha Chin River 
Basin is presented as follows: 

 (1) Objective function  
2 27 4

1 1 1
max ( )( )      (net benifit from paddy and vegetable farm) k ijk ijk

i j k
f    y AS AGα

= = =

= ∑∑∑
 

9 27 4

1 1 1
( )( )          (net benifit from industrial activities)k ijk ijk

i j k
 y IA INα

= = =

+ ∑∑∑
 

  

2 27 4

1 1 1
( )( )          (net benifit from pig and poultry farm)k ijk ijk

i j k
y AT ALα

= = =

+∑∑∑
2 27 4

1 1 1
( )( )          (net benifit from fish and prawn farm)k ijk ijk

i j k
y AR AHα

= = =

+∑∑∑  

(2) Constraints  
(i) BOD discharge from industrial activities: 

( )
9

1
ik ijk ik

i

 IB IN    BIP
=

≤∑
         j = 1,2,…27; k = 1,2,3,4 

(ii) BOD discharge from fish and prawn activities: 

( )
2

1
ik ijk ik

i

 HB AH    BHB
=

≤∑            j = 1,2,…27; k = 1,2,3,4 

(iii) BOD discharge from pig and poultry activities: 

( )
2

1
ik ijk ik

i

 LB AL    BLB
=

≤∑            j = 1,2,…27; k = 1,2,3,4 

(iv) Soil loss from agricultural activities: 

( )
2

1
ijk ijk ik

i

 SL AG    CAS
=

≤∑         j = 1,2,…27; k = 1,2,3,4 

(v) Nitrogen loss from agricultural activities: 

( )( )
2

1
ijk ijk ik

i

AN SL AG    CAN
=

≤∑         j = 1,2,…27; k = 1,2,3,4 
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(vi) Phosphorus loss for agricultural activities: 

( )( )
2

1
ijk ijk ik

i

AP SL AG    CAP
=

≤∑         j = 1,2,…27; k = 1,2,3,4 

(vii) Dissolved nitrogen loss via agricultural runoff: 

( )
2

1
ik ijk ik

i

LN AL    CLN
=

≤∑            j = 1,2,…27; k = 1,2,3,4 

(viii) Dissolved nitrogen loss from pig and poultry farms: 

( ) ( )
2

1
j ijk ik

i

RN RF AG    CNR
=

≤∑           j = 1,2,…27; k = 1,2,3,4 

(ix) Dissolved phosphorus loss via agricultural runoff: 

( )( )
2

1
j ijk ik

i

RP RF AG    CPR
=

≤∑          j = 1,2,…27; k = 1,2,3,4 

(x) Dissolved phosphorus loss from pig and poultry farms: 
 

( )
2

1
ik ijk ik

i

 LP AL    CLP
=

≤∑            j = 1,2,…27; k = 1,2,3,4 

(xi) Total soil loss: 

( ) ( )
2 27 2 27

1 1
1 1 1 1

,ijk ijk ijk ijk
i j i j

SL AG    SL AG  + +
= = = =

≤∑∑ ∑∑         k=1,2,3,4.  

(xii) Total dissolved nitrogen loss: 

( )( ) ( )
2 2

1 1
j ijk ijk ijk ik

i i

 RN RF AG LN AL    CNT
= =

+ ≤∑ ∑       j = 1,2,…27; k = 1,2,3,4 

(xiii) Total dissolved phosphorus loss: 

( )( ) ( )
2 2

1 1
j ijk ijk ijk ik

i i

 RP RF AG LP AL    CPT
= =

+ ≤∑ ∑       j = 1,2,…27; k = 1,2,3,4 

(xiv) Total BOD discharge: 

( ) ( ) ( )
9 2 2

1 1 1
ik ijk ik ijk ik ijk ik

i i i

 IB IN  HB AH LB AL   BBT
= = =

+ + ≤∑ ∑ ∑     j = 1,2,…27; k = 1,2,3,4 

(xv) Production of industries: 
27

1
ijk ik

j

IN    BIN
=

≤∑             j = 1,2,…9; k = 1,2,3,4 

9

1
ijk ik

i

IN    BIG
=

≤∑            j = 1,2,…27; k = 1,2,3,4 

(xvi) Land use for agriculture: 
2

1
ijk ik

i

AG    CAG
=

≤∑          j = 1,2,…27; k = 1,2,3,4 
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27 27

1
1 1

ijk ijk
i i

AG    AG+
= =

≥∑ ∑                    k = 1,2,3,4 

(xvii) Production of pig and poultry farms: 

ijk ik AG    CCA≥           j = 1,2,…27; k = 1,2,3,4 
2 27

1 1
ijk

i j
 AG    GAC

= =

≤∑∑  

≤

 

(xviii) Land use and production of fish and prawn farms: 

         j = 1,2,…27; k = 1,2,3,4 
2

1
ijk ik

i
 AL    SLB

=

≤∑
(xix) BOD discharge from different zones: 

( ) ( ) ( )
9 2 2

1 1 1
ik ijk ik ijk ik ijk ik

i i i
 IB IN  HB AH LB AL   NINγ γ γ

= = =

+ +∑ ∑ ∑      

j = 1-9-11, 6-12-17, 7-16, 10-15, 13-14, 18-19-20, 21-22; k = 1, 2, 3, 4 
where: 
AGijk  =  land area for planting activity i in sub-area j during period k (km2); 
AHijk  =  land area for fishery activity i in sub-area j during period k (ha-d/yr); 
ALijk   =  land area for livestock activity i in sub-area j during period k (1,000 head-d/yr); 
AN    =  nitrogen content of soil (%); 
AP    =  phosphorus content of soil (%); 
ARijk   =  net benefit of fishery activity i in sub-area j during period k (10,000 Baht/ha-d); 
ASijk  =  net benefit of planting activity i in sub-area j during period k (10,000 Baht/km2/yr); 
ATijk  =  net benefit of livestock activity i in sub-area j during period k (10,000 Baht/1,000 head-d); 
BBTjk =  maximum allowable BOD discharge from all industrial activities in sub-area j during period k (kg/yr); 
BHBjk =  maximum allowable BOD discharge from all fishery activities in sub-area j during period k (kg/yr); 
BIGjk  =  maximum allowable production level from all industrial activities in sub-area j during period k (t/yr); 
BINjk  =  maximum allowable production level in all sub-areas from activity i during period k (t/yr); 
BIPjk  =  maximum allowable BOD discharge from industrial activities in sub-area j during period k (kg/yr); 
BLBjk =  maximum allowable BOD discharge from livestock-husbandary activities in sub-area j during period 

k (t/yr); 
CAGjk =  maximum allowable land area from agricultural activities in sub-area j during period k (km2); 
CANjk =  parameter of maximum allowable nitrogen loss from agricultural activities in sub-area j during 

period k (t/yr); 
CAPjk  =  maximum allowable phosphorus loss from agricultural activities in sub-area j during period k (t/yr); 
CASjk  =  maximum allowable soil loss from agricultural activities in sub-area j during period k (t/yr); 
CATjk  =  maximum allowable soil loss in sub-area j during period k (t/yr); 
CCAjk  =  minimum allowable land area for agriculture in sub-area j during period k (km2); 
CLNjk  =  maximum allowable dissolved nitrogen loss from livestock-husbandry activities in sub-area j during 

period k (kg/yr); 
CLPjk  =  maximum allowable dissolved phosphorus loss from livestock-husbandry activities in sub-area j 

during period k (kg/yr); 
CNRjk  =  maximum allowable dissolved nitrogen loss from agricultural activities in sub-area j during period k 

(kg/yr); 
CPRjk  =  maximum allowable dissolved phosphorus loss from agricultural activities in sub-area j during 

period k (kg/yr); 
GAC =  upper limit of land area for agricultural activities (km2); 
HBjk  =  BOD discharge from fishery activity i during period k (kg/ha-d); 
i   =  symbol for the primary and secondary industries (for primary industry: (a) planting by using i = 1 for 

paddy farm and 2 for vegetable farm, (b) livestock by using i = 1 for pig and 2 for poultry, and (c) 
fishery by using i = 1 for fish and 2 for prawn; for secondary industry: i = 1 for food processing, 2 for 
textile and leather, 3 for wood fiber, 4 for chemical, 5 for metal, 6 for non-metal, 7 for motor, 8 for 
liquid and 9 for special material industries); 

IAijk  =  net benefit of industrial activity i in sub-area j during period k (10,000 Baht/t); 
IBik  =  BOD discharge from industrial activity i during period k (kg/t); 
INijk =  output value of industrial activity i in sub-area j during period k (t/yr); 
j    =  symbol for sub-areas, j = 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 
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24, 25, 26, 27; 
j   =  symbol for sub-areas related to BOD discharge following discharge zones, j = 1-9-11, 6-12-17, 7-16, 

10-15, 13-14, 18-19-20, 21-22; 
k   =  symbol for periods, k = 1, 2, 3, 4; 
LBik  =  BOD discharge from livestock-husbandry activity i during period k (kg/1,000 head-d); 
LNik  =  nitrogen discharge from livestock-husbandry activity i during period k (kg/1,000 head-d); 
LPik  =  phosphorus discharge from livestock-husbandry activity i during period k (kg/1,000 head-d); 
MHBjk =  lower limit of fishery farming area in sub-area j during period k (ha-d); 
MGBjk =  upper limit of fishery farming area in sub-area j during period k (ha-d); 
MLBjk =  lower limit of livestock amount in sub-area j during period k (1,000 head-d); 
MGBjk =  upper limit of livestock amount in sub-area j during period k (1,000 head-d); 
NINjk =  maximum allowable BOD discharge from discharge zones in sub-area j during period k (t/yr); 
RF  =  runoff from agriculture land in sub-area j (cm); 
RN   =  dissolved nitrogen content in agricultural runoff (mg/m3); 
RP  =  dissolved phosphorus content in agriculture runoff  (mg/m3); 
SHBjk =  maximum-allowable land used for fishery farming in sub-area j during period k (ha-d); 
SLBjk =  maximum-allowable land for livestock husbandry  in sub-area j during period k (ha-d); 
SLijk =  soil loss from agricultural activity i in sub-area j during period k (t/km2 in cs) [1 year = 2 cs (cropping 

season)]; 
yk =  number of year during period k (year); 
α =  discount rate; 
γ  =  natural attenuation rate 

4. RESULT AND DISCUSSION 

4.1 Solution 
The modeling solutions provide planning patterns for each of the activities and subareas 
over the planning periods.  In the model, contributions form various system components 
and the decision makers’ requirements are incorporated within a general framework.  
The optimal solutions are in fact compromises among various objectives and constraints. 

 
                Fig. 2  Net benefit from agricultural activities of all sub-areas 
 
(a) Agricultural activities 
It is recommended that vegetable and pig farms would be promoted continuously in the 
planning horizon.  They both are the major contributors to the agricultural activities of 
regional economy.  On the other hand, prawn farming could be a good alternative 
activity for the agricultural sector, which has a high economic return with a relatively 
pollution potential. It would be advisable for local authorities to manage paddy, vegetable, 
fish and prawn farmlands in comprehensive way.  At the present time, agricultural 
activities generate less than 1/5 of the overall economic return in the basin.  At the same 
time, agricultural activities produce significant NPS water pollution problems.  However, 
we can not eliminate all of the agricultural activities out of the basin, because the majority 
of the populations in the region are farmers.  The planning for this region should focus 
on identifying suitable areas for various agricultural activities during different periods.   
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Fig. 3  Net benefit from industrial activities of all areas 

(b) Industrial activities 
Industrial activities in the Tha Chin River Basin play important roles in the regional 
economy.  Generally, the motor and food processing industries are recommended to be 
promoted.  The motor industry has the highest economic efficiency with a relatively low 
pollution potential.  The food processing industry is needed for supporting the increasing 
demands from local residents.  For subareas 18, 19, 21 and 22 (the Nakorn Pathom 
Province), industrial activities should be limited because these subareas have a high 
population density as well as many agricultural activities.  In the Nakhon Pathom 
province, subareas 23 and 24 are considered to be suitable for hosting many industrial 
activities, such as food processing, textile and leather, chemical, metal and motor 
industries.  In the Samut Sakorn Province, food processing would be the major industry.  
Since many of these industries have high pollution potentials, moving them to external 
systems that have higher pollution-loading capacities would help to improve water quality 
in the river.  Also, development of high-tech industries with low or no pollution would 
be another wise regional-development strategy. 

4.2 Contribution Objective 
The net benefit of the study system comes mainly from agricultural and industrial 
activities. The agricultural activities contribute approximately 25 percent of the total 
economic return, while the industrial ones contribute about 75 percent. The total net 
income of the basin is 1,117,838,377,685 Baht. From environmental point of view, BOD 
loadings come from all industrial and some agricultural activities. The largest source of 
BOD is residential, with the next being industrial activities. Any consideration for BOD 
reduction should focus on the related residential and industrial activities. 

5. CONCLUSIONS 

A linear programming model has been developed for water quality management in the 
Tha Chin River Basin, Thailand. A number of environmental, resources and economic 
factors are considered and integrated within a general modeling framework. The LP 
modeling results provide bases for the formulation of policies and strategies regarding 
regional socio-economic development and environmental protection. Different activities 
contribute differently to the economic and environmental objectives. In general, economic 
development should not be based on the cost of river water contamination. For the study 
basin, motor and food processing industries should be promoted, due to their low 
pollution potentials and high economic efficiencies. In comparison, special material and 
textile/leather industries should be limited due to high pollution potentials and low 
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economic efficiencies.  On the other hand, agriculture in the basin has been developed to 
a mature level.  Therefore, agricultural activities should generally not be further 
promoted, since they produce significant non-point source pollution problems.  
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Abstract: One of the goals of local and provincial governments is, which face flooding disaster, to 
take advantage of new technologies to improve the production of flood hazard maps. This paper 
presents a fuzzy relation based algorithm for segmenting remotely sensed images of urban 
environment. Automated extraction of man-made objects such as buildings and roads using image 
analysis techniques for floodplain mapping and updating geographic information systems (GIS) 
databases is very important for disaster management plans and has been an active research topic in 
photogrammetry and remote sensing community. Segmentation plays an important role in the 
process of digital image processing towards automated extraction of GIS objects from imagery. The 
proposed hierarchical clustering technique is based on fuzzy equivalence relation. First, a fuzzy 
compatibility relation is created in term of the Euclidean distance. In general, the fuzzy 
compatibility relation is not necessarily a fuzzy equivalence relation. Then, the transitive closure are 
computed and used as the fuzzy equivalence relation to cluster a given image. Finally, image 
segmentation is completed by computing α-cut on fuzzy equivalence relation. 

 

Keywords: Image segmentation, fuzzy relation, colour aerial imagery, algorithm, urban 
environment, floodplain mapping 

1. INTRODUCTION 

Flooding is the most common natural disaster. It can happened due to heavy rain, rapid 
snow melt, regular spring flooding, high tides, very heavy rain on flat ground, dam 
failures, seiche/wind driven flooding in large lakes and volcano melting of snow or 
glaciers. Floodplains continue to be under pressure for more intensive uses despite the 
significant flood risk. This pressure is increasing as desirable undeveloped land becomes 
scarce. Given the dynamics of urban areas, their density and the type and quality of 
geospatial data required for disaster management planning, high-resolution remotely 
sensed imagery such as large-format aerial imagery is clearly a major source of data for 
urban mapping and urban GIS updating. Urban land use applications require the images to 
be divided into segments corresponding to areas of homogeneous land use. Image 
segmentation is usual technical means to generate and update such land use information 
for urban spatial databases. It plays a key role in a wide range of applications, such as 
image visualization (Manduca, 1996), image coding (Bosworth and Acton, 2000; Kim and 
Krim, 1999), image synthesis (Terzopoulos, 1997), pattern recognition (Torre and Radeva, 
2000; Devaux et al., 2000), etc. Image segmentation is a process of partitioning an image 
into some regions such that each region is homogeneous and none of the union of two 
adjacent regions is homogeneous. Mathematically, given a finite set of all image pixels S, 
and a homogeneity predicate defined over clusters of connected pixels P(S), then image 



segmentation is a partition of the set S into a set of connected subsets (clusters) 
, where { }nsss ,,, 21 ( 1,2, , )i i ns S= ∈ , such that 

i js s θ∩ = , ,i j n∀ ∈  and ji ≠ ; 

1

n

i
i

s S
=

=∪ ;  

( ) truesP i = , i n∀ ∈ ; 

( )i jP s s false∪ = , For any two neighbours  and , is js ,i j n∀ ∈ . 
There have been many different families of segmentation algorithms proposed in past 

years. These algorithms can be categorized into edge-based (Marchisio et al., 2000), 
clustering-based (Pham et al., 2001; Noordam et al., 2000), region-based (Fradkin et al., 
1999), and split/merge (Tyagi and Bayoumi, 1989; Tu et al., 2001) algorithms. Among 
these algorithms, clustering-based algorithms are ones of those proved to be suited for 
remotely sensed image segmentation. Two main clustering segmentation approaches 
based on crisp and fuzzy methods have been developed. The crisp clustering segmentation 
algorithms generate clusters such that each pixel in an image is assigned to exactly one 
cluster. However, fuzzy segmentation algorithms try to cope with each cluster as a fuzzy 
set, and each pixel in a image has a membership value (ranging between 0 and 1) 
associated to each cluster, measuring how much the pixel belong to that particular cluster. 
In the fuzzy segmentation algorithms, the most popular is the Fuzzy C-Means (FCM) 
algorithm (Bezdek, 1981) and many research works have been proposed to steep up the 
FCM algorithm (Thitimajshima, 2000; Chen and Wang, 1999; Melek et al., 1999). 
Although the FCM algorithm is powerful in image segmentation, there is still a drawback 
encountered, namely the desired number of clusters should be specified in advance. This 
is a disadvantage whenever the clustering problem cannot specify any desired number of 
clusters. The situations are often for remotely sensed image segmentation, because the 
ground truth is always not available for these images. In this paper we concern with color 
aerial image segmentation using fuzzy equivalence relation-based clustering method.  

The paper is organized as follows. A short review on the concept of the proposed fuzzy 
relation-based segmentation algorithm is described in Section 2. Then, in Section 3 we 
introduce the clustering algorithm based on fuzzy equivalence relation. Segmented results 
are presented and discussed in section 4. We conclude the paper with an outlook on future 
work in Section 5.     

2. BACKGROUND 

In this section, we use the same symbol A to donate the fuzzy set and its membership 
function, and R for the fuzzy relation and its membership function. 

Consider an arbitrary nonempty set U called a universe, a fuzzy set A in U is a function 
[ ]: 0A U → ,1  called membership function of the fuzzy set A. The membership function 

is interpreted as the degree of membership of element x in the fuzzy set A for each . 
Each fuzzy set is completely and uniquely defined by one particular membership function. 

Xx∈

Consider a family { }niUU i ,,2,1== , a n-dimensional fuzzy relation is a fuzzy set 
defined on the Cartesian product of the family, where n-tuples nuuu ,, 21  ( u , 

, u
11 U∈

,22 Uu ∈ nn U∈ ) may have varying degrees of membership within the relation. A 
two-dimensional fuzzy relation is called as a binary fuzzy relation. Instead of defining a 
binary relation that exists between two different sets, we can also define a fuzzy binary 
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relation among the elements of a single set U, namely [ ]1,0: →×UUR . These fuzzy 
relations are often referred to as binary relation on a single set. Let U be an arbitrary crisp 
set and [ ]1,0: →×UUR  be the fuzzy binary relation on U and  be a t-norm (a 
binary function 

t
>>→<<×>< 1,01,01,0:t

>

 is said to be a t-norm if it is associative, 
commutative, non-decreasing and fulfils the border condition  for all 

), then 
r=rt )1,(

∈< 1,0r R  is said to be a fuzzy compatibility relations on , when U R  is 
reflexive on U , for every Uu∈ , 1),( =uuR  and R  is symmetric on U , for all 

, Uvu ∈, ),(),( uvRvuR = . Whereas R  is said to be t-fuzzy equivalence elation on , 
when 

U
R  is a fuzzy compatibility relation on  and U R  is t-transitive on U , for all 

, U ,(),,(( vRvuRtwvu ∈,, ),()) wuRw ≤ . 

( )),(), wvRminmax)),(),, wvRv
Uv∈

=(( uRt v

( )),w(v,(uRminmax),( wuR
Uv∈

≥

R
Rα

{ , , }= 1 2 nx x xX

( )1 2 3, ,i i i ix x x=x 1,2, ,i n=

In our algorithm, a max-min-norm is adopted as t-norm, namely 
,(uR                (1) 

Correspondingly the t-transitive is the max-min-transitive,  
), Rv                  (2) 

If  is a fuzzy equivalence relation, then each α-cut of the fuzzy equivalence relation 
 is a crisp equivalence relation that represents the presence of similarity between the 

elements to the degree α. Each of α-cut of these fuzzy equivalence relations forms a 
partition of U . In this paper, the fuzzy clustering technique based on the fuzzy 
equivalence relation is used to perform the segmentation of a colour aerial image of a real 
world scene.  

3. CLUSTERING ALGORITHM BASED ON FUZZY EQUIVALENCE RELATION 

The clustering technique based on the fuzzy equivalence relation is a hierarchical 
clustering method. The core of the algorithm lies in computing a fuzzy equivalence 
relation R on a pixels set X that character the degree of similarity of the elements in the set 
X. In the algorithm proposed here, a fuzzy equivalence relation is computed by a fuzzy 
compatibility relation that is created in term of the Euclidean distance on RCB space. 

3.1 Colour Image Description 
To perform colour image segmentation, a colour model must be selected. The purpose of 
the colour model is to facilitate the specification of colours in some standard manner. In 
general, a colour model is a specification of a three-dimensional coordinate system where 
each colour is represented by a point (Pratt, 1991). The most known colour model is the 
RGB (Red, Green and Blue) model. With the RGB model, a colour is described in term of 
the percentage of three primary colours (Red, Green and Blue) in the colour. For example, 
combining 100% red, 100% green and 100% blue creates white, i.e., <255, 255, 255> in 
RGB values. Conversely, black can be obtained by combining 0% red, 0% green and 0% 
blue, <0, 0, 0> in RGB values. Thus, in RGB system, a colour image can be represented 
with n-array vectors set  in a RGB system, where n is the number of 
pixels in the image. Each element in the set is a three-dimensional vector representing 
three primary colours (Red, Green, Blue) of the pixel in the RGB coordinate system, 
namely , . 

3.2 Computing the Fuzzy Binary Relation 
The aim of this step is to compute a fuzzy binary relation  on X, which will measure cR
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the similarity between the pixels in an image in RGB system. The fuzzy binary relation is 
represented by nn×  matrix . The element in the matrix is denoted by  CR

1ijr

)CR ∪

CR≠' RC

CR='

RT
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Λ∈α
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1
1
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=
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= −
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∑

∑
                    (3) 

Obviously, the fuzzy binary relation  is a fuzzy compatibility relation. CR
Actually, there are much appropriate distance functions on X can be used as 

membership grade of a fuzzy compatibility relation  on X.  The reason, using (3) as 
the measurement of similarity between any two pixels in a given image, is based on the 
ideal, namely, in an image the identical pixel should have the maximum similarity, i.e. its 
membership grade should be 1. Conversely, two pixels with the maximum distance in the 
RGB space are not similar, i.e., its membership grade should be 0. 

cR

3.3 Computing the fuzzy equivalence relation 
In general, fuzzy relation computed by (3) is a fuzzy compatibility relation, but not be 
necessarily a fuzzy equivalence relation. According to the fuzzy compatibility relation 

 computed by above step, the following algorithm (George and Bo Yuan, 1995) is 
used to compute a fuzzy equivalence relation, 

CR

CR

Step 1: ( CC RRR =' ; 
Step 2: If R , make 'R=  and go to Step 1; 
Step 3: If R , then stop and  is a fuzzy equivalence relation, denoted by . CR TR
Where operator  is the standard composition operation (Let [ ]ikP p= ,  and 

 are binary relation matrixes such that 
[ kjQ q= ]

[ ]ijR r= R P Q= , then maxij k
min( ,ikr p )kjq= ). 

Operator  is the max operator for set union (Let ∪ [ ]ijpP = , [ ijQ q ]=  and  
are binary relation matrixes such that 

[ ]ijrR =
R P Q= ∪ , then max( ,ijr )p qij ij= ). It can be 

proved that  is a fuzzy equivalence relation on X. TR

3.4 Image Segmentation 
Image segmentation can be completed by computing α-cut of .  TR

Step 1: Computing the level set of ,  TR

}   ,  { Tijij Rrr ∈∀== αα                (4)  

Step 2: For 
TR  computed by Step 1, the α-cut of is a matrix  and can be 

computed with the following formula: 
TR TRα







<

≥
=

α

α
α
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ij
ij r

r
r

    0

    1
                      (5) 

where 

Tij Rr α ∈  and Tij Rr ∈ . 
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Step 3: By constructing a partition tree for all α-cut matrixes, a hierarchical partition 
can be obtained.  

Clearly, all partitions associated with ( ]1,0∈∂  are nested. The partition ) is a 
refinement of other partition 

( TRP ∂

( )TRP β , if and only if β≥∂ . 

4. IMPLEMENTATION AND RESULTS 

The proposed fuzzy relation-based segmentation algorithm mentioned in the previous 
section has been implemented using Visual C++ on the colour orthoimagery with a spatial 
resolution of 1 m. We present here results on two typical urban subscenes: an urban green 
area and an urban residential area, in the Greater Toronto Area, Canada. The images 
consisting of 100 by 100 pixels each as shown in the Fig. 1. The left image in Fig. 1 
consists of two roads, five individual houses, three swimming pools, trees and green areas 
covered by grasses, in which roads look like line-shaped structures. The right image in Fig 
1 shows a typical Toronto residential area that consists of individual houses, trees and 
roads, in which roads look like long, rectangular structure rather than line-shaped 
structures. Trees along one road-side lead to the fragments of the street.   

Fig. 2 shows the segmented results of the colour orthoimages depicted in Fig. 1, using 
the proposed approach, which set the α-cut parameter α=0.9. Fig. 3 shows the segmented 
results presented by false colours, in which we can see that the presented algorithm gives 
the better results for all object classes, the segmented areas have the clear 
boundaries. .Bright, long linear objects in Fig 2 (left) are segmented roads. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1  Two sections of a colour orthoimagery covering an urban area  
(left: urban green area; right: urban residential area). 
Fig. 2  Segmented results deriv
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Abstract: An integrated model, the Pesticide Runoff Model (PeRM), has been developed to predict 
runoff losses of pesticides from agricultural lands. The model is an integration of a mathematical 
model, a relational database system, and a Geographic Information System. Information of soil type, 
land use, land slope, watershed boundaries, precipitation, pesticide usage, as well as physical and 
chemical properties of pesticides have been digitized and gridded by using GIS, managed within 
database, and ready for use by the mathematical model. The developed modeling system has been 
used to calculate the losses of atrazine from agricultural lands in Kintore Creek Watershed, Ontario, 
Canada between 1988 and 1992. The modeling outputs have been verified by using monitoring data, 
which obtained from a water quality monitoring project carried out in the same watershed and the 
same period of time. The result indicated that the model provides an effective means for forecasting 
the pesticide runoff from agriculture lands. 

Keywords: agriculture, environment, modeling, monitoring, non-point source, pesticides, runoff, 
watershed 

1. INTRODUCTION 

Pesticides have been widely used to control unwanted plants and destructive insects. Due to 
their adverse impacts on environment and human health, there have been growing concerns 
about the fate and transport of pesticides in the past decades (Baker et al., 1978; Wauchope 
and Leonard, 1980; Wu et al., 1983; Leonard, 1990; Agassi et al., 1995; Ng and Clegg, 
1997). Runoff losses of pesticides to surface water and their transport in streams are one of 
the principal processes leading to their widespread dispersion in the environment, especially 
to our drinking water (Leonard, 1988; Burgoa and Wauchope, 1995). To determine the 
extent of surface water pollution by pesticides, several pesticide monitoring programs 
throughout the North America were used to quantify the pesticide runoff losses (Baker, 
1988). Those studies have indicated that pesticide loss from runoff has ranged from 1% to 
5% of the pesticide applied. 

A joint project between Environment Canada and the University of Regina, Canada was 
started in 2000 to create an integrated modeling system for simulating the pesticide runoff 
losses in watershed scale, the Pesticide Runoff Model (PeRM). The PeRM can integrate a 
mathematical pesticide runoff module with the Geographical Information System (GIS) and 
related database management into one dynamic system, so the simulations are physically 
correct and geographically accurate. All the spatial data will be organized in GIS and 
converted into the database system that can automatically estimate model parameters and 
prepare input files for the mathematical module. The output data from the mathematical 
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model are also stored in the database and displayed by using GIS. The model can account 
for the significance of spatial characteristics and the effects of such structures on runoff 
losses of pesticides. This model should be complete enough to integrate the mathematical 
model, GIS, and the database management, and simple enough to be used on a PC platform.  

2. THE ARCHITECTURE OF PERM 

The architecture of PeRM is shown in Fig 1. It consists of three major parts: a mathematical 
module, the GIS, and a database. These three parts are manipulated by a control panel.  

In order to use PeRM, a grid system must be created according to the watershed under 
study. A watershed is usually composed of fields of different crops, soil types, and land 
slopes, leading to various ways for pesticide runoff to occur. A grid system is a discrete 
representation of a terrain, made up of spatially distributed parameters, with each of them 
being uniform with respect to all parameters. Thus, each grid cell can be treated as a unit for 
pesticide behavior with inflows from and outflows to other grid cells.  

 
Fig. 1  Architecture of the integrated PeRM system.

Output from the grid cell at the top of the watershed is routed to cells below them and/or 
to the channel, and finally to the watershed outlet. Water and sediment from cells without 
pesticide applied dilute the resulting concentrations and change the distribution of pesticide 
between the solid and solution phases. 

3. THE MATHEMATICAL MODEL 

3.1 Hydrological component 
A model developed by the US Soil Conservation Service (SCS) is used in our model to deal 
with the hydrological component. This SCS model is utilized to estimate runoff during 
rainfall events with a known precipitation volume. The volume of runoff (Q) depends on 
the volume of precipitation (P) and the initial abstraction (I). The initial abstraction (I) is a 
fraction of total rainfall that does not appear as runoff (McCuen, 1981): 

2( )
( )

P IQ
P I S

−
=

− +
       (1) 

The initial abstraction (I) consists mainly of interception, infiltration and surface storage, all 
of which occur before runoff begins. The relation between I and S is given by  

0.2I S=         (2) 
where 
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1000 10S
CN

= −              (3) 

The curve number (CN) expresses the combined effects of soil hydrologic characteristics, 
land use and antecedent moisture conditions on the runoff volume (McCuen, 1981). 

3.2 Pesticide component 
The lost amount of the pesticide to be studied during rainfall depends on the amount of 
residues of the pesticide left on the farmland when rain starts.  Residues of the pesticide 
are calculated by equations (Li et al., 2000) 

(1 ) iut
t i i

i
R U F e−= −∑       (4a) 

1/ 2

ln 2u
t

=           (4b) 

where Rt is the residues of the pesticide in time t when the rain fall starts; Ui is the total 
amount of the pesticide during the ith application; Fi is the emission factor of the pesticide 
during the ith application; ti is the duration from the ith application of the pesticide to the 
time when the rain fall starts, and t1/2 is the half-life of the pesticide in the soil. 

To calculate the fraction of the pesticide in the runoff, the following equation is used: 

1
t

r
d

R BC
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where Cr is the pesticide soluble concentration in the runoff, Rt is the residue of the 
pesticide at time t when rainfall begins, B is the extraction coefficient, Kd is the distribution 
coefficient that can be derived from the linear adsorption coefficient for organic carbon Koc 
and is calculated for different contents of organic carbon (OC) from the relation: 

100d oc
OCK K=          (6) 

Leonard et al. (1987) developed a functional relationship to relate B to Kd: 
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4. SYSTEM IMPLEMENTATION  

The data required to run the model are summarized in Table 1. The spatial data include land 
use information, soil types and topography. These data sources consist of a number of 
polygons with attached attributes. In the case of soil type, the attribute of interest, in order 
to perform the data extraction, is soil texture classification. Pesticide physic-chemical 
properties are readily available from a number of reference works (Mackay et al., 1997), 
however, the information about pesticide applications should be obtained from field surveys. 
Climate data are available from local meteorological stations. All the input data should be 
digitized and localized in each cell in the grid system. 

5. CASE STUDY  

A surface water quality monitoring project was carried out from 1988 to 1992 in two 
subwatersheds near the town of Kintore, Ontario, Canada by Environment Canada and the 
Upper Thames River Conservation Authority (UTRCA) (Struger et al., 2002a,b,c). The 
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main purpose of the project was to collect environmental fate data on atrazine and 
metolachlor – two herbicides used to control broadleaf and grassy weeds in corn and 
soybeans. By using the data collected from the surface water quality monitoring project, the 
PeRM is used to calculate the losses of atrazine from agricultural lands. The modeling 
outputs are verified by using monitoring data, which obtained from the same project. 

Table 1  Parameters to be inputted to the PeRM. 

Data type Description Extent 
Land use Crop type Spatial data 
 Crop area Spatial data 
Soils Soil type Spatial data 
 Soil hydrological characteristics Spatial data 
 Soil bulk density Spatial data 
 Soil organic matter Spatial data 
Pesticides Pesticide type Spatial data 
 Pesticide application area Spatial data 
 Pesticide application rate Spatial data 
 Pesticide sorption coefficient Single data 
 Pesticide half life Single data  
 Pesticide application time Spatial data 
Climate Soil moisture condition Spatial data 
 Rainfall time Spatial data 
 Rainfall intensity Spatial data 
 Rainfall duration Spatial data 
Watershed Watershed area Spatial data 
 Watershed slope Spatial data 
 Watershed inter boundary Spatial data 

  

5.1 Overview of study area    
Fig 2 gives the locations of the Kintore Pair Watersheds, which is located at the east of 
London, Ontario, Canada. In the Kintore Pair Watersheds, thirty landowners manage dairy, 
beef, swine and cash crop operations. The primary crop in both east and west subwatersheds 
is historically corn. Soybeans and grains are also produced in both watersheds. The detailed 
Kintore sub-watershed characteristics are given in Table 2 (Struger et al., 2002a,b).  
 

 
Fig. 2  Locations of the Kintore Creek and Thames River Watersheds (Struger et al., 2002a). 
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5.2 Data acquisition 
A. Spatial Database  
The spatial database for the Kintore watershed was developed to support simulation 
modeling of pesticide runoff losses from agricultural lands. Agricultural practices occupy 
the majority of lands in the watershed, with soybeans and corn being the main crops. 
B. Pesticide data 
All landowners in the watershed were interviewed for information regarding pesticide 
application. Information collected included croptypes, number of acres allocated for each 
crop, type of pesticide, number of acres applied with the pesticide, and rate and time of 
pesticide application. Table 3 shows parts of the pesticide-application information. 

 Table 2 Kintore Creek sub-watersheds characteristics (Struger et al., 2002a, b). 

 West Kintore Creek East Kintore Creek 
Size of sub watershed 6.61 km2 6.42 km2 
Soil types silt loam silt loam, sandy loam & muck 
Soil erosion potential medium to high medium to high 
Area under study 653 ha 635 ha 
# of major landowners 15 13 
Area tile drained 55 30 
Total forest cover 78 ha 175 ha 
Total crop area 473 ha 333 ha 

Table 3  Atrazine application rates for Kintore Creek sub-watersheds in 1990 (Struger et al., 2002a). 

 (West Kintore Creek) (East Kintore Creek) 
Amount applied 213 kg 218 kg 
Area treated  184 ha  153 ha 
Average application rate 1.16 kg/ha 1.42 kg/ha 

 

C. Climate data 
The climate of the watershed is dry continental with an annual average precipitation of 
nearly 50 cm in watershed, and is unevenly distributed throughout the year (Davis and 
Landry, 1978). The precipitation data at the station of London, instead of Kintore were used 
since the precipitation data at Kintore are not available. The Kintore watershed is 20 km 
away from London.   

5.3. System Implementation  
The procedures for model application are outlined here. First, a fine grid system for the 
Kintore Creek watersheds was created. The grid system is comprised of 165 computational 
elements (cells), each representing approximately 11 hectares. Spatial data including soil 
types, land use, slopes, pesticide application patterns, etc. were localized on the grid system 
by using MapInfo, a GIS software. Results were stored into a database. The input data were 
organized in database according to the required format for the mathematical simulation 
module. All the database processes were controlled by the control panel coded with Visual 
Basic.   

After the input parameters are derived and inputted to simulation module, a total of 35 
rainfall events was entered into the module. Running the module, the results of the model 
were then imported into a database.  

5.4 Results And Discussion 
The results were made for a rainfall event of 4 cm occurred between 15:00 and 22:00 on 
August 28, 1990.  After running the routing process, the time series outputs in the two 
outlets of watersheds were obtained and compared with the monitoring data, which are 
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displayed in Fig 3a-b. Fig 3a displays the predicted and measured flow discharge, and Fig 
3b gives the predicted and measured pesticide loading. 

The results of the total 35 simulated rainfall events between 1988 and 1990 were plotted 
on Fig. 4. Linear regressions were generated between predicted values and observed 
samples for peak discharge, peak pesticide loading. Fig. 4a is a plot of the predicted and 
observed peak discharge for the thirty-five rainfall events. A high correlation coefficient (r 
=0.98) was generated from this regression. The coefficient of determination (r2=0.96) 
indicates that approximately 96 % of the variation in the peak discharge model output can 
be explained by the input parameters and data. Fig. 4b shows a plot of predicted and 
observed peak pesticide loading producing a correlation coefficient of r =0.92. 

(a)       (b) 
Fig. 3 The Predicted and measured (a) flow discharge and (b) pesticide load on August 28, 1990. 

 The model shows great potential for predicting pesticide runoff losses from 
agricultural lands. As the results indicate (see Fig. 4), correlation coefficients of r =0.98 
between observed and predicted peak runoff discharge and r =0.92 between observed and 
predicted peak pesticide loading. The unexplained variance between the observed and 
predicted values may be attributed to a number of causes. These causes include errors in 

(a)      (b) 

Fig. 4  The predicted and observed (a) peak discharge and (b) peak pesticide load. 
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input data (application rates and time of atrazine and rainfall intensity, for example), or 
incorrect estimates of parameter values (CN number, for example). Obviously, rainfall 
intensity is rarely constant and plays an important role in the amount of runoff generated. 
The rainfall intensity data from London Station, which is 20 km away from the Kintore 
watershed, was selected in this study, since the data for the watershed is not available. Fig. 
3a shows the difference between the predicted and measured water discharges. This 
difference tells us that the real rainfall happened in the Kintore watershed was different 
from that happened at London on August 28, 1990, which also brings the difference 
between the predicted and measured atrazine concentrations in the water (see Fig. 3b).  

6. CONCLUSIONS 

The successful of PeRM, an integration of mathematical simulation module with GIS and 
relational database management in this study demonstrates the potential ability of coupling 
GIS, Database to distributive parameter model. Using automation techniques employed by 
GIS and Database can minimize the actual number of parameters one must search for and 
can improve the accuracy of variable assignment when a large number of cells are involved. 
Also GIS and Database System automation allows the user to spatially average input 
parameters for each of the grid cells. This feature is highly beneficial as it allows for a more 
accurate representation of the natural watershed conditions.  

The developed modeling system has been used to calculate the losses of atrazine from 
agricultural lands in Kintore Creek Watershed, Ontario. A water quality monitoring project 
was carried out from 1988 to 1992 in the watershed to detect conditions of surface water 
pollution due to the use of pesticides in this area. The modeling outputs are verified by 
using monitoring data, and demonstrating reasonable prediction accuracy. The result 
indicated that the model provides an effective means for forecasting pesticide runoff from 
agricultural lands into surface waters. 
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Abstract: This paper presents an approach that integrates climate change impact assessment, 
adaptation option evaluation, and regional sustainability. The integrated approach was applied in the 
Georgia Basin (GB) for identifying desirable adaptation options to reduce climate change 
vulnerabilities.  

 

1. INTRODUCTION 

Given the great uncertainties associated with climate change, it is difficult to be certain 
which adaptation options are the correct ones to pursue. Research on developing 
well-designed adaptation strategies will provide the information and understanding 
necessary for identifying more effective adaptation options and better management plans 
for ensuring the sustainability of our life-support-system. A concrete approach to compare 
and evaluate options is important because it will provide policy-makers with insight into 
the kinds of trade-offs stakeholders are willing to make in efforts to pursue adaptations for 
reducing climate change vulnerability. 

In this respect, the purpose of this study is to design and apply an integrated assessment 
(IA) approach in the Georgia Basin (GB). This paper presents some results of the GB 
research project which applied an integrated approach to assess climate change 
vulnerabilities of several key sectors and to evaluate a set of adaptation options through a 
multi-criteria and multi-stakeholder decision making process. The completed research 
results of the case study are presented in the final report submitted to Climate Change 
Action Fund of Canadian Government (Yin, 2001). 

2. THE INTEGRATED APPROACH 

The IA approach is built on many years of research experience of the investigators in 
integrated climate change impact and adaptation studies in the Mackenzie River Basin, 
and Great Lakes Basin in Canada, and the Yangtze Delta in China (Yin and Cohen, 1994; 
Yin et al., 1999b; Yin et al., 2000). Fig. 1 illustrates the main components and procedures 
of the integrated assessment (IA) approach.  

Climate Change and Socio-economic Scenarios: In conducting climate change impact 
assessment and adaptation option evaluation studies, climate scenarios need to be 
specified for examining their economic, social, and environmental impacts. General 
circulation model (GCM) outputs and historical information can be used to design 
scenarios representing different climate change conditions. Sea level rise scenarios can 
also be specified. The climate scenarios applied in this study were selected in a manner 



that is consistent with the national sets of scenarios that were produced by the Canadian 
Climate Impacts Scenarios facility (Barrow, 2000). Changes in socioeconomic conditions, 
such as population and economic growth, need to be taken into consideration in 
developing baseline socio-economic scenarios. Various methods can be used to set future 
population increase and economic growth scenarios.  

 
 

Socio-Economic Scenarios: 
Population increase 

     Economic growth   2 
Urbanization

Climate scenarios: 
∆T, ∆P, and Sea Level Rise   1 

Identification and inventory of existing and
potential adaptation options or policies 
potential adaptation measures or options 

Sustainable development indicators or
evaluation criteria (goals) 
multiple evaluation criteria   

Multiple stakeholders, planners, analysts, and public 

Desirable 
adaptation options

  Domain of the multi-criteria adaptation options evaluation system     4 

Document the sensitivities/vulnerabilities of ecosystems, municipalities, and
regional communities to climate changes scenarios in the Georgia Basin 
(including climate change impact assessment) 3

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  The Integrated Assessment approach framework 

Identifying Impacts of and Vulnerabilities to Climate Change: Data required for the 
identification of impacts of and vulnerabilities to climate change scenarios were derived 
from several different sources including the following: existing data from previous studies 
on climate change impacts, government documents, consultant reports, and scientific 
literature. In areas where the social, economic, and environmental impacts are not well 
known, additional expert consultation and computer modelling efforts were employed to 
fill some of the data gaps for those key sectors that are sensitive to climate change. 
Computer techniques such as simulation models and geographical information system 
(GIS) were used to provide additional information on the first and higher order impacts 
(both positive and negative) of climate change.  

A Multi-criteria Adaptation Measures Evaluation System: The methodology for 
multi-criteria adaptation option evaluation coupled with multi-stakeholder consultation in 
the Georgia Basin consists of three parts. Numerous potential adaptation options are 
available for dealing with vulnerabilities to climate change. Using sources including 
existing literature and expert consultation, a set of possible options can be identified. To 
facilitate evaluation of the options in later steps of the study, it is desirable to have 
between 6 and 10 options. An initial screening process can be performed to narrow down 
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the list of potential options. Preferred adaptation options considered in this study were 
general, policy-based options that could be implemented by government policy-makers in 
efforts to minimize climate change impacts and reduce vulnerability of the key sectors in 
the region. 

The research procedure continues with an identification of sustainability goals. In this 
approach, the goals are evaluating criteria or standards by which effects of climate change 
or/and the effectiveness of alternative adaptation options can be measured. Only three 
broad goals (of the environmental, economic, and social dimensions of regional 
sustainable development) were identified in the case study as evaluation criteria.  

Multi-criteria options evaluation (MCOE) of adaptation measures is a major 
component of the study. It is used to identify desirable adaptation options that decision 
makers can use to alleviate the negative consequences and to take advantage of positive 
impacts associated with climate change in the Basin. 

In this study, AHP was used to compare and evaluate options in an orderly and 
systematic manner. Aalternative options were evaluated by relating their various impacts 
to the three broad sustainability goals. The process involves asking stakeholders to 
compare alternatives on each level in a pair-wise manner (two at a time) to determine their 
relative preference or relative importance of each alternative. A stakeholder could 
therefore specify the relative importance of the three broad sustainability goals with 
respect to their individual importance in reducing climate change vulnerability, and could 
then compare specific adaptation options according to their relative effectiveness at 
achieving each goal.  

The end result of the AHP is a prioritized ranking indicating the overall preference for 
each of the adaptation options. This technique was chosen because it could offer a 
multi-criteria evaluation system that was systematic and holistic, involved multiple 
stakeholders, and was easily able to identify trade-offs. In addition, it allows comparison 
based on both qualitative and quantitative information (many climate change 
impacts/vulnerabilities can only be described qualitatively at this point).  

3. APPLYING THE IA APPROACH IN THE GEORGIA BASIN 

The research area (Georgia Basin) encompasses the Lower Fraser Basin and southeastern 
Vancouver Island in British Columbia. The basin includes the major cities of Vancouver 
and Victoria, and the region is rich in natural and human resources thus making it an 
attractive location for sustainability research.  

The climate scenarios created by Canadian Climate Impacts Scenarios Project for this 
region over the 40-year timeline include warmer temperatures year-round, with wetter 
winters and drier summers (Barrow, 2000). The magnitude of the temperature increase 
was assumed to be between 1 and 5 degrees Celsius. Winter precipitation should be 
approximately 10% greater, and summer precipitation about 9% less than current averages. 
The future socio-economic scenarios are consistent with the scenario development task of 
the Georgia Basin Future Project being conducted by the Sustainable Development 
Research Institute of University of British Columbia (Robinson et al., 1996).  

Seven different sectors in the GB region were chosen for detailed examination in this 
study. They represent some of the key economic activities in the region, and are especially 
vulnerable to climate change. These sectors include: Agriculture, Coastal Regions, Energy, 
Health, Fisheries, Forestry, and Water. In most sectors, vulnerability information was 
obtained using existing data from previous studies on climate change impacts. There were 
many cases, however, where data were not available for GB region specifically, and some 
key vulnerabilities were determined after consultation with experts knowledgeable about 
issues relevant to the GB. Some computer modelling and GIS technique were applied to 

 1315



calculate impacts in the Coastal Regions and Health sectors. In this paper, impacts of sea 
level rise are used as an example of climate change impact assessment. 

The impacts of climate change on coastal regions have been broken down into 
shoreline effects and ecological effects (Beckmann et al., 1997). Shoreline effects include 
inundation of low-lying areas, erosion and/or accretion on sedimentary coasts and beaches, 
and disturbance (including submergence and erosion) in deltas, estuaries, and estuarine 
wetlands. SLR can have a number of negative impacts on coastal ecosystems, commerce, 
industry and transportation infrastructure, human settlements, the property insurance 
industry, tourism, and cultural systems and values. Much of the Fraser River Delta lies 
below 4 meters in elevation, and parts of it currently have elevations between 0.5 and 1.5 
meters below sea level (Clague et al., 1991). To further examine the effects of sea level 
rise in the Georgia Basin, and to quantify the impacts of sea level rise in the highly 
sensitive delta area, a simple GIS operation was performed. With the readjustment in the 
Georgia Strait, sea level in the Georgia Basin can be expected to rise anywhere from –2.5 
to +41.0 cm by the year 2040. Wind, current, and tectonic effects in the Georgia Strait are 
not expected to be substantial, but may contribute up to 2 mm/year (Beckmann et al., 
1997).  

In this study, three sea level rise scenarios are examined to analyze the database 
uncertainty.  Two were taken from the IPCC's projections: 0.22 meters representing a 
conservative estimate based on a low emissions scenario, and 1.24 meters representing a 
high emissions scenario. A third scenario of 2.0 meters was also chosen. Although this 
estimate is considerably higher than the IPCC's, it is not uncommon in the literature, and 
can represent a possible scenario where sea level rise is accompanied by high tide and a 
significant storm surge.Table 1 lists the land area with > 25% risk of inundation. 

 Table 1  Land with >25% risk of inundation 

Land type 2.0 meter scenario 0.22 meter scenario 
Resid. Single Family   
   Area inundated (km2) 42.339 30.596 
   Percentage of total 12 % 8 % 
Industrial   
   Area inundated (km2) 29.702 15.883 
   Percentage of total 40 % 22 % 
Trans./Comm./Utilities   
   Area inundated (km2) 27.250 19.728 
   Percentage of total 67 % 49 % 
Agriculture   
   Area inundated (km2) 257.211 172.333 
   Percentage of total 55 % 37 % 

 
Table 2 shows the area of each land use category in the GB that occupies land with an 

elevation of less than 1 m above the current sea level. Values are reported in hectares, and 
as a percentage of the total area in that particular land use category. Nearly all of these 
lands lie in the Fraser Delta. Under a one-meter sea level rise, 850 hectares of protected 
areas and 18,850 hectares of unprotected natural areas are considered vulnerable to 
inundation unless they are protected by the dyke system. Much of this area is likely beach 
or estuarine wetland/marsh. If there is upland area for the wetlands to migrate, the effect 
of sea level rise will merely be a migration of the ecosystem. In many cases, however, 
developments and dykes will prevent wetland migration. When they cannot migrate, 
coastal wetlands will be subjected to complete inundation and increased erosion. 
Freshwater delta estuarine wetlands will see a replacement of freshwater habitat with 
saltwater habitat, and the plant and animal species distributions will shift toward 
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salt-tolerant ones. Overall, significant shrinkage of wetland area will likely be observed 
(Beckmann et al., 1997). 

Table 2  Vulnerable areas in the Fraser River Delta by land use 

Land Use Area  (Hectares) Percentage of Total Area 
Urban: Industrial 1,550 9.21 
Urban: Residential/Commercial 1,125 1.56 
Rural 3,200 3.66 
Protected Areas 850 0.13 
Unprotected, Natural Area 18,850 0.53 
Agriculture 4,675 2.38 
TOTAL 30,250 0.66 

 
With a one-meter sea level rise, 4,675 hectares of agricultural land will be below sea 

level and may become inundated if not protected. Salinization from periodic inundation of 
fields, or contamination of groundwater with salt water, can substantially reduce the 
productivity of these agricultural lands. In addition, many areas of the Fraser Valley rely 
on groundwater supplies that may be subjected to saltwater intrusion from the rising water 
table (Beckmann et al., 1997). Considerable areas of urban land also face the risk of 
inundation, and will likely require protection (See Table 2). In addition, both light and 
heavy density industrial land are highly vulnerable, with 800 and 750 hectares 
respectively resting on elevations below the new sea level. Groundwater areas in parts of 
Richmond will be brought to the surface and additional funds will need to be spent on 
pumping (Clague, 1989).  

An initial screening process was conducted to reduce the number of options for further 
detailed evaluation. The following list of adaptation options was identified through the 
initial screening process to reduce the key climate change impacts and vulnerabilities 
presented above (see Table 3). These potential options were evaluated and compared by 
experts and stakeholders in the Basin. 

Table 3  Identified adaptation options to reduce the key climate change impacts  

No. Adaptation options Note 

1 Do Nothing 
Do nothing in developed areas as the sea level rises; do not upgrade 
and/or maintain any existing dikes 

2 Prevent Further Development 
Through legislation and regulation, prohibit future development in 
sensitive areas; ensure new developments are set back from the shore 
and do not infringe on wetland’s ability to retreat 

3 Public Repurchase 
Governments or organizations repurchase vulnerable land and 
structures 

4 Rolling Easements 

Incorporate rolling easements into the deeds of coastal property, 
converting land ownership to a temporary or conditional interest that 
expires when the sea inundates the property. Essentially, development 
has to make way for migrating ecosystems 

5 Protect Development 
Upgrade and/or maintain the current dike system, and expand to protect 
other vulnerable developed areas 

6 Protect Ecosystems 
Build protective barriers, breakwaters, etc. to protect natural ecosystems 
and wetlands 

7 Research 
Conduct further research (e.g. inventories, biological impact studies, 
etc.) to identify vulnerable natural areas suitable for preservation; 
continue to invest in sea level monitoring. 

 
In this study, an Internet website was created and summaries of the climate change 

impacts data were coded into HTML and presented on the web 
(http://www.sdri.ubc.ca/aos). A series of online surveys were created to involve experts 
and stakeholders in the evaluation. Having a copy of the survey available online enabled it 
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to be quickly and easily distributed (electronically via email) to a wide range of 
individuals, and it presented a convenient way for stakeholders to respond to the survey 
questions on their own time. A paper copy of the survey was also created so it could be 
administered in one-on-one interviews and in small group/workshop settings. 

The Expert Choice (EC) 2000 software package was used to facilitate the application of 
AHP in this study. Survey questions were designed according to the principles of AHP so 
that the responses could be input into the software program for compilation and analysis. 
Three goals are specified to conduct the AHP evaluation against which the relative 
effectiveness of the options can be judged. They are (1) Minimize harm to the natural 
environment; (2) Minimize economic costs to society; and (3) Achieve social 
acceptability.  

The survey was designed as a series of tables. Respondents were given a pair of goals 
or a pair of options, and asked to compare them using a numerical sliding scale. The 
comparison scale ranged from 1 to 5, with 1 representing options that are equally effective 
(or goals that are equally important), and 5 representing options where one is extremely 
more important than another (see Table 4).  

Protect ecosystems was ranked the most desirable adaptation option for coastal regions, 
with prevent further development and research options scoring fairly high as well (see 
Table 5). Once again, the respondents’ personal goal preferences and their affiliations did 
not appear to significantly affect their overall ranking of the adaptation options. Public 
repurchase option scored fourth overall, however, it was judged to be the most ineffective 
option from an economic perspective, and it was ranked considerably lower overall 
among those respondents favouring the economic goal. The scores for research and 
development option were highly variable with no observed trend, but protect development 
and do nothing options scored near the bottom of the list by most participants (especially 
from an environmental perspective) and were not considered to be very desirable 
adaptation options.  

Table 4  AHP comparison table: coastal region sector 

Adaptation Option Relative Effectiveness Scale Adaptation Option 
 5 4 3 2 1 2 3 4 5  
Coastal region sector-level adjustments   x Do Nothing 
Coastal region sector-level adjustments  x Protect ecosystems 
Coastal region sector-level adjustments   x Prevent further development 
Coastal region sector-level adjustments   x Research 
Coastal region sector-level adjustments  x Public repurchase 
Coastal region sector-level adjustments   x Rolling easements 
Coastal region sector-level adjustments  x Protect development 
Coastal region sector-level adjustments  x Protect ecosystems 
Note the relative effectiveness scale:  1 – equally effective; 2 – marginally more effective;  3 – moderately 
more effective;  4 – strongly more effective;  5 – very strongly more effective. 

Table 5  Overall Rank and Score of Adaptation Options in the Coastal Regions Sector 

Rank Overall Score Adaptation Option 
1 0.234 Protect ecosystems 
2 0.198 Prevent further development 
3 0.176 Research 
4 0.146 Public repurchase 
5 0.105 Rolling easements 
6 0.071 Protect development 
7 0.070 Do nothing 
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4. CONCLUSIONS 

While the research project examined alternative adaptation options for alleviating the 
adverse consequences of climate change in several key sectors of the coastal region of 
Georgia Basin, this paper uses coastal adaptation for illustration. The adaptation option 
evaluation was linked to regional sustainability indicators. Alternative adaptation options 
to deal with various vulnerabilities were evaluated against sustainability indicators. The 
study results provide a prioritized ranking indicating the overall preference for each of the 
adaptation options in coastal regions sectors of the study area.  

To accomplish more on climate change research, evaluation capabilities need to be 
further improved, particularly in integrated assessment of climate change and its potential 
consequences for regional sustainability. Current level of understanding shows that 
climate change and its impacts will vary by sector and region, but our knowledge of 
specific regional and sectional effects remains limited. It is important to improve our 
knowledge on the interactions of climate variability and change, and other human-induced 
changes in the region including environmental pollution, land-use change, resource 
depletion, and other un-sustainabilities.  
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Abstract: This paper introduces the web-based system that has been set up as a collaborative 
facility to allow access the key environmental information about the Love River in the city of 
Kaohsiung, South Taiwan. The degradation of aquatic environment in the Love River has concerned 
both public and private sectors, such that a research team has been formed to approach the problem. 
To integrate the efforts, including diverse data collections and various models explorations, from 
each remote member during the project span, and at the end of the research, to provide the city 
government an effective management plan, the development of a multi-functional Web-based 
System is considered necessary. By taking advantage of three state-of-the-art information 
technologies, which are web-enable database management system (DBMS), Internet geographic 
information system (IGIS), and distributed computing, the complex system implementation is 
therefore possible. With such a distributed and shared information systems, the decision support 
functions based on two types of calibrated water quality simulation models, including Storm Water 
Management Model (SWMM) and the Lover River Hydrodynamic and Water Quality model 
(LRHWQ), integrate data query, data warehousing, and spatial analysis in an Internet 
planning/design environment. Detailed discussions regarding system integrations and operational 
functions will be presented in the paper.  

 

Keywords: sustainable aquatic environment, web-based system, information technology, water 
quality simulation 

1. INTRODUCTION 

Kaohsiung is the largest commercial harbour and the second populated city located at the 
southwest coast of Taiwan. It comprises an area of 153.6 km2 that is divided into 11 
administrative districts where a population of 1.46 million has resided in. The Love River 
is one of the main urban rivers flowing through the downtown area of the city of 
Kaohsiung and drains the storm water and sewage along the river reaches towards the 
Kaohsiung Harbour. This city has experienced a rapid urban development in the last three 
decades. The economic prosperity, however, is inevitably associated with the 
environmental degradation of the Love River – the deterioration of water quality, the 
increased flooding possibility, and the loss of ecological resources in the estuarine region. 
The construction of an intercept system alongside of the river in 1985 to collect the 
sewage successfully prevents a large proportion of the discharges of contaminants into the 
receiving waters. After building intercept and sewer system, coastal wastewater treatment 
plant, and ocean outfall pipe in the 1980s, two main environmental problems have 
remained unresolved until now. One is the way that the municipality handles the 
overflows during storms in the summer, which leads to a sudden release of a great deal of 



effluents from the intercept system into the Love River and causes immediate oxygen 
depletion over the downstream and estuarine regions nearby the harbour area. Another is 
that the growing population in the upper stream areas of the Love River generates 
considerable amount of sewage that requires extended intercept and sewer system or 
pollution control program to handle the regular discharge and storm water respectively. 
Although the sewer system has been laid down in the adjacent urban area to connect the 
intercept system along downstream river corridors with a coastal wastewater treatment 
plant through two main forces since the 1980s, advanced land use program has been 
continuously updated for a new concern of the quality of life and regional development. 

Today, the restoration of stream ecology and the environmental improvement of river 
corridors can make a contribution to the success of urban regeneration schemes, which 
can enhance economic competitiveness. New approaches to the management of urban 
water environment are a response to advances in multidisciplinary knowledge and 
information technology. Recently, various environmental applications taking advantage of 
the information technology can be found in the literatures. Examples include 
environmental impact assessment (Chang et al., 1996), wetland protection (Lyon and 
McCarthy, 1995), groundwater investigation (Camp and Brown, 1993), municipal solid 
waste management (Chang and Wang, 1996; Chang et al., 1998), chemical emergency 
response (Chang et al, 1997), scrap vehicles disposal (Chang, et al., 2001), and sustainable 
development (Loh et al., 1995) etc. Designing a web-based Decision Support System 
(DSS) in dealing with such a multi-faceted environmental management issue, which must 
be capable of managing storm water impacts when overflow is inevitable, river water 
quality variations leading to influence the ecosystem, and changing land use program 
along river corridors and adjacent urban area simultaneously, becomes one of the main 
focuses in this study. To achieve a sustainable management in a regional sense, it is 
valuable to explore the interactions between the carrying capacity in the land use program 
and the assimilative capacity in the water environment of the Love River by such a DSS. 

2. DECISION SUPPORT SYSTEM 

Fig. 1 demonstrates a schematic diagram of the DSS. To fully accommodate the practical 
needs regarding decision support functions, the framework of such DSS integrates 
Geographic Information System (GIS), Database Management System (DBMS), and 
some analytical models. When located at distant sites, various users may access the same 
databases and acquire decision support information based on spatial analyses and analytic 
models outputs. Thus, the idea of using the Internet as a communication mechanism could 
be one of the competent solutions from the remote assessment perspective. Among the 
Internet applications, World Wide Web (WWW) is evolving as a major component for 
information storage, sharing, and retrieval in many academic research and business 
development programs. This study therefore focuses on implementation of such a 
Web-enable DSS that is comprised of GIS, DBMS, and modelling analysis. 

GIS, which facilitates map-based spatial data and analysis, offers the functionality and 
tools to collect, store, retrieve, analyze, and display geographical information. However, 
due to the high set-up cost, long learning curve and difficulty in data management, it is not 
likely to install a GIS on every remote site. The advantages and characters of the WWW 
make up for what traditional GIS lacks. GIS research has been heading towards 
integrating Internet technology and GIS technology and developing what it’s called 
IGIS(Brakel and Pienaar, 1997; Kingston et al., 2000). After carefully comparing the 
functionality of various products, the AutoDesk MapGuide®, a client-side IGIS 
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Fig. 1  The schematic diagram of the DSS 

framework, has been chosen to implement the geographic information display function 
owing to its excellent performance, real graphic data, and database connection. 

In general, most state-of-the-art web-enabled databases are operated in a four-tier 
architecture environment to complete data transaction and query. In terms of collecting 
and sharing attributive data to assist in decision-making, a client-server DBMS over a 
network environment with two-way interaction between the users and the system would 
be necessary. Remote users may use web browser to send requests through HyperText 
Transfer Protocol (HTTP) to a web server, and then get back these requests by the way 
using Common Gateway Interface (CGI) resulted in a script running on the web server.  
The script, such as ColdFusion®, Active Server Pages (ASP®), PHP®, and Perl®, deals 
with Structured Query Language (SQL) generation, which embeds users’ requests of data 
manipulation. This study employs ASP as a typical script to perform web analysis. Finally, 
this application server routes the request to a DBMS to actuate data query, which generate 
a result set and sends it back to the user as the HTML document.  

Model execution is the most critical phase for a DSS to help users solve decision 
making problems. For a Web-based DSS users are prompted, with Web browsers, to set 
up desirable scenarios that would be parsed and transferred to the Web server as model 
input parameters. After parameter-inquiring procedures, model-processing procedures are 
invoked at the Web server site or other remote model-base server sites to derive feasible 
solutions. The results, usually stored as numeric text files, can be reorganized in a user 
readable format and prepared as HTML file for Web presentation. The decision support 
routine mainly involves the techniques of distributed computing through the Web. 
Currently there are several methods available ranging from the early direct file exchange, 
Dynamic Data Exchange (DDE), Object Linkage Embedded (OLE), and the recent 
developed Component Object Model (COM) and Common Object Request Broker 
Architecture (CORBA) techniques. This study utilizes the COM technology to link two 
simulation modules with web-based database. 

3. MODELING ANALYSES 

Modeling analysis offered by this DSS integrates the capacity of SWMM and LRHWQ as 
a whole to simulate the distribution of DO concentrations in the Love River in the 
presence of storm events selected. Fig. 2 depicts the flow chart of such integration. Both 
models are calibrated and verified by the other project team member in two companion 
studies. (Chen and Chang, 2001). Other than providing DO concentrations at any river 
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reach dynamically, the integrated modeling analysis is capable of forecasting the possible 
flooding impact along Love River corridor if release is not allowed. Furthermore 
ecological risk assessment would be performed in terms of harmful and lethal criteria with 
respect to the fish community. The decision-making in this regard could be analyzed and 
inquired on the Internet Geographic Information System. 

Rainfall (mm/hr)

Time

Storm runoff 
(CMS) 

BOD loading 
(g/s) 

Momentum equation

Mass balance equation 
Initial water quality:  
BOD, DO, and Salinity 

Tidal variance  
(m) 

The rainfall pattern inquired on the Web 

Initial 

SWMM

LRHWQ 

The predicted DO level and ecological risks in each river reach

Time Time

Time

Fig. 2  The flowchart of model integration 

Advanced data queries to allow subject-oriented analysis could be a valuable addition 
to the modeling analysis of a DSS. Data Warehouse (DW) in response to such need comes 
along with improved filtering and fast searching techniques. This evolving approach helps 
users observe complex databases in an easier way to identify trend, gain insight into data 
and make better decisions. The design of DW is distinct from relational database systems. 
The most apparent difference is that a DW aggregates several two-dimensional tables into 
a multidimensional cube. Selected information is extracted from multiple, possibly very 
large, distributed, and heterogeneous databases in advance, translated and filtered as 
needed, merged and stored in a well-organized repository. When a query is issued, it is 
evaluated directly on this pre-built DW without accessing the original information sources 
to improve overall performance. Another significant advantage of DW is that the 
information stored at the DW can be used by organization for decision support. This 
unique function is called On-Line Analytical Processing (OLAP) that makes heavy use of 
aggregate queries. OLAP provides users fast, consistent, and interactive access to 
multidimensional views of a DW. Thus decision makers without extensive mathematical 
and statistical training can achieve complex data inquiries, such as trend analysis over 
time serial data, and cause-effect analysis using cross-tabulations operations. 

4. RESULTS AND DISCUSSIONS 

System analysis and design is one of the key processes in the way to build any 
management information system. Screening design requirements from users interview and 
creating a manageable framework for the project is crucial. The information technologies 
introduced earlier would form a viable base for designing and developing an effective 
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DSS aiming to support the sustainable management of aquatic environment in the Lover 
River. In light of the earlier discussions, the DSS is divided into seven sub-systems to 
perform differing activities. They include database management, data transaction, system 
maintenance, database inquiry, geographic information display, and integrated assessment. 
The designated users may be authorized with preset username and password to enter the 
system using a browser as a tool and then to use the corresponding sub-system stepwise. 
Fig.3 describes the interrelationships between the seven sub-systems. Their functionalities 
are elaborated in the following subsections.  
 

 

 
Fig. 3  Functional frameworks associated with respective users 

4.1 Database Management Sub-system 
This sub-system is designed as a public utility to provide easy access of database stored 
for the authorized data operators. Information is organized with regard to aquatic life, 
environmental quality, land use, and public infrastructure systems. They include sampling 
data of macro-invertebrates bio-indicator and water quality parameters, hydrologic 
measurements, routs of sewer pipeline, location of intercept gates, and so forth. This 
integrated database represents the culminated efforts of data collection in the past three 
years by the authors. To ease the maintenance work, the DSS grants part of the remote 
users the privilege to update their own database from distant sites. With a Web browser 
connected to Internet, those users can easily create a new database and modify an existing 
one at any time. Provided that the format of tables can be well organized by the database 
administrators, the idea of using the Internet DSS as a common information pool to track 
various consistent data sources is thus achievable.  
4.2 Data Transaction Sub-system 
This sub-system is primarily designed to perform the data update in any formerly created 
databases via the use of database management sub-system. The data operators who are 
responsible for data update must select a database in the beginning and then be prompt to 
update all the related fields in the database one record after the other. Similarly, the data 
transaction process will end up with a click on the “finish” button to commit the changes 
of information made from the remote side.  
4.3 System Maintenance Sub-system 
System administrator with the highest privilege can access all databases to preserve the 
integrity, security, and functionality of the DSS via the use of the system maintenance 
sub-system. Besides, proper handling of the exceptions and publication of public news to 
all users in the home page of the DSS can be done via the use of this sub-system. 
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4.4 Database Inquiry Sub-system 
This sub-system would enable the users to search for the information they need. The users 
may choose to browse the whole list of databases or key in some query criteria without 
referring to any complex SQL syntax. Results from database inquiries will be presented to 
the users as tabular HTML documents. To ease the data processing, this sub-system 
allows users to export the inquiry results by a spreadsheet file, such as the Microsoft 
Excel® file. 
4.5 DW Analysis Sub-system 
This sub-system is designed to provide advanced data query for subject-oriented analysis 
using the DW technique as a means. The applications would focus on water quality 
investigation and analysis. The key component of such advanced application is the OLAP, 
which provides a multidimensional presentation of DW data organized as systematic 
cubes for efficient analytical queries. Cubes consisting of descriptive dimensions and 
quantitative values can be structured as a star schema to store and aggregate relational 
databases. In a star schema, a central fact table containing numerical data that users are 
interested in Dimension tables, upon which users want to base an analysis, can be treated 
as organized hierarchies of categories that describe data in the fact table.  

To implement OLAP service over Web, Microsoft SQL® Server 7.0 is used to set up 
the water quality trend analysis. In particular, Microsoft Decision Support Service® allows 
system developers to design, build, and manage multidimensional OLAP cubes on the 
server side, while Microsoft PivotTable Service® enables a client application to 
communicate with an OLAP server. After the water quality cube is created, the client 
application can use PivotTable Service to browse and analyse the data contained in it as 
shown in Fig. 4. The user may pick one or more desired data entries, say BOD5 and DO, 
from the field-list window and drag it to the center of the pivot table for analysis. To 
proceed, the user continues to drag the dimension tables of time and location to upper and 
left sides of the pivot table. Once these drag and drop actions are done, the system will 
automatically perform the pivot table analysis and generate the results, which present 
BOD5 and DO over some temporal-spatial distribution. The tabular data can also be 
visualized using the bar chart to facilitate intuitive analysis. 

Fig. 4  Advanced water quality query using DW analysis sub-system 
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4.6 Geographic Information Display Sub-system 
This sub-system is designed to provide the DSS users an interface to explore geographic 
information relevant to the project. To successfully display the geographic information, 
the spatial data from heterogeneous sources is first transferred to the format of Spatial 
Data File (SDF), as required by the MapGuide®. Then, MapGuide Author® is utilized to 
design the Map Window File (MWF), which defines in advance how the geographic data 
can be displayed. When users make a request to the MapGuide® server for sending and 
downloading the MWF, the MapGuide® Plug-In program for the browser may be 
activated to display the vector data. The graphic objects displayed on the browser are also 
linked to the attribute databases, which are manipulated by the Microsoft SQL® Server. 
Therefore, both geographic information and the associated attribute data are applicable for 
users when facing a spatial query. 
4.7 Integrated Assessment Sub-system 
As mentioned earlier, this sub-system is capable of integrating several analytical models 
for improving the overall management capacity. Incorporating with these simulation 
models in a decision support environment over the Internet is a challenging task. 
Nevertheless, simulation outputs would be helpful for determining the optimal operating 
policy of intercept system in order for reducing the direct impact of storm water to the 
river environment. Overall, this sub-system may enable the decision makers to improve 
the sustainable management strategy in the Kaohsiung region. 

Fig. 5  (a) Define the operating scenario            Fig. 5  (b) Estimate the storm impact 

Estimation of environmental impact based on the integrated modelling system of 
SWMM and LRHWQ, remote users would be able to share information and vision and 
apply hyperlink to create a desired operating scenario. Both SWMM and LRHWQ are the 
executable .EXE files compiled by Fortran language. A COM module embedded in the 
ASP® and VBScript would execute these models while the command prompting at the 
client site. The concentrations of salinity, BOD and DO with respect to each layer in 
different river reach are calculated and stored into the attributive database. Fig. 5(a) 
displays the parameter-inquiry screen where the user specifies one scenario regarding the 
initial conditions of LRHWQ model easily without worrying the preparation of the correct 
input file. Once the user clicks the “OK” button, the DSS will transfer the acquired 
information from the client side and send it back to the server. In consequence, a model 
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input file based on the desired scenario is generated and the simulation model is then 
executed by activating a COM event on the current server or the other remote servers. 
Under such distributed computing environment, the user evaluates the filtered results, 
which were stored in a database and linked with IGIS, on the client side using just the web 
browser as shown in Fig. 5(b). 

5. CONCLUSIONS 

The design framework of a Web-based DSS is made up of seven sub-systems that are 
designed to enhance the managerial efficiency of the rehabilitated estuarine ecosystem in 
the Love River, South Taiwan. The Internet and its multimedia front-end, the WWW, 
have undergone rapid expansion and achieved worldwide acceptance that allow us to 
explore the Internet decision support with minute technical challenges. A variety of the 
state-of-the-art techniques, including Web-based database, IGIS, and distributed 
computing are incorporated together to build a workbench of information and models. 
With the help of such an integrated DSS, it is expected that the decision support 
functionalities of water quality management in the Kaohsiung region is valuable in term 
of sustainable development. 
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Abstract: An expert system is developed in this study with the state-of-the-art modeling tools to 
provide decision support for the flood control and management system in Canada’s Prairies 
province. The selection of flood management measures is based on hydraulic, hydrological, 
environmental, and economic factors related to the watershed by considering multiple years of 
experience under various flood control conditions, and this could avoid subjective judgment to 
improve the reliability of flood control decision-making. The proposed system can provide an 
effective tool for flood management system by conceptualizing and quantifying experiences from 
experts to establish feasible rules for flood prevention and control. 
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1. INTRODUCTION 

Flood is a natural phenomenon that poses serious challenges to many countries and 
regions in the world every year, and these challenges may come from not only damages of 
lives, properties, natural resources and environment, but also losses of economy and 
health (Ford, 2001). The flooding has also led to considerable impacts on Canada’s 
Prairies. For example, in Saskatchewan, a number of communities are located near 
streams or situated in river valleys that are sensitive to flooding, particularly during major 
spring runoff events. The high spring runoffs over southwest Saskatchewan in 1997 
forced people in various communities to flee their homes, and in the spring of 1999 runoff 
and rainfall flooded large areas of southeast Saskatchewan and as a result several 
thousands of acres of land were kept out of production. Historically, there has been public 
pressure placed on federal and provincial governments to compensate property owners for 
damage caused during these floods (Sask Water, 1991). As a result, an effective flood 
management system is of great importance for sustainable regional societal and economic 
development.  

Generally speaking, flooding cannot be completely avoided, but the damages from 
flooding can be reduced if effective flood management scheme is implemented  
(Simonovic, 1999). There are two methods of mitigating flood hazards that include 
non-structural and structural methods, and flood forecasting is widely recognized as a 
vital non-structural measure to aid mitigating the damages caused by the flood occurrence. 
However, many hydrologic, hydraulic, and economic uncertainties will affect the 
effectiveness of the flood forecasting, and thus affect the feasibilities of flood 
management schemes (Al-Futaisi and Stedinger, 1999). Therefore, development of the 
flood management system most suitable for a given area involves many complexities. In 



order to obtain a reliable management scheme, the quantitative and rigorous analyses of 
different flood processes in the watershed are usually desired, and a series of possible 
alternatives should be provided for the decision-makers (Ahmad and Simonovic, 2001). 
However, the flood process often exhibits various spatial and temporal variations, and also 
the management system usually involves various stakeholders with conflicting interests 
based on social, economic, or environmental considerations. Due to these complexities, it 
is often hard to study and plan the flood management systems (Chow and Watt, 1990). In 
fact, the flood management work involves a broad range of disciplines, and the flood 
management process usually requires a strong element of human expertise and judgment in 
addition to the more formal and scientifically based flood simulation and optimization 
techniques (Ahmad and Simonovic, 2001). 

Typically, the flood simulation models are used to analyze flood management options, 
while the optimization models are applied to select the “optimal” flood management 
alternative (Chang and Chen, 1998). In fact, the personnel and experts in the field of flood 
control and management have accumulated a great number of valuable experiences over 
years of practices, and their experience and knowledge to deal with various complex flood 
situations and interest conflicts can provide effective and strong support for sound flood 
control and management (Simonovic, 1996). However, the simulation and optimization 
models cannot incorporate the subjective and judgmental or qualitative information from 
the experts’ experiences, which are often needed for the flood management schemes. 
Application of expert system (ES) technology will be a realistic alternative for solving this 
problem. The expert system can handle subjective and qualitative knowledge and are 
capable of reproducing the expert’s decision process of solving the complex problems 
within a confined problem domain, and it is more effectively linking the quantitative 
components to the other qualitative, and possibly more important ones. The expert system 
has been successfully applied in decision-making process in many fields (Alkoc and 
Erbatur, 1998; Leon et al., 2000; Fedra and Winkelbauer, 2002), but few applications have 
been found in flood management studies (Fodda et al., 1993; Varas and Von, 1995). This 
study is proposed to fill this gap through the development of an ES with the 
state-of-the-art modeling tools, for improving decision efficiencies of flood management 
system in Canada’s prairies. 

2. STUDY WATERSHED 

The Assiniboine River Basin in Canada’s Prairies is selected as the study watershed in this 
paper (Fig. 1). The Assiniboine River is a typical meandering river with a single main 
channel embanked within a flat, shallow valley  (CCRS, 2002). The river flows 
south-east from its source in Saskatchewan towards Virden, Manitoba. At Portage la 
Prairie, some of the flow of the Assiniboine is diverted into Lake Manitoba.  Since 1967, 
the flow of the Assiniboine River has been controlled by a dam located at Shellmouth. 
However, several important tributaries of the Assiniboine River are drained downstream 
of the dam thus increasing the stream flow during a runoff period resulting in flood. The 
Assiniboine river flow rates have been recorded since the early 1900's at three stations 
along the river. Since 1913, the mean flow rate recorded at the three stations for April are 
32 m3/s, 81 m3/s, 115 m3/s respectively. However, flow rates recorded at these stations 
during the peak of the flood in 1995 were the highest on record since the construction of 
the dam. The 1995 peak flows for the Assiniboine River were 360 m3/s, 566 m3/s, and 300 
m3/s, and these peak flows of 1995 occurred even with the flood control operations at the 
Shellmouth dam. Therefore, an effective flood management system for the river basin is 
needed. 
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Fig. 1  Assiniboine River Basin (Source: CCRS) 

3. FLOOD SIMULATION MODELING 

Proper flood management that includes flood forecasting is an effective tool for 
decreasing vulnerability to flood damages. In fact, a flood-oriented hydrological 
forecasting system incorporated with an expert system will lead to a better planning and 
prevention of floods. The MIKE11 modules, the rainfall-runoff module (NAM), and the 
hydrodynamic module (HD) will be used in the study. Actually the main function of 
numerical modeling allowed the extent of the information on flood development from the 
gauging points to the whole river network.  

3.1. Hydrological Modeling 
Rainfall-runoff simulations in the watershed are based on the NAM module. The NAM 
rainfall-runoff module is a deterministic, conceptual, lumped model representing the land 
phase of the hydrological cycle (DHI, 2000). It is based on both physical and 
semi-empirical formulations to describe the relationship between conceptual storages 
(snow storage, surface storage, lower zone ground storage and groundwater storage). The 
NAM module requires rainfall, potential evapo-transpiration and temperature as inputs. In 
order to carryout forecast simulations, forecast estimates of the inputs are required. 
Outputs are watershed runoff hydrographs. The NAM module can be applied to represent 
one or more contributing catchments that generate lateral inflows to a river network. In 
this manner it is possible to treat a single catchment or a large river basin containing 
numerous catchments and a complex network of rivers and channels within the same 
modeling framework. 

3.2. Hydrodynamic Modeling 
The hydrodynamic module (HD) solves the fully dynamic St. Venant Equations of 
unsteady flows in rivers based on an implicit finite difference computation algorithm. The 
module has very high functionality and can represent various hydraulic features including 
broad-crested weirs, culverts, regulating structures, control structures, dam-break 
structures, bridges, pumps, movable structures, etc. (DHI, 2000). 

The HD module requires catchment runoff hydrographs (from NAM) as input, in 
addition to a downstream boundary (usually a rating curve or a water-level hydrograph). 
Forecast estimates of runoff hydrographs are already accounted for in the NAM output. 
Further, if a water-level downstream boundary is adopted then forecast estimates of the 
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downstream water-level are also required. Outputs are water-level and flow hydrographs 
throughout the system.  

4. EXPERT SYSTEM DEVELOPMENT 

The expert system is an  artificial intelligence system that can apply reasoning capabilities 
to reach a conclusion, and it is designed to produce applicable solutions to flood 
management problems after making use of experience knowledge of past management 
practices (Shim et al., 2002). This differentiates from the way of obtaining solutions from 
optimization using logical and mathematical methods. The ES has many advantages in 
help decision-making (Shepherd and Ortolano, 1996; Leon et al., 2000), including (a) 
handle massive amounts of information, (b) draw conclusions from complex relationships, 
(c) provide consistency in decision making, (d) provide new information, (e) capture 
expertise from scientists, engineers, planners, and stakeholders in the field of flood 
management practices and apply it to problem solving, (f) realize the conceptualization and 
quantification of expert experience, (g) avoid subjective decision or reduce risk of decision 
due to absence of experts and incompleteness of individual expert experience, and (h) link 
the flood simulation results to practical decisions.  

The overall design of expert system follows general expert system configuration, and 
components of the expert system are shown in Fig. 2. In this system, the knowledge base 
stores all relevant information, data, cases, and relationships used by the expert system 
(e.g., watershed morphology, soil type, soil use, lithology, precipitation, temperature, 
snow levels, measured water levels, cross-sections, river bed roughness, location and 
characteristics of existing hydraulic structures); the model base stores all simulated flood 
situations under various input conditions; the inference engine seeks information and 
relationships from the knowledge base and model base and provides answers, predictions, 
and suggestions in the way human experts would; the knowledge acquisition facility 
provides a convenient and efficient means of capturing and storing all components of the 
knowledge base; the explanation module stores the “why?” information, and the user 
interface can be used to run a consultation. 
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Fig. 2  Components of expert system 

In this study, the development of the ES will be based on extensive information survey 
and field investigation, and is intended for effectively linking the flood simulation results 
to practical decisions. The vast amounts of experiences from various stakeholders and 
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experts will be represented in the expert system, which can support assessment of flood 
management options and interpretation of the flood simulation results. Specially, the 
expert system can investigate the key variables in a given option and provide more 
insights into the specific implications of a generalized solution. In tackling the flood 
management schemes, the developed expert system can complement a number of 
modeling programs. The expertise can be acquired using some state-of-the-art AI 
techniques, including Data Mining (DM), Knowledge Engineering (KM) and 
Object-Oriented Modeling (OOM), which will support generation of desired alternatives 
for flood management options.  

During the course of ES development, the involvement of governmental, community 
and engineering personnel is important for not only providing necessary information for 
ES development through a variety of methods such as interviewing, workshop, or 
questionnaires but also for validating the ES inputs/outputs and generating desired 
decision support. Therefore, the information from different governmental, community and 
engineering groups is collected, through methods of questionnaire survey, roundtable 
meetings, and consultation workshops. The obtained comments can provide important 
sources for research inputs and facilitate related interpretations and recommendations.  

As the ES is developed with a user-friendly interface, results of its application will be 
presented graphically. This will enable decision-makers to conveniently use the developed 
system to examine various policies related to flood management within the Assiniboine 
River Basin. Through application of the developed ES, many questions, such as “how 
vulnerable is the basin to snow and precipitation increase?”, "what are the impacts of 
changing land use conditions on flood management practices in the basin?", “what is the 
potential for the exisiting flood control systems to adapt to future flood extremes?”, and 
"how will the basin modify its flood management strategies to reduce the damages from 
future floods?", can then be answered. In detail, effectiveness of the existing 
developmental plans for the basin will be justified or potentially modified. The potential 
modifications could involve not only formulation, variation, or supplementation of related 
policies, but also generation of more effective strategies. Where policies for significant 
concerns identified through this study are unavailable, establishment of them would be 
emphasized. For this, recommendations and technical bases could be provided based on 
ES application, output interpretation, decision analysis, and stakeholder involvement.  

5. CONCLUSIONS 

There are few previous efforts that have been made to integrate the vast amounts of 
knowledge from various stakeholders and experts in the field of flood management into an 
integrated expert system for providing efficient decision support in the context of flood 
management studies in the Assiniboine River Basin. This study aims to fill this gap 
through the development of an ES with the state-of modeling tools. The flood-oriented 
hydrological forecasting system is incorporated with the expert system, and this will lead 
to a better planning and prevention of floods system.  The state-of-the-art AI techniques 
are employed for ES development with improved knowledge engineering efficiency, and 
the developed ES system can provide feasible options for effective flood management in 
the study basin. 
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Abstract: An integrated pesticide transport model was developed to simulate the pesticide losses in 
runoff and sediment transport in a floodplain system. This model includes a simulation model and a 
GIS combination. A small floodplain, named Kintore Creek, was selected for a case study to verify 
the proposed model. The predicted results were compared with measured data, indicating the 
feasibility and acceptable accuracy.  
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1. INTRODUCTION 

Floodplain has attracted attentions for its functions in carrying excess floodwater. 
However, little regard was given to water pollution problem of floodplains. Many 
croplands, homes, and flood-control projects have been built in floodplains, leading to 
functional changes of lands as well as increased runoff and concerns pollution. Especially, 
the nonpoint source pollution always has big contribution to the water quality in a 
floodplain with large agricultural fields. Pesticide, as an important source for nonpoiont 
source pollution, can greatly increase the quality and quantity of food to feed the growing 
world population, but its losses by the runoff and sediment transport has got more 
attention recently.  

Due to the acute and chronic toxicity and the potential as possible carcinogens, the 
presence of pesticides in the water and soil could create harzards within the environment. 
For example, widespread pesticide pollution in surface water and ground water were 
revealed in most watersheds in the U.S. (Robert et al., 1999). As a useful tool to support 
the pesticide pollution control, mathematical modeling plays a key role by simulating the 
pesticide transport in the environment and predicting the pesticide loading. There were 
numerous studies on modeling the fate and transport of pesticides in the environment 
(Hamaker, 1975; Mackay et al., 1986; Lewis et al., 1995; Azefvedo, 1998; Li et al., 2001, 
2002; Chen et al., 2001a, 2001b). Some models, such as CREAMS (Knisel, 1980), 
AGNPS (Young et al., 1986), and PRZM-2 (Mullins et al., 1993), have been developed 
successfully and applied to solve many real pesticide problems. Few models take the 
sediment transport account into the simulation of pesticide losses with runoff. The loss of 
pesticide in sediment resulted from adsorption process gives an attribution to the pesticide 
loading in surface water. Lacking this parts of pesticide loss could lead to the decrease of 
accuracy of simulation results. Thus, a pesticide simulation model considering both runoff 
and sediment transport is desired. Furthermore, with the rapid development of geometric 
sciences and technology, such as Geographic Information System (GIS) and Remote 
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Sensing (RS), the application of these techniques in pesticide transport modeling has 
become a prospective research point. An integrated model, the Pesticide Runoff Model 
(PeRM), has been developed to predict runoff losses of pesticides from agricultural lands, 
and has been successful used in a real case study (Li et al., 2002). The work presented 
here is an effect for further development of the PeRM. 

2. METHODOLOGY 

2.1 Simulation Model 
Hydrology module 
A model developed by the US Soil Conservation Service (SCS) was utilized to estimate 
runoff during rainfall events with a known precipitation volume. The volume of runoff (Q) 
depends on the volume of precipitation (P), snowmelt (SM) and the initial abstraction (I). 
The initial abstraction (I) is a fraction of total rainfall that does not appear as runoff (Li, 
2001): 

)()( 2 SISMPISMPQ +−+−+=              (1) 

The initial abstraction, I, consists mainly of interception, infiltration and surface 
storage, all of which occur before runoff begins. This can be described as follows:   

)101000(4.25  ,2.0 −== CNSSI              (2) 

where CN is SCS runoff curve number. Snowmelt can be estimated on days in which a 
snowpack exists and above freezing temperatures occur as (Haith and Loehr, 1979) 

adsnTCSM =                      (3) 

where Csn is the degree-day snowmelt factor; Tad is the average daily temperature.  
Peak flow is calculated using the following empirical relationship developed for the 

CREAMS model by Smith and Williams (1980): 
017.0903.019.016.07.0 )4.25(79.3 A

wscp QWSAQ −=         (4) 

where Qp is the peak runoff rate; Sc is channel slope; Wws is watershed shape parameter, 
defined as the square of watershed length over width. Further details on the algorithms 
incorporated in the model can be found in Young et al. (1989). 
Wash-off module 
A first order rate equation was developed to describe the wash-off of pesticides from crop 
canopy and surface residue. The first order rate equation is used due to its ability to 
adequately predict observed wash-off data reported by Martin et al. (1978) and Willis et al. 
(1986). The change in pesticide content in wash-off water, Pwa, with respect to the 
cumulative volume of intercepted rainfall, Vr, is described as (Kenimer, 1989): 

wawfrwa PkVP ⋅−=∂∂                       (5) 

where kwf is the wash-off rate constant. Assuming that Pwa is equal to Pwa0, the initial 
pesticide loading in wash-off water, when Vr is equal to zero, and integrating yields 

rwawa VkPP ⋅−=)ln( 0                     (6) 

The boundary conditions required to solve for k in (6) are obtained from Martin et al. 
(1978)： 

0.5 ,0 =−= rwawawa  VWPP                    (7) 

5.3 ,20 =−= rwawawa  VWPP                   (8) 
where Wwa is the mass of pesticide washed from crop canopy or surface residue.  
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Adsorption module 
The adsorption of pesticides by soil particles is a reversible process. In order to describe 
the adsorption/desorption processes some models like ARM (Donigian et al., 1977) or 
PLIERS (Kenimer et al., 1989) use the Freundlich equation. In CREAMS (Leonard et al., 
1987) a constant partition coefficient is assumed between the adsorbed and the solution 
phase, which means that the active ingredient of pesticide reaches an instant equilibrium 
between the soil mass and the overland flow in the zone of interaction. The modified 
Freundlich equation was applied in this study (Leonard et al., 1987) and pesticide 
concentration (Cr, kg/m3) in the solid phase is equal to the fraction of pesticides in runoff 
as follows: 

)1( deexavr KKKCC +=           (9) 

where Cav is the runoff-available pesticide concentration in the surface soil layer; Kd is the 
soil/water partitioning coefficient; Ke is the pesticide equilibrium constant; and Kex is the 
extraction coefficient.  

The partitioning of the available pesticide between the soluble and adsorbed phase can 
be determined by calculating a soil/water partitioning coefficient Ksw.  

)(OMKaK swsbd =                         (10) 

where asb is an empirical constant, which is 0.0058 according to the AGNPS model (Sauer, 
1998), and OM is the percent organic matter.  
Pesticide concentration available for runoff 

Under the assumption of a simple linear adsorption isotherm combined with an 
algorithm to estimate vertical movement of pesticide from the soil surface, the pesticide 
concentration available in the soil for runoff (Cav) is calculated by the following equation, 
which is modified from Sauer (1998): 

)](1.0exp[)]1.0([ dbewatav KIAPCC ρη +−+=        (11) 

where Ct is the concentration of pesticide in the soil at the time of the event; Ie is the 
effective infiltration; A is the watershed area; 0.1 is the assumed surface soil depth; η is 
the porosity; and ρb is the bulk density. 
Pesticide sediment module 
Based on the assumption of a linear adsorption isotherm, the concentration of pesticide in 
sediment (Cse) leaving the field is then determined by 

endrse RKCC =                           (12) 

where Ren is the soil enrichment ratio.  
Because erosion is a selective process during runoff events, eroded sediments become 

“enriched” in smaller particles. The soil enrichment ratio just measures the enriched 
degree and it depends on the sediment mass per unit area and the soil texture classification. 
The enrichment ratio decreases as sediment mass per unit area decreases and increases as 
the proportion of clay in soils increases. According to the study of Mockus (1972), the 
enrichment ratio for organic matter is calculated from 

)ln(2.02)ln( ACR even +=                 (13) 

where Cev is the event soil loss.  
Removal of adsorbed pesticides on eroded sediments requires estimates for soil erosion. 

The upland erosion caused by raindrop energy and the channel erosion caused by flowing 
water and continues the simulation through channel and pond elements are simulated 
separately in this study. 
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a) Upland Erosion  
The general equation used here to describe the sediment dynamics at any point along a 

surface flow path is a mass balance equation similar to that for kinematic water flow 
(Bennett, 1974):   

),(),()()( txqtxetQCtCA seerevevse =−∂∂+∂∂        (14) 

where Ase is the cross sectional area of flow; qse is the rate of lateral sediment inflow for 
channels; eer is the rate of erosion of the soil bed, which includes two major components - 
splash erosion rate and hydraulic erosion rate, which can be obtained from the studies of 
Meyer and Wischmeier (1969) and Woolhiser et al. (1990). 

b) Channel Erosion and Sediment Transport  
The general approach to sediment transport simulation for channels is nearly the same 

as that for upland areas. The major difference in the equations is that splash erosion (eer-s) 
is neglected in channel flow, and the term qse becomes important in representing lateral 
inflows. The equations used for splash erosion are equally applicable to either channel or 
distributed surface flow, but the choice of transport capacity relation may be different for 
the two flow conditions. For upland areas, qse will be zero, whereas for channels it will be 
the important addition that comes with lateral inflow from surface elements. The close 
similarity of the treatment of the two types of elements allows the program to use the 
same algorithms for both types of elements. 
Pesticide routing module 
A mass balance technique, based on the continuity equation, was used to route pesticides. 
A mass balance of water, sediment and pesticides was performed on each cell during each 
time step. The mass balance technique is used because it reflects the continuity of the 
water, sediment and pesticides within the cells. The cell pesticide inputs include the 
pesticide load washed off of crop canopy and surface residue, and pesticides which enter 
the cell from upslope sources in either the dissolved or adsorbed form. The pesticide loads 
from these two sources are then combined with the pesticide load on the cell remaining 
from the previous time step. The continuity equation for the pesticide runoff can be 
written as: 

) ,() ,() ,()1,1( tiinticelltiouttiin PPPP +==++
           (15) 

cellavcell NQCP /=                         (16) 

where Pout(i,t) is the amount of pesticide leaving a cell through runoff at the ith cell at time t; 
Pin(i,t) is the sum of all pesticides entering a cell from other cells through runoff at the ith 
cell at time t; Pcell(i,t) is the pesticide amount generated within a cell at the ith cell at time t; 
and Ncell is the number of cells. The cell pesticide load is assumed to be evenly distributed 
throughout the “mixing zone”, the immediate soil surface which is able to supply 
pesticides to runoff water and sediment. The mixing zone is defined as the top 1 cm of the 
soil profile as suggested by other investigators (Donigian et al., 1977; Knisel, 1980).  

2.2 Integration with GIS 
A floodplain is usually composed of fields of different crops, soil types, and land slopes, 
leading to various ways for pesticide transport by runoff and sediment. To reflect this 
spatial distribution, the floodplain can be conceptually divided into a number of grid cells, 
with each of them being uniform with respect to crop species, soil type, hydrological 
conditions, and topological characteristics. Thus, each grid cell can be treated as a unit for 
pesticide behavior with inflows from and outflows to other grid cells. Output from a grid 
cell at the top of the floodplain is routed to cells below it and/or to the stream channels, 
and finally to the outlet. In each cell, the spatial data from GIS & RS combined with 
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relative pesticide and soil properties data are input to the model for calculating the 
pesticide fate. After calculated out by the specific calculating process the final results will 
be dealt with in the GIS and database, and then presented graphically. 

Thus, based on the grid cell system, the modeling system is developed with the 
integration of the pesticide transport simulation model and a GIS. After inputting the 
digital feature layers and related data from the database, the GIS can overlay these spatial 
data and calculate the necessary parameters for pesticide model (Chen et al., 2001a). In 
this study, some parameters, including cell numbers, cell connectivities, aspects (flow 
directions), land and channel slopes, slope lengths, slope shapes, and upslope contributing 
areas, are studied to carry out by the terrain analysis techniques based on the digital 
elevation model (DEM). The results are then summarized into new tables and exported to 
the database managed by an interface. The final results can be saved in the database and 
displayed graphically through the GIS software combining with the spatial background 
(e.g. topographic layers). 

3. CASE STUDY 

3.1 Study Area 
This case study is used to predict the pesticide loads in the runoff flow and sediment 
transport for the verification of the proposed model. The study area is the Kintore Creek 
watershed (Latitude: 43º.189 ~ 43º.145, Longitude: -81º.075 ~ -80º.995), which has two 
adjacent sub-watersheds, in south Ontario, Canada (Fig.1). The total area of the watershed 
is 1,288 ha with 62.58 % crop lands and 19.64 % forest. The sub-watersheds have nearly 
equal size, similar highly erodible landscapes, and cropping patterns. The silt loam and 
sandy loam are principal soil types. The soil erosion potential ranges from medium to high. 
Both sub-watersheds originate in swampy headlands that provide a year round source of 
water. Kintore Creek flows into the Middle Branch of the Thames River, which drains the 
corn belt of Ontario, before discharging into Lake St. Clair. It is one of most heavily used 
pesticides in the Great Lakes area (Struger et al. 2002, Li et al. 2002).  
 

 
Fig. 1  Study area 

3.2 Data preparation with GIS tool 
We take the same grid cell system used by Li and his co-workers (2002), which has 165 
grid cells with 11 hectares for each cell, to represent the spatial variability of catchment 
properties. About 1/3 of the input parameters required by the model are terrain-based and 
could be obtained from remote sensing data. In this paper, some parameters, including cell 
connectivities, aspects (flow directions), land and channel slopes, slope lengths and shapes, 
and contributing areas, were carried out by the terrain analysis. The detail information 
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about the parameters extraction and GIS combination has been reported by Chen et al. 
(2001a) and Li et al. (2002).  

4. RESULTS AND DISCUSSION 

4.1 Simulation of runoff and sediment 
The simulation is based on a rainfall event of 4 cm recorded on August 28, 1990 (Li et al. 
2002). Fig. 2 shows the comparison of runoff discharge between predicted and measured 
data. For the sediment module is included in the proposed hydrological model, the 
sediment generation was also simulated for this rainfall event. The predicted results of the 
runoff and sediment discharges are shown in Fig. 3. In 220 min, the peak flow appears 
with 1.25 m3/s. After 100 min, the sediment reaches the peak discharge with 0.0027 kg/s. 
Thus, the lag time for the sediment generation is 100 min approximately. The predicted 
and observed peak discharges were compared for 35 rainfall events from 1988 to 1990. A 
high correlation level (r = 0.98) was proved, which indicates that the model provides a 
reasonable prediction accuracy. For the observed sediment data is lacking for many 
rainfall events, only 5 sets of predicted and observed sediment peak discharges were 
compared and the correlation level is 0.89.  
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Fig. 3  Plot of predicted flow discharge 

Fig. 2   Time series of flow discharges (Li et al. 2002) 
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4.2 Pesticide loads with different sediment particles 
For the Kintore Creek Basin, Geulph loam, Maplewood silt, Fox sandy loam, Tavistock 
silt loam, and Honeywood silt loam are principal soil classes in the top soil layer (1 cm). 
In this study, the soil classes were simplified into three types: sand, silt and clay. For 
many parameters, such as the diameter, bulk density, porosity, and fractions, always 
change with various soil classes. Thus, the sediment discharge and pesticide loading were 
simulated separately according to the different soil particles. Fig. 4 shows the predicted 
sediment yields by the three types of soil particles. Clay occupies the largest part in the 
total sediment yield and the ratio is around 85%. While the ratios of silt and sand are 
lower and only around 14% and 0.26%, respectively. For the adsorption function, 
pesticide can be carried with soil particles and the distribution on different soil particles 
was calculated. Viewed from Fig. 5, almost 73% atrazine were adsorbed onto the clay 
particles. Meanwhile, silt and sand carry smaller atrazine amounts with 12% and 14%, 
respectively. The atrazine load in the study area was 0.0059 kg/ha in 1990. For the 
selected rainfall event in this study, the atrazine load carried with the clay particles was 
1.11×10-6 kg/ha for the entire study area. The atrazine loads carried with silt and sand 
were 1.84×10-7 and 3.40×10-9, respectively.  
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Fig. 4  Sediment yields of three types of soil particles 
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Fig. 5  Pesticide loads with three types of sediment 

4.3 Simulation of pesticide loads in runoff and sediment 
Since some pesticide particles can be adsorbed onto the soil particles during the sediment 
generation and then carried out with the transportation of sediment. The sediment 
discharge after a rainfall even is an important factor with direct impact on pesticide 
loading and moving. Therefore, the pesticide loading on soil particles in sediment should 
be taken account into the pesticide loads simulation, which just includes pesticide loss 
with surface runoff in most of the previous studies. Fig. 6 shows the simulation results of 
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total pesticide loads in runoff and sediment. The comparison between the predicted and 
measured pesticide loads was also illustrated. Especially, the predicted total pesticide load 
in runoff and sediment is more close to the measured data than the pesticide load just 
considering runoff. The standard deviation increases about 7.62% and the trend of 
accuracy improvement can be viewed from the Fig. 6. 
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Fig. 6  Plot of predicted and observed pesticide loads through runoff and sediment 

4.4 Analysis of prediction accuracy 
Viewed from Fig. 2 and 6, some predicted results are not very good compared with the 
measured data, especially for the late period of the rainfall event. Prediction errors may be 
attributed to a number of causes, such as errors in input data, assumptions associated with 
the model, and uncertainties of sub-system interrelationships. For example, the method 
assumes that soil moisture conditions are homogeneous throughout the floodplain while, 
in reality, the soil moisture levels vary seasonally. Also, spatially variable rainfall 
intensity can greatly influence the variations associated with the predicted pesticide runoff 
patterns (Li et al., 2002). Unfortunately, due to the limitation of data availability, the 
rainfall data for this study were from the London Station that is ten miles from the study 
watershed. This could be a major contributing factor that is responsible to the prediction 
errors. In addition, some processes, such as wash-off process, microbial degradation and 
splash erosion, were not included in present case study for the necessary data was not 
available. 

5. CONCLUSIONS 

A pesticide movement model was developed to simulate the pesticide losses with surface 
runoff and sediment. The proposed model was also applied to simulate atrazine losses 
from agricultural lands in the Kintore Creek Watershed, Ontario. The pesticide loss was 
calculated not only due to surface runoff, but from sediment transport also. The accuracy 
of simulation was increased after the pesticide loss by sediment transport was considered 
into the model. The distribution of pesticide adsorption on different soil particles was also 
studied. The modeling outputs were verified through monitoring data, demonstrating 
reasonable prediction accuracy. Some prediction errors were analyzed and their sources 
were also provided. The result indicated that the model provides an effective means for 
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forecasting the pesticide pollution from agricultural activities in a floodplain. Owing to 
the complex nature of the floodplain system, the data required for the case study was 
extensive. Although most data sources are relatively accurate, others are less so (e.g., 
uncertain information). Therefore, increasing the certainty of the data sets through further 
investigation and verification would help to increase the accuracy of the forecasting 
results. 

This study provides an integrated approach for simulating the pesticide losses with 
runoff and sediment transport in a floodplain. It is a new attempt to consider the 
contaminant losses by runoff and sediment into the floodplain management. Especially, 
this study will make a contribution to the nonpoint source (e.g. pesticides) pollution 
control and related decision-making in a floodplain. The developed modeling system 
could also be applied to other floodplains for providing effective decision support for 
contamination control. 
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Abstract: Most of the cities bordering the Mediterranean Sea experience frequent sewer overflow 
events due to the joint effect of inadequate combined sewer systems and the particular steep slope 
morphology of the urban area. 

 

Moreover the historical origin of the urban texture and the morphological features make every 
traditional measure fitted to reduce system failures and pollutant charge quite difficult to undertake. 
In this study an alternative non invasive proposal is described, applied to the Historic Centre of 
Genova and based on an integrated multi-objective management of the drainage system This will 
support waste water management and control in both ordinary condition (dry weather to moderate 
rainfall events) and in emergency (intense rainfall events). In emergency conditions it will be 
possible to control the hydraulic behaviour of the sewage network by reducing the frequency of 
failures through distributed water storage interventions within the urban territory and reducing 
damages due to flooding events. The problem of building new water storage structures is solved by 
the restoration of old underground man-made volumes (tanks, sinks, military and hydraulic 
infrastructures, etc.) in the area of the Historic Centre of Genova in order to avoid invasive actions 
in that urban context. The integration of the city rainfall monitoring system at the urban scale (radar 
and rain gauges) with the implemented hydrologic and hydraulic models results into a decision 
supporting tool able to predict the influent volumes to the sewage network and treatment plants with 
sufficient lead time and provides precious information about those parameters that are required for 
real time control and management of the urban drainage system.  

Keywords: sewer system, restoration, storage tanks, RTC, rainfall, forecasting 

1. INTRODUCTION 

Within the framework of a LIFE-Environment project undertaken in cooperation between 
the Municipality of Genova, the local Water Management Agency AMGA Spa and the 
University of Genova (DIAM), the realisation of a real time management system for 
control of critical events in the combined sewer drainage network of the Historic Centre of 
Genova will be completed. The IMOS (Integrated Multi-Objective System for optimal 
management of urban drainage) system addresses the optimal management of urban 
drainage with reference to multiple objectives that can be synthesised as storm-water 
control, minimisation of combined sewer overflows, management of first flush flows, and 
the optimisation of wastewater treatment plants. All such aspects constitute quite pressing 
issues for the Historic Centre of the town of Genova, given its dense urban structure and 
the nature of the recipient water body (the ancient harbour) for both sewer waste-water 
and storm-water. 



The overall philosophy of the simulation/forecasting system adopted is recalled in this 
section. Finally the validation methods envisaged for each of the system’s components 
and some preliminary results are described in the last section, before conclusions are 
reported and further requirements discussed. 

The response of the drainage system to rain events in the urban environment is 
characterized by two main components, the first being the slope runoff and further 
drainage operated by natural water courses. In the case of the Historic Centre of the town 
of Genova this process only occurs in the uphill zones (where urbanisation is scarce) and 
covers part of the basin areas involved. The second component is constituted by the 
artificial drainage system, which collects rainwater from the inlets, and drainage occurs 
through the pipes of the sewer network. In the Historic Centre of Genova the latter process 
is controlled by a combined sewer network, which collects both storm waters and 
wastewaters to the treatment plant. The system uses as main collectors the reaches of 
ancient natural watercourses that are now fully integrated (after covering and conveying) 
into the artificial network. 

The above configuration is typical of many urban centres with historic origins, located 
along the Mediterranean borders and elsewhere in Europe, and therefore subjected in the 
past centuries to relevant modifications of their urban structure and, consequently, of the 
layout of their drainage system. 

Typical drawbacks in all sites with such characteristics are the frequent critical 
conditions of the drainage system within the urban environment in case of intense rain 
events, the effects of combined sewer overflows on the quality characteristics of the 
recipient water body, and the difficulties of separating first flush water flows for efficient 
treatment and optimization of the treatment plant.  

The technical solution to be demonstrated within the IMOS project relies on the use of 
a distributed storage system made up of a number of detention tanks, disseminated across 
the urban area. This type of technical intervention is quite common and it is used in many 
urban sites across Europe. However, in a dense urban environment such as the one found 
in ancient European towns it is really difficult to find suitable locations where storage 
volumes can be realized “ex novo”. The present texture of human activities in urban 
centres is hardly able to accept such relevant modifications unless large urban re-design 
activities are envisaged. 

The original contribution of the IMOS approach in this context is the exploitation of 
existing underground volumes that can be made available to the aim of water storage at 
the cost of minor structural interventions. In the case of the town of Genova such volumes 
are provided by the restoration and re-use of medieval cisterns, ancient tunnels, anti-raid 
shelters, etc. The core of the project therefore lies in the extensive search and survey of a 
large number of such structures (about 30 ancient cisterns were already identified in the 
flexibility analysis of the project). 

Although preliminary investigations were also carried out during the project set-up 
phase in order to assess the feasibility of the proposed technical solution, more detailed 
simulation of the behaviour of the above storage tanks once connected to the artificial 
drainage system is obviously required. The models developed in order to fully represent 
the functional mechanism involved can be categorized as follows: 

• hydrologic simulation models; 
• hydrologic forecasting models; 
• hydraulic models. 

The conceptual chain of software modules adopted to fulfill the above specifications 
covers a range of simulated processes from the evolution of the high resolution space-time 
rainfall field over the study area (simulation and forecasting), the hydrologic 
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rainfall-runoff transformation and routing (simulation and forecasting), the hydraulic 
behaviour of both pipes and tanks, and the water quality characteristics of the flow 
(simulation and forecasting). 
 

Fig. 1  Scheme of the drainage network in the study area. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2. THE STUDY AREA 

The structure of the urban drainage system in the historical centre of Genova is basically 
constituted by eight natural ephemeral streams that in the past directly flew from the hills 
to the sea. As a consequence of the subsequent interventions operated in various historical 
periods these are nowadays nearly completely covered and included in the combined 
artificial drainage network, conveying both meteoric waters and waste waters. 

In particular, the eight streams are presently connected to each other according to the 
following scheme: the S. Lazzaro, S. Teodoro and Lagaccio streams drain into the seaside 
collector; the S. Ugo stream converges to the Darsena treatment plant; the Carbonara and 
S. Anna streams flow together into the seaside collector; the Torbido stream contributes to 
the pumping station of S. Anna throughout two pumping stations in series (see Fig 1). 

At the junction sections sedimentation basins are present, together with sea outflows 
and low flow intakes which lead the waste water to eight pumping stations. The hydraulic 
characteristics of the eight streams are reported in Table 1. 

The last component of the drainage network is the treatment plant of the "Darsena", 
with a water line made of racks and screens, flotation tanks, grit chambers, oxidation, 
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aeration, and sedimentation tanks, and sludge treatment line with anaerobic digestion and 
mechanical dewatering. The plant has a daily average capacity of 57000 m3 or 220000 
population equivalent. 

Table 1  Streams main hydraulic characteristics 

 S. Lazzaro S. Teodoro Lagaccio S. Ugo Carbonara 
S. Gerolamo S. Anna Torbido 

Basin Area [ha] 133 54 237 80 85 72 218 
Total Length of the main 

water course [m] 1943 855 2082 1688 1632 1145 2102 

Density [pop eq/ha] 90 800 100 120 - 450 230 
Sewer charge 

[l/ pop ha] 280 250 220 250 - 330 280 

Population served 
[pop eq] 11970 43200 23700 9600 - 3240 26910 

 

3. RESTORATION OF THE ANCIENT CISTERNS 

On analysing the general features of the test basin, it appears immediately evident that the 
drainage system of the Historic Centre of Genova constitutes an integral part of the urban 
structure and therefore, any modification of its actual structure could turn out very 
difficult, if not impossible in practice. 

The design of radical interventions is besides in contrast with the "philosophy" of the 
Directive 3/3/99 of the Presidency of the Council of Ministers (PCM), whose basic 
objective is precisely the minimisation of disadvantages for the citizens through the 
realisation of rational and functional actions on the territory.  

According with such directive the need of rational interventions planned at a larger 
scale than the single street or pipe is evident, which means distributed actions throughout 
the urban area but at the same time not claiming vast structural and infra-structural works 
on the streams with a consequent strong impact on the road and pipe network in the 
Historic Centre.  

Among the traditional methods available for the minimisation of the risk of failures in 
urban drainage systems, an efficient hydraulic solution is represented by the realisation of 
storage tanks, which allow controlling of extreme flows by means of temporary storage, 
exploiting to this aim the storage capacity of separate volumes with respect to the drainage 
network. Such methodology is however constrained on the availability of adequate tanks 
and/or sufficient volumes for their realisation. 

On the contrary, in a saturated urban framework with a undoubted historical- 
architectural value as the one of the Historic Centre of Genova, the "ex-novo" realisation 
of the volumes that are required for the hydraulic efficiency of the system is hardly 
possible. 

Since any type of radical intervention in the study area must be ruled out "a priori" 
based on the above considerations, the proposal investigated in the IMOS project is the 
recovery of ancient underground volumes, to be used as storage tanks. This solution, 
considering the historic town planning development of the town of Genova, is based on 
the presence of numerous underground volumes of different origins, from medieval water 
tanks to the ducts into disuse, but also tunnels and anti-raid shelters or, in any case, 
underground structures that are presently buried and/or forgotten following the dynamics 
of urban stratifications. 

In Figure 2 an interior view of the ancient underground volumes existing below P.za 
Corvetto in the Carbonara basin is shown as an example of the targeted structures. 
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The purposed solution fully complies with the specific requirements mentioned above, 
and with the main philosophy of the PCM directive 3/3/99.  

The system works at the scale of the whole urban drainage network, since the operation 
of each storage tank is not independent on that of the other cisterns and can only be 
considered in a synergic way, so that it can be referred to as a distributed network of 
storage tanks. 
 

Fig. 2  Interior view of the ancient underground cistern of P.za Corvetto on the Carbonara stream. 

For this reason, the present analysis has been performed on a slightly more extended 
ar

sections of the drainage network are identified, which may be 
kn

Table 2  Frequency of historical floods in the most damaged areas (in the last ten years) 

Flooded area Flooded area served 

 

ea  than the effective Historic Centre, including the whole basin areas draining into the 
ancient harbour of Genova. 

Once the possible critical 
own as potentially insufficient hydraulic sections or after analysis of historical flood 

data (see Table 2), simulation of the hydraulic behavior of the sewer network is performed 
using numerical models for the response of the up-hill zone to both ordinary and extreme 
rainfall events, for the modulation operated by the network and for the lamination effects 
produced by the interaction with the available tanks. 

Number of observed Number of ob
floods floods 

icamento 24 5 
Sottoripa 16 Piazza Cavour 4 
Via Gramsci 10 Piazza Matteotti 3 
Via delle Fontane Porta di Vacca Parti basse della città9 12 
Zone adiacenti Palazzo S.Giorgio 7   

 

Piazza Car Piazza Soziglia 

In the general case of urban drainage networks and, in particular, for the Historic 
Ce

(failures of the hydraulic system). 

ntre of Genova, the dimension of the examined district is sufficiently limited to 
guarantee that the hydrological risk only depends on the area of the considered basins. 
The hydraulic risk, on the contrary, due to the high number of invasive interventions acted 
in the course of the centuries,  shows a strong variability throughout the network. For 
this reason the definition of  interventions for the reduction of the risk can be effectively 
performed only after suitable  modeling of the drainage network, first from a 
hydrological point of view (network input) and then through an hydraulic approach 
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This procedure allows estimation of the network response both for historically 
observed events and for synthetic events that are statistically obtained according to some 
pr

he exceeding flow. The entity of the diversion is 
ev

edefined return period. The model is instead very sensitive to the realistic estimation of 
the space-time rainfall field.  

A key role is then held by the simulation of the flow in presence of storage volumes 
able to temporary retain part of t

aluated as a first approximation by neglecting the hydraulic method actually used for 
diversion. The removed fraction of the flow is accumulated in the tank until its maximum 
storage capacity is reached; on the other hand, while the cisterns fill up, the correspondent 
volume of residual flooding is computed. The emptying of the tank in the case of both 
constant and variable flow is also computed, so that the storage effect can be fully 
exploited by returning most of the stored water when the hydraulic conditions in the 
network are able to convey it safely downhill. 

 

Fig. 3  Map of the available ancient tanks based on the preliminary surv  

4. PRELIMIN

twork and the behaviour of the available storage tanks 
survey (see Fig 3), has been performed using both real 

 of the heterogeneity 
of

ork where the secondary man made drainage network 

ey.

ARY RESULTS 

The simulation of the drainage ne
based on a preliminary historical 
rainfall events and synthetic events based on the depth-duration-frequency curves derived 
for the site of concern with return periods of 10, 15, and 20 years   

The water courses have been divided into branches of different length, depending on 
the slope and the dimensions and characteristics of the pipe. Because

 the urban drainage system, the eight water courses have been divided respectively in 23 
(S. Lazzaro), 30 (S. Teodoro), 30 (Lagaccio), 37 (S. Ugo), 84 (Carbonara), 32 (S. 
Gerolamo), 77 (S. Anna), and 40 branches (Torbido). It’s interesting to point out the large 
number of branches related to Carbonara and S. Anna, due to the densely urbanised 
characteristic of the related basins. 

Each water course has been assigned a corresponding drainage basin through the 
analysis of the natural drainage netw
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ha

re presents a 
di

th respect to those commonly used 
so

s also been considered in order to obtain a more realistic representation of the whole 
system and to better simulating rain water paths on the urban environment. 

As for the rain field, the historic event is obtained from different rain gauges 
influencing with different weights the single drainage basins, and therefo

fferent return period for each water course. For the sample simulation presented here the 
event of October 22nd, 1999 has been selected, which is characterized by relevant 
flooding phenomena in the historic centre of the town. 

The return periods chosen for the synthetic events are those typical for the design of 
urban drainage systems, while the duration is higher wi

 as to evaluate the performance of the terminal branches of the network. 
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Fig. 4  Sample simulation result for the S.Ugo stream and the storage tanks available on site. 

For each of lowing 
with reference to the simulation performed with either synthetic or historic rain events. 

3, 

• 
3), the overflow is reduced by 8% for synthetic 

• 

the main streams involved, preliminary results are reported in the fol

• S. Lazzaro: flooding in the zone of Via Venezia, for events with a return period of 
20 years. Using the existing tank of S. Marcellino, with a storage volume of 680 m
the flood is completely avoided. 
S. Teodoro: no major problems with the historic event. Using the volume of the 
older tunnel of Fossato (1580 m
events with a return period of 15 years. 
Lagaccio: no major problems with the historic event. 
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• S. Ugo: flooding with events exceeding a return period of 15 years. In the lower 

•  in Fontane Marose Square for an event with a 

• ic event of October 22nd failures are experienced in the 

5. CONCLUSIONS 
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Abstract: As an example, the impact of the levee realignment project on the flood control of the 
city of Wenzhou has been studied by means of a 2D tidal flow mathematical model. The model 
verification results show that the tidal levels computed by the model are in good agreement with 
the field data, and the tidal velocity and rate of discharge are also in accordance with the data 
recorded. The variance in computation versus actual results is less than 10%. Therefore, the model 
can be used to accurately predict the changes of tidal level, flow velocity and discharge to forecast 
the effects of the project. 

 

It has been demonstrated from the computational results of the project scheme that in the 
condition of a flood frequency of 0.01, the tidal level will rise 0.03~0.04m and 0.04~0.08m 
respectively in the presence of project scheme 1 and project scheme 2. The depth-averaged 
velocity will increase 6~22% in the presence of project scheme 2 in the reach from the Tashan 
section to the Yuqishan section, and the change of tidal velocity is marginal outside of the project 
area. Because the blocked channel width and cross section area from project scheme 1 are less than 
that of project scheme 2, the change in tidal velocity in the presence of project scheme 1 is less 
than that of project scheme 2. The impact of the project on the bifurcation ratio of Jiangxinsi 
branched reach is negligible.  

The results computed by the model can be used as a reference for future decision-making. 

Keywords: levee realignment, flood control, multiple channels, boundary-fitted coordinate, 
mathematical model 

1. INTRODUCTION 

In order to resolve the conflicts between the population, land resources, and beautification 
of the city environment, the levee will be constructed in coordination with process of city 
renovation. The project therefore may have some impact on the flood control and 
navigation within the city. To maximize the benefits of the project and minimize the 
negative impact, the new levee alignment should be planned prudently. 

As an example, the impact of levee realignment project on the flood control of the city 
of Wenzhou has been assessed by means of a 2D tidal flow mathematical model[1~3]. 

The city of Wenzhou is located on the riverside of the Oujiang Estuary. With 
increasing urbanization, the city has expanded to the east and the west simultaneously. In 
order to make the development of the west part of the city sustainable, the impact of the 
levee realignment project, in the reach from the Oujiang River Bridge to the Yuqishan 
section, of the city has to be studied carefully. In this paper, the impacts of different 
project schemes on the flood control are predicted by means of a 2D tidal flow 



mathematical model. The results computed can be used, as a reference, for the 
decision-making of the project. 

2. CHARACTERISTICS OF FLOW AND SEDIMENT TRANSPORT 

The sketch of Oujiang and Nanxijiang basin is shown in Fig.1 
 

 
Fig. 1  Sketch of Oujiang and Nanxijiang basin 

2.1 Runoff and Sediment Yield from the Basin 
The Oujiang River is a mountain river characterized by short flooding durations of large 
discharge and high velocity. When a flood occurs in this river, the flood peak with a large 
discharge mounts and falls sharply. The largest water discharge recorded is 22,800 m3/s, 
while the smallest is only 10.6 m3/s, the ratio reaching 2,000:1. The mean annual 
discharge is 473 m3/s and the mean annual runoff flowing into the sea is 16.95×109 m3. 
The runoff varies greatly over different months of the year, and the runoff during the flood 
season (from Apr. to Sep.) represents 70% of the annual runoff. The runoff has a damping 
impact on the flood tidal current. When the stream flow discharge exceeds 5,000 m3/s, 
there is no incoming tidal current at Wenzhou; when it exceeds 12,000 m3/s, there is no 
incoming tidal current at Longwan. 

The mean annual sediment load passing though Weiren station is 2 million tons, the 
maximum being 4.07 million tons. The sediment concentration increases with the increase 
of water discharge. In dry seasons, the sediment concentration is usually smaller than 0.02 
kg/m3. The sediment from the basin is transported mainly during the flood season. The 
bed load corresponds to only 20~30% of the suspended load. 

2.2 Tidal Current in the Estuary 
The tide in Wenzhou Bay is an irregular semi-diurnal tide with significant diurnal 
disparity of tidal height. The tidal range is large in this area, and this bay is one of the 
most famous areas in China for its strong tides. The maximum tidal range recorded at 
Huanghua station near the outfall is 7.21m, the minimum being 1.14m, with an average of 
4.5m. The duration of tidal rise is usually shorter than that of the tidal fall, the average 
durations of tidal rise and fall being 5h24min and 7h0min, respectively. When the tidal 
wave travels upstream from Wenzhou Bay, the tidal range increases along the path and 

 1357



reaches a maximum at Longwan, after that the tidal range decreases gradually upstream. 
However, the tidal range does not change much in Wenzhou Bay. 

2.3 Suspended Load Transport in the Estuary 
Sediment from the Oujiang River basin is transported to the estuary mainly during the 
flood season. In the dry season, the river water in the upper reaches is generally clean. 
However, in the lower reaches near the estuary, there is a zone of high sediment 
concentration. The maximum concentration occurs at Longwan, reaching up to 5~7 kg/m3 
in the flood and ebb tides. The suspended load coming from the sea and the particles 
disrupted from the riverbed are the sources of suspended load in the estuary. 

2.4 Distribution of Bed Material in the Estuary 
Coarse sand and gravel of 0.1~12.5mm in diameter are dominant in the upper reach of the 
Mei’ao section. Medium and fine sands are the main material in the reach from Mei’ao 
section to the estuary, with the diameter ranging from 0.05 to 0.5mm.  

3. GOVERNING EQUATIONS AND NUMERICAL SOLUTINS 
3.1 Water Flow Equation 
Continuity equation 
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Momentum equation in η direction 
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In the above, ξ and η = the components in the orthogonal coordinate system; u and v = 

depth-averaged velocity in ξ  and η directions; h = water depth; H = water level; n = 

Manning roughness; f = Coriolis coefficient; C and are the Lamei coefficients: 
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where: 
tυ = turbulent viscosity coefficient. The simple closure (Rodi, 1980) is adopted in 

this work: hut *αυ = , where =shear velocity. 
*u

3.2 Numerical Scheme and Numerical Solution 

Equations（1）through（4）are all similar in structure, therefore they can be written in a 
generalized form as 
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where, ψ refers to any of H, u, v; Γ is diffusion coefficient; C is source. For this reason, 

only a single generalized computer program corresponding to Eq. (4) is needed for the 

solution.  
The control volume method is used in the numerical procedure. A staggered grid 

system is designed. The velocity nodes are centered on the surface of the control volume. 
The nodes for scalar variable h are located at the centroid of the control volume. In such a 
manner the wiggles or the checkboard patterns of the pressure can be suppressed. 

Because the composition of Eq. (4) is the same as that of the general equation in 
Cartesian coordinates, the Patarkar-Spalading SIMPLEC solution procedure, which has 
been successfully used for flow computation in Cartesian coordinates, can be extended to 
the numerical simulation in the orthogonal curvilinear coordinate system without any 
modifications (Lu, 1998). The power law scheme is used for approximation of variables 
between nodes within a grid. The details of the computation are presented in Ref. (Lu, 
1998). 

3.3  Initial Conditions, Boundary Conditions and Movable Boundary Technique 

The initial water level is set to the average of tidal levels observed on the computational 
boundary. The initial tidal velocity is taken as zero.  

0),(),(0),(),(),(),( 000000
=====

===
ηξηξηξηξηξηξ vvuuHH

ttt
 

The upstream boundary condition is field measured flow hydrograph at Weiren 

station:Q  )(tQ=
On the open sea boundary, the water level is prescribed based on field data: 

 )(tHH =
In unsteady flow simulation, a part of bed may be exposed to air due to water level 

dropping. To deal with the change of computation domain, a moving boundary technique 
is used. Via imposing very large roughness on the computational cells exposed to the air, 
the velocities in cells tend to be zero. 

4. MODEL VERIFICATION 

4.1 Computational Domain and its Discretization 
The upstream boundary of the Oujiang Estuary is taken at the Weiren hydrometric station, 
about 45km upstream from Wenzhou. The upstream boundary of the Nanxi River is taken 
at the Shizhu hydrometric station. The downstream boundary is at the Huanghua section 
in the Oujiang Estuary. 
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For the bathymetry, the 1:10,000 scale chart measured in 1999 is used in the reach from 
the Oujiang Bridge to the outfall of the Oujiang River, and the 1:10,000 scale chart 
measured in 1983 is used upstream from the Oujiang Bridge. 

The number of grid nodes is 368 in the current direction, and 101 in its orthogonal 
direction. The grid lines usually intersect at 88~92°, except some nodes close to the 
boundary upstream from the confluence.  The number of quadrangles in the grid-mesh is 
236×17 in the Nanxi River, and 236×81 in the Oujiang River. From the confluence to 
the Huanghua section, the number of quadrangles is 132×101. From the bridge to the 
Yangfushan section, the distance of the grid is 80~120m in the river length direction, and 
8~10m in the river width direction, which should properly describe the impact of the levee 
realignment project on the flow field.  

4.2 Verification of Tidal Current  
The sketch of the hydrometric cross section and vertical lines are shown in the Fig.2. 
4.2.1 Verification of Tidal Level 
Fig.3 shows the comparison between computed results with the field data of tidal levels 
observed at the Mei’ao and Jiangxinsi gauge stations. As shown in Fig.3, the computed 
tidal level is consistent with the observed data in both magnitude and phase, the deviation 
being within 0.1m. The tidal levels computed by the model are in good agreement with 
the field data at 9 tidal gauge stations located in the reach from the Meiao section to the 
Longwan section (Lu and Li, 2001). 

 
Fig. 2  Sketch of the hydrometric cross section and vertical lines 

 

 

Fig. 3  Hydrograph of computed and observed tidal level 
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4.2.2 Verification of Tidal Velocity and Tidal Discharge 
 the field data of tidal discharge Fig.4 shows the comparison of computed results with

measured at the Yutoushan and Yanfushan sections. As shown in Fig.4, the computed 
tidal discharges are also consistent with the field data in both magnitude and phase. The 
tidal velocity and discharge also match well with the measured data at 18 vertical lines 
distributed over the Yutoushan, Jiangxinsi,, Qingshuibu, and Yangfushan sections (Lu and 
Li, 2001). 
 

 

 Fig. 4  Hydrograph of computed and observed tidal discharge 

4.2.3 Tidal Flow Fi
 the water movement along the irregular boundary and at the river 

 data of bifurcation ratio 

i branch (%) 

eld 
The model can simulate
confluence. It is shown from the cartoon film of the flow field made by the computed 
results that the model can simulate the process of emergence and submergence of the sand 
bar during the process of flooding and ebbing of the tide (Lu and Li, 2001). 
4.2.4 Verification of Bifurcation Ratio at Jiangxinsi Branch 
The comparison between computed results with the field
measured in flood tide and ebb tide at the Jiangxinsi branch is listed in Table 1. As shown 
in Table 1, the computed bifurcation ratio is very close to the measured data. 

Table 1  Comparison between computed bifurcation ratio with measured data at the Jiangxins

The bifurcation ratio in ebb tide The bifurcation ratio in flood tide Cross section 
Computed Measured Computed Measured 

South branch 87.0 88.0 13.0 12.0 
North branch 83.3 82.0 16.7 18.0 

5. BRIEF INTRODUCTION OF LEVEE REALIGNMENT PROJECT 

 in the reach The levee realignment project (the bank line is moved outward in 30-40m),
from Yuqishan to Yangfushan, has been implemented by the city government of Wenzhou. 
The project scheme is shown in Fig. 5 (A1-A22) 
 
 

 
Fig. 5  Levee alignment of Wenzhou City 
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The length of the levee realignment project in the reach from the Oujiang River Bridge 
to Yuqishan is about 6km. The project scheme is shown in Fig. 6. 

The flow fields of project scheme 1 and project scheme 2 are computed in this study. 
The bank contour of scheme 1 is represented by the arcs formed by indicators 
A1-B1-C1-D1, E1-F1-G1-H1, I1-J1-K1-L1 and M1-N1-O1-P1. The bank contour of 
scheme 2 is represented by the straight lines of A1-D1, E1-H1, I1-L1 and the arc formed 
by M1-N1-O1-P1. 

The synthetic schemes 1 and 2 are also computed in this study. Synthetic scheme 1 is 
the composition of scheme 1 and the project in the reach from Yuqishan to Yangfushan. 
Synthetic scheme 2 is the composition of scheme 2 and the project in the reach from 
Yuqishan to Yangfushan. As shown in Fig. 6, the project area is located mainly in the 
concave part of the riverbank, moving outward of the levee may create a smoother 
contour for the bank. 

 

 
Fig. 6  Project Scheme and Hydrometric Stations  

The computational results show: 
(1) In an annual mean discharge of 450m3/s, the maximum increase of ebb velocity 

occurs at section C.S.4, i.e. at point G1. The velocity will increase 14.4-20.4% after the 
completion of project scheme 2. The velocity will increase 2.5-7.2% after the completion 
of project scheme 1.  The closer proximity to the riverbank, the greater the increase in 
velocity. The increase in velocity at section C.S. 3 and C.S. 5(K) is the second greatest 
increase. The velocity will increase 6.2-13.2% after the completion of project scheme 2 at 
section C.S. 3, the velocity increase being 6.2-14.1% at section C.S. 5. The increase of 
velocity is smallest at section C.S. 2 upstream from Tashan, being 2-5%. The velocity will 
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not change at section C.S. 1, out of the project area. A similar tendency is predicted for 
flood tide, the difference being smaller than the velocity increase. 

(2) With a discharge of 3,000m3/s, the maximum increase of ebb velocity is at section 
C.S.4. The velocity will increase 14.7-21.4% after the completion of project scheme 2, the 
velocity increase being 4.0-6.7% for project scheme 1. The closer the proximity to the 
river bank, the greater the increase in velocity. The velocity increases at section C.S. 3 and 
section C.S. 5 are the second largest increases. The increase in velocity at section C.S. 2 
upstream from Tashan is only 3.9-5.8%. A similar tendency is predicted for the flood tide. 
The difference is a correspondingly smaller increase in velocity. 

(3) With annual mean flood discharge of 7,000m3/s, the increase in velocity at section 
C.S.4 is 16.6-22.2% after the completion of project scheme 2, and it is 6.7-9.4% for 
project scheme 1. The increase in velocity is the second greatest at sections C.S.3 and 
C.S.5. The increase in velocity at section C.S. 2 is only 5.6-7.8%. No flood tide current is 
observed upstream from Jiangxinsi at this rate of discharge. 

6.2 Change of Bifurcation Ratio of Jiangxinsi Branch 
Because the Jiangxinsi branch is 2km downstream from the project area, the impact of the 
project on the flow field in this reach is very small. The change of bifurcation ratio of 
Jiangxinsi branch introduced by the project is negligible (Lu and Li, 2001).  

7 CHANGE OF WATER LEVEL INTRODUCED BY THE PROJECT 

The rise in water level is related to the flood control and water drainage in the west part of 
Wenzhou City, and it is important to predict the change in water level after the completion 
of the project.  

The maximum tidal level and its rise after the completion of the project are computed 
for the sections in the reach from Mei’ao to Longwan. The frequency of 20% and 80% of 
high tidal level are selected at Huanghua section and the high tidal levels are 6.0m and 
5.0m respectively. The discharges at Weiren station of the Oujiang River are 3,000m3/s, 
7,000m3/s, 20,000m3/s (p=5%) and 27,000m3/s (p=1%), and the discharge of the Nanxi 
River is 15% of the discharge of the Oujiang River. 

The computational results show, in an extremely large flood (p=1%), the rise in tidal 
levels are 0.034m, 0.023m, 0.027m in the presence of project scheme 1 at the Yutoushan, 
Qiaotou, and Mei’ao sections, respectively. For project scheme 2, the magnitude of level 
rises are 0.041m, 0.029m, 0.080m, averaged from 0.040m, 0.062m, 0.048m, 0.049m for 
synthetic scheme 1 of the project, and 0.044m, 0.068m, 0.103m, 0.102m for synthetic 
scheme 2 of the project. The results computed match closely the results of the physical 
model observed (Xu and Li, 2001) (Table 2). 

Table 2  Comparison between computed water level rise with the physical model observed data  
for frequency of 0.01 of flood 

Project scheme 1 Project scheme 2 Synthetic scheme 1 Synthetic scheme 2 Station 
Comp. Obs. Comp. Obs. Comp. Obs. Com. Obs. 

Yangfushan 0.003 0.000 0.005 0.000 -0.003 0.000 -0.001 0.000 
Jiangxinsi 0.004 0.000 0.006 0.000 0.040 0.020 0.044 0.030 
Yutoushan 0.034 0.030 0.041 0.050 0.062 0.040 0.068 0.070 

Jiaotou 0.023 0.050 0.079 0.090 0.048 0.060 0.103 0.100 
Mei’ao 0.027 0.050 0.080 0.100 0.049 0.050 0.102 0.100 
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8. CONCLUSIONS 

The changes in tidal level and flow field introduced by the levee realignment project in 
the reach from the Oujiang Bridge to the Yuqishan section are studied by use of a 2-d tidal 
flow mathematical model, which can be applied for multiple channels. 

The results of the model verification show that, the water level computed at 9 gage 
sections in the reach from the Mei’ao section to the Longwan section and the computed 
average velocity and discharge distributed over 18 vertical lines at the Yutoushan, 
Jiangxinsi, Qingshuibu, and the Yangfushan sections, are all in good agreement with the 
field data. The range of computed errors is less than 10%. Therefore, the model can be 
used to perform an accurate prediction of the effects of the project.  

Because the majority of the riverbank moved outward is in the concave area of the river, 
the project will create a smoother outward arc for the riverbank. It is shown from the 
computed results that, in the frequency of 0.01(p=1%) of flood, the maximum high tidal 
level increases 0.03~0.04m and 0.04~0.08m for project scheme 1 and scheme 2, 
respectively, in the reach from the Yutoushan to the Mei’ao. With an annual mean 
discharge of 450m3/s, the vertical average velocity in the reach from the Tashan section to 
Yuqishan section increases 6-22% after the completion of project scheme 2. The change 
in velocity in the reach outside of the project is small. The impact of the project on the 
bifurcation ratio of the Jiangxinsi branch is very small. The river width blocked by project 
scheme 1 is much smaller than that by project scheme 2, therefore the change in velocity 
created by project scheme 1 is also smaller than project scheme 2. 

The changes of flow field in the construction process of the project and after the 
completion of the project will introduce a deformation in the riverbed. The computed 
results from the flow mathematical model may have some discrepancy with the real state 
of flow and bed deformation, and so more study will be needed in the future.  
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Abstract: The recent urban flood disasters that occurred in large cities in Japan are studied. 
Through the detailed survey and investigation for Fukuoka flood disaster in 1999 and Nagoya flood 
disaster in 2000, the characteristics of recent urban floods are clarified. The significant points are 
the quick extension of inundation water and the underground inundation. The suitable 
countermeasures against urban flood are also discussed and proposed. 
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1. INTRODUCTION 

Heavy rainfall occurred in Fukuoka Prefecture in the morning of 29 June in 1999. This 
heavy rainfall and the consequent overtopping flow from the Mikasa river caused 
inundation in the wide area of Fukuoka city. The inundation flow intruded into 
underground space, namely, the basements in buildings, the subway station and the 
underground shopping mall, which caused heavy damages. Also, one woman was 
drowned to death at the underground restaurant.  

Meanwhile, heavy rainfall attacked the Tokai district on 11 and 12 September in 2000. 
In and around Nagoya city, some river embankments were broken, which caused severe 
inundation damages. Inundation also occurred by the heavy rainfall and lack of drainage 
ability. Also, inundation water flowed into subway stations and railways, which 
suspended the subway services. 

These floods issue warnings that urban flood tends to cause severe damages once it 
occurs, and that underground space in urban area is quite dangerous to flood. Therefore, 
suitable countermeasures should be taken into account not only for the ground surface 
inundation but also for the underground inundation. 

2. URBAN FLOOD DISASTER IN FUKUOKA 

2.1 Meteorological Condition 
The northern part of Kyushu region and Yamaguchi prefecture suffered from the heavy 
rainfall since before dawn on 29 June in 1999. According to Fukuoka Local 
Meteorological Observatory, the seasonal rain front stayed in the northern Kyushu and 
awfully developed rain clouds caused heavy rainfall. In Fukuoka city, the rainfall intensity 
became higher from 7 a.m., and as is shown in Fig. 2, the hourly rainfall amounted to 34 
mm from 7 a.m. to 8 a.m. and 77mm from 8 a.m. to 9 a.m., respectively. And the 12 hour 
rainfall from 0 a.m. to 0 p.m. amounted to 148 mm. 
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Fig. 1  Location of Fukuoka and Nagoya Fig. 2  Hourly rainfall, sea level at Hakata bay  
 and water level of Mikasa river 

2.2 Inundation in Fukuoka City 
The drainage system in Fukuoka city is designed for the rainfall of 5 year return period 
(hourly rainfall of about 52 mm), and both natural drainage to rivers and pump drainage to 
rivers or the sea at 34 pumping stations are combined together. The rainfall observed this 
time exceeded the designed rainfall, and induced inundation in the inner basin. 

The rainfall intensity decreased after 9 a.m. and the inundation began to subside around 
10 a.m. Meanwhile, as for the Mikasa river which runs through the central area of 
Fukuoka city, the water level rose due to the heavy rainfall in the river basin and the high 
tide at Hakata bay. Around 10 a.m. to 11 a.m., the river overflowed its left bank between 
Hie bridge and Hie large bridge. The inundation water flowed down through the streets 
and reached the area around JR Hakata station where the ground level is the lowest and 
stayed there. Fig.3 shows the inundated area by the overflow of the Mikasa river based on 
the survey results by some administrative offices. 

According to the observation of residents in the left bank of Hie bridge, around 10 a.m. 
when it stopped raining, the river suddenly overflowed its bank and the inundation water 
flowed down quickly on the streets with the depth of 30cm to 50cm. They also said that 
there was no time for evacuation and that they were very busy for protecting goods of 
their stores. Also, a little overflow was observed upstream of Tohkou bridge which is 
about 800m downstream of the above mentioned overflow reach. The overflowed water, 
some of which flowed into basements of buildings, flowed down to the area of JR Hakata 
station. According to the observation of the clerk at the stall of JR Hakata station, the 
inundation water depth was about 50cm at Chikushi gateway of the station, and the water 
intruded into the station building, where the water depth was about 10cm to 15cm.  

The inundation water, once dispersed in the city, is drained by the drainage system only. 
This time, the inundation water volume from the Mikasa river exceeded the drainage 
capacity further. Though some drainage channels discharged rainwater to the Mikasa river, 
it seemed that natural drainage did not work well while the water level of the Mikasa river 
was kept high. 

2.3 Underground Inundation 
In Chikushi gateway of JR Hakata station, there exist five entrances outside the station, 
and two inside the station connected to Fukuoka municipal subway. Three of five 
entrances outside the station have the step with 15 cm height, and no step was set for the 
other two. The inundation water that reached Chikushi gateway flowed through the 
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subway entrances into the floor of ticket barriers (see Photo 1). The inundation water 
flowed down to the subway platform and the subway services were suspended. Also, at 
the hotels around Chikushi gateway of Hakata station, the electric system failed due to the 
basement inundation and in the underground mall adjacent to the station, some goods  

Fig. 3  Inundation area by overflow from river Photo 1  Inundation flow from subway entrance 
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Fig. 4  Temporal change of inundation situation in underground 
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were submerged. The above stated troubles caused heavy damages. In addition, one 
woman who was working at the underground restaurant was drowned to death by the 
inundation water invasion about 400m far from JR Hakata station. Fig.4 summarizes the 
temporal change of inundation situation. 

3. URBAN FLOOD DISASTER IN NAGOYA 

3.1 Meteorological Condition 
On 11 and 12 September in 2000, the autumnal rain front was stimulated by the typhoon 
0014 moving in the west-south-west direction in the south of Kyushu island, and it 
brought heavy rainfall from the Kanto district to Shikoku island in the wide area of Japan. 
Especially, the Tokai district suffered from awfully heavy rainfall. At Nagoya Local 
Meteorological Observatory, the daily rainfall on 11 September amounted to 428mm that 
exceeded the past maximum record (240mm, on 9 September 1896) by far. The return 
period of this daily rainfall is assumed to be more than 200 years. The maximum hourly 
rainfall of 93mm was recorded from 6 p.m. to 7 p.m. on 11. The total rainfall on 11 and 12 
amounted to 567mm that is almost equal to one third of the averaged annual rainfall. This 
rainfall exceeded by far the assumed level for hydraulic design of river and sewerage 
system. The hourly and cumulative rainfalls are shown in Fig.5. 

Fig. 6  Rivers around Nagoya city 

Fig. 5  Hourly and cumulative 
    rainfalls in Nagoya 

3.2 Inundation in Nagoya City 
In Nagoya city and its vicinity, some river embankments were broken, which caused large 
scaled inundation damages. Inundation also occurred by the heavy rainfall and lack of 
drainage ability (see Fig.6). 

As for the Shinkawa river, the river embankment broke about 100m at the point of 16 
km upstream from the river mouth, and subsequently, inundation extended widely in the 
south-west district of Nishi-ward of Nagoya city and Nishi-Biwajima town. The 
maximum inundation depth reached 2m. Also, the Shonai river overflowed its 
embankment and flooded into the residential area at the location of 4.3-4.5 km upstream 
from the river mouth. As the water level was over the top level of embankment for about 
three hours, many sand bags were stacked on the parapet. The inundation depth was about 
30 cm in the residential area. 
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Meanwhile, in the Tenpaku river basin, severe inundation occurred by the heavy 
rainfall and lack of drainage ability. The bed level of the Tenpaku river is higher than the 
surrounding ground level, and the river improvement work was not well executed 
upstream of 4km from the river mouth. As the results, the inundation area extended 
widely whose depths were over 2m. Especially in Nonami area, the Goshita river and the 
Fuji river, both of which are the tributaries of the Tenpaku river, overflowed by the back 
water effect. Also, inner water from the urbanized hilly area extended in the east side 
flowed down to the low-lying Nonami area over the Goshita river, which promoted the 
inundation depth. The maximum depth reached 2.4m. In addition, the fuel feeding pump 
in Nonami pump station was submerged and the drainage pump did not function for a 
while, which might partly influence the severe inundation. It was after 6 a.m. on 13 
September when the inundation around the Nonami pump station subsided.  

3.3 Inundation into Subway Space 
At some stations of Nagoya municipal subways, inundation water flowed through station 
concourses into subway railways and subway services were suspended. At Nonami station 
of Sakuradori line, Shiogamaguchi station of Tsurumai line, and Heiandori station of 
Meijo line (see Fig.7), inundation to railway occurred from 7 p.m. to 9 p.m. on 11 
September. Also, at Kamiotai station of Tsurumai line, the inundation water by bank 
breach of Shinkawa river flowed down and the water invaded into the station concourse 
around 6 a.m. on 12. By these inundations, the subway services began to suspend around 
8 p.m. to 9.30 p.m. on 11. Sakuradori line and Tsurumai line were restored all the line at 6 
p.m. and at 6.30 p.m. on 12, respectively, and Meijo line resumed its entire line services at 
3 p.m. on 13. Consequently, many citizens were deprived of the means of transit. 

Fig. 7  Subway routes Photo 2  Flash-board at Nonami station 

Nonami station and Shiogamaguchi station are located in the low-lying area along the 
Goshita river and the Ueda river, both of which are the tributaries of the Tenpaku river, 
respectively, and inundation water on the surface flowed through subway entrances into 
subway railways. Flash-boards of stair entrance were set at both stations. At Nonami 
station, the flash-board of 40cm height was set at each entrance (see Photo 2). However, 
as the surface inundation depth became higher than the board height, the inundation water 
invaded over the flash-board. At Shiogamaguchi station, though wooden boards of 20cm 
height were piled up, the inundation water could not be obstructed. And at Heiandori 
station, the new subway construction site adjacent to the station was submerged and the 
part of submerged water flowed into the subway railway from the drainage holes. 
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4. COUNTERMEASURES AGAINST URBAN FLOOD  

4.1 Prevention and Reduction of Inundation 
The countermeasures to prevent or reduce flood and inundation damages in urban area are 
the following. 

1) As structural countermeasures, it is required to review the discharge capacity of 
rivers in the city and to promote river improvement works if necessary. In the river whose 
basin is urbanized, the runoff discharge tends to be increasing. Once the breaking of river 
embankment or the overflow from river occurs, it would cause very severe inundation 
damages. Generally, the water volume brought by the river embankment breach or the 
overflow from river is much larger than the water brought by the rainfall in the 
flood-prone area. Therefore, it is very significant to examine the runoff discharge through 
the runoff analysis considering the changes of land use and land covering condition, and 
to clarify the present flood carrying capacity of river through the hydraulic analysis. If the 
safety degree against the river flood is not high, it should be improved from the viewpoint 
of the total river basin management.  

As for the drainage plan by sewerage system, it is assumed that the rainfall water can 
be drained through sewerage system into rivers unconditionally. However, when the water 
level of river is high, the drainage ability is much reduced, and in some cases, the drainage 
itself is limited by consideration of the danger of river. Therefore, it is very significant to 
review the net drainage ability of sewerage system and to improve both natural drainage 
and pump drainage abilities. In addition, large and small rainfall water storage facilities 
are considered to be very effective in the developed urban area. 

2) As non-structural countermeasures, it is required to draw the urban flood hazard map 
and let residents know the flood inundation risk and evacuation information in case of 
emergency. In urban area, the communication relation with each resident is not close, and 
new residents tend to be ignorant of the flood risk there. Educational activities for flood 
risk are significant, especially to urban residents, which may lead to flood damage 
prevention or reduction. 

4.2 Countermeasures against Underground Inundation 
The countermeasures to prevent or reduce underground inundation damages are the 
following; 

1) Typical structural countermeasures are setting of flash-board or step at entrance 
(inside buildings, few entrances to underground have steps). By setting flash-board or step, 
water intrusion into underground can be much prevented. Also, for a large scaled 
inundation by river flood or storm surge, it can retard water intrusion into underground. 
As far as the step is concerned, some devices such as mild slope-like shape are required 
from the barrier free aspect. 

In many underground spaces, drainage pumps are set for spring water or little rainwater 
intrusion. But their capacity is so little that they cannot deal with the water intrusion by 
heavy rainfall concentration or by a large scaled inundation from river or the sea. Also, 
pump drainage for a large scaled inundated water in underground space would not be 
realistic as the very large facilities are required and the place for discharging water cannot 
be easily found. 

2) Typical non-structural countermeasures are suitable information transmission system 
and evacuation system. In many cases, people staying in the underground do not know 
what happens on the ground, that is, information is not well transmitted into underground 
space. 
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It is very important to develop the information transmission system that can inform 
people in the underground of the meteorological information, the river information and 
the condition on the ground promptly. Also, in the system, the information should be 
unified by the related agencies concerned and the suitable transmission way should be 
considered not to cause a serious panic. In considering the evacuation system, it should be 
taken into account that many and unspecified persons gather in underground space. 
Therefore, the significant points are to make the evacuation route map and the evacuation 
sign plain and simple, and to prepare the emergent electric power for the case of electric 
power failure. 

Fig. 8  Countermeasures against urban flood

As well as the above countermeasures, the improvement of consciousness of citizens is 
indispensable for flood disaster prevention in underground. In the business district or 
shopping mall including underground space, the regional consciousness of people 
working there is generally low. However, it is important for them to consider at least the 
initial disaster preventive activities through their daily life. It is also important for them to 
recognize what kind of danger exists in underground space. If quick evacuation proceeds 
by the above disaster preventive consciousness, the worst situation would be avoided. The 
countermeasures mentioned here are summarized in Fig.8. 

5. CONCLUDING REMARKS 
If flood inundation occurs in urban area, the damage tends to be larger because of the 
complexity of urban structure and the concentration of people and property. Therefore, the 
urban flood risk should be reviewed and predicted in detail, and if necessary, the suitable 
flood countermeasures comprising structural and non-structural measures should be 
conducted immediately. 
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Abstract: During the last twenty years, the hydrological characteristics of urban catchment have 
had a great change due to the rapid urbanization, while the storm sewers had comparatively less 
improvement. As a result, the risk of flooding is increasing in many places. The catchments in city 
of Beijing are among such typical situations. Meanwhile, in addition to the risk of flooding, the 
crisis of water shortage in Beijing becomes fairly sharp in recent years because of the large water 
consumption during the urban development and limited precipitation in nature. Moreover, the 
ground water has been overused and its quality is deteriorating. Therefore, it is an urgent task to 
study the risk of flooding and its mitigation by taking the use of storm water into consideration.  

The MOUSE runoff and pipe flow models are applied in this study. The models are calibrated by 
an urban catchment, Baiwanzhuang, in Beijing. The conveying ability of storm sewers is verified 
and the risk of flooding is studied with respect to the selected design storms. The flooding volume 
is estimated in order to eliminate the potential damage in combination with the use of storm water. 
On this basis, two flooding mitigation measures, increasing the pervious areas and constructing 
water detention tanks, are examined individually. The simulation indicates that increasing the rate 
of pervious areas can not only reduce the risk of flooding but also compensate the groundwater and 
improve the ecological environment as well. Moreover, when two water storage tanks are 
fabricated at two sensitive nodes in existing sewer networks, the surface flooding of 10-year storm 
can be controlled and in turn, this part of water can be kept for other use. It is, therefore, an 
integrated technique to solve the flooding problems in combination with employing the water 
resources in a sustainable way. 

 
Keywords: MOUSE program, risk of flooding, flooding mitigation, the use of storm water 

 
1. INTRODUCTION 

Beijing, located on the west coast of Pacific ocean and the city centre situated at 39o56’ 
north latitude and 116o30’ east longitude, has mild continental climate, windy and dry in 
spring, hot and wet in summer and mostly the storm season, cold but dry in winter. Its 
annual average precipitation is 595 mm. Due to the impacts of atmospheric, geographic 
and topographic characteristics, the precipitation distributes inconsistently in time and 
space. According to the historical records, the lowest annual precipitation is merely 242 
mm; while the highest is 1406 mm. Spells of dry and wet have an average value of 2-3 
years. The observed longest wet and dry period is 6 and 9 years respectively. Eighty 
percent of the annual precipitation falls during the wet season from June to September. 
Therefore floods can be easily triggered during these periods. However, the water 
shortage problem becomes severe in the dry season due to limited rainfall and large water 
consumption ( PSAWR, 2001).  
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Regarding the risk of flooding, there are two main types of threats: flooding from the 
rivers surrounding or flowing through the city, called river flooding; or urban flooding due 
to the restriction of sewers. This paper will focus on the latter case. In comparison with 
large river flooding, urban flooding happens more frequently and caused a large damage 
(L. Nie & W. Schilling et. al, 2001). According to the outdoor drainage design criterion, 
the storm sewers are designed to transport the flow of 0.5~3 years for general areas and 
roads, 2~5 years for important regions and main traffic ways (GBJ 14-87, 1998). In some 
areas, however, the storm sewers were designed by even lower criterion or there is no 
sewer at all.  

Set sights on reducing the risk of urban flooding, the authors have applied MOUSE 
models to a small urban catchment, Baiwanzhuang, in Beijing, the drainage ability of 
sewers are examined and the mitigation measures studied in combination with the use of 
storm water. 
 
2. CATCHMENT DESSCRIPTION 

Baiwanzhuang, a densely populated small urban catchment, has area of 11.65 ha. The 
average imperious rate increases from about 50% in 1974 to 70% for the current condition 
or even higher. It is a gentle sloping area with average slope of 1.65‰. The area is 
provided by separate sewer system and the total length of the storm sewer is 1582m 
(Fig.1).  
 

 

Fig. 1  Map of Baiwanzhuang catchment 
 
3. THEORETICAL BACKGROUND AND METHODOLOGY 

DHI program is an advanced and comprehensive software package. It provides powerful 
facilities to solve water quantity and quality problems in urban catchments by combing 
several modules in an application. 

Mouse runoff and pipe flow module have been applied in this study. Mouse runoff 
model A is constructed based on the time and area method.  In which, the routing of the 
rainwater is reduced for a value of the initial loss and for the lumped, constant 
hydrological reduction due to the imperfect imperviousness and the evaptranspiration; 
affected by the catchment shape and the concentration time. Where, the total catchment 
surface that contributes to runoff is described by the percentage specified as impervious 
area (DHI, 2000B). 
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Mouse Pipe Flow Model is a computational tool for the simulations of 1-D unsteady 
flows in sewer networks with alternating free surface and pressurised flow conditions. The 
computation is based on an implicit, finite difference numerical solution of Saint Venant 
equations. Both subcritical and supercritical flows are treated by means of the same 
numerical scheme, which adapts according to the local flow conditions.  

Conservation of mass:  
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In dynamic wave approach, the full Saint Venant equation is applied as following: 
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If the pressure increment item, gravity and friction item are taken into account but 
inertia items neglected, the flow regime can be described by diffusive wave 
approximation and the equation becomes: 
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x
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∂
∂  

When only gravity and friction item are considered, the momentum equation is then 
simplified as: 

  0gAIgAI f =

This is so called kinematic wave description, where no backwater can be simulated.  
In addition to above governing equations, a special facility for simulating surface flooding 
is also introduced in Mouse pipe flow module, according to the volume balance of the 
water. Where, if the water level in a node reaches the ground level, an artificial basin 
(Fig.2) is automatically inserted above the node. The surface area of the basin is gradually 
increased from the area at the node to a 1000 times large area. When the outflow from the 
node surmounts the inflow, the water stored in the artificial basin re-enter into the system 
again.  
 
4. MODEL CALIBRATION AND SIMULATIONS 

Modelling Calibration The runoff model A and pipe flow model are verified by the 
rainfall events on 22 July 1974 and measured discharge at node 18, 22 during the same 
period. The surface runoff is the entirely inflow to the pipe networks and the catchment 

Downstream, at node 40, is controlled by a discharge weir, where free outflow is 
available, which means there is no backwater flowing back to the system, consequently 
the kinematic wave approach can be applied in this case. 

The hydrological parameters: reduction factor F, the initial loss io, the No. of T/A curve 
and the concentration time Tc, are decided when the percentage of impervious areas is 
estimated 50% in 1974. The simulation results are displayed in Fig. 3 and 4, in which F is 
equal to 0.95, io 2mm, the rectangular catchment and the surface concentration time of 
5minute, has comparatively a good matches with the observed discharge hydrograph at 
node 18 and 22. 

In Fig.3 and 4, the Simulated_KP50 represents the runoff hydrographs obtained by 
kinematic wave approaximation, it is then verified by dynamic wave approach, displayed 
as Simulated_DP50 , while 50% impervious rate is defined. The difference of the 
simulated and measured hygragraph is possiblly caused by the time constant and 
integrated percentage of  impervous area. In reality, however, the soil roads are fairly 
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solid and the perviousness of grass land has less infiltration rate than the theoretical value. 
So that, the actual percentage of impervious area should be larger than the evaluated value. 
In addition, the sensitivity analyses to verify the impacts of above hydrological parameters 
are performed one by one. It indicates that the influences of the proportion of  impervious 
area is the most significant.  

 
Fig. 2  Surface Flooding Facility (DHI, 200B) 
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Fig. 3  Modelling calibration results at node 18  
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Fig. 4  Modelling calibration results at node 22 

For verification, the simulation is implemented with 70% impervious area and the 
results are displayed as Simulated_DP70 in Fig.3 and 4. Apparently, a much better match 
are obtained at both node 18 and 22.  
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Hence, the hydrological paremeters  used for flooding analyses in current land coverage 
are given in table 1. 

Table 1 
parameter I0(mm) F Pimp(%) T/A 

value 2 0.90 70 1 
 
Synthetic Design Storm According to previous study on the urban storms and their 
distributions in time, the intensity-duration –frequency curve (IDF) is obtained and drawn 
in Fig. 5 (HSB, 1991).  
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Fig. 5  The Intensity-Duration –Frequency Curve 

 
On this basis, the hyetographs of 10-minute interval during 120 minutes of recurrence 

period 2-, 10- and 100-year are formulated, and so for the design storms of 60-minute 
time resolution during 24 hours for the recurrence interval of 2-, 20- and 100- year (HSB, 
1991).  
Surcharge and Flooding Simulations Applying above verified modelling parameters in 
table 1, the simulations are carried out for the synthesized design storms and the results 
summarised in table 2 and 3. 
 

Table 2  Simulation results of design storms during 120min ( T∆ =10min) 

Simulation results Recurrence 
interval (year) Surcharging Flooding 

2 All pipes except the outlet one At nodes 25-27,36, 37 
10 All pipes except the outlet one At nodes except 33-35,39,40 

100 All pipes except the outlet one At nodes except 33-35,39,40 
 
Regarding the risk of flooding, the rainfall of short time resolution is apparently more 

dangerous than longer one. Therefore, the forward study will focus on the type of events, 
10-minute time interval with given recurrence period 2-, 10- and 100-year respectively. 

 
Table 3  Simulation results of design storms during 24h ( T∆ =1h) 

Simulation results Recurrence 
interval (year) Surcharging Flooding 

2 The pipes connect at node 27-31; 36-39 No flooding 
20 All pipes except the outlet one No flooding 

100 All pipes except the outlet one At nodes except 33-
35,39,40 

 
The simulations reveal that flooding will spread throughout almost all places within the 

Baiwanzhuang catchment, as long as the heavier rainfall starts, because of the very flat 
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topography. The lateral sewers, from 25 to 32 and from 36 to 39 (Fig.1), cannot 
accommodate the storm of recurrence interval of 2-year.  In addition, the surface flooding 
happens alone the sewer lines except from node 32 to 35 and from 39 to 40 for 10-year 
storm. Moreover, the flooding water volume at node 18 and 22 regarding to the selected 
frequencies are estimated in table 4. This part of water can be accounted for other 
purposes. 

 
Table 4  Estimated flooding water volume for the design storms of 120min at node 18 and 22 

Water volume (m3) 
18 22 

Recurrence 
interval 
(Year) Flooding Flooding 

2 0 0 
10 7410400 6970015 

100 22831725 21931560 
 
Flooding Mitigation Except the risk of flooding, there has been very severe water 
scarcity in Beijing in dried seasons in recent years. Hence, the flood mitigation must be 
considered incorporating to solve the water shortage problems. 

The possible measures to relieve the risk of sewer flooding in urban areas are as below: 
 Restore the existing sewers according to a higher standard. i.e. use large pipes; 
 Increase the permeability of impervious areas by constructing infiltrated roads and 

parking places; or reduce the proportion of impervious areas by retaining certain 
percent of green lands and vegetation cover; 

 Build up water detention tank(s) in the sewer networks; 
In this study, the effects of reduced impervious areas, 50% and 30%, are examined for 

the design storms, see table 5, 6 and Fig. 6 (a), (b), (c). 
 

Table 5  Simulation results of design storms during 120min (Pimp. =50%) 

Simulation results Recurrence 
interval (year) Surcharging Flooding 

2 The pipes connect at node 25-32,36-39 No flooding 
10 All pipes except the outlet one No flooding 
100 All pipes except the outlet one At nodes except 33-35,39,40 

 
Table 6  Simulation results of design storms during 120min (Pimp. =30%) 

Simulation results Recurrence 
interval (year) Surcharging Flooding 

2 The pipes connect between node 27-32, 36-39 No flooding 
10 The pipes connect between node 25-32, 36-39 No flooding 

100 All pipes except the outlet one No flooding 
 

Comparing table 2, 5, 6 and Fig.6, it is clear that when the percentage of 
imperviousness is reduced to 50%, taking storm hyetograph of 10-year return period as 
example, surface flooding can be avoided; in turn, there will be no pressurized pipe flow 
in most part of the systems, as the proportion of imperious area goes down to 30%. As a 
result, reducing the impervious area, or in other ward, increasing the infiltrated land cover 
is a significant measure for flooding mitigation and environment improvement. 

In addition, the manhole at node 18 and 22 are replaced by two circular detention basins 
of D10m in the existing networks. The new system is checked by the design storms of 10-
year return period (Fig.7). This measure can not only relieve the surcharging or flooding 
problems, but also collect the excess storm water during heavy rain time for later use. It is 
obviously a optimal alternative in economy and has the lest disturbance for citizen’s 
activities.  
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(c) 
Fig. 6  Flooding mitigation by reduced percentage of impervious a

 (Pimp. = (a), 70%; (b), 50%; (c), 30%) 
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Energy line 

(b) 
Fig. 7  Flooding mitigation by two fabricated detention basins at node 18 and 22 (T=10years, Pimp. =70% ( (a) 

without basin; (b) with basins)) 
 

5. RESULT DISCUSSION 

Many lessons are learnt in this study as follows: 
The hydrological parameters, reduction factor F, the initial loss io, the No. of T/A curve 

and the concentration time Tc, are fundamentally decided based on Mouse runoff model A. 
The sewer ability agaist flooding is verified and corresponding mitigation mesures are 
testified, the systems can undertake 2-year storms without additional measure. The 
simulations, however, are based on the assumption of constant infiltration during the 
rainfall period, which cause an increasing accumulative simulation error as the rainfall 
lasts in time.  

The synthetic design storms applied in this study were investigated according to the 
obsearved rainfall time series of 48 years, including the historical flooding event in 1963, 
which thus have higher reliability for frequency analysis.  

It is apparently difficult to restore storm sewers in developed urban areas, due to the 
nuisance caused by construction except financial problems. Therefore, constructing few 
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storage tanks in the existing networks, such as at node 18 and 22 in this study, is 
comparatively an optimal solution in economy and practice, which can not only reduce the 
potential damage of flooding and has the lest disturbance on traffic and other activities, 
the retained water can be used for other purpose. In new developing areas, however, 
designing storm sewer networks by higher standards, constructing infiltrated roads and 
parking places, are more favourable alternatives to minimize the risk of flooding and 
compensate the ground water in the mean time. 

In addition, for heavier storms as return period 100 years, it is difficult to avoid 
completely the flooding problems. In such an emergency situation, the main drainage 
systems, road networks, must be taken into action. So that, estabilishing a surface flooding 
modelling and implementing a dual simulation will be a valuable persued study.  
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Abstract: In order to rebuild old drainage pipelines and alleviate damage from storm overflow, we 
have developed a model for mitagaing urban storm damage.  

Rainfall and runoff data collected over the past 11 years in Baiwanzhuang, Beijing, China have 
been compiled into the database. The database was set up to record data from urban drainage 
systems to produce models that can predict areas of excessive water backup as well as the location 
of overflows. Simulated overland flows in urban areas ( A ≤ 105 m2 ) using the instantaneous unit 
hydrograph method (IUHM) produced results very close to actual measured data.  

The benefits are that rebuilding storm sewer systems and/or the combining sewer systems can be 
based on drainage pipelines that have been pre-tested through computer simulations. The current 
model was used in the Shenyang (Provincial capital of Liaoning) drainage works with good results. 

Keywords: urban drainage pipelines, simulations model, unsteady flow, lightening waterlogged 
disaster 

1. INTRODUCTION 

In order to prevent sewage overflow disasters in urban areas, urban drainage systems 
(UDSs) are constructed to carry surface runoff of rainfall or snowmelt. Storm sewer 
systems (SSSs) are designed to carry storm water to rivers in separate sewer systems, and 
combined sewer systems (CSSs) are designed to carry sanitary sewage and storm water in 
a single pipe to a treatment facility. The majority of urban storm water drainage systems 
(USWDSs) were the CSSs prior to the 1970s in China. The design return interval of the 
flood flow was 1a or less than 1a. The UDSs are the separate sewer systems in newly 
constructed cities or districts after rebuilding in which the design return interval of the 
flood flow is 1a~5a. As a result of the low design standards used in flood flow design and 
the bad management of UDSs, overflow events often occur on the streets in low lying 
areas during the wet season. These overflow events interfere with the activities of city 
residents. The most serious interferences are the overflow of CSSs onto main roads and 
thoroughfares. The combination of sanitary sewage and industrial wastewater on 
roadways represents a serious environmental pollution event.  

In general, many sewer pipelines of the old cities in China have low drainage capacity. 
This problem is compounded by the fact that engineering techniques and records and 
drawings have been lost or destroyed. This makes rebuilding outdated drainage networks 
difficult and complicated. In order to rebuild old drainage pipelines and reduce the amount 
of damaged done during serious storm events in old cities, our model can be used for 
simulating and forecasting overflow areas and water depth in urban areas under storm 
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conditions. Incorporating simulated results, the best possible design for rebuilding these 
networks can be provided. 

 
2. MODEL SYSTEMS 

The model for mitigating urban storm overflow disasters involves six components. These 
components are the main program, the database of UDSs, the abstracts and losses 
calculation, the sewer intake, the drainage network routing and the calculation of overflow 
area and depth. 

2.1 Main Program 
The main program of the model is written in VISUAL BASIC. It can be run on 
WINDOWS OS systems and is integrated into the other 5 components from the main 
menu. The program components consist of the Management, Database, Data, Overland 
Flow, Design, Simulation and Tools.  

2.2 Database 
The data used in the model comes from several sources: the manhole ground elevation, 
the slope of the road, the number and size of the inlets connected through the manhole, the 
diameter of the section, the length of the section, the inversion of the sewer at the upper 
and the lower ends, the contributing area, runoff loss data, pump station data and 
waterlogged lowland area data.  

The data is based on a general investigation of urban drainage systems. The database 
for the drainage systems has been input daily by the technology record management team 
and was set up using FOXPRO. Connected to the main program, the model accesses data 
from the database to be used as input. 

2.3 Abstracts and Losses 
The excess rainfall component of the data consists of the rainfall data, the calculation 
abstraction and the calculation of excess rainfall. 

Input rainfall data is based on the hyetograph or the Chicago Storm Design. The model 
does not assume uniform rainfall intensity. The calculated time interval (∆t) is based on 
the simulated calculation accuracy. The shortest ∆t in the model is 1 minute. 

The model is allows the user to select the abstract calculation method. The options are 
the weighted average runoff coefficient (WARC), varied runoff coefficient (VRC), Initial 
Losses and Uniform Infiltration (ILUI), and Horton’s equation. 
(1) WARC 
It is within the design specifications of UDSs to use WARC in calculating flood flows in 
both catchments basins or urban areas in China. The runoff coefficients of relevant earth’s 
surfaces are provided in the design specifications. If the user of the model has not the 
measured data of abstract and losses then the WARC can be used. 
(2) VRC 
The relationship between rainfall and runoff can be shown with the VRC in macroscopic 
view. During the runoff period, the heavier the rainfall is, the bigger the flood flow will be. 
The runoff coefficient is then a function of the precipitation intensity, ψ = f(I). Based on 
the observed data of rainfall and runoff in Baiwanzhuang, in Beijing, China, the statistical 
relationship of the runoff coefficient and the precipitation intensity is shown by 

baI−=1ψ                                    (1) 

where ψ is the VRC; I is the precipitation intensity; a and b are the statistical parameters 
shown below: 
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Table 1  Regressive Analysis Results 

Surface  a b Remarks 
Pavement 0.0866 0.1903  
Bare 0.3479 0.1255 Path and square 
Lawn 0.6577 0.3032  
Observed catchment basin 0.3388 0.2596  

 
(3) ILUI 
The ILUI method is a simplified method by which the abstractions and the losses of 
rainfall runoff are divided into two parts; initial losses and uniform infiltration. Due to the 
extreme variability of depressions and paucity effecting measurements, no generalized 
relationship applicable in all cases is feasible. The initial depression storage is generally 
1~5mm and the average uniform infiltration is equal to fc which is suggested in the model. 
(4) Horton’s equation 
The infiltration process can be determined by Horton’s equation  

  f = fc +( fc - f0)e-kt                                (2) 

where 
f = the infiltration capacity at a point in time t, mm/min; 
fc= a final or equilibrium capacity, mm/min; 
f0 = the initial infiltration capacity, mm/min; 
k = a constant representing the rate of decrease in f capacity; 
t = time ,min. 
Based on the data observed in urban areas, Horton’s equation parameters are shown 

below. 

Table 2  The parameters of Horton’s equation 

Surface Precipitation fc f0 K N R* Remarks 
2.4 0.05 0.9732 0.0930 11 -0.80  Old asphalt road 0.4 0.05 0.2885 0.0969 9 -0.86  

Brick road 2.58 0 1.2688 0.0625 17 -0.92  
1.25 0 0.68 0.0716 19 -0.74  Bare 1.30 0 0.27 0.0349 15 -0.77 Fine particles 

* The R is the relativity coefficient. 
 

According to the selected hyetograph and the abstraction method, the excess rainfall 
hyetograph can be calculated. The excess rainfall intensity is assumed as zero when the 
loss is bigger than the rainfall intensity. 

2.4 Sewer Inflow 
The sewer inflow calculation component consists of an overland flow hydrograph 
calculation and the inlets inflow calculation. 

Based on the measured rainfall and runoff data spanning 11 years in Baiwanzhuang, 
Beijing, the results of simulated overland flow in urban areas ( A ≤ 105 m2 ) with the 
instantaneous unit hydrograph method (IUHM) is closed to the measured data. The IUHM 
and the isochronal method can be used for simulating overland flow in this model. The 
IUHM coefficients N and K can be evaluated according to the measured data in the 
simulated areas. The suggested coefficients are N=0.7~1.0 and K=7.0~15.0 (min) in the 
model. 

The inflow rate of the inlet is affected by the type and the size of the inlets, the 
overland flow rate, the slope of roads and the cleaning condition of the streets as well as 
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other variable factors. The relationship between the inlet inflow Q and the overland flow 
Q0 can be attained through the use of a typical inlet in China. 

When the flow depth and the inlet inflow rate of the gutter is calculated by the 
following: 
Curb inlets:  

2/3
0887.0 LhQ =                                (3) 

Gutter inlets:  

2/32/32/1 )0(887.0)
2

0(900.0 hhLhhBCSQ ∆−+
∆

−=     (4) 

where L is the inlets length; h0 is the uniform flow depth at the curb; B is the inlet width; 
C= 1/nR1/6, n is Manning’s roughness coefficient, R is the hydraulic radius; S is the 
longitudinal slope of the gutters; ∆h is the difference of the elevations. 

The overflow rate of the overland flow can be calculated using equation (5) or (6): 

             0
0

)1( Q
Q
QQover −=                            (5)  

or      
      QQQover −= 0                             (6)   

2.5 Drainage Network Routing 
The nonlinear kinematic wave approximation is adopted to simulate drainage pipeline 
collecting courses in the model. The kinematic wave equations are: 

            0=
∂
∂
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∂
∂
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Q

t
A                         (7) 

and  
        00 =− fSS                          (8) 

where Sf is the friction slope, it can be estimated by using Manning’s formula:  

            2/13/21
fSAR

n
Q =                              (9) 

x is the distance along the sewer; A is the flow across the sectional normal area to x; S0 is 
the sewer slope; Q is the discharge and t is time. 

Flow depth h is used as the parameter, so equation (7) can be rewritten as  
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A                            (10) 

Noting that:  
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So 
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For partially full sewers, the four-point, non-central, implicit, finite-difference 
numerical scheme can be used for solving equations (14) and (9). Then equation (13) can 
be rewritten as: 

, 1 1, 1 , 1 1, 1 , 1, , 1 1, 1 1, 1 , 1( )( ) ( )( )
0

2
i j i j i j i j i j i j i j i j i j i jB B h h h h G G h h

t x
+ + + + + + + + + + + + ++ + − − + −

+ =
∆ ∆

  (14)  

Equation (14) can be solved using Newton’s iteration method. 
For overload conditions, the flow in the drainage system can be simulated by equation 

(9), in which Sf is the hydraulic slope, or by diffusion wave equations. 

2.6 Waterlogged Areas And Water Depth Calculation 
This component consists of the gutter flow routing and waterlogged area calculation. 
Gutters can be considered as open channels with triangular sections. The model can 
calculate the velocity of gutter flow and time to the next inlet by using Manning’s formula. 
The hydrograph time lag method is used for combining the overland flow hydrograph and 
the gutter hydrograph. Where the street slopes, inlet sides are both opposite with the inlet 
is a convergence. When the combined flow is bigger than the inlet inflow capacity, the 
inlet is considered waterlogged. The model can simulate the range and the water depth of 
waterlogged areas by keeping the balance of the lowland volume and the detention water 
volume. When the water depth on the street is more than 20 cm, the model will give an 
alarm to the user.   

3. CALIBRATION OF THE MODEL 

3.1 Baiwanzhuang Rainfall And Runoff Test Areas 
Baiwanzhuang is located in western of Beijing, China. Rainfall and runoff test areas 
began being conducted in 1963, and were performed by engineers who continued to 
observe and record rainfall and runoff processes for 11 years. The test area was 11.35 ha 
and the average imperious rate was 50% with an average slope of area being 0.15%. There 
are 2 flow measurement wears and 13 water depth measurement manholes in the test areas. 
One of the wear controls was 2.7 ha and the other was 11.35 ha. The results of simulated 
rainfall events on 29, August, 1965 are shown below. 
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Fig. 1  Simulated Results of Rainfall Events on 29 August 1965(2.7 ha) 
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There is a slight difference between the time of the simulated maximum water depth 
and the time of the measured maximum water depth. The absolute error of the maximum 
depth is 5 mm and the relative error is 1%. The absolute error of the maximum flow is 8 
L/s and the relative error is 1.6%. 

The simulated results of the 11.36 ha drainage areas and the initial manholes catchment 
basins also correspond very closely. 

3.2 Zhulin Drainage Areas 
The Zhulin drainage areas are located in the eastern part of Shenyang, China. The design 
drainage area is 6.72 km2 and the observed drainage area is 6.26 km2. The average slope 
of the drainage area is 0.2% and the runoff coefficient is 0.42. The effluent of the storm 
sewer system is a pump station where there are 174 drainage pipes (D>500mm) with a 
total length is 7389m. The total precipitation was 154 mm from 20~21 in August of 1997. 
The time calculation is Δt = 5 min and the overland flow time is 15 min. The coefficients 
of IUHM are N=1 and K=15. The water depths and the flows of inflows and outflows of 
174 pipes are simulated. The simulated results and the observed outflows are shown in 
Fig.2. The simulated results also closely match the rainfall and the observed effluent 
flows. 

Fig. 2  Simulated results of the rainfall events on 22~21 August 1997(6.72 km2) 

4. APPLICATIONS OF MODEL 

Shenyang is an old industrial city in northeast China with drainage pipes dating back 60 
years. Waterlogged areas in the urban district are problematic in more than 30 individual 
locations. After heavy rains, flooded streets may have over 40 cm of standing water. 
These urban floods impact both normal street traffic and the lives of city residents 
seriously causing huge losses in property damage and regular economic activity. After 
partial drainage systems in Shenyang were simulated using this model, a design for 
rebuilding sewerage networks was proposed and accepted by the municipal government. 
The government paid 4 million yuan to rebuild the sewer network last year and 
waterlogged trouble areas like the notorious Wenyi Road have been resolved and flood 
events have been dramatically reduced. The Shenyang government has already committed 
to using this system in the future as its benefits for the environment, the people, and the 
economy have been proven. 
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5. CONCLUSIONS 

The best design can be provided for rebuilding storm sewer networks and combined sewer 
networks by using the urban drainage unsteady flow simulation model. By simulating the 
range and depth of the waterlogged areas in urban districts under overload conditions, 
systems that can handle these events better can be designed and built. 
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Abstract: It is the trend of modern flood-control and disaster reducing strategy that modernized 
management means and scientific efficient, non-structural anti-disaster methods are used to reduce 
as much as possible the economic loss and extent of damage led by the disasters. Flood control and 
disaster reduction decision-support system is one of important non-structural measures. In this paper, 
according to the features of urban flood control and disaster reduction decision, the expert system 
and artificial neural network are used in flood control decision-support system, which is built on 
GIS platform, and the integrated structure and major function of the system are designed which are 
based on GIS. The establishment of this system makes the best use of spatial data analysis and 
handling capacity of GIS, realizes visualization management of information, and provides quick and 
intuitionist dynamic information support for flood control decision-making. 

 

Keywords: Urban flood control and disaster reduction, Artificial intelligence, GIS, 
Decision-support system 

1. INTRODUCTION  

Due to the effect of monsoon climate and topography, our country is multi-storm, and the 
70-80 percent annual rainfall volume is gained from July to September in the mass of 
district, even several storms put together some place. High-intensity storm forms 
especially heavy flood that causes serious loss of people life and belongings. The 
populous city, as the center of industry, commerce, science and technology, and culture, is 
very important in national economy. Nevertheless, because of the city special geographic 
location of riverside and lakeside, many cities are often attacked by rainstorm and flood 
that bring serious damage to urban economic development and people life and belongings. 
After our country built up, the undertaking of flood control and disaster reduction has 
made great progress, and has been having active effect. But with reform and open, the 
urbanization proceeding increasingly quicken, city scale unceasingly expand, 
modernization level considerably enhance, ratio of city economic produce total value to 
national produce total value is more and more big, the previous facilities and measure of 
flood-control can’t adapt to the requirement of city development, flood has been frequent 
so flood-control is still significant. Especially in 1998 the whole Yangtze River basin 
occurred another cataclysm like in 1954 and there was the over-record flood in the Nen 
River, whose direct loss exceeded 250 billions Yuan. The ability of urban flood control 
and disaster reduction in our country was examined through the series of flood. 
Meanwhile the inadequacy about theory of urban flood control and disaster reduction was 
revealed. The various kinds of non-structural flood-control measures should be set up and 
perfected on the basis of modern science and technology in addition to establish rather 



perfect flood-control process system through adopting a series of flood-control structural 
measure. It is one of very important non-structural flood-control measure to perfect 
decision support system of urban flood-control and disaster-reduction through 
comprehensively applying compute technology, science of management and 
decision-making. In this paper, according to the features of urban flood control and 
disaster reduction decision, the integrated structure of the system are designed which are 
based on GIS, and the trait and function of subsystem are analyzed. The establishment of 
this system makes the best use of spatial data analysis and handling capacity of GIS, 
realizes visualization management of information, and provides quick and intuitionist 
dynamic information support for flood control decision-making. 

2. A BRIEF REVIEW OF DSS AND GIS IN CFCDR (CITY FLOOD CONTROL 
AND DISASTER REDUCTION) 

DSS, put forward by Scott.Morton in the U.S. and developed quickly in the early 1970s’, 
is a information treatment system. For semi-structurized decision-making, it supports and 
improves the decision-maker’s ability and efficiency with computer technology, artificial 
intelligence technology and information technology based on management science, 
operational research, cybernetics and behavior science. Henceforth, the system is widely 
applied to every field, especially to semi-structurized and non-structurized field. As an 
important non-engineering way, DSS in CFCDR is very popular in the world in recent 
years and develops quickly. Successful application of DSS to water resource 
programming, designing and management has been achieved, and some developed 
countries are competing in research and development of CFCDR. But at present they are 
busy with exploring some critical technology in system development and experimental 
development of small and middle river. Applications of DSS to big and complicated rivers 
are still not accessible. 

Applications of DSS to CFCDR in our country begin in the late 1980s’. Some 
achievements are obtained in the important “Eight Five” scientific and technical 
project----DSS research in FCDR for the Changjiang River, Yellow River and Huai River, 
and helpful exploration on DSS in FCDR is conducted, which forms the antitype of these 
systems. Now the following work----entity establishment, specific measure adoption and 
DSS in intelligent CFCDR, is being developed in succession. 

GIS, a new space information technology combined by geographical space data and 
computer technology, is a crossed subject between geosciences and information science 
and it grows up very fast recently and is applied to many fields for its unique function of 
space analysis. It also shows a great potential in the treatment of large numbers of data 
and graphics information for CFCDR. Some achievements are obtained now, but all of 
them just involve one part of FCDR, and only the visible result is achieved. Few studies 
on dynamic 3-D visible research of FCDR are available. 

3. GENERAL STRUCTURE DESIGN BASED ON GIS OF CFCDR AND ITS 
FUNCTIONS 

3.1 Decision-Making of CFCDR and Its Characters 
Decision-making of CFPDA is carried out to avoid and reduce the loss of flood, and it has 
the following characters: (1) Complexity: flood protection system includes reservoir, 
flood division and storage, dike, river way and lake, and the information collection and 
transference of weather, project and disaster are involved in decision-making. The 
affection and limitation of these factors makes up the complexity. (2) Dynamic: Factors 
affecting Decision-making of FCDR such as raining information in drainage area varies as 

 1389



time goes. It changes to fit the real time dynamic raining information. So forward-moving 
flood forecast and decision-making adjustment should be used. (3) Uncertainty: uncertain 
factors are included in Decision-making of FCDR, and we cannot know the whole raining 
information and flood progress in advance. Therefore, raining and flood forecast must be 
conducted in real time decision-making with limited information, and the decision should 
be made under inaccurate forecast. In addition, the clash of rivers affects the relationship 
between water level and flow rate for river section. Flood evolvement and storage are all 
uncertain. These uncertain factors enhance the difficulty of Decision-making of FCDR 
and bring the risk of decision-making. (4) Urgency: time and efficiency requirement are 
involved in Decision-making of FCDR. For example, for Decision-making system of 
FCDR, decisions on flood division in flood storage areas are made on the basis of flood 
forecast, and people should withdraw safely from these areas in advance. But the 
scheduled time of flood forecast is short, and the time used to make decision and to give 
out orders cannot be included. Therefore, the time of decision-making before flood 
division is always very urgent. (5) A lot of information query are required for each link of 
decision-making. (6) The Decision-making of FCDR is very important. Once the decision 
is made, a series of objective events will happen, and it will increase or decrease the loss 
of flood, then directly affect the life and property security of local people and social 
economic development. 

3.2 Analysis of System Decision-Making Progress 
Decision-making of FCDR is a very complicated progress, which involves advance 
decision-making, risk decision-making and colony decision-making. Firstly, we need to 
accurately supervise and collect the information of raining, project and disaster in time, 
and predict its development trend. As long as a flood is possible, forecast needs to be 
made, and schedules should be set on the basis of flood control and dispatching rules. 
Then decision of flood control is made, order of flood control dispatching and salvage 
direct made.  In addition, we have to supervise the execution and effect of the order, and 
make a further decision according to the development of raining, project and disaster. 
During the analysis of decision-making, useful and effective models and methods are used 
to solve certain problems, and semi-structurized and non-structurized questions are also 
worked out based on agreement, rules and expert’s experience. Because of the outburst 
and non-repetition of flood and the complicated social political economy, each possible 
measure for emergency should be made rapidly, neatly and intelligently, so that the risk 
may be reduced with historical experience, and satisfied schemes may be picked out and 
be carried out to decrease the loss of flood with the project safe, meanwhile, the efficiency 
is improved. The flow chart of decision-making is shown in Fig. 1: 

3.3 The Design And Function Of The System Collective Frame 
Aiming at the feature of decision-making, such as urgent decision-making time, the 
imperfection and uncertainty of information, expert system and artificial neural network 
are applied into flood control and disaster reduction DSS to set up intelligent DSS that can 
help decision-maker complete the decision-making of semi-structurization and 
non-structurization, which possess stronger flexibility. But it intuitionisticly, accurately 
describe neither the geographic information such as the position and the space distribution 
of the object, nor natural and social environmental information of the object, the whole 
process of decision-making, however, completely depend on geographic information. So 
it is fully necessary to combine GIS with IDSS, the general framework of the system is 
presented at Fig. 2. 
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It is presented in Fig. 2 that the system consists of six subsystems, and it has several 
functions as follows:  

(1) Under the bearing of the spatial and attribute data-base, the decision-maker can 
conveniently and comprehensively inquire the required information of flood control and 
disaster reduction decision-making, such as real-time message, history data, forecast result, 
flood-control project information, social and economical situation; 

(2) Quickly deal with monitoring data, forecast flood according to relevant model, and 
determine the submerged area and depth of flood on the basis of the possible highest 
water level; 

(3) Provide suggestion and pre-scheme ground on expert knowledge and experience; 
(4) When flood occurs, it will rapidly present the flood area, decision-maker can 

inquire various social and economical information of submerged area, such as population, 
possession, building, industry, agriculture, flood-control project, combine the situation of 
the disaster to obtain the correct evaluation of flood according to model which set up on 
the basis of submerged –time; 
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Fig. 2  Integrated structure of urban intelligent flood-control decision support system based on GIS 

(5)Use the dynamic demonstration model to imitate the occurrence and gradual 
progress of flood, and the effect of decision-making; 

(6)Assist the decision-maker to formulate, evaluate and choose the optimum scheme. 

4. SYSTEM ANALYSIS 

4.1 Data-Base and Its Management Subsystem 
Data-base is composed of city status, social economy, flood-control project, flood, 
geography, emergency which include the quickly required information of decision-making. 
Management subsystem is in charge of management, storage and maintenance of all 
data-bases. 

4.2 Visual Information Inquiry Subsystem 
It includes inquiry of natural background, society and economy, real-time information, 
historical information, forecast information, concerned knowledge of flood-control and 
disaster-reduction. The system employs strong space analyses and inquiry capability of 
GIS, makes dynamic inquiry, retrieve, and statistics-analysis of single factor or 
multi-factor from stored information, whose result can be expressed with chart, table and 
map window to realize the visual inquiry and management for relevant information about 
optional position or district in geomorphologic map of studied area. 

4.3 Model Base and Its Management Subsystem 
Model base is composed of flood forecast model, hydrologic conflux model, evaluating 
model of flood economic loss, decision-making model of flood control and disaster 
reduction, one dimension and two-dimension hydraulics calculation model, flood dynamic 
demonstration model and so on. Model base management subsystem mainly manages 
above each model. 

4.4 Graphic Base and Geographic Information Subsystem 
Graphic base is composed of relief map, water system map, district map, water project 
distribution map, dangerous project and plat distribution map, population distribution map, 
water course grade map and so on. Geographic information subsystem is used to store, 
express, analysis much space distribution information, such as various geography, flood 
project, population, economy, which are required in decision-making of flood control and 
disaster reduction. The analyses results are visually and surely presented through graph, 
letter, and digit. 
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4.5 Knowledge Base and Its Management Subsystem 
Knowledge base is composed of flood-control policy and laws, flood-control planning 
scheme, flood-control expert experience, expert knowledge about flood-control and so on. 
Knowledge base management subsystem is mainly used to offer decision-maker various 
pre-schemes to provide assistant decision for decision-making department by applying 
information of knowledge base and after rationality analysis of inference engine.  

4.6 Dynamic Demonstration Subsystem of Flood Gradual Progress in Water Course 
and Flood Basin  

The subsystem includes dynamic demonstration of flood gradual progress of water course, 
and dynamic demonstration of flood gradual progress, submerged area, and submerged 
depth in flood basin. Aiming at different schemes, The subsystem can dynamically 
demonstrate the submerging process of flood in three-dimension relief map of urban 
flood-control, meanwhile, the decision-maker inquire all time various information of 
current flood gradual progress in every flood area, such as submerged area, flooded 
population, enterprise and so on, which offers visual information aid for decision-making 
of flood control and disaster reduction. 

5. TECHNOLOGY REALIZATION OF THE SYSTEM  

5.1 Usage of Multi-Window Model to Design Mcii (Man-Computer Interactive 
Interface) 

Realization of MCII with the usage of multi-window models such as cascading and 
stacking models may overcome the precious limitations caused by fixed and stiff menu 
selection model; it used to be difficult to understand as the administrative levels increase. 
Thereby, the user may organize relational information in his favorite way, and the system 
will provide a friendly user interface. 

5.2 Usage of Multi-Media Technology to Deal with Information 
The past information system is single media, namely letters, data and figures are treated 
with respectively in each independent system. But for objects in the real world, they have 
multi-characters, and sometimes we cannot use a single media to describe it. So for the 
design of this system, letters, data and figures are combined together to build an advanced 
DSS in CFPDA. 

5.3 Usage of DKMT (Decision-Making Knowledge—Method-Base Technology)  
DKMT is a general name of each part, which is used to control the progress and strategy 
of decision-making and to harmonize the operation of its other parts with the usage of 
IDSS. DKMT means the usage of knowledge to deal with decision-making progress, it 
can identify existent problems, analyze the goal and environment of decision-making and 
control model management subsystem and data management subsystem under the 
harmony with man-computer ports. 

6. CONCLUSIONS  

Flood is an outburst affair so the decision-making in flood control and disaster reduction 
is an emergency on the basis of fully preparing and a complicated system project. In order 
to improver the capability of urban flood-control and reduce the loss, in this paper, 
decision support system of flood control and disaster reduction founded on GIS is put 
forward, and the integrated structure and major function of the system are designed The 
establishment of this system not only provides visualization information-expression for 
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the decision-making in flood control and disaster reduction but also offers decision-maker 
high-efficient, handy support and assist for making decision of flood-control and 
disaster-reduction which aim to outburst disaster. 
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Abstract: The decision in flood control and disaster reduction will affect the evaluation of flood 
damage directly. How to apply the natural, economic and social information, through anticipatory 
analysis, to ensure the minimum damage after practicing certain optimum scheme is a core problem 
in the flood control and disaster reduction decision-making. In this paper, the factors affecting this 
decision-making are analyzed, the fuzzy optimum selection and neural network are applied in 
schemes optimization of urban flood-control and disaster reduction, and the model of optimum 
schemes is established, whose validity is tested through example. 

 

 
Keywords: flood-control and disaster reduction, alternative optimum, artificial neural network, 

fuzzy optimum selection, subordinate degree to optimization 

1. INTRODUCTION 

Flood, as a major natural disaster in the world, arouse people’s attention gradually. Its 
control and disaster reduction has become a common concerned problem in many 
countries with high frequency and wide range flood disaster. China is no exception. With 
development of economy, the loss of flood increases once it is occurred. The city, as the 
center of industry, commerce, science and technology, and culture, plays important role in 
national economy. Nevertheless, many cities are often attacked by rainstorm and flood for 
their special geographic location, along riverside or lakeside. The disadvantages brought 
by flood directly threaten the survival and development of human beings. Hence, how to 
evaluate and optimize the practicable schemes of the flood control and disaster reduction 
comprehensively is very important to reduce the loss of flood based on forecasting and 
counting the damage of flood. 

The decision-making in flood control and disaster reduction is to select which scheme 
can be adopted based on the forecast of future flood risk and disaster. As the research 
target during flood control and disaster reduction is a complex system composed by 
human-nature-society, how to apply the natural, economic and social information through 
anticipatory analysis, and how to ensure the minimum damage after practicing certain 
optimum scheme is a core problem in the flood control and disaster reduction 
decision-making. The flood control and disaster reduction decision-making is 
multi-objectives decision. It is to select the satisfied scheme from schemes sorting after 
collecting limited schemes and comparing synthetically. Commonly, the characteristic 
quantity of each object should be transformed into the membership grade because of the 
non-commensurability and conflagration among objects. Then, the accurate value weights 
of object are given. However, the decision-maker can’t describe quantitative relationship 



between each weight exactly due to the complexity of multi-objectives decision. 
Therefore, in this paper, the fuzzy optimum selection and neural network are discussed 
applying in schemes optimization of urban flood-control and disaster reduction, and the 
model of optimum schemes is established at the same time through a example to test its 
validity after analyzing factors affecting this decision-making. 

 
2. MULTI-OBJECTIVE OPTIMAL MODEL 

The model consists of forward decision of fuzzy optimal selection and decision feedback 
of scheme optimization. 

2.1 Forward Decision Model of Fuzzy Optimum Selection 
A 3-layer fuzzy optimum selection system is selected for convenience of discussion. The 
model consists of a input layer, a hidden layer and an output layer. There are m input 
nodes in input layer with m objectives feature value. According to multi-objective and 
multilayered structure of fuzzy optimum selection decision system, the forward decision 
model of fuzzy optimum selection is as follows: 

(1) The nodes of input layer: The number of input layer nodes is decided by the 
objective number m. Suppose there are n schemes. Adopt rij (the relative subordinate 
degree to optimization of i index in the system) as the input value of input node to scheme 
j. At the point i, the information is directly transmitted to the hidden layer node. So, the 
output value of node equals to its input value, that is  
                               uij=rij                                     (1) 

(2) The nodes of hidden layer: the hidden layer and the number of hidden nodes 
correspond to the second layer of fuzzy optimum selection decision system. The input 
value of hidden layer node k is  

                                               (2) 
1

m

kj ik ij
i

rω
=

Ι = ∑
where ωik is connective weight between input node i and hidden node k. The output value 
is  

                      2

1

11 1
kj

kj

=u
 

+ − 
Ι  

                （3） 

(3) The nodes of output layer: the output layer nodes correspond to the third layer of 
the system, and its output information reflects the subordinate degree to optimization of 
comprehensive evaluating index to a certain scheme. So there is only an output node p, its 
input value is 

1

l

pj kp
k

uω
=

Ι = ∑ kj                          （4） 

where l is the number of imply node, ωkp is connective weight between imply node k and 
output node p, its output value is: 

                2

1

11 1
pj

pj

=
 

+ − 
Ι  

u                        （5） 
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Apparently, the output value upj is response of fuzzy optimum selection network to the 
input value rij, suppose the anticipant output value of scheme j is u0

pj, its square error is  
             Ej=1/2(upj-u0

pj)2                            (6 ) 

2.2 The Model for Adjusting the Weights during Fuzzy Optimal Neural Network 
Decision Feedback 

During multi-object decision, the decision maker cannot describe the relationship of each 
target and its definite quantitative equation of weights accurately. The artificial neural 
network is emerging as a powerful tool for modeling. The back-propagation learning rule 
is the most popular one that has been used to train nonlinear, multi-layer networks to 
perform function approximation and pattern classification. Its learning rule can be used to 
adjust the weights and biases of networks in order to minimize the sum-squared error of 
the network. Its model is: 

The target function of weights training in fuzzy optimal neural network is expressed as: 

min{E=1/n          (7) 0 2

1 1
1/ 2 ( ) }

n n

pjj pj
j j

E n u u
= =

= −∑ ∑
The weights connection adjusting formula between neuron k of the hidden layer and 

the neuron p in the output layer can be given by: 

              j
j kp pj kj

kp

E
uω η ηδ

ω
∂

∆ = − =
∂

                   (8) 

where: η  is learning efficiency, 2 0
3

1
2 (pj

pj pjpj pj
pj

u uδ
− Ι

= −
Ι

)u  

             
1

n

kp j kp
j

ω ω
=

∆ = ∆∑                       (9) 

The formula for adjusting the weights connection between neuron I in the input layer 
and neuron k in the hidden layer can be given by: 

     j
j ik kj ij

ik

E
rω η ηδ

ω
∂

∆ = − =
∂

                      (10) 

where, 2
3

1
2 kj

kjkj pj kp
kj

I
u

I
δ δ ω

− 
=  

 
 

1

n

ik j ik
j

ω
=

∆ = ∆∑                         （11） 

3. THE URBAN FLOOD CONTROL AND DISASTER REDUCTION DECISION 
MAKING OPTIMUM MODEL  

3.1 The Evaluation Index System of Optimal Decision Model Of Flood Control 
Scheme 

The evaluation index system of optimal decision model of flood control scheme should 
meet requirement as follows: reflecting disaster conditions in full scale, determining the 
target of disaster reduction, and optimizing the measure of flood-control. Because the 
decision of optimal flood-control scheme is co-effected by all kinds of natural 
environment and social economy, there has not been a unitary evaluation index system of  
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Fig. 1  Evaluation index system of flood control schemes   

 



flood control scheme at present. According to condition of our country, the below 
evaluation index system of flood control is adopted (Fig.1). In this system, there are not 
only quantificational index, such as flood area, population who suffer flood, time to carry 
out flood-control decision, flood damage, expenditure of controlling flood and rushing to 
rescue, and time to recover loss, but also non-quantificational index, for example the 
influence of environment and politico-social of flood. 

3.2 The Optimal Decision Model of City Flood Control And Damage Reduction 
Applying fuzzy optimal neural network mentioned above can evaluate and analysis the 
different flood control and disaster reduction schemes synthetically, that is the alternative 
optimum analysis. Converse the flood control and disaster reduction scheme evaluate 
system into fuzzy optimal neural network established in this study and draw the chart as 
fig.2. From this figure, the model consists of some layers that are input layer, three hidden 
layers and output layer.  

----

----r6121r6122r6221r6222r6223r6224r6225

r11r12r13r21r22r23r24

r611r621

r3r4
r5r7r8

r626r625r624

r623

u

input  layer

out put  layer

first  hidden layer

second hidden layer

t hird hidden layer

evaluat ion index node

evaluat ion subgoal  node

 

 Fig. 2  Fuzzy optimum selection model based on BP neural network of urban flood control  
and disaster reduction 

The steps during urban flood control and disaster reduction by using this model are: 
(1) Initial connection weight of each evaluating index is decided by adopting basic unit 

factors’ weights. 
(2) Relative grade of membership value of each index is decided according to attribute 

value and the subordinate function of evaluating index. To the nodes whose index value 
can be quantified, its subordinate function of attribute value is decided by consulting flood 
control experts. Then, according to subordinate function, rij can be decided. Because the 
type of each evaluating index is cost (the smaller the index value is, the better the result is), 
the evaluating index system of flood control schemes, so rij is decided according to the 
following equation. 

 
max

1 ij
ij

i

x
r

x
= −                          (12) 

where rij is relative subordinate degree to optimization for input nodes i of scheme j, xij is 
attribute value for input nodes i of scheme j, ximax is the maximum value for input nodes i 
which is decided by flood control experts. To the nodes which index value can’t be 
quantified, its subordinate degree of evaluating grade is decided by consulting flood 
control experts. 

 1399



(3) Input subordinate degree value and initial weight. Then, calculate from input layer 
to output layer according to positive decision model of fuzzy optimum selection. Finally, 
output the subordinate degree to optimization uj of each scheme. 

(4) Analyzing the result comprehensively by flood control experts’ repository. If the 
result is reasonable, the decision is made and the results output. Or else target output 
vector u0

j of network system will be decided. 
(5) Astringency discrimination. If ( )

2
0

1

1
2

n

pjp j
j

u u
n

ε
=

− ≤∑  (εis training precision), the 

training is ended and the adjusting parameters(weight vector) of network are obtained by 
memory. Then store rij and the subordinate degree to the optimum of each scheme into the 
flood control experts repository, which makes the network have self-studying function, or 
else converse to the next step. 

(6) Adjust the weights according to the weight-adjusting model of decision feedback. 
(7) If ( )ik tω , ( )kp tω  is negative, plus a positive number for each weight of its group 

(the positive value should be little more than the negative which absolute value is 
maximal in its group), and normalize the disposed weights of each group, then the sign is 
the same. The purpose of this step makes ( )ik tω ， ( )kp tω  based on the definition of 
weight and specific physical meaning. 

(8) Replace t by t+1 and return to the third step. 
 
4. EXAMPLE 

By choosing five feasible schemes designed for Tianjin city flood control system in case 
that flood occurred one time in fifty years in Yongding new river with the reference to 
“Tianjin Flood-control program” (Tianjin hydraulic bureau, 1998), and by using the 
optimal model of city flood control and disaster reduction established in this study, the 
decision making process and results of fuzzy optimal neural network are given. 

4.1 System Structure 
The index property values of feasible schemes are shown in Table 1 according to the max 
total output index in the system. For the evaluate index nodes which can be calculated and 
described in fuzzy grade, the grade of membership group of member function and grade 
can be gained by consulting to flood control expert. They are shown in Table 2 and Table 
3. 

4.2 The Process and Results 

2. 4.1 Decide the initial weights 
According to the theory of basic unit system factors weights solving, each of initial 
weights of the model can be decided. 
（ω1，ω2，ω3，ω4，ω5 ，ω6 ，ω7 ，ω8 ）=(0.074, 0.127，0.098，0.033， 

0.016，0.159，0.296，0.197) 
（ω11，ω12，ω13）=（0.286，0.286，0.428） 
（ω21，ω22，ω23 ）=（0.167，0.167，0.499，0.167） 
（ω61，ω62 ）=（0.3，0.7） 
（ω611，ω612）=（0.3，0.7） 
（ω621，ω622，ω623，ω624，ω625，ω626）=（0.091，0.52，0.028，0.058，0.173,0.13） 
（ω6121，ω6122）=（0.7，0.3） 
（ω6221，ω6222，ω6223，ω6224，ω6225）=（0.2，0.2，0.2，0.2，0.2） 
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Table 1  Attribute value matrix of evaluating indicator of flood-control feasible scheme 

Index
 
schemes 

X11 X12 X13 X21 X22 X23 X24 
X3 

year

X4 
109 

Yuan

X5 
hour 

X611 
109 

Yuan 

X6121 
109 

Yuan 

1 Little Little Small Little Small Little Little 0.7 1.2 48 0.13 1.2 

2 Little Little Small Little Small Little Little 0.85 0.8 40 0.21 1.8 

3 Little Little Little Little Little Little Little 0.6 1.7 72 0.09 1.05 

4 Little Small General Small Small Little Small 0.75 0.6 36 0.17 1.57 

5 Little General Big General General Small Small 1.2 0.5 30 0.28 1.89 
 

    Index 
 
schemes 

X6122 
109 

Yuan 

X621

109 

Yuan

X6221

109 

Yuan

X6222

109 

Yuan

X6223 

109 

Yuan 

X6224

109 

Yuan

X6225

109 

Yuan

X623

109 

Yuan

X624

109 

Yuan

X625

109 

Yuan

X626 
109 

Yuan 

X7 
104 

people 

X8 
KM2 

1 0.25 0.3 0.5 0.18 0.15 0.1 0.17 0 0.15 0.45 0.21 1.4 24.5 
2 0.2 0.41 0.7 0.21 0.2 0.15 0.22 0 0.18 0.6 0.31 1.6 29 
3 0.4 0.25 0.4 0.15 0.12 0.09 0.14 0 0.1 0.35 0.17 1.2 21 
4 0.18 0.55 0.8 0.28 0.31 0.25 0.35 0 0.25 0.85 0.45 2.1 34 
5 0.15 0.65 0.95 0.34 0.57 0.36 0.56 0 0.31 1.2 0.52 2.5 38 

Table 2  Domain of membership functions of evaluating indicator nodes 

Evaluating indicator nodes X3 X4 X5 X611 X6121 X6122 X621 X6221 X6222 

Left extreme point of domain 
 of membership functions 0.2 0.3 24 0.05 1 0.1 0.1 0.3 0.1 

Right extreme point of domain  
of membership functions 2 2.5 72 1 10 1 1 2 1 

 

Evaluating indicator nodes X6223 X6224 X6225 X623 X624 X625 X626 X7 X8 

Left extreme point of domain  
of membership functions 0.1 0.1 0.1 0 0.05 0.2 0.05 1 20 

Right extreme point of domain  
of membership functions 2 1 2 1 1 2 2 5 60 

Table 3  Set of grade of membership of evaluating indicator nodes 

Evaluating indicators Node X11 X12 X13 X21 X22 X23 X24 

Little 0.8 0.9 0.75 0.9 0.7 0.95 0.85 

Small 0.75 0.8 0.6 0.85 0.5 0.85 0.7 
Genera

l 0.5 0.5 0.4 0.6 0.4 0.65 0.5 

Big 0.25 0.25 0.2 0.3 0.2 0.4 0.2 

Set of grade of membership

Large 0.05 0.1 0.05 0.1 0.05 0.2 0.1 
 

Table 4  Result of subordinate degree to optimization 

Schemes 1 2 3 4 5 
subordinate degree to optimization 0.913 0.888 0.931 0.826 0.674 
order of schemes 2 3 1 4 5 
 
4.2.2 Decide the relative membership of every evaluation index 
According to the model of membership solving established in this study, the membership 
matrix of evaluation index in feasible schemes group can be computed. 
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4.2.3The forward fuzzy optimum output result 
Input the membership of evaluation index in feasible schemes group and initial weights to 
the forward decision making fuzzy optimal model. Calculated results see table 4. 
4.2.4 Decision making of scheme optimum-feedback 
See from table, the first sequence scheme is scheme 3. However, the scheme 1 is regarded 
more reasonable by flood control experts. That is, the time needed in scheme 3 reach the 
left point of membership function interval decided by flood control expert. Therefore, 
even this scheme is optimal, it is difficult to perform in fact. After analyzing various 
factors comprehensive by flood control experts, the objective output vector used to decide 
optimal membership is: （0.931，0.888，0.913，0.826，0.674） 

The relevant weights adjusting results after schemes optimum selection can be 
confirmed by using the weights adjusting model established in this paper: 
（ω1，ω2，ω3，ω4，ω5 ，ω6 ，ω7 ，ω8 ）=（0.093，0.128，0.102，0.042， 

0.033，0.153，0.266，0.183） 
（ω11，ω12，ω13）=（0.286，0.288，0.426） 
（ω21，ω22，ω23 ）=（0.171，0.170，0.488，0.171） 
（ω61，ω62 ）=（0.289，0.711） 
（ω611，ω612）=（0.304，0.696） 
（ω621，ω622，ω623，ω624，ω625，ω626)=(0.096，0.5，0.035，0.064，0.173，0.132) 
（ω6121，ω6122）=（0.696，0.304） 
（ω6221，ω6222，ω6223，ω6224，ω6225）=（0.195，0.194，0.193，0.194，0.223） 
The first sequence scheme is regarded reasonable on basis of weights adjusting 

evaluation by flood control experts. So this scheme is recommended as the decision 
making of flood occurring once in 50 years in Yingdingxin River. 

5. CONCLUSIONS 

In this paper, the factors affecting this decision-making are thoroughly analyzed. The 
fuzzy optimum selection and BP neural network are applied in schemes optimization of 
flood-control and disaster reduction, and the model of optimum schemes is established. 
The establishment of the model overcomes the shortage that traditional fuzzy optimum 
selection solves weight through solving the inverse problem of fuzzy relationship 
nonlinearity equation. Using highly nonlinear adapting parallel allocation processing 
system of the artificial neural nets will make the ascertained weight external and exact and 
possess self-study function. In this paper the decision-making method is applied in 
analyzing and calculating several feasible schemes of flood-control that designed in 
“Tianjin Flood-control program” about suffering flood may occur every fifty years in 
Yongding new river, and the calculative and analytic result indicates the method was 
satisfying. 
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Abstract: Reservoirs play a vital role in flood prevention and disaster relief in China. The objective 
of the study is to establish reservoir flood control system, to design and develop corresponding 
application software. This paper introduces the current reservoir flood control and operation practice 
in China. Using modern programs and integration technologies, an application software for reservoir 
flood control system has been developed. The structure of the system and main functions, data 
acquisition and processing, hydrological database, flood forecasting, reservoir control components 
are described. The software working environment, key technologies, normalization and 
standardization design is emphasized. After having successfully applied to 52 reservoirs in China, 
the software proved to be advanced, suitable, reliable and user-friendly. The software provides the 
technical support and service for flood forecasting and flood dispatch decision and enhances the 
reservoir operation and management level. The future research direction and software’s function 
extension is also discussed. 

 

Keyword: flood forecasting, flood control, reservoir operation, system design, software 
development, system integration 

1. INTRODUCTION 
Reservoir is a necessary infrastructure and plays a vital role in the flood control, 
hydropower generation, irrigation, water supply, navigation, etc. Until 1997, more than 
84,000 reservoirs, including 412 large-size reservoirs and 2,634 medium-size reservoirs, 
have been built in China. The total storage of these reservoirs is 4.6 billion m3 that 
accounts 17.5% of total annual runoff from the land. These reservoirs not only play an 
important role in the flood prevention and disaster relief, but also bring about tremendous 
social and economic benefits as well. However the reservoir operation is not taking 
enough advantage of the advanced technology and management level to satisfy the 
demand of the modern society (Takeuchi, 1997). This may be due to the reason that the 
reservoir operators do not fully realize the benefit that may be obtained with the available 
level of forecasting accuracy and techniques (Guo, 2000). 

China is frequently hit by the heavy floods and consequently suffered great losses. 
Flood hazard is a catastrophic problem facing modern and high technological society. 
Both engineering and non-engineering flood mitigation measures have been applied to 
solve this problem and the special advantages of non-engineering measures have been the 
focus in recent years. The Chinese National Flood Prevention and Drought Relief Office 
have been leading and funding this project since 1998. The objective of the study is to 
design and develop reservoir floods forecast and control system software, and establish 
technical support to flood prevention decision. The software is workable, practical and 



advanced in technology, and has been successfully applied to more than fifty reservoirs or 
hydropower plants in 12 provinces in China (Guo, 2001). This paper will introduce the 
system’s structure and main functions, such as data acquisition and processing, 
hydrological database management, flood forecasting, reservoir dispatch, flood control 
consultation and decision-making components. The software’s normalization and 
standardization design, working environment and key technologies are also emphasized. 

2. RESERVOIR FLOOD FORECAST AND CONTROL SYSTEM 
2.1 System’s structure 
Supported with hydrological remote sensing and computer network techniques, the system 
will carry out data acquisition, information service, flood monitoring and warning, 
real-time flood forecasting, reservoir operation, consultation and decision-making, 
database management, data communication, and assistance through man-computer 
interaction. Fig 1 shows the organization structure. Databases can be divided into network 
databases and special databases. Net databases include real-time and historical data banks, 
engineering and meteorological banks. Special databases include flood forecasting bank 
and flood regulation banks (Jamieson, 1996, Guo, 2001). 

Computer Network databasesSpecial databases 

1 

Flood 
dispatch
schemes

Real-time
flood 

forecast
 

8 7653

2 

Flood  
control  

operation 

Consul-
tation &
decision
making

Flood 
Monitor-

ing &
warning

Informa-
tion 

service

4

Real-time 
data 

collection 

Reservoir floods forecast and control system

1. Hydrological tele-metering system  2. Data communication  3. Forecast bank  4. Regulation bank 
5. Historic bank  6. Real-time bank  7. Engineering bank  8. Meteorological bank 

Fig. 1  Organization structure of reservoir floods forecast and control system 

2.2 System’s operation environment 
The interfaces of standard databases and interface of application program of the system 
are developed with PB. In flood forecasting models and reservoir dispatch schemes, 
standard Window DLL is developed with VC++. The system offers relevant standard 
interfaces that can be assessed by declaring external function in PB. 

The system adopts C/S and B/S structure and system offers two operational modes to 
suit different requirements, ranks and computer application knowledge level of users. The 
two operational modes are single-chip version and net version respectively. For the 
single-chip version, the operational system needs Windows 98 or above versions. The 
database system needs SybaseAnyWhere5.0, Navigator calls for IE4.0 and above versions. 
For net version, WinNT4.0 and above versions are needed for the server; Microsoft SQL 
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Server 6.5 or Sybase 11 above versions for database system. Like the single-chip version, 
the client terminal needs the corresponding software of database system. 

3. THE MAIN FUNCTIONS OF THE COMPONENTS 
3.1 Data acquisition and processing 
To meet the requirements for the project, the system needs to collect and establish 
database to store the hydrologic, meteorological, engineering and socioeconomic 
information, as well as real-time data. The databases can be set up with reference to the 
prescribed forms of the State Flood Prevention Command System. 

For the water level and rainfall real-time data collection and communication, a 
hydrological tele-metering system is needed. The system usually includes a central station, 
several relay stations, and dozen water level and rainfall measurement stations.  The 
real-time information is directly transmitted to central station through either satellite or 
microwave or VHF/UHF communication. These hydrological data, satellite clouds atlas 
and meteorological data are processed and written into the corresponding real-time 
database.   
3.2 Database management 
The basic information of a reservoir includes storage curves, stage-area curves, 
discharging capacity curves of discharging facilities, the relationship between water level 
and discharge. The hydrological and meteorological information includes water stage and 
rainfall etc. The engineering and socioeconomic information includes the size of spillway 
and dam, basin population, industry and agricultural outputs etc. 

The real-time database can fall into rainfall, water level, reservoir’s inflow, the opening 
and closing of the discharge gates, storage volume, outflow discharge, satellite cloud atlas 
and meteorological data. For the convenience of utilization of the data, the historical and 
real-time data stored should be indexed and analyzed comprehensively.  

Both the historical and real–time data can be retrieved in graphic and table forms for 
the purpose of analysis and comparison. The retrieval software should have such functions 
as statistics, sequencing, and categorization so as to provide the users with the information 
of specific features, extreme value and sequential number. 

The system’s database is designed and developed by utilizing comprehensively 
object-oriented method and fast prototype approach. The computer server program, client 
interface and Web program has been developed for database management. The database’s 
normalization and standardization, safety and integrity are considered (Li et al. 2001).   
3.3 Flood forecasting component 
The reservoir regulation demands the accuracy and promptness of flood forecast. 
Reservoir entering flood real-time and on-line forecast are an applied study area with 
considerable technological complexity (Anderson & Burt, 1985). 

Most of reservoir entering flood forecast scheme used currently is based on the 
traditional rainfall-runoff relationship chart and unit hydrograph. Therefore, Some 
rainfall-runoff models, such as Xinanjiang, SMAR, TANK, SCLS and system models 
were developed and stored in the forecast bank. These models were calibrated and verified 
based on the historical data of the basin and then can be used in the real-time flood 
forecasting. For the complexity basin, often two or three forecast schemes are used 
simultaneously and recommend one final forecast through analysis and comparison 
(O’Connor, 1992, WMO, 1975).   

The real-time rainfall and water level data are directly transmitted to control center 
through hydrological tele-metering system. In combination with the reservoir entering 
flood-forecast schemes, two basic approaches are designed for the flood real-time forecast. 
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One real-time updating model (such as AR model) is established based on the residual 
error between the calculation results and the measured values. This approach is easy and 
can fast track flood flow and realize real-time rectification. Other real-time forecaster 
(model and algorithm) is established based on runoff yielding and flow concentration. The 
model can real-time forecast runoff yielded by each round of flood process (flood peak, 
volume and shape). The characteristic of this approach is reasonable in hydrological 
concept and rich in real-time forecast information. Its disadvantage is that the real-time 
forecast system is more complicated than approach one. 

In accordance with the application experience, two improved methods, variable 
forgettable factor recursive least square method and self-adaptation filter method, were 
suggested to be used in real-time forecasting. Those methods share the same feature and 
can deal real-time with the latest forecast error of hydrologic system, on which modify the 
parameters or state of the forecast model or the output of forecast, so as to make the 
forecast system tally with the present situation. The recursive least square method gives a 
certain weight to the present forecast error based on the latest input and output 
information to rectify the model parameters or model output, thus realizing real-time 
updating. This method has proved to be perfect in theory, and reliable and practical in 
application. Whereas self-adaptation filter method uses the error information obtained 
after the model filter is put into operation, to analyze and estimate the actual value of the 
model (WMO, 1992). 
3.4 Reservoir flood dispatch component  
The development of reservoir flood dispatch schemes depends on the actual understanding 
of flood prevention system, the working contents of flood disaster, and the process of 
flood forecast, flood regulation and decision-making. The operation of flood prevention 
regulation is to generate different real-time regulation schemes based on the flood 
forecasting results and situation analysis. The reservoir flood dispatch schemes developed 
in this system includes (1) normal regulation model of flood prevention, (2) flood forecast 
and dispatch model, (3) flood peak-avoiding (compensation regulation) model, (4) 
reservoir stage control model, (5) largest peak-cutting dispatch model, and (6) sluice gate 
of spillway control model. These schemes are written by standardized code and stored in 
the system’s regulation model bank. 

The flood prevention dispatch decision-making needs many more schemes. An 
interactive reservoir flood regulation scheme generation modular is developed. Different 
flood dispatch schemes can be obtained based on the forecast results and the situation 
analysis through the man-computer interaction.  

3.5 Flood control consultation and decision-making  
Flood prevention regulation involves the interest of different sides. Due to the 
uncertainties of flood forecasts and other factors, the decision-making of flood prevention 
regulation is a process of repeated consultations. In decision-making of flood prevention 
dispatch, the final decision accepted by all sides is made before every uncertainty and 
factor, the advantages and disadvantages of every regulation scheme are weighted and 
compared. Therefore, the regulation software is required to possess an ability of complete 
and quick simulation, and a good interactive and man-interference mechanism. 

Flood prevent regulation needs different kinds of regulation schemes to be generated, 
and there is not merely one assessment index for each scheme. Therefore, the regulation 
software has the functions of scheme management: scheme screening, comprehensive 
assessment of schemes, schemes sequencing, scheme sensitivity analysis, schemes saving, 
retrieval of scheme results and output (Jamieson, 1996). 
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Fig 2 shows the flow chart of flood control and decision-making process. The 
mechanism of real-time flood prevention regulation is as follows: when new hydrologic 
information is obtained, a new round of real-time flood forecast operation begins. A series 
of flood regulation schemes are generated based on the forecasting results and situation 
analysis. These regulation schemes are simulated and compared through consultation and 
the final decision is made and implemented. This kind of flood control operation will 
continue until the end of a flood process. 

Adjust flood scheme Disaster prediction 

Scheme implementation

Scheme decision

Flood control scheme simulation

Generate flood regulation scheme 

Situation analysis

Emergency predictionFlood forecasting Storm forecasting

Social-economy information Engineering conditionRainfall information Weather condition

Fig. 2  Flow chart of flood control decision-making process  

4. KEY TECHNOLOGIES OF THE SOFTWARE OF THE SYSTEM 

The reservoir floods forecast and control system consists of automatic data acquisition, 
storage, processing, communication and retrieval modular, interactive flood forecast 
modular, interactive flood regulation modular, database maintenance and management 
modular, flood control consultation and decision-making modular and the dynamic link 
library (DLL).  
4.1 Dynamic Link Library 
Client-server mode is used for data acquisition and database management. All databases 
are built on the net server, while application software are built on client computers to 
cooperate the input of data acquired and users calling at the databases. All the computed 
results are stored on the server that is accessible by users. Those personnel in flood 
prevention command can directly assess to the relevant forecast and decision-making 
process. 

DLL is an executable file and can be used by several application programs (.exe) 
simultaneously. DLL has the following features: (1) the application program can be 
broken down into several components. (2) The application program can reduce the 
occupation of information resources. (3) Several application programs can use DLL 
simultaneously, which is the most important feature of DLL. Windows makes DLL 
provide basic service of the system, and realize many new functions such as OLE, ODBC, 
MAPI and TPPI. DLL can be located in System directory of Windows.  
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4.2 Forecast and regulation model bank 
The parameters of flood forecast models are calibrated based on the historical data, while 
the operation of the system uses real-time rainfall and water level data from the 
hydrological tele-metering system. So there exists a clear discrepancy in data source and 
reliability. Therefore, it will take one or two years for the system to adapt this situation, 
and improve the precision and accuracy gradually by re-calibrated the parameters of the 
forecast models. 

With the features of DLL, the system writes frequently–used flood forecast and 
regulation models as standard dynamic linkage banks of Windows with C++, and 
corresponding interfaces are reserved in the modular written with PB. The relevant 
forecast models of DLL can be called for calculation by external function.       

The adoption of the forecast and regulation model banks with DLL and the reservoir 
flood regulation system modular with PB makes use of the structural compactness of C++, 
quick calculation and powerful supporting capacity of PB to databases. At the same time, 
the adoption makes the forecast and regulation models separate from the flood prevention 
decision-making modular written with PB, and therefore the optimization of regulation 
model is not geared to the upgrading of the flood prevention decision-making modular. In 
this case, the maintenance or upgrading of the system is more convenient, and so is the 
construction of a new reservoir flood control system on the basis of system modular and 
forecast and regulation model bank. The benefits are a shorter development period, a 
lower development cost and easier popularization of the system. 
4.3 Graphic interactive interface 
Graphic interactive interface of master control program is established. The interface can 
activate operation, calculation and processing functions of each component, and have 
access to the calculated results. At the same time, the interface of master control program 
can also issue the order of external information exchanges and monitor the operation of 
the system.  
4.4 Connection help 
When using Windows, users will notice the help function, with which users can obtain the 
instruction and explanations of all the functions. At present, help function is important and 
necessary for application software. The developed system offers standard Windows 
connection help. With the detailed function explanations and concrete operational manual, 
users can quickly learn and master the use of the software. All the help information can be 
obtained by pressing F1 key on different interactive interfaces and for different control 
keys. Literally, with the help function, users can learn to use the system.  
4.5 Software installation 
The application program developed can be edified into executive files for operation, or 
installation disks can be produced for users. We have produced the installation disk with 
Install Shield for users. In installation of the system, first run setup.exe file of the 
automatic installation disk, then the program will automatically create file box, install 
database interface, configure data sources of database, and finally the application program 
is installed. 
4.6 Software maintenance and support 
The important link of life cycle of a software product is the maintenance and upgrading of 
program codes and operational environment. As mentioned above, the basic components 
of reservoir flood forecast and control system is several objects that can complete 
specified functions. Those objects are put in different bank files (.pbl) according to 
different design periods and different functions. We will offer the corresponding bank 
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files for modular to provide upgrading service, and offer the corresponding SQL files of 
database. The developers will re-rate the parameters of the model on the basis of 
hydrological tele-metering data, and modify and upgrade the corresponding application 
programs. Those upgraded applications programs will be offered to users through 
dynamic link library. 

5. CONCLUSIONS AND SUGGESTIONS 

This project was started in 1995 and has been supported by Chinese National Flood 
Prevention and Drought Relief Office since 1998. The objective of the study is to design 
and develop reservoir floods forecast and control system software. The software has been 
successfully applied to more than fifty reservoirs or hydropower plants in China and has 
been upgraded several times. It has been proved that the software is practical, advanced, 
reliable and has a user-friendly interface. It provides technical support and service for 
flood forecasting and flood dispatch decision-making. It has also gained lots of economic 
and social benefits for the users.  

The software functions will be extended to flood disaster monitoring and assess, 
three-dimensional flood routing and control simulation based on remote sensing and 
geographical information system technologies (Carperter et al. 1999, Loumagne et al. 
2001). It is suggested that the new version software to be used in other reservoirs to 
enhance reservoir operation and management level in China. 
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Abstract: The serious flooding that occurred in Sweden in 1983 led to the establishment of 
Flödeskommittén. Its main task was to prepare new guidelines for determination of design floods for 
Swedish dams. Flödeskommittén released its final report in 1990. In the guidelines, the design flood 
for a dam is obtained through transformation of extreme climatological and hydrological conditions. 
The new guidelines result generally in higher design floods for existing dams than they were 
constructed for and many spillways have too low discharge capacity. Based on the design-flood 
guidelines, the hydropower sector has worked out dam-safety guidelines, RIDAS, and application 
instructions governing the dam safety practice in the country. As recommended, all class I (high 
hazard) dams have to be designed to discharge the design floods. Several refurbishment examples 
are given to illustrate the on-going work on dam safety carried out by Vattenfall AB. The 
refurbishment of the dams considers as a whole technical, economical and environmental aspects.  

 

 
Keywords: dams, design flood, guidelines, refurbishment 
 
1. PREVIOUS FLOOD CRITERIA IN SWEDEN 
In Sweden there are approximately 700 hydropower dams of varying size and age. A total 
of 142 dams have a height larger than 15 m and are classified as high dams according to 
the ICOLD standard, about 80% of which are embankment dams. The construction of the 
first high dams dates back to 1910-15. The Porjus and Älvkarleby power stations are 
among those constructed at that time by the Swedish State Power Board, now Vattenfall 
AB. The development of hydropower on a large scale started immediately after the 
Second World War, and reached its peak during the 1950’s and 1960’s. The latest power 
station, Klippen, on the Umeälven River, was completed in 1994.  

If an embankment dam overtops the consequence can be dam breach. One decisive 
issue that governs the determination of the spillway discharge capacity of a dam is 
therefore which maximal flood the dam should cope with at the time when the reservoir is 
already full. In Sweden many dams are of run-of-the river type and have limited reservoir 
storage capacity. In this case the spillways must be able to directly discharge the design 
floods, without relying on the reservoir regulation.  

Sweden had before no prescribed criteria for how the design flood for dams and 
spillways should be determined. In practice, the Water Rights Court often accepted a 
design flood for a dam that was based on the highest historic flood with an addition of 10 
– 20%. As a rule, this corresponded usually to 100-year floods. I certain cases the 
frequency analysis method was used for extrapolation to 1000-year floods (SOU 1995).  

The operation of hydropower reservoirs in Sweden has apparently evidenced that the 
existing practice for design flood determination is too rough and can easily lead to 



considerable underestimation of the actual floods that can happen. As a consequence, 
many spillways built before are under-sized. The most known example is the dam break in 
Noppikoski in September 1985 (Enfors & Eurenius 1988). The inflow to the reservoir was 
then estimated at 200 m3/s and the maximum spillways capacity was only 140 m3/s. The 
dam was overtopped and breached, as a result the reservoir with a water storage of 1x106 
m3 was emptied in about 45 min. Another example is the Torröns reservoir autumn 1947, 
where the design flood of the dam was exceeded by about 50%. Overtopping was be 
avoided thanks to the fact that the reservoir was not full. A third example is the Vittjärv 
dam on the Luleälven River, where the existing spillway capacity corresponds to about 
2000 m3/s. The observed highest flood at the dam site already exceeds this value.  
 
2. ORIGIN OF NEW SWEDISH GUIDELINES 
In the later summer and autumn 1983, high floods occurred in the upper reaches of the 
Indalsälven River. The Swedish Meteorological and Hydrological Institute, SMHI, was 
entrusted to investigate the risk for extreme floods to happen when the reservoirs are 
already full. The conclusion from the study was that a number of existing dams have un-
sufficient discharge capacity to handle extreme floods.  

In 1985, Flödeskommittén, the Swedish Committee on Design Flood Guidelines, was 
established, consisting of representatives from the hydropower industry and SMHI. Its 
main task was to prepare new guidelines for determination of design floods for Swedish 
dams and spillways, and to through advice and instructions facilitate the on-going 
hydrological studies aiming at classification of dams in terms of risk and consequence. In 
September the same year the flood problem was further underlined through the 
overtopping failure of the Noppikoski dam. 

After the investigations of many years, Flödeskommittén released its final report in 
1990 (Flödeskommittén, 1990), Fig. 1. The report is entitled “Swedish Guidelines for 
Design-Flood Determination”, the hydropower sector and other parties concerned have 
accepted the guidelines proposed by the committee. The guidelines suggest a 
classification of dams into two categories, high-hazard (class I) and low-hazard (class II) 
dams, depending on the consequences of dam failure.  

The guidelines are based on hydrological modeling rather than frequency analysis. A 
deterministic approach is used, similar to the PMF procedure, with emphasis on critical 
timing of flood generating factors. They are however not based on PMP estimates. The 
design flood for a hydropower scheme is obtained through transformation of extreme 
climatological and hydrological conditions using the conceptual hydrological model HBV. 
The observed maximum areal rainfall is, on a trial and error basis, combined with extreme 
snowmelt, soil moisture and reservoir operation until the worst flood for the catchment is 
found. In the iteration process, a regional 14-day design areal rainfall sequence, adjusted 
for season, catchment area and altitude, is successively entered into the HBV model at all 
dates over a ten-year period.  

More descriptions of the guidelines and the HBV model can be found in e.g. Bergström 
and Ohlsson (1988), Flödeskommittén (1990) and Harlin (1992). 

 
3. CONSEQUENCES OF NEW GUIDELINES 
Starting from 1990, the design-flood guidelines have gradually been applied in the work 
with dam safety. Later, the hydropower sector has correspondingly worked out the 
Swedish Guidelines on Dam Safety, abbreviated as RIDAS, and application instructions 
that govern the dam safety practice in the country (Kraftverksförening and VASO 1997), 
Fig. 2. According to the guidelines, all risk class I and even some class II dams must be 
designed to discharge the design floods.  
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  Fig. 1  Swedish Guidelines on Design Floods     Fig. 2  Swedish Guidelines on Dam Safety 
 

Investigations so far made have shown that the new guidelines result in generally 
higher design floods for existing dams than those they were previously constructed for 
and many spillways have too low discharge capacity. According to the decision within the 
power sector control calculations should be made for all existing dams, which can in case 
of dam failure cause damages to others than the dam owner. It is therefore necessary to 
consider each river as a whole and make control calculations from the river source to the 
Gulf of Bothnia.  

Usually dams on a river have different owners. According to the water law, special 
river regulation enterprises have to established in rivers where more than two owners take 
advantage of a regulation. These enterprises are responsible for the proper handling of the 
reservoirs, the water management and also for compensation of damage judged by the 
Water Rights Court. The costs are shared between the owners of the dams in proportion to 
the advantage of the river regulation.  

To facilitate the work with design floods, a working group is usually formed for each 
major river, with competence within hydrology, dam construction, operation and water 
law. The working group makes decisions on whether the dams and their spillways can 
cope with the design floods or whether and to which extent the discharge capacity of the 
dams should be increased. In connection herewith studies are made to look at the 
possibility of regulating the floods through temporary reservoir storage above the allowed 
maximum water level. For the whole river basin, it becomes therefore a question of 
finding the most technically and economically suitable combination of increase in 
spillway capacity and use of temporary storage.  

The major task of the working group of a river is to make risk classification of the 
dams based on results from hydrological and hydraulic studies, to determine the spillway 
regulation strategy, to judge practical possibilities of flood regulating measures, to plan 
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refurbishment measures and conduct technical and economical evaluations. When the 
working group has accomplished its work and the recommendations are accepted by the 
dam owners, the matter will be handled by the Water Rights Court. Normally, permission 
is needed from the Court for accomplishment of refurbishment measures. The whole 
refurbishment package needed for a river, including court proceedings, consulting/design, 
construction and other measures, will probably take 10 – 20 years to realize.  
 
4. ON-GOING DAM REFURBISHMENT 

Vattenfall AB is one of the largest power producers in Europe, owning a number of high 
dams and accounting for about 50% of the hydropower production in the country. 
Vattenfall AB participated actively in the drafting of the guidelines on design floods, and 
has a pioneering role in the work with dam safety and dam refurbishment.  

Several class-I dams are of priority and are on Vattenfall AB’s agenda for rebuilding, 
some examples of which are Ajaure, Bergeforsen, Midskog, Letsi and Boden. With the 
new guidelines, their design flood is increased considerably (Table 1), implying that 
refurbishment is required so that the floods can be safely discharged.  
 

Table 1  Existing spillway capacity at normal reservoir level versus new design flood 

Name of dam Ajaure Bergeforsen Midskog Letsi Boden 
Name of river Ume älv Indalsälven Indalsälven Lilla Lule älv Stor Lule älv 
Existing spillway capacity 935 2300 2200 1500 2800 
New design flood 1350 3400 3100 1900 3300 

 
Hydraulic model tests prove to be an effective way of examining and comparing 

different rebuilding alternatives and provide basis for other investigations of a 
refurbishment project. This is usually done at Vattenfall Utveckling, Älvkarleby. In some 
cases, 1D and 2D numerical simulations are made as complement to the model studies.  

The on-going refurbishing work with Ajaure, Bergeforsen and Letsi is briefed 
hereinafter (Yang et al. 2002).  

4.1 Bergeforsen 
Bergeforsen, built in 1955-59, is located on the lower reaches of the river Indalsälven. The 
complex consists of left and right earth-fill dam, spillway, timber flume (plugged) and 
powerhouse (Fig. 3). The earth-fill dam with moraine core has a crest length of 410 m and 
a height of 29 m. The power plant is equipped with four units with Kaplan turbines, the 
installed capacity being 155 MW. Three overflow spillways of 45 m in width are designed 
to discharge 2300 m3/s at the normal reservoir level. 

The design flood for the dam must be increased from 2300 to about 3400 m3/s, an 
increase in magnitude by about 50%. Besides environmental assessment, the 
refurbishment proposals studied consist of reconstruction of the middle spillway opening, 
new gated spillway and un-gated fixed-crest weir in the left embankment dam, raising the 
impervious core and raising the road way above the spillway (Yang et al. 2000).  

Comparison shows that to rebuild the existing spillway by lowering its threshold is 
most expensive and can give rise to severe problem if high floods occur during the 
rebuilding period. To heighten the impervious core and to raise the parapet on the 
roadway, without lowering the spillway threshold and raising the roadway itself, seem to 
be the cheapest alternative. The design flood is coped with mainly by temporarily 
allowing higher reservoir water level.  
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Fig. 3  Layout of Bergeforsen hydropower station, the Indalsälven River 
 
4.2 Ajaure 
Ajaure is located in the very upstream of the river Ume älv. The embankment dam has a 
height of 45 m and a storage of 200x106 m3. The power station has one unit, utilizing a 
head of 45 – 58 m. The normal turbine flow is 150 m3/s and the installed capacity is 85 
MW. The spillway had two bottom outlets, with an opening of 5.0 (width) by 10.4 m 
(height). The total discharge capacity at the normal water level is 935 m3/s. The water 
from the spillway is conveyed to the downstream river valley in a 150 m long concrete 
channel (Fig. 4).  
 

 
Fig. 4   Layout of Ajaure hydropower station, the Ume älv River 
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According to the new flood criteria, the spillway capacity at Ajaure is increased from 
935 to 1350 m3/s. Extensive investigations have been made so as to finalize how the dam 
should be refurbished. The approach adopted is to combine the modification of the bottom 
spillway and the raise in the dam height. This means that the design flood is handled by 
partly increasing the spillway capacity and partly by allowing temporary reservoir storage. 
It seems that this is the most economical way.  

The re-construction work with Ajaure was already completed winter 2001. By 
removing the parapet, the left bottom outlet was rebuilt to overflow spillway and a new 
higher radial gate was installed. The downstream spillway channel was accordingly re-
built, so that the water does not overtop the side walls and damage the dam body (Fig. 5) 
(Yang et al. 1999, 2001). The impervious core of the embankment dam was raised by 
approximately 4 m and a new roadway at a higher elevation was constructed.  
 

 

Overflow spillway, modified 
from bottom outlet Side wall after rebuilding

Fig. 5  Completed refurbishment at Ajaure dam– seen from downstream 
 

4.3 Letsi 
Letsi, completed during 1967-70, is situated on the river Lilla Lule älv, about 16 km 
upstream of the confluence with the two main branches of the river. The dam is of rock-
fill type, with a height of 85 m and a crest length of 570 m. The active storage of the 
reservoir amounts to 67x106 m3. There are 3 units with Francis turbines in the power plant, 
the installed capacity is 450 MW (Fig. 6).  

Letsi has two overflow spillways, with a total width of 30 m. The discharge capacity is 
1500 m3/s at the normal reservoir level. With the new guidelines, the design flood 
becomes 1900 m3/s, an increase by 27%. Studies show that the flood can be discharged 
through the existing spillways by allowing 1.4 m higher water level in the reservoir. The 
embankment dam will be accordingly raised and there is no need to refurbish the spillway. 

The problem at Letsi is not the dam or the spillway itself. The increased discharge from 
the spillway gives rise to serious problem downstream the dam. The Safety Evaluation of 
Existing Dams (SEED) made 1996 shows that the existing spillway channel, the bridge 
across the channel and the channel slopes can not withstand floods in that order of size. 
From a test release conducted in connection with SEED it was observed that a maximum 
of roughly 1000 m3/s can be discharged without damage in the downstream area.  
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The refurbishment measure is chosen between rebuilding of the existing spillway 
channel and a new spillway canal and will be finalized through hydraulic model tests. In 
either case, the energy dissipator and the slope protection should be properly designed, so 
that the design flood can be released without causing erosion downstream (Yang 2002).  
 

 
Fig. 6  Layout of Letsi hydropower plant on the river Lilla Lule älv 

 
5. CONCLUDING REMARKS 

The spillway of a number of existing dams was under-sized for lack of well-established 
design-flood criteria at the time they were built. Many of them belong to high-hazard 
dams, implying risk for losses of human lives and damages to infrastructure, environment 
and properties in case of dam break.  

The new guidelines on design floods constitute the basis for dam refurbishment. 
Usually, dams on a river are considered as a whole when the refurbishment measures are 
to be finalized. Priority is given to some of the high-hazard dams.  

The dam refurbishment takes into account technical, economical and environmental 
aspects involved. Rebuilding of existing spillway, addition of new spillway, raising the 
impervious core and their combination are the most examined measures. The use of fuse 
devices is touched upon in some projects. Temporary usage of reservoir storage is an 
effective measure to cope with the new design floods. In most cases, the dam and its 
impervious core need to be raised. Spillways can also be re-built as complement. However, 
to reconstruct a spillway can be very costly.  
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Abstract: In the river ecological system “Water catchment’s area – River – Reservoir – Sea” one of 
the most important roles is attached to formation of river solid sediment run-off and regulation of its 
regimes. High silting rate as a phenomenon, characteristic of many mountain reservoirs all over the 
world determines the actuality of forecast for silting chronological duration and reservoir operation 
term. 

 

The purpose of the research is to work out a forecast estimation method for mountain reservoir 
silting taking into consideration granulometric differentiation of the solid material brought to a 
reservoir, periodicity of sediment removal taking in to consideration changeability of suspended 
sediment run-off. While analyzing the results of the study data on field survey of various reservoirs 
has been used.  

Relation for calculation of mountain reservoir silting has been obtained, which considers carrying 
away part of the sediment brought to the reservoir by river solid sediment, solid slips, landslides, 
mudflow, wind sediments and coast washing products in suspended condition into downstream as 
well as periodicity of hydraulic cleaning of reservoir sediment. Method for determining periodicity 
and duration of hydraulic cleaning is suggested. A method has been developed for probability 
evaluation of mountainous reservoir silting terms taking in to consideration changeability of 
suspended sediment run-off, which is based on statistical models of annual average discharges of 
suspended sediments. 

It has been ascertained that regulation of solid sediment run-off regimes in mountain reservoirs 
provides for the efficient management of ecological and technical system. 
 
Keyword: reservoir, sediment, silting, flushing 

 
1. INTRODUCTION 

For creation of mountain reservoirs valleys, canyons, local depressions in the form of 
mountain basins or carts origin are used. Correspondingly mountain reservoirs are 
characterized by vast variety of geomorfological condition, morphometric parameters and 
operation regimes as well as by a complex of contemporary physical and geological 
processes. Hence, construction of reservoirs should be performed in close connection with 
ecological condition of natural and technical complex. If we consider creation of 
reservoirs as a process, which considerably influences environment, namely the mode of 
the solid sediment of the river ecological system "Water catchment area – River – Sea", 
complex of engineering measures should be taken into consideration while designing 
them. This would reduce negative effects to minimum. 

Process of reservoir silting in different parts of the world falls under one regularity, the 
main peculiarity of which is that this process, along with gradual reduction of reservoir 
capacity, vanishes with time. Often, after several years’ operation, mountain reservoirs 



lose a big part of their capacity. Intensive silting may be caused by effluent solid run-off 
of the rivers, soil slips, landslides, mudflows, coast washing products and wind sediments. 
Accumulation of sediment in reservoir results in the loss of live storage, loss of the 
possibility for accumulation of flood discharges, reduction of peak generation, change of 
the river’s bottom gradient in the upstream and high water flooding of adjacent territories, 
wash out of the river bed in the downstream, formation of sediment shortage in the sea 
coast line, etc. 

In order to efficiently use the reservoir capacities and preserve ecological balance, 
undertaking of planned effective measures represents an important technical and 
economic task. The most radical way of averting reservoir silting is implementation of 
complex anti-erosion and solid protection engineering measures, which considerably 
reduce solid sediment run-off. For anti-silting reasons it is very effective to timely 
perform reservoir operating rules, namely carry the high water discharges through the 
reservoir, where water levels are lowered, carry density currents at the bottom of the 
reservoir, conduct flushing, etc., widely used in the mountain reservoir operation practice. 
 
2. RESERVOIR SILTING LINEAR SCHEME 

Working out of forecast relation for silting of mountain reservoirs is based on the solution 
of mountain reservoirs sediment balance differential equation. While setting up the 
balance equation for reservoir silting dynamics it is necessary to take into consideration 
granulometric content of all solid intakes. Full volumes of incoming sediments of this or 
that origin should be broken into the sediments carried out of the reservoir and the ones 
remaining in it. Such differentiation is expedient due to reservoir silting process 
schematization accepted by Orta-Shamov’s wellknown hypothesis, according to which the 
amount of suspended sediment (fine particle) carried into the downstream is determined 
by the reservoir silting rate. Fig. 1 shows reservoir silting linear scheme. 
 

 
Fig. 1  Reservoir silting linear scheme 

 
Due to activation of geo-dynamic processes the solid material brought into the reservoir 

represents product of mechanic disintegration of mountain rocks. This is why this material 
is a disperse system, consisting of rock disintegration products of various sizes - one 
thousandth mm of size, which are easily carried away by the flow in the downstream and 
several tens cm of size which remain in the reservoir. Preceding from this it is expedient 
to divide volumes of these materials into two groups: a) carried away and b) remained. 
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The peculiarity of reservoir silting with bottom sediment is formation of sediment’s 
regressive accumulation zone in the area of the reservoir under flooding curve’s thinning. 
This process provides for distribution of bottom sediment run-off between the riverbed 
and reservoir. Namely, one third of the bottom run-off sedimentation prism is placed in 
the reservoir water area and two thirds against the river flow. While calculating of 
reservoir silting it is expedient to take into consideration that amount of bottom sediment, 
which comes to the reservoir water area below the under flooding level. 

Often in mountainous reservoirs formation of density currents can be observed as a 
result of merging two currents with different density. After merging they flow as layers. 
The current with higher density moves in the bottom layer, while the current with less 
density flows above. The difference of water densities results from the temperature 
differences of the layer as well as from the rate of their saturation with soluble or solid 
materials. For mountainous reservoirs formation of density currents from suspended 
sediment is of particular importance. In this case river flow entering the area of the 
reservoir under flooding curve’s thinning, loses coarse particles of sediment and under a 
certain suspense concentration moves into the bottom layer thus forming a density current. 
According to the field data 90% of sediment in density currents represent particles smaller 
than 0.01-0.015 mm, 50% of them has 0.002-0.003 mm diameter, i.e. density currents are 
formed in rivers containing considerable amount of fine fraction sediment. Such currents 
can transfer large amount of sediments on long distance even up to the dam. This is why 
removing sediments from reservoir by transit movement of density currents is often used 
as anti-silting measure. 

Flushing is a process comprising operations for lowering water level in the reservoir, 
wash off and removing sediment into the downstream by the water flow energy. 
Depending on the concrete conditions for flushing the following methods are used: local 
flushing, flushing with full dumping of reservoir, flushing with partial dumping of 
reservoir with or without regulation of flushing stream density. 

Local flushing is conducted at slight lowering of water level in the reservoir or without 
it in order to flush part of sediment before intake structures. Local flushing only takes 
several hours, though even such a short-term flushing can considerably improve operating 
conditions for intake structures. 

Sediment removal with full dumping of reservoir (deep flushing) is most effective, 
though it is recommended in case of water consumer absence in upstream and 
downstream. During deep flushing all consumers, including hydropower plant, are 
disconnected. Deep flushing is recommended during high water decline, with duration 
from several hours to several 24 hours. 

Flushing with partial dumping of reservoir (shallow flushing) is recommended when 
consumers operating on upstream waters are present. In this case water level in the 
reservoir is lowered partially within the range of regulation volume and normal operation 
of consumers is provided.  Intensity of sediment wash-off is not as high as for deep 
flushing. Hence shallow flushing is performed during the relatively long period – from 
several 24 hours to 1-2 months. With presence of consumers in the downstream causing 
restrictions of water muddiness, it is recommended to perform density regulated flushing 
by means of gradual step-by-step lowering of reservoir water levels during flushing. The 
level lowering rate and duration of flushing at a given level is determined so that the 
flushing stream density does not exceed the acceptable rate. 

It is expedient to use dredging devices on small and medium size reservoirs with 10-15 
m depth, the silting intensity of which is not very high and corresponds to the annual 
productivity of dredging devices. According to specific conditions dredgers can be used 
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for excavation of fine particle sediment from the dam adjacent zone as well as for 
excavation of coarse particle sediment from the reservoir’s upper zone. 

At the same time in the balance equation it is necessary to take into consideration 
physical essence of sediment removal by means of flushing, dredging and carrying of 
suspended density currents, which reveals in that sediments are removed by this or that 
method at a certain periodicity and at certain periods of time. Hence, their effect on the 
reservoir silting dynamics can be represented as impulse influences through unit step 
function ƒ(t). 

 
3. SOLUTION OF MOUNTAIN RESERVOIR SEDIMENT BALANCE 

EQUATION 
Taking into consideration the above said, the balance equation for mountainous reservoir 
silting dynamics will be as follows: 
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where Ws is reservoir silting volume; Wlim – volume limit for reservoir silting; Vsf and  
Vsc – accordingly annual average volume sums for fine and coarse particles entering in the 
reservoir: 

Vsf = Vssf + Vss,lf +Vmf +Vwf +Vcwf    ,                                                                     (2) 

Vsc = Vsbc+Vss,lc+Vmc+Vwc +Vcwc    .                                                                        (3) 
Index “f “ indicates fine particle fraction of the solid material, “c”– coarse particle fraction; 
Vss,Vsb,Vss,l,Vm,Vw, Vcw – annual average volumes of the suspended sediment, bottom 
sediment lying below the  underflooding level, also of the solid materials brought  into the 
reservoir  by solid slips and landslides, mudflows, wind sediments and coast washing 
products,  m3/yr;  

Vr=Vfl+Vdg+ Vdc  ,                                                                                        (4) 
where Vr is the sum of annual average volumes of sediment removed from reservoir 
accordingly by flushing Vfl , dredging devices Vdg and the sediment carried into the 
downstream by density currents Vdc, m3/yr; ƒ(ti) – unit step function:  

ƒ(ti)=0    for  ti <0;        ƒ(ti)=1    for  ti ≥0 ;                    (5) 
ti = t - tk;    ti+1 = t - (tk -τk), where tk is the starting time for reservoir cleaning; τk – 
duration of reservoir cleaning, yr. 

Solving (1) equation for prognostic calculation of reservoir silting volume we receive:  
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for     tk + τk ≤ t < t k+1 
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where Ws1 is silting volume of the first year of operation.  
For a specific case when τk → 0, relation (8) looks as follows: 
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where Wr  is the volume of sediment removed during one cleaning period. Relation (7) can 
be used for determining intermediate volumes of reservoir silting during removing of 
sediment and relation (8) for reservoir silting forecast calculation taking into consideration 
periodic removing of sediment. In case of short-term hydraulic cleanings with 2-3 day 
duration the relation (9) is used. 
 
4. ANALYSIS OF RESEARCH RESULTS AND FIELD DATA 
Analysis of relations (8) and (9) shows that if we do not remove sediment from reservoir 
(Vr=0, Wr=0) and the annual volume of coarse fraction sediment brought to the reservoir 
is considerably lower than the fine fraction’s (Vsf >Vsc), we receive G.I.Shamov’s famous 
formula. If annual average volumes of coarse and fine particle fractions are of 
approximately equal order (Vsf ≈Vsc), then for t → ∞, the meaning of Ws will be 
comparatively higher than silting volume limit. This can be explained by the fact that 
while reaching silting volume limit, when all sediment within the reservoir is carried by 
transit to the downstream, the coarse fraction material brought to the reservoir by inflows, 
solid slips, landslides and mudflows, accumulates on the banks of the bed formed in the 
silted reservoir. The bottom sediment of the river will stay in the upstream and against the 
flow in the riverbed forming regressive accumulation zone. Coming out of this, 
calculation by means of the proposed relation stops after reaching silting volume limit. 

Fig. 2 shows comparison of reservoir silting field data and results of calculations 
performed according to the proposed method on Ladjanuri (Georgia) and Uchkurgan 
(Uzbekistan) reservoirs where flushing was performed. From this figure it is evident that 
while systematic implementation of sediment removal measures when incoming and out 
coming sediment volumes are balanced, it becomes possible to steadily maintain a certain 
regulatory volume. 

Similar conclusion can be made on the basis of the experience of some reservoirs in 
China. Fig. 3 shows silting data for three Chinese reservoirs: Naodehai, Saonmenxia and 
Hengshan. Analysis of these data proves the above-mentioned conclusion, that as a result 
of hydraulic cleaning systematically performed throughout years, it is possible to avert 
reservoir silting and efficiently manage its live storage. 
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Fig. 2  Comparison of Uchkurgan (1) and Ladjanuri (2) res voirs silting field data against results of calculation 

by relation (8); o - field data;           - calculated curve. 
 

 

Fig. 3  Silting in the Hengshan (1), Sanme
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form artificial series of suspended sediment run-off with their further usage in forecast 
waterpower calculations conditions the obtaining of the additional and important 
information, which is necessary to have on the contemporary stage of hydraulic 
engineering design and construction development. For modeling artificial series of annual 
average suspended sediment discharges, method of consecutive definition linear auto-
regression was used, which makes it possible to directly generate discharges (annual, 
monthly) of sediments according to the simple or complex Markov chain scheme. Being 
restricted by stochastic relation between sediment discharges of contiguous year’s 
fluctuation of run-off is considered as a simple Markov chain and in this case we obtain an 
artificial series of annual average suspended sediments. Markov model of run-off can be 
represented in the following way: 

nninnn XdXdXdX ξστ
τ

τττ )()(
2

)(
21

)(
1 .... ++++= −−−                                      (10) 

where Xn is  a transformed values annual average discharge in n-th year; di
(τ)

 -coefficient 
of regression expressing connection of Xn with the previous value Xn-1;  σ(τ) is root mean 
square error of forecast Xn; ξn is the succession of independent normal random values. 
Good coincidence of artificially obtained parameters with the initial (year average 
discharge Pso, coefficient of variation Cvs, asymmetry coefficient Css) is ensured by 
application of Johnson flexible distribution. 

Having received an artificial series of annual average discharges of suspended 
sediments, we cycle it and select from it groupings of years with duration 
n1=1,2,3,4,5,10,20,30,40,50,75,100 years, whilst every following grouping is taken with a 
one year step. Thus, number of groupings will equal the number of terms in the artificial 
series. For each such selection we determine multiple year average discharge Pso and 
annual run-off Vs of suspended sediments.  From the obtained artificial series groupings of 
years with duration n1=1,2, ---100 years are selected. For each selection annual average 
discharge and suspended sediment run-off Vs are determined the probability of repetition 
for which can be determined by theoretical curve of provisions. On the next stage of 
calculation for separates Vs values of reservoir-silting terms ti are determined using 
forecast relation of silting relationship (9). Statistical analysis of the obtained data allows 
determining probability of silting term for a reservoir with given volume. 

At the same time, having determined according to relation (9) average silting term for a 
reservoir with a given volume Wo, in order to take into consideration sediment run-off, 
further calculations are conducted for separate selection of identical length, taking for 
annual sediment run-off a specific multiple yearly average V1

s as grouping n1. Whilst, 
from forecast relation (9) on the available data (Wo, Wlim, V1

s) we determine certain silting 
terms ti, number of which will equal the number of terms in prolonged series. The results 
of thus conducted calculation for various groupings (n1=1,2,3...) allow on the whole to 
characterize the given according to silting of various volume reservoirs and evaluate 
probability of their accelerated silting when the sediment run-off is increased during the 
initial years of operation and retorted silting with the coming of periods with small 
amount of suspended sediment run-off.  

On the example of Sovetskaya hydro plant (r. Cherek, Russia) reservoir a table of 
provisions for probability silting terms has been created (Table 1). According to relation 
(9) average silting term is tav=2 years. Provision for this term’s coming as well as for the 
shorter terms of silting is 44.5 %, and for longer terms is 55.5 %. The silting term, 
provided for 100 %, which will come at the most favorable combinations of small silting 
years, constitutes 2.84 years. Silting of reservoir during 1 year and a shorter period is 
provided for 5 %, i.e. coming of such term is probable once in 20 years. In connection 
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with this it is necessary to take measures for removing sediments from the very first year 
of operation. 
 

Table 1 Probability terms of Sovetskaya reservoir silting 
# 1 2 3 4 5 6 
Silting term, tav year 0 1 1.5 2 2.5 2.84 
Probability, p % 0 5 14 44.5 84 100 

 
 
6. CONCLUSIONS 
1) While designing hydraulic structures for mountain rivers it is necessary to find such 

a solution for regulation of natural-technical complex system, when minimum 
negative effects occur during exploitation of water resources. 

2) Method for forecast calculation of mountainous reservoir silting is proposed, which 
considers carrying away of the part of river sediment, solid slips, landslides, 
mudflows, wind sediments and coast washing products in suspended condition into 
downstream as well as periodicity of hydraulic cleaning. Method for determining 
periodicity and duration of hydraulic cleaning is proposed. 

3) A method has been developed for probability evaluation of mountain reservoir 
silting terms taking in to consideration changeability of suspended sediment run-off, 
which is based on statistical models of annual average discharges of suspended 
sediments. 

4) Based on the analysis of the mountainous reservoir silting dynamics the following 
may be concluded: while systematic and planned removal of reservoir sediment, 
when input and output volumes of sediment brought into the reservoir are balanced, 
it becomes possible to steadily preserve a certain regulatory volume.  
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Abstract The reservoir operation has a very significant function to keep the safety of the residence 
at the flood period. In this research, the decision support system for the reservoir operation with 
knowledge acquisition is developed by considering the accuracy of flood prediction. The proposed 
DSS estimates the inflow discharge using AI technologies such as the neural network, the fuzzy set, 
the object-oriented programming and so on. The abnormal situation is extracted by using the 
similarity concept. Furthermore, the system has the knowledge acquisition process adding and 
modifying the new knowledge. The results of processes are transferred to the reservoir operator 
through the knowledge information.  

 

 
Keywords: reservoir operation, decision support system, neural network, fuzzy set 
 
1. INTRODUCTION 

Many rivers in Japan have steep gradient and fast flow due to their geographical 
characteristics because the islands are long and narrow. High precipitation is typically 
seen from June to October due to the rain fronts and typhoons (Framji and Grag, 1976). 
This causes a huge amount of surface runoff discharge leading to flood at the downstream 
area. To prevent the serious damages from floods, many reservoirs have been constructed 
in the upstream basin. Recently, reservoirs are operated with the constant discharge 
release or the constant rate release rules. These rules are set in advance for the designed 
flood. In the real-time control, more effective and flexible operation is requested 
according to the changeable runoff discharge. Furthermore, these issues may become even 
more serious because many rivers have heavily populated areas at the downstream basins. 
Presently, it is difficult to operate reservoir adequately during the heavy flood periods due 
to the lack of experience and knowledge. Thus, the development of the decision support 
system (DSS) for reservoir operation should be quite necessary. 

On the other hand, Artificial Intelligence (AI) has dramatically developed in recent 
decades (Tsoukalas and Uhrig, 1997). There are several reports about DSS for reservoir 
operation with Artificial Intelligence such as the fuzzy theory (Kojiri, 1992), the artificial 
neural network (Sakakima et al., 1992), the object-oriented programming (Ito et al., 1996) 
and so on. In this paper, DSS for reservoir operation with knowledge acquisition process 
considering the accuracy of flood prediction is proposed. From the viewpoint of real time 
control, the prediction, the evaluation and the abnormality judgment processes are 
suggested.  
 



2. DECISION SUPPORT SYSTE FOR RESERVOIR OPERATION 

DSS for reservoir operation is required to reduce the troublesome tasks of operator. The 
proposed DSS consists of several sub-systems such as knowledge base, monitoring 
process, reservoir information analysis process, and knowledge acquisition processes. 
Moreover, the sub-systems have the lower sub-systems such as prediction, prediction 
accuracy evaluation and abnormality judgment process in information analysis, and 
knowledge evaluation and adding processes in knowledge acquisition process.  

After a typhoon has passed, the knowledge acquisition process starts to run. In the 
knowledge adding process, the present typhoon is added to the knowledge base as new 
knowledge. In the knowledge evaluation process, the state of the knowledge base is 
estimated with a concept of the information engineering theory. The processing results of 
reservoir information analysis process and the knowledge acquisition process are shown 
to the reservoir operators in the displaying user interface.  

To realize the knowledge acquisition and evaluation process automatically, the Object 
Oriented Programming (OOP) is applied to code the program of DSS. There are four 
typical functions for OPP such as abstraction, encapsulation and polymorphism and 
inheritance. The definition of OOP is a type of programming in which programmers 
define not only the data structure but also the function that can be applied to the data 
structure with those functions.  
 
3. ABNORMALITY JUDGEMENT PROCESS 

It is very significant to find abnormally big inflow discharge on the real time reservoir 
operation. Earlier finding of abnormality aids the residences living around the reservoir to 
take a refuge. The similarity of typhoon path is calculated using the location of typhoon. 
The distance Dt(t) between the present typhoon and the classified typhoon in the 
knowledge base is derived by the following equation: 

{ }22 ))()(())()((minmax)( tilattlattilontlontD kpkptitt −+−=       (1) 

where lonp(t) is the longitude of present typhoon at time t, latp(t) is the latitude, and 
lonk(ti) is the longitude of typhoon in the knowledge base at time ti. The similarity of 
typhoon path is defined as follows: 

}0.0,/)(1max{)( tti GtDtS −=                      (2) 
where Gt is the gradient of membership function. To calculate the similarity of 
precipitation Dp(t), it is required to adjust a time delay, because each precipitation begins 
and finishes at different time.  

{ }})()({maxmin TDtptpD kptTDp −−=   (3) 

where pp(t) is the present precipitation at time t, pk(t) is the precipitation in knowledge 
base and TD is the time delay. The similarity of precipitation is defined as follows: 

{ }0.0,/1max)( ppp GDtS −=                (4) 

where Gp is the gradient of membership function. Similarly, the membership function 
which derives the similarity of inflow is defined as follows: 

{ }})()({maxmin)( TDtInftInftD kttTDi −−=   (5) 
{ }0.0,/1max)( iii GDtS −=    (6) 

where Inft(t) is the present inflow at time t, Infk(t) is the inflow in knowledge base, Gi is 
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the gradient of membership function, and Si is the similarity of inflow. The abnormality 
judgment of human being is to recognize that new information is out of the experience or 
knowledge which he or she has had so far. The abnormality judgment process is designed 
so as to resemble this human characteristic. These similarities are integrated to take a 
minimum among them as follows: 

{ })(),(),(min)(int tStStStS ipt= .   (7) 

In the abnormality judgment process, if the integrated similarity indicates less than the 
constant threshold Ca, the condition is judged as abnormality. 

IF Sint(t) < Ca, THEN Abnormal situation    (8) 
     ELSE Normal situation 
 

4. PREDICTION PROCESS 
 

DSS is assumed to have a task of 6 hours-ahead prediction for reservoir operation or 
refuge action. To forecast the inflow, two types of prediction methods are proposed. One 
is that the typhoon path and rainfall are predicted to estimate the inflow, which is called 
the step prediction. The other is the direct prediction that the inflow is predicted directly 
from the rainfall. As the knowledge base has several typhoon patterns which posse their 
characteristics, the fuzzy neural network is applied to conduct the inflow predictions as 
shown in Fig. 1. When the considered typhoon is coming, the fuzzy inference equation 
based on the similarity integrates these outputs that those neural networks provide the 
outputs as follows: 

∑ ∑= )(/)()()(int tStStOtO iii    (9) 

where Si is the similarity, Oi is the output of each neural network, and i is the pattern 
number. In the step prediction, the typhoon path is forecasted for 6 hours using the fuzzy 
pattern prediction method firstly. Secondly, the rainfall is predicted using the fuzzy neural 
network as shown in Fig. 2. 
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Fig. 1  Fuzzy neural network architecture. 

 
In the case that the rainfall data for 4 hours are used, the calculation flow of direct 

prediction is shown in Fig. 3. To select which prediction result is used as output of 
prediction process, each part of the step prediction is diagnosed in Fig. 4 
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Fig. 2  Calculation flow of the step prediction. 
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4  Diagnosis structure of prediction methods. 
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inspection index II(t’), which checks whether the observed inflow exceeds the range or 
not, is defined as follows: 

∑ ∑= )'(/)'()'()'( ttQttII ωω    (10) 

where )'(tω  is the weight factor on the time delay t’, Q(t’) is numerical value which 
indicated 0 or 1. “1” means that the observed inflow is bigger than the predicted one at 
each time step.  
 
5. KNOWLEDGE ADDING ACQUISITION PROCESSES 

Knowledge adding processes against new operational information should be structured 
under the following issues; 

i) The similarity is calculated using the present typhoon and the classified typhoon 
patterns in knowledge base. 

ii) If the similarity is low, the present typhoon is acquired to the knowledge base as a 
new pattern. 

iii) If the similarity is high, the present typhoon data is recognized as the same typhoon 
pattern in knowledge base. This pattern is reformed by taking average. 

The similarity between the present typhoon and the representative typhoon pattern in 
knowledge base is obtained using the equations described in previous chapter after the 
present typhoon has gone over Japan. The minimum similarity among n patterns is chosen 
for the similarities of typhoon path, rainfall and inflow in each pattern as follows; 

}},,{min{max fdfpftfg n=     (11) 

where  ft is the similarity of typhoon path, fp is the similarity of rainfall and fd is the 
similarity of inflow. The judgment is conducted using the following IF-THEN rule related 
to fg. 

  IF fg > C, THEN Tp=Tk   (12) 

      ELSE Tp≠ Tk 
where Tp means  the present typhoon, Tk does k-th typhoon pattern which takes the 
maximum similarity between the present typhoon and C is the constant value. If the 
present typhoon is recognized as the same pattern against one of the typhoon patterns in 
the knowledge base, the composition of both data is taken by average.  

Since the quality of knowledge base depends on the acquired knowledge on typhoon 
information, Two indices, which represent degrees the variety and the experience, are 
proposed for evaluating the knowledge base. First one is the variety of knowledge base 
(Noguchi et al., 1989) defined as follows; 

∑−=
i

ii ppV log     (13) 

where p is the occurrence probability of pattern, i is the number of patterns in knowledge 
base. V depends on only the occurrence probability of typhoon pattern in the knowledge 
base. If the present typhoon is added to the knowledge base as a new pattern, the value of 
variety increases. Second one is the experience of knowledge base to imitate human 
memory as follows; 

)/tanh( αnE =     (14) 

where n is the number of historical typhoons that DSS had handled, and α  is the 
coefficient.. 

1434 



6. APPLICATION RESULTS OF PROPOSED METHDOLOGIES 

The proposed DSS is designed for A-storage reservoir in Japan. Threshold of knowledge 
adding process is set 0.8, and the threshold of abnormality judgment process is set as 0.2. 

Case 1: An initial typhoon T9426 is stored in the knowledge base and T7220 is passing 
over the considered basin. The value of similarity indicates 0.62 at time 15 and keeps the 
same value until the last time. The inflow NN in the step prediction is taken for rainfall. 
The accuracy of rainfall prediction is completely low in this case because the beginning 
part of rainfall sequence of T7220 is quite big. Thus the direct prediction is selected from 
time 11. The present typhoon is added to the knowledge base as a new typhoon pattern.  

Case 2: Two typhoons, T9426 and T7220, are stored in the knowledge base. Typhoon 
T9709 is coming. The similarity with T9426 indicates 0.73 and the similarity with T7220 
is 0.64. This typhoon also is not judged as an abnormal event. The direct prediction is 
selected from time 21. Since the similarities are less than 0.8, the present typhoon is added 
to the knowledge base.  

Case 3: Three typhoons, T9426, T7220, and T9709 are stored in the knowledge base. 
Then T8210 is coming. The similarity indicates 0.18 with T9426, does 0.06 with T7220 
and does 0.02 with T9709. This typhoon is judged as an abnormal phenomenon.  

Case 4: T9505 is coming for knowledge base of T9426, T7220, T9709 and T8210. The 
similarity with T8210 indicates the value of 0.0 because T8210 has a unique characteristic. 
However, the similarities with the other typhoons in the knowledge base indicate higher 
value than the threshold of the abnormality judgment. Thus, this typhoon is not judged as 
an abnormal situation.  

Three kinds of operations were conducted and compared. The analyzed data of case 4 is 
applied to be simulated in Fig. 5. The preliminary release is conducted until time 26. The 
inflow discharge into A-reservoir exceeds 840 m3/s at time 28 and 31. Because the peak 
value of hydrograph is not very big, the stored water in the reservoir is not increased very 
much. After the peak, the storage water is kept at the same amount. 
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Fig. 5  Simulated results for observed data. 
 

The simulations using the two hours-ahead prediction are shown in Fig. 6. Though the 
second peak of hydrograph is estimated smaller, the storage amount of reservoir is not 
different comparing with the simulation for actual data. This is because the one and two 
hours-ahead prediction is conducted with enough accuracy.  
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Fig. 6  Simulated results for predicted data. 
 

The value of variety is dotted on the x-axis and the experience is done on the y-axis. 
The shape of a diamond is made by bonding the value of variety and experience. The 
results of knowledge evaluation process from case 1 to 4 are shown in Fig. 7. The both 
indices, the variety and the experience are increased because the typhoon is added to the 
knowledge base as a new or an existing typhoon pattern.  
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Fig. 7  Visual evaluation shape of information. 
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7. CONCLUSIONS 

In this paper, it was attempted to design the decision support system which provided the 
significant information to the reservoir operator at the real time. The obtained results in 
this research were summarized as following issues; 

i) Two prediction methods of the step and direct approaches were formulated by 
using the fuzzy neural network and the diagnosis approach method for predictions 
was obtained. 

ii) The prediction accuracy evaluation method and the improvement method of the 
risk range, which the observed data would be involved in a certain probability, 
were obtained. 

iii) The extraction method for the abnormal typhoon was obtained based on the 
similarity concept which was derived through the fuzzy theory. 

iv) The knowledge was acquired to the knowledge base when the typhoon is passing 
through Japan in the knowledge acquisition process. Then the entire system which 
consists of the several sub-systems was designed. 
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Abstract: In the frame of risk assessment and risk management the determination of the failure 
probability of dams plays an important role. In this paper the probabilistic approach that has been 
elaborated for the hydraulic failure by the authors in the nineties will be further developed and 
refined. Further it is shown, how the random event “gate failure” can be taken into account instead 
of the n-1-rule (normally used to ensure the design discharge with one of the gates or valves unable 
to function). 

 

Keywords: dam safety, freeboard, overtopping risk, gates, valves, flood hydraulics 
 
1. INTRODUCTION 

A look at numerous published statistics of dam failures shows that in about one third of 
the cases worldwide hydraulic-hydrologic causes have led to the failure or damage of 
dams. This is why numerous hydraulic-hydrologic design methods have been developed 
for spillways and the freeboard of dams to check their safety against overtopping. Step by 
step, the design methods have been improved and the risk of failure has been minimized, 
however it cannot be reduced to zero.  

Although there are still some mental reservations in some countries, risk assessment for 
dams is being used. However, there is still a lack of data resulting in uncertainties when 
fitting the required distribution functions. In this paper it is shown how the random event 
“gate failure” can be adjusted to a statistical model. To permit a more reliable prediction 
of gate and valve behavior a survey has been made among dam and weir operators in 
German speaking countries. 

 
2. PROPOSED APPROACH TO ESTIMATE THE PROBABILITY OF 

OVERTOPPING 

At the beginning of a flood event, an initial reservoir level h1 (see Fig. 1) is found, which 
is mathematically considered to be random depending on previous floods or droughts as 
well as on reservoir operation. The inflow Qin can be described by the hydrograph of the 
flood with a certain reoccurrence period and with random parameters according to a 
special probability distribution. Since the outflow discharge Qout is normally less then the 
inflow Qin until a certain head above the spillway crest is reached, the water level rises by 
d2 to the level dmax. The outflow discharge Qout depends on the capacity and the opening 
state of the gates and the valves, and is adjusted by means of the random discharge 
coefficient Cd. 



 
Fig. 1  Definition sketch and flow chart 

 

The fourth random variable is the wave generating wind causing wave run-up and wind 
setup in so far as it simultaneously appears with the flood. These wind effects require a 
freeboard height d3. The main load quantities, initial water level, increased water level 
due to flood discharge and required freeboard, can be expressed in terms of levels. This 
paper considers “failure”  as a condition in which holds:   

 d1 + d2 + d3 = dmax + d3 > c = crest level.                                     (1) 

The theoretical solution of the overtopping probability is given by a triple integral (cf. 
Pohl 1997). However, because of its complexity a closed solution is hardly (or not) 
possible. Therefore, the Monte Carlo simulation is used to solve the problem. The 
programmed procedure is shown in Fig. 1 schematically. In this program the flood event 
with the maximum discharge peak of n arbitrary years is simulated n - times with the help 
of random numbers, whereby the overtopping probability is divided into the direct 
probability of overtopping P2 (as the result of the flood meeting the initial water level, 
exclusively) and the indirect probability P3 (due to flood and wind effect). The probability 
is calculated according to the above definition (Fig. 1). 

Case studies were made with this method for a series of dams in Germany (cf. Pohl 
1997). Most of the results proved that the safety is sufficient from the hydraulic-
hydrologic viewpoint. The failure probabilities are of the order 10-5 or less.  
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Because of the lack of data concerning a possible reduction of the effective discharge 
due to blocked gates and valves (cf. Kalenda 1990, p. 64) an additional assumption has to 
be made. In Germany (and many other countries as well) this is usually done by applying 
the n-1 rule (DVWK 216/1990): The flood must be discharged supposed that one of the 
gates (the one with the largest discharge) cannot be operated. 
 
3. FAILURE FREQUENCIES OF GATES AND VALVES 

Mouvet and Darbre 2000 stated that no statistics on the failure of components of 
spillways and outlets are readily available. They cited several papers containing case 
studies or estimates of related values spreading widely from  P=0.1 to 5×10-4. 

Amdal and Riise 2000 established P = 0.01 for spillway gate opening (human) error at 
Venemo dam, Norway. 

Kalenda 1990 refered to 51 tainter gates with flap at 17 weirs on the Danube and Lech 
rivers, where no failure to open had been reported. With the cumulated operating time for 
all 51 gates of 1038 years in this particular example one obtains an estimated hourly 
hazard rate of  

8

0 0

ˆ 0, 693ˆ 7.62 10 /
1038 24 365.25

k P h
n T T

λ −= = = = ⋅
⋅ ⋅ ⋅

                               (2) 

with T0 = observation period, during which k failures occur at n objects. In this formula 
 has been used, standing for the upper confidence limit of the693.02

5.0;2 == χk 2χ -
distribution of λ in case that no failures can be observed with a probability of 50 per cent 
(Exponential distribution of the time between failures). 

Very often hazard rates of singular components or structural members have a 
magnitude of 10-6. The hazard rates for electricity supply are obviously higher (10-3 to 10-

4), even though the breakdown generally lasts only a few seconds.  
Dealing with dam safety, Lecornu 1998 reported on the availability of operational and 

measurement equipment at dams. The “nonavailability”, e.g., of p=0.034 =1–0.966 for 
gates includes the time for repair as well as revision and is insofar different from the 
failure-to-open probability in case of need. As the reconstruction of a gate after a (partial) 
failure is mostly completed before the next duty (which often occurs at certain points in 
time like, e.g., quarterly inspection or spring flood), the relative frequency of failure is 
normally lower than this “nonavailability”. 

Safety inspections at  nuclear power stations provided the following data about hazard 
rates and failure frequencies: small leak in a main cooling pipe as well as clogging of 
pipes λ=10-4/h, Butterfly valve λ=10-5/h (however, with the objective to close). 
 
4. DATA ACQUISITION  FOR A RECENT STUDY 

The data were collected by distributing a questionnaire among 69 operators possessing 
more than 600 dams and weirs in Germany, Austria and Switzerland. The interview was 
anonymous to ensure serious and frank answers. There were responses from 21 operators 
who gave information about the behavior of 536 gates and valves at 227 sites.  

The average period of records (if available) is 22.2 years (ranging from 2 to 70 years). 
The operators were asked about the scheduled inspections and the opening behavior in 
cases of emergency or flood. 

Failure to open during inspection: The evaluation of the questionnaires showed that 
the inspection periods varied considerably from one week to one year. The average 
inspection interval (the time between two successive inspections) was 9.19 months for 

 1440



gates and 4.45 months for valves. In about 1.5% of all cases regular opening was 
impossible including complete failure to open, partial as well as delayed opening. 

Because of  the limited data basis only the values in the hatched boxes in Tab.1 can be 
considered to be significant for mathematical reasons. The other values, however, also 
give a good idea of how often a gate or valve failure happens.  

A noticeable deviation from the mean can be detected for the partial opening of needle 
valves with a frequency of 2.6 per cent of all inspections. The author supposes that this is 
caused by sediments or rust which limit the movement of the needle.  

Failure to open during flood: At the considered reservoirs floods with spillway 
operation have occurred every 1.9 years as an average.  

Altogether the data basis for gate failure during floods is much weaker than for the 
scheduled inspections. Therefore the values are hardly significant for a special type of 
gate or valve. However, the weighted mean over all types shows a good correspondence 
with the values gained from the inspections. This leads to the assumption that the two 
values converge (for demands during inspection and flood, respectively). 

The calculated failure probability of a bottom outlet for one line on demand is (Fig.3):  
 

( )
=−−−⋅−−−−⋅−−=

=−−−−−−−∏
=

=−−=

0.0031)0.001)(1)(151030.0018)(10.00424)(1)(15102(111P

)RVp)(1FBp)(1Rp)(1Np)(1Revp)(1Rep(11
6

1i iP111P                    (3) 

P1 = 0.01015 
 

failure probability for both lines on demand, assuming statistical independence , Q = 0 

0.0103%0.0001030.01015PP 22
12 ====                                      (4) 

failure probability for one of two lines in case of need, reduced discharge , Q = Q0/2 

0.02020.0001030.010150.01015PPPP 2113 =−+=−+=                           (5) 

thus about 2%. 
 

Table 1  Results of the enquiry (values in brackets refer to the upper confidence limit in case of  
missing failures in an observation series) 

inspection  flood 

Type Number Failure frequency k/n Failure frequency k/n 
 completely 

blocked 
partially 
opened 

completely 
blocked 

in revision partially 
opened 

vertical lift gate 
(overflow) 

137 0.0026 
(0.0146) 

0.0077 
(0.0193) 

0.00585 
(0.06078) 

0.00192 
(0.05751)

0.00872 
(0.06162) 

flap gate 
(overflow) 

66 0.0084 
(0.0189) 

0.0061 
(0.0170) 

0.0000 
(0.05620) 

0.0000 
(0.05659)

0.0000 
(0.05620) 

needle valve 109 0.0031 
(0.0089) 

0.0259 
(0.0305) 

0.00637 
(0.0919) 

0.00424 
(0.09134)

0.01118 
(0.09274) 

butterfly valve 83 0.0018 
(0.0107) 

0.0054 
(0.0140) 

0.00298 
(0.08396) 

0.00387 
(0.08424)

0.0000 
(0.08202) 

ball valve 6 0.0000 
(0.0385) 

0.0000 
(0.0385) 

0.0000 
(0.17325) 

0.0000 
(0.17325)

0.0000 
(0.17325) 

inspection lift 
gate 

9 0.006 
(0.0076) 

0.0000 
(0.0013) 

0.0000 
(0.19058) 

0.0000 
(0.19058)

0.0000 
(0.19058) 

all (weighted) 0.0030 0.01032 0.00309 0.00183 0.00508 
all (weighted) confidence 
limit, because no failure 
recorded 

(0.01404) (0.02124) (0.08137) (0.08217) (0.08257) 

The above calculation is based on the frequencies of total failure to open during an 
inspection. The calculated probability of failure to open one line on demand is P1 =0.0107 
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and includes the random complete failure during a flood. Thus the corresponding values 
are approximately equal, this being also due to the much larger sample of values gained 
from inspection. Taking into account the cases of need per year one can also calculate the 
failure frequency per year which would be two to three times the calculated probabilities. 

Application in risk analysis: For purposes of probabilistically based risk analysis the 
status of gates and valves can be given as a discrete distribution (open/ closed/ possibly 
partial opening) or as a continuous (steady) distribution of a discharge (reduction) coeffi-
cient Cd to be multiplied with the full discharge at any water level. The latter includes 
arbitrary partial openings. 

To apply a statistical Monte Carlo approach for dam safety considerations (spillway de-
sign) as proposed by the author (Pohl 1997, 1999) it is necessary to estimate among oth-
ers the repartition (cumulative distribution) of Cd. In each cycle of the Monte Carlo simu-
lation Cd will take another value between 0 (closed) and 1 (open) according to the reparti-
tion (distribution function)  F(Cd) derived in Pohl 2000.  

 

 

Fig. 2  Failure frequencies for selected types of gates and valves 
 

( ) ( ) ( )( ) 10010 ≤≤−⋅+= d
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This equation can be applied for the purpose of statistical simulation of Cd using the 
random number (which is rectangularly distributed on 〈0;1〉)for F(Cd). 
   To find the values a (exponent) and F(0) (probability of closed gate or valve) of the 
repartition F(Cd) (Fig. 4) for, e.g., a bottom outlet given in Fig. 3 an event-tree was used 
yielding F(0)= 0.0102 and a = 4.9 (cf. Pohl 2000). 
 
 

Reservoir 

 1442

 

Trash rack, a=40 mm Trash rack, a=40 mm 



Blinding: P=0.00002 (estimated) Blinding: P=0.00002 (estimated) 
  
Inspection lift gate 
Inspection: P=0.00424 (Tab. 1) 

Inspection lift gate 
Inspection: P=0.00424 (Tab. 1) 

  
Emergency (butterfly) gate  can not be opened if 
normally closed P =0.0018 (Tab. 1) 

Emergency (butterfly) gate  can not be opened if 
normally closed P =0.0018 (Tab. 1) 

  
Pressure pipe DN 1800 burst, emergency gate closes, 
clogging :     P =0.00003 (estimated) 

Pressure pipe DN 1800 burst, emergency gate closes, 
clogging :     P =0.00003 (estimated) 

  
Flange DN 1800 break:  P=0.001 (estimated) Flange DN 1800 break:  P=0.001 (estimated) 
  
Needle valve can not be opened: P=0.0031 (Tab. 1) Needle valve can not be opened: P=0.0031 (Tab. 1) 
 

Fig. 3  Example: Bottom outlet, complete failure of the individual elements 
 
 

closed  
= water flow interrupted, at least 
one gate or valve has completely 
failed to open 
 

partially open 
= discharge reduced to about one 
half due to only partial opening 
of at least one gate or valve  
 

open  
= correct functioning of all gates 
or valves in a line, full prompt 
opening in case of need  

1
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C d
Cd 

partial open closed 

 

Fig. 4  Repartition of the discharge (reduction) coefficient Cd (example: bottom outlet with butterfly  
valve and  needle valve). Values are taken from Pohl 2000 

 
5. CASE STUDY AND RESULTS 

The effect of gate operation on the safety against dam overtopping largely depends on the 
ratio of  gate discharge to total discharge. The following example uses data of a dam near 
Dresden, although some input data have been modified (e.g., crest level, auxiliary spill-
way with approx. 20 per cent of design flood not taken into account) to show the influ-
ence of the gate operation more clearly.  

Technical data: embankment dam, upstream slope 1 in 2, grass cover, crest elevation 
148.00 m a.s.l., round crested spillway (r = 1.3 m, width = 16 m, el. 146.60 m a.s.l.), 
gated with a fish shaped flap (height 1.4 m, width 16 m), 2 bottom outlets with a capacity 
of 3 m³/s each  

Operational data: initial water level between  146.50 and 147.00 m a.s.l., bottom out-
let is opened at 146.60 m.a.s.l. 
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Morphological data: 

   
 

Fig. 5  storage        Fig. 6 reservoir surface, fetch 
 

Hydrological data:           

            

Time to peak between 10 and 
50 hrs; hydrograph shape 
factor between 1 and 10 year 

Fig. 7  flood record at inflow gauge 
 

Meteorological data: distribution of wind velocity (one hour mean) from records at 
Dresden airport 

The results show that all probabilities are too high. This is due to the modification of 
the input data. Cases 1, 2 and 4 yield approximate values of 10-4 to 10-5 for the original 
data. Of course case 3 with the waterway of the largest discharge capacity blocked is the 
most dangerous one. Therefore, it is normally not usual to allow only one spillway gate, 
nevertheless this is sometimes still the case in reality. Case 4 indicates that because of the 
finite probability of  flap gate failure the exceedence probability is slightly higher than in 
cases 1 or 2, respectively. Case 1 and 2 show nearly the same probability due to the rela-
tively low discharge portion of one bottom outlet.  
 

Table 3  Results of the Case Study (modified data to make the different influences more visible) 
Case Description Exceedence probability 

P0: max. water level above 
dam crest  direct over-
topping 

Exceedence probability 
P0: waves overtop dam 
crest  indirect overtop-
ping 

1 flap gate and 2 bottom outlets 
 available 

5 % 51 % 

2 flap gate and 1 bottom outlet avail-
able (n-1 condition: valves) 

5 % 52 % 

3 only 2 bottom outlets available  
(n-1 condition: gate) 

77 % 89 % 

4 random gate failure from Table 1, 
random failure of bottom outlet from 
Fig. 4 

6% 53 % 
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6. CONCLUSIONS 

By means of the approaches presented it is possible to assign probabilities to the correct 
hydraulic operation or to the failure of hydraulic structures or systems such as dams, flood 
control reservoirs, flood plains at large weirs or mill tailing dams. This result allows the 
assessment of the safety level of an individual dam; moreover, it can be used to compare 
the safety of dams with different spillways, storages, types of construction etc. 

The result may further be used as a decision tool for the dimensioning and/or the as-
sessment of existing hydraulic structures. If it is necessary for the decision, costs may be 
assigned to the probabilities by means of cost and damage functions respectively. 

 In this paper the failure frequency of gates and valves at dams and weirs has been de-
termined. Although the further improvement of the data basis is still desirable, the survey 
produced an average frequency of the total failure to open of about 0.3 per cent and that 
of  partial opening of about 1 per cent (cf. Table 1).  

Taking into account the uncertainty due to insufficient information (no failure for only 
few emergencies) the related values might increase up to 2.3 and 2.5 per cent, respectively. 

The above-mentioned numbers were calculated assuming a constant, time-invariant 
failure behavior. It can be expected that the improvement in operation and maintenance as 
well as technology of equipment will reduce the failure frequency. Therefore a more so-
phisticated study seems to be useful, which could not be carried out in this study because 
of the insufficient number of events per class of frequency. 

Moreover this paper shows a way of using failure frequency in risk analysis using a 
proposed distribution. 
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Abstract: Small reservoirs are usually subjected to undesirable and fast sedimentation. In case of an 
extraordinary flood, the reservoir can be silted up or, at least, the operation of the plant can be 
affected. Sedimentation studies for three hydroelectric sites in Brasil, which led to this conclusion, 
are presented, as resumed below. 

 

The Mascarenhas power plant, on the low Doce River, a 120,000 kW plant, was put into 
operation in 1974. Just five years later, the 42 x 106 m³ of capacity reservoir was silted up after a 
flood of 12,000 m³.sec-1 peak flow. It is estimated that the useful life of the reservoir was only 5 
years and that the sediment transported by that flood was enough for its siltation up. 

Another study was carried out for Itiquira, which is a 180,000 kW power plant, running since 
1999 on a tributary of Paraguai River. The watershed was under a strong erosion process and an 
annual growing of about 16% was estimated, which would lead the silting up time of the reservoir to 
just 2 years. Furthermore, it is shown that the sediment transported by a 50-y flood would silt up the 
reservoir. As sediment control measures, the dam was provided with a bottom outlet and a 
sedimentation basin were constructed upstream the forebay. 

Last, it is showed that the occurrence of floods in just a wet year would compromise almost all 
the reservoir capacity of Quartel 2, a 100,000 kW power plant to be constructed on a tributary of 
Velhas River.  

Keywords: reservoir sedimentation, sediment, flood, sediment control measures 
 
1. INTRODUCTION 

Small reservoirs are usually subjected to undesirable total sedimentation in less time than 
the economical life of the enterprise. This is a consequence of their location, as they are 
usually built on the highest parts of the watershed, where steeper slopes and intense rain 
prevail, what favors erosion and increase sediment transport. In case of an extraordinary 
flood, the reservoir can be silted up or, at least, the operation of the plant can be affected. 

Therefore, sedimentation and useful life studies of reservoirs are essential for the design 
of hydroelectric power plants and other purpose projects. Under the sedimentation point 
of view, it is considered that the end of the useful life occurs when the deposits begin to 
disturb the regular operation of the project, what is related to the functioning of the intake. 
For small reservoirs, the analyses of extra ordinaries floods and their amounts of sediment 
yields are of fundamental importance. 

The evaluation of the reservoir sedimentation can be carried out at two distinctive 
phases. First at the enterprise planning, during which the useful life of the reservoir, or 
part of it, can be obtained considering surveyed sediment data. At this time, measures to 

 1446

mailto:newtonoc@openlink.com.br
mailto:guilhon@ons.org.br


avoid the compromising of the reservoir in less time than its useful life can be adopted. 
Designing of a bottom outlet or of a sedimentation basin are examples of these measures. 
Forestation for river banks erosion reduction can also be carried out. 

In a second phase, already during the operation of the plant, the evaluation of deposits 
is carried out by the reservoir sedimentation monitoring, in order to check the reducing of 
its capacity. In this case, sediment control measures can be adopted for minimizing or 
retarding this effect. Dragging the lake or the river upstream are common adopted 
solutions. 

The estimative of small and medium reservoir sedimentation is carried out in the same 
way as for a large reservoir. However, the estimative of the bed load assume greater 
importance, since the coarse material remains in the lake, while the fine sediment tend to 
escape through the spillway and penstocks.  
 
2. EVALUATION OF SEDIMENTATION AND USEFUL LIFE  

For sedimentation preliminary calculations, the following formulas are used: 

apγ
r x ES Q

apγ
r x ESG

 S 
365

==                                                     (1) 

S
VT =                                                                      (2) 

where: S=volume of sediment trapped in the reservoir (m3 y-1); GS=total sediment volume 
reaching the reservoir (t y-1); Er=trap efficiency of the reservoir (fraction); γap=mean 
apparent specific weight of the sediment deposits (t m-3); QS=mean total sediment 
discharge (t day-1); T=time required to reduce the reservoir capacity of a volume V (years); 
and V=total volume or dead volume of the reservoir (m3). 

2.1 Sediment Discharge 
Usually, the value of QS to be adopted in the evaluation of  a reservoir sedimentation and 
its useful life should take into account a possible increasing of the sediment yield along 
time, due to human actions in the watershed. In doing so, it is necessary to estimate the 
sediment transport rate increase. Sediment data, surveyed every month during at least five 
years, are required with this purpose. 

2.2 Trap Efficiency 
The sediment trap efficiency of a reservoir can be obtained from systematic surveys of the 
sediment discharges upstream and downstream the dam. In case of previous to the dam 
construction studies, empirical relationships based on the records of existing reservoirs are 
used. For medium to large reservoirs the Brune’s curves should be adopted while for 
small reservoirs the Churchill’s curve is recommended (Morris & Fan, 1997; Strand, 1974 
or Vanoni, 1977). There is a range of values for which the designer judgment is required 
in order to choose which curve to employ.  

2.3 Specific Weight of Sediment   
The deposition of sediment in the reservoir is calculated in terms of weight per time (t d-1). 
In order to obtain the respective volume, a conversion, in which an estimated unit weight 
of the deposited sediment is employed, has to be done,. 

Several factors influence the value of this unit weight, which can vary between 1.0 and 
1.7 t m-3, such as: the way the reservoir is operated, the texture and size of the sediment 
particles, the compactness or consolidation rate, the action of density currents, the slope of 

 1447



the incoming stream bottom and effect of the vegetation in the reservoir headwater area. 
The way the reservoir is operated and the size of the sediment particles are the main 
factors. Therefore, the use of an arbitrary value can lead to big mistakes. 

Commonly the estimative of this parameter is carried out using the Lara & Pemberton 
method (Carvalho, 1984; ICOLD, 1989 and others). 
 
3. SEDIMENT CONTROL METHODS 
The erosion control in the watershed is an important measure for avoiding sediment 
problems. However, as the entrepreneur usually does not have liberty of action in doing so, 
only control methods limited to the reservoir area are adopted in most cases.  

Both preventive and corrective measures can be applicable. In order to choose which is 
the ideal method to be adopted, sediment studies must be carried out. Vegetative treatment, 
protecting existing vegetative cover on forest and grazing land, supporting mechanical 
field practices and stream channel improvement and stabilization are some of this 
measures. 

A small reservoir that is silted up, leading to operation problems, must be submitted to 
dragging in the region of its intake, leading to usually not forecasted expenses, during the 
enterprise planning. 
 
4. SILTING UP OF MASCARENHAS RESERVOIR AND ADOPTED SOLUTION 
The Mascarenhas hydroelectric power plant (120 MW) is situated on the low course of the 
Doce River, on the boundary of the states of Minas Gerais and Espírito Santo. 

The Doce River has one of the most prolific watersheds (85,028 square km) of Brasil, 
regarding sediment yield. The intense rainfall and irregular topography and geology are 
the main natural causes, while mining, intense deforestation and other causes contribute to 
the high rates of erosion. 

All of the existing reservoirs on the watershed present sedimentation problems. Brecha 
on the Piranga River, Peti on the Santa Bárbara River, Piracicaba and Sá Carvalho on the 
Piracicaba River, Salto Grande complex on the Santo Antônio River, Bretas on the Suaçuí 
Pequeno River, Dona Rita on the Tanque River are the other hydroelectric power plants 
facing reservoir sedimentation problems. 

The entire dead volume and an expressive part of the useful volume of Mascarenhas 
reservoir are filled with sediments. It would be silted up if a part of the sediment was not 
being dragged and another part was not discharged through the spillway and penstocks. 
According with available studies, after the 1979 major flood, the corresponding annual 
sediment volume reached 30 x 106 m3, large enough to produce big problems on the small 
reservoir (42 x 106 m3), which dead volume was of just 8 x 106 m3. After the flood, all of 
the penstocks were obstructed and the machinery was covered with sand. 

It was showed that the mean annual sediment transport of  10 x 106 m3, since 1974, year 
of the reservoir construction, was enough to cause problems. It did not silted up the 
reservoir because the part of the sediment was transported through out the spillway and 
penstocks and also because the major part of the sediment deposition took place at the 
beginning of the lake. On the other hand, with the deposition the trap efficiency 
diminishes, leading to greater volumes to pass dowstream the dam. 

Almeida and Carvalho (1993) showed that, if adequate studies had been carried out 
during the design of the enterprise, a bottom outlet installation would have been planned. 

The owner of the hydroelectric power plant, besides having to carry out the cleaning up 
of the sediment, had to adopt a dragging system, air lift type, in order to keep the intake 
operating. 
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5. DESIGN OF THE ITIQUIRA PLANT AND ADOPTED SOLUTION 

The Itiquira hydroelectric power plant is situated on the Itiquira River, which belongs to 
Cuiabá River watershed, situated in the State of Mato Grosso. The project presents a small 
reservoir with 4,2 x 106 m3, but the high 120 m head, combined of a mean discharge of 
72.9 m3s-1 , leads to a significant power (180 MW). 

A sediment study carried out for the design of the enterprise showed that the small 
reservoir could be silted up in 14 years, considering the mean sediment discharge 
surveyed between October 1979 and March 1982. Besides, the dead volume would be 
silted up in just 12 years. 

At the same time it was verified that the watershed was subjected to profound 
transformations due to an agriculture frontier expansion, that caused an abruptly 
acceleration of the erosion process. Consequently, a 16,15 % annual increase of the 
sediment yield took place along that period, as showed by the double mass curve 
calculated in Table 1 and presented in Fig.1. 
 

Table 1  Calculation of Cumulative Water and Sediment Discharges 

 
Year 

Water Discharge Cumulative Water 
Discharge 

Sediment Discharge Cumulative Sediment 
Discharge 

 (m3 s-1) (m3 s-1) (t d-1) (t d-1) 
1979 112.1 112.1 3,036 3,036 
1980 109.1 221.2 3,040 6,075 
1981 88.3 309.5 4,473 10,548 
1982 88.3 397.8 4,374 14,923 
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Fig. 1  Sediment Double Mass Curve of Itiquira River 

 
The rate of sediment transport variation (Ec) was computed using the ratios between 
sediment discharges and water discharges (r1 and r2), as follows: 

5.27
1.1091.112

040,3036,3
1 =

+
+

=r                                                (3) 

50.1=
88.3+88.3
4,374+4,473=r2                                             (4) 

0.82=
r

r-r
=E

1

12
c                                                     (5) 

This means that a sediment load increasing of 82% occurred between 1979 and 1982, 
which is a very high value, which sooner could jeopardise the reservoir. 
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The calculation of the annual rate, considering the few available 4 years data, was 
carried out with the equation 

( ) 1.82=R+1 4
i                                                            (6) 

The result is an annual sediment increasing rate (Ri) of  16,15%, which applied to the 
period 1982 to 1999 gives a sediment deposits increasing from 330.325 m3 y-1 to 
3.624.506 m3 y-1. 

The cumulative values show that, at the end of this period, the deposited sediment 
would reach 24,021,914 m3 and that the total reservoir storage volume (4.8 x 106 m3) 
would be filled up with sediments in less than 9 years, if the increasing rate remained 
constant. 

5.1 Effect of a Flood on the Small Reservoir 
A series of floods with a maximum peak of 508 m3s-1, corresponding to a 50 years return 
period calculated by the log-normal distribution, occurred from December 1977 to March 
1978. Fig.2 shows the daily sediment discharges for this period. 

The cumulative sediment deposit volumes in the reservoir were calculated, taking into 
account the trap efficiency and its reduction with the deposit increase, using the following 
equations: 

ap

STQ
  V

ST γ
=                                                                (7) 

rST xEVS =                                                                  (8) 
V’res = Vres - ΣS                                                              (9) 

where: V’res = remaining reservoir volume (m3);  S = daily trapped sediment volume in the 
reservoir (m3 day-1). 
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Fig. 2  Graph of Sediment Discharge. Itiquira River at BR-163 Road Bridge, December 1977 to March 1978 
 

A value of 1.5 t m-3 was fixed for γap, since the sediment was sand and also considering 
the short silting up time. The trap efficiency of the reservoir, that is reduced as the 
sedimentation take place, was estimated using the Churchill’s curve. 

The calculation was carried out for the period from December 22, 1977 to March 11, 
1978 when the deposition volume became equal to the reservoir capacity. 
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For the present conditions, it could be expected that the reservoir would be silted up in 
less days, since the sediment discharge increasing with time was not considered in the 
calculation. 

5.2 Adopted Solution  
According to the described study, the Itiquira reservoir would have an ephemeral life. 
Therefore, a bottom outlet was included in the dam and a sedimentation basin upstream 
the forebay. The controlled operation of these structures would guarantee the functioning 
of the intake, reductioning the risk of sediment deposit near the intake and of the abrasion 
of penstocks and turbines runners by coarse sediment. 

These kinds of solution have been discarded by many engineers, with the explanation 
that a bottom outlet is not efficient for the reduction of deposits in the reservoir, what is 
true. However, this structure can guarantee the operation of the intake, by the evacuation 
of sediment deposits near the intake. In order to reduce the reservoir sedimentation time, 
other measures would have to be adopted, being the protection of the drainage basin 
forests, the most efficient measure in many cases. 
 
6. QUARTEL 2 PROJECT FEASIBILITY STUDY AND SEDIMENT CONTROL 

The Quartel 2 Hydroelectric Power Plant (100 MW) has been planned to be built on the 
Paraibuna River, which is a tributary of Velhas River, State of Minas Gerais. Its drainage 
basin has been suffering huge degradation due to fast erosion process. Deforestation, 
mining, intense agriculture and inadequate soil management are some of the problems that 
led to sedimentation of Rivers and reservoirs in the region. 
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Fig. 3  Sediment Double Mass Curve - Velhas River at Santo Hipólito Station 
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There is a small power plant named Paraúna, that will be put out of operation with the 
construction of the complex formed by Quartel 1 and Quartel 2. Nowadays its reservoir is 
almost silted up and the plant is kept running because of the existence of two bottom 
outlets. 

Adequate studies led to the conclusion that the sediment transport is increasing at a rate 
of 14,7% per year, as showed by the double mass curve presented in Fig. 3 

The total sediment yield is 280 t km-2 year-1, a high value considering international 
standards. The reservoir, a medium size one, has a total capacity of 66.0 x 106 m3 and a 
dead volume of 10.0 x 106 m3. Therefore, assuming the above mentioned increase rate, the 
last volume would be filled with sediment in just 6 years and the reservoir would be silted 
up in 16 years. 

The sediment yield of 1.03 x 106 m3 during 1979, the wettest observed year, would be 
enough to produce deposits leading to a reduction of 90% of the dead volume. If that 
flood would take place nowadays, this reduction would be higher, because of the sediment 
transport increasing. 

6.1 Suggested Sediment Control Solution 
Because of the above stated, sediment control measures should be adopted in the design of 
Quartel 2 design. The initial idea was to include a bottom outlet in the dam. However, due 
to the distance between the dam and the intake, it was concluded that this solution would 
not be enough. Therefore, it was suggested that the intake would be moved up and a wall 
should be built in order to deviate the sediment deposits from it. It was recommended, as 
well, that a sedimentation basin should be placed upstream the forebay, to avoid sand 
particles to enter the penstocks. 
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1. INTRODUCTION OF THE SECOND SONGHUA RIVER 

The flood control system in place for the second Songhua River reservoir group is 
composed of Baishan, Hongshi and Fengman reservoirs. Of these, Baishan and Fengman 
comprise the two partial long-term storage reservoirs with a flood control storage capacity 
of 934×106 m3 and 26.74×106 m3 respectively. The facility at Hongshi is a daily storage 
hydroelectric station. The flood control objectives of the cascading reservoirs of Baishan 
and Fengman are to avoid the build up of flood peaks for the Nenjiang River which 
threatens Haerbin city. This is addition to protecting the region surrounding Jilin City, its 
outlying farmlands and residential zones located in the vicinity of the Fengman Reservoir. 
To meet with different needs of flood control in the lower reaches, the stage control 
method is currently in use at the Fengman Reservoir. Baishan reservoir, in addition to 
ensuring its own safety, is expected to provide partial storage for peak staggering 
scenarios for the Fengman Reservoir in order to increase assist in flood alleviation of the 
cascading reservoirs as a whole when its water level is not higher than 416.5m. 

In the second Songhua River basin, floods belong typically originate from storms and 
usually occur during from the final 10 days in July to the middle of September. Storms 
arise from typhoon and cold front rainfall; particularly rainfall. Typical storm 
characteristics during this period are periods of intense rainfall that are widespread and 
extremely heavy. Large floods with high peaks and large volumes rise and fall steeply 
making conditions both unpredictable and difficult to manage. A single flood may last 
seven to eleven days. The flood design characteristics of Fengman Reservoir are presented 
in Table 1. (Unit of flood volume is 106 m3 and that of flood peak discharge m3/s. the same 
thereinafter)  
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Table 1  Characteristics of design flood of Fengman PowerStation (FV. = flood volume) 

frequency.(%) peak discharge FV. Of 1 day FV. Of 3 day FV. Of 7 day FV. Of 11 day 
0.01 
0.02 
0.1 
0.2 
0.5 
1 
2 
5 

10 
20 

36400 
35466 
28000 
25493 
22076 
19400 
16855 
13438 
10728 
8101 

2877 
2805 
2212 
2012 
1742 
1538 
1330 
1060 
848 
639 

5380 
5259 
4290 
3959 
3511 
3160 
2806 
2321 
1934 
1531 

8730 
8541 

 7030 
 6511 
 5812 

   5250 
 4694 
 3938 

  3321 
  2674 

      9830 
9632 
8050 

      7512 
6742 

 6170 
 5566 
 4743 
 4075 
 3354 

2. FLOOD CONTROL OPERATING RULES OF THE SECOND SONGHUA 
RIVER CASCADING RESERVOIRS 

The flood control operating rules of a reservoir include detailed criteria for assessment 
and operating instructions under specific flood conditions in the reservoir. These 
guidelines and policies are constituted from flood control operation goals, water 
conditions and levels of the reservoir, flood regulation methods and assessment criteria for 
reservoir discharges and several other factors. The guidelines and policies give indications 
for storage and release under various probable conditions (inflow, reservoir stage, etc) in 
the reservoir. When constituting the flood control operating rules, we first choose a flood 
regulation method and assessment criteria that will effectively assess and mitigate flood 
magnitude. The second step is to decide on flood routing procedures and make final 
regulation decisions on methods that will be used in the reservoir under various conditions. 
This would include continuous and coherent designating discharge procedures and 
operating methods for the reservoir under typical flood conditions as well as 
compensating for the design specification of the reservoir in question. The final step is to 
organize these decisions into specific rules. 

As for a reservoir with downstream flood control responsibilities, the most important 
thing is to make sure when act to protect downstream areas, when to ensure only the 
safety of the dam and when to employ the emergency discharging facilities. As flood 
waters begin to initially rise there is no way to know whether the flood will exceed certain 
criteria or not because there is no way to foresee the whole course of the coming flood. 
Typically, certain flood information is used and an experienced person will make an 
assessment of this information as to the likely magnitude of flood in the light of the 
indexes. The information for these indexes includes the reservoir level, reservoir inflow, 
precipitation during a certain interval and similar measurable quantities. These are chosen 
selectively according to the specific practices of the reservoir. 

The method that uses reservoir level is determined as follows. The highest reservoir 
level acceptable for flood regulation in different floods is determined through flood 
routing and this serves as the index for judging whether the present flood exceeds the 
specified parameters that correspond to that level in the reservoir or not. This technique is 
reliable and is applicable in places where flood storage capacity is large and flood 
regulations are focused on flood volume. This will avoid common problems like the flood 
not being up to a standard and having to increase discharge haphazardly, which can cause 
tremendous damage to the lower reaches of the river. It is important to note that a large 
flood storage capacity is required because this method is slow in judging flood 
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magnitudes, which lowers the likelihood of being able to quickly being able to identify the 
need to increase the discharge in order to ensure dam safety.  

Another method focuses on reservoir inflow as the key factor in making assessment 
and decisions. The results from peak reservoir inflows are calculated through hydrologic 
computation and are used as the criteria for judging whether a flood exceeds a certain 
standard or not. Compared to the method of using reservoir levels as the key criteria, 
judging the flood magnitude by its current peak make it possible for us to make the 
decision regarding increasing the discharge earlier. This means a smaller flood storage 
capacity is necessary. The highest water level for this kind of reservoir is mainly 
determined by peak reservoir inflow. For a reservoir with a large storage capacity, the 
storage capacity needed in a flood event and the highest water level acceptable for flood 
regulation rest mainly in the determine flood volume. Therefore, if the peak-volume 
relationship is not a close one, the peak reservoir inflow method of assessment will 
increase the decision error rate.     

Flood volume into a reservoir is also an accepted method for assessment. Reservoir 
flood volume is calculated through hydrologic computation and used as the criteria for 
judging whether a flood exceeds minimum standards or not. Calculating the flood volume 
during different time intervals is most potentially dangerous method available. In practice, 
it is similar to that of the method that uses reservoir levels as the key assessment criteria.  

Such are the operating rules of Fengman reservoir: 
(1) The leadership of joint flood control operations for the Fengman and Baishan 

reservoirs has established this limit level during flood season at 260.5 m. Before and after 
August 15th it will be regulated by the joint leadership at the flood prevention 
headquarters of Jilin province in light of rainfall. The water level can adjust and rise 
throughout the flood season as necessary, though the stage should be controlled at 263.50 
m.  

(2) The discharge flow of Fengman reservoir is 5,500 m3/s (once in a hundred years) 
and 7,500 m3/s (once in a thousand years). The discharge of a typical flood seldom 
exceeds 3,000 m3/s. If it is smaller than 3,000 m3/s, Though larger than the discharge for 
full output for the power station, the discharge flow will be determined by the provincial 
flood prevention headquarters of Jilin. If it is larger than 3000 m3/s, the discharge flow is 
to be decided by the leadership of the joint flood control operation of Fengman and 
Baishan reservoirs. Downstream losses must be minimized or prevented when small and 
medium floods occur. 

As can be seen from the rules above, the criteria for judging the magnitude of reservoir 
flood is not discussed in the operating rules of Fengman reservoir. It lacks definite and 
operable judgement criteria. At the same time, specific control procedures are few and 
rough and the gaps in clarity can be large. Furthermore, the operating rules to not reflect 
the realities of ordinary small floods and so are not even practical for real-time operation. 

3. ANALYSIS OF ASSESSMENT OF FLOOD MAGNITUDE OF THE SECOND 
SONGHUA RIVER CASCADING RESERVOIRS 

The magnitude of a flood is usually described by flood frequency. However, in practice 
we adopt peak discharge and flood volume during a period of time as the relevant indexes 
for assessment. Owing to the randomness of flood events, these two statistical indexes do 
not always correspond, which results in errors in judging the magnitude of a given flood. 
To clarify this, statistics of flood values are provided from data gathered from two typical 
floods in the second Songhua River basin. The type recorded in 1960, an upstream flood 
that arose mainly from the drainage basin in the Baishan reservoir further up the river. The 
second is the type recorded in 1953 which was a downstream flood and arose in the 
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interval between the Baishan and Fengman reservoirs. We calculate corresponding 
frequencies through interpolation found in Table 1. The results are shown in Tables 2 and 
3 (the value in brackets is the corresponding frequency). Conclusions can be drawn from 
the comparison of Tables 1, 2 and 3: 

(1) The frequencies that corresponds to peak discharge are bigger than those that 
correspond to flood volume; 

(2) The 1960 flood, caused primarily by Baishan and the natural inflow to Fengman, 
the parameter of p=0.2% exceeded the design value of p=0.1%, and the flood volume of 
Day 1 and Day 3 of p=2% exceeded the design value of p=1% as well.  

(3) In the 1953 flood, which was an interval type, the flood volume of three days from 
the natural inflow to Fengman Reservoir was one magnitude higher than the design value. 

Therefore, we should study the problem of judging the flood frequency. 

Table 2  Statistics of the flood parameters of Fengman reservoir in 1960 

Frequency.(%) Peak discharge FV. of 1 day FV. of 3 day FV. of 7 day 
0.01 
0.02 
0.1 
0.2 
1 
2 
5 

10 

37200(0.01) 
35100(0.024) 
29900(0.0796) 
27800(0.108) 
21700(0.57) 
18490(1.36) 
15350(3.32) 
12420(6.88) 

3039(0.01) 
2855(0.013) 
2453(0.068) 
2267(0.093) 
1788(0.45) 
1551(0.97) 
1270(2.68) 
1020(5.93) 

6245(0.01) 
5871(0.01) 
5027(0.039) 
4650(0.07) 
3775(0. 32) 
3366(0.706) 
2825(1.95) 
2391(4.57) 

8574(0.0183) 
8034(0.0468) 
6939(0.118) 
6384(0.254) 
5237(1.02) 
4640(2.212) 
3911(5.22) 
3321(10) 

Table 3  Statistics of the flood parameters of Fengman reservoir in 1953 

Frequency.(%) Peak discharge FV. of 1 day FV. of 3 day FV. of 7 day FV. of 11day 
0.01 
0.02 
0.1 
0.2 
1 
2 
5 

10 

30280(0.076) 
28230(0.098) 
23580(0.368) 
21420(0.623) 
16900(1.98) 
14840(3.77) 
12330(7.04) 
10350(20) 

2495(0.062) 
2342(0.082) 
2012(0.201) 
1835(0.397) 
1454(1.4) 
1277(2.6) 
1047(5.3) 
878(9.3)  

6178(0.01) 
5797(0.01) 
4966(0.044) 
4605(0.074) 
3724(0.36) 
3330(0.76) 
2792(2.09) 
2361(4.75) 

8722(0.0104)
8184(0.0389)
7070(0.0979)
6579(0.187) 
5374(0.89) 
4845(1.73) 
4117(4.3) 
3548(8.16) 

9558(0.024) 
9032(0.0504) 
7871(0.133) 
7363(0.258) 
6087(1.138) 
5527(2.14) 
4756(5) 
4113(9.72) 

 
Generally speaking, for a reservoir with a small storage capacity for flood regulation, a 

flood with a wiry shape is disadvantageous for flood control. When it comes to a reservoir 
with a large storage capacity, a stumpy flood is disadvantageous. Additionally, the flood 
whose peak patterns are intensive and the main peak comes later is especially 
disadvantageous for flood control. For a reservoir with comparatively large flood control 
storage like Fengman Reservoir, it is not advisable to take only peak discharge as the key 
condition by which to assess flood frequency. If a stumpy shaped flood, such as the one in 
1995, is encountered, the safety of the reservoir will be in question. In practice, without 
considering flood forecasting, the magnitude of a flood is attained through time passing 
and the increase in the amount of information about peak discharge and flood volume. 
This being the case, peak discharge and flood volume should simultaneously serve as the 
key assessment conditions.  

The detailed criteria for judging flood frequency of this cascade are as follows: for 
Baishan Reservoir, whose storage capacity is relatively small, we adopt the peak 
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discharge and the flood volume of Day 3, Day 7 and Day 11 as the key assessment 
conditions of frequency. With the passing of time and the increase of known information, 
the minimum frequency among those four pieces of information is the frequency of the 
flood. Fengman Reservoir, whose flood control storage capacity is relatively large, we 
adopt the peak discharge and the flood volume of the first half day, Day 1, Day 3, Day 7, 
Day 11 and Day 15 as the key assessment conditions of frequency. When the course of 
observed flood is shorter than three days, we adopt the minimum frequency among those 
of the peak discharge and the former three flood volumes as the frequency of the flood. 
When it is longer than three days we adopt the minimum frequency among those of the 
latter four as the frequency of the flood. As can be predicted, the judgment of flood 
magnitude of Baishan Reservoir is inclined to be higher, which is beneficial to its safety 
of flood control. As for Fengman Reservoir, the judgment of the magnitude of wiry 
shaped floods may be inclined to be lower. However, because wiry floods do not last long 
and Fengman having a relatively large storage capacity, it does not matter much.  

4. RE-CHECKING OF ROUTINE OPERATION OF THE SECOND SONGHUA 
RIVER CASCADING RESERVOIRS 

The routine flood control operation is the method for regulating floods by flood control 
projects. The operation rules are based on generic conditions since they must be able to 
account for many conditions that exist in ongoing flood control. The re-checking of the 
regulations uses typical floods to carry out flood routing of floods of varying magnitudes. 
There are two methods for flood routing in the joint flood control operations of the 
cascade. First, when a flood which has the same frequency as that of the flood control 
standard occurs in the interval between Baishan and Fengman, Baishan should do its best 
to provide storage so that a peak can be avoided at Fengman. This is to relieve the flood 
control pressure on the lower reservoir while ensuring its own safety. Second, when a 
flood which has the same frequency as that of the downstream flood control standard 
occurs in Baishan, and a certain flood occurs in the interval between Baishan and 
Fengman, Baishan should carry out procedures that ensure its own safety while Fengman 
should re-adjust on the basis of what is happening at Baishan.  

Table 4  Results of routine flood regulation of the second Songhua River cascade reservoirs.  

1953 1960 

Baishan Hongshi Fengman Baishan Hongshi Fengman 
Fr.% Max. 

stage 
Max.
dis.

Max. 
stage

Max.
dis. 

Max. 
stage

Max. 
dis. 

Fr.% Max. 
stage

Max.
dis.

Max. 
stage

Max.
dis. 

Max. 
stage 

Max. 
dis. 

0.01 416.85 7036 290 7036 267.36 12111 0.01 421.01 12343 294.43 12271 267.88 12239 

0.02 416.60 5537 290 5537 266.68 11802 0.02 420.09 11724 293.95 11669 267.29 12079 

0.1 416.69 5077 290 5077 266.43 11696 0.1 418.02 10430 292.87 10370 265.91 11456 

0.2 416.62 3945 290 3945 265.96 11480 0.2 418.34 10614 292.96 10475 265.84 11423 

1 415.91 2500 290 2500 266.18 5500 1 416.81 9692 291.86 8863 265.49 5500 

2 415.43 2500 290 2500 265.60 5500 2 417.23 9822 291.95 8396 265.14 5500 

5 414.77 2500 290 2500 265.48 3000 5 416.79 5762 290 5762 264.56 3000 

10 414.15 2500 290 2500 264.43 3000 10 416.53 2927 290 2927 263.51 3000 

20 413.58 2500 290 2500 263.10 3000 20 414.87 2500 290 2500 262.88 3000 

* Max.dis = maximum discharge 
 

Table 4 presents the results of flood routing for the flood performed by the routine 
operating rules. It should be noted that an extraordinary rises occurs when we operate 
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Fengman Reservoir by the current operating rules. The check flood that occurs once in ten 
thousand years of the 1960 flood, the highest water level reaches 267.88 m (the check 
level is 267.7m), when it comes to the 1953 flood, the highest water level of the design 
flood that occurs once in a thousand years reaches 266.43m (the design flood level is 
266.2m). The results of the routine re-check flood regulation suggests that there are still 
many problems in the flood control criteria of Fengman Reservoir. These problems 
increase the risks to the dam safety and should be amended to provide adequate protection 
to the dam and surrounding areas. 
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Abstract: Flood control and protection measures at large dams are very important segments in 
water economy activities. Many water economy systems with reservoirs are operated in a non-
adaptive way and follow some rigid control rules. Very often designed and constructed reservoirs 
are overestimated or underestimated for the reasons of either short hydrological data series or that 
time limited methodology techniques. Together with the new world tendency of keeping the dam 
safety in evacuation of maximum probable flood, it is more then obvious that the flood control and 
reservoir operation at long time exploitation systems have to be re-examined. 
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1. INTRODUCTION 
Reservoirs formed by large dams as water resources are multipurpose.  Most often 
beneficiary priorities are water supply, irrigation and power, and they are, also secondary 
assigned for flood control and recreation.  Within the years back, need for re-examination 
of hydrological and hydraulic characteristics of already constructed systems and 
establishment of dam reservoir and structures optimum operation model has been imposed, 
based on flood flows forecast in real time. This paper contains parts of the hydrological 
and hydraulic analyses of the dams Glaznja and Lipkovo, which function as a cascade 
system. 

Lipkovo dam is concrete arch dam, constructed in 1958 at the river Lipkovska. The 
dam is 37.85 m high with crest length of 203.0 m and crest level of 484.0 m. Reservoir 
storage is 1.2 millions m3 water up to the normal level 481.0 m, and reservoir length is 1.8 
кm. Seven spillway sections over the dam have been constructed for flood flow 
evacuation, with total length of 7×3.65=25.55m and with maximum capacity of 140 m3/s. 
Bottom outlet and intake structure have capacity of 52 m3/s and 4 m3/s, respectively. In 
the last exploitation period, reservoir has sedimentation in part of the effective storage as 
well. Inflows are almost entirely provided by releases from Glaznja. 

Glaznja dam is also concrete arch dam, constructed in 1972 upstream of the Lipkovo 
dam.  Height of the dam is 74.0 m, crest length is 344.0 m and crest level is 590.0 m. 
Reservoir storage is 23.6 millions m3 water up to the normal level 588.0 m and reservoir 
length is 3.2 km. Five spillway sections over the dam have been constructed for flood 
flow evacuation, with total length of 5×7.60=38.0m and with maximum capacity of 140 
m3/s. Bottom outlet and hydropower plant have designed capacity of 100 m3/s and 2.5 
m3/s, respectively. The annual rate of sedimentation is low according to the bathymetric 
survey performed in 1999. 



 

For safety flood flow evacuation and control it is necessary to re-defined the flood in 
space and time.  Different methodologies are implemented for this purpose and they can 
be grouped as follows: 

Probabilistic/statistic methods. These methods are based on implementation of 
occurred flood flows historical data in the region, their statistic processing and adjusting 
of the hydrological information to different distribution functions.  

Deterministic/parametric methods. These methods identify input or causative and 
further output or consequential processes. Input data are mostly rainfalls, and outputs are 
maximum flows. Between input and output the system is represented with the catchment  
characteristics, and sub-system is usually flood routing. 

Regional analyses. These methods use comparative analyses of deterministic 
parameters of the investigated catchments to the neighbouring catchments ones. They are 
recommended only in case of complete absence of measured hydrological parameters and 
for small significance structure. 

Combined methods. For complex understanding of flood flow occurrence as well as to 
obtain higher reliability level of defined and recommended design waters, the above 
discussed methods often use in combination.  This approach is implemented for structures 
and systems of high significance. 
 
2. FLOOD ESTIMATION 
Available hydrological information for flood flows determination in the river Lipkovska 
catchment, at Glaznja and Lipkovo dam profiles were very limited beside the several 
years period of exploitation. Data for registered maximum 24 hours rainfalls in the river 
Lipkovska catchment do not exist and statistic methods could not be implemented. 
Therefore, parametric methods have been implemented and they are: unit hydrograph 
method (Nash model) and synthetic hydrograph method (Shnayder model). The method of 
regional analyses was applied as well using the envelope curves prepared for river Vardar 
catchment.  For Glaznja dam profile maximum hydrograph ordinates, that is flood flows 
with recurrent period of 10,000 years are: according to the original design documentation 
Q0.01 = 280 m3/s, according to the synthetic hydrograph method Q0.01 = 258 m3/s, and 
according to the regional catchment area analyses Q0.01 = 200 m3/s implementing the 
lower envelope curve and Q0.01 = 280 m3/s implementing the upper envelope curve. 
Maximum probable flood (MPF) has been determined according to Hershfield 
implementing 24 hours maximum rainfalls for the closest Skopje meteorological station in 
the river Vardar basin.  Data serial has the following characteristics: Pav=37.70 mm, 
σ=17.72 mm, Cv=0.47, Cs=1.16, and the total number of observations is N=33 or the 
analysed period is 1956-1988.  Maximum probable flood has been determined with the 
following equation:  

QMPF = 0.56 A Pe /TB                                                            (1) 

where А is the catchment area ( А= 100km2), Ре is the effective rainfall (Ре= 80 mm) and 
ТВ is the hydrograph time base ( ТВ=Тс+Тr=3.6+5.5=9.1 hours), and Тс and Тr represent 
increase/concentration period and decrease/retardation period of the hydrograph. 

For the Lipkovo dam profile flood flows have been determined as outflow hydrographs 
of Glaznja reservoir corrected with the local catchment inflow. The local catchment area 
is ∆А=10.85km2. Glaznja reservoir outflow hydrograph with time base ТВ=Тс+Тr= 
6.0+13.0= 19.0 hours is shown in Table 1, and Lipkovo reservoir inflow hydrograph is 
shown in Table 2.  
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Table 1  Dam Glaznja-Outflow hydrograph 
Т(hour) 1.0 2.0 3.0 4.0 5.0 5.0 7.0 8.0 9.0 
Q(m3/s) 1.47 12.5 47.3 98.4 136 148 137 114 89.3 
T(hour) 10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 19.0 
Q(m3/s) 68.6 52.8 41.1 32.5 26.1 21.2 17.5 14.6 10.4 

 
Table 2  Dam Lipkovo-Inflow hydrograph 

 Т(hour) 1.0 2.0 3.0 4.0 5.0 5.0 7.0 8.0 9.0 
Q(m3/s) 28.0 41.0 77.0 129 164 176 166 140 113 
T(hour) 10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 19.0 
Q(m3/s) 90.0 72.0 58.0 48.0 40.0 33.0 27.0 23.5 18.0 

 
Peak of the Lipkovo reservoir inflow hydrograph, that is the maximum flood discharge, 

has been determined with the following equation: 

   Q0.01= 148 +q ∆A    (2) 

where the specific runoff module is q= Q0.01/A= 2.58 m3/s km2 for the catchment area of 
A=100 km2.  Maximum probable flood discharge is defined in a similar way: QMPF = 310+ 
q ∆A= 363 m3/s, where the specific runoff module is q=QMPF /A=4.92 m3/s km2 . 
 
3. FLOOD ROUTING 
With determined input hydrographs with a rare appearance Q0.01 and QMPF in hydrological 
analyses, hydraulic analyses or more precisely volume transformation of geometrically 
and physically identified floods have been performed ahead.  Hydraulic analyses have 
been carried out for different simulating scenarios, in reference to different initial water 
levels in the reservoirs and different structure operability. At the beginning of this 
investigation stage outlet structure capacities have been checked. Reservoir storage and 
water surface area curves have been checked by a new bathymetric survey of the reservoir.  
Flood routing or more precisely the computation of the time variation in reservoir 
elevation and spillway discharge during a flood inflow to the reservoir, is essential in 
design and exploitation of the spillway to ensure dam and associate structures safety. The 
continuity equation has been implemented: 

  QI – (QS + QBO + Qi )= AS dz/dt                 (3) 

where QI is inflow hydrograph (QI=f(t)), QS is spillway discharge (QS=f(z)), QBO is bottom 
outlet capacity (QBO=f(z)), Qi is intake capacity or installed discharge, АS  is reservoir 
water table area (AS=f(z)), dz/dt is instantaneous rate of change of depth, and z is reservoir 
water level. In this differential equation the discharge rates have been expressed by the 
steady state relationships. The equation has been evaluated numerically. The computed 
results are graphically shown in Fig. 1, 2, 3, 4, and 5 as diagrams Q=f(t) and z=f(t).  For 
Glaznja reservoir, inflow hydrograph is the one estimated by hydrological analysis as 
flood hydrograph Q0.01 , that is return period of 10,000 years, and QMPF, that is maximum 
probable flood. For Lipkovo reservoir, inflow hydrograph is output/transformed 
hydrograph of Glaznja upstream reservoir. 

Analysis of the presented results leads to the certain conclusions and recommendations. 
Flood flows with rare appearance estimating even in present, after more than 30 years 
exploitation, cannot be performed with more sophisticated methods due to the 
hydrological historical data lack. Flood flows with 10,000 years recurrent period are 
satisfactory transforming in the upstream reservoir Glaznja. If the initial water level is 
584.5 m, that is 3.5 m bellow normal level 588.0 m, then the flood wave is completely 
retained in the reservoir without discharging over the spillway. Downstream reservoir  
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Fig. 1  Flood routing at dam Glaznja; Input hydrograph – Q0.01; Initial water level – normal; 

In operation – only spillway 
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Fig. 2  Flood routing at dam Glaznja; Input hydrograph – Q0.01; Initial water level – normal; 

In operation – spillway, bottom outlet and intake structure on maximum capacity 
 

Lipkovo does not have any retentive ability, which can be seen from the outflow 
hydrograph geometry.  Downstream of the cascade system several smaller population 
centres and town of Kumanovo have been located. The region is with intensive 
demographic and economy activities, and every overflowing over the smaller dam 
Lipkovo, causes certain material damages and psychological tensions as well. Therefore, 
flood control in this region should be performed with forecasting and operational model of 
Glaznja dam profile. Original designed capacities of this dam also, do not enable safe 
evacuation of maximum probable flood MPF without catastrophic consequences  
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Fig. 3 Flood routing at dam Glaznja; Input hydrograph – QMPF; Initial water level – normal; 

In operation – spillway, bottom outlet and intake structure on maximum capacity 
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Fig. 4  Flood routing at dam Glaznja; Input hydrograph – QMPF; Initial water level – normal;  

In operation – spillway and intake structure on maximum capacity, 
bottom outlet on recommended regime of release 

 
downstream. Namely, outflow MPF hydrographs for different structure operability of the 
Glaznja dam have peak discharges of 311.11 m3/s and 379.28 m3/s and they will surely 
cause Lipkovo dam break.  If MPF is taken as a criteria for dam safety, then additional 
spillway structures or descending of the upstream reservoir water level for partial or 
complete flood volume retention are required. From this aspect, it is necessary to improve 
the situation by collecting all relevant hydrological, climatic and physical-geographical 
data in the catchment by monitoring them, then processing and verification of all collected 
data, clearly emphasizing their limitations and impacts on the forecasting simulation 
models and reservoir management as well. 
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Fig. 5  Flood routing at dam Lipkovo; Input hydrograph – output hydrograph of dam Glaznja; 

Initial water level – normal; In operation – spillway, bottom outlet and intake structure 
on maximum capacity 

 
Within this study, the possibility of reservoir storage increase has been checked. 

Terrain topography at Lipkovo dam does not allow it, but at upstream dam Glaznja 
exceeding of 1.5-2.0 m is possible which, according to the volume curve V=f(z) increases 
the reservoir storage of 2 millions m3. With this investment benefits are multiple: (i) 
provides successful flood control even for maximum probable flood MPF, (ii) provides 
normal utilization function of the downstream, smaller reservoir and (iii) creates 
conditions for retaining of larger water quantities and their utilization during summer 
period. The last benefit is especially important for the region, where due to the global 
climatic changes droughty periods re-appearance and duration increase, that is natural 
inflows in the reservoirs reduce and same time water demands increase. Dam beneficiary 
should have serious approach to this recommendation, because there is a very small 
possibility that water demands in the region in the near future will be permanently solved 
with construction of another water economy system. 
 
4. CONCLUSIONS 

Flood  control and dam safety are very important water economy segments.  Flood control 
is especially related to the life quality.  Therefore, great attention has to be given to this 
problem in hydrological, ecological and management modelling.  This is even more 
expressed having into consideration the newest trend of creation local and global 
information systems. These systems are base for above mentioned modelling. For 
successful implementation of these models, calibration phase should be necessarily 
performed at the same time with geometrical, hydrological, hydraulic and utilization re-
definition of already built systems.  Measured and observed data in the reservoir 
catchment areas should be collected and processed systematically and synchronized. Data 
quality and quantity estimation should not be left behind.  Providing flow information and 
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public, professional and open discussion of all partners at different institution level is of 
great significance.  Having in consideration of regional and global economy development, 
common conclusion is that water demands increase.  Therefore, recommended forecasting 
models are necessary in providing greater dam safety, and also better planning of the 
available water resources.  

Performed hydrological and hydraulic analyses for cascade system of two dams in 
Macedonia, lead to the conclusion that successful control of flood flows with rare re-
appearance is possible if some measures will be undertaken upstream in the river basin. 
Flexible dam structures operability and adequate protection measures downstream has to 
be provided.  Upstream catchment planning can help in time concentration increasing that 
will contribute to the downstream flood control activities. Automatization of the 
evacuation structures and establishing computer centre with selective flood flows 
forecasting model represent further activities. If the results of these activities will show 
unsatisfactory flood control, it is possible to perform activities with smaller reservoir 
storages construction that will shortly retain part of the occurred flood volume and further 
on its automatic release or utilization. 

At the end it can be concluded that man and nature create one open system with 
distinctive mutual influence.  Very often in that open system conflict influences can be 
identified.  It is final time scientific and professional public to admit that we still have not 
completely understood this open system that is nature and environment behaviour. 
Therefore, promotion of clear attitudes with law measures for flood re-estimation and 
control at already constructed systems should be started immediately.  The reconstruction 
and rehabilitation of the existing systems should be recommended as a protective 
measures, but in the same time as a measures for adaptation of already occurred and 
expected climatic changes to the increased water demands. To achieve these goals 
hydrological and meteorological records should not be incomplete. It is very important to 
note that there are wide differences in the standards of monitoring and data collection 
between the different water management organisations which are largely the result of 
financial constraints.  It is also very clear that there is a need of fully equipped 
hydrometeorological station at the investigated cascade system and the proper technical 
needs to accurately determine the mass balance of the reservoirs on a real time basis. 
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Abstract: Some limnological characteristics of a reservoir built for power generation in the 
semiarid region of Northeastern Brazil were analyzed quarterly, from September 1999 to December 
2000. Sampling stations were distributed about the reservoir, within the inflow canal, the area near 
the dam, and the recesses on the west side. Water samples were collected at three depths in each 
station (surface, midpoint, and bottom), and the following variables determined: total suspended 
solid concentration, temperature, pH, electrical conductivity, dissolved oxygen in water, Secchi 
transparency, total alkalinity, total hardness, chloride, ammonia, nitrogen, phosphorus, 
orthophosphate, and chlorophyll-a. Sediment traps were placed at 70% of the depth in the station 
near the dam and left there for at least 24 hours in December 1999, June 2000, and December 2000. 
Considering all the surveys, the range of variation in mean values along the vertical column was: 
0.13 to 7.49 mg/l – total suspended solid; 24.2 to 29.1 0C – water temperature; 5.84 to 9.63 mg/l – 
dissolved oxygen; 5.5 to 8.59 – pH; 52 to 106.9 S/cm – electrical conductivity; 0.8 to 8.0 m – Secchi 
transparency; 24.8 to 41.6 mg/L and 9.57 to 33.3 mg/l – total alkalinity and hardness, respectively; 0 
to 25.7 g/l – orthophosphate; 0.22 to 5.99 g/l – ammonia; 0.12 to 0.85. mg/l – nitrogen; 11.6 to 22.8 
mg/l – chloride, 13.6 to 68.0 g/l – total phosphorus, and 2.3 to 47.4 g/l – chlorophyll-a. Being the 
sixth in a cascade of 7 reservoirs built along the largest wholly Brazilian river, the surveyed 
reservoir had low values for suspended load, mainly because of sediment retention in the reservoirs 
upstream. A significant increase in the sedimentation rates of tripton was seen in the rainy season. 
The other parameters analyzed showed no annoxia at the bottom, thermal homogeneity along the 
water column and high levels of transparency. The variation observed is due to the proximity to the 
city of Paulo Afonso, with the contribution of organic waste (illegal household sewage). 

 

 
Keywords: sediments, São Francisco River - Brasil, limnological characteristics 
 
1. INTRODUCTION 
Reservoirs are built in order to cope with population growth and life quality improvement, 
thus increasing water availability for human consumption, irrigation, cattle desedentation, 
energy generation and leisure. The task of rational use and environmental control before, 
during and after its construction and operation is therefore indispensable for these multiple 
functions to be fully accomplished.  

In spite of being considered as a “clean” source of energy, hydraulic power generation 
and reservoir formation are responsible for several environmental alterations, since the 
permanent interruption of natural river flow, for instance, causes modifications in water 
speed. Under such process, lotic systems are transformed into lentic ones, and 
consequently, the hydrological and geological alterations induce modifications in the river 
system structure and pattern of operation (White & Rock, 1977), besides social, cultural 
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and lanscape impacts, which altogether extrapolate the temporal and spatial scale 
previously dimensioned as the area and period under impact influence of the reservoir 
construction.  

As mentioned by Kennedy (1999), the influence of the geographical location can be 
observed from the interrelations between amount and distribution of local rainfall, 
incident solar radiation, soil type, topography, declivity and natural and anthropogenic 
potential influences, which in turn influence the organic and inorganic material input, 
nutrient availability, and turbidity  increase.  

Among these processes, according to Galvez & Niell (1993), the influence of the input 
and sedimentation of such material on the global process of the aquatic ecosystem is their 
close relationship to the energy tranfer from surface to bottom layers, nutrient turnover 
during sedimentation, which enhances new and successive production cycles; as source of 
nutrients (especially soluble phosphorous from sediments) which may contribute to 
eutrophication and decrease in basin accumulation capacity, mainly in those basins with 
high erosion taxes, modifying several water physical, chemical and biological features.  

In this way, studies were developed in Paulo Afonso IV reservoir, in low São Francisco 
river - Brasil, between 1999 and 2000, aiming at verifying the distribution and 
sedimentation of suspended matter, and evaluating the spatial and temporal variation of 
some limnological parameters of this reservoir. 

 
2. STUDY AREA 

The São Francisco river springs are located at about 1000m in southeastern Brazil (state of 
Minas Gerais), and flows along 2,700 km into the Atlantic Ocean, forming a 640.000 km2 
river basin, totally located within Brazilian mainland. The Paulo Afonso IV (PA-IV) is the 
fifth of a series of seven hydroelectric power plants (HEPP) installed along its course. The 
reservoir integrates the Paulo Afonso complex, composed of the Moxotó, Paulo Afonso 
I-II-III and Paulo Afonso IV HEPPs, and is located at approximately 09°23’S and 
38°13’W, in northeastern Brazil. The PA IV reservoir is located near the town of Paulo 
Afonso (ca. 200,000 inhabitants), and is the one closer to urban areas. It is composed of 
two compartments (east and west), separated by the road leading to the town, with no 
tributaries in its watershed basin. Along the margins, there are small irrigated plantations, 
mainly for vegetables production. Its approximate surface is 12.9 km2, with a volume 
capacity of 128 million m3. 

Table 1  List of reservoirs 

 Latitude Longitude Location 
E1 09o 24' 31.2'' S 038o 13' 48.4'' W PA-IV Reservoir, end of Moxotó canal 
E2 09o 24' 49.7'' S 038o 12' 53.6'' W PA-IV Reservoir, central body, above the dam, east compartment 
E3 09o 24' 58.9'' S 038o 14' 37.0'' W PA-IV Reservoir, central body of north arm, west compartment 
E4 09o 25' 48.7'' S 038o 15' 08.1'' W PA-IV Reservoir, central body of central arm, west compartment 
E5 09o 26' 16.0'' S 038o 15' 01.6'' W PA-IV Reservoir, central body of south arm, west compartment 

 
3. METHODOLOGY 

Five sampling stations were distributed along the reservoir: in the entrance canal, close to 
the dam, and in the west side meanders.  In situ measurements of temperature, 
conductivity and pH were taken with a HORIBA multiparameter, and transparency with a 
Secchi disk. Water samples were taken at three depths (surface, midwater column and near 
bottom) in all stations for physical, chemical and biological analyses, including total 
suspended solids (TSS), chlorophyll-a, alkalinity, hardness, nitrate, ortophosphate, 
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chloride, ammonia and total nitrogen and phosphorous. In order to evaluate particulate 
matter deposition in the reservoir, PVC sedimentation chambers (0.1 m diameter and 0.3 
m height) were used, as proposed by Maricato (1994). TSS concentration was determined 
gravimetrically (Teixeira et al., 1965 and Tundisi, 1969) and chlorophyll-a according to 
Nusch (1980). 

 
Fig. 1  Sampling stations in the Paulo Afonso (PA) IV Reservoir, São Francisco river - Brasil. 

 
Paulo Afonso IV reservoir is located in sub-basin 49, according to the Brazilian river 

basins classification established by the Agência Nacional de Energia Elétrica-ANEEL. Six 
pluviometric stations of sub-basin 48 and the Inajá station (sub-basin 49) were used to 
evaluate the influence of rainfall above the reservoir, and Delmiro Gouveia station to 
represent average rainfall from the surrounding area. (Fig. 2). 
 
4. RESULTS AND DISCUSSION 

During the period of study, rain fell from November to April in sub-basin 48, and from 
December to June in sub-basin 49 (Table 2), usually short duration light rain, with 
monthly rainfall concentrated in two to three days. Precipitation volumes in the region are 
low, having reached a maximum value of 180 mm in March 1999 at one of the 
pluviometric stations, as a typical feature of semiarid regions.  

Table 2  Precipitation volumes in different regions 

SUB-BASIN 48 SUB-BASIN 49
   AIRI ROCH.  SERRINHA BELEM SF FLORESTA S. TALHADA IB� INAJ� DELMIRO

Prec.(mm) Prec.(mm) Prec.(mm) Prec.(mm) Prec.(mm) Prec.(mm) Prec.(mm) Prec.(mm)
sept/99 0 21,2 2,1 1,4 18 3,7 3,3 15,8
oct/99 6 15,4 13,6 19,1 106 8,6 52,3 41,9
nov/99 94,5 120,1 106,8 38,3 91,1 32 22,6 160,3
dec/99 118,6 114,4 160 104,3 97,7 130,8 49 81,8
jan/00 28,5 79,3 61,2 35,1 17,2 168,8 69,1 7,6
feb/00 176,2 145,5 152,1 121,8 163,4 118,6 51,5 143,3
mar/00 87 61,8 89,7 128,4 36,8 80,2 166,9 29,1
apr/00 93,6 133,6 42,2 53,5 148,2 80,4 87,1 36,3
may/00 0 22,7 2,7 9,7 3,9 2,7 20,5 32,9
jun/00 37,8 18,4 8,5 42 30,2 8,3 50,8 62,3
jul/00 0,4 12,8 2,7 10,5 23,7 5,8 28,8 44,1

agu/00 11,6 24 3 9,5 21,0 3,1 40,9 29
sep/00 26 26,7 34,4 13,3 11,4 0,9 26,7 23,4
oct/00 1,6 0,5 9,9 0 3,0 0 8,2 7,5
nov/00 19,1 13,7 17 19,7 18,8 38,5 15,4 19,5
dec/00 185,2 97,7 118 82,3 88,0 123,1 80,4 115,9  
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The average values of the variables analysed at the different depths presented low TSS 
concentrations (0.13 to 7.49 mg/l), water temperature between 24.2 and 29.1 ºC; good 
oxygenation (DO – 5.5 to 9.6 mg/L); pH varying from lightly acidic to alkaline (6.5 to 
9.63), and high electrical conductivity (52 to 106,9 S/cm). Such variables increased 　
during rainy season, when lower values for transparency (Secchi readings between 0.8 and 
8.0 m); and total alkalinity and hardness (24.8 – 41.6 mg/l, and 9.57 – 33.4 mg/l, 
respectively) were determined. Dissolved nutrients and chlorophyll concentrations were 
low, with ortophosphate varying from 0 to 25.7 g/l; amônia 0.22 to 5.99 mg/l, nitrate 0 to 
0.24 g/l and chlorophyll-a 2.3 to 47.4 g/l; while total nitrogen and phosphorous 
concentrations varied between 0.12 - 0.85 mg/l and 13.7 – 68.0 g/l, respectively (Figs. 2, 3, 
4).  

 

0
1
2
3
4
5
6

A
m

m
on

ia
 (m

g/
l)

E 1 E 2 E 3 E 4 E 5

Sep /9 9 M ar/0 0 Sep /0 0

0

5

10

15
20

25

30

O
rto

ph
os

ph
at

e 
(m

g/
l)

E1 E2 E3 E4 E5

Sep /99 M ar/00 Sep /00

0
1
2
3
4
5
6

A
m

m
on

ia
 (m

g/
l)

E 1 E 2 E 3 E 4 E 5

Sep /9 9 M ar/0 0 Sep /0 0

0
1 0
2 0
3 0
4 0
5 0
6 0
7 0

Ph
os

ph
or

us
  (

m
g/

l)

E 1 E 2 E 3 E 4 E 5

M ar/0 1 M ar-0 0 Sep -0 0

 
 
 
 
 
 
 

D ec/9 9 J u n /0 0 D ec/0 0

D ec/99 Jun/00 D ec/00

D ec/9 9 J u n /0 0 D ec/0 0

D ec-9 9 J u n -0 0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  Total phosphorous, Ortophosphate, ammonia, total nitrogen and Chlorophyll-a values  
from the Paulo Afonso IV reservoir. 
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Fig. 3  Total suspended solids, temperature, Secchi depth and pH values from the Paulo Afonso IV reservoir. 
 
Sedimentation values indicated a seasonal variation for allochthonous material 

deposition in Paulo Afonso IV reservoir, with sedimentation rates of 4.76, 2.55 and 5.31 g. 
m-2.day-1, respectively for Dec/1999, Jun/2000 and Dec/2000. These values may be 
considered high, since the only water entrance to the reservoir is through the canal 
connecting the PA-IV and Moxotó reservoirs. These taxes are higher than those reported 
by Callieri et alli (1991), who registered 0.5 to 1.2 g. m-2.day-1 for chambers installed 
close to the bottom in Lago di Mergozzo, Italy; and those found by Bloesch & Uehlinger 
(1986), in an eutrophic lake in Switzerland, where average sedimentation rates of 2.43 to 
3.38 g. m-2.day-1 were measured in lake central region. Higher values have  
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Fig. 4  Hardness, Chloride, dissolved oxygen, alkalinity and electrical conductivity values  

from the Paulo Afonso IV reservoir 
 

been reported by Henry & Maricato (1996) in the Jurumirim reservoir, state of São Paulo 
(Brazil) in July/91, when sedimentation rates near the dam reached 16.3 g. m-2. day-1, 
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although values during other periods averaged 3.4 g. m-2.day-1. 
Suspended solids values detected in all sampling stations indicate the main contribution 

come from the Moxotó reservoir, while difuse apport is represented by increased 
concentrations at stations E3, E4 and E5.Secchi values confirm the seasonal influence of 
suspended solids on water transparency, as shown by the significant reduction along the 
stations from reservoir entrance to exit (E1 and E2), in March/2000. In the same period, 
an increase in water column total suspended solids, chlorophyll-a, conductivity, pH, 
temperature, nitrate, nitrite, ammonia, total nitrogen and phosphorous was observed. 
Based on total phosphorous data, and using Carlson trophic state index, PA-IV reservoir is 
classified as eutrophic, as a consequence of the influence of urban areas along its margins, 
and sewage discharge.  
 
5. CONCLUSIONS 

Total suspended solids and nutrient concentration are seasonally influenced, with 
significant increase during rainy season. 
• Sedimentation chambers for analysis of solids deposition in reservoirs has proved 
efficient, allowing the determination of reduction rate of useful volume as a consequence 
of anthropic actions in the basin.  
• The Paulo Afonso IV reservoir is under eutrophication process derived from the 
surrounding urban influence. 
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Abstract: The traditional optimal solutions for reservoir flood control are hard to be adopted in 
practice. With the application of Object-Oriented-Program (OOP) and Visual Basic and Microsoft 
Access, the simulation-optimization model for flood operation is presented. Since this model takes 
into account the multiple objectives of flood control, which may be conflicting, and practical gate 
regulation rules as well as the experience of operator, the results are more reasonable and realistic. 
The model is demonstrated by application to Ankang Reservoir in China. 

 

 
Keywords: simulation-optimization model, OOP, flood control, multiple objective, 

gate regulation rules  

1. INTRODUCTION 

The aim of reservoir flood operation is to seek the secure, economical and satisfactory 
flood control process. Generally speaking, two types of model must be established in 
order to get the result, one is reservoir flood operation model, according to which the 
process of flood discharge can be acquired. Most of these models are linear programming, 
nonlinear programming, or dynamic programming model; the other is gate regulation 
model, the main propose of which is to analyze the reasonable gate opening-closing order 
and time to release the flood water calculated by flood operation model. The theory of 
above operation has been mature, however nearly no reservoir is operated according to 
above-mentioned course. The main reasons are as follows: 

(a) Traditionally, optimization models such as linear programming model, nonlinear 
programming model, dynamic programming model have been the primary analysis tools 
for reservoir flood control operations. However, flood operation is multi-objective 
analysis and decision, and the optimal models are primarily designed for a single purpose. 
Typical approach is treating one objective as the primary objective with the others as 
constraints. Solutions obtained by these methods usually neglect some important 
characteristics of reservoir flood operation, and are seldom feasible. 

(b) Moreover, it is common that the decision making of flood operation is represented 
by open gate status and constant outflows. For the practical operation of flood control, 
governed by the practical usage rule in the regulation of gates or release valves, it is not 
suitable to change the opening status of release works too frequently. So the policy from 
optimal model may be unsatisfied with the practical constraint conditions on outflows. 

(c) Due to the flood operation decisions need to be made on each time interval during 
flood events, and the flood is unsure in advance, the operators have to make their 
decisions using their intuitions and experience at each period. Thus, it is only necessary to 



search for a satisfactory solution or a near optimal solution, but not the optimal solution 
since it may not be practical 

In order to overcome the deficiency of reservoir flood optimal regulation in the past and 
meet the real operation request, the simulation model can be applied in flood control. The 
concepts inherent in the simulation approach are easier to understand and communicate 
than other modeling concepts (Simonovic 1992). Whereas simulation modeling is too time 
consuming to find optimal or near optimal solutions. According to the characteristics of 
optimization and simulation, this study focuses on developing simulation-optimization 
model for reservoir flood operation. In this model, some alternatives are first generated by 
using simulation technique, and then with the application of OOP, the satisfactory solution 
can be obtained, thus avoiding the time consuming of simulation technique, and the 
extensive knowledge and experience of operators are involved. 

2. PRINCIPLE OF THE MODEL  

Generally optimal model for flood control is to seek optimal flood regulation policy firstly, 
and then decide the policy of gate status or release valves. Such order is opposite for 
simulation-optimization model, viz. the gate working way is firstly determined, according 
to which the tactics of releasing floodwater is then decided, and by feedback the 
optimization result of goal, operation policy such as the gate open number and open time 
and plant discharge are adjusted repeatedly. As a result, the satisfied tactics of releasing 
floodwater can be acquired.  

The traditional principle of flood control is the water volume balance equation at every 
period given by: 

1 2 1 2
2 12 2

Q Q q q
t t E v

+ +   ∆ − ∆ − = −   
   

v     (1) 

where , ,  are, respectively, the reservoir inflow, outflow, storage at the beginning 
of period △t, , , , are, respectively, the reservoir inflow, outflow, storage at the 
end of period △t, E is evaporation at time △t, with units of Q, q in m

1Q 1q 1v
2Q 2q 2v

3/s, and units of v 
and E in m3. E is usually neglected and is only considered for runoff calculation procedure 
during flooding events, and △t is the time interval between t and t+1, with unit in s. 

However the release from equation (1) could not be suitable for gate or could not keep 
gate states of reservoir constant while releasing for the current period or the following 
periods, and the unsteady outflow is not benefit to the downstream flood control. In flood 
operation simulation-optimization model the water balance volume equation take into 
account the release to each gate: 

1 2
1 1 1 11 2

2 12 2 2

m k m k

i Ji i Ji
i i i i

q q q q
Q Q t = = = =

 
+ + +  ∆ − + ∆ = −   

 
 

∑ ∑ ∑ ∑
t V V


    (2) 

where  and are gate release of number i at the beginning, end of period △t, 
respectively; 

1iq 2iq
Jiq is discharge of generating unit of number i; m and k are respectively the 

total number of gate and generating units. 
In Eq. (2) the value of m +1 number is unknown, viz. (i=1,2,⋯,m ) and V . 

However the release of gate an be acquired through the functional relationship 
between level Z

2iq 2

2iq
t and outflow qt, when Zt is given, qt is obtained by using interpolation 

methods.  
( )q f Z=        (3) 
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The functional relationship (3) of different reservoir is different because the dam 
structure is different. Some only has lower outlet, and some has lower and middle as well 
as upper outlet. Flood regulation procedure can be obtained by jointly calculation of 
Eqs.(2) and (3) and relationship between water level and water storage. 

3. OBJECTIVES OF THE MODEL 

For the reservoir flood control operation problem with continual updating of the 
forecasting inflow, it is important for that the main objectives should be dynamically 
adjusted with the flooding conditions, but all the objectives should be considered because 
of the multiple objectives for flood control. The multi-objective optimal distinguishing is 
the main basis of emulation whether the policy is satisfactory, and the objectives which 
constitute the decision support system are as follow: 

Ob1：     E N
1

n

t
t=

t= ×∆∑               (4) 

where  is the hydropower of station at period t, n is the total number of period. 
Objective1 represents maximizing the total energy of power station during the flood 
operation. In general, the larger is the objective value, the greater is the benefit. 

tN

Ob2：       q min (max( ))tq=    (t=1,2, ⋯,n)                 (5) 

where  is the total release of reservoir at period t. Objective2 denotes minimizing the 
maximal outflow. So the probability of outflow exceed the safe capacity of downtown is 
decreased. 

tq

Ob3：            V min(max( ))tV=     (t=1,2, ⋯,n)               (6) 

where  is the flood control storage. The objective is the maximal flood control storage 
during flood control is minimum, viz. the reservoir peak water level is low. The greater is 
the objective, the safer is the dam, but it is harmful to hydropower generation during 
flooding events. 

tV

Ob4：       Zexpect 1<Zend < Zexpect 2                  (7) 
where Zend is the terminal water level of reservoir. Zexpect 1 and Zexpect 2 are respectively the 
maximum and minimum of desired terminal level. It implies that the desired performance 
level is known and that the deviation from the target level either results in losses or 
damage on the next flood operation or losses on power generation. Flood control requires 
an empty reservoir in advance of floods if maximum benefits are to be attained. So the 
lower the actual flood storage volume are maintained in the reservoir, the batter the results. 
Power generation requires water levels to be kept as high as possible at all time for 
maximum production. It is obvious, therefore, that the essential feature of practical 
multiple uses is a compromise which may result in a situation with less than maximum 
benefits from any individual usage, but realizes the maximum benefits from the project as 
a whole. The desired terminal level is a compromise between flood control and power 
generation, and in operation the value is selected by using operator experience, 
considering both the benefits of power generation and storage requirement for next flood. 

The model constraint set includes practical usage rule in the regulation of gates or 
release valves, along with constraints on reservoir storage, release capacity and power 
capacity in each time period. The gate regulation rule of different reservoir is diverse, and 
even the same reservoir the gate open and close order and height opened are respectively 
established according to actual operation conditions of reservoir.  

 

 1475



4. SOLUTION APPROACH FOR THE MODEL 

From the follow steps, with the application of OOP and under the aid of flexible decision 
making support system, the alternatives can be established, and the relatively optimal 
solution of reservoir flood control operation can be obtained by using experience of 
operators. 

Step1-The property of the flood is analyzed by means of flood analysis accessorial 
function module. This module could display the characteristics of the flood that is being 
regulated, for instance flood total amount, flood lasting time, flood crest flow and time, 
flood frequency, etc. The operator can be familiar with the flood to some extent through 
this module. 

Step2-According to the property of the flood, by using experience one group of gate 
working way and plant discharge are set. This status in gate should accord with the 
reservoir gate regulation criterion. The plant discharge is constrained by real time 
requirement of electricity net. Then the multiple objectives of E( n), q( n), V( n) , Z(n) of 
the flood control are calculated respectively by jointly calculation of Eqs. ( 3) -( 6), where 
n is the number of calculation.   

Step3-The rationality of the operation result is judged through watching or comparative 
method or weight method. The watching method mainly look over the release route and 
water level route of different gate working ways. If the line is tend to be smooth, viz. the 
release of different period are close, then the result from the corresponding gate working 
way is rational. In comparative method, the value of E(n) and E(n-1), q(n) and q(n-1), V(n) 
and V(n-1) are compared through the scheme management module, and if the difference 
of these two values is small then the result is rational. The weight method by using the 
fuzzy iteration methodology, gives the objective weight and the relative membership 
degree of various alternatives at the same time, as a result the optimum order of these 
alternatives are obtained.  

Step4-If operation result is unreasonable or not satisfactory, for instance, the value of 
outflow q exceed the safety capacity of downtown, or the difference between the terminal 
level and desired level is great, then adjust the status of gate or the plant discharge, and 
repeat step2 step3. The rule of the adjustment is: increasing plant discharge or generating 
units can result in the increase of E value; in order to reduce q value, some other gates 
should be opened or the working time of gate should be adjusted before time that q value 
appears. The adjustment of v value is the same as q. If the result is rational, the flood 
control scheme can be implemented. 

The one that deserved to state is, the above-mentioned controlling value E, q ,V, Z 
could just offer basis for operator making policy. Among real operation, each controlling 
value might not reach optimization, and the policy made by operator has close relationship 
with the real state of the reservoir and the experience. 

5. THE SOFTWARE DEVELOPMENT FOR THE MODEL  

For flood control, the most difficult part is operator how to select an appropriate policy by 
using their experience and intuition as well as how to acquaint the corresponding result. 
The advance of computer techniques has speeded up the research of numerical simulation 
for policy, so the computer program can be developed to realize the simulation- 
optimization for flood control.  

Principle and Tactics of Model Development. The principle of flood control 
simulation optimization model development follows the practicability, dependability, 
advance and expandability. The development tactics of the model adopt the fast prototype 
technique, namely develop the prototype of model within shorter time, and obtain the 
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information of feedback after being exposed to the user, then revise constantly to make 
the model more practicable. The detailed measure is to develop the prototypes 
systematically, such as data base, model base, scheme base, man-machine interface, etc. at 
first, and to be used by operator. According to the suggestion and consultation information 
of experts for revision that is put forward, the model prototype is perfected and revised. 
Through these measures, realize the roll development. 

Model Development Environment. The technology of Object-Oriented-Program 
(OOP) is the main technique of model development. The development environment is 
WINDOWS 98, programming languages Visual Basic6.0 and data base Access7.0 as well 
as Photoshop6.0 are applied in software development. With the application of OOP, the 
development of flood control software is more efficient, the interface is more friendly and 
the extension of system is easier.  

Database Development. Database include the basic data base and result data base. 
Basic database is the basis of model calculation and consist of characteristic parameter of 
reservoir and power station, generating units characteristic curve, functional relationships 
between reservoir water level and gate release, etc. The result base comprise the results 
calculated by simulation-optimization model, including different operation policy of every 
flood as well as corresponding each gate opening time, release, and planting discharge. 

Scheme Base Development. The main function of the scheme base is to store and 
manage the operation results of each flood. The schemes are classified and managed with 
time that flood took place, the results of different dispatching tactics for the same flood 
water are belong to the same kind of scheme. Operator can compare and select an optimal 
regulation tactic for a certain flood among the scheme base. 

Interface Development. The main purpose of model interface development is to make 
every physics element of reservoir floodwater release facility is corresponding to the soft 
project concept. The interface is running on Microsoft Windows and is made up with 
multiple-level menu, toolbar, hot keys. So the facility can be show in front of the 
operation personnel lifelikly. Each gate and each generating units consist of open and 
close switch and open and close time textbox. Dispatcher personnel rely on one's own 
dispatcher experience, through clicking mouse, to control gate and plant discharge to look 
for a safe and feasible way of releasing floodwater. 

Supplementary Function Development. The supplementary function of model 
include flood property analysis function, result show function as well as result statistics 
function.  The flood analyses module mainly analyze the characteristic of the flood that 
is being operated. For instance flood total amount, flood peak discharge, flood frequency, 
etc. The inflow routing, release water routing, water level routing can be paint at the same 
graph by result show function module, and operator can look over concrete value of level 
or discharge through report form or by clicking the point on curve, as a result, the 
operation process can be adopted or adjusted. Result statistic function module shows the 
value of four objectives on interface. 

Scope of Model Application. The flood type that simulation optimization model can 
be applied include predicted flood, designed typical flood, and inputted flood manually. 
Predicted flood is obtained from result base of predicting system. Designed typical flood 
depend on the drainage area characteristic. Operator also can simulate a flood and seek the 
regulation policy by inputting the flood process manually. The analysts could select the 
corresponding button to choose different flood type. 
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6. MODEL APPLICATION 

The methodology was adopted for deriving the Ankang reservoir satisfactory flood 
regulation policy. A computer program was developed to simulate the behavior of Ankang 
reservoir during flood regulation.  

Ankang reservoir is located at the Hanjiang River, the biggest branch of Yangtze River, 
which is the region most frequently producing disastrous floods. Ankang reservoir covers 
a water collecting area of 35700 km2, with a water holding capacity of up to 3200   
million cubic meters, the flood control level is 325 meter, the design flood level is 333 
meter, the check flood level is 337.33 meter. The flood discharge facility includes 5 
generating units, 5 upper outlets, 5 middle outlets, and 4 lower outlets, and total maximal 
discharge capacity is 37474 cubic meters per second. Ankang reservoir is used for power 
generation, flood control, shipping. The return period of the example flood is 5 years. By 
means of above human-computer interaction technique, the feasible out-flow procedures 
for this flood can be obtained, as shown in Fig.1. Correspondingly, the objective values 
and characteristic parameters are shown in Table 1 for all alternatives after reservoir 
routing. 
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Fig. 1  The feasible Alternatives outflow procedures for the Flood 

Table 1  Objective values and some characteristic parameters for Different Alternatives 

Number of  
Operation 

Objective 1 
E (104kwh) 

Objective 2 
Q(m3/s) 

Objective 3 
Z(m) 

Objective 4 
ε(m) 

1 11044 9768 333.56 3.8 
2 11244 11826 330.17 1.16 
3 11760 10998 329.28 1.46 
4 13260 12078 326.75 0.3 

 
In table1, objective1 represents maximizing the total energy of power station during the 

flood operation. Objective2 denotes minimizing the maximal outflow. Objective3 is the 
maximum flood control storage during flood control is minimum, viz. the reservoir peak 
water level is low. I.e. maximizing the flood control volume between the flood design 
level and the highest level of reservoir during reservoir routing. Objective4 is minimizing 
the deviation of terminal level from desired terminal level, in this example, the value is 
325 meter .  
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According to above table and figure, the outflow trend of the fourth alternative is 
smooth, the water level is similar with the desired one, and the power generation is larger 
than other alternatives. So, this solution is a compromise between flood control and power 
generation, considering both the benefits of power generation and the storage requirement 
for the next flood, and could realizes the maximum benefits for the project as a whole. 

7. CONCLUSIONS 

It is not necessary to find an optimal solution for flood control operation because the 
traditional optimal models are hard to adapt to practice. With the application of OOP, this 
paper presents simulation-optimization model that is realistically and practically applied 
to the operation of flood control. Compared with the traditional optimal models, this 
model take into account the multiple objective of flood control and practical gate 
regulation rules as well as the experience of operator, the results are more reasonable and 
realistic. 
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Abstract: Dams are one of the most important hydraulic structures for conservation and storage of 
floods. It is important to study sediments in dams’ reservoirs. In this research, 10 dams of Iran 
(Amir Kabir, Dez, Durudzan, Ekbatan, Kardeh, Latiyan, Moghan, Qeshlaq, Toroq and 
Zayandehrud) were studied. Sedimentation has taken place in all of these dams. Initial and after-
sedimentation curves of depth-area and depth-capacity are used as a measure of sediment 
distribution in the reservoirs. Two empirical methods of area-reduction and area-increment were 
used to estimate sediment distribution. The results showed that none of these methods are able to 
predict sediment distribution accurately. The least error belongs to Ekbatan dam (16.8%) and the 
largest error is due to Amir Kabir dam (136.1%). Generally, area-reduction method was the best for 
distribution of sediments in the studied reservoirs and had the least error.     
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1. INTRODUCTION  

The ultimate fate of all reservoirs is to get filled with sediment. If the sediment inflow is 
large as compared to the reservoir capacity, the useful life of the reservoir may be very 
short and the predetermined purposes are not attained. But, estimating only the sediment 
inflow to a reservoir is not enough as the designer is also interested to know how high the 
sediment will accumulate, or where it distributes, in the reservoir during a given period in 
order to fix the sill elevations of the outlets, penstock gates, etc.  
  Sediments accumulate at different elevations in a reservoir, the distribution pattern of 
which depends on such factors as slope of the valley, length of the reservoir, particle size 
of the sediment load, capacity-inflow ratio, and reservoir operation. But, reservoir 
operation has an important control over the other factors. The sediment deposition is not 
restricted to the lower storage space of the reservoir.  
  There is no analytical solution to the problem of distribution pattern for the sediments 
and the techniques proposed to calculate sediment distribution are mainly empirical. Of 
more than 22 methods currently available, only the methods of Borland and Miller (1958), 
Menne and Kriel (1959) and Borland (1970) are generally used (Roberts, 1982). 
Annandale (1987) has reviewed the literature on different empirical and computer models 
for sediment distribution in the reservoirs.  

1.1 Borland and Miller  
The aim of the Borland and Miller (1958) technique is to establish depth-area and depth-
capacity relationships for reservoirs after deposition of the sediments. The calculation 
procedure of this method, also known as area-reduction method, was developed from 
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resurvey data of 30 American reservoirs and consists of two steps: 1) classification of the 
reservoir and 2) an iterative calculation procedure for determination of zero elevation (the 
elevation below which all the storage capacity is filled with sediment). Classifying a 
reservoir as lake, floodplain-foothill, hill or gorge necessitates plotting of the volume vs. 
capacity on a log-log paper, whereafter the reciprocal of the slope of this curve (m) is used 
to select the reservoir type (Table 1). 
 

Table 1. Standard reservoir types. 

Standard 
classification 

Reservoir type Value of m 

I 
II 
III 
IV 

Lake 
Floodplain-foothill 

Hill 
Gorge 

3.5-4.5 
2.5-3.5 
1.5-2.5 
1.0-1.5 

  
  The height above the streambed level, at which sediment deposition is desired, is made 
dimensionless by dividing it with the total height and is called relative depth. A 
dimensionless parameter Ap, known as the dimensionless surface area is defined by (Fig. 
1): 

Ap = C pm (1-p)n                                                   (1) 
where C, m and n are constants which are determined from the type of reservoir (Mutreja, 
1986). To work out the sediment area at relative depth p, first the Ap curve is calibrated 
with a constant K= A0/Ap at zero elevation (the elevation up to which the sediments will 
completely fill the reservoir), with A0 as the area at zero elevation. Once K is computed, 
the sediment area above zero elevation is given by KAp, while below zero elevation is 
equal to original area of reservoir. Determination of new volume/area/depth relationships 
(after sedimentation) follows automatically once balance between calculated and expected 
sediment volume has been achieved.   

1.2 Borland   
Borland (1970) based his model on the assumption that sediment will be deposited in a 
typical delta form (Fig. 2). The calculation procedure consists of firstly estimating the 
slope of the topset layers of the delta, whereafter the frontset slope is calculated by 
multiplying the former by a factor of 6.5. 

1.3 Moody   
Moody (in USBR, 1962) revised the methods of Borland and Miller (1958) and used the 
following relationship: 

(1-vo)(HAo)=(ao)(S-Vo)                                                   (2) 
where vo= relative volume at zero elevation (Ho), H= total depth of reservoir from the 
stream bed, Ao = actual area at Ho , ao = relative area at Ho, S = total sediment to be 
distributed, and V = actual volume at Ho . The details of this method can be found in 
USBR (1962). 

1.4 Area-increment method 
The method of area-increment (first proposed by Christofano, 1953) is based on the 
assumption that the area curve, after sedimentation, will parallel the original curve 
(Mutreja, 1986). This means that the sediment area is constant at all elevations and the 
sediment volume is uniformly distributed vertically above the new zero elevation (Fig.3).   

 1481



 

 
Fig. 1  Sediment distribution by the area-reduction method.  
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Fig. 2  Sediment deposition in a delta form. 
 
A single equation can therefore be written as: 

S = Ao (H-Ho) + Vo                                                                         (3) 
where Vo is sediment below the zero elevation and the rest of parameters are as before. 

Max. water level

t 

Original bed

Position of dam 
Fig. 3  Sediment distribution by the area-increment met

 
2. MATERIALS AND METHODS 

The empirical models of Borland and Miller (1958) and Moody (U
be regarded as the models currently in operational use, have b
sediment profiles of a number of Iranian dams (Amir Kabir, D
Kardeh, Latiyan, Moghan, Qeshlaq, Toroq and Zayandehrud). Th
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large ones in Iran, with Dez dam (height of 203 m and reservoir capacity of 3340 million 
cubic meters) is the largest and Moghan dam (height of 30 m and reservoir capacity of 10 
MCM) is the smallest. Sedimentation has taken place in all of these dams. Initial and 
after-sedimentation curves of depth-area and depth-capacity are used as a measure of 
sediment distribution in the reservoirs. Percent error of estimation (difference between 
model prediction and measured sediment) is calculated at different depths and averaged 
over the whole depth of the reservoirs, and their standard error is computed.  
 
3. RESULTS AND DISCUSSION 
Fig. 4 shows the average error of estimating effective reservoir-volume (initial volume 
minus deposited sediments) for Dez dam, with two methods of area-reduction and area-
increment of Burland and Miller (1958) and Moody (USBR, 1962). This dam was 
constructed in 1962 and was of type II (Table 1). Sediment measurements were performed 
in 1973 and 1997. The sediment load was 208.71 (up to 1973) and 641 MCM (up to 
1997). Thenafter, the sediment entry rate to the reservoir is assumed to be equal to the rate 
between 1973 and 1997. As it is seen from Fig. 4, up to the 35th year of dam operation, 
average error is increasing. This shows that methods of Borland and Miller (1958) and 
Moody (1962) are not able to predict sediment distribution correctly. 
  Fig. 5 shows the standard deviation of effective reservoir volume estimation for Dez 
dam. Again, it is seen that the empirical methods of sediemnt distribution are so different 
from each other. The least deviation belongs to area-reduction of Borland and Miller 
(1958).  
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Fig. 4  Error of estimating effective reservoir capacity with area-increment and area-reduction methods. 
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Fig. 5  Standard deviation of estimate for reservoir effective capacity 
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Fig. 6  Distribution of sediment in Dez reservoir  considering different types of reservoirs 
     

 Fig. 6 shows distribution of sediments in Dez dam (in 1997), considering different 
types of reservoirs (Table 1) and the area-reduction method. It is seen that type II reservoir 
is closer than the other types.   
     The above computations and graphs were prepared for the rest of the reservoirs. Table 
2 shows a summary of average error and standard error for area-reduction and area-
increment methods for different dams. None of the methods are very good in estimation of 
sediment distribution over the whole depth of the reservoirs. Amir Kabir dam (with error 
of 136.1%) has the greatest and Ekbatan dam (with error of 16.8%) has the least error. 
Among the different methods of sediment distribution, area-reduction by Borland and 
Miller (1958) was the best. 
  

Table 2  Average error and standard error of different dams in area-reduction and area-increment methods 

 Ekbatan Amir 
Kabir

Duru-
dzan 

Dez Zayan-
dehrud

Torogh Qeshlagh Kardeh Latiyan Moghan 

E 16.8 129.0 53.2 66.4 47.1 50.9 94.5 37.3 16.9 50.2 Area-reduction 
Borland&Miller Se 0.2 11.2 45.2 343.2 42.0 2.2 18.3 2.6 2.7 2.4 

E 61.0 136.1 63.8 76.6 119.6 78.6 109.5 52.0 47.2 20.2 Area-increment 
Borland&Miller Se 0.4 12.91 58.6 390.0 107.1 3.1 24.3 3.2 4.4 0.7 

E 21.7 86.3 57.6 72.7 84.6 36.9 129.4 53.8 16.9 64.2 Area-reduction 
Moody Se 0.3 13.2 49.8 366.6 87.1 2.2 34.0 3.6 2.7 2.5 

E 48.9 127.0 59.6 67.5 51.6 61.7 128.5 53.8 28.2 27.1 Area-increment 
Moody Se 1.3 11.7 52.8 383.3 123.0 2.6 36.0 3.7 7.6 1.9 
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Abstract: The Idro Lake, Lombardy Region in northern Italy, represents an important water 
reservoir in the Po river watershed, subject to a multiplicity of conflicting uses. Management rule 
was deeply changed in the last years, to balance these necessities with the environmental safeguard. 
To assess the consequences of this new regulation, a trial period was set by the Po river Watershed 
Authority. During this period, high quality discharge and water level measurements have been 
collected. The data were critically analyzed and the results have been used to propose a set of 
modifications to the current management rule. Model simulations were run to predict the 
effectiveness of these proposals.  

 

Keywords: water reservoir, multiple use, management rule, simulation 

1. INTRODUCTION 

The Idro Lake, also called Eridio, is an artificially regulated natural basin, exploited as a 
water reservoir. The most important uses are the downstream agricultural irrigation and 
the hydroelectric energy production by ENEL society, an Italian public company. It is 
placed in the mountain context of the Sabbia Valley, belonging to the prealpine area of the 
Lombardy region. The storage volume is only fed by the Chiese river, which also 
constitutes the effluent. 

Idro Lake was the first Italian alpine lake to be controlled by means of a constructed 
dam and one of the firsts in Europe. The pioneer project has been elaborated since in 1855, 
but the surface water control was completed in 1932. The original rule, came into force 
the following year, permitted a free water surface excursion up to seven meters. This 
possibility made available a considerable water volume, practically equals to the entire 
lake capacity. 

The level fluctuation suddenly lead to severe environmental and landscape degradation, 
because of the sizable shoreline recession, that reached the ten meters especially in the 
southern zone. Other following problems were the sewer discharge pipe outcrop, the 
formation of sniff and stilling marsh pools, the side bank instability and the reproduction 
difficulties of some fish species. The amusement usage of the reservoir was consequently 
compromised.  

Moreover, in fifty years, the hydraulic characteristics of the upstream Idro Lake 
watershed were modified by the construction of some hydroelectric basins, the so called 
Alto Chiese basins. Therefore, in 1993, the Watershed Authority judged necessary to 
modify the management rule, with the purpose to achieve the tourist, hydroelectric and 



agricultural necessities, together with three main objectives: a water resource use based on 
real availability, environmental respect and landscape protection.  

At the same time, it set a three-year experimental period, wherein to collect discharge 
and water level data. Several measurement instruments were installed in the whole 
catchment and, therefore, very precise data have been collected. These measurements 
have permitted to assess the benefits and the limits of this new regulation on an 
experimental basis. This trial period, started in 1996, was extended for two years and 
followed by one provisional application year. 

2. CATCHMENT CHARACTERISTICS AND REGULATION DEVICES 

The Chiese river watershed corresponding to the closure section of Gavardo, where a 
hydrometric station is located, is represented in Fig 1. It has a contributing surface equal 
to 934 km2 and an average height of about 1,230 meters a.s.l. The annual rainfall highness 
results equal to 1461 mm. The Chiese river rises from the Adamello mountain glaciers at 
2,500 m.a.s.l. and, following the hydrologic annals, its annual average discharge amounts 
to 37.7 m3/s. 

 
Fig. 1  The Chiese river watershed at Gavardo closure section. 
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Idro Lake has a storage capacity of 75 Mm3, between the elevations of 363.00 and 
370.00 m.a.s.l., a maximum length of 9.75 kilometers and a maximum width of 1.90 
kilometers. It has an average surface of 11 square kilometers, a linear bank side 
development of about 24 kilometers and a maximum depth of 120 meters. The 
downstream discharge is controlled by three devices: the Idro Lake dam, the so called 
Farmers gallery and the ENEL gallery, reported in Fig. 1. 

The Idro Lake dam consists of a barrage placed into the Chiese bed and equipped with 
two semicircular movable gates, characterized by a bottom elevation of 367.00 m.a.s.l. 
and an overflow threshold at 370.00 m.a.s.l. When the level corresponds to 371 m.a.s.l., 
the dam can discharge a flow rate of 270 m3/s, in open conditions, and 37 m3/s, in closed 
conditions. 

The Farmers gallery is the bottom outflow. It is placed in the right side and has the 
final discharge into the Chiese riverbed. Since from their completion, the management of 
these two structures has been entrusted to the Idro Lake Society (SLI), which is still now 
the responsible for the regulation. Because of a landslide, localized in the right hand 
mountainside downstream its outflow, in 1992 the Farmer gallery was subject to a partial 
collapse. The consolidation led to a reduction of the cross sectional area. 

The regulation finally depends upon the ENEL offtake gallery, in the left side, which 
constitutes the inflow pipe supplying the hydroelectric power plant of Vobarno. This plant 
represents the most important hydroelectric exploitation in the whole catchment. During 
summer season, the minimum whirling flow rate is quantified in 25 m3/s by law. Some 
current hydraulic characteristics of these two galleries are indicated in table 1. 

Table 1  Hydraulic characteristics of the regulation devices. 
  Farmer gallery ENEL gallery 

Entrance threshold (m.a.s.l.) 360.00 360.50 
Cross sectional area (m2) 24 14 

Slope (%) 0.1 0.8 
Maximum flow rate (m3/s) 80 30 

 
Upstream the Idro Lake, also two Alto Chiese basins have significative storage 

volumes: the Malga Bissina basin and the Malga Boazzo basin. These basins are managed 
by the ENEL company, to feed its hydroelectric power plants in the upper Chiese 
watershed. The total Alto Chiese damming capacity can be assessed in 72 Mm3. 

The agricultural users are grouped in two irrigation consortiums and they are served by 
several uptake canals, the first of which is located immediately downstream Gavardo. The 
irrigation demand, sanctioned by the Watershed Authority throughout the summer season, 
amounts to 27.7 m3/s. Nevertheless, for the past thirty years, the real uptake has been 
estimated at an average value of 32.4 m3/s.  

3. THE ENFORCED MANAGEMENT RULE 

The 9/93 deliberation of the Po River Watershed Authority contains the fundamental 
objectives and the consequent management criterions to achieve them. During the 
experimental period, some modifications were introduced but they did not change the rule 
basics. The most important topics can be reassumed in the following points. 

Regulation based on the effective resource availability: the hydrologic year is 
subdivided into four seasons, which are additionally divided into decades.  

• First season:  1 January - 10 April   (10 decades) 
• Second season: 11 April - 30 June    (8 decades) 
• Third season:  1 July - 10 September   (7 decades) 
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• Fourth season: 11 September - 31 December  (11 decades) 
Every decade defines an elapsed time period, wherein uniform management practices 

have to be applied. Three kinds of management are possible: discharge regulation, level 
regulation and mixed regulation. The discharge or the level regulation is always based on 
the overcoming probability P of the lake natural inflow. The natural inflow is defined as 
the inflow, which should occur without the storage effect of the Alto Chiese basins.  

The management rule defines five overcoming probability levels: 50%, 60%, 70%, 
80% and 90%. They were obtained by a statistical elaboration of 57 years of available 
data (1934 - 1991), using the Gumbel probability function. Table 2 shows the monthly 
natural inflow volumes, corresponding to the overcoming probabilities defined. It reveals 
that the greater part of the inflow takes place during the spring season, together with the 
snowmelt and the spring significative rainfalls. 

Table 2  Natural inflow volumes for different overcoming probability P 

Natural inflow volume (Mm3) Month P = 50% P = 60% P = 70% P = 80% P = 90% 
January 31.46 29.13 26.84 24.42 21.42 
February 27.60 25.41 23.26 20.98 18.17 

March  38.96 35.54 32.20 28.64 24.25 
April 66.54 61.14 55.85 50.23 43.30 
May 118.56 108.06 97.98 86.86 73.38 
June 108.17 99.36 90.74 81.58 70.28 
July 76.74 71.73 66.83 61.61 55.18 

August 57.86 53.55 49.34 44.86 39.33 
September 55.58 48.05 40.69 32.86 23.20 

October 59.76 49.13 38.72 27.66 14.01 
November 55.62 47.44 39.43 30.92 20.42 
December 38.64 35.29 32.02 28.54 24.25 

Total 758.52 717.32 677.02 634.18 581.32 
 
During the third season, the Idro lake is also supplied by two integrating volumes, 

which have to be discharged by ENEL society, using the Alto Chiese storage capacity. 
The first represents the compensation of the inflow decrease due to the Alto Chiese basin 
storage. It is evaluated as the minor volume between the one necessary to fill the lake 
storage capacity at the first of July and the one stored in the Alto Chiese basins in the 
second season. The second is reserved to the summer irriguos necessities and varies 
between 8 Mm3, for P < 50%, and 16 Mm3, for P > 90%. 

Restriction of the water level excursion: the original rule fixed a maximum storage 
level at the elevation of 369.25 m.a.s.l. and a maximum water level excursion of 3.25 m. 
Because of the recent collapse of the Farmers gallery, the Dam Service imposed a 
lowering of this limit. Therefore, the absolute bounds are defined as follows: 

• Maximum storage level 368.00 m.a.s.l. 
• Minimum storage level 364.75 m.a.s.l. 
Moreover, additional conditions are enforced for the water level evolution throughout 

the annual management: 
• End of the first season 364.75 m.a.s.l. 
• End of the second season 368.00 m.a.s.l. 
• End of the third season 364.75 m.a.s.l. 
• End of the fourth season 364.75 m.a.s.l. 
A more detailed level regulation is enforced for the third season, wherein three level 

curves are defined for different inflow overcoming probabilities, Fig. 3. 
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Safeguarding of the minimum vital discharge: all along the Chiese river course, the 
discharge has to respect a minimum value, to ensure the wildlife protection. This 
discharge is defined as a function of the contributing surface, the average annual rain 
depth, the hydrographic network characteristics and the aquatic species can be found. The 
management rule evaluates the minimum vital discharge in two sections of the Chiese 
river course:  

• Idro dam 1.48 m3/s 
• Gavardo 2.20 m3/s 

Reduction of the water level fluctuation rate: during the normal flow conditions, the 
maximum water level fluctuation rate must be lower than 40 centimeters in three days.  

4. EXPERIMENTAL MEASUREMENT ANALYSIS 

During this six-year period, a monitoring system predisposed measures of the main 
hydraulic and hydrologic quantities, which constitute the lake water balance. The inflows, 
the outflows and the water levels, related to Idro Lake and the ENEL hydroelectric 
reservoirs, were recorded with daily frequency.  

A special focus has been given to the third season, when the usage conflict is stronger. 
In this period, the management has to satisfy the irriguos, the touristic and the 
hydroelectric energy production necessities together with the maintenance of the 
minimum vital discharge along the Chiese river course. Table 3 reports the Idro Lake 
water balance for the third season.  

It appears that very different hydrological conditions took place: 1996, 1997 and 2001 
years had high inflow and the third season was characterized by an end overcoming 
probability of 50%. These great availabilities are also evidenced by the water levels 
reported in Fig. 3. On the contrary, in 1998, 1999 and 2000, a very poor water inflow 
occurred and the overcoming probability reached values equal to or higher than 90%. The 
water levels were subject to this shortage and, at the beginning of the third season, they 
were very lower than the rule values. 

Table 3  Idro Lake water balance for the third season. 

Recorded inflow Natural inflow 
Volume P Volume P 

ENEL contribution Recorded discharge Year 
Mm3 % Mm3 % Mm3 Mm3 

1996 169.14 50 159.50 50 9.64 207.06 
1997 185.90 50 172.74 50 13.16 222.63 
1998 139.70 90 121.32 >90 18.38 165.61 
1999 141.40 80 124.33 >90 17.07 162.64 
2000 165.16 50 136.82 90 28.33 170.88 
2001 176.60 50 158.00 50 18.60 209.20 

 
The ENEL contribution, defined as the difference between the recorded inflow and the 

natural inflow, exercises a significative influence on the effective water resource 
availability. For example, in 2000, the overcoming probability of the real inflow was 50%, 
while the natural one would be 90%. The Alto Chiese storage capacity appears to be a 
very important element, in a comprehensive watershed management. 

Fig 2 shows the cumulative natural inflow volume, occurred in the past six years, and 
compares them to the cumulative inflow volumes, defined by the management rule for the 
different overcoming probabilities P. Instead, Fig. 3 indicates the water level variation 
throughout the third season of the available six years and the Idro Lake level curves 
enforced by the rule as a function of the overcoming probability of the natural inflow. 
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Fig. 2  The Idro Lake cumulative natural inflows during the third season. 
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Fig. 3  The Idro Lake water levels during the third season. 

5. REGULATION PROPOSALS AND SIMULATIONS 

The analysis of the collected data has allowed to find out some deficiencies of the actual 
management rule, as in the following: 

• The fixed minimum lake level do not allow any outflow from the Idro dam radial 
gates. This causes the water absence in a long part of the Chiese river course 
upstream the Farmer gallery outflow; 
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• The fixed maximum storage level is not enough to avoid downstream flowing of 
high water quantities, not required by the potential users, with the consequent waste 
of the water resource; 

• The respect of the maximum daily levels of regulation can allow the overflow of 
considerable water volumes, which otherwise could be stored, simply by accepting 
a level of regulation equal to the rule maximum absolute level; 

• The discharge of the integrating volumes, after the begging of the third season, can 
be too late for respecting the level curves in Fig. 3. In fact, if the maximum storage 
level is not reached at the first of July, the natural summer inflow lowering, which 
is typical of this climate, makes very difficult to recover the level loss. 

Concerning the previous considerations and in relation to the primary requests of the 
different lake users, a new alternative operative rule was proposed. A particular caution 
has been given to the possibility of maximize the storage volume of the lake, chiefly in the 
third season. Table 4 reports a synthesis of the most important proposals. 
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Fig. 4  Different management of the flood event of 1997 
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Table 4  Synthesis of the proposed management rule. 

366.00 m.a.s.l. ↔ P ≤ 70% 
365.75 m.a.s.l. ↔ P ≤ 90% Minimum water level 
365.70 m.a.s.l. ↔ P > 70% 

Maximum water level 368.90 m.a.s.l. 
Maximum excursion 3.30 m 

Maximum excursion rate 30 cm in 3 days 
 
Moreover, the preventive estimation of the Alto Chiese contributing volumes, joined to 

the anticipate discharge during the second season, is converted in an unavoidable practice 
for a correct management of the summer season. The detailed knowledge of hydraulic 
characteristics of the system elements, like the basin storage curves or the discharge 
curves of the regulation devices, permitted to run computer simulations to predict and 
evaluate the effectiveness of the proposed rule.  

Three different flood events were used, which respectively happened in June 1997, in 
May 1998 and in May 1999. In the event of 1997, the application of the proposed rule, 
according to the simulation performed, obtained a saving of 10.9 Mm3 of water resource, 
Fig 4, and a level gain of about 1 meter. In 1998 and in 1999, the positive effects of the 
new rule allowed an added storage volume, respectively, of 1.60 Mm3 and 3.96 Mm3. 

6. CONCLUDING REMARKS 

The rationalization of the water resource use and the optimization of the management of 
the lake storage capacity represent the priority objectives of the recent normative trends in 
the matter of the safeguard and the valorization of the national water property. A thorough 
analysis of the available measurements has allowed to find some problems with the actual 
management rule: 

• Need for applying a regulation by levels, with very restrictive ties, in a period of 
greater water resource availability, typical in the late Easter period, to assure the 
reaching of the fixed fill level, enforced at the beginning of the irriguous season; 

• Need for increasing, especially in the case of abundant meteoric inflows, the 
maximum regulation level to avoid the waste of the water resource; 

• Need for limiting the value of the level excursion rate in the drought periods; 
because of their sudden variation in the zones of low flat slopes, the boundary 
conditions change too quickly and these effects are not acceptable during the tourist 
season; 

• Need for adapting the lake boundary levels to the surface regulation device, to 
permit the respect of the minimum vital discharge in the whole watercourse. 

Some modifications were proposed to the management rule. The results showed the 
possibility, using the appropriate regulation, to increase the storage efficiency during both 
the spring season and the flooding events. The proposed regulation reduces the level 
excursion with very little consequences on the resource availability. 
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Abstract: High-usage of exploited materials on dam construction site is very important for saving 
cost and shortening construction period. It is of practical significance to evaluate and predict the 
behavior of dam by numerical analysis methods, especially to the site composed by soft rock, such 
as mudstone or shale rock. 

 

Three-dimensional finite element analysis is carried out to use selected material parameters to 
predict the response of Yutiao concrete-faced rockfill dam during construction and reservoir-filling 
stages. The simple incremental elastic and isotropic hyperbolic model developed by Duncan and 
Chang is employed to characterize the inelastic deformation behavior of rockfill materials. A 
mid-point incrementally-iterative numerical technique is developed and incorporated into a 
computer program which is able to simulate the non-linearity of rockfill materials in loading 
sequences during construction and impoundment. The displacements and stresses of concrete slab 
and rockfills as well as deformations of peripheral joints are evaluated. 

The computed results given by this study are found to be good agreement with the engineering 
measured values. Some meaningful results and insights are gained, which are helpful to select the 
embankment material and to improve the dam design. 

Keywords: concrete-faced rockfill dam, stress, displacement, finite-element-method 

1. INTRODUCTION 

To develop hydroelectricity resource in southwest China and to accelerate economic 
development, many large hydroelectricity engineerings are being constructed or will be 
constructed. Concrete-faced rockfill dam (CFRD) and core rockfill dam are adopted in 
many cases. Pubugou core rockfill dam located at the Dadu River, Zipingpu 
concrete-faced rockfill dam located at the Minjiang River and Yutiao concrete-faced 
rockfill dam in Sichuan province are examples of such dam types. These dams filled with 
soils and gravels can be characterized with the following points. The first one is that there 
are overlying stratums with unequal thickness in valley of dam base. Physical and 
mechanical characteristics of each soil along depth are obviously different, and there are 
lenticular sand and soft soil in the stratum layer. The second one is that, the dam is in a 
narrow valley with small length-height ratio. The left abutment and the right one are 
asymmetric. The effect of three-dimensional characteristics of canyon shape may be 
obvious. The third one is that the height of dam is from 100 to 200 meters, the slope of 
dam is about 1:1.4, and constituent materials are considerably complex. Therefore, such a 
common problem is put forward that the static response and stability of dams constructed 
by in situ soil and rockfill under complicated valley condition can be satisfied or not, and 
it is a valuable topic to be investigated. 
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Indoor tests and site surveys indicate that there is a great deal of mudstone at the site of 
Yutiao concrete-faced rockfill dam. Its average compression strength is 18.8MPa and its 
permeability coefficient is cm/s. It has high degree of weathering and high 
content of fine particle. Whether this soft rock can be used for the dam is an important 
problem. If stacking area far away from the dam is adopted, progress of works will be 
delayed and the investment will increase. In this paper, Three-dimensional stress and 
deformation analysis of the dam during construction and impoundment will be discussed 
in the following in order to systematically investigate the influence of mechanical 
characteristics of rockfill and canyon shape on stresses and deformations.  

21065.3 −×

2. DAM PROFILE AND MATERIAL PARAMETERS 

2.1 Dam profile 
The height of Yutiao concrete-faced rockfill dam is 110.0m. The dam is located at canyon 
and karst region. The shape of valley is asymmetric. The slopes of left abutment and right 
abutment are 35°-50° and 55°-70° respectively. The crest length is 204m and the crest 
width is 7m. The aspect ratio is 1.855. The lowest elevation is 362.0m, the normal 
impoundment level is 463.57m, the design flood level is 467.0m, and the check flood 
level is 469.92m.  

2.2 Material characteristics and correlated parameters 
Stress and deformation analysis of earth and rockfill dams requires a reasonably accurate 
characterization of stress-strain relationships of soil and rockfill materials. The simple 
incremental elastic and isotropic hyperbolic model developed by Duncan and Chang(1970) 
and Duncan et al. (1984) can directly capture the nonlinear behavior and 
pressure-dependency effects. Some parameters have definited physical meanings and their 
range can be obtained by collecting some testing data of Duncan et al. (1980), Zhu and 
Shen (1990). E-B model proposed by Duncan Chang in 1980 can be divided into tangent 
modulus of elasticity, unloading modulus of elasticity and tangent modulus of volume, 
which includes eight constitutive parameters such as , , eK 0φ φ∆ , , , , 

and . 
fR n bK

m eurK
Model parameters of rockfill in this study are shown in Table 1, and it can be refered to 

the report of IWHR (2000). The parameter  is obtained by triaxial 
unloading-reloading test by Huang et al. (1993) or measured at site by Byrne et al. (1987), 
Bai et al. (1999) and its value is three times as the one of corresponding loading modulus 
coefficient. The moduli of concrete-facing slab can be obtained by the class of concrete. 

eurK

 
Table 1  Model parameters of Duncan model 

Type eK  0φ /（°） φ∆ /（°） n  fR  bK  m  

Slab 190000 0 0 0 0 120000 0 
Main rockfill 800 46 0 0.34 0.75 400 0.40 

Bedding 910 45 0 0.37 0.65 455 0.40 
Transition 850 46 0 0.37 0.65 425 0.48 

Secondary rockfill 300 42 5.7 0.17 0.82 166 0.28 

3. ANALYSIS OF STRESS AND DEFORMATION 

3.1 Mesh discretization and loading steps 
Different finite elements, such as slab elements, interface elements and peripheral joint 
elements, are utilized to consider special characteristics in geometrical configuration and 
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material zoning of CFRDs. The isoperimetric element which has eight points is adopted in 
finite element mesh discretization.  

The total number of nodes is 2255 and the total number of elements is 1984 with 244 
slab elements. The load step of construction of the dam body is 12. The 13th step is 
casting slab. The final depth of impoundment is 108.0m in 17th step. The dam is divided 
into 17 sections along axial line of the dam. The three-dimensional finite element mesh 
discretization of dam is shown in Fig.1, in which the section A is along the longitudinal 
direction. Fig.2 illustrates the maximum cross section of dam. The material type of dam is 
divided into 5 zones, such as impervious zone, bedding zone, transition zone, main 
rockfill zone, and secondary rockfill zone. 

 Section A 

Section A

X Y 

Z  

Secondary 
rockfill 

Transition

Main rockfill 
Slab 

Bedding

 

 

 

 
Fig. 1  Three-dimensional finite element  

discretization of Yutiao dam     Fig. 2  Maximum cross section of the dam 

3.2 Results 
3.2.1 Deformations and stresses of dam during construction 
Deformation and stress of the maximum cross section 
Contours of horizontal displacements and vertical displacements of the maximum cross 
section of the dam during construction are shown in Fig.3 and Fig.4. Fig.3 shows that the 
maximum displacements of upstream slope and downstream are 34.0cm and 47.0cm, 
respectively. Because of the valley shape and material parameter difference, the 
displacement of upstream slope and downstream slope is asymmetry. It is shown in Fig.4 
that the maximum settlement of the dam is 82.0cm, which occurs at the right position of 
the cross section. The reason is that mechanical characteristics of secondary rockfill are 
lower than those of other regions. And the maximum settlement of the homogeneous dam 
occurs in axial line, which is 0.61cm when only one type of main rockfill is used. 
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Fig. 3  Contours of horizontal displacements     Fig. 4  Contours of vertical displacements 
         of the dam during construction (m)       of the dam during construction (m) 

Contours of major principal stresses of the dam during construction are shown in Fig.5. 
It shows that major principal stress is 1.78 MPa, which occurs at the bottom of the dam. 
Contours of minor principal stresses of the dam during construction are shown in Fig.6. It 
shows that minor principal stress is 0.74 MPa, which occurs at the bottom of the dam. 
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Deformation of section A along the longitudinal direction 
Contours of displacements in X direction and Y direction are shown in Fig.7 and Fig.8. 
Fig.7 shows that maximum displacements of left abutment and right abutment are 0.072m 
and 0.063m, respectively. Fig.8 shows that maximum displacement in Y direction in axial 
line along the longitudinal section is 0.1m, which occurs at 2/3H. 
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Fig. 5  Contours of major principal stresses   Fig. 6  Contours of minor principal stresses 
             of the dam during construction(MPa)     of the dam during construction (MPa) 
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Fig. 7  Contours of displacements in the X direction  Fig. 8  Contours of displacements in the Y direction 
      of the dam along the longitudinal section (m)    of the dam along the longitudinal section (m) 

3.2.2 Stresses and deformations of slab 
Due to the self-weight of slab, it is in the condition of compression with major 
compression stress of 0.11MPa. The maximum deformation of slab is 0.029cm, which 
occurs in the middle of slab. 
3.2.3 Stresses and deformations of the dam during impoundment 
Stresses and deformations of maximum cross section 
Contours of horizontal displacements of the dam during impoundment are given in Fig.9. 
The maximum deformation in upstream-downstream direction is 22.04cm. Compared 
with results obtained in construction, it shows that the deformation of upstream during 
impoundment is less than the deformations during construction. The deformations of 
downstream during the two loading conditions are the same. Contours of settlements of 
the dam during impoundment, given in Fig.10, has a maximum value of 85.0cm. 
Comparison between Fig.3 and Fig.10 shows that the settlement increases slightly during 
impoundment. It can be seen that water loading has great influence on horizontal 
displacements of upstream slope and has not significant influence on horizontal 
displacements of downstream slope. 

Contours of major principal stresses of the dam during impoundment are shown in 
Fig.11. It shows that major principal stress of the rockfill is 1.87MPa. It is larger than the 
major principal stress during the construction. Contours of minor principal stresses of the 
dam during impoundment are shown in Fig.12. It shows that minor principal stress is also 
larger than during the construction.  

In addition, values of contours of the stress level of upstream during impoundment are 
lower than those obtained in construction phase. This is because the major and minor 
principal stress increase as the water load increases, but the increase of minor principal 
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stress is greater than the increase of major principal stress, causing the shear stress to drop 
and the stress level to decrease. 
Deformations of section A along the longitudinal direction 
By comprising the results of construction phase and impoundment, displacements in X 
direction decrease slightly and those in Y direction and in Z direction increase by 30%. 
Water loading has some influence on horizontal displacements near the axial line of the 
dam. 
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Fig. 9  Contours of displacements in the y direction Fig. 10  Contours of displacements in the Z direction 
   of the dam during impoundment (m)    of the dam during impoundment (m) 
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Fig. 11  Contours of major principal stresses       Fig. 12  Contours of minor principal stresses 
         of the dam during impoundment (MPa)               of the dam during impoundment (MPa) 

3.2.4 Deformation and stress of slab during impoundment 
Stresses and displacements of slab depend on deformations of rockfills. Contours of 
displacements of slab in X direction and Z direction during impoundment are shown in 
Fig.13 and Fig.14. Fig.13 shows that maximum horizontal displacement of slab in X 
direction occurs at 0.7-0.8H with a value of 0.035m. Fig.14 shows that maximum vertical 
displacement of slab occurs in the middle of slab whose value is -0.169m. Vertical 
displacements decrease gradually from middle of slab to the abutment. 

Distribution of stresses of slab along the dam slope for impoundment is shown in 
Fig.15. It shows that maximum stress of compression along the dam slope, which occurs 
at the lower side of the middle of slab, is 2.29MPa. Distribution of stresses of slab in axial 
line for impoundment is shown in Fig.16. It shows that the slab in the middle of river bed 
is under the condition of compression and maximum stress of compression is 2.61MPa. 
That occurs near the bottom of lower side of the middle portion of slab. Because of the 
restraint of abutment and rockfills, tension stress regions occur on the right and left dam 
abutments. The maximum tension stress at the right abutment and the left abutment are 
1.36MPa and 0.67Mpa, respectively. The maximum tension stress of the steeper right 
abutment is larger than that of the left bank. Some engineering measures should be taken 
in order to prevent the tension stress of the slab from exceeding allowable value. 
3.2.5 Displacements of peripheral joint of slab 
Distribution of displacements of peripheral joint of slab can be obtained through 
three-dimensional finite element analysis, but it cannot be evaluated by two-dimensional 
finite element analysis. Displacements in X, Y and Z directions magnified for 2000 times 
are given in Fig.17(a), (b) and (c). Maximum displacement in X direction occurs at the left 
bank with a value of 1.06cm and maximum displacement in X direction of the right bank 
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is -0.59cm. Maximum displacement in Y and Z direction are 1.46cm and 1.31cm, 
respectively. Therefore watertight measures should be taken during construction. 
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Fig. 13  Contours of displacements in the X direction  Fig. 14  Contours of displacements in the Z direction 
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Fig. 15  Contours of stresses on slab in the direction Fig. 16  Contours of stresses on slab in the direction 
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Fig. 17  Displacements of peripheral joints during impoundment 

3.2.6 Sensibility analysis of model parameters 
Referring to related literatures by En Fake (1999) , Wu (2001), some values of model 
parameters, such as 、n、K 、m  and , of rockfill are increased or decreased by 
20% in present sensibility analysis. When the values of model parameters decrease, the 
dam vertical and horizontal displacement and the slab settlement increase obviously. And 

eK b eurK
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stresses of slab also increase because of the dam body stiffness decrease. Displacements 
of peripheral joint in three directions of slab increase by 23%. Thus, leakage and crack 
would be occur for high concrete-faced rockfill dams. So it is important to control degree 
of compaction during construction and to strengthen the monitoring and controlling of 
displacements of downstream slope of rockfill and the slab.  

4. CONCLUSIONS 

Settlement of the dam body, which accounts for as much as 1% of the dam height, occurs 
in the middle of the dam. The maximum settlement approaches to downstream slope 
slightly. The soft rock has not significant impact on safety of the dam body and the facing 
slab. In this case, the current design scheme is feasible, most of exploited materials can be 
used. But monitoring of displacements of the dam during construction must be 
emphasized. The displacement of peripheral joints between slab and footwall is small, 
with maximum absolute value of 2cm during impoundment, thus some special measures 
need not to be taken. But the choice of the type of watertight and joint sealing material 
should be considered carefully. Some steel reinforcements need to be set because tension 
stresses occur in some region of slab. 

In addition, the effect of the three-dimensional characteristics of canyon shape on 
response of CFRD is discussed. The stresses and displacements obtained by the 
conventional two-dimensional analysis are larger because the loading transfer to the 
valley slope is not taken into account. The similar distribution pattern is gained by these 
two methods, but the three-dimensional analysis can give relatively reasonable 
computation results, especially in a narrow valley and local irregular topographical 
conditions. 
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Abstract: The ideal compensatory flood regulation principles of a reservoir group proposed in this 
paper are based on the flood regulation principles of a single reservoir and the decomposition and 
compatibility principles of a large system. By calculating the total theoretical flood control storage 
capacity and allocating it among all the reservoirs in a group, the problem of having little or no 
solutions to problems that arise in routine optimization algorithms is settled. These problems result 
from the dependence on the initial track and the need to adhere to constraint conditions. This 
method is practical and can be calculated quickly. It is particularly useful in the automation of the 
flood control operations of a reservoir group or system. 

 

Keywords: flood control regulation of a reservoir group, optimization model, ideal compensation. 

1. OBJECTIVES OF RESERVOIR FLOOD CONTROL REGULATION 

With respect to flood control for a single reservoir with flood control points in the lower 
reaches of a river system, the goals of flood control operations are to ensure the safety of 
the dam and to control downstream flooding. Dam safety is primarily related to the 
reservoir level; the highest water level tolerated should be the minimum necessary to 
insure integrity of the reservoir. Downstream flood control is related to run-off; the largest 
release discharge should be the minimum necessary for safe control of flood waters. 
Taking water conservation into account, the three indexes of flood control include the 
highest reservoir level, the maximum release discharge and the reservoir controlling stage 
at the end of the operation period. The water level at the end of the operating period 
reflects the compatibility between water conservation and flood control. At the end of an 
operation period, the possibility of retaining the tail flood should be researched. The water 
level at the end of the operating period during flood season must be lowered to minimum 
level during the flood season as soon as possible. Therefore, the objective of reservoir 
operation during flood season is to keep reservoir levels at a minimum with the largest 
release discharge being the minimum discharge possible. Obviously, the two indexes 
contradict each other, in addition to the fact that they can't be measured identically due to 
their different dimensions (units). This being the case, flood control operation decisions of 
a reservoir must reflect multiple considerations that take into account flood control in the 
lower reaches of the river. 

Let us assume that a regulation method of fixed discharge is adopted. Fig 1(a) 
demonstrates the relationship between the maximum discharge Qmax and the highest water 
level Zmax (flood control storage Vf  be used here). Assuming the flood hydrograph Q(t) is 
known ,then we can obtain a corresponding flood control storage Vf if an appropriate 



allowable discharge Qmax is given . On the contrary, an appropriate allowable discharge 
Qmax will be obtained according to the flood control capacity of the reservoir (Vf). Its can 
be assumed that there is a one-to-one correspondence between Qmax and Vf, as shown in 
Fig 1(b). From the figure we can see that the maximum discharge Qmax to the flood control 
storage Vf employed has an inverse relationship. This reflects that Qmax and Zmax are two 
contradictory objectives in the flood control of a single reservoir. This curve includes all 
the solutions of the multi-faceted problem. When making flood operation decisions, it 
becomes essential to promote a process that finds balanced solutions. 
 

    （a）Sketch Map of Reservoir Discharge              (b) Controlled Discharge Versus Flood Control Storage 

t 0 0 Vf2 Vf1 Vf 

Qmax2Qmax1

QmaxQ(t)Q 

Fig. 1  Sketch Map of Flood Control Optimization Regulation of a Single Reservoir . 

2. FLOOD CONTROL OPERATIONS OF A CASCADING RESERVOIR SYSTEM 

When all the reservoirs in a reservoir system work in conjunction to address the task of 
flood control in protected zones downstream, what should be researched is how to 
regulate in coordination to achieve maximum flood control benefits while preserving the 
integrity of all reservoirs in the system. A hypothetical cascade reservoir system is shown 
in Fig 2. Let us equate the cascading reservoirs to be one reservoir and assume Qlow(t) 
(supposed by Qup(t) and Qqu(t) allowing for time differences and distance) to be the 
inflow hydrograph of the reservoir group under natural conditions. As can be seen below, 
the total flood control storage employed by the cascading reservoir system shown in Fig 
1(b) with the downstream maximum discharge indicates a relationship. 
 

( )Q tup
                  ( )q tu p ( )Q tl o w

( )q l o w t

                              

                           ( )Q tq u

reservoir 2 reservoir 1 

riverain dikes 

Fig. 2  Map of the Flood Control System of Cascading Reservoirs 

In Fig 3, Qup(t) is the inflow hydrograph of the upper reservoir and Qqu(t) is the flood 
hydrograph of the interval (basin area between the upper and the lower reservoirs). The 
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compensatory regulation method controls the discharge according to the interval run-off 
so that the combined run-off of the reservoir discharge and the interval discharge don't 
exceed the safe discharge standards set at downstream flood control points. Fig 3(a) 
denotes the request of the control discharge that the sum of the release discharge and the 
interval discharge doesn't exceed the safe discharge amount Qan when the upper reservoir 
undertakes downstream flood control procedures. In the figures, run-off corresponds to 
the vertical hatches where maximum allowable release discharge and the shadow area 
provide feasible controls for the upper reservoir. The compensatory flood procedure Qqu 
done by the upper reservoir is shown in Fig 3(b).  Line bcd is the inversion of Qqu below 
the horizontal line Qan. Line abcd is the discharge hydrograph of compensative regulation 
performed by the upper reservoir. The necessary flood control storage capacity Vf  is 
shown by the shadow area. The above method of attaining Vf is based on the assumption 
that the upper reservoir storage capacity is large enough and the lower reservoir does not 
play a role in regulating the flood. As for the cascading reservoirs mentioned in this 
example, it is obvious that the flood control storage Vf must be orchestrated by the upper and 
the lower reservoirs working together. 

( )Qup t

Qan n

( )t

Q                                            Q             

compensative discharge of reservoir 1                                 Vf 

 

                                       Qa  

 

                                                 b                    d 

            Qqu                                      a          c             

  0                       t                0                           t 
              (a)                                      (b)        

Fig. 3  Sketch Map of Compensative Flood Control Operations 

The method of seeking Vf through the upper reservoir combined with the flood 
regulation of the upper reservoir is convenient for paired analysis. In the regulation of a 
flood, the closer the optimal release discharge hydrograph of the upper reservoir to line 
abcd (move the interval discharge hydrograph right along the horizontal axis for time 
differences and then invert it below the horizontal line Qan) in Fig 3(b), the better. If Vf is 
smaller than the allowable flood control storage Vup of the upper reservoir then the flood 
control storage employed is null, or else, we must increase the upper reservoir discharge 
(move line bcd in Fig 3(b) upward to increase the allowable discharge of the upper 
reservoir). By now, the employed flood control storage of the lower reservoir is equal to 
(Vf-Vup). If (Vf-Vup) is larger than the allowable flood control storage Vlow of the lower 
reservoir, then we have to loosen the constraints on the impending discharge (move Qan 
upward to insure a safe discharge of a higher magnitude) and increase the discharge of the 
lower reservoir. 

In the joint regulation computation of the cascading system, the key to the 
compensation question is the appropriate allocation of the commonly employed flood 
control storage Vf . We must find a rational allocation method that satisfies the needs of 
each reservoir in the cascade system.  

 

 1503



3. FLOOD CONTROL STORAGE ALLOCATION IN A CASCADING 
RESERVOIR SYSTEM 

There are many workable plans for allocating the flood control storage capacity of a 
reservoir system to meet the needs of its downstream flood control counterparts. This is 
possible if both the flood control standards in the protected zones downstream, and the 
safe discharge values at flood control points, are known. The following aspects of inflow 
should be considered for a rational allocation method. First, reservoirs with flood control 
responsibilities should be in charge of the regulation of the basin they occupy. The bigger 
the inflow to the reservoir, the larger the water storage capacity should be. Secondly, 
when the reservoir has approaches its maximum storage capacity, it should take part in the 
allocation of the excess flood water. The larger the excess is, the larger the role the 
reservoir should play in its allocation. It should be noted that allocation of flood water 
storage, as discussed above, has many complex variables that need to be considered in 
making any decisions. An example of the complexity of the situation would be 
considering the instability of the regional flood conditions to predict future needs of a 
changing flood event. Moreover, any decisions made, or actions taken, with regard to 
allocation must reflect the multiple considerations of the established joint regulation 
method.. Here we introduce a routine method of flood control storage allocation of a 
reservoir group, which we frequently use in planning work. Its general procedures are as 
follows:   

(1) Seeking the Total Flood Control Storage Capacity Needed for Downstream Flood 
Control 

To protect against the damage of downstream flooding, the compensatory regulation of 
the lower reaches should be done according to forecasted inflows and the safe discharge 
standards in place at flood control points. The excess water over the safe discharge 
standard is the minimum flood control storage needed for a downstream flood control as 
well as the total flood control storage Vf that will need to be employed. 

(2) Preliminary Determinations of Flood Storage Capacity that Each Reservoir can 
Provide 

The total flood storage capacity of the reservoir system should be allocated amongst all 
relevant reservoirs. Typically, we can allocate the storage among the reservoirs in the light 
of the composition of the flood basin. Taking the reservoir in Fig 2 as an example, we 
introduce an experiential method for determining the flood storage capacity of each 
reservoir.  The upper reservoir discharges according to its own operating rules for flood 
control. The flood storage capacity needed is the private storage Vzh1 of the upper 
reservoir. Without considering the upper reservoir temporarily, the lower reservoir 
discharges according to its own safe discharge standards; taking only the interval 
discharge and the safe discharge amount at downstream flood control points into 
consideration. The next step is calculate flood storage capacity; this is the private storage 
Vzh3 of the lower reservoir. The storage capacity that should be allocated by the cascade 
is equal to the value that the total flood control storage subtracts from the private storage 
of the upper and the lower reservoirs. Vf1=Vf- Vzh1- Vzh3.    

(3) Allocating the Flood Storage Capacity of the Reservoir System 
There is more than one workable method of allocating Vf1. One in particular, is using the 
mean value of the proportion of inflow to the areas controlled by the upper and the lower 
reservoirs and the proportion of the excess flood control storage of the upper and the 
lower reservoirs as the allocation proportion.  In practice, we can adopt an appropriate 
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allocation proportion according to realistic conditions of the joint regulation method for 
cascading reservoirs.  

Judging from the analysis above, the method for compensatory regulation in cascading 
systems discussed in this paper is actually an ideal compensatory regulation method 
because it assumes the flood course has been determined and every all variables have been 
considered. It has some aspects that are more attractive than alternative optimization 
regulation methods. Calculation in this method is rapid, man-machine interaction is 
excellent in that it maximizes efficient decision making, and it clarify conflicts and 
constraints contradiction accurately, which avoids the problem of having no solution to an 
optimization calculation. The drawback however is that the allocation method needs 
artificial intervention. 

REFERENCES 
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Abstract: Tangnaihai and Guide Hydrological Stations on the upper Yellow River are the inflow 
and outflow stations of the Longyangxia Reservoir respectively. The two stations represent 30 years' 
of continuous measuring of water and sediment prior to water impoundment in the reservoir. The 
runoff and sediment discharge between the two stations demonstrate important aspects of these two 
issues. Annual records of sediment discharge at Tangnaihai Station after water impoundment and 
the sediment discharge relationship between the inflow and outflow stations established before 
water impoundment, allow for the calculation of the yearly sediment discharge not affected by water 
impoundment in the reservoir at Guide Station. The corresponding years' observed sediment 
discharge at the station was then were used to estimate the amount of sediment in the reservoir using 
the difference in values. It is estimated that from October 1986, when the reservoir began to store 
water, to December 1999, sedimentation volume in the reservoir was 2.98×108 t, or 2.48×108 m3. 

Estimate of sedimentation volume in 
the Longyangxia Reservoir 

Ling Feng, Xuejun Gao 
Upper Reaches Bureau of Hydrology and Water Resources, Yellow River 
Conservancy Commission, Lanzhou, Gansu 730030, China 
 

Xiaowei Liu, Xuesheng Du 
Hydrology Bureau of Yellow River Conservancy Commission  
Zhengzhou, Henan 450004, China 

Keywords: Longyangxia Reservoir, sedimentation volume, estimates 

1. INTRODUCTION 

The Longyangxia Reservoir has a storage capacity of 247×108 m3. This is 1.2 times the 
normal annual runoff of the inflow station Tangnaihai Hydrological Station and 
considered to be very large. The the normal annual sediment runoff is 1,302×104 t, and 
the normal annual sediment content is only 0.16 kg/m3. This is a relatively small sediment 
inflow for this kind of facility. Due to the capacity-sediment ratio of the reservoir being 
small, a large error in the reservoir sedimentation calculation with the sectional method 
was thought to exist. In light of the large water inflow and small sediment inflow to the 
reservoir, it is believed that establishing a sediment discharge relationship between inflow 
and outflow stations before water impoundment began will provide a simple, accurate and 
economical estimate of the sediment volume.. 

The method of establishing the sediment discharge relationship between inflow and 
outflow hydrological stations before water impoundment at the Longyangxia Reservoir 
was based on the following: ①The Longyangxia Reservoir is a cascading reservoir in the 
uppermost reaches of Yellow River. The area upstream from the reservoir, located on the 
Qinghai-Tibet Plateau, has minimal development with little water or sediment joining or 
being diverted from the section between the inflow and outflow hydrological stations. A 
corresponding relationship between runoff and sediment discharge between the inflow and 
outflow hydrological stations before the reservoir construction was established. ②The 
original pattern of runoff and sediment remained intact after construction of the reservoir. 
③There has been a measured average, taken over the course of several years, in the 
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balance between scouring and silting in the channel between the inflow and outflow 
stations. 

2. A BRIEF INTRODUCTION OF THE RESERVOIR 

The Longyangxia Reservoir is located at the border between Gonghe County and Guinan 
County of the Hainan Tibetan Nationality Autonomous Prefecture in the Qinghai Province. 
The reservoir functions as an electrical power station as well as serving as a flood and 
irrigation control device. It commands an area of 131,420 km2, which occupies 17.5% of 
the Yellow River basin. This “key” project began construction in December of 1977, and 
flow was cut off in December 1979.  The sluice gate was lowered to store water in 
October 1986, and the first set of generators began to generate electricity on September 29, 
1987. By June 7, 1989, four generators with a total capacity 128×104 kW had been 
installed and were producing 59.4×108 kWh (Hydrological Bureau, 1996) of electricity 
annually. 

The dam of the Longyangxia Reservoir is an arch-gravity dam. The dam has a total 
length of 1226 m, of which the main dam is 396 m. The peak height is 178 m, with a 
maximum water level at of 148.5 m. Crest elevation is 2610 m and normal storage level is 
2600 m with a reservoir check stage of 2,607 m. The dead water level is 2560 m and the 
total storage capacity is 247×108 m3. Balance storage is 193.5×108 m3, and the 
backwater length is 107.83 km with a water surface of 383 m2. The topography of the 
reservoir is an alternating basin and gorge, and the reservoir’s width is typically ranges 
from 500 ~ 2000 m. At its narrowest section the reservoir is 11 km at it’s widest place is 
60 ~ 100 m  (Zhao, 1996). 

3. WATER AND SEDIMENT CHARACTERISTICS AT INFLOW AND 
OUTFLOW STATIONS 

The inflow station, Tangnaihai Station, was built in 1956 and is situated 134.8 km 
upstream of the reservoir’s dam site. It occupies an area of 121,972 km2, which amounts 
to 92.8% the Longyangxia Reservoir area. The catchment area of station is 9,448 km2 and 
exists between the station and the dam site. According statistical data collected between 
1956 and 1985 on water and sediment characteristics, typical annual runoff was 213.1×
108 m3 which accounted for 36.7% of the normal annual runoff, 580×108 m3, of the 
Yellow River basin. The normal annual sediment discharge was 1302×104 t, constituting 
0.81% of the normal annual sediment discharge, 16×108 t, of the Yellow River basin. 
The normal annual sediment content was 0.61 kg/m3.  

Guide Hydrological Station, located 54.8 km downstream of the dam site, is the 
outflow station, and occupies an area of 133,650 km2. It has a catchment area of 2,230 
km2 that is between the station and the dam site. Statistical data of water and sediment 
characteristics gathered from 1956 to 1985 show typical annual runoff was 220.4×108 m3, 
and the normal annual sediment discharge to be 2578×104 t. The annual runoff and 
sediment discharge of Tangnaihai Station make up 96.7% and 50.5% of the Guide Station 
totals respectively. Annual runoff from the Guide Station mainly comes from upstream of 
Tangnaihai Station. Within the area between Tangnaihai and Guide Stations, sediment 
yield amounts to 1276×104 t, which makes up 49.5% of the typical annual sediment 
discharge of Guide Station. Normal annual sediment content is 17.5 kg/m3, which means 
this is one of the major sediment producing areas of the upper Yellow River in Qinghai 
Province (Li and Wu, 1999). 
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4. RESERVOIR SEDIMENTATION VOLUME CALCULATION 

The annual runoff and sediment discharge at the inflow station (Tangnaihai Station) and 
outflow station (Guide Station) before reservoir impoundment are given in Table 1. 

Table 1  Runoff and Sediment Discharge at Tangnaihai and Guide Stations(1956 ~ 1985) 

Runoff (108 m3) Sediment Discharge (104 t) No Year Tangnaihai Station Guide Station Tangnaihai Station Guide Station 
1 1956 133.4 140.9 354 848 
2 1957 155 161.4 636 1,720 
3 1958 201.1 211.7 1,050 2,740 
4 1959 156.9 166 799 2,160 
5 1960 163 172.5 581 1,720 
6 1961 224.8 232.6 1,410 3,020 
7 1962 184.7 199.2 742 1,530 
8 1963 237.5 246 1,360 2,330 
9 1964 227.8 238.1 1,350 2,530 

10 1965 178.8 189.5 603 1,190 
11 1966 226.2 233.2 1,290 2,190 
12 1967 311.1 315.9 2,730 5,420 
13 1968 256.1 268.1 1,300 2,760 
14 1969 154.1 164.6 427 1,280 
15 1970 143.0 150.6 508 1,510 
16 1971 185.6 196.6 1,130 3,410 
17 1972 201.9 209.6 1,440 2,890 
18 1973 179 188.1 819 2,480 
19 1974 187.7 193.8 1,040 2,510 
20 1975 309.7 309.2 2,770 4,410 
21 1976 268.3 273.1 1,790 3,690 
22 1977 164 168 692 1,400 
23 1978 194 196 1,020 1,990 
24 1979 206 212 988 2,880 
25 1980 189 196 765 1,870 
26 1981 297 302 3,260 4,360 
27 1982 282 282 2,230 3,450 
28 1983 315 316 3,100 3,380 
29 1984 240 248 1,530 2,580 
30 1985 221 230 1,340 3,100 

 
4.1 Analysis of the Runoff Relationshiop Between the Inflow and Outflow Stations 
The runoff relation between Tangnaihai and Guide Stations before water impoundment 
from 1956 to 1985 is plotted (see Fig 1). 
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Fig. 1  Annual Runoff Relationship Between Tangnaihai and Guide Stations 
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Through a correlation analysis, a distinct correlation between runoff of the two stations 
was identified and a correlation coefficient is r=0.988 of established. By means of the 
least-squares method, the runoff of the two stations was input into linear regression, 
exponential regression and power regression functions. Based on the root mean square 
deviation, the power regression method proved to have highest degree of approximation 
for the runoff correlation between the two stations (Zhang,1984). The annual runoff 
correlation between Tangnaihai and Guide Stations before water impoundment is 
expressed by the following equation: 

WG＝1.425WT
 0.94                             (1) 

where, the WG is the annual runoff at Guide Station before water impoundment (108 m3), 
and WT is the annual runoff at Tangnaihai Station before water impoundment (108 m3). 

The above analysis shows that there was a close runoff relationship between the two 
stations before water impoundment began at the reservoir. 

4.2 Analysis of Sediment Discharge Relation between Inflow and Outflow Stations 
The sediment discharge relation between Tangnaihai and Guide Stations before water 
impoundment from 1956 to 1985 is plotted below (see Fig 2). 
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Fig .2  Sediment Discharge Relationship Between Tangnaihai and Guide Stations 

A correlation analysis shows a noticeable sediment discharge correlation between the 
inflow and outflow stations with a correlation coefficient of r=0.87. The regression 
method used to analyze the sediment discharge correlation between inflow and outflow 
stations before water impoundment is the same with that of the runoff correlation analysis. 
The analysis reveals that the power regression method has the highest degree of accuracy 
for the sediment discharge relationship between the inflow and outflow stations. It is 
believed that this is because the upper Yellow River has a large quantity of water and 
small quantity of sediment. There is a distinct water-sediment correlation and the water 
volume is dominant value between water and sediment volumes. 

The sediment discharge correlation between Tangnaihai and Guide Stations before 
water impoundment in the reservoir is expressed with the following equation: 

WsG＝21.9WsT
0.67

                                            (2) 
where WsG is the annual sediment load at Guide Station before water impoundment (104 t), 
and WsT stands for the annual sediment load at Tangnaihai Station before water 
impoundment (104 t). 
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4.3 Calculation of Sediment Volume in the Reservoir 
Based on annual sediment discharge at Tangnaihai Station before water impoundment and 
the discharge correlation between the inflow and outflow stations established before water 
impoundment in the reservoir, we calculated every year's sediment discharge at Guide 
Station under the theoretical assumption that it had not been affected by water 
impoundment. We compared the figures with the corresponding years’ observed sediment 
discharges at the station. The accumulated value of the differences was used to estimate 
the sediment volume of the reservoir. According to records of sediment discharge at 
Tangnaihai Station from 1986 to 1999, the sediment volume of the Longyangxia 
Reservoir during the 14 year period was calculated, and the result are shown in Table 2. 

Table 2  Calculation of Sediment Volume in the Longyangxia Reservoir 

No Year 
Observed Sediment 

Discharge at 
Tangnaihai Station 

Calculated Sediment 
Discharge at Guide 

Station 

Observed Sediment 
Discharge at Guide 

Station 

Sedimentation 
Volume 

1 1986 1,320 2,699 2,530 169 
2 1987 1,580 3,045 366 2,679 
3 1988 608 1,606 369 1,237 
4 1989 4,100 5,768 1,430 4,338 
5 1990 600 1,591 60.3 1,531 
6 1991 789 1,912 75.1 1,837 
7 1992 1,540 2,993 280 2,713 
8 1993 1,530 2,980 112 2,868 
9 1994 808 1,943 193 1,750 

10 1995 615 1,618 199 1,419 
11 1996 690 1,748 95.8 1,652 
12 1997 1,090 2,374 568 1,806 
13 1998 1,020 2,271 35.1 2,236 
14 1999 2,200 3,801 264 3,537 

Total  18,490 36,349 6,577.3 29,772 
 

According to Table 2, from 1986 to 1999, 29,772×104 t of silt was deposited in the 
Longyangxia Reservoir. The observed data shows the deposited dry weight of the 
reservoir to be (Hydrological Bureau, YRCC, 1996) r=1.10 t/m3.  Thus the sediment 
volume of the reservoir was 2.48×108 m3. 

As described above, the sediment volume of the Longyangxia Reservoir was estimated 
according to the discharge correlation between the inflow and outflow stations. Due to the 
small sediment-capacity ratio of the reservoir sedimentvolume measurement was only 
carried out once a year. This means that quality information sufficient for accurate 
comparative analysis is not available. Therefore, results needs will need to be further 
validated as new methods for measurement and verification become available. 
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Abstract: In December 26, 1996 the Brazilian government established the Brazilian Electricity 
Regulatory Agency – ANEEL, to regulate the production, transmission, distribution and trade of 
electric energy services. The power generation in Brazil is essentially hydroelectric, about 80% of 
the whole energy produced comes from the water. Considering this, the Agency published, in 
December, 1998, a Resolution in order to establish the conditions for implementation, maintenance 
and operation of hydrological stations to monitor and manager the operations of the hydroelectric 
reservoirs. 

 

Through this resolution, the Agency requires from the hydroelectric generators companies the 
installation and operation of water level and rain stations on the reservoir and over its the drainage 
area. The data from these stations is a input for the management system developed to follow the 
hydrological behavior and the influence on the operation of the reservoir. At the present time, this 
system receives information from more that 700 stations distributed in the Brazilian territory, 
providing information of more than 350 hydroelectric plants. 

The most part of the data comes from telemetric stations that provides information in real time. 
This information are collected every hour by the companies and ANEEL gets this information three 
times a day. This characteristic allows the system to work and analyze the latest information 
available. The Agency also receives from the companies the tables that correlate the water level with 
the discharge for each station, and the table that correlates the water level of the reservoirs with the 
storage volume. 

Therefore, the availability of all this data will provide important information about the capacity 
of storage of a reservoir, trying to minimize floods downstream and will be a important tool on the 
control of the amount of discharge release from the plants. Furthermore, the monitoring of the 
drainage area allows the system to follow critical events such as flood and drought. 

 
Keywords: hydrological management, hydrological network, reservoir 

1. INTRODUCTION 

This paper will present the work that has been developed by the Brazilian Government, 
through its Regulatory Agency – ANEEL, on the hydrological monitoring of the 
hydroelectric reservoirs. 

2. ANEEL – BRAZILIAN ELECTRICITY REGULATORY AGENCY 

The Brazilian Electricity Regulatory Agency – Aneel, started its activities on December 
2nd , 1997. The Agency was established as part of a State reform process to perform the 
role of the regulatory and inspection body in the electric energy sector. 

mailto:ludimila@aneel.gov.br
mailto:maurol@aneel.gov.br
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mailto:raquels@aneel.gov.br


Aneel´s mission is to provide favorable conditions for the development of the electric 
energy market in a balanced environment for the industry stake holders for the society’s 
benefit. Its responsibilities evolves regulating and supervising the power generation, 
transmission, distribution and trading; mediating between industry players and electric 
energy consumers, granting, permitting and authorizing electric energy installations and 
services. 

At the present time, the Brazilian power generation framework is based on hydropower 
energy, as shown on Fig. 1 and Table 1. 

Table 1  Power Generation Matrix 

Type of Energy Power - Mw % 
Eolic Energy 21,25 0,028% 
Small Hydropower Plants   901,29 1,188% 
Hydropower Energy 62.137,25 81,918% 
Thermoelectric Plants 12.793,61 16,866% 
Total 75.853,40 100% 

Reference: Aneel – february/2002 
 

Power Generation Arrangement
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Fig. 1  Power Generation Arrangement Graphic 

Thus, considering the importance of hydropower on Brazilian electric power generation, 
Aneel published in december 4th , 1998, the Resolution number 396, in order to establish 
conditions for the implementation, maintenance and operation of hydrological stations  
for the hydropower reservoir’s monitoring and operation management. 

3. THE RESOLUTION 396/1998 

The Brazilian energy sector has gone through important changes in the last years. The 
sector has changed from  public to private service and some companies decreased  
investments in areas like hydrological network. In this context, Aneel decided to publish 
the Resolution 396 intending to obtain consistent reservoirs’ operational data. 

This Resolution establishes that each hydropower reservoir must have hydrometric 
gauging stations installed, maintained and operated by the electric power companies, in 
order to measure the water level, river discharge and area precipitation. The number of 
gauging stations to be installed is determined by the drainage area of the reservoir, minus 
the drainage area of the upstream reservoirs (incremental area). 
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Table 2   Quantity of stations according to the incremental area 

Drainage Area 0 to 500 
km2 

501 to 5.000 
km2 

5.001 to  
50.000 km2 

50.001 to 
500.000 km2 

Above 500.000 
km2 

Number of Water 
level Stations 1 3 4 6 7 

Number of Rain 
Stations - 3 4 6 7 

 
For drainage areas up to 500 km2 the station should measure water level twice a day – 

at 7 a.m. and 5 p.m. , and measure precipitaion once a day – at 7 a.m.,and the information 
has to be forwarded to Aneel monthly.  

For reservoirs with drainage area above 500 km2, the gauging stations have to be 
automatic, measuring water level and precipitaion every hour. The data collected has to be 
updated to Aneel at least three times a day. 

The power companies have to keep the stage-discharge relation updated, making at 
least four measurements during the year. They also have to provide Aneel with the table 
that correlates water levels with water storage. 

This data has to be available for Aneel in a FTP server, located in each power company.  
FTP is a file protocol transfer that allows Aneel to get the hydrological information 
required by Resolution 396 from every power company.  

Every collected data  needs to follow a standard text file, defined by Aneel. This 
requirement made possible the development of a system that automatically gets the 
information and store it in an appropriate data base. 

4. RESERVOIR HYDROLOGICAL MONITORING SYSTEM  

The system reservoir hydrological monitoring  has been developed during Resolution 
396 implementation. Therefore, this system is structured around a database that contains 
data of power companies, hydroelectric power plants,  hydrometric stations and also 
hydrological data. 

 Table 3  Reservoirs Hydrological Monitoring System Database  

  Hydroelectric Power Plants Companies Power - MW Hydrometric Stations 
Total 438 141 61.769,26 1204 

Meeting the Resolution 396 247 58 59.560,59 812 
% 56,39% 41,13% 96,42% 67,44% 

Reference: SIH/ANEEL - february/2002                      
 
It is possible to verify on Table 3 that only 56% of all Hydroelectric plants had been 

meeting the Resolution 396. However, more than 96% of all installed hydropower in 
Brazil is currently under monitoring. This situation occurs due to the fact that, in order to 
implement Resolution 396 the biggest hydropower producers were the first to be 
contacted. Thus, the percentage of companies that are still missing, are small companies 
with small hydroplants. 

The system will use this database to manage the information, collect data from the 
companies by FTP, store data in a SQL DataServer, and generate graphics, tables and 
maps. 

On the screen shown on Fig. 2 it is possible to access the hydrological information – 
the historical information and the last information, and access the database with 
information on companies, hydropower plants and stations. 
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Fig. 2  Main Screen 

 

 
Fig. 3  System Database 
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Fig. 4  System Database 

The screens on Figs. 3 and 4 allows you to check, insert and delete information related 
to the power companies, hydropower plants and stations, registered in the system’s 
database. 

For the power companies, the system registers some basic information like address, 
phone number and contact person name, and also, some essential information to the 
system, like the FTP address, file name and codes. 

For the plants, the system registers information about locations: latitude, longitude, 
river name, state; and information about the reservoir: elevation-volume curve, power 
plant data. 

For the stations, the system registers information about location: latitude, longitude, 
river name, state; and also information related to the reservoir and the station associated;  
the station type: rain gauge station, water level station or both; and  hydrological data 
collected. 

On the screen shown on Fig 5, one can access the hydrological information through the 
georeferenced map. Each point in the map is active and allows access to the reservoir 
basic information or to the station and the last hydrological information. 

The points related to the reservoirs are shown in colors according to the percentage of 
water storage. For example: Reservoirs with storage volume between 0-20% will be 
shown as red dots; reservoirs with storage volume between 21-40% will be shown as 
yellow dots, and so on. 

Through this screen, it will be possible to see the historical data, searching the stations 
using the logical tree, on the left side of the screen, or using the map itself. 
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Fig. 5  Georeferenced Map 

 
Fig. 6  Historical Information of a Hydrometric Station 
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The screen on Fig. 6, allows one to visualize the historical data of each station. On the 
top of the screen we can check graphically the water level data, discharge data, rainfall 
data, or the percentage of storage volume, for stations on the reservoir. On the screen’s 
lower left area one can see station’s basic information and on the lower right a table with 
all pertinent data. 

On this screen it is possible to correct wrong data (management personnel only), and 
visualize minimum, maximum and average values for water level, water discharge and 
storage volume, during a specified month. 

5. CONCLUSIONS 

The development of the presented system is essential to properly monitor the status of the 
Brazilian watersheds. Using the tools and the database of this system we can also manage 
Brazil’s potential hydropower and generate information to help mediate possible conflicts 
resulting from water usage.  

The hydrological information collected through Resolution 396 and through the system 
now in development will facilitate the reservoirs management and improve the electric 
power productivity in Brazil. These goals will be achieved through the development of 
hydrological studies for new hydroelectric plants and through the availability of 
information about the affluent discharge to reservoirs and the hydropower generation 
capability. 

However, one of the most important use for this particular system is the possibility of 
early evaluation of damage caused by critical hydrological events like drought or floods. 
Using early warning infra-structure, that will send alerts when the storage volume of water 
is near the minimum or the maximum limits, the system will indicate the severity of the 
condition in order to allow proper counter mechanism. 

All the information provided by the reservoir hydrological monitoring system will be 
available for the public trough the Internet. This attitude intends to provide an atmosphere 
of transparency regarding the hydroelectric reservoirs situation of the and their water 
basins. 
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Abstract: The Xiaolangdi Reservoir, which began storing water in October 1999, is a multipurpose 
project that functions as a flood, ice and silt reduction measure. It also serves as a water supply, 
irrigation source and electricity generator for the surround area and the province. Given the severity 
of the sediment problem and the complexity of the Xiaolangdi Project, the Yellow River 
Conservancy Commission (YRCC) conducted a study of the operations of the Xiaolangdi Reservoir. 
This study included an operations schematic of water and sediment silt reduction for the Xiaolangdi 
Reservoir for the years 1999 and 2000. According to the schematic, during a flood event, the 
reservoir discharge polarizes with a lower discharge limit of 800 m3/s and an upper limit set to 2600 
m3/s. It can be seen from the reservoir operations over the past two years that silt reduction has had 
an impact on the lower Yellow River. Water and sediment conditions in the lower Yellow River 
have changed while the scouring and silting of the channel have altered the channel configuration 
accordingly. This paper analyzes operations of the Xiaolangdi Reservoir, changes in water and 
sediment in the lower Yellow River, and changes in scouring and silting of sections of the river near 
hydrological stations. 

Keywords: Xiaolangdi Reservoir, Yellow River, operation, sediment 

1. INCOMING WATER AND SEDIMENT 

For the Yellow River basin, 2000 and 2001 were years of a serious lack of water and 
sediment. When the inflows of the Xiaolangdi Reservoir were 16.31 billion m3 and 13.77 
billion m3 respectively, these numbers were less than established averages annual by 60%. 
Inflows during flood periods (form June to September, the same below) were 6.72 billion 
m3 and 5.38 billion m3. These numbers also fall below established averages by 70%. 
Sediment inflows to the reservoir were 357 million t and 228.7 million t respectively, a 
70% decline. The observed runoff values at Huayuankou Station were 16.71 billion m3 
and 16.51 billion m3, resulting in a ranking of third and second to last among those of the 
same period of the previous years. This can be accounted for by incoming water from the 
Yellow River being slow and corresponding diminished water impoundment of the 
Xiaolangdi Reservoir, 

Floods recorded during the two years of the study, no extended rainfall events occurred 
over the main flood regions, meaning no large flooding occurred upstream of Sanmenxia. 
Floods that showed peak discharges of reservoir inflows larger than 2,000 m3/s occurred 
three times, and the discharge values did not exceed 3,000 m3/s in any of the cases. 
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2. STORAGE OPERATION OF THE RESERVOIR 

The Xiaolangdi Reservoir follows the runoff regulations to guide water storage 
procedures during flood periods and discharges during non-flood periods. In order to meet 
the needs of industry, agriculture, daily life and the realities of sound water ecology for 
the area, the reservoir discharged 790 million m3 of water to the lower reaches from 
March to June 2000. At the same time, it stored 3.59 billion m3 during July, August, 
September and October amounting to 13.6%, 31.8%, 21.2% and 33.4% of total water 
storage during the flood period respectively. During the period from January to June 2001, 
the reservoir discharged 3.3 billion m3 of water. The one exception to the average was 
February when the reservoir stored 300 million m3. In all other months the reservoir 
supplied water to the lower reaches, especially in April when it discharged 1.36 billion m3 
of water; making up 41.2% of total discharge volume. During the flood period of that year, 
in order to mitigate the drought in the lower Yellow River, the reservoir supplied 448 
million m3 of water to the lower reaches in June, and stored 1.12 billion m3 and 930 
million m3 of water respectively in August and September. In October it stored only 90 
million m3, thus real water storage during the flood period was 1.79 m3, only half of the 
water that was stored during the same period of 2000. On March 1, 2002, the stored water 
level of the reservoir was as high as 240.87 m, the highest level since the reservoir began 
operations, and the corresponding storage capacity was 5.33 billion m3. 

3. EFFECTS ON THE WATER AND SEDIMENT OF THE LOWER YELLOW 
RIVER 

The Xiaolangdi Reservoir has brought about change to the natural runoff process of the 
lower Yellow River. The following changes in the conditions of the water and sediment 
occurred: 

(1) Annual runoff distribution changed. In 2000 and 2001, the observed runoff values 
were 16.71 billion m3 and 16.51 billion m3 respectively. With water storage of the 
reservoir considered, the original runoff values would have be 19.65 billion m3 and 16.3 
billion m3 respectively. The runoff values during the flood periods were 4.871 billion m3 
and 4.472 billion m3, which account for less than 30% of the year's total. According to 
statistical data of Huayuankou Station recorded from 1949 to 1999, runoff during the 
flood period usually accounted for 40% - 65% of the year's total, and was more than 70% 
of the year's total. In 1974, 1986, 1987 and the 1990s, when the annual runoff was close to 
that of the two years, the runoff during the flood period usually accounted for about 50% 
of the annual runoff. Even in 1997 when it was very dry, the runoff during the flood 
period made up 35% of the year's total. 

(2) The annual sediment load distribution was altered. Due to the discharge of 
sediment-free water from the reservoir, the sediment load during the flood period in the 
year's total dropped sharply. The observed annual sediment load values at Huayuankou 
Station for 2000 and 2001 were 83.5 million t and 62.6 million t.  The loads during the 
flood periods were 16.7 million t and 27.0 million t, which occupied only 20.0% and 
43.1% of the year's total. Before reservoir operations began, the sediment load during the 
flood period at Huayuankou Station amounted to over 80% of the year's total. Even in 
years when the incoming water and sediment amounts were similar to that of previous 
years such as 1997 - 1999, the sediment load during the flood period constituted more 
than 80% of the year's total. 

(3) The likelihood of flooding in the lower reaches of the river was decreased. During 
flood periods of the previous two years, no large floods occurred upstream of Sanmenxia 
or in the Xiaolangdi-Huayuankou reaches. Since the discharge of the Xiaolangdi 
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Reservoir was controlled throughout this period the discharge at Huayuakou Station was 
no larger than 800 m3/s, and the largest observed discharge values at Huayuankou Station 
were 783 m3/s and 1,010 m3/s. Annual maximum discharge values were 1,330 m3/s and 
1,680 m3/s. In 2000, the peak flows of three floods into the reservoir were 2,760 m3/s, 
2,380 m3/s and 2,610 m3/s respectively, and in 2001, those of the three floods into the 
reservoir were 2,280 m3/s, 2,590 m3/s and 2,890 m3/s respectively. No corresponding 
floods happened at the Huayuankou Station. From this evidence, we see that reservoir 
changed the established flood pattern in the lower reaches of the river, so the largest 
discharge in the lower Yellow River did not occur during the flood period. 

It can be seen that the establishment and operation of the Xiaolangdi Reservoir 
impacted runoff and sediment loads during the flood period. This is evident in the year's 
totals being reduced. Contrastingly runoff and sediment loads during non-flood periods 
increased with a noticeable change in annual sediment load distribution (Table 1). 
Concurrently, the impoundment regulations for crests in the reservoir reduced probability 
of flood occurrence in the lower reaches. 

Table 1  Changes in Runoff and Sediment at Major Stations on the Lower Yellow River Before  
and After Impoundment of the Xiaolangdi Reservoir 

Runoff 
 (billion m3) 

Sediment Load 
 (million t) 

Proportion of the Year’s 
Total (%) Station Year Flood  

Period Annual Flood 
Period Annual Runoff Sediment 

Quantity 
1950-1999 1.74 39.26 1303 1390 55.4 93.7 Xiaolangdi+Hei

shiguan+Wuzhi 2000-2001 4.826 16.75 13.9 13.9 28.8 100.0 
1946-1999 23.19 40.89 881.1 1052 56.7 83.8 

Huayuankou 
2000-2001 4.698 16.52 21.8 73.0 28.4 29.9 
1950-1999 20.7 33.81 721.4 850.4 61.2 84.8 

Lijin 
2000-2001 1.495 4.7464 8.5 22.3 31.5 38.1 

Note: Xiaolangdi+Heishiguan+Wuzhi respresents the sum of the three stations' values. 

4. CHANGES IN SCOURING AND SILTING OF THE LOWER YELLOW RIVER  

In 2000 and 2001, the reservoir's sediment delivery values were 4.2 million t and 22.1 
million t. These values made up only 1.1% and 7.8% of the reservoir's sediment inflow; 
meaning almost all the sediment that went into the reservoir was deposited within the 
reservoir. Both scouring and silting occurred along the river, but the situation was slight 
on the whole and the scouring mainly occurred in the reaches upstream of Jiahetan. With 
the “sediment delivery rate method” and the “sectional method”, the volume of scouring 
and silting in the lower Yellow River channel was calculated. The results were as follows: 

(1) Results of sediment delivery rate method: In the year 2000, 118.3 million t and 19.8 
million t were washed away in the upstream reaches of Jiahetan and the Sunkou-Aishan. 
41.2 million t and 73.1 million t were deposited respectively in the Jiahetan-Sunkou and 
Aishan-Lijin reaches. In 2001, 70 million t was washed away upstream of Jiahetan and 
there was slight silting in the Sunkou-Aishan reach. 41.8 million t and 43 million t were 
deposited respectively in the Jiahetan-Sunkou and Aishan-Lijin reaches. Scouring and 
silting proved to offset each other, and a total of 16.7 million t of sediment was washed 
away upstream from Lijin in the lower Yellow River during the two years. 

(2) Results with sectional method. In 2000 a total of 82.5 million m3 was washed away 
upstream of Lijin. This resulted from the scouring of 118.3 billion m3 upstream of 
Jiahetan and silting of 36 million m3 in the Jiahetan-Lijin reach. In 2001, a total of 77.92 
million m3 was washed away, with scouring of 91.1 million m3 and 2.75 million m3 
respectively upstream of Gaocun and in the Sunkou-Aishan reach and silting of 15.9 
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million m3 in other river reaches. A total of 160.4 million m3 was washed away during the 
two-year period. See Table 2. 

Qualitative conclusions about the impact of scouring and silting in the lower Yellow 
River over the past two years, as drawn by the sediment delivery rate method and the 
sectional method, are roughly the same. Scouring occurred upstream of Jiahetan, and 
silting and slight local scouring occurred downstream of Jiahetan. For the length of the 
lower reaches, the results of the sediment delivery rate method are scouring in 2000 and 
slight silting in 2001. The results produced by the sectional method are scouring during 
both years. It is generally accepted that, for calculations of scouring and silting in river 
channels, especially for long series, the sectional method is more accurate than the 
sediment delivery rate method. 

According to long-term statistical data, scouring and silting in the lower Yellow River 
channel depends mainly on incoming water and sediment conditions. In years of abundant 
water and little sediment, scouring and slight silting will occur; otherwise, silting occurs. 
The general tendency appears to be silting that results in the rise of the riverbed. Before 
the operation of the reservoir, except for 1961-1964 when the Sanmenxia Reservoir was 
impounding water and trapping sediment and a few years of abundant water and little 
sediment, silting occurred in the lower Yellow River channel every year. In the 1990s 
when the conditions of incoming water and sediment were similar to those of the past two 
years the annual silting volume remained consistent at 200 million t, even in 1997 when it 
was very dry the annual silting volume was nearly 40 million t. It can be seen that notable 
silt reduction was achieved. 

Table 2  Calculation Results of Scouring and Silting in the Lower Yellow River Channel for 2000-2001 

Sediment Delivery Rate Method Sectional Method River Reaches 
2000 2001 2000 2001 

Upstream from Huayuankou -0.788 -0.394 -0.713 -0.552 
Huayuankou-Jiahetan -0.395 -0.395 -0.470 -0.278 

Jiahetan-Gaocun -0.070 0.170 0.056 -0.080 
Gaocun-Sunkou -0.405 0.248 0.141 0.062 
Sunkou-Aishan -0.198 -0.041 0.006 -0.028 
Aishan-Luokou -0.366 0.169 0.008 0.055 
Luokou-Lijin -0.365 0.251 0.067 0.042 

Upstream of Lijin -0.175 0.008 -0.825 -0.799 
Note: “-” indicates scouring and “+” silting. 

5. SECTION CONFIGURATION ALTERATION IN THE LOWER YELLOW 
RIVER  

Through a comparison of the major channel sections in the lower Yellow River before and 
after the beginning of the operation of the Xiaolangdi Reservoir, it can be seen that the 
sections of the main channel upstream of Jiahetan in the lower Yellow River were 
widened and deepened to some extent. At the same time, the transitional channel and the 
channel downstream from Gaocun did not change much. The main channel upstream of 
Huayuankou was 0.26 m deeper on average. Of that deepening the channel between 
Tiexie and Mayugou became 0.32 m deeper on average and the Tiexie section also 
became 0.62 m deeper. The Huayuankou section of the river was washed 0.33 m deeper. 
Between Huayuankou and Jiahetan, the channel deepened 0.17 m on average. Of the 
channel, the Xinzhai section deepened 0.37 m. The channel from Jiahetan to Gaocun 
deepened less than 0.1 m on average, and the Gaocun-Sunkou channel rose less than 0.1 
m on average. In the upper half of the Sunkou-Aishan channel the scouring that was 
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occurring had an average depth of 0.10 m. Within the Sunkoi-Aishan channel, the 
Shilibao section was washed 0.4 deeper. Downstream of Aishan, the channel was rose 
0.16 m on average, and in a few reaches the channel was rose as much as 0.45 m. One 
exception to that average was the Tizibao section which rose 1.08 m. 

6. CONCLUSIONS AND SUGGESTIONS  

(1) The water impoundment and sediment trapping of the Xiaolangdi Reservoir has 
changed the incoming water and sediment load in the lower Yellow River. The 
annual distribution of runoff and sediment has changed with the increase in runoff 
during flood periods. Decreases in runoff during non-flood periods and a distinct 
reduction of runoff and sediment load during the flood period in the year's total have 
been recorded. During the two flood periods, no large floods occurred in the primary 
stream of the lower reaches. 

(2) Since clear water was discharged from the Xiaolangdi Reservoir at a low flow rate, 
both scouring and silting occurred along the lower reaches. Though silting was the 
general case, scouring was occurring upstream from Jiahetan. To localize these 
effects would place scouring in the Jiahetan-Gaocun and Sunkou-Aishan reaches and 
silting downstream of Aishan. Since no large floods during the past two years, and 
the Xiaolangdi Reservoir has not been used for water and sediment regulation, the 
channels of the lower reaches have not yet been scoured to any great degree. Scouring 
occurred only in the upper part, with the channel downstream of Aishan still 
experiencing silting. 

(3) The change in the topography of riverbed was mainly manifested in the deepening (or 
silting) and widening of the main channel. The main channel sections upstream of 
Jiahetan have been widened and washed deeper to some extent, while the channel 
downstream of Aishan did not change much. 

(4) The Xiaolangdi Reservoir and its impacts on the lower Yellow River channel need 
further study so that the reservoir can be used more strategically to capitalize on it full 
potential benefits. Though current operations schemes have shown promising results, 
it is very difficult to say that the methods used now are the best ones. 
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Abstract: In this article, according to the actual requisition of Hunan flood prevention and disaster 
reduction, we scientifically make up the reservoir’s water level limit in flood period and the actual 
dispatching design in controlling all kinds of flood by utilizing the basic principle of flood 
prevention dispatching; and during the concrete operation of reservoir’s flood prevention dispatch, 
we promote various feasible measures in accord with the actual requisition of flood prevention, 
thereby to provide the scientific bases for the flood prevention dispatch of Hunan reservoirs. 
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1. BASIC STATUS OF LARGE-SCALE RESERVOIRS 

There are 20 large-scale reservoirs constructed in Hunan. Their basic features are: 
(i) The reservoirs between drainage areas are distributed in odds. There are 10 in 

drainage areas of Xiangshui covering the half of total; 5 in drainage areas of Yuanshui; 2 
in Zishui and 2 in Lishui basin; 1 in new wall river directly flowing into Dongting Lake. 

(ii) There are few controlling reservoirs along the main river. The reservoirs within the 
drainage areas of Xiangshui and Lishui are distributed on the branch river while there are 
no controlling reservoirs on the main river. The middle reach of Zishui main river is 
controlled by Zhexi Reservoir, while the down stream of Yangshui main river is 
controlled by Wuqiangxi Reservoir. 

(iii) The controlled areas by reservoir are commonly small. There are only 4 reservoirs 
with rain collection area of over 10,000 km2, 5 with of 1,000 - 10,000 km2, and 11 with 
less than 1,000 km2.  

(iv) The adjusting ability of reservoir is poor. There are 6 reservoirs for several-year 
adjustment, 8 for yearly adjustment, 6 for quarter adjustment or for incomplete quarter 
adjustment.  

(v) There are few reservoirs that are mainly for flood prevention. Only the developing 
target of Jiangya Reservoir in Lishui watershed is to take the flood prevention as the 
dominant factor, while 7 reservoirs’ target is mainly to generate power, 12 reservoirs’ 
target mainly to irrigate.  

(vi) The storage capacity of flood prevention is rather small. In the whole province 
there are 20 large-scale reservoirs with the total volume of flood prevention of 25,288 
million m3. In the main flood period the obligated flood prevention capacity is 4,500 
million m3, which covers 1/5 of the flood prevention capacity of donga reservoir.  

(vii) The flood prevention task is very hard. In the whole province there are 20 
large-scale reservoirs protecting about 30 towns of county level in the up stream and the 



down stream, protecting the population of 6000 thousand and 7000 thousand Mu farmland. 
At the same time, with the increase of the population and the economy, and the expansion 
of the city scale and town, higher and higher demands are promoted for the reservoir’s 
flood reduction. Therefore, the flood control task becomes more and more intensive and 
the most of reservoirs have compassed the flood control task promoted in the original 
plans and designs. 

2. MAIN TARGET OF FLOOD PREVENTION DISPATCH 

At first, the flood prevention dispatch of reservoir should accord with the dispatching 
principles of the plan and design; secondly, according to the actual requisition and 
possibility, it should be made perfect in actual operation. Hunan reservoir’s chief tasks of 
flood prevention dispatch are following: 

2.1 Ensuring the dyke’s safety 
Within the watershed controlled by reservoir, when the floods exceed the designed flood 
control criterion in the defendant area, the principal task of flood prevention dispatch is to 
ensure the dyke safety. The water discharge method is divided into two layers: one is that 
when the flood happens are within the flood criterion of dyke design, the main water 
discharge facilities and the power generation plants should be protected from being 
destroyed; second is that when the flood is beyond the flood criterion of dyke design, dyke 
safety should be taken as the sole target according to the control principle of “discharging 
all that coming’’. 

2.2 Ensuring the safety in the protective zone 
For the reservoirs undertaking the flood prevention task, when the flood happens in the 
watershed controlled by reservoir, within the designing criterion of protective zone, the 
task of flood control dispatch is to ensure the safety of protective zone and to control the 
water discharge volume not exceeding the riverway’s safe discharge of the protective 
target. 

2.3 Reducing the flood control pressure in upper or lower stream 
When the rainfall in the watershed controlled by reservoir is drawing on closure with the 
sun shinning, we should timely grasp the water information in upper or lower stream and 
make the exact processing forecast of the reservoir flood; at the precondition of ensuring 
the flood control safety in the designed protective zone, according to the requisition and 
possibility, we can try to consider to reduce the flood control pressures in such designed 
protective zones as the reservoir’ upper stream, the tail watershed, the lake area and other 
watershed.   

2.4 Exerting the beneficial use 
The large-scale reservoirs in Hunan are all the comprehensive useful ones, but only one 
reservoir is developed mainly for flood control. Thereby, under the preconditions of not 
affecting the flood control and safety ensuring, take full advantage of modern science and 
technology should be taken in forecasting and prediction, to retain flood in time; also 
ensure full water storage by the end of the rainy period, so as to lessen non-beneficial 
water flowing as possible as it can, and make full use of beneficial uses of the reservoir 
like electricity generation, irrigation and navigation, etc; at the same time, the flood 
control operation of the reservoir should be operated flexibly and lessen under-pouring in 
good time under possible conditions, as to satisfy the demands of water logging draining 
from the downstream dikes, reducing the water logging draining cost and the loss caused 
by water logging disaster, which is also a scope of the flood control operation that must be 
considered and reached as possible. 
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The first two items above should be put forward in planning and designing, while the 
last two items should be summed up and extracted from the real practices. 

3. FUNDAMENTAL PRINCIPLES OF FLOOD CONTROL OPERATION 

Reservoir regulating, also called reservoir control operating, refers to the utilizing of the 
storage adjusting ability of the reservoirs to perform storage or discharge of the natural 
flow to the reservoirs in a planned way and under the preconditions of dam safety, 
according to the primary and secondary water conservancy tasks charged by the reservoirs 
and the prescribed operation principles. The reservoir regulating of Hunan province can 
generally be divided into three stages according to its development process: The first is 
the stage of conventional regulating. From the end of 1950s’ to early 1980s’, owing to the 
underdeveloped observing & predicting and communication measures, the reservoir 
regulating was totally followed the designed regulations, and performed gate operation 
according to the rise and fall of the front-dam water levels. The second is the stage of 
optimizing regulation. About the middle term of 1980s’, with the microcomputer came to 
be applied in industry, and with the continuous development of the optimization theory, 
some large scale reservoir (like Huangcai Reservoir) tried to adopt optimizing regulation 
method of which the main destination is attaining optimal value for the indexes of 
reservoir flood control, electricity generating and irrigation, but proved to be 
undistinguished effect and had no further development. The third is the stage of 
forecasting regulation (that is the Scientific Regulation). Most large-scale reservoirs have 
set up automatic water regime observing and predicting system to perform forecasting 
regulation. Two aspects determine the effects of the timing regulation of the reservoir 
flood control: one is the accuracy of the prediction; the other is the scientificity of the 
decision. 

Based on conditions of the successfully operation of the present water regime 
observing and predicting system, the basic flood controlling operation steps of the 
reservoir that has charged with the task of flood control are: (1) collecting actual rainfall 
information and making the forecasting the course of the flood flowing, also considering 
to make the flood predicting of follow-up rainfall; (2) working out interval flood 
predicting, and making flood regulation schemes under varies conditions according to the 
demands of stagger peaks and relative operation principles; (3)reporting the rainfall 
conditions, reservoir water regime, weather reports, the forecasting of flood course and 
the regulation schemes to the decision maker in time, then the decision maker should 
organized discussions to determine the regulation scheme and release the regulation 
orders to the operation person immediately; (4) the operation person should carry out the 
regulation orders at once; at the same time, collecting new information of rainfall and 
water regime continuously, also report to the decision makers information like the 
performing conditions of the regulation orders and the effects after the performing of the 
regulation schemes(including the reservoir water regime, working conditions, feedback of 
upstream and downstream, etc), the follow-up actual rainfall, the revised forecasting and 
the new regulation scheme; (5) the decision makers should make decisions again 
immediately, according to the feedbacks of all aspects after the performing of the 
regulation schemes and the new information of rain, water and disaster situation, etc. The 
decision flow chart of the reservoir flood control operation is below: 

Calculating methods mainly adopted in present reservoir flood prevention and 
dispatching are: (1) static storage equilibrium calculation formula is usually adopted in 
flood control routing; (2) Muskingum sectionalized continuity routing equation or 
Muskingum matrix continuity routing equation is usually used in calculations of water 
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course flood evolution; (3) compensating calculating formula is adopted in water 
discharge calculation with staggered flood peak condition or demand: 

Qdrain t = Qsafe t - Qinterval t-τ 

Safety discharge of some reservoirs in Hunan Province is also a dynamical variable 
which shall be jointly determined by water level of protected object reach and lake inlet: 

Qsafe t = f (H1, H2) 

Performing Regulation Scheme 

Discussing Decision, and Release Regulation Orders 

Situations of Flood-control Works and 
Demands of Flood-control in Upstream 

and Downstream 

Formulating and Evaluating Flood Control Operation Scheme

Interval Flood 
Predicting 

Forecasting Flood 
into the Reservoir

Collecting  
Information of Rainfall 

 
Fig. 1  Decision Flow Chart of Reservoir Flood Prevention and Dispatching 

4.EXPERIENCES OF FLOOD PREVENTION AND DISPATCHING 

(i) Improve the understanding on function of reservoir flood prevention with the 
development of economical society. The function and significance of reservoir flood 
prevention is changing in company with continuous increase of social population, 
continuous change of inhabitancy pattern, high speed development of economy, and 
construction of new project and changes of other factors. Therefore, it is necessary to 
improve the understanding on function of reservoir flood prevention and constantly adjust 
the dispatching scheme of flood prevention in accordance with the actual needs and the 
character of reservoir. Firstly, it is because that the requirement on reservoir flood 
prevention is higher with the continuous expansion of city and town construction at the 
lower reach and continuous increase of population and high speed development of 
economy. For example, in reservoirs of Shuangpai, Shuifumiao, Ouyanghai, Dongjiang, 
etc. the obligate flood prevention storage had not been left or was too small in the original 
design, and the demand conflict in flood prevention became greater in 1990s as a result. It 
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is proved by research that the effect of flood control was obvious by lowing flood limit 
level during main flood period after 1995 and 1996. Secondly, it is because that the 
reservoir flood prevention pattern changed along with the construction of new projects 
and the flood prevention and dispatching scheme was needed to be revised and improved 
as a result. Thirdly, the task of flood prevention and dispatching has been broadened by 
the appearance of demands of power generation, irrigation, water supply, etc. Hunan is a 
province of a lot of disasters with many kinds of disasters often breaking out 
simultaneously. It often occurs provincial drought after flood disaster in main flood 
season, and cities along the river banks all over encounter difficulty of getting water and 
tension of water use. Therefore, large-scale reservoirs need dispatching of drought defying 
and water use to settle down the water demand of agricultural drought defying, living and 
industry of cities and towns. Fourthly, the flood prevention function of reservoir should be 
evaluated rightly, and the heightening of flood control standard of the area protected by 
reservoir and the increase of flood prevention object should be cautious to be made. After 
the building-up of the reservoir, its flood control capacity has been decided and the flood 
control standard for the protective area and protection object have also been determined. 
As a result, the reservoir bears no task of protecting protective areas of the lower reach in 
accordance with the dispatching principles when flood exceeds the standard of flood 
control task born by the reservoir, and the major object of flood prevention and 
dispatching is to protect the dam pivot structure and the dam itself. Under the condition of 
unclear rainfall and complicated weather situation, it will lead to great fault in dispatching 
or even greater loss if there is risk to protect the protective area of lower reach. 
Meanwhile, it is unwise to extend the protective object of reservoir flood prevention 
exceeding the reservoir capacity. 

(ii) Scientifically exploit potentialities of reservoir flood control around the flood limit 
level. Flood limit level is an important character index of the reservoir flood prevention 
and dispatching. Therefore, reasonably determine and execute the flood limit level helps 
bring the flood control effect of reservoir into full play. At first, scheme of tiding over 
flood season should be executed strictly, storage exceeding flood limit level should be 
forbidden before flood, and enough flood prevention storage capacity should be left to 
ensure the designed flood control capacity of reservoir can be brought into full play 
normally. The established flood control and command system of Hunan Province can 
keep abreast in time of water regime of large-scale reservoirs of every day and give 
dispatching order at any time to monitor every reservoir and strictly execute the scheme of 
tiding over flood season. Then, the flood limit level of reservoir should be lower to 
enhance its flood prevention capacity. Since 1990s, major floods occur more frequently in 
our province, therefore, the flood limit level of part of reservoirs has been lowered 
through analysis and research to meet the requirement of flood prevention. Thirdly, In line 
with the water regime characteristic at the reservoir water basin during various period, in 
order to assure the demands for flood prevention and power generation, irrigation and 
water supply, it need to make stage control to the limited water level during flood season. 

(iii) Improve the level of dispatching in good time, give play to multi-reservoir joint 
dispatching. A great deal of reservoirs in Hunan Province shows that isolated reservoir 
dispatching to the flood of overall catchments or the whole province within and between 
the water basin is not workable, so joint dispatching shall be executed, which classified as 
3 kinds of status: (1) The reservoir joint dispatching within water basin lowers flood peak 
for its main stream. (2) The reservoir joint dispatching between water basins lowers and 
alternates flood peak for the common stream gathering section of the multi-water basin 
and Dongting Lake. For example, Zhexi Reservoir in Zishui water basin and Wuqiangxi 
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Reservoir in Yuanshui water basin, on the condition that meet the requirement of flood 
prevention, could lower the peak for Dongting Lake flood to relieve the flood prevention 
pressure by performing joint dispatching to alternate the flood peak. (3) Execute 
lake-reservoir joint dispatching. In case the flood that beyond the bearing capacity of 
prevention standard by downstream happens within the reservoir controlled water basin 
that the reservoir could no longer bear the prevention task, partial interests shall be 
scarified to assure the safety of important prevention target, so sub-diversion flood storage 
shall be executed at the water storage polder that possess the flood-diversion condition 
within the stream gathering section. 

(iv) Strengthen the prediction and forecasting method to increase technical content in 
the dispatching decision. The prediction and forecasting system can be classified into two 
kinds: one kind is automatic rainfall measure & announce system which has been 
successfully applied in recent period, another kind which is being tested at present is 
automatic rainfall measure & announce system by making use of satellite cloud picture 
and radar. The function of the automatic measure & announce system is to master the 
rainfall and water volume status in time so as to make accurate reservoir flood inflow 
forecast and obtain longer prediction period for decision-making and dispatching, 
afterwards, empty the reservoir capacity by flood discharging in advance, thus give play 
to the reservoirs’ flood prevention at utmost level. At the mean time it could also master 
the water volume of the river at any time and analysis the rivers overflowing capacity at 
different water level in order to assure the river’s fulfill discharging volume and reduce 
the reservoirs’ invalid flood retention at utmost. It in fact increases the flood capacity of 
reservoir, in another word, it promotes the flood prevention ability of the reservoir. 

(v) Give prominence to flood prevention as the main purpose to realize the maximum 
comprehensive benefit. The flood prevention and dispatching of reservoir directly relates 
to the people’s life and property safety at up&down streams. Scientific dispatching could 
exert large benefit while failure dispatching may cause unpredictable stuff injury and 
death and property loss. There is no doubt that flood prevention and safety assurance shall 
be emphasized on the first place. Required in view of the flood prevention, the more to 
lower the water level and increase the control time, the better. But in such case, the flood 
prevention cost will be very high, which will break the scientific and economic view. The 
direction idea of the reservoir’s design and development is to exert comprehensive benefit, 
which is not only to serve for flood prevention and disaster reducing, but also create such 
comprehensive benefit as power generation, irrigation and water supply. So it must make 
full use of modern scientific technical method to dispatch flexibly and settle the 
contradiction between reservoir flood prevention and useful storage. Firstly, correctly 
analyze the hydrologic character at various period and make up stage flood limit level 
reasonably, so as to reduce useless water abandon. And for part reservoirs, main flood 
season has been marked as essential control period during flood season. Secondly, master 
accurate weather forecast and properly execute flood retention at exceed level under 
possible condition and increase flood prevention storage capacity, improve the flood 
prevention ability, at the mean time, retain the tail water of flood storage so as to make 
full use of flood resource. Thirdly, timely and accurately forecast the ending time of 
raining season, storage flood to the normal level by catching the chance of the last flood 
before the ending of flood. Hunan province are very pay attention to the science and 
flexibility of reservoir flood prevention and dispatching, so we have emphasized flood 
prevention—the main target, and at the mean time, properly resettle the contradiction 
between flood prevention and useful storage. 
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Generalized from the above statement, reservoir flood prevention is an application 
science, only by making full use of the most advanced scientific technical result and 
executing under the correct instruction and decision-making, can it exert the maximum 
comprehensive benefit of flood prevention and disaster reducing. Besides, we also need to 
summery the lessons and experience of dispatching in order to assure the further 
promoting for the future flood prevention dispatching and decision-making level.  
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Abstract: Most rivers in China are fed by storm rains. The disasters and damages of storm flood in 
China are both frequent and serious, and sometimes even catastrophic. The floods of 1931 and 1935 
in the Yangtze Basin caused more than 140 thousand people died, in the recent year like 1998 flood 
also claimed thousands of lives and caused big economic loss. The history of investigation of the 
Three Gorges Project could be subdivided into three main stages. Now its multi-purpose are flood 
control, power generation, navigation, etc. with flood control as its main one. Through successive 
justification and comprehensive planning NPL of 175 m with an initial operating level 156 m was 
finally selected and approved. The schedule of development for the Project is 17 years.  

Three Gorge Project - key project for flood defence of  
Yangtze basin in the 21st century 

Ziyun Fang, Min Ye 
Yangtze Water Resources Protection Bureau, Wuhan 430051, China 

Keywords: Three Gorges Project, history of the project, comprehensive planning of the 
project, schedule of development 

1. HISTORY OF THE PROJECT 

The history of investigation of the Three Gorges Project (TGP) could be subdivided into 
three main stages which covered altogether about 80 years. For each stage the main 
purpose of the Project was quite different. 
 In 1919, Dr. Sun Yat-sen first proposed, “Store water with gates to enable ships to 

navigate and to expoit the water resource (for power generation)”. 
 In 1944, US expert J.L.Savage was invited, Compiled a preliminary report, for 

power generation also controlling floods and improving irrigation and navigation. 
 Since 1949, the new government has been resolute to relieve the disaster for people 

and has paid great concern to the Project, with flood control as its main purpose. 
 In 1992, The National People’s Congress of China adopted the Resolution on the 

Construction of the Yangtze River Three Gorges Project. 
 In 1994, Premier Li Peng announced the official Commencement of Construction. 

2. MAIN PURPOSE OF THE PROJECT 

Now the multi-purpose of the Project is flood control, power generation, navigation, etc. 
but its main goal is flood control. 

Because the Yangtze flood level is higher than the elevation of the plain and the cities 
along the river in the middle and lower reaches from several meters to more than ten 
meters. The highest levee in Jingjiang reach is more than 16 m in height. The flood of 
1931 and 1935 caused more than 140 thousand people died. 

For recent 1998 flood there appeared 20000 dangerous conditions during high flood 
period. They consisted of sliding of the slopes of levees, leakage holes, piping, water and 
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sand boiling along the inner banks of the levees, bank erosion and caving, wave cutting of 
levees and their foundations, etc. Though China got the success for struggling against the 
flood, more men powers and materials had been paid, such as 6.7 million of people and 
170 thousand soldiers involved during the emergency, hurriedly controlled the most 
dangerous conditions of 1000 events, heightened the temporarily secondary levees above 
1-2 m. of 1000km to prevent overtopping, etc. 

3. STRATEGIES FOR FLOOD DEFENCE OF YANGTZE 

The strategies for flood defence of yangtze should be: 
 Taking account of both storing and releasing, with releasing put first, 
 Coordinating the river channel, levees, lakes, wetlands, alluvial plains, flood diversion 

and storage projects, etc. as an integrated flood defence system, 
 Giving the rooms for floods, trying to make people and floods in harmonic 

consistency, 
 Successive construction of other multipurpose reservoir projects on the upstream main 

and tributary streams according to the Yangtze Basin Comprehensive Planning, 
 Transition of the focuses in water work step by step, such as 

a. From levee construction to the flood diversion area construction, 
b. From the regulation of Yangtze to Han River, 
c. From damage defance and reduction to the holistic management of water resources. 
 Paying more attention to supply good drinking water and available living 

environments for people during flood, and to maintain the ecologic systems and 
environment, etc. 

4. NORMAL POOL LEVEL AND SCHEDULE OF CONSTRUCTION 

4.1 Normal Pool Level 
The normal pool levels listed in Table 1 have been extensively studied and compared in 
order to select the best one for the project.   

Table 1  Normal pool levels for comprehension consideration in project planning 

Plan preferred (m) Problem considered 
150 160 170 175 180 Remarks 

Flood control       
Power generation       
Navigation       
Sedimentation problem       

Ecology and environment    Below 
   

Inundation and resettlement    Below 
   

Arrangement of the upper cascades       

Dealing of military attack    Below 
   

Economic analysis       
 
 Its selection is not only directly correlated with the magnitude and benefits of the 

project, 
But also restricted by the difficulties of resettlement and sedimentation, etc. 
It depends also on the various sectors of the national economy (such as flood control 
and navigation) and districts above and below the dam. 
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 The superior topographical and geological conditions of the dam site at Sandouping 
make it possible to provide a wide range for comparative selection of NPL, since the 
1950s, 128 m-260 m have studied. 
 Due to the difficulties of handing reservoir inundation, plans above 200 m were ruled 

out early, until the beginning of 1980s the plans studied tended to be 190-200 m, and 
at the beginning of 1980s, 150 m plan was once much favored and even its feasibility 
study report was approved by the State Council. 
 Because 150 m plan is too low to fulfill the requirements of the project, the State 

Council decided to re-examine the justification of the TGP design, starting from 1986. 
 A plan of 175 m, with an initial operating level 156 m, was finally selected and 

approved. 

4.2 Schedule of Construction 
(1) Preparation period and 1st phase construction: 5 years (1993-1997) 

Completing the river diversion channel, temporary ship lock and enclosure of the main 
channel of the Yangtze. 

(2) The 2nd phase construction: 6 years (1998-2003) 
The first two or more turbine generator units start yielding of electricity, 3rd stage 
diversion. 

(3) The 3rd phase construction: 6 years (2004-2009) 
26 sets of turbines and generators into operation. 

5. TWO KINDS OF YANGTZE FLOODS 

5.1 Regional or Concentrated Flood  
Heavy precipitation (storm rains) concentrates in one or more tributaries. 
Influenced area—relative small 
Time of occurrence—more, 
Disaster and damage—also big, 
High flood peak and short duration in tributary, 
Ex: 1935 flood occurred in Han River, 
   142 thousand people died. 

5.2 Basin-Wide Flood 
First unexpected meeting of Poyang Lake and Dongting Lake floods with lower and 
middle tributary in the main stem(the water course and the lakes filled to high (full) level), 
them the flood above Yichang comes and encounters with them. Thus high peak and big 
flood pattern of flood route occurres in the main stem with long duration of hydrograph 
and fat pattern of flood, relative small daily rate of rising or lowering, submerged duration 
of inundated area:2-3 month. TGP is the key for regulation of any sources of flood above 
Yichang. 
Ex: 1931, 1954, 1998 flood 
   145 thousand people died in 1931 flood. 

6. RESERVOIR CHARACTERISTICS AND THE OPERATION CHART  

6.l Reservoir Characteristics  
The main characteristics of the Three Gorges reservoir can be summarized as follows: 
6.l.l. The relative volume of the reservoir is very small and its regulation capacity for 
runoff is low. 
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The reservoir, which has a total volume of 39.3billm3, accounts for only 4% of the total 
annual runoff of the Yangtze River flowing into the sea, and 8.7% of runoff at the dam 
site itself. The available volume for regulation is 16.5billm3, just 3.6% of the mean annual 
runoff at dam site, so it is a seasonal regulation reservoir.  
6.l.2. The Three Gorges reservoir is part of narrow valley stream channel. 

At the normal storage elevation of 175m, the reservoir plan view is a strip of water with 
a length of 600km and a width of 1.1km. Since the average width of the reservoir is less 
than two times that of the natural river channel and the increase of water area as compared 
with the land surface is relatively small, its environmental impact is not as harsh as the 
lake-type reservoir's and is quite different from the Aswan High Dam Reservoir. 

 

6.2 Operation Program for Reservoir Regulation  
The operational rule of the programme, shown in Fig 1, is: 

During the June to September flood period, the flood control level maintains 145m in 

or
 beginning of October and in general reaches the 

 
ower plant works to supply 

  drops down to the flood control level of 145m. 
d flow and reduce 

th

t it can reduce the flood peak from 83,700m3/s to 56 
70

7. CONCLUSION AND LESSONS FROM PREVIOUS FLOODS 

Fig. 1  Operation chart for Three Gorges reservoir 

der to provide room for flood storage. 
 The reservoir begins to store from the
normal storage level of 175m at the end of the month. 
The reservoir stays at 175m from November to December. 
 During the water supply period, from January to April, the p
a guaranteed output. In general the water level of the reservoir does not drop below the 
155m dead storage. 
At the end of May, it
According to the above operation programme, it can regulate the floo

e catastrophic flood peak. Although the flood control volume of Three Gorges reservoir 
is not so big compared with the volume of flood flow of the Yangtze, it has the significant 
effect of reducing the flood peak. 

For a one in 100 year flood even
0m3/s at the Zicheng station, the control station for flood protection. Hence the Jinjiang 

Flood Diversion Area would not be used. For less frequent events up to a one in a 
thousand years, like that of the 1870 pattern flood, it can reduce the flood peak from 
110,000 m3/s to 80,000m3/s. However, in this situation, the Jinjiang area, the section of 
the Yangtze extending from Yichang to Chenlingji, could be protected against 
catastrophic disaster by remedied measurement of diversion. 
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7.1 Conclusion 
Through planning the Three Gorges Project was selected as the key project for 

ard of flood protection of levee, lack of key controlling project, some 

●

●

development of Yangtze with flood defence as its first purpose. Its NPLs from 128m to 
260m have been studied. Finally the plan of 175m was selected and approved and at the 
year 2009 will be completed. Then  at that time the flood system of Yangtze could 
defence from protecting against the present 10-year flood raising to 100-year flood, for 
1000 year flood or the max flood of 1870 by using diversion projects, the middle reach 
area of Yangtze (Jingjiang area) could be protected against catastrophic disaster. Now for 
enlarging its beneficial effect on flood defence the physical modeling for its operation is 
constructing in suburban of Wuhan City. 

7.2 Lessons 
● Low stand

existing reservoir projects having illness and dangerous conditions, difficult to operate 
(use) the diversion and detention regions. 
 People combated land with water, decreasing the capability of rivers, lakes and 
wetlands for discharging and storing of water. 
 Soil erosion causing the sedimentation of rivers and lakes. 
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Invited lecture: 
Assessing the geomorphic effectiveness of extreme floods along 
resistant-boundary channels 

Ellen Wohl 
Department of Earth Resources, Colorado State University, Ft. Collins, Colorado, 80523  
USA, E-mail: ellenw@cnr.colostate.edu 

Abstract: One of the challenges facing those seeking to mitigate flood hazards involves predicting 
the extent of change in channel boundaries during a flood. This challenge is exacerbated along 
channels formed in erosionally-resistant materials such as very coarse-grained or cohesive substrates. 
Few equations exist which accurately predict erosion thresholds for either cobble/boulder clasts or 
bedrock. This results in part from the fact that these substrates are commonly very heterogeneous 
because of a range of grain sizes in the unconsolidated material, or discontinuities such as joints in 
the bedrock. Precise quantification of erosional thresholds is also difficult because of the highly 
turbulent and fluctuating hydraulic forces characteristic of resistant-boundary channels. However, in 
many cases, effective flood hazard mitigation depends on being able to predict sites of erosion, 
deposition, and stability at the reach-scale of channel segments hundreds of meters to kilometers in 
length. This may be done using a generalized dataset to define a lower threshold value for 
substantial flood modification of channel boundaries as a function of stream power per unit area and 
drainage area: 

 

ω = 21 A 0.36 

where ω is stream power per unit area (W/m2) and A is drainage area (km2). Prediction of channel 
response to floods may also be based on a comparison of hydraulic driving forces (estimated using 
surveyed channel geometry and step-backwater modeling) and substrate resisting forces (estimated 
using grain-size distribution for cobble/boulder substrates, or rock-mass strength for bedrock). This 
latter approach may be used to develop a river-specific threshold based on gradient and valley width, 
above which erosion predominates, and below which deposition occurs. The magnitude of erosion 
and deposition depend on flood magnitude and duration; potential sediment supply from the valley 
bottom, valley walls, and tributaries; and threshold resistance of the channel boundaries. Case 
studies illustrating these various approaches to assessing geomorphic impacts of floods come from 
the Dudh Kosi in Nepal, the Big Thompson River in the United States, and the Burdekin River in 
Australia. 
 
Keywords: flood, channel change, resistant-boundary channels 
 
1. INTRODUCTION 

Effective mitigation of flood hazards requires adequate identification and 
parameterization of several factors: flood hydrology, specifically the magnitude, duration, 
and timing of the flood; flood hydraulics, as expressed by the magnitude and spatial and 
temporal distribution of hydraulic forces exerted against the channel boundaries; channel-
boundary resistance to change during the flood, whether this resistance comes from 
natural or anthropogenic features; and the risk to individuals and infrastructure. An 
understanding of how the three basic factors of flood hydrology, flood hydraulics and 

mailto:ellenw@cnr.colostate.edu


 

channel-boundary resistance interact is necessary to adequately predict changes in channel 
boundaries during the flood. Uncertainties in each of these three factors combine to 
produce potentially large uncertainties in estimates of flood-related channel change. These 
uncertainties are exacerbated along channels formed in erosionally-resistant materials 
such as very coarse-grained or cohesive substrates, primarily because few equations exist 
to accurately predict erosion thresholds for either cobble/boulder clasts, or bedrock, 
channel boundaries. However, it is not realistic to assume that these resistant-channel 
boundaries do not undergo change during extreme floods, as illustrated by the case studies 
of floods presented in this paper. Therefore, it is important that we improve our abilities to 
predict the locations of erosion, deposition and stability along resistant-boundary channels 
during extreme floods. In this context, an extreme flood is defined as a flood at least an 
order of magnitude larger than the annual floods that occur along a river. Extreme floods 
may result from the failure of natural or human-built dams, or from exceptional 
precipitation. This paper presents an approach for improving predictions of channel 
change during extreme floods, using case studies from rivers around the world. 
 
2. DRIVING AND RESISTING FORCES DURING FLOODS 

The processes acting along a channel during a flood may be conceptualized as 
representing some balance between hydraulic driving forces and substrate resisting forces. 
If driving forces are less than resisting forces, the channel boundaries will remain stable, 
or sediment will be deposited. If driving forces exceed resisting forces, the channel 
boundaries will erode. The potential for channel change can thus be expressed as a 
threshold between driving and resisting forces.  

This relatively simple conceptualization is difficult to apply in practice, however. 
Hydraulic driving forces will depend on both flood hydrology and channel geometry as 
this governs the distribution of forces such as velocity, shear stress, and stream power per 
unit area. Resistant-boundary channels tend to have relatively deep, narrow cross-
sectional geometry. This geometry both maximizes stage change for a given change in 
discharge, and facilitates highly turbulent, strongly three-dimensional flow. As a result, 
flood hydraulics are highly variable across both space and time, and thus difficult to 
quantify except as average values.  The most common approximations of hydraulic forces 
use mean velocity (v), shear stress (τ = γRS), or stream power per unit area (ω = τ v). 
These variables are given either as cross-sectional averages or as averages for a channel 
unit, such as a riffle or pool (O’Connor et al., 1986; Wohl, 1992; Cenderelli, 1998). 
Because extreme floods usually preclude direct measurement of hydraulic variables, step-
backwater routines such as HEC-RAS are commonly used to indirectly estimate hydraulic 
values (Hydrologic Engineering Center, 1995). Resistant-boundary channels are 
particularly suited to step-backwater modeling because flood waters tend to be confined, 
rather than spread across extensive floodplains, and because channel change during even 
extreme floods is less than channel change along completely alluvial channels (O’Connor 
and Webb, 1988). 

For unconsolidated materials forming channel boundaries, substrate resisting forces will 
depend on grain characteristics, including grain size and sorting, cohesion, internal 
friction, and effective normal stress. For consolidated materials, substrate resisting forces 
will depend on compressive and tensile strength, and resistance to chemical weathering. It 
is difficult to quantify the erosional resistance of unconsolidated materials because of 
heterogeneities produced by a range of grain sizes and shapes. These heterogeneities may 
be quite substantial across small distances. Similarly, heterogeneities in cohesive materials 
may be produced by joints, fractures, bedding planes, or even crystal or grain boundaries 
within the material. As a result of these heterogeneities, substrate resisting forces are 
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commonly approximated as cross-sectional or channel-unit average values of grain size 
for unconsolidated materials, or rock-mass strength for cohesive materials (Selby, 1980; 
Wohl and Achyuthan, 2002). 

Quantification of the actual balance between hydraulic driving forces and substrate 
resisting forces is thus complicated by the spatial and temporal averaging that is 
commonly applied to these forces as they are expressed in river channels. Knowledge of 
channel change during floods may be important at the relatively localized scale of a single 
structure, such as a bridge, or at the much greater scale of stability along channel 
segments hundreds of meters to kilometers in length. The amount of averaging used in 
quantifying both driving and resisting forces will depend on the scale of application, as 
well as the precision with which channel boundaries and flood hydraulics can be 
measured. 
 
3. CASE STUDIES OF CHANNEL CHANGE DURING EXTREME FLOODS 

3.1  Dudh Kosi, Nepal  (Cenderelli, 1998; Cenderelli and Wohl, 2001) 
The Dudh Kosi is one of the major rivers draining the Mount Everest region of Nepal. The 
river drains approximately 1,500 km2, and the headwater regions are extensively glaciated. 
Normal annual hydrographs are dominated by a summer snowmelt peak. The drainage has 
also had numerous outburst floods from glacial moraines since the retreat of the 
Pleistocene glaciers. The two most recent outburst floods, in 1977 and 1985, had peak 
discharges greatly exceeding the annual snowmelt flood peaks; at 9.8 km downstream 
from the moraine, the 1977 outburst flood peaked at 1900 m3/s (annual snowmelt peak 
here is 135 m3/s), and at 9.3 km downstream from the moraine, the 1985 outburst flood 
peaked at 2,400 m3/s (annual snowmelt peak 70 m3/s). The most dramatic geomorphic 
effects from the outburst floods occurred along the upper 10-16 km of the flood routes as 
coarse-grained, glaciofluvial sediment was eroded from slopes in narrow, steep valleys 
and deposited across the entire valley bottom in wide, less steep reaches. As the outburst 
flood peak attenuated further downstream, the ratio between the outburst flood peak 
discharge and the seasonal snowmelt flood peak discharge approached 1 at distances of 30 
km below the dam failure. 

Field study of the 30 km of channel downstream from the two outburst floods indicated 
that complex interactions between valley and channel geometry, flow magnitude and 
hydraulics, sediment size, and sediment supply determined the spatial distribution of 
erosional and depositional features produced by the outburst floods. Field surveys of 
erosional and depositional features, and channel and valley geometry, were used with 
step-backwater modeling to estimate the spatial distribution of hydraulic forces. The 
modeling indicated that the magnitude and spatial variation of hydraulic forces were 
strongly controlled by variations in valley geometry. Unit stream power values ranged 
from as low as 1900 W/m2 in wide, low gradient (0.03 m/m) valley segments to as high as 
51,200 W/m2 in narrow, high-gradient (0.06-0.09 m/m) valley segments bounded by 
bedrock. Along the upper 16 km of the outburst flood routes, the magnitude and spatial 
variation of unit stream power were related to the distribution of erosional and 
depositional features produced by the flood. Where valley widths were less than 110 m 
and valley boundaries consisted of unconsolidated sediment, erosion of valley side slopes 
was the dominant geomorphic process and was associated with unit stream power values 
that exceeded 9,500 W/m2. At valley widths greater than 110 m, extensive deposition 
occurred and was associated with a wide range of unit stream power values, but typically 
less than 6,900 W/m2. 
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3.2 Big Thompson River, United States  (Shroba et al., 1979) 
The Big Thompson River drains 150 km2 in the State of Colorado, USA, before joining 
the South Platte River. The majority of the Big Thompson River drainage is in the Front 
Range. The upper elevations of the Front Range had valley glaciers during the Pleistocene; 
the canyons at the lower elevations of the drainage were formed by fluvial incision. The 
Big Thompson River hydrograph is dominated by an annual snowmelt peak in late spring-
early summer. In 1976, intense thunderstorms produced an extreme flood discharge of 880 
m3/s; the previous maximum discharge during 88 years of recorded flows had been 200 
m3/s. 

Valley morphology along the Big Thompson River varies greatly downstream. Surficial 
deposits of coarse-grained alluvium and colluvium mantle bedrock fairly continuously 
throughout the canyon, but bedrock is also exposed along the streambed and valley walls. 
During the 1976 flood, channel change occurred in patterns that correlated with valley 
geometry. Limited scour and widespread deposition occurred along channel reaches more 
than 80 m wide and having gradients less than 0.02 m/m (unit stream power averaged 
2,200 W/m2 for these channel reaches). Reaches 40-80 m wide with gradients of 0.02-0.04 
m/m had extensive scour and deposition, whereas reaches less than 40 m wide and with 
gradients of 0.02-0.04 m/m had intensive scour and limited deposition, and unit stream 
power values averaging 4,900 W/m2. Scour was most intense on the outside of bends, in 
steeper reaches, and where the channel was constricted. Deposition was greatest upstream 
from constrictions, at lower gradient or wider reaches, at the insides of bends, and where 
the flow was impeded by bridges, buildings, or dense vegetation. 

3.3 The Burdekin River, Australia  (Wohl, 1992) 
The Burdekin River of northeastern Australia is one of the continent’s major drainages, 
with a catchment of 30,000 km2. The river flows through a bedrock canyon 18 km in 
length known as the Burdekin Gorge. The northeastern portion of Australia has a summer 
monsoonal season, with occasional extreme floods produced by intense rainfall from 
dissipating tropical cyclones. Normal annual flood peaks along the Burdekin Gorge are 
approximately 1,260 m3/s, but extreme cyclonic floods may reach discharges of 15,000-
30,000 m3/s.  

The Burdekin Gorge for the most part has a three-part channel morphology: a narrow 
inner channel flanked by either bedrock benches and higher-level, fine-grained flood 
levees, or by gravel and boulder bars and higher flood levees. Some channel reaches have 
extensive sedimentary deposits; in other reaches the bedrock is continuously exposed. The 
extreme floods are competent to transport the boulders forming the coarse-grained bars, 
and it is these flows that probably control the location and morphology of most deposits 
within the gorge. As in the previously described case studies, stream power per unit area 
is substantially higher along channel reaches with exposed bedrock that experience 
primarily erosion during extreme floods (average unit stream power 5,400 W/m2), than 
along channel reaches with various depositional features (average unit stream power 1,700 
W/m2).  
 
4. DEVELOPING GENERAL PREDICTIVE RELATIONS FOR CHANNEL 

CHANGE 

Given that hydraulic driving forces and substrate resisting forces are highly variable along 
resistant-boundary channels, is it possible to develop general predictive relations for 
channel change? The three case studies summarized above indicate that general patterns 
are present during floods along resistant-boundary channel networks: narrower, higher 
gradient reaches tend be eroded or to transport sediment, whereas wider, lower gradient 
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reaches tend to have deposition. Wohl et al. (2001) used a dataset of extreme flood 
hydraulics and channel change from 8 rivers to address the possibility of developing 
general predictive relations for channel change. They found that these variables could not 
be used to consistently separate predominantly erosional reaches from predominantly 
depositional reaches. However, they were able to use the dataset to define a lower 
threshold value for substantial flood modification of channel boundaries. The threshold 
was expressed as a function of unit stream power and drainage area such that  

ω = 21 A0.36                          (1) 

where ω is stream power per unit area (W/m2) and A is drainage area (km2). The range of 
drainage areas (60-30,000 km2) and values of unit stream power (110-20,000 W/m2) used 
to develop this relation suggests that the relation should apply to a broad spectrum of 
resistant-boundary channels. 

In addition to this broadly applicable relation, the type of approach outlined in this 
paper may be used to develop a river-specific threshold based on gradient and valley 
width (as these influence unit stream power), above which erosion predominates, and 
below which deposition occurs. In other words, a distinct threshold existed between 
erosional and depositional reaches for each of the rivers in the dataset used to develop the 
general prediction. If data from previous floods along a channel can be used to quantify 
this threshold, or if estimates of channel-boundary resistance and likely flood hydraulics 
for a given discharge can be used to predict this threshold, flood mitigation efforts can be 
based on expected locations of erosion, deposition, and transport. 
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Abstract: A four-layer framework was advanced to study the Water Use Efficiency for Sediment 
Transport (WUEST). The major state parameters at different layers of the system include the 
incoming water and sediment from the upstream (IWS), the characteristics of river channel (CRC), 
the sediment carrying capacity of river flow (SCF), and the control capability of hydraulic 
engineering works (CEW). According to the measured data from 1950 to 1997, the WUEST in four 
typical reaches of the Lower Yellow River was investigated under different conditions (or IWS), i.e. 
the natural condition (NC), the engineering-controlled condition (EC), the complex condition (CC) 
and the abnormal conditions (AC). Comparison was made between different operation schemes in 
connection with sediment carrying capacity, e.g. the scheme, among others, of using the water in 
wet season to flush the total sediment load in the whole year. These schemes could decrease water 
demand for sediment transport and enhance the water use efficiency. The schemes could be 
implemented by the proper operation of hydraulic engineering works. In addition, thresholds of the 
water use for sediment transport (WUST) under different conditions were also proposed. 
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1. INTRODUCTION 

Water demand of a river ecosystem is the sum of water amount needed to satisfy specific 
service at certain time and space, which is also regarded as the total water amount 
required to keep healthy functions of the river ecosystem in given conditions. Previous 
researches on water demand of a river ecosystem focused on the aquatic environment for 
the creatures such as fishes and invertebrate fauna in the river and the prevention of water 
quality deterioration (Hughes, 2001; Dakova et al., 2000; Pusch and Hoffmann, 2000; 
Richter et al., 1997). For a river system with sediment-laden flow, Water Use for 
Sediment Transport (WUST) is of primary importance to maintaining healthy 
eco-functions. 

The severe sediment aggradation would result in the rise of riverbed elevation and 
increase the frequency of flood disasters. Therefore, sufficient water is needed for 
conveying sediment to sea so as to restrict sediment deposition in the Yellow River. The 
WUST could be regarded as flow water used for transporting sediment per unit weight out 
of certain reach in the river. A variety of factors may influence the WUST, including the 
incoming water and sediment from the upstream (IWS), the characteristics of river 
channel (CRC), the sediment carrying capacity of river flow (SCF), and the control 
capability of hydraulic engineering works (CEW). For the rivers with high sediment 
concentration, the water use efficiency for sediment transport (WUEST) in flood periods 
is apparently high comparing to that in other periods such as in ice-jam flood period, wet 
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and dry seasons (Yue et al., 1996). Moreover, the possibility of raising the WUEST by 
hyper-concentrated flows in flood periods has been studied (Zhao, 1996; Fei, 1998; Liang 
et al., 1999). Other relative studies include the morphological evolution process with 
hyper-concentrated floods in the Lower Yellow River and influencing factors to the water 
use efficiency. 

In order to increase the WUEST in the Lower Yellow River, more profound studies are 
needed. In this paper, a four-layer framework was advanced for analysis of the WUST 
with the integrated consideration of the state parameters of the IWS, the CRC, the SCF 
and the CEW. In addition, the thresholds of the WUST for engineering control in four 
reaches of the river were discussed. 

2. DATA PRESENTATION AND METHODOLOGY 

All the data were extracted from the Yearbooks of the Yellow River Conservancy 
Commission (Ministry of Water Resources, 1958~1988). The gauged data include 
discharge, suspended load, suspended sediment size distribution, cross-sectional 
topography of the channel, and other hydraulic parameters. 

The WUEST and WUST were with a four-layer framework as shown in Fig.1. There 
are four important hydrologic stations, i.e. Huayuankou, Gaocun, Aishan and Lijin, which 
divide four reaches in the Lower Yellow River downstream Sanmenxia. For each of the 
stations, detailed data are available and other necessary information, e.g. the 
discharge-rating curve could be given basing on the statistical results of the measured 
data. 

The water budget is balanced through an input-output analysis of water use. The input 
state could be well expressed by either a 10-year averaged IWS for macroscopic analysis 
over a longer period or a real IWS for analysis on annual, seasonal or monthly basis. Upon 
the IWS being given, the WUEST would be determined primarily by the CRC and the 
SCF. The operation of hydraulic engineering works with certain CEW is aimed to increase 
the WUEST in each of the four reaches in the river.  
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In which, the S-H represents for reach from Sanmenxia to Huayuankou, H-G for Huayuankou to Gaocun, G-A 
for Gaocun to Aishan and A-L for Aishan to Lijin; Y, WS, DS and M represent for Year, Wet season, Dry season 
and Month (July-August) respectively; HEW for Hydraulic Engineering Works; and SMX and XLD for the 
Sanmenxia and Xiaolangdi Reservoirs, respectively. 

Fig. 1  A framework for WUEST analysis. 
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The WUST in the Lower Yellow River could be substantially different as the IWS 
changes. Previous studies (Zhao et al., 1990; Wang and Zhao, 1995; Yue et al., 1996) 
investigated the WUST as a whole without considering the effect of IWS. A simple 
formula for calculating the WUST in a concerned reach is as follows. 

s

W
W

M D
=

−
up

up

                              (1) 

where sW  is the WUST (m3/t)；W  is the runoff coming from the upper reach in dry or 
wet season (10

up
8m3)； upM  is the sediment load coming from the upper reach (108t)；D  is 

the sediment volume deposited or eroded within the concerned reach (108t). 
According to the measured data from 1950 to 1997, the IWS could be divided as four 

typical conditions, i.e. the natural condition (NC), the engineering-controlled condition 
(EC), the complex condition (CC) and the abnormal condition (AC), each of which is 
determined in terms of the 10-year averaged IWS. For the study river system herein, the 
NC represents the IWS before construction of the Sanmenxia Reservoir as reflected by the 
data in the 1950’s characterized with the averaged annual sediment load of 17.6×108t and 
the less effect of human activities. The EC commenced from the regular operation of the 
Sanmenxia Reservoir characterized by the IWS in the 1970’s when the averaged annual 
sediment load is 14.0×108t and is subject to adjustment of different operation schemes, e.g. 
storing water and sediment in dry season and flushing sediment by the floods in wet 
season. The CC represents a very complicated IWS that could be affected by soil erosion, 
water diversion, reservoir operation, intensive human interference in the Upper and 
Middle Yellow River. The IWS under the CC could be reflected by the data obtained the 
1980’s with an average annual sediment load of 8.6×108t, and the consequences include 
no-flow events, low-discharge flooding and so on. The AC is characterized by the unusual 
IWS accompanied by a series of negative consequences such as serious sediment 
deposition, river channel shrinkage and frequent no-flow events, which is typically 
reflected by the IWS in the 1990’s with the averaged annual sediment load of 8.3×108t. 
Considering the exceptional change of the IWS in the 1960’s due to construction, 
reconstruction and varying operation schemes at the Sanmenxia reservoir, the data in this 
period are not representative and thus are excluded in this study.   

The CRC describes different reaches of a river discriminated by different flow 
behaviors, river patterns and deformations. Varying sediment aggradation and degradation 
in different reaches would be related to different WUST (He and Wan, 1994) in the 
reaches. On the other hand, the exchange of suspended sediment and bed materials would 
also result in change of sediment size distribution. The sediment size decreases and 
sediment carrying capacity increases (Zhou et al., 1994) in the Lower Yellow River due to 
sediment deposition. Therefore, the CRC is very important to the calculation of the 
WUEST. 

The Lower Yellow River downstream Sanmenxia are classified into four reaches. 
These reaches, divided in terms of the CRC, include those from Sanmenxia to 
Huayuankou, Huayuankou to Gaocun, Gaocun to Aishan, and from Aishan to Lijin. The 
reach between Sanmenxia to Huayuankou is subject to effect of the reservoir operation 
and receives flows from two tributaries. The reach from Huayuankou to Gaocun is 
characterized by typical braided patterns, and the reach from Gaocun to Aishan shows a 
straight braided pattern. However, a meandering pattern is taken on at the reach from 
Aishan to Lijin. The locations of different reaches in the Lower Yellow River are shown 
in Fig. 2. 
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Fig. 2  Locations of the four reaches in the Lower Yellow River
S and the CRC, the SCF (sediment carrying capacity of river flow) is 
t factor that must be considered. With the above three parameters, the 
UEST could be estimated on the annual or seasonal basis. Moreover, the 
to transporting the annual total sediment load with flows in wet season 
ober or those from July and August. Based on the CEW, thresholds for 
the WUST in four reaches are discussed in terms of their maximum and 
 

D DISCUSSION 

fficiency Under Different Conditions 
ed data and equation (1), the WUST under different IWS and CRC are 
r different reaches. 

Table 1  The WUST in different reaches (Unit: m3/t) 

enxia-Huanyuankou Huayuankou-Gaocun Gaocun-Aishan Aishan-Lijin 
34.4 39.9 39.5 42.4 
32.1 34.6 37.1 38.5 
54.5 64.9 59.3 62.4 
34.0 49.7 46.7 53.1 

UEST (or the lowest WUST) appears under the EC, and the WUEST 
esponding orders of the NC, the AC and the CC. From Huanyuankou to 
ficiency under the EC is 1.9 times greater than that under the CC. For the 
e Lower Yellow River, the WUEST under the EC is 1.7 times of that 
nce, the WUEST are influenced by sediment concentration and operation 
eering works. Table 2 gives sediment concentrations in different reaches, 
n see that sediment concentration under the CC is lower than that under 
The difference of sediment concentrations in the 1950’s and the 1970’s 
 operation scheme of the Sanmenxia Reservoir. In 1970’s, the scheme of 
 sediment in dry seasons and flushing sediment by floods in wet seasons 
, which accounts for the higher WUEST under the EC. 
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Table 2  Averaged sediment concentration in different reaches (Unit: kg/m3) 

Condition Sanmenxia Huayuankou Gaocun Aishan 
NC 40.2 31.9 31.4 22.9 
EC 40.1 32.9 30.5 28.6 
CC 23.1 18.7 18.4 20.0 
AC 36.2 29.0 25.2 24.7 

 
Before the 1950’s, no severe human interference occurs in the Yellow River, and the 

WUEST can be regarded as the results under the NC. Since the climate in the Upper and 
Middle Yellow River did not change remarkably (Ke et al, 1997), the differences of water 
use efficiencies under different conditions are mainly caused by the human activities such 
soil and water conservation, water diversion, groundwater exploitation, reservoir 
construction and different project operation. These activities changed natural hydrological 
cycle in the fluvial system, and thus altered the WUEST in the Lower Yellow River. 
Given the WUST under the NC as a benchmark, comparison between different conditions 
could be made and the influence of human activities could be examined. In Table 3, the 
WUST are compared for different reaches, where the value less than 1 represents a higher 
water use efficiency benefited from human activities. 

Table 3  Disturbance of human activities on the WUST 

Condition Sanmenxia-Huanyuankou Huayuankou-Gaocun Gaocun-Aishan Aishan-Lijin 
NC 1 1 1 1 
EC 0.93 0.87 0.94 0.91 
CC 1.58 1.63 1.50 1.47 
AC 0.99 1.25 1.18 1.25 

 

3.2 Water use Efficiency in Different Reaches 
The WUEST depends not only on the IWS but also on the CRC in different reaches, 
where different IWS and CRC are corresponding to different river patterns and flow 
characteristics in the Lower Yellow River. 

The averaged annual WUST in wet season is the lowest under the EC, and the highest 
under the CC. The WUST under the NC is close to that under the EC. However, the 
WUST in the reach from Sanmenxia to Huayuankou under the AC is smaller than it is 
expected due to severe sediment scouring downstream. As a whole, the WUST in the 
Lower Yellow River is primarily controlled by the IWS but altered by the CRC in 
different reaches. 

The WUST varies in different reaches with the minimum in Sanmenxia-Huayuankou. 
However, it increases quickly in Huayuankou-Gaocun owing to the severe sediment 
deposition in the braided river reach. The reach from Gaocun to Aishan, characterized by 
a straight braided pattern, receives the IWS from the upper reach and thus partially 
inherits characteristics upstream. Under the EC, no significant increase of the WUST is 
found from Huayuankou to Gaocun, which results in apparent increase of the WUST from 
Gaocun to Aishan. On the contrary, the WUST under the CC or the AC has a greater 
increase from Huayuankou to Gaocun, followed by a decrease from Gaocun to Aishan. 
Under the NC, the WUST keeps steady from Huayuankou to Gaocun, followed by an 
unchanged one from Gaocun to Aishan and a higher WUST in Aishan-Lijin nearby the 
coastal area. 

In general, the sediment deposition in reach between Sanmenxia and Lijin in the Lower 
Yellow River would result in the decrease of the WUST downstream. For specific reaches, 
the WUST is subject to change due to different behaviors of scour and deposition under 
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different conditions. A general trend of sediment deposition from Sanmenxia to Gaocun 
and an alternative of sediment scour and deposition from Gaocun to Aishan were found. 
These imply that the effect of engineering works is often limited to certain reach instead 
of all the reaches in the river. It is expected that the WUST in Huayuankou-Gaocun could 
be adjusted most effectively by proper operation of Sanmenxia Reservoir or the newly 
constructed Xiaolangdi Reservoir.  

3.3 Sediment Carrying Capacity of River Flow 
Based on the understanding of the WUEST in four reaches under different conditions, the 
effect of the SCF can be further analyzed. The SCF is an important factor for studies of 
sediment transport and river deformation. For the Lower Yellow River, the SCF is hardly 
predicted using the theoretical models owing to the unusual capacity of the flows for 
transporting sediment. The SCF would increase with increasing sediment load coming 
from upstream, which occurs rarely in other rivers. Assume that sediment concentration in 
a reach changes linearly from the inlet to outlet section, the SCF could be taken as the 
arithmetic average value of sediment concentration (Table 4).  

Table 4  Averaged sediment concentration in wet and dry season (Unit: kg/m3) 

Wet season Dry season 
Codition Sanmenxia-

Huayuankou
Huayuankou-

Gaocun 
Gaocun- 
Aishan 

Aishan-
Lijin 

Sanmenxia-
Huayuankou

Huayuankou-
Gaocun 

Gaocun- 
Aishan 

Aishan- 
Lijin 

NC 50.2 43.1 37.0 34.9 13.7 12.1 11.1 9.9 
EC 60.8 47.8 42.1 40.8 8.6 12.0 13.1 11.7 
CC 34.2 26.8 26.4 28.1 3.9 6.8 7.7 6.6 
AC 60.3 44.7 37.9 37.1 6.0 9.0 10.3 8.7 

 
Sediment concentration in wet season is far more than that in dry season. Thus, the 

SCF is higher in wet season, which is the reason why engineering measures are proposed 
for promoting the WUEST in wet season. 

3.4 Operation Scheme for Promoting the WUST 
The general state of the river in long-term period could be represented by the 10-year 
averaged IWS. Once the state is given, the WUST can be evaluated in terms of different 
time scale. For example, the possibility of transporting the annual incoming sediment load 
by hyper-concentrated flow in a shorter period can be considered. The idealized WUEST 
is the minimum water use for transporting maximum sediment load. However, such kinds 
of combinations take place occasionally and thus should not be used as a reference in 
designing of hydraulic engineering works for controlling sediment transport. Considering 
that the high SCF and the high flow discharge in wet season, one option for engineering 
control aimed at reducing the WUST is to gather sediment in dry season and to discharge 
in wet season. 

According to the measured data, the WUST in wet season under different conditions 
could be given. The decrease of water use from Huayuankou to Gaocun would enhance 
water use efficiency in the Lower Yellow River. When the annual total sediment load 
were transported by flows in wet season, the WUST would be less than 160×108 m3 
except for the reach of Huayuankou-Gaocun under the AC. However, when the total 
sediment load in dry season were transported by flows in wet season, the WUST would be 
less than 50-60×108 m3 under varying conditions. Several schemes for reducing the 
WUST in the Lower Yellow River were discussed. The WUEST would be further 
increased by the proper operation of hydraulic engineering works. 

In the Lower Yellow River, high sediment concentration and flow discharge are usually 
concentrated in July and August. The hyper-concentrated flows in these two months 
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would significantly increase the WUEST. In other words, if the total sediment load in the 
whole year could be transported by flows in July and August, the WUST would be greatly 
decreased. As two idealized schemes, i.e. water demands for transporting annual and 
wet-season sediment load by flows in July and August, the calculation showed the 
maximal difference of the WUST for the two schemes is up to 56.8×108 m3, and the 
minimum is also 19.0×108 m3.  

3.5 Thresholds of the WUST 
The averaged, the maximal and minimal WUST could be served for determining the 
operation scheme of the engineering works. Therefore, decreasing the lower threshold by 
implementing proper schemes would increase water efficiency. Note that the thresholds 
are not easy to be determined theoretically, the maximum and minimum of the WUST 
under different conditions could be used for reference in practice. According to the 
measured data, thresholds of the WUST on the annual and seasonal (usually in wet season) 
basis could be given for all the reaches in the Lower Yellow River. The thresholds under 
the CC are the largest, but those under the EC are the lowest. Of the four reaches, 
thresholds for reaches of Sanmenxia-Huayuankou and Huayuankou-Gaocun are larger 
than those for the other two reaches. It seems that the differences of the thresholds are not 
large in wet season under different conditions for different reaches (Table 5). 

Table 5  Thresholds of the WUST in wet season (Unit: m3/t) 

Minimum Maximum Reach NC EC CC AC NC EC CC AC 
Sanmenxia-Huayuankou 12.6 9.8 15.3 12.9 40.7 37.0 45.5 25.9 

Huayuankou-Gaocun 13.7 14.6 22.3 22.0 51.6 37.3 70.6 50.1 
Gaocun-Aishan 15.4 16.9 21.8 16.7 44.0 39.9 66.3 46.7 

Aishan-Lijin 22.3 16.7 22.2 20.4 36.9 40.4 68.2 46.9 
 
Although the hyper-concentrated flows could enhance the WUEST, other 

consequences such as increasing sediment deposition might be caused. In this regard, 
more aftereffects must be taken into account while the minimal WUST is pursued. 

4. CONCLUSIONS 

The WUEST depends on different conditions of the incoming water and sediment from 
the upstream (IWS). The highest WUEST (or the lowest WUST) appears under the EC, 
whereas the lowest WUEST under the CC and the in between under NC and AC are found. 
The WUEST in Huayuankou-Gaocun under the EC is 1.9 times of that under the CC. 
Moreover, the overall averaged WUEST in the Lower Yellow River under the EC is 1.7 
times of that under the CC. The positive human activities would further enhance water use 
efficiency. 

The WUEST varies with the CRC in different reaches of the river. To increase the 
WUEST, sediment deposition should be reduced according to the characteristics of river 
channel. Although the WUST in each of the four reaches, i.e. Sanmenxia-Huayuankou, 
Huayuankou-Gaocun, Gaocun-Aishan and Aishan-Lijin, is primarily determined by the 
IWS, the CRC modifies it to certain extent and the optimal engineering options will 
enhance the water use efficiency. The WUEST is closely related to the SCF. The higher 
SCF in wet season is good for the implementation of the scheme for using the high flow to 
transport sediment load in the whole year. 

The thresholds of the WUST could be determined from the maximal and the minimal 
annual/seasonal water use under different conditions, which are of importance to decision 
making for operation schemes of the hydraulic engineering works. 
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Summary: The climate change owing to the global warming has certainly generated more 
evaporation on the water surfaces. Consequently, there are more rainfalls and more water flow. The 
floods become more frequent, inundating more areas. By taking into account that both the yield and 
the transport of sediments in rivers happen due to the rainfall events and the water discharge in 
water bodies, it is obvious that the sediment discharge has increased in the river courses. This work 
aims to demonstrate the increase on the sediment yield in the drainage area of the large reservoir 
named Três Marias, being concluded that both the climate change and the human activities are 
reasons for the erosion and sediment transport enlargement owing to the increase on the soil use for 
agricultural and other purposes.     

 

Keywords: global warming, climate change, flood frequency, sediment yield 

1. INTRODUCTION 

In Brazil some catastrophic floods happened in several regions during the first months of 
2002, resulting in several dead people and thousands of homeless ones, landslides, 
uncountable damages and numberless tragedies. In some of these places the rainfall was 
over to 200mm during a single day, presenting strong winds and pulling trees down, 
destroying roofs and causing other damages. These events become, as time passes, more 
frequent in the country. The poorest population, which occupies risky areas, is the one that 
suffers most. 

Due to the strong and intense rainfalls, and the flow in rivers, there is certainly increase 
on the erosive process and on its effects. On the other hand, the population in the country 
grows at a rate of 1.72% per year, occurring regions where the population growth is more 
remarkable. Owing to this, there are more land occupation and deforestation processes, 
increase on the soil use for agricultural and other purposes. These actions surely 
contribute to greater erosive and sediment transportation processes in water courses.  

The topic study aims to analyse the behaviour of the sediment yield in function of the 
climate change in the drainage area of the Três Marias reservoir, in the upper course of the 
São Francisco River basin, in the State of Minas Gerais, Brazil. Due to the lack of data 
concerning the erosive character of the basin, and due to the interest in studying the water 
bodies with a view to analysing sedimentation processes in reservoirs, the work was 
elaborated based on suspended sediment data. Three of the main rivers in the area were 
contemplated: the São Francisco, Pará and Paraopeba rivers. 

The present paper is part of a monograph made by Carvalho (2001) to ANEEL 
(National Agency of Electric Energy) through a monetary fund from UNDP, United 
Nations Development Program, and the Science and Technology Ministery. 



2. THE INCREASE ON THE TEMPERATURE, RAINFALL AND RIVER FLOW 
The global warming has been observed in many parts of the globe, according to the IPCC 
– Intergovernmental Panel on Climate Change (Watson, 1995). Besides natural reasons 
and the greenhouse effect by the emission of gases and other causes, the urbanisation and 
desertification are factors which may influence on the temperature increase.  

The expected climate changes may cause alterations in the hydrological cycle, and so 
in the spatial and temporal distribution of the water resources. These effects may cause 
several changes referring to the water use in different areas. In Brazil, amongst these sorts 
of use, which present great vulnerability, is the electrical energy generation, in which 
more than 90% of it depend on hydraulic sources.  

Owing to the global warming there is more evaporation, promoting the increase on the 
average rainfall indexes. The tendency of this variation was demonstrated by IPCC, 
presented in Watson (1995), after Schaake. It there is increase on rainfall, consequently 
there will be increase on flow, which could be expressed by the equation: 

Q
Q P

Pδ δφ=        (1) 

By considering the increase on the precipitation quantity and, consequently, in river 
flow, the floods for certain periods of recurrence will become greater, being indicated by 
the increase on the frequency of great rainfall events.  

3. EFFECTS ON THE SEDIMENT YIELD  
The erosion and, consequently, the sediment yield in the basin reflect the physical 
characteristics of the area, and the sort of use and occupation of it by human beings. The 
population growth requires the enlargement of food production, which determines the 
need for the intensification of the soil use and occupation. 

The most common kind of erosive process in Brazil is the hydraulic one, being affected 
by the climate changes, mainly due to the alterations caused by the rain regime in a certain 
region through the change in its intensity, duration and frequency. According to IPCC 
(Bullocke and Houérou, 1995) the climate change impacts on soil must be taken into 
account parallel to the ones triggered by unsuitable soil management techniques. In many 
cases it is impossible to distinguish the effects of these impacts as they happen together, 
cumulatively. 

In humid tropical regions, extreme rainfall events provoke the increase on the 
incidency of silting reservoirs with reduced useful life. The desertification results from 
strong wind and hydraulic erosion, affecting 1/6 of the world population and ¼ of lands – 
6 to 7 millions of hectares are annually damaged due to soil erosion, and more than 20 
million irrigated lands are affected by saltiness processes. This degradation is triggering 
the debility of the economic development, possibly reaching irreversible conditions in the 
future  (Watson et al., 1995). 

The increase of the water resources pollution and sedimentation in rivers and reservoirs 
configures some of the consequences which may be intensified owing to climate changes 
by bringing hazards when it comes to the availability of water resources, both in quantity 
and quality.  

Surely the mitigation of such effects is an aspect to be considered within a short and 
medium term period before the damages reach substantial dimension. To protect the soil 
by replanting and implanting suitable agricultural management are general measures for 
the erosion control and upkeep of the soils fertility. From well-known technology, suitable 
legislation, education and, the most important input, the decisions concerning the actions 
it will be possible to mitigate erosive effects (Omm and Pnuma, 1992).  
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4. CASE STUDY – DRAINAGE AREA OF THE HPP TRÊS MARIAS 

The studies, as the present one, concerning the impact caused by climate changes on 
erosion rates and sediment yield should be made, preferably, in basins which were not 
influenced by human actions.Another fundamental factor for the analysis of the temporal 
variation of the sediment yield in water courses is the choice of a basin which has 
representative, good-quality hydrological data, and long observation periods as regards 
rainfall, river flow and sediment yield. The availability of reliable data through a long 
period of time in the basin of the HPP Três Marias (516.85MW) was a fundamental point 
for such choice. 

The whole basin of the São Francisco river has an area of 645,000 km², nearly 8% of 
the Brazilian territory, and covering different federal units. Três Marias reservoir has a 
drainage area of around 50,000km², corresponding to 7.7% of the São Francisco basin.  

The main tributaries of the São Francisco river which directly contribute towards the 
formation of the reservoir are: on the left bank, the Indaiá and Borrachudo rivers; and on 
the right bank, the Pará and Paraopeba rivers. The region is situated between the 
geographic co-ordinates 18º and 21º South (lat.), and between 44º and 46º West (long.). 

The sub-basins to be studied are those of the São Francisco, Pará and Paraopeba rivers. 
The Indaiá and Borrachudo sub-basins present high degradation level due to human action 
and, therefore, do not belong to the scope of this study, having expressive sediment yield, 
presenting a sediment discharge in the Indaiá river nearly 9 times greater than the one in 
the Pará River. 

The station on the São Francisco river, at Porto das Andorinhas, has a drainage area of 
13,300km², being situated upstream the entrance of the Três Marias reservoir. The area of 
the sub-basin until the reservoir is almost 15,000km², presenting average precipitation 
index of 1,400mm. 

The springs of the São Francisco river, in the Canastra Sierra, are protected by law and 
by the existence of the national park. However, there are many burns during the drought 
period, mainly owing to the sort of existent vegetation, which makes easy the propagation 
of fire. This fact certainly renders the regional soils subjected to greater erosion due to 
rainfalls. The intensive use of soil for agricultural purposes and the non-utilisation of 
suitable soil management techniques are aspects that make the region more vulnerable to 
erosion. Downstream the Anta waterfall the São Francisco river and its small tributaries 
suffer from the effects of gems mining activities, which causes great degradation of the 
bed and banks, as well as the increase on the sediment yield.  

There are 16 sediment stations in the Três Marias basin, being most of them 
disactivated. The station on the São Francisco river, at Porto das Andorinhas (CEMIG) 
has counted on daily sediment data since October 1972. The station on the Pará river, at 
Velho da Taipa, has data since August 1975, and the Paraopeba one, at Belo Vale, since 
September 1972, both of them counting on data acquired only four times a year.  

5. RAINFALL STUDY CONCERNING THE CLIMATE CHANGE 

Three out of the five rainfall stations installed in 1941 were selected, whose data had 
already being consisted. The stations of Fazenda Escola Florestal, Horto Florestal and 
Jaguaruna Jusante are within the area selected for the studies. 

From the total annual rainfall, graphics showing these data and the respective tendency 
lines for the average values analysed were prepared (Fig. 1). It is observed that there are 
tendencies of gradual growth of the rainfall averages at the Fazenda Escola Florestal and 
Jaguaruna Jusante stations, emphasising the increase on the rainfall events throughout the 
period. The Horto Florestal station has not presented significant variation.   
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Fig. 1  Total annual rainfall heights from 1942 to 1994 and tendency lines for the period considered, for the 

Fazenda Escola Florestal, Horto Florestal and Jaguaruna Jusante stations (data from Aneel/Hidroweb) 

6. RIVER FLOW STUDY CONCERNING THE CLIMATE CHANGE 

To verify the gradual increase on the river flows, it was chosen the station on the São 
Francisco river, at Porto das Andorinhas, between 1931 to 1999. The Fig. 2 shows the 
annual average values of river flows and average line for the referred period, indicating 
increase.   
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Fig. 2  São Francisco river at Porto das Andorinhas - Annual average river flows  

and the increase evidence – 1931/1999 
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7. OBSERVATION OF THE INCREASE ON THE FLOOD FREQUENCY 

The statistic distribution of Gumbel was the one which presented the best result among the 
other several methods used. The series of monthly average river flows at Porto das 
Andorinhas was divided in two periods, 1931/1963 and 1964/1998, resulting in the Table 
1 and in the Fig.3. 

Table 1  São Francisco river at Pto das Andorinhas – Maximum flows and recurrence periods 

Monthly average flows (m3 s-1) Recurrence Period 1931 - 1963 1964-1998 
2 575 632 
5 852 908 

10 1 036 1 091 
20 1 213 1 266 
30 1 317 1 370 
50 1 441 1 493 
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Fig. 3  São Francisco river at Porto das Andorinhas – Gumbel distribution for the period between  

1931/63 and 1964/98 

The comparison between the estimated values for monthly maximum average flows for 
both periods shows an increase during the second period, which indicates either an 
increase on the maximum flows or that floods of certain magnitude have reduced their 
respective recurrence periods. The Fig. 3 shows that the value of 1 000 m3s-1 has a 
recurrence time of nearly 9 years between 1931/1963, having been reduced to 7.5 years in 
the following period, which covers from 1964 to 1998. It illustrates this proposition. 

8. SEDIMENT TRANSPORT VARIATION WITH TIME 

The Table 2 presents the results acquired from the studies showing very different values 
of sediment yield. Fig. 4 represents the annual values of suspended sediment discharge, 
with average of 5,762 t d-1 , or 158 t km2 y-1 for sediment yield, not so high value. 

The increase on the erosive process in a basin will certainly trigger increase on the 
sediment transport in the water courses. The data on river flow and average sediment 
discharge acquired for periods of 1975/1984 and 1985/1999 were summed in an 
accumulative way with a view to establishing the mass curves which permitted the 
sediment yield variation rate relating to each one of the stations, besides the visualisation 
of the behaviour of the water course (see Figs. 5 and 6). 
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Table 2  Sediment yield in stations with daily operation (CEMIG) 

Drainage area Volume Average flow Sediment yield River Place (km2) 
Data 

Period (x 106 m3) (m3 s-1) (t km-2 y-1) 
Indaiá 
Pará 
Pará 

Paraopeba 
Paraopeba 

São Francisco 
São Francisco 

Porto Indaiá 
Velho da Taipa 

Porto Pará 
Belo Vale 

Porto Mesquita 
P. Andorinhas 
P. Andorinhas 

2.260 
7.109 
11.300 
2.690 

10.300 
13.300 

- 

1977/1985
1975/2000
1972/1985
1975/2000
1978/1985
1972/1985
1931/1999

1.640 
 

6.340 
 

6.020 
8.400 

52,0 
109 
201 
51,0 
191 
266 
228 

1.130  ** 
58,9 * 
95,6 

* 1.966 ** 
598  ** 

220 
158 * 

* Calculus acquired in the present study   -   ** Basins with high erosion rates 
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Fig. 4  São Francisco river at Porto das Andorinhas – Graphic concerning the annual average suspended 

sediment discharge and the tendency of increase 

São Francisco River, Porto das Andorinhas Station
Mass Curve - 1975 - 1984
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Fig. 5  São Francisco river at Porto das Andorinhas – Mass curve for the period 1975/1984  

(data from CEMIG) 
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São Francisco River, Porto das Andorinhas Station
Mass Curve - 1985 - 1999

Ec=0,31 within 15 years

Ri = 2,28 % per year

0

10000

20000

30000

40000

50000

60000

70000

80000

90000

0 500 1000 1500 2000 2500 3000 3500 4000

Q acumulado

Q
ss

 a
cu

m
ul

ad
o

 
Fig. 6  São Francisco river at Porto das Andorinhas – Mass curve for the period 1984/1999 

(data from CEMIG) 

The sediment yield variation rate Ec indicated in each mass curve was acquired from 
data on sediment and water discharges corresponding to initial and final values of each 
period, as shown below, being r1 and r2 obtained through the coefficients of the straight 
lines: 

               2 1

1
c

r rE
r
−

=                (2) 

The value Ec represents the increase within the whole period, and the annual rate R can 
be calculated by using the following equation, where n is the number of years in question: 

( )1 1,0 (n
cR E+ = + )                (3) 

The calculus for the periods covered by the mass curves showed that in the first one, 
from 1975 to 1984, for 13 years under observation, the sediment transport reduced in Ec= 
-0.14, which corresponds to R = -1.014% a year. It is important to observe that the first 
years were the driest ones. The analysis and the calculus for the following period of 15 
years resulted in Ec = 0.31 and R = 2.28% per year, showing that the drainage area of the 
upper course of the São Francisco river has suffered from the increase on the erosion rate 
recently. The studies on the Pará river, at Velho da Taipa, and Paraopeba river, at Belo 
Vale, presented values of Ec equal to 0.0294 and 1.17%, respectively (Figs. 7 and 8). 
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Pará River, Velho da Taipa Station
Mass Curve - 1975-1999

Ec = 0,0071 within 25 years
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Fig. 7 . Pará river at Velho da Taipa – Mass curve for the period 1975/1999 

Mass Curve
Paraopeba River, Belo Vale Station
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Fig. 8  Paraopeba river at Belo Vale – Mass curve for the period 1975/2000 

9. SOIL USE EVOLUTION IN THE CONTRIBUTOR BASINS 

The area of the upper course of the São Francisco river is situated in the zone of influence 
of Belo Horizonte city, presenting a demographic density of 11.1 inhabitants per km². The 
estimate of the population growth is around 2.64% a year, superior to the percentage of 
increase on the São Francisco basin, and superior to the Brazilian average, which is 1.72%. 
Due to this, it is possible that the increase on the soil use follows this evolution. 

Besides the erosions caused by the agriculture and several civil works (roads, human 
settlements, etc.) in the whole region, it can be observed the indiscriminate deforestation 
aiming at the coal exploitation, mining and other activities which provoke soil 
degradation.  
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10. CONCLUSIONS 

The studies done from the series of data concerning precipitation presented, at two of the 
analysed stations, rainfall increase tendencies as time passes, whereas at the third station, 
the data did not show significant variation. In the analysis of the flow series in the area in 
study, it was confirmed a tendency of increase on the water flow as time passes. As 
regards the flood regimes, the results showed a reduction of the time of recurrence for a 
certain flood event, i.e., an increase of the flood peak in relation to a certain time interval.  

By analysing the suspended sediment discharge data it was observed that, with the 
increase on the precipitation and flood events, and the intensification of local soil use and 
occupation, as expected, there was an increase on the sediment yield in the area in focus. 

The data used refer to a short term period of time, rainfalls covering a period of 50 
years, 70 year-old flood data, and sediment covering 25 years – short periods of time for 
conclusions to be taken, which require around 100 years of data, as done by IPCC (Omm 
and Pnuma, 1992).  

According to the results acquired, it is recommended a better monitoring system in the 
basin, with the installation of two more hydro-sedimentometric stations and of other 
natural processes related to the soil degradation. The data collected will enable more 
consistent researches, as for studies on climate change it is necessary long-term data, 
which was not possible to acquire for this study. Moreover, it is suggested that both 
Government and society debate among themselves and find feasible alternatives for the 
erosion control in such a way it is possible to become the economic use of the natural 
resources of the basin sustainable as regards economic, social and environmental criteria. 
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Abstract: In shallow water, the dynamics of the surface gravitational waves with a period of 
several hours can be described using a gradient-viscous or kinematics approximation. To estimate 
the sediment transport under the impact of various dynamical factors, two approaches are the most 
widely applied, based on: (1) applying the vertically averaged current velocity, and (2) using the 
near-bottom tangential stress as the main parameter. The calculations show that a compensatory 
current directed seawards is generated on the rising water level within the near-bottom layer. The 
transport of sediments is directed in accordance with the direction of the compensatory currents, i.e. 
seawards in the sea rise periods and to the shore in the periods of descending water. The absolute 
value of the specific discharge of sediments transported by the kinematic waves within the littoral 
zone studied depends mainly on the rate of change of the free surface, t∂∂ /ξ . As this takes place, 
the role of the kinematic waves in the sediment transport may be comparable with the role of the 
wind waves. 

Sediment transport by kinematic waves 
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1. INTRODUCTION 

Recent experimental and theoretical research have shown that on shallow water the 
dynamics of the surface gravitational waves with a period longer than several hours can 
be described using a gradient-viscous or kinematics approximation. According to this 
approximation, in the equations of the pulse conservation the energy balance exists 
mainly between the horizontal pressure gradient and the turbulent friction stress 
(Zyryanov and Muzylev, 1988). And the basic condition for the kinematic approximation 
to be valid is h<hcr, where h is the local depth, and hcr is the critical depth corresponding 
to the level where the diffusion of vorticity from the free surface takes place during the 
time of the magnitude of the wave period: ( ) 5,0/2 ων=сr

Т
h , where ν is the coefficient of 

turbulent kinematic viscosity, and /2πω = , where T is the surface wave period. 
210−=Assuming that under shallow water conditions ν m2/s (Zyryanov and Muzylev, 

1988), we’ll obtain for the real depths (h < 10 m), where the debris material transport is 
concentrated, the wave period (called further the kinematic one) T > 7 hrs. So the 
preliminary estimates show that the wave regime analyzed here encompasses a rather 
broad low-frequency band of the spectrum of the wave motions observed. These motions 
have to be accounted for when solving various problems of the Israel coastal area 
dynamics, including the problems of sediment transport. 
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2. APPROACHES FOR THE ESTIMATION OF SEDIMENT TRANSPORT 

To estimate the sediment transport under impact of various dynamical factors, two 
approaches are the most widely applied: the first one is based on using the vertically 
averaged current velocity, and in the second one the near-bottom tangential stresses are 
used as the main parameter. As shown by the comparison of calculation algorithms 
(Mikhinov, 1988), the most precise are the relations between the specific discharge of 
sediments and the near-bottom tangential stresses. Moreover, this approach can also be 
used in cases where the vertically averaged current velocity is close to zero. Such 
situations occur, for example, when the widespread compensation currents have been 
formed by wind and wave surges (Hattori and Mikhinov, 1988; Svendsen, et al., 1987), or 
when seiches or tidal waves approach the coastline orthogonally. The latter situation is 
very important because numerous field and laboratory data have shown (Hattori and 
Mikhinov, 1988) the intensive debris drift even at the vertically averaged current velocity 
close to zero. Depending on the phase of the long-wave process, this drift can change its 
direction to the opposite. Hence, according to the approach applied in this study, in order 
to estimate the drift numerically we need to determine the tangential stresses τ of the 
kinematic waves generated in the near-bottom layer. To do this, we’ll apply a simplified 
model of this process. 
 
3. PHYSICAL MODEL 

Сonsider a rectangular channel, oriented along the x-axis, with long gravity waves 
spreading on its free surface. Let us consider the motion in the vertical plane x0z, 
assuming it to correspond to the kinematic regime. Then the original equation can be 
written as:  

g
х∂

∂ξ  = 
z∂

∂ ν
z
u

∂
∂                                                       (1) 

where g is the acceleration of gravity; z is the vertical coordinate directed upward from 
the undisturbed free surface; ξ (x, t) is the free surface disturbance whose value is 
considered a given function; u (x, y , z, t) is the horizontal component of the current 
velocity. 

Now, let us imagine the wave motion as an oscillating flow divided into two layers: the 
upper, turbulent one ( )ξδ ≤≤+− zh0  with the turbulent viscosity coefficient 1ν , and the 
near-bottom, viscous one ( )δ+−≤≤− 0 zh 0h  with the turbulent viscosity coefficient 

12 νν << . Let us further assume ν1 and ν2 to be independent on the vertical coordinate.  
By integrating (1), the following traditional terms are used (Svendsen, et al., 1987): 

1ν
z
u

∂
∂ 1  = 0          at ξ=z                                                 (2) 

guuu == 21 , 1ν
z
u

∂
∂ 1  = 2ν

z
u
∂

∂ 2     at δ+−= 0hz                                  (3) 

2ν
z

u
∂

∂ 2 = 
ρ
τ , 02 =u    at 0hz −=                                      (4) 

where u1 and u2 are currents velocities in the upper and lower layers, respectively; and h0 
is the distance from the bottom to the undisturbed free surface.  

To close the system (1) – (4), an additional expression is used for the given value of the 
vertically averaged current velocity u0: 
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Integrating (1), while using (2) – (5) and assuming 0h<<δ , we obtain: 

in the upper layer u  = 1
1

2

2ν
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where ug is the current velocity at the level δ+−= 0hz : 

1

2

3ν
ghug = 0u

x
+

∂
∂ξ                                                         (7) 

ρτ /2
* =U  is the relative tangential stress at the bottom: 
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                                                     (8) 
The following analysis of the vertical structure of the currents is restricted to the 

analysis of the upper layer of the flow; the sediment transport will be estimated based on 
the value of U . Therefore, the near-bottom layer can be excluded from consideration. In 
addition, we will assume that 

2
*

aconsth ==δνν 12 3/2 , and the wave presentation looks 
like 

cx
1

−=
∂
∂ξ

 t∂
∂ξ

                                                          (9) 
where c is the phase velocity of kinematic waves. 

After these simplifying transformations, an analysis can be done for the case most 
interesting in our view, and quite common in nature, that is of the kinematic wave 
approach orthogonal to coastline. Numerous field and laboratory results have shown 
(Hattori, 1982), that u0 = 0 approximation is applicable in this case. Taking equation (9) 
into consideration, the original system of equations can be rewritten as:  

( )[ ]
tc

ghu
∂
∂

−−−=
ξηη

ν
232

6 1

2

1                                                  (10) 

( )
c
ghaU +−= 12

*  
t∂

∂ξ                                                     (11) 

Here the parameters ν1 and c remain indefinite. The phase velocity of the kinematic 

waves can be rewritten (Zyryanov & Muzylev 1988) as 
3

2 gh
=с  

crh
h . The latter can be 

modified, for the case of the wave approaching the coastline orthogonally, by replacing 
h/hcr with h crb h/0 ξ+ , where bξ  is the maximum positive deviation of the free surface 
level from its mean value. This replacement is necessary in order to exclude the 
singularity of the solution for the case of h0 = 0 (the splash area of the kinematic waves, 
h0  0, is not considered here).  

Introducing a notation ьhh ξ+= 0 , we obtain  
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3
2 ghc =  

crh
h                                                       (12) 

Let us represent the coefficient of turbulent viscosity as obtained by Svendsen et al. 
(1987): 

ghbh=1ν                                                          (13) 
where b is an empirical coefficient. 

Consider a very simple example of vertical circulation formed by a kinematic wave 
approaching the shore at its elevated level. The calculation was performed based on 
equations (10), (12) and (13) and the following initial parameters: the bottom slope 

015.0=βtg
410/ −=∂∂ tξ

; the wave period T = 12 hr (tidal half-daily wave); hcr = 8 m; b = 0.001; 

 m/s. 
The results of the calculations show that on the rising level in the near-bottom layer a 

compensation flow is generated. It is directed seawards, and its intensity diminishes with 
the distance from the shore. It can be shown that the opposite effect (i.e. a near-bottom 
compensation flow directed to the shore) will occur at the phase of the kinematic wave 
that corresponds to its lowering level. 

Next we performed the model verification on the basis of the field data (Hattori 1982) 
In the course of field experiments, successive bottom surveys were conducted for the 
fixed cross sections in order to estimate the transport rate (displacement over a rising tide 
cycle time) of the sediment particles (mean diameter 0.18 mm). At the same time, local 
flow velocities were measured at a depth of 0.2 m above the bottom, using special vertical 
stalks. Slight water roughness (the mean wave height at the seaward edge of about 0.3 m) 
was evidenced during the experiments. However, this water motion led to a rather intense 
mixing of water in the near-shore area.  

The last factor predetermined the choice of the b parameter value, which for the case of 
wave mixing is about 0.01 (Svendsen, et al., 1987). Fig. 1 shows the comparison of the 
flow velocities calculated by (10), (12), (13), and those measured for a stalk with the 
average depth 2.68 m. The t∂∂ /ξ  values were estimated based on the actual sea levels 
data. This comparison showed that the analytical solution provides not only a qualitatively 
sound distribution of the flow velocity during the tide cycle, but also a reliable 
quantitative estimate of dynamical parameters in the near-shore area for the periods when 
kinematic waves occur. The N value is the normalized depth (N = 1 is at the bottom, N = 
0.5 is at mid-depth). 

U, m/s

1,0

0.5

0 0.25 0.50 0,75

N=1

N=0,75

N=0.50

1
2

U

x / x  
Fig. 1  Comparison of Measured and Vertically Averaged Velocity of Alongshore  

Drift (1) and Calculated Velocity Profile for Different N Values (2) 
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    Bagnold’s (1964) dependence was used to calculate the transport of sediments by 

kinematic waves: 
g

Uq
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*=  
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e

g
с *
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01,0+



α

 







g
c                                                    (14) 

where q is relative total discharge of sediments (both bottom and suspended); e’ is a 
parameter dependent on the sediment characteristics, and varying from 0.12 to 0.14; α is 
the internal friction angle of the bottom soil (tgα = 0.3–0.5); W is the hydraulic size of 
suspended sediments; and g/c2 is a dimensionless parameter of friction, equal to 0.01 
according to Longuet-Higgins (1970). Assuming the mean estimate of e’=0.13, tgα = 0.4, 
and /c g = 10 , and taking into account that q and U  are vector values, we obtain from 
(14): 
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UUsignq *

3
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* 1,0325,010                                              (15) 

where 
5.02

** Uu = . 

After substitution of (12) into (11) we derive the expression for the relative tangential 
stress: 

ghМU −=2
*  

t∂
∂ξ ; 

( )
h

haM cr

2
31 ⋅+

=                                         (16) 

A comparison of the relative sediment discharges, estimated at a=1 and hcr=8 m, and 
measured in situ for several vertical stalks located normally to the shoreline (Hattori 
1982), showed a good correlation between the model proposed here and in situ data (Fig. 
2). Here y is the distance from the shore, and ycr is the critical distance, also corresponding 
to the critical depth, where the waves start affecting the bottom. All coordinates are given 
as normalized.  

 

a

b

c 

d 

 
 

Fig. 2  Comparison of Measured (1) and Calculated (2) Relative (a) and Absolute (d) Values of Specific 
Alongshore Discharge of Sediments and the Velocity of Alongshore Current (c); (b) – the Bottom  

Profile Used in the Model and Approximated by the Field Data 
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In the conclusion we can note that, for kinematic waves advancing normally to the 
shoreline, the amplitude and wave number change depending with the distance from the 
shore. Above it, in such case, the used approximation 0h<<ξ  ceases to work at 
sufficiently high values of ξ inside the edge. However, due to the fact that kinematic 
waves are generally situated within a thin near-shore stripe, which is much smaller than 
the wave length, the spatial dependence of the wave number and the amplitude of such 
waves can be ignored; nonlinear effects, taking place in real situations, can often be 
accounted for through the use of the actual values of t∂∂ /ξ  and through the accurate 
selection of the other empirical coefficients applied in the model. 
 
4. CONCLUDING REMARKS  
The comparison of the results of analytical calculations with in situ data confirms the 
applicability of the assumptions taken for the model discussed, and leads to the following 
conclusions:  

1. A near-bottom compensatory current, directed seawards in the sea rise periods and 
oppositely in the descending water periods, is formed when kinematic waves surge 
on the gentle shore.  

2. The transport of sediments is directed in accordance with the direction of the 
compensatory currents, i.e. seawards in the sea rise periods and to the shore during 
periods of descending water.  

3. The absolute value of the specific discharge of sediments transported by the 
kinematic waves within the littoral zone studied depends mainly on the rate of 
change of the free surface, ∂ t∂/ξ . As this takes place, the role of the kinematic 
waves in the sediment transport may be comparable with the role of the wind 
waves, while for the external littoral zone and high depths the kinematic waves 
may be the dominating factor in the redistribution of sediments on the sea shelf. 
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Abstract: In the recent decade, an average of 84% sand and gravel in Taiwan comes from rivers.  
Instead of having an overall planning, sand and gravel were mined by individual applications.  
These sand and gravel mining activities could not meet river improvement goal, and the illegal sand 
and gravel mining had caused degradation of river bed and exposure of levee foundation, bridge 
piers, river crossing conduits, even endanger to public safety.  The unplanned sand and gravel 
mining activities could not be predicted during planning of flood control facilities and utilization of 
river resources, thus rivers can not function as planned.  Therefore, the overall stability of river bed 
is an important issue of river management. 

 

This article defines suitable areas and river bed elevations for sand and gravel mining in rivers 
based upon the results of hydraulic, sedimentation and aggradation/degradation analyses.  This 
article also describes the establishment of an overall management improvement plan for sand and 
gravel mining activities and the unification of all legal sand and gravel mining companies along a 
river to mine the sand and gravel according to river improvement plan.  According to the plan, the 
goal of maintaining river resources and river functions can be achieved, the sand and gravel would 
be mined as planned, government income would be increased by receiving mining fee, the sand and 
gravel mining companies would be self disciplined and taking the responsibility of river 
management to terminate illegal mining activities, the sand and gravel resources could be utilized 
effectively and reasonably, and the river improvement goal could be achieved by means of 
management.  Since 1997, unification of sand and gravel mining companies for nine rivers in 
Taiwan have been accomplished with significant benefits.  Hopefully, the article can provide some 
valuable information to related agencies. 
 
Keywords: gravel mining, river bed change, river management  

 
1. INTRODUCTION 

Located at the border of Asian Continental and Pacific Ocean, two thirds (2/3) of Taiwan 
Island are mountainous region with steep slopes and relatively short river length.  Also 
located at the border of the Temperate and Subtropical zones, the annual precipitation in 
Taiwan reaches 2,500mm which is more than three times of the world average.  In 
addition to severe storms brought by typhoon during summer and autumn, the over 
developed upper river basins have made floods and mudflows more pronounced.  As an 
example, there is approximately 120×106m3 of sediment brought into Zhuoshui River for 
a specific typhoon storm.  The large amount of sediment has caused severe localized 
aggradation of river bed and flood damages due to flow overtopping and destroy of flood 
control structures.  In the recent decade, an average of 84% sand and gravel in Taiwan 
comes from rivers.  Instead of having an overall planning, sand and gravel were mined by 
individual applications.  These sand and gravel mining activities could not meet river 



improvement goal, and the illegal sand and gravel mining had caused degradation of river 
bed and exposure of levee foundation, bridge piers, river crossing conduits, even endanger 
to public safety.  The unplanned sand and gravel mining activities could not be predicted 
during planning of flood control facilities and utilization of river resources, thus rivers can 
not function as planned.  Therefore, the overall stability of river bed is an important issue 
of river management. 

Sand and gravel mining will affect flood conveyance and safety of river crossing 
structures.  An important issue is to establish a review procedure for river bed dredging to 
enhance sand and gravel management and create new river environment.  The unification 
of sand and gravel mining companies for nine (9) rivers since 1997 has accomplished the 
goals of protection of pubic safety, supplying sand and gravel needed, and providing 
multiple use of river space. 

 
2. SAND AND GRAVEL MINING OF RECENT YEARS IN TAIWAN 

2.1 Mining Activities 
In the past 50 years, sand and gravel needs increased tremendously due to various major 
constructions. An average of 84% sand and gravel comes from rivers in the recent decade. 
Sand and gravel resources has been exhausted because of the huge quantity of sand and 
gravel mined. The mining activities described as follows: 

(1) Early Period: majority of sand and gravel for development of Taipei area came 
from Tanshui River. The mining activities had caused river bed to degrade rapidly 
and endangered safety of levees and bridges. The sand and gravel mining 
activities were stopped reach by reach since 1971. At the present time, the river 
bed has been aggraded gradually to reach a stable condition, however, Tanshui 
River is still not suitable of sand and gravel mining. 

(2) Middle Period: all of the major cities in Taiwan were developed rapidly in this 
period, sand and gravel were mined all over the island including Lanyang River, 
Touqian River, Chungkang River, Houlung River, Taan River, Tachia River, Wu 
River, Zhoushui River and Kaoping River. The excessive mining of sand and 
gravel from those rivers had caused severe problems of river bed degradation and 
even endangered to bridge safety. In addition, the transport of sand and gravel 
from central part to northern part of Taiwan has also caused traffic safety 
problems and environmental impacts. Up to 1997, sand and gravel mining was 
stopped entirely or partially for 14 rivers. 

(3) Present Time: sand and gravel sources of lower reach of rivers along western 
slope of Taiwan are exhausted, however upper reach of most rivers still have large 
amount of sand and gravel due to landslides caused by over development of the 
watershed.  There are limited mining activities in the upper reach of rivers due to 
sand and gravel quality and expensive transportation cost.  At the present time, 
rivers permitted for sand and gravel mining with quantity in order are Hualien 
River, Zhoushui River, Kaoping River, Taan River, Wu River and Tachia River.  
Rivers not permitted for sand and gravel mining are listed in Table 2.. 

2.2 Supply and Demand of Sand and Gravel in Taiwan 
According to the survey results of Taiwan Mineral Bureau, the average quantity of sand 
and gravel mind was 67.36×106m3 in the period between year 1997 and year 2000.  As 
indicated in Table 1, 54.18×106m3 (80%) of those sand and gravel were mined from rivers, 
and 13.18××106m3 (20%) were mind from land.  There are Seven (7) mining districts 
(land mining) planned by mineral agencies with a total resources of 636×106m3 of sand 
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and gravel, however they are still not mined due to land acquisition problems, protest of 
local governments and environmental aqencies, and lack of access roads.  As shown in 
Fig. 1, supply of sand and gravel from rivers in Taiwan (94%) is much higher than other 
countries,  Japan (4%), United States (7%) and England (38%). 
 

Table 1  Sand and Gravel Production in Taiwan 

Time Period 
Annual 

Production (A) 
(106m3) 

Production 
From Rivers 
(B) (106m3) 

(B)/(A)

Permitted 
Quantity from 

Rivers (C) 
(106m3) 

(C)/(B) Remarks 

1992~1996 93.68 87.66 94% 26.25 30% Prior to unification of 
mining companies 

1996~2000 67.36 54.18 80% 27.45 51% After unification of mining 
companies 

94

4

7

38

17

 
Table 2  River Reaches not Permitted for Sand and Gravel Mining in Taiwan 

Name of River Not Permitted Reach Reasons 
Lanyang River Gamalan Bridge to Niudou Bridge Severe Erosion 
Lotong River Confluence of Lanyang R. to Beicheng Bridge Severe Erosion 
Tahan River All reach within Taoyuan County Severe Erosion 
Touqian River All River Reach Severe Erosion 
Houlung River All River Reach Severe Erosion 
Wu River Section 32 to section 38 Severe Erosion 
Bazhang River River month to section 50, section 85 to Chukao Bridge Severe Erosion 

Sandie River All River Reach River bed is lower than permitted 
elevation 

Shigui River All River Reach Saved for levee construction  
Huwei River All River Reach In Association with River Improvement 

Tsengwen River River month to section 62, Tsengwen No.2 Bridge to 
Beishi Bridge In Association with River Improvement 

Yanshui River River month to Fenghua Bridge In Association with River Improvement 
Erjen River River month of Highway No.1 Severe erosion at Bridge locations 

Kaoping River River month to 1,000m d/s of Likang Bridge, Chishan R. 
From Yuemei Bridge to Confluence of Lao Nong River No Sand and Gravel Sources 
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Fig. 1  Comparison of Sand and Gravel Sources (1992-1996) 

 
3. PREPARATION OF RIVER IMPROVEMENT PLAN 

3.1 The Effect of Sediment Deposition to River Functions 
(1) Flood Control: increase flood stage, decreaes cross section area, cause flood 

overtopping. 
(2) River Crossing Structures: lack of conveyance area. 
(3) Intake Facilities: plugged by deposition. 
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3.2 Damages Caused by Illegal and Excessive Mining (see Fig. 2) 
(1) Flood Control: Illegal mining activities have lowered river bed elevation, changed 

river morphology, and have caused erosion and damage to levee foundations 
which might endanger to life and properties. 

(2) River Crossing Structures: foundation of crossing conducts and bridges might be 
exposed that might affect transportation, economics and public safety. 

(3) Intake Facilities: intakes might not able to take water due to lowering of river bed. 
(4) Land Subsidence: groundwater recharge might be reduced due to lowering of river 

bed and might cause land subsidence. 
 

( )
( )

Loss of Groundwater 
After Mining 

Bridge 

Levee 

Intake

Groundwater Recharge

Cross section After Mining

(Planned Mining 

Prior to Mining 

Depth and Boundary

Cross Section Prior to Mining

Planned Bed Elevation 
(Mining Elevation) 

Groundwater Table Prior 

Groundwater Table After 

Permitted 

 
Fig. 2  The Effect of Improper Sand and Grave Ming to the River Environment 

 
3.3 Improvement Plan 
In order to provide flood protection and structure safety, sand and gravel mining shall be 
executed according to related regulations and the permitted boundaries based on the 
results of erosion and sedimentation analysis. Therefore, sand and gravel mining might be 
considered together with overall river improvement plan. 

The major purpose of river improvement plan is to ensure the river can convey flood 
flow and maintain river bed balance considering existing topography, river channel and 
river characteristics.  A river improvement plan should gather basic data such as river 
basin characteristics, river cross section, flood control and river crossing structures, river 
cross sections, flood control and river crossing structures, river topography, sediment 
particle size.  Hydrological analysis should be conducted to estimate flood flow of 
various return periods, hydraulic analysis should be performed to calculate flood stages 
and sediment transport capacities of various flood flows at different river reaches.  In 
addition, hydraulic characteristics at river crossing structures should be conducted to 
evaluate the possible effect of structures to flow conditions.  Common mythologies used 
for calculation are as follows: 
(1) Frictional Loss: Hf=1/2(S1+S2)L 

where, Hf=head loss due to friction between two sections (m) 
 L=distance between two sections (m) 
 S1, S2=energy slope of two sections 

(2) Eddy Loss:
2

2e
VH K
g

α
=  

where,He =eddy loss between two sections (m) 
 K =head loss coefficient 
 α =energy modification factor 
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 V =flow velocity (m/s) 
 K =0~0.1 for gradually changed sections 
  =0~0.2 for abrupt charged sections 
  =0 for uniform sections 
(3) Raise of Water Surface Elevation in Front of Bridge 

( )

22

0.0567
0.926

Q Qh
H B H b

    = −     +     

 

where, h=raise of water surface elevation (m) 
 b=net width of water surface at bridge section (m) 
 Q=discharge (cms) 
 B=total width of water surface at bridge section (m) 
 H=flow depth (m) 
(4) Sediment transport Capacity by Shochlitsch Formula 

( )3 / 2 4 / 37000 / ; 0.00001944 /s e c cQ d S Q B q q= − ⋅ = eS  
where, Qs=bed load sediment transport capacity (kg/sec) 

 Se=energy slope 
 B=with of water surface (m) 
 d=sediment particle size (mm) 

Based on the analyzed results such as flood stage, flow velocity, width of water surface 
and sediment transport capacity, the effect of sand and gravel mining to the river stability 
can be evaluated, and the feasibility of proposed mining plan can also be evaluated in 
order to achieve the goal of sand and gravel mining in association with river improvement 
plan. 

 
4. OVERALL MANAGEMENT IMPROVEMENT PLAN OF RIVER SAND AND 

GROVEL MINING 

4.1 Execution Plan 
(1) Unification of sand and gravel mining companies: establish an unified sand and gravel 

mining company from all legal mining companies along a river by local sand and 
gravel mining association. 

(2) Execution of Contract: A contract containing mining boundaries, mining time period, 
quantity, user’s fee, security deposit and penalty, management boundary, maintenance 
of environment and safety measures will be executed between government agency and 
the mining company. 

(3) Define the Mining Boundary: a boundary will be defined by government agency based 
on the results of analysis including width and depth of mining area.  The boundary 
will be identified at field for checking purpose. 

(4) Payment of User’s Fee, Security Deposit and Pendalty: mining company shall make 
payment to government agency base on the planned mining quantity including user’s 
fee of $1~2/m3, security deposit of 10% of user’s fee and penalty of 40% of user’s fee. 

(5) Land Acquisition: mining company shall be responsible for acquiring privately owned 
land and its surface properties.  For government owned land, the mining company 
shall acquire its surface properties. 

(6) Management of the River Reach: the mining company shall be responsible for the 
management of the river reach including all illegal activities. 

(7) Quantity Control: actual mining quantity shall be double checked by daily record and 
truck control station, and report to government agency every month. 
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4.2 Results 
(1) The improving result of all rivers adopting unification plan are shown in Table 3. 
(2) River flow has been directed to the mining channel located at center of river cross 

section, damages to flood control structures and properties have been reduced 
significantly. 

(3) The rights and interests of all legal miners have been protected and sand and gravel 
sources have bed used effectively. 

(4) Illegal use of river bed for planting or garbage dumping and illegal sand and gravel 
mining have been reduced significantly. 

 
Table 3  River Sand and Gravel Mining After Unification of Mining Companies 

Name of River 
Planned 
Quantity 
(106m3) 

Permitted 
Quantity 
(106m3) 

Mined 
Quantity 
(106m3) 

Termination 
Date Remarks 

Zhoushui River (1) 60.00 33.86 32.61 6/30/1999 
Permitted quantity not been 
mined will be included in second 
stage plan 

Zhoushui River (2) 17.59 7.12 3.45 12/31/2000 Second stage plan 

Kaoping River 11.89 8.73 7.21 12/31/2000 On Laonong River and Ailiao 
River 

Taan River (1) 15.48 6.59 5.86 12/31/1999
Permitted quantity not been 
mined will be included in second 
stage 

Hualien River 15.96 5.01 4.51 12/31/2000 Part of sand and gravel is 
transport to northern Taiwan 

Zhoushui River  
(U/S Reach) 15.34 3.82 2.75 12/31/2000 In Progress 

Tachia River 10.15 2.51 1.46 6/30/2000 In review for continue Operation 
Wu River  1.45 1.09 0.95 6/30/2000 In review for continue Operation 
Chishan River and 
Laonung River 7.89 0 0 12/31/2000 In progress 

Tsengwen River 8.34 0.59 0.42 6/30/2002 In progress 
Wu River 
 (U/S Reach) 4.50 0.91 0.13 6/30/2001 In progress 

Total 123.61 70.22 59.36   

Note: data analyzed on 11/24/2000. 
 

5. CONCLUSIONS 

i)  River reaches unsuitable for sand and gravel mining shall not issue any permit. 
ii) The limits of not permissible for sand and gravel mining 500m upstream and 

downstream of a bridge shall be extent to 1,000m. 
iii) Use of dredging ship for mining will still be prohibited. 
iv) The unification of sand and gravel mining companies has resulted a better river 

management, it shall be promoted for all major sand and gravel mining rivers in 
Taiwan. 
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Abstract: Results included in this paper, were obtained from a study applied to the mouth of the left 
branch of Balsas river, Mexico where overflows have affected several sites, causing serious erosion 
problems in the channel. A bar at the mouth breaks with discharges from 2,200 m3/s to 2,500 m3/s, and 
its previous position modifies. Those problems have affected areas beside the river; pylons locate on 
the right bank near the mouth; and a growing industrial area. For analyzing these problems, a fixed 
bed and a mobile bed model were constructed; with the first one hydrodynamics were analyzed with 
different runs, in the second one, erosion was studied. Runs in fixed model were carried out with 
discharges from 650 m3/s up to 13,000 m3/s. In the runs were measured levels, speeds; observations of 
the flow behavior in flood areas were identified and sites where the bar opens. With regard the mobile 
bed model, discharges ranged from 650 m3/s to 3,250 m3/s, causing the bifurcation was located with 
the greater influence in the marginal erosive displacement; the site where the bar is broken; and the 
channel stretch had deposits product of material erosion. Finally, results comparison was done 
including obtained in hydraulic models and those observed in the river; flood records and the 
hydraulic parameters. 

 

 
Keywords: hydraulic fluvial models, physical fluvial models 
 
1. INTRODUCTION 

Studying area refers to left branch Balsas River, Mexico, with 4.95 km long measured since 
mouth limiting Pacific Ocean. This branch is the boundary between Guerrero and 
Michoacan States. Industrial area and towns growing located on the shore are at risk for 
flooding when maximum discharge is surpassed because topography is flat in a large area, 
drainage is not enough and flooding remains, Fig. 1, shows studying area. Fines: clay and 
silt, sand, gravel and cobbles constitute the bed. Erosion problem is severe owing the 
non-cohesive sediments presence, bed no high-speed resistant and maximum discharge in 
the channel. Bank erosion increases continuously in right shore. Usually in plains like this 
can be developed population, industrial and agriculture centers. Projects for plain rivers 
demand fluvial studies periodically for works protection design and construction against 
flooding and erosion problems; the works are executed when developing justify them, 
Berezowsky (1985) and CNA (1985).  
 
 
 
 
 
 



 

 
Fig. 1  Study zone of Balsas River left branch, Mexico. 

 
2. EXPERIMENTAL SET UP 

Flow hydrodinamics was studied in a fix bed model for different discharges varying from 
600 m3/s to 13,000 m3/s including maximum and minimum. 

The objective was to check hydraulic conditions of existing infrastructure works into 
studying area as levees for protection against floods, the bridge which contains a transport 
stripe that crosses the river and the supply channel to Petacalco thermoelectric plant; also 
flood risk was checked, speed and water levels were gauged in stream study defined 
sections. 

Longitude stretch was 4,950 m, at extreme upstream, wide was 350 m and 1,400 m at 
mouth; comprised area for including in the physical model was 750,000 m2. Scale fix bed 
model was 1:250 horizontal and 1:50 vertical and an accordingly distortion 5; maximum 
discharge 147 l/s; available space in laboratory was 200 m². 

Topographic configuration was given using 3 mm thickness plywood as reference 
sections; places between sections were filled with non expansive soil, a 5 cm tick 
cement-sand mix was used for giving last appearance. Plywood remained embed; see Fig. 2, 
Maldonado et al. (1997) and Miguel A. Vergara (1993). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 2  Building fix bed model 
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Regarding mobile bed model, in it were studied topics related with erosion and 
undermining, ranged discharges from 600 m3/s to 1,200 m3/s, last one corresponds to 
formative discharge. Bar breaking was observed in a no detailed way. Scale model was 
designed 1:200 horizontal, 1:75 vertical; distortion 2.6; maximum discharge in physical 
model was 38 l/s; and available area in laboratory was 209 m2. Similar than bed fixed model, 
plywood was used for topography configuration, the difference was that spaces between 
plywood pieces were filled with sand completely. It was necessary to use a rigid chunk 
owing stretch wideness, maximum was 9 m, and handling for removing plywood with a 
suspended crane. All plywood pieces were removed from volcanic sand according with 
configuration works; see Fig 3. In fix bed model, it was studied concerning erosion and 
undermining effects with discharges from 600 m3/s to formative discharge 1,200 m3/s, 
Maldonado (1998) and Miguel A. Vergara (1993). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 Fig. 3  Mobile bed model construction 
 

3. HYDRULICS RUNNINGS RESULTS 

a) In fix bed model 
Corresponding discharge for channel no overflow is 1,799 m3/s, so delta is considered 

stable; see Fig. 4, with greater discharges actual mouth it is not enough, there are overflow 
for right shore. 
Limiting discharge bar did not overflow was 2,115 m3/s, see Fig. 5, with this value, were 
observed little  overflow in all right shore. Flow is slow upstream transport strip, 
downstream the strip until the mouth, flow speed was 2.4 m/s.  

 
 
 
 
 
 
 
 
 
 

Fig. 4  Run with discharge 1,799 m3/s 
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Fig. 5  Run corresponding  2,115 m3/s 

 



Fig. 6 shows overflow in right shore with corresponding discharge 2,440 m3/s. 
With 6,503 m3/s; all plain area become flooded. Flow direction with greater speeds were 

observed using tracers; greater speeds occur on the middle approximately. It means the bar 
breaking will occur in this zone, see Fig. 7. 

When the discharge corresponds to 13,000 m3/s; no overflow occurs in supply channel to 
Petacalco zone, levees protection and transport strip either. In left shore project levee, water 
level reached top without spills. Right shore levee had 80 cm free to top until mouth. 
Regarding transport strip, the distance from water level and bridge bottom was 60 cm. 
Petacalco supply channel operating at maximum discharge did not have spills.  

 

 
Fig. 6  Run with discharge 2,440 m3/s 

 

 

Fig. 7  Run corresponding 6,503 m3/s 
 

Fig. 8 shows recorded speeds in different channel sections for a discharge corresponding 
to 2,115 m3/s. It should be mentioned that with all discharges run greater speeds occurred on 
left branch, discharge was 60 %. 

 

1574 



Fig. 8  Sections in physical model where speed was measured using a current micro- miter 

b) In mobile bed model 
Results got from hydraulic runs follow: 

With discharges from 651 m3/s to 800 m3/s; no erosion problems in shores were detected 
in both branches after bifurcation; erosion occurred on the left branch bottom, in the 
transport piles strip and the gate to the mouth, see Fig. 9.  
 

 
Fig. 9  Run with discharges from 651 to 800 m3/s 

 
With 999 m3/s; are detected erosion areas in both shores in the mouth, Fig. 10. 
With corresponding discharge 1,244 m3/s; erosion appears in several places, in both 

branches. The bar is not yet eroded. 
With 2,165 m3/s; erosion begins in the middle of bar, produced by centrifugal force 

effects and a flow over elevation owing variation in stream direction. 

1575 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
With 3,028 m3/s, b
left branch, major 
the material had p
upstream and down
runs, not enough fo
material along cha
clashed with mater
see Fig. 11. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. RESULTS FOR
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Fig. 10  Run with discharge 999 m3/s 

ar almost opens in the middle. There was no bank severe erosion on the 
erosion occurred on the bed. There was soil deposit in the right branch; 
reviously been eroded from the bed, its source was strip transport 
stream. Speeds recorded that correspond to this branch were low in all 
r transporting removed material after the mouth into the sea. Deposited 
nnel reached 7.20 m thickness; bed forms were observed. Streamlines 
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Fig. 11  Run with discharge 3,028 m3/s 

 PROTOTYPE 

rted severe damages produced by floods for the mouth of the left branch 
 1984, then occurred bank erosion and undermining, related with Odile 
icanes. Maximum discharge recorded in the spillway of Jose Maria 
6,300 m3/s. Since that year, it was necessary to count with plans about 
ction works were designed and constructed, also channel was adjusted. 
tion collection about existing works began, inspection visits were done 
ith erosion problems were defined for being studied in hydraulic models. 
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Since 1998, there are available results form physical models for help in decisions and to 
keep on works for protection works against floods and for stabilization of the channel. 
In 1998, an extraordinary flood occurred in the studying area. The spillway of Jose Maria 
Morelos dam operated again after 15 years. Maximum discharges were 2,200 m3/s, 3,000 
m3/s, 4,000 m3/s and 4,800 m3/s; see Figs. 12, 13, 14 and 15; Floods caused bank erosion 
and undermining in river bed, also the bar breaking at the entrance to Pacific Ocean.  

At present there are construction works for protection accordingly with the hydraulic 
models obtained results. 
 

 

 
 

F

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 14 
 

 

 
 
 
 
 
 
 
 
 
 

Fig. 12   Right bank overflow, discharge Q = 2,200 m3/s. 

 
 
 
 
 
 
 
 
 
 
 
 

ig. 13  Bank right erosion in the mouth, discharge 2,200 m3/s. 
 With a discharge 3,000 m3/s the bar breaking begins for the middle 
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Abstract: Physical model study was conducted on the density flow at the Yellow River mouth. 
Steady density flow occurs when sediment concentration reaches 5.0 kg/m3. The hydraulic 
condition for the formation of density flow is in accordance with that in reservoirs. The density 
current moves at a higher speed and travels a longer distance as the concentration increases. Delta 
sand bar forms and advances due to sediment deposition. More than 30% of the incoming sediment 
was transported out of the measurement section with the help of density current. 

 

Keywords: sediment concentration, density flow 

1. INTRODUCTION 

At the Yellow River mouth region, sediment deposits intensively and forms delta sand bar 
due to the influence of seawater. The sand bar elevates the tail water of the Yellow River 
and aggravates the situation of sediment deposition in the upstream channel bed. A 
possible solution to this serious problem is under feasibility study. The main idea is to 
pump seawater to flush the river channel bed. Adding seawater to the stream makes the 
sediment-laden fluid much heavier and furthers the possibility for density flow to occur. If 
density current occurs, more sediment could be transported to a longer distance away from 
the river mouth. In this paper, physical model study was conducted to investigate the 
condition for the formation of density flow as well as the general movement 
characteristics of the density current. 

2. MODLE DESIGN 

The concerned river mouth region is about 12 km long as shown in Fig.1 (4km for river 
channel and 8km for shallow sea area). The water in the stream is 1.2~3.0 m deep. The 
channel slope is about 0.01% and the resistance is n = 0.011. 

The physical model is designed according to gravity similarity. The criteria for the 
similarity of suspended load, bed load motion and the density current movement are 
satisfied. Coke power is chosen as model sand (specific weight ϒs=1.67, dry weight 
ϒ′=0.60, median size D50=0.116 mm). The model scales are listed in Table 1. 

The model flow is fully turbulent (Re=4400) and water depth is about 3~40 cm. The 
resistance similarity is satisfied and the water surface tension can be ignored. 

3. EXPERIMENTAL CONSIDERATIONS 

Five runs of experiments were carried out and the corresponding sediment concentrations 
are 2.5, 3.75, 5.0, 10.0, 15.0 kg/m3, respectively. The discharge is kept constant (1000 



m3/s in the prototype). Sediment deposition was measured. A particle tracking 
velocimetry (PTV) system was used to measure velocity distribution of the density current. 
The boundary of the model at the measuring section was a piece of transparent glass. 
Iodine light provides illumination for observation. White dye was injected to the flow for 
visualization without disturbing the flow. Observations of the density current could be 
made by eyes as well as by the CCD camera. The video images acquired by CCD camera 
were digitized into a computer by frame grabber, and then analyzed using the software 
developed by Wang et al. (1996). 
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Fig. 1  Map of the Yellow River mouth 

Table 1  Model scales 

Horizontal size scale  λL 400 
Vertical size scale λH 40 
Velocity scale λV 6.32 
Discharge scale λQ 101000 
Time scale for flow movement λT 63.3 
Settling velocity scale λW 0.632 
Sediment concentration scale λS 0.65 
Time scale for sediment deposition  λT1 212 

4. RESULTS AND ANALYSIS 

4.1 Concentration condition for the formation of density current 
After the sediment-laden flow enters the river mouth region, the water depth increases 
while velocity decreases. The sediment carried by the flow settles down steadily toward 
the bed. The velocity and concentration at the water surface gradually tend toward zero 
because of the increasing depth and the decreasing velocity. The coarser particles tend to 
deposit and form delta bar near the entrance to the river mouth, whereas the finer particles 
can remain suspended. The flow is gradually submerged and moves forward as the form 
of density current due to gravity. 

The experiments showed that at the concentration of Sv =2.5kg/m3, no density current 
was observed. At Sv =3.75 kg/m3, unsteady current flow forms and it travels only a short 
distance. At Sv ≥5.0 kg/m3, steady density flow occurs and it travels a much longer 
distance (800-1200m as concentration increases). Fig.2 shows the images of the density 
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current movement at two sections. The density flow occurs at section A and fully 
developed at section B. 

4.2 Velocity distribution of density current 
PTV was used to measure the velocity of density current. Table 2 gives the results of the 
experiment at Sv =5.0 kg/m3 and Fig.3 illustrates the velocity distribution. It can be seen 
that the density current occurs after the delta bar and moves forward. At the immersion 
section, the mean flow velocity is about 0.44m/s. Table 3 and Table 4 give velocity 
distributions of the experiments at Sv =10.0, 15.0 kg/m3, respectively. The mean velocity 
distribution at the immersion section increases with the increase of sediment 
concentration. 
 
 

 
(1)  Section A  

 
 (2) Section B 

Fig. 2  Image of density current movement 

 

Table 2  Velocity distribution of density current (Sv =5.0kg

0 m 120 m 520 m y/h h=6.2m h=6.3m h=7.0m 
1.0 0 -0.18 -0.22 
0.9 0.40 -0.15 -0.15 
0.7 0.46 0.44 -0.10 
0.5 0.53 0.45 0.36 
0.3 0.41 0.44 0.36 
0.1 0.40 0.38 0.34 
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Table 3  Velocity distribution of density current (Sv =10.0kg/m3) 

0 m 200 m 400 m 800 m 1000 m y/h h=4.8m h=5.8m h=6.3m h=7.3m h=8.1m 
1.0 0 -0.22 -0.23 -0.24 -0.10 
0.9 0.55 -0.12 -0.28 -0.15 -0.10 
0.7 0.60 0.50 -0.15 -0.10 -0.08 
0.5 0.75 0.60 0.38 0.25 0.20 
0.3 0.60 0.62 0.56 0.50 0.32 
0.1 0.56 0.60 0.60 0.50 0.33 

Table 4  Velocity distribution of density current (Sv =15.0kg/m3) 
0 m 200 m 400 m 800 m 1000 m y/h h=4.8m h=5.8m H=6.3m h=7.3m h=8.1m 

1.0 0 -0.22 -0.23 -0.24 -0.10 
0.9 0.55 -0.12 -0.28 -0.15 -0.10 
0.7 0.60 0.50 -0.15 -0.10 -0.08 
0.5 0.75 0.60 0.38 0.25 0.20 
0.3 0.60 0.62 0.56 0.50 0.32 
0.1 0.56 0.60 0.60 0.50 0.33 
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Fig. 3  Velocity distribution of density current (Sv =5.0 kg/m3) 

According to the velocity and water depth at the immersion section, the hydraulic 
condition for the formation of density current can be computed.  

let                      
2

2 0

0

r

m

UF
ghρ

ρ

=
∆

  

where U0=mean velocity, h0=water depth, ρm=density of the sediment-laden flow, and 
∆ρ=density difference between sediment-laden fluid and clear water. At Sv=5.0, 10.0, 
15.0kg/m3, we get Fr

2=0.64,0.69,0.57, respectively. The mean value is about 0.63, almost 
the same as the value obtained by others (Qian and Wan, 1983). 

3.3 Sediment transport by density flow 
Deposition along the river stream at various concentrations was measured. It’s clear that 
the deposition amount increases as the sediment concentration increases. At Sv < 10kg/m3, 
no barrier bar was formed. When Sv reaches 15kg/m3, noticeable   barrier bar appears, as 
shown in Fig. 4. 

Deposition volume in the upstream and downstream sides of the immersion section was 
computed respectively. It showed that about 66% of the sediment deposited in the 
upstream side of the immersion section at various concentrations. Let VT=VA-VD where VA , 
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VD are the incoming sediment and sediment deposited in the observation region, 
respectively. VT is that part of sediment being transported further downstream of the 
observation region. VT/VA represents the ratio of the transported sediment to the incoming 
sediment. The experimental results show that VT/VA increases with the increase of 
sediment concentration and VT/VA >30% at Sv ≥10kg/m3.  
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Fig. 4  Longitudinal profile of sediment deposition 

It is mentioned above that at Sv=2.5kg/m3, no density current occurs and the 
corresponding VT/VA =13.4%. Assume that at all runs of experiments, 13.4% of the 
sediment is transported by general water flow. And P= (VT/VA –13.4%) is that part of 
transportation by density current. The sediment transport rate by density current, P, can 
then be calculated and illustrated in Fig. 5. It can be seen that P increases with the 
increase of sediment concentration. 

 

Fig. 5  The relationship between sediment transport rate and concentration 

4. CONCLUDING REMARKS 

iver and flushing the river channel bed furthers the 

characteristics of the density current. It is showed that: 
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possibility for density flow to occur. Physical model study is conducted to investigate the 
condition for the formation of density flow as well as the general movement 
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(1) No density current was observed at the concentration of Sv =2.5kg/m3. At Sv =3.75 
kg/m3, unsteady current flow forms and at Sv ≥5.0 kg/m3, steady density flow 

(2) 
servoirs. The density current moves at a higher speed and travel a longer 

(3) 
ut of the measurement section at Sv > 10 
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occurs. 
The hydraulic condition for the formation of density flow is in accordance with 
that in re
distance as the concentration increases.  
Delta bar forms and advances due to sediment deposition and more than 30% of 
the incoming sediment was transported o
kg/m3. The sediment transport rate by density current increases with the increase of 
sediment concentration. 
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Abstract: The mechanism of stabilization for braided streams through control of water and 
sediment supply is verified based on field observations and numerical computations. The results 
show that braided streams are dynamic and do not approach equilibrium bed geometry when water 
and sediment supply are not reduced by dam operations. Such rivers are expected to promote natural 
riverine ecosystems because they provide a diversified physical environment for the plants and 
animals that inhabit rivers. In contrast, reduction of water and sediment supply promotes river 
channel stability and simplifies the physical environment of the stream by decreasing water levels 
and promoting vegetation growth. 

Keywords: braided streams, vegetation, flood control, self-similar characteristics, numerical 
analysis 

1. INTRODUCTION 

Braided streams produce various types of bed geometry (Murray, et al., 1994) and thus are 
expected promote a diversity of physical environments for plants and animals inhabiting 
these rivers. Furthermore, interactions among stream flows alter their physical 
environment over time. 

A decrease in stream number with significant vegetation growth on sand bars has been 
observed in most Japanese braided rivers in the last thirty years. Vegetation growth has 
promoted channel stabilization and, as a result, the course of streams has remained 
relatively unchanged over time and the physical environment of plants and animals 
inhabiting rivers has been simplified. It is considered that the increased stability of river 
channels is often related to a control structure’s moderation of floods. Reductions in peak 
flood discharge decrease the amount of water flow on bars and promote vegetation growth. 
Vegetation tends to retain sediment and suppresses the formation of new streams on bars. 

Previous theoretical and numerical studies on the equilibrium geometric characteristics 
of sand bars formed in straight channels suggest that local transverse bed slope affects the 
movement of bed sediment so as to suppress the growth and equilibrium value of wave 
height (Fredsøe, 1978, Colombini, et al,, 1987). These studies focused on sand bars 
covered by water. The dynamic characteristics of braided streams have been studied 
through field observations and flume experiments (Ashworth, et al., 1992, Best, et al., 
1993). Furthermore, some researchers successfully reproduced braided streams using 
numerical simulations (Michiue,et al., 1995, Enggrob, et al., 1999, Egashira, et al., 1999). 
However, there is one open problem with most previous studies of braided streams related 
to the effect of vegetation growth on bed geometry. Bed geometry with small fluid shear 
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stress strongly depends on vegetation growth. Many researchers have studied the effects 
of vegetation growth on bed geometry via field observations and flume experiments 
(Tsujimoto, et al., 1999). However, the effect of vegetation growth on the dynamic 
characteristics of braided streams has never been discussed in the previous theoretical and 
numerical studies. A numerical model may be useful in predicting those dynamic 
characteristics.  

In the present study, the stabilization mechanism for braided streams by control of 
water and sediment supply is verified through field observations and numerical 
computations focusing on vegetation growth on bars. First, the relationships between 
significant vegetation growth and control of water and sediment supply in natural rivers 
are verified. Next, the effect of water and sediment supply reduction on geometry of 
braided streams is discussed via numerical computation. Finally, the temporal variations 
of braided stream characteristics are explained. 

2. VEGETATION GROWTH ON BARS IN NATURAL RIVERS 

Fig 1 shows aerial photographs of the Kizu River, Kyoto Prefecture, Japan. In 1948, 
vegetation was not seen in the river reach and streams were braided. Vegetation grew on 
bars, however, and the number of streams decreased to one by 1990. These changes are 
likely to be related to the control structure’s moderation of water and sediment discharges 
Fig 2 shows the annual maximum value of mean hourly water discharge in the Kizu River. 
Bars are submerged by discharge that exceeds 2000 m3/s. Flood control began when the 
Takayama Dam Reservoir was constructed upstream of the river reach in 1969. As a result, 
the occurrence of peak flood discharge over 2000m3/s was reduced to 57%. These 
reductions in peak water discharge decreased the amount of water flow on bars and 
promoted vegetation growth. Furthermore, bed material in the river reach has become 
coarser and the bed elevation in streams has lowered. It is considered that the decrease in 
sediment supply as a result of dam operations causes these phenomena and promotes 
channel stabilization.  

1948

1990

1948

1990

Fig. 1  Vegetation growth on bars in the Kizu River, Kyoto, Japan. 
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Fig. 2  Annual maximum value of mean hourly water discharge in the Kizu River. 
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3. NUMERICAL METHOD  

Depth integrated conservation equations of mass and momentum for water were used in 
the present study. In order to evaluate sediment budget vectors, the velocity components 
at the bed surface were evaluated using the curvature of the streamline (Engelund, 1974). 
The sediment transport rate was evaluated using the Ashida-Michiue formula, and the 
influence of local bed inclination on sediment transport rate and direction was estimated 
(Ashida, et al., 1991). A spatial lag between the shear stress and sediment transport rate 
was included in the estimation of sediment transport rate (Nakagawa, et al., 1983). 
Sediment discharge in vegetated areas was calculated using effective shear stress. The 
theory of exchange layer was applied to evaluate sediment grain size distribution (Hirano, 
1972). The effect of vegetation on flow was considered as drag force as follows (Shimizu, 
et al., 1995): 

( 2 21
2D D )F C u v h= ρψ +                          (1) 

where h is the water depth, u and v are the velocity components in the longitudinal and 
transverse directions, respectively, ρ is the water density, CD is the drag coefficient and 
ψ is the density of vegetation. Vegetation is assumed to grow at a linear rate over time 
until ψ= 0.05 as follows:  

(0.05 d ft Tψ = )                                 (2) 
where td is the accumulated dry bed time at each numerical grid, and Tf is the time that 
each numerical grid is filled with vegetation. In the case of application of this model for 
natural rivers, these parameters and coefficients should be estimated for each type of plant. 
When calculation points are judged as dry bed, vegetation begins to grow. When the bed 
elevation was lower than the dry bed value when vegetation began to grow, vegetation is 
considered to have washed away. The conservation equations of water flow are 
discretized by the TVD-MacCormack scheme (Causon, 1989) because sub- and 
super-critical regimes tend to coexist in flows over bars.  

The simulated flow domain is a straight rectangular open channel, 15 m in length, 
1/100 in longitudinal bed slope. The initial bed geometry is flat with random small 
disturbances as large as 1/10 of the sediment diameter. Constant water discharge is 
supplied from upstream. Sediment transport rates at open boundaries are calculated 
according to local hydraulic conditions. Non-uniform sediment, which has a standard 
deviation of 1.93 and a mean diameter of 1.09mm, is used as bed material. Simulated 
cases are shown in Table 1. According to the criterion for meso-scale bed configurations 
(Muramoto, et al., 1978), multiple row bars are to be formed in all cases. The hydraulic 
conditions at 3hr in Case 1 were used as the initial conditions for calculations in Cases 2, 
3 and 4. The sediment discharge upstream is reduced in Case 4 by replacing the bed 
material upstream of the simulation domain with slightly coarser sediment (see Table 1). 

Table 1  Hydraulic Conditions for Numerical Computations. 

 Vegetation Water discharge
(m3/s) 

Width 
(m) 

Non-dimensional 
shear stress 

Width-depth 
ratio (B/h) 

Mean diameter 
(mm) 

Case 1 ― 0.00380 2.0 0.041 268 1.09 
Case 2 ○ 0.00380 2.0 0.041 268 1.09 
Case 3 ○ 0.00253 2.0 0.032 342 1.09 
Case 4 ○ 0.00380 2.0 0.041 268 1.31 
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Fig. 3  Vector plots of depth-averaged water velocity in Cases 2 and case3. 

4. RESULTS AND DISCUSSION 

4.1 Effect of water and sediment supply reduction on geometry of braided streams 
Figures 3 and 4 show vector plots of depth-averaged water velocity and plane distribution 
of vegetation density, respectively, in Cases 2 and 3. The number of streams decreases 
over time in Case 3 and only 1 or 2 large streams are left. In contrast, several streams can 
be seen in Case 2. Furthermore, the length and width of each stream varied widely in Case 
2, thus a characteristic scale of streams is difficult to identify, suggesting a possibility that 
streams have a self-similar characteristic. Hereafter, scales of islands are discussed in 
order to examine the self-similar characteristics of streams. Figure 5 shows the correlation 
between the island area (A) and their number (P(A)) per square meter. P(A) is the number 
of islands that are larger than A. The broken line drawn in Figure 5 indicates the following 
power law:  

( )P A C Aα=                               (3) 

in which α is the critical exponent and C is a constant. The number of islands increases 
with the decrease of island area and agrees well with Eq. 3 in Cases 1 and 2. The 
phenomena described by Eq.3 are regarded as having self-similar characteristics 
(Takayasu, 1986). Hence, the distribution of island area can be said to be self-similar and 
have fractal characteristics. These results suggest that the streams produce physical 
phenomena having a wide range of scales in rivers. To maintain natural riverine 
ecosystems, it is necessary for varying sizes of plants and animals to coexist in the river. 
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Hence, braided streams with large shear stress are considered to be effective for 
promoting natural riverine ecosystems.  

With time, vegetation grows on bars in Case 3, because the frequency with which water 
covers the bed in vegetated areas decreases, and the shear stress required to wash them 
away is reduced. As a result, the critical exponent is not constant and P(A) has some peaks 
at approximately A = 0.09, 0.3 (m2) and so on. This result shows that the physical 
environment in rivers is simplified. 

Figures 6, 7 and 8 show vector plots of depth-averaged water velocity in Case 4, plane 
distribution of bed elevation, and mean diameter of bed material in Cases 2 and 4, 
respectively. The area of islands spreads over time and the course of streams are 
unchanged in Case 3. With time, vegetation grows on bars in Case 4 because the sediment 
is coarsened and sediment movement in the vegetated areas is suppressed. The decrease in 
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bed elevation in streams (indicated by circles in Fig. 7) due to the lower sediment supply 
also contributes to vegetation growth on bars because the water surface level is reduced 
and the frequency with which water covers the bed in the vegetated areas decreases. 

4.2 Temporal variation of stream characteristics  
Streams bifurcate and merge numerous times and the plane geometry of a stream changes 
with time, thus, streams do not seem to approach an equilibrium state as seen in Case 2. It 
is assumed that the temporal variations of streams occur as a result of the unsteadiness of 
water and sediment discharge in streams. Water and sediment are supplied constantly 
from upstream. However, water and sediment discharge in streams changes with time. 
The temporal variation of bed geometry at stream bifurcation points and the formation of 
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new anabranches change the distribution of water discharge in the bifurcated streams. 
These changes in the water flow field produce new changes in bed geometry at other 
reaches. Vegetation growth influences these time variation characteristics of the streams.  

The relationship between the number of dry bed numerical grid points and their life 
span during 7200s (from 7hr to 9hr) is shown in Fig 9. The life span of dry bed points 
ranges across broadband time scales in Case 2. The number of dry bed points decreases 
with the length of their life span and agrees well with Eq. 3. This result supports the above 
suggestion that streams produce a wide range of physical phenomena in rivers and are 
effective for promoting natural riverine ecosystems. On the other hand, the critical 
exponent in Case 3 becomes smaller and the long time scale phenomena are dominated by 
vegetation growth. This result suggests that the courses of streams remain relatively 
unchanged over time and the increased stability of a river channel is related to significant 
vegetation growth on bars due to decreased peak flood discharge. 
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Fig. 9  Relationship between the number of dry bed numerical grid points and their life span during 7200s 

(from 7hr. to 9hr.). 

5. CONCLUSIONS 

The stabilization mechanism of braided streams by control of water and sediment supply 
was verified through field observations and numerical computations focusing on 
vegetation growth on bars. The results are summarized as follows:  

(1) The power law presents the correlation between the area of islands and their 
number. This result suggests that streams diversify the physical environment of plants and 
animals and promote the restoration of natural riverine ecosystems. (2) The frequency 
with which water covers the bed in vegetated areas decreases and promotes vegetation 
growth by reducing peak flood discharge. Furthermore, vegetation suppresses the 
development of small streams and promotes the growth of large streams. As a result, the 
physical environment in rivers is simplified. (3) Reduction in sediment supply causes a 
coarsening of bed material and a decrease in bed elevation in streams, promoting channel 
stabilization. (4) Water and sediment discharge in braided streams changes with time 
under a constant water and sediment supply. Thus, streams change with time and the life 
span of dry bed points ranges across broad time scales. These results demonstrate that 
braided streams produce spatiotemporal diversified physical phenomena in rivers. (5) 
Significant vegetation growth causes an increase in the stability of streams and simplifies 
the physical environment of plants and animals inhabiting rivers.  
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Abstract: Bank failure during flood along the middle and lower reaches of the Yangtze River forms 
a major threat for the most developed part of China. One of the causes of bank failure is 
flood-induced riverbed erosion near the bank. This kind of bed erosion can be considered as a local 
short-term fluctuation of the bed level, driven by variations of the hydrodynamic conditions. This 
paper focuses on the mechanisms underlying these short-term bed level fluctuations. Two important 
mechanisms had been identified, one due to river width variation, the other one due to bend effects. 
Both mechanisms had been studied by analysing the equilibrium morphological configuration as a 
function of the river discharge conditions. It is found that the difference between the equilibrium 
depth in a narrower and in a wider section is not constant, but depends on the river discharge: the 
higher the discharge, the larger the difference. A river in flood will therefore erode in its narrower 
sections. Similarly, the bed in an outer bend will erode during flood, because the equilibrium bed 
level difference between outer and inner bend increases with increasing discharge. It is shown that 
the potential erosion depth for typical field conditions in the middle reach of the Yangtze River can 
be many metres. However, a natural river is never in morphological equilibrium, but ever adjusting 
to the changing river discharge. The analysis of the morphological equilibrium as a function of the 
discharge therefore does not reveal whether or not the potential erosion depth will be attained. A key 
parameter determining this is the ratio between the relevant morphological time scale and the 
duration of the flood. In the case of river width variation the relevant morphological time scale can 
also be well estimated analytically. It is shown that this time scale is relatively short so the potential 
erosion depth can probably be attained within a single flood. For the case of river bend this is more 
difficult. Moreover, the axis symmetrical approach for the morphological equilibrium does not 
apply for most river bends. Therefore numerical experiments have been carried out for the river 
bend case, in order to verify the analytical results and to determine the relevant morphological time 
scale. 

Keywords: numerical experiment, river bed scour, Yangtze River 

1. INTRODUCTION 

The Yangtze River is the largest river in China (Fig.1). The Middle and Lower Yangtze 
River, from Yichang to the estuary, is about 1900 km long. This part of the river flows 
through the most developed area of China. The total length of the bank line of the middle 
and lower reach of the Yangtze River’s main stem is more than 4200 km, among which 
the length of the part endangered by bank failure amounts some 1500 km (Xia and Lu, 
2001). This means that about 35 percent of the total bank length are threatened by flood. 
Bank failure not only threatens the dikes, but also has important effect on the navigation 
and the economic development along the river. 
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Fig. 1  Yangtze River 

One of the causes of bank failure is flood-induced river bed erosion near the bank. This 
kind of bed erosion can be considered as a local short-term fluctuation of the bed level, 
driven by variations of the hydrodynamic conditions. River bed scour during flood can 
have many causes, among which: 
－ long-term large-scale morphological changes, e.g. general degradation of the river 

bed downstream of a reservoir; 
－ the local flow pattern at high water, by which the river bed is attacked; 
－ short-term fluctuations driven by variations of  the river discharge.  
Scour of the first category can be studied using large-scale morphological models. 

Scour of the second category is site-specific, i.e. every case has to be considered 
individually and it is difficult to draw generic conclusions. Here we are particularly 
interested in the third category of scour. We consider situations of global morphological 
equilibrium.  

The mechanisms of the seasonal fluctuations of the bed level with respect to the 
equilibrium state are identified and analysed by Li et al. (2002). Two important 
mechanisms had been identified, one due to river width variation, the other one due to 
bend effect. Both mechanisms had been studied by analysing the equilibrium 
morphological configuration as a function of the river discharge conditions. It has been 
shown that the potential erosion depth for the case of Jiujiang reach (Fig.2) can be many 
meters. Furthermore based on a rough estimation of the relevant morphological time 
scales it is concluded that the full potential erosion depth due to constriction and a large 
part of the potential erosion depth due to bend effect can probably be attained. In this 
paper, numerical experiments are presented for the river bend case. The purpose of the 
numerical experiments is to verify the analytical results and to obtain a better estimation 
of the relevant morphological time scale. 
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Fig. 2  Planform of Jiujiang Reach 

2. PREVIOUS ANALYSIS 

Here the analysis of Li et al (2002) for determining the potential erosion depth due to 
constriction and due to bend effect is briefly summarised. The analysis is based on a 
consideration of the morphological equilibrium for different river discharges.  

For the case of river width variation, the following relation can be derived for the water 
depth (See e.g. Jansen et al, 1979): 

                 

1

1 2

2 1

n
nh B

h B

−

 
=  
 

        (1) 

where the value of n depends on the sediment transport formula, , is the river width 
and water depth of upper reach, ,  is the river width and water depth of the 
constriction section. 

1B 1h

2B 2h

For the case of Jujiang reach (Fig.2), the width of the upper reach here is about 2300m, 
and the width of the cross section near Jiujiang is about 1300m. If the width of the river 
does not change with the flow and the bank is fixed, application of equation (1) using n=5 
(which agrees with the sediment transport formula of Engelund-Hansen) yields: 

                    2 1.58h 1h≈         (2) 

The equilibrium depth in a narrower section is larger. More important is the fact that 
this relation applies for different discharges, which means that the difference between  
and  will increase with increasing discharge because the equilibrium depths are larger 
for higher discharge. In a river with a varying discharge, width variations thus tend to 
amplify the seasonal variation of the bed level. For the case of Jiujiang reach it is shown 
that the difference has to increase for about 5 m from dry season to wet season. This 
increase of the depth difference means erosion in narrower sections and sedimentation in 
wider sections. 

2h

1h
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For the case of river bend, the analysis is restricted to the axis symmetrical equilibrium 
state, i.e. the equilibrium situation at the downstream end of a very long bend. This means 
that that the overshoot phenomenon is not considered.  

The secondary flow transports sediment from the outer bend to the inner bend causing 
a larger water depth at the outer bend. On the other hand, the transverse bed level gradient 
will cause a transport from the inner bend to the outer bend. When these two transport 
components counterbalance each other the bottom is in equilibrium. Thus for the 
equilibrium situation the total sediment transport in the transverse direction is zero. After 
some elaborating, the following relation can be derived for the water depth of river bend. 

                   h Arγ=                 (3) 
where r is the local curvature radius, A  and γ  are a coefficient, the value of γ  is 
typically 10. By using the equation (3), the equilibrium depth of river bend can be 
calculated for different discharges. 

The bed in an outer bend will erode during flood because the equilibrium bed level 
difference between the outer and the inner bend increases with increasing discharge. For 
the Jiujiang reach, with a radius of the curvature at the inner bend of about 7.3 km, it is 
shown that the difference between the depth at the outer bend and that at the inner bend 
should increase for more than 10 m from dry season to wet season.  

Based on the analysis it is concluded that the potential erosion depth during flood can 
be many meters. However, a natural river is never in morphological equilibrium, but ever 
adjusting to the changing river discharge. The analysis of the morphological equilibrium 
as a function of the discharge therefore does not reveal whether or not the potential 
erosion depth will be attained during flood season. A key parameter determining this is 
the ratio between the relevant morphological time scale and the duration of the flood. 

For both cases the relevant morphological time scales have been roughly determined by 
estimating the amount of sediment to be moved and the relevant sediment transport rates. 
In the case of river width variation the relevant morphological time scale is to be short 
(several days) relative to the flood period, indicating that the potential erosion depth can 
probably be attained within a single flood. This conclusion is also supported by the results 
of the numerical simulations using 1D morphological model described by Van der Klis 
(2001).  

For the case of river bend the time scale determined is in the same order as the flood 
duration, if only the lateral sediment transport is considered. In reality the axis 
symmetrical approach for the morphological equilibrium does not apply for most river 
bends. This means then also that the relevant morphological time scale is more difficult to 
estimate because it is not known what role the longitudinal transport component plays. 

Therefore, in this paper, numerical experiments have been carried out for the river bend 
case, to verify the analytical results and to determine the relevant morphological time 
scale.  

3. NUMERICAL MODEL 

The system applied in this study is Delft3D system. The Delft3D system is designed to 
simulate wave propagation, currents, sediment transport, morphological developments and 
water quality aspects in coastal river and estuarine areas. The morphological evolution of 
river bed concern the fully coupled activities of flow, sediment transport and bed level 
change. In Delft3D system, this fully coupled system is decomposed in separate systems 
concerning flow, sediment transport and bed level change, sequentially operating but 
using each other’s result.  
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3.1 Flow Model 
In Delft3D system, the flow model is based on the depth-averaged shallow water 
equations, which are solved on a curvilinear grid. The system of equations consists of 
horizontal momentum equations and the continuity equation. The momentum equations in 
x- and y-direction are: 

,b x xFu u uu v g fv
t x y x h h

τη
ρ ρ

∂ ∂ ∂ ∂
+ + + − = +

∂ ∂ ∂ ∂ ∑       (4) 

,b y yFv v vu v g fu
t x y y h

τη
hρ ρ

∂ ∂ ∂ ∂
+ + + + = +

∂ ∂ ∂ ∂ ∑  .     (5) 

The depth-averaged continuity equation reads: 

0h hu hv
t x y

∂ ∂ ∂
+ + =

∂ ∂ ∂
       (6) 

in which ,x yF F  is the forcing due to turbulent momentum flux, wind, etc.,   is the 
depth averaged velocities in x and y direction,

,u v
,hη is the instantaneous water level and 

water depth,  is the time, t ρ  is the water density, bτ  is the bed shear stress,  is 
the Coriolis parameter. 

f

The flow in a river bend is basically three-dimensional. The velocity has a component 
in the plane perpendicular to the river axis. This component is directed to the inner bend 
near the river bed and directed to the outer bend near the water surface. 

This so-called 'secondary flow' (spiral motion) is of importance for the calculation of 
changes of the river bed in morphological models. In a 3D model the secondary flow is 
resolved on the vertical grid, but in 2D depth-averaged simulations the secondary flow has 
to be determined indirectly using a secondary flow model. It strongly varies over the 
vertical but its magnitude is small compared to the characteristic horizontal flow velocity. 

The vertical distribution of the secondary flow is assumed to be a universal function of 
the vertical co-ordinate ( )f σ . The actual local velocity distribution originates from a 
multiplication of this universal function with the spiral motion intensity: 

0

1

( ) dI v σ σ
−

= ∫        (7) 

The secondary flow is defined as the velocity component ( )v σ normal to the 
depth-averaged main flow. The spiral motion intensity of the secondary flow I is a 
measure for the magnitude of this velocity component along the vertical:  

( ) ( )v Ifσ σ=         (8) 

The spiral motion intensity I can also be used to determine the deviation of the 
direction of the bed shear stress from the direction of the depth-averaged flow.  
The component of the bed shear stress normal to the depth-averaged flow 
direction bτ  reads: 

22 (1 )
2b UIατ ρα= − −       (9) 

where α  is 1
2

g
C

α
κ

= <  , and U  is the magnitude of the depth-averaged velocity. 
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3.2 Sediment Transport Model 
Sediment transport are calculated by the algebraic sediment transport formulas 
implemented in Delft3D system, such as Engelund-Hansen (1967), Meyer-Peter and 
Muller (1948), van Rijn (1984) etc. In this study the formula of van Rijn (1984) is used to 
calculate the magnitude of sediment transport. 

The sediment transport components can be expressed as: 
cos( )x sS S α= , sin( )y sS S α=  

where  is the magnitude of the sediment transport and S sα is the direction of sediment 
transport. 

The direction of sediment transport sα  is computed by formula: 
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where the effective shields numberθ  is  
2
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in which , ,fy a bα are coefficient. In the computation, the values of these coefficients are 
set as 0.85,0.5 and 1.0. 

The direction of shear stress is computed by: 
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where I is the intensity of the spiral motion as computed by flow model,  is the shear 
stress velocity, 

*u
κ is the von Kárman constant, is the Chézy coefficient, C sE  is a 

coefficient. In the computation, the value of sE is specified as 1.0. 

3.3 Bottom Model 
In Delft3D system the bed level variation are determined based on the sediment transport 
field. The bed level change follows the conversation of sediment mass: 

( )1 ya x
d

Sz S T
t x y

ε
∂∂ ∂

− + + =
∂ ∂ ∂

      (13) 

where ,x yS S is the bed-load sediment transport components in x and y direction, is 
the bed level,

az
ε  is the bed porosity,T is the deposition or erosion rate due to suspended 

load. 
d

The bottom module of Delft3D system contains several explicit schemes of the 
Lax-Wendroff type, updating the bathymetry from the divergence of sediment transport 
field. 

3.4 Model Setup 
The modeled area is a schematized axis symmetrical bend with two straight channels. The 
channel dimensions are chosen to be representative for the Yangtze River Jiujiang Reach.  
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The modeled reach is about 51 km long with an averaged bed slope of 0.25 m/km. The 
cross section of the channel is rectangular. The radius of inner bend is 7.3 km; the width 
of the channel is 2.3km. Both straight channels have the same length and width, the length 
is 15 km and the width is the same as the bend reach, 2.3 km. 

The 2300 m wide main channel is schematized by a computational grid with 285 cells 
in longitudinal direction and 23 cells in transverse direction. Two discharges are selected 
to investigate the effect of flow discharge on the morphological time scale, the smaller 
discharge is kept constant at 24000 m3/s (representative discharge of annual averaged 
discharge) and larger discharge is 60000 m3/s (representative discharge of the averaged 
discharge in flood season). In both cases the downstream boundary condition is a constant 
water level respectively.  

The Chézy coefficient for hydraulic roughness is 52 m1/2/s. The median grain size of 
the bed material and suspended sediment is 0.15 mm and 0.063mm respectively for the 
whole reach in flood season.  

3.5 Numerical Consideration 
For a proper simulation with Delft3D system, the following time steps limitations hold: 

1. Courant number BTσ for surface waves (barotropic mode) should be less than 4 2 . 

2. Courant number lσ  for the convection should less than 1. 
These conditions are defined by, respectively 

4 2BT
tgh
x

σ ∆
= <

∆
, 1l

tU
x

σ ∆
= <

∆
. 

Usually the most restrictive time step is due to the barotropic Courant number BTσ . 
This restriction is based on accuracy rather than stability. In this study we use a 
computational time step of 1 minute for flow field computation. 

River bed changes are computed with an automatic stepping mechanism to satisfied a 
stability condition of a maximum Courant number for bed celerity of 0.7.  

4. COMPUTATIONAL RESULTS 
Fig 3 and Fig 4 show the corresponding total erosion and sedimentation after 2 months 
and after 4 months for the case of discharge 24000 m3/s (left figure), and for the case of 
discharge 60000 m3/s (right figure).  

Generally, accretion occurs at the inner bend and the outer bend is scoured in both 
cases, as expected. Table 1 shows the maximum scour depth of river outer bend for both 
cases after 2 months’ and four months’ duration of flood. From the result of the numerical 
simulation, it can be found that the magnitude of discharge has significant effect on the 
change of river bed. The higher the discharge, the more the outer bend will be scoured 
with the same duration of flood. The duration of the flood plays an important role in the 
formation of the deep pools. The longer the duration the more the outer bend will be 
eroded with the same magnitude of flood. Because the duration of flood seasons lasts 
from May to October in Yangtze River, so the river bed of outer bend will be scoured 
many meters during flood season, which will heathen the safety of river bank.  

Table 1  maximum scour depth of the outer bend 

Discharge (in m3/s.) Scour depth (in meters) 24000 60000 
Two months 0.8 m 9.7 m Duration of flood Four months 1.8 m 28 m 
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Fig. 3  Computed total erosion (negative) and sedimentation (positive) after 2 months for case of 
 discharge 24000 m3/s (left) and 60000 m3/s (right). 

 
 

Fig. 4  Computed total erosion (negative) and sedimentation (positive) after 4 months for case of  
discharge 24000 m3/s (left) and 60000 m3/s (right). 

The results of the simulations so far indicate that an erosion depth of many meters at 
the outer bend can easily be attained. On the other hand, the simulations do not show that 
a morphological equilibrium is established at the end, although steady flow situations are 
considered. Especially for the high discharge situations it is questionable if an equilibrium 
exists. The simulation results with Q=60000 m3/s show that the deposition at the inner 
bend and erosion at outer bend are ever growing which eventually makes the river much 
narrower. This may be an indication that the meandering regime does not apply for the 
considered river configuration and high river discharge.  
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5. DISCUSSION AND CONCLUSIONS 

Two important mechanisms for seasonal bed level fluctuation have been identified and 
analysed earlier (Li et al, 2002), one due to river width variation, the other due to bend 
effects. These two mechanisms were studied by analysing the equilibrium morphology 
under different river discharge conditions. It is shown that the potential erosion depth for 
typical field conditions in the middle reach of the Yangtze River can be many metres, 
which is of the same order of magnitude as the observed river bed scour during a flood. 
Numerical experiments have been conducted for the river bend case to verify the 
analytical results. 

Based on the Delft3D system, morphodynamic simulations of a schematised river bend 
with similar characteristics of the Jiujiang reach in the Yangtze River have been carried 
out for different discharges representing normal and flood season situations. From the 
results of the numerical simulations, it is found that the magnitude of discharge has 
significant effect on the change of the river bed level. The higher the discharge, the more 
the outer bend will be scoured with the same duration of flood. The duration of the flood 
plays an important role in the formation of the deep pools. The longer the duration the 
more the outer bend will be eroded with the same magnitude of flood. The results indicate 
that the potential erosion depth during flood due to bend effect should be easily attained 
within a flood season which lasts from May to October in the Yangtze River. However, 
the results seem also indicate that an axial symmetric morphological equilibrium for the 
considered river bend does not exist under high discharges representing the flood season, 
because the river regime is then not meandering.  

More comprehensive analysis, analytical as well as numerical, is required to obtain a 
better understanding of the problem. Stability analysis (e.g. Struiksma et al, 1985) should 
be carried out in order see if the meander theory can be applied for the river under 
consideration. More numerical simulations should be carried out for time-varying 
discharge and for more realistic geometry’s, etc. Such simulations will also help giving 
more detailed information concerning the important characteristics of a flood and 
sediment transport that determine the scour depth. 
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Abstract: The objective of this paper is to demonstrate the mountain streams, which exhibit high 
sediment transport and channel gradient, to be not suitable in order to approach the morphological 
equilibrium concept, to analyze the channel modelling phenomena and to apply the hydraulic 
geometry principles.  For this aim the bed-load transport equation of Meyer-Peter and Müller has been 
used. 
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1. RIVER MORPHOLOGICAL EQUILIBRIUM 

The characteristics of a water course or any reach thereof are the result of different 
modelling processes, which depend both on environmental parameters, that is the 
geological and climatic nature of the reference river basin, and on factors closely linked to 
flow processes in each reach, which may be termed hydraulic parameters. 

Water flow Q, sediment discharge Qs and sediment size d in a generic cross-section of a 
water course, though intervening directly in flow processes within the reach in question, 
depend on the hydrological, climatic and geological properties of the watershed upstream, 
hence on those parameters that affect water quantity on the one hand and slope degradation 
processes on the other. However, the slope of the river bed i, coefficient of flow resistance 
of the bed and banks, velocity v, depth h of the current and width of the river bed w, 
generally depend on the flow processes, which occur at the scale of each cross-section or, at 
the most, of the whole reach. The relations proposed by Leopold and Maddock (1953) for 
the transition of a river network from upstream to downstream express the adaptability of 
the geometry of reach cross-sections to the passing of flow QF of frequency F: 

b
FaQw =                                                                          (1) 
d
FcQh =                                                                         (2) 

f
FeQv =                                                                          (3) 

where b, d and f are constants, and a, c and e different parameters according to the river 
basin concerned. 

To complete what was deduced by Leopold and Maddock (1953), Yang and Song (1986) 
as well as Rodriguez-Iturbe et al. (1992) introduced the relation: 

jQi ∝                                                             (4) 
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in which the exponent j varies along the water course with variations in morphological 
characteristics of successive sections. It expresses the capacity of the water current to 
modify, hence to model, also the average gradient i of a single reach of a river network. 

If the previous equations are basically empirical, the energy-based Rodriguez-Iturbe et al. 
(1992) approach in other methods is quite different. Water and sediment flow processes 
depend on the potential energy possessed by the water-sediment mixture that,  along its path, 
water will transform into power expended to transport sediment downstream and overcome 
flow resistance.  

If the available energy is different from that required for transport, the river section will 
be described as being its dynamic phase, which generally consists of progressive modelling 
of the geometry of successive cross-sections and the average channel bed gradient i of the 
river section. In particular, if the energy available exceeds the power required, the energy 
surplus will be used to continue to model the reach, eroding part of the bottom sediment or 
banks. The evolutionary process will, in this case, be erosive, which is why the river section 
will be referred to as being in an erosive phase, with a predictable reduction in the 
elevations of the river bed and a possible loss of bank soil. By contrast, when the available 
energy is not enough to ensure downstream transport of all the material load from upstream, 
river bed sediment storage processes will occur, the reach will be described as being in a 
sedimentation phase and the elevations, that is the bed gradients, will tend to increase. 

Thus each reach of the river system, through a process of erosion or sedimentation, is 
modelled since the current seeks out the slope and geometric configuration which will allow 
it to transport downstream all the material supplied from upstream, tending towards a state 
of morphological equilibrium. It implies the adjustability of the channel form and profile to 
changes in independent variables such as sediment load Qs and water discharge Q. This 
means that the evolution of a river reach and its cross-sections tends towards a state of 
equilibrium, in which i, h and w, and hence the exponents of equations reported by Leopold 
and Maddock (1953), assume constant or equilibrium values. In reality, this is a dynamic 
equilibrium, in the sense that, on average, sediment flows from upstream will be transported 
downstream over time, without erosion or sedimentation. In equilibrium conditions, 
therefore, we may consider as constant the average values of the parameters defining the 
geometry of the river bed and the flow processes which develop in it. In terms of energy, in 
each section of a river reach in equilibrium, current energy and work required to transport 
the water-sediment mixture downstream will have comparable values. 

According to Copertino and al. (2000),  the set of equations (1), (2) and (3) are only valid 
on reaches which have reached equilibrium conditions and there is a precise value of flow 
QF. It is also evident that frequency F of flow QF that appears in equations (1), (2) and (3), 
changes with the variations in the morphology of the reach and the lithology of the soils in 
which the river bed is incised.  

On this regard, it is therefore helpful to proceed to classify schematically the various 
types of channel bed sections that may be found along a river network, identifying for each 
type which of Leopold and Maddock’s geometric parameters are dependent on flow 
processes, and what are the water flows that affect their modelling. 
 
2. CLASSIFICATION OF FLUVIAL STREAMS 

By further using the recent classifications of Rosgen (1996) and Kishi (1980) and 
summarizing the points made above, water courses may be classified into the following 
types 

- mountain streams, incised into fairly unerodible terrain (types A, B and G ,  according 
to Rosgen ,1996), which have very steep gradients that allow them to channel water and 
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sediment flows of whatever magnitude downstream, given the considerable energy 
involved. Sediments are channelized to the valley alluvial fan, which typically form 
whenever sediment is delivered in abundance, with very high values of sediment 
load/water discharge ratio p, to a depositional zone.   The river bed sections of this type 
will tend to reach equilibrium in extremely long times. Indeed, the times required to 
erode the characteristic rocky bed are the same order of magnitude as those of the 
geological phenomena that formed them; 

-the valley bed, with bottom gradients which are the result of an aggrading process which 
has already finished (aggraded beds) or is still evolving (beds in the sedimentation 
phase). During flooding, the current occupies the whole debris valley or only some 
parts, several single channel beds or lateral bar beds may be distinguished (types C and 
F according to Rosgen (1996) and Kishi’s “bars” (Kishi, 1980), in which the water laps 
against the banks even for flows which are not excessively great, and braided or central 
bar beds (’s type D  according to Rosgen (1996) and Kishi’s “braided” (Kishi ,1980). In 
the valley when the cross section, due to geomorphological reasons, narrows 
excessively, narrow bed sections may also be founded, whose behaviour is similar to 
that of incised mountain beds.  

-the lowland meandering bed (type E  according to Rosgen (1996) and Kishi’s “ripple 
and dune” bed (Kishi, 1980) is incised in sandy or silty soils. Its tendency to erode over 
time makes it similar to the incised mountain reach. Unlike the latter, however, the 
easier erodibility of the soils at the bottom of the bed and of the banks means that the 
bed evolves rapidly, despite the extremely low slopes. Although the current has less 
energy than in previous reaches, its energy is still surplus to the work required to cross 
the last section and reach its final destination. The water course will thus tend to erode 
the bottom and banks, given the availability of material, and ultimately take on a 
meandering pattern. 

Transition reaches are those where there is a link between the different situations 
upstream and downstream: as always occurs in nature, the transition from one type of reach 
to another is never clear-cut, but occurs gradually through frequent intermediate reaches 
where there is an overlap of properties belonging to different types (Kishi’s transition beds). 

In Copertino et al. (2000) the features of the stream types are shown to be the result of a 
different combination among environment factors (water discharge, sediment load and 
grain size d) and hydraulic factors, such as bed width w, water velocity v and depth h, flow 
resistance coefficient k' and bottom gradient i. Indeed, in the alluvial valley, where, given 
the abrupt variation in slope and hence flow energy, the solid material at the bottom chiefly 
consist of gravel, i depends on Q both  for single channel streams and for braided streams, 
whereas the bed width is a factor independent for single channel streams and adjustable 
with discharge for braided streams. Particularly, all the factors, which are dependent, 
change with the discharge Q10÷20 corresponding to a recurrence time of 10÷20 years, as well 
as in the lowland meandering streams i and w depend on Q2.  In fact, in those streams the 
modelling action has an effect both on bottom slopes and on bed widths (Lacey, 1929; 
Viparelli,1972; Blench ,1957; Blench ,1986). As stated above, according to the 
hydrological, climatic and geological features of the stream, modelling is also determined 
by flows of suitable frequency.   

This means that an adjustability of the channel form and profile to the changes in 
independent factors and an equilibrium configuration  are possible in single channel, 
braided and meandering streams. By contrast, as stated in Copertino and al. (2000), 
mountain streams, often taken as study sites to verify the hydraulic geometry relationships 
Molnár and Ramírez (1998a, b), Rodriguez-Iturbe et al. (1992),  have to be reduced in bed 
elevation over geologic time, so that the morphological equilibrium and  modelling 

 1604



 

discharge concepts do not strictly apply.  
The aim of this paper is to verify the previous statement by the implementation of the 

Meyer-Peter and Müller (1948) equation to the mountain streams.   
 
3. APPLICATION OF MEYER-PETER EQUATION AND RESULT ANALYSIS 

The bed-load transport Meyer-Peter and Müller formula (1948): 

3/2
3/2

14.017.0 p
dqd

i
+=                                                         (5)  

where d(m) is the characteristic grain size and q=Q/w (m3/sm) is the unit discharge, has 
been tested for gravel bed rivers in morphological equilibrium state and is normally applied 
in each type of streams. For this reason, once p and d are known, it can be assumed as an 
equation suitable for the analysis of the fluvial modelling processes. In Fig. 1a and 1b the 
specific discharge q as a function of the bed gradient i is shown.   Plotted curves are both for 
given percentages of the p ratio, with extremes of 0.002 and 0.02, and for grain size 
changeable between the gravel (d=0.03m) and the large boulders (d=0.50m) average 
diameters.  
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Fig. 1a   q as a function of i according to Meyer.Peter and Müller equation (p=0.002)  
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Fig. 1b   q as a function of i according to Meyer.Peter and Müller equation (p=0.02) 
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A general decrease in bed gradient i with increasing unit discharge q is apparent in each 

curve in the Fig. 1a and 1b until the bed slope reaches a minimum. It is essentially this 
minimum which we can define as the equilibrium slope required for the transportation of all 
the sediment load supplied from the drainage basin. The unit discharge corresponding to 
this minimum slope is the modelling discharge, necessary to channel forming and reaching 
the equilibrium state. Because of the asymptot, for each curve we have assumed the 
equilibrium condition at the point where the curve tangent has an inclination α of 89.998 
degrees (tgα≈35000). The equilibrium condition points are represented by the black dashes 
in Fig. 1 a and b and are also shown  in Fig. 2 as a function of the p ratio and the grain size d.   
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Fig. 2  Changes of modelling discharges and bed slope with p and d 

 
As shown in Fig. 2, fixed the grain size d, the modelling discharge has a constant value 

and does not change with  p. By contrast, fixed  d, the stream equilibrium slope is an 
increasing function of p, that depends on the sediment supply from upstream and, 
consequently, on the slope degradation processes in the catchment area.   

As may be observed in Fig. 1b and 2, the equilibrium slope so obtained for mountain 
streams, which have p values very similar to 0.02 and grain size d≥ 0.50m, is close to 0.04. 
This means that all the fluvial streams with a bed gradient higher than 0.04, for example the 
A1 type according to Rosgen (1996), are not in equilibrium condition, as they should take 
place on the decreasing branch of each q(i) curve obtained for any  p and d (for example, see 
any curve in Fig. 1b, referred to p=0.02). These streams could reach the equilibrium state 
only over geological time, not only due to their  unerodible bed soils, but also because the 
requested modelling unit discharge, equal to about 95 (m3/sm) (see Fig. 1b and 2). Indeed, 
also if mountain streams are incised in V shape valleys and  have low widths, they should 
request modelling discharges very high, compared to the  normally small surface of the 
upstream watershed.  

Therefore, these q values correspond to very high recurrence intervals, similar to the 
geological times. This represents a confirmation of what stated in Copertino and al. (2000), 
that is in mountain streams morphological processes are so slow to allow to assume, for 
technical purposes, that current flow condition are of equilibrium and w and i are 
independent from flow action. 
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4. CONCLUSIONS AND REMARKS 

Steep mountain streams seem to achieve their stability, that means constant dimension, 
pattern and profile, over geological time. Consequently, taking mountain streams as study 
site to estimate regression variables and exponent values in morphological evolution 
models such as the equation (1), (2) (3) and (4),which are only valid for streams  in 
equilibrium condition, and to determine bed equilibrium width and  gradient by the 
Meyer-Peter and Müller relation, is not appropriate.   
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Abstract: Based on the differences of transport mechanism between the uniform and non-uniform 
sediment, the additional force acted on non-uniform sediment has been divided into two parts in this 
paper. One is caused by the force-arm acted on non-uniform sediment. The other is caused by the 
influence of the non-uniform sediment to the flow structure near river-bed with non-uniform bed 
material. A formula used to compute the threshold velocity of the non-uniform sediment is 
established. Based on the experiment and filed data the coefficients in this formula are determined. 
The results fully reflect the characteristics of threshold motion of non-uniform sediment.  

 

Keywords: non-uniform sediment, incipient motion velocity, additional force, flow structure 

1. INTRODUCTION 

Obvious differences of transport mechanism exist between the uniform and non-uniform 
sediment. The incipient motion mechanism of non-uniform sediment is very complicated, 
and the incipient motion and transport of non-uniform sediment are discussing by 
domestic and international scholars on a large amount. There are two kinds of main ways 
solving the problem. One is based on the mechanics theory, and the other is based on the 
random theory. Great majority studied this proceeding from shelter-exposure effect and 
non-uniform quality of non-uniform sediment. Zhang Qiwei (1992) pointed out that the 
shelter-exposure effect was caused by the water whirlpool after the coarse particle and the 
effects to coarse particle resting on the river-bed. Qin Rongyu (1980) expressed the 
shelter-exposure effects with an additional force. Fang Hongwei (1994) expressed the bed 
material characteristics with degrees of shelter-exposure. Sun Zhilin (1997) built up 
incipient motion velocity formula by using statistical theory, and thought that the pulse 
flown and random position of the coarse particles and the fine ones of non-uniform 
sediment played a decisive role in incipient motion of non-uniform sediment. Different 
from uniform sediment, except the blocking effect, hiding effect, cover effect and 
frictional force of non-uniform sediment, there is the influence effect of flow structure 
changing near river-bed caused by coarse particles. So we should consider the impact of 
sediment to flow structure in studying of incipient motion velocity.  

The flow structure near river bed with bed material is influenced by the bed form little 
perturbation and whirlpool move of water flow, and the interaction mechanism of 
sediment and water flow is very complicated. We should strengthen the research in this 
respect. In this paper, based on the influence of the interaction between the coarse 
particles and the fine ones of non-uniform sediment and the influence between the 
non-uniform sediment and flow structure, the additional force acted on non-uniform 



sediment has been divided into two parts. One is caused by the force-arm acted on 
non-uniform sediment, which is different from uniform sediment. The other is caused by 
the influence of the non-uniform sediment to flow structure near river-bed with 
non-uniform bed material. A formula used to compute the threshold velocity of the 
non-uniform sediment is established. Based on the experiment and filed data the 
coefficients in this formula are determined. The purpose of this paper is to explore a new 
way to research the threshold velocity laws of the non-uniform sediment.  

2. THE ADDITIONAL FORCE OF NON-UNIFORM SEDIMENT 

In order to reflect the force to non-uniform sediment, except the effective shear stress 
which are expressed in term of transport force or lift force and effective gravitational force 
acted on the non-uniform sediment, the influence of interaction between the coarse 
particles and the fine ones need take into account. Many researchers believed that the 
most important interaction is the effect of exposure or hiding. It is obvious that a coarse 
particle will take a protective action on the behind or underlying one, the effect is referred 
to hiding. The influence of interaction between the coarse particles and the fine ones is 
mainly expressed as the shelter-exposure effects. The shelter-exposure effects not only 
reflect the position of a sediment particle resting on the river-bed, but also reflect the 
position of adjacent sediment particles. The position of adjacent sediment particles just 
reflects the interaction between the coarse particles and the fine ones of non-uniform 
sediment, and this explains that the force and the arm of force acted on non-uniform 
sediment are different from uniform sediment’s. The force caused by shelter-exposure 
effect of non-uniform sediment is called the additional force. The additional force depends 
to a large extent on the interaction between the coarse particles and the fine ones. In 
analysis, the additional force is function of degree of expose and shelter actions, 
non-uniform sediment of wide size distribution and bed material, such as: R=F(k,m,…). 
We adopt Qin Rongyu (1980) assumption, the force R is indirect radio to bed shear stress 
of non-uniform sediment τc. R can be defined as 

2
0R cR dφ τ α=                             (1) 

where ΦR is coefficient; ( )c m s mK dτ γ γ= − is bed shear stress in which Km is 
dimensionless coefficient, dm is the average diameter of non-uniform sediment, m is the 
packing coefficient which is related to degree of non-uniform, and it is decided by 
hydraulic handbook; α is area coefficient; d0 is the diameter of the given grain size. 

Not only the coarse particles and the fine ones of non-uniform sediment influence each 
other, but also the sediment particles influence the flow structure near river bed. Zhang 
Qiwei (1992) pointed out that the shelter-exposure effects were caused by the water 
whirlpool after the coarse particle and effects to coarse particle rising high on the 
river-bed. Leng Kui (1993) pointed out that the group coarse particle influenced the 
motion of bed material by influencing the flow structure near river-bed. The river-bed 
configuration remarkable influences the velocity distribution, and it was varied from the 
change of size of river bed configuration. Besides, the velocity distribute were influenced 
by cross section shape, wall and suspend sediment of the river. One example is bed dune 
resistance.  

The river-bed configuration, the position of the particle, the size of sediment particle, 
the feature of the size distribution, etc, are all random distribution in natural river. When 
the liquid flow over the coarse particle, the flow structure around the coarse particle is 
changed because of outstanding position on river-bed. So the velocity distribute is 
different from uniform sediment’s, and take two times flow around the big sediment grain. 

   1609



The velocity distribute of uniform sediment u is satisfied with the relation of 1/6 power 
law. The changed value of u from uniform sediment to non-uniform sediment is u’. So the 
velocity distribution of non-uniform sediment can be written as u+u’. Than an extra force 
P is acted on the non-uniform sediment that is caused by u’. We suppose that the extra 
force P is in direct radio to the square bottom velocity ub, such as  

2
bP u∝           

At same time, according to Zhang Qiwei (1992) report, the force P expressed as follows 
. Than the P could be written as  0/ ln( /m mP d d d d∝ • 0 )

2

0 0

2
02 lnb mu d d

P
m

g d dP dφ α γ′=                          (2) 

where фp is coefficient; α` is area coefficient; γ is specific weight; ub is bottom velocity; 
d0 is the diameter of the given grain size; dm is the average diameter of non-uniform 
sediment. 

The total additional force F can be written as 
2

0

2 2
0 02 lnb mu d d

R c P 0

m
g d dF d dφ τ α φ α γ′= +                 (3) 

3. INCIPIENT MOTION VELOCITY FORMULA 

In general, the gravity, the shear stress and lift force of sediment in water could be 
described as 

                               (4)  3
0 0( )s dω γ γ α= −

22
1 0 2

bu
D D gF C dα γ=                              (5) 

22
2 0 2

bu
L L gF C dα γ=                              (6) 

here α0, α1, α2 are area coefficients; The ub is velocity of the height is d90 on bed. 
According to the 1/6 power velocity theory, we change the ub to the mean velocity U. 
Thus the formulas (5), (6) and (3) could be described as 

1 290 32
1 0 2( )d U

D D h gF C dα γ=                            (7) 
1 290 32

2 0 2( )d U
L L h gF C dα γ=                            (8) 

1 290 3

0 0

2 2
0 0 2( ) ln ( )m md d d U

R m s m P d d hF K md d dφ γ γ α φ α γ′= − + g

4

       (9) 

According the above, the balance rolling equation were built as follows 

1 2 3D LF L F L L FLω+ = +                           (10) 

here L1, L2, L3, L4 are arms of forces. For simplifying, we symbolize L1=β1d0, L2=β2d0, 
L3=β3d0, L4=β4d0. Placing L1, L2, L3, L4 and formulas (4), (7), (8),(9) into (10), we can 
obtain the formula as follows 

1
90 3

0 0

2
1 1 2 2 4

0 3 0 4

( ln

        2 2

m m

s s

d d d
D L P d d h)( )

P m m

C C U

g d g K mdγ γ γ γ
γ γ

α β α β φ α β

α β αβ φ−

′+ −

= + −

2

             (11) 

We symbolize 1 1 1 2D LC Cψ α β α β= + , 2 4Pψ φ α β′= − , 3 0 32 ( )sg /ψ α β γ γ γ= − , 

4 42 P mg K ( ) /sψ αβ φ= γ γ γ− , the formula (11) is rewritten as follows 
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1
90 3

0 0

2
1 2 3 0 4ln ( )m md d d

md d h U d mψ ψ ψ ψ+ = d+              (12) 

For simplifying, the formula (12) could be expressed as 
1

90 32 3

1 0 0 1 1

2
01 ln ( )m md d d

md d h U d mdψψ
ψ ψ+ = 4ψ

ψ+                   (13) 

We symbolize B1=Ψ2/Ψ1, B2=Ψ3/Ψ1 , B3=Ψ4/Ψ1 the formula (13) is rewritten as follows 
112 3 0 62

901 0 0
01 ln

( )
dm
d

d dm m
d d

B B m h
dB

U d
+

−
=                         (14) 

Here U is incipient motion velocity (m/s); d0 is the diameter of the given grain size (m); 
dm is the average diameter of non-uniform sediment (m); h is water depth (m); d90 is the 
sizes of bed material for which 90 percent by weight is finer respectively (m); B1, B2, B3 
are coefficients which could be decided by data.  

By means of multi-regression analysis using laboratory data which are experiment in 
water flume of state key hydraulics laboratory of high speed flows of Sichuan university 
(Jing Minghao,1995, Wu Xiansheng,1984 , Lui Xingnian,1986) and Leng Kui’ (1984) 
data, the whole data consists of 25 sets. We obtain the B1 is -0.002, B2 is 10.83 and B3 is 
21.73.  

For the formula (14), the γs is 2650kg/m3, the γ is 1000kg/m3 and the g is 9.81m/s2. In 
ordinary circumstances, the formula (14) could be rewritten as 

11
0 62

90
0 0

10.83 21.73

01 0.002 ln
0.249 ( )

dm
dS

d dm m
d d

m h
dU g dγ γ

γ

+−

+
=                (15) 

 Formulas (14) and (15) are what we recommend to investigate the conditions of 
incipient motion of non-uniform sediment in this paper. The m, the dm, the d90, etc, are 
reflected the influence of expose and shelter actions, non-uniform sediment of wide size 
distribution, bed material and flow structure, etc, to the incipient motion of non-uniform 
sediment of degree. For the uniform sediment, the formula (14) is rewritten as 

1 1
3 64.89U d= h                             (16) 

The formula (15) is same as  Γ.И.Ш.aMOB’s. For the coarse particles, the incipient 
motion condition of non-uniform sediment is smaller than the uniform sediment’s. For the 
fine particles, the incipient motion condition of non-uniform sediment is greater than the 
uniform sediment’s.  

4. VERIFYING AND COMPARING THE FORMULA 

According to formula (15), the relationship between U and d0 can be expressed on Fig.1. 
To verify this formula, the Yichang station of Yangtzi river’ measured data for 
non-uniform bed material are used, as shown on Fig.1. It shows that the results calculated 
from Eq.(15) agree well with the measured data. At same times, compared the formula 
with that deduced from several other formulas (Zhang Ruijing,1961, Lu Jingyou,1991), as 
shown on Fig.1.This formula is relatively slightly different from the Lu’s and the Zhang’s. 
The cause is that Lu’s formula and Zang’s formula are based on the uniform sediment and 
the non-uniform quality to non-uniform sediment is considered incompletely.  

This formula is reflect the basic law of non-uniform sediment basically, such as the 
finer particle of non-uniform sediment is difficult to threshold than the same size ones of 
uniform sediment, and the coarse particle of non-uniform sediment is easy to threshold 
than the same size ones of uniform sediment. So this formula can be used to predict the 
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critical conditions of non-uniform sediment incipient motion and to compute the incipient 
motion of non-uniform sediment. 
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Fig. 1  The relationship of U and d0   (water depth is 0.15m) 

5. CONCLUSIONS 

Based on considering the influence of the interaction between the coarse particle and the 
fine ones of non-uniform sediment with a wide size distribution and the influence of the 
interaction between the non-uniform sediment and flow structure, the incipient motion of 
non-uniform is studied. The additional force to the non-uniform sediment has been 
divided into two parts in this paper. This paper has explored a new way to research the 
incipient motion laws of the non-uniform sediment in the influence of the interaction 
between the non-uniform sediment and flow structure.  
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Abstract: The treatment methods of siltation in alluvial river are very important for flood defense 
and thus methods employment have to consider many factors. Based on the analysis and discussion 
of usual methods,  the several new ideas are presented in this paper  

 

Keywords: alluvial rivers, new ideas, flood defence 
 
1. INTRODUCTION 

Siltation in alluvial rivers is a daunting problem, for, the process leads to reduction in 
navigability of channels, increased flooding due to blockage on flood passage and drying 
of the mouth of the off-taking rivers to such an extent that river courses themselves cease 
to exist, as was happening in case of Gorai, in southwest Bangladesh. This leads to serious 
drainage problems of national and even regional proportions. 

Years of indifference, ignorance, lack of initiative have resulted in dying of numerous 
spill channels that were full of lives only decades back. The situation has been 
complicated by indiscriminate construction of roads further blocking natural drainage of 
arterial channels and eventual balance of floodplain water. 

To get rid of all these menaces, costly dredging in rivers is carried out on a routine 
basis. In case of Gorai, southwest Bangladesh, dredging has been carried out to try to 
restore the river to normalcy. However, as is the usual practice, the dredge spoil was 
dumped on riverbed that appears like banks in the dry period. Eventually, when 
floodwaters came, they carried the spoils back into the main riverbed and reportedly 60% 
(GRRP) of the dredged section has been filled back in the process. That means redoing (or 
repeating) what has already been done. In Aricha (near the confluence of the two great 
rivers the Ganges-Padma and the Brahmaputra-Jamuna, Bangladesh), dredge spoils are 
traditionally discharged into the shallow riverbed some distance away from the site. 

In populous countries such as Bangladesh, China and Brazil, there is abundance of 
manpower either jobless or quasi-jobless. Prevention is better than cure should be the 
priority approach: first, to halt new silting of channels and then to devise and employ 
strategies for remedial measures for already silted rivers. In a disciplined society like 
China’s, it should be easier to mobilize mass people in extending voluntary efforts (or at 
nominal costs) to clear drainage channels to hold and help pass sudden generated inflows 
off local rainfalls. As incentives for their works, the water bodies thus created/enlarged 
may be given to them to benefit from pisciculture/aquaculture or whatever economic 
activities that may be viable thereupon. They may also be handed over ownership of the 
exploits to sell to prospective landfill contractors. With seemingly least of the corruption, 
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officials in China can make inventories of people joining in such great nation-building 
efforts so as to try to do justice to an yielding workforce and prevent fortune-seekers from 
ripping harvest off others’ labors. Theirs in turn can be a model for the third world to 
follow and benefit from. 

On the other hand, there is so much of a need for landfills in urban areas that 
unscrupulous persons are going to the extent of cutting down hills and crop fields to meet 
the all-swallowing demand. Chittagong (Southeast Bangladesh) and Sylhet (Northeast 
Bangladesh) hills and the area around Aminbazar (Central Bangladesh, west of Dhaka) 
are to name a few that give visible evidence to the appalling human encroachment upon 
nature. We are losing productive fields and destroying ecological balance callously 
interfering with the nature and her processes. 
 

2. A FEW EXAMPLES 
Rivers like Gumti (east-central Bangladesh) dry up to such an extent that the riverbeds 
come up for easy maneuvering. There is no need whatsoever, for costly dredging 
operations to excavate these. Unskilled manpower, spades and tukris (bamboo bowls) 
under an able guidance (so as to maintain right slope) are enough to clear the silt, which 
can be piled on the banks to be taken away for landfill elsewhere. But this is very difficult 
to manage, for, fortune seekers might rip a good harvest off common mass’ labor in the 
name of food for works. Commitment and integrity, not high-end technologies are 
essential in such ventures. Nevertheless, it offers the cheapest method of dredging shallow 
and minor rivers. It may be mentioned here that, under FAP-6, a couple of platforms have 
been built off dredge spoils in the haors around Ajmiriganj (north-east Bangladesh) where 
hundreds of people are now living. This is another example of utilizing the massive by-
product. 

Pretty near to sprawling capital of Bangladesh, Kaliganga is an ideal case for spade 
dredging. To what an extent the river has been silted up is clearly visible just below the 
Tara bridge (the longest until Meghna Bridge was constructed) on the way to Aricha (near 
the confluence of the Ganges and the Jamuna-Brahmaputra rivers). In fact, almost the 
entire Dhaleshwari is silted from its offtake from Jamuna to its confluence with the 
Meghna near Shatnal.  

On the other hand, mechanized dredge spoils of Aricha and other places can be carried 
onshore through Hydraulic Fill Method to be dumped on suitable locations (easily 
accessible and at a safe distance from the river) on riverbanks for draining and some 
settlement (consolidation), before these are carried away by landfill contractors. (In 
Ghorashal Thermal Power Plant, there are hillocks of dredge spoils on the left bank of the 
river). The spoils may be offered at nominal or free of cost, with a condition that the 
recipients clear the area properly so as not to hamper the process of dumping. Given the 
huge cost involved in dredging operations, this should not be a daunting task. In this 
process, at least wasteful repetition such as ‘mixing rice with paddy and then sorting’ will 
be totally prevented. 
 

3. SOME ESTIMATES 
Bangladesh rivers carry more than 2 billion tons of sediment every year. If even five 
percent of this load is retained in channels then the net silt available is more than 100 
million tons per year. Of this 5 percent, if only 10% is extracted, then 10 million tons of 
sediment materials are available for landfills. For a plot of 5 kata (3600 sft) with an 
average landfill of 10 vertical feet, the volume of earth needed is 36000 cubic feet or a 
little over 2000 metric tons. By this estimate, landfill needs for 5000 houses can be met 
from the silt extracted from river channels on a yearly basis. On the other hand, one km of 

 1614



 

Kaliganga excavated up to a depth of 2m and a width of 50m can meet the landfill needs 
of around 5000 housing plots. 

There will be additional costs involved, no doubt, but this too only in the longer 
distance transported through. Nonetheless, if we can afford sands from far-flung areas of 
Sunamganj and Sylhet, we can also afford landfill material from a fraction of the distance 
away. The fixed costs such as digging and hiring vehicles remain the same. With 
completion of Bhairab and Paksey bridges, transportation from far-flung areas will be 
easier and less time consuming. There will be increased economic activities too and 
eventually, combined tangible and intangible benefits will far outweigh the tangible costs. 
What is all the more important, the nature will be spared of man-made disasters.  
 

4. USE OF IT FOR INFORMATION PROCESSING  
Great use of Information Technology can be made to maintain precise and detailed 
records of people involved in such national efforts with every bit of their physical and 
other labor stored in well-organized databases. This will facilitate prompt rewarding, 
whenever there is an opportunity to do so, to keep their spirit and sense of belonging high. 
Negligence of real workers can lead to crippling and even disintegration of societies and 
nations.  
 

5. MONITORING OF LOCAL INFLOWS 
Flows generated from local precipitation should be monitored using maps to determine 
their flood-path. This is more than needed in urban areas where tolerance of standing 
water is very low compared to rural ones. This is already a known aspect of the land phase 
of the hydrologic cycle. Good mapping, preferably through utilization of GIS technology, 
will help planners in laying out their drainage routes that should be excavated to facilitate 
drainage. 

Monitoring is a must for assessment of the performance of any system and is more so 
when a drainage system is concerned. Monitoring should include measurement of water 
levels along the drainage routes. In absence of a staff gauge, people may be encouraged to 
leave marks on permanent features (poles or trees) for officials later to measure the 
maximum rise with respect to some datum. They can even be trained on measuring 
surface velocity observing floating substances (water hyacinths/debris) along a fixed 
distance, which with some imperial correlation can be converted into average current of 
the channel to estimate the flow. 
 

6. ENVIRONMENTAL BENEFIT  
The dredgers discharge bilge and other waters together with unburned fuel/oil that 
contaminate waters. With manual excavation during dry periods, this problem will be at 
least partly diminished. Above all, the nature will be left to herself so far as cutting down 
of hills and paddy fields is concerned. 
 

7. CONCLUSIONS 
It is time we think of striking some balance between natural siltation and human landfill 
needs and for that matter formulate rules and devise methods towards achieving this. To 
make use of dredge-spoils mandatory, there should be permanent moratorium on hill-cuts 
and wild digging of crop fields. Given almost one decade of non-military rule (in 
Bangladesh), such pro-people, pro-nature acts should not be too much of an expectation. 

REFERENCES 
Gorai River Restoration Project Interim Report 
Local Newspapers 
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Abstract: In the theory of the cusp-catastrophe of nonlinear science, the intensity of water-flow Θ 
and the coefficient of non-uniformity of sediment m are regarded as two bound variables, and the 
intensity of bed-load transport Φ as the state variable in the motion of non-uniform sediment in 
cusp-catastrophe model. Based on the standard equation of the cusp-catastrophe theory, the relation 
formula between the intensity of bed-load transport Φ and the intensity of water-flow Θ has been 
derived by used coordinate transform and topology transform. The formula of bed load transport 
rate was built on the cusp-catastrophe theory of nonlinear science. The others are applied to verify 
this formula, that the results calculated by the cusp-catastrophe formula agree well with the other 
formulas’. This indicates that the cusp-catastrophe formula is reasonable, and the results fully reflect 
the characteristics of threshold motion and transport of non-uniform sediment. The purpose of this 
paper is to explore the incipient motion and transport laws of non-uniform sediment from the 
viewpoint of nonlinear science. 

 

Keywords: nonlinear, catastrophe theory, cusp-catastrophe, transport rate of bed load, model 

1. INTRODUCTION 

From the first formula of sediment transport rate of Duboys in 1879, the sediment 
transport rate has been studied by many studies in the world. Since river-bed is composed 
of graded bed materials, the work on the sediments incipient motion and transport rate 
have concentrated on non-uniform sediments using many methods. One way is based on 
the mechanics theory, and the other is based on the random mathematics theory. In recent 
studies, the non-linear science has been applied for studying the sediment incipient motion. 
The catastrophe theory was adopted to study the incipient motion of mud flow by Cui 
(1993). The incipient motion of bed load has been proved that it belongs to catastrophe 
motion used the catastrophe theory nonlinear science by Wang (1999) . Based on above 
studies, the transport rata of bed load formula is built on the catastrophe theory in this 
paper, and a new way for study the incipient motion of bed load will be discussed. 

2. DECIDED THE STATE VARIABLE AND BOUND VARIABLE  

Based on the essence of incipient motion of bed load, Qian Ning(1983) translated the 
formulas of Meyer-Peter, Bagnold and Yalin into unification function form between the 
intensity of bed-load transport Φ and the intensity of water-flow Θ(Qian, 1983). In 
Huang Caian’s studies(Huang, 2000), there are many formula forms between Φ and Θ, 
and the exponent of Θ are one, two, three or upwards three. So the intensity of bed-load 



transport Φ and the intensity of water-flow Θ could be used as two parameters in 
incipient motion of bed load.  

The representative grain diameter of non-uniform sediment should be decided when the 
transport rata formula of uniform sediment used to non-uniform sediment. At same time, 
the formula must be modified when it was adopted to compute the bed-load transport rata 
of all levels grain diameter. By recent research, the coefficient of non-uniformity of 
sediment m and the exposure degree are adopted to reflect the non-uniformity of sediment 
in the study of incipient motion of non-uniform sediment. The exposure degree was adopt 
in studying of incipient motion of non-uniform sediment (Qian, 1983; Liu, 1986; Yang , 
1998). The coefficient of non-uniformity of sediment was adopted by Qin (1980) and Li 
(1999). So we take the coefficient of non-uniformity of sediment m as a parameter for the 
incipient motion of non-uniform sediment.  

When the coefficient of non-uniformity of sediment m does not vary, the intensity of 
bed-load transport Φ is increasing with the intensity of water-flow Θ. When the Θ is 
not changed, the intensity of bed-load transport Φ is varying with the different grain 
diameter. So we can take the intensity of water-flow Θ  and the coefficient of 
non-uniformity of sediment m as two bound variables, and the intensity of bed-load 
transport Φ as the state variable in the motion of non-uniform sediment. 

Fig. 1  The Catastrophe model of transport rate of bed load

 

 

 

 

 

 

 

 

 

3. BUILD THE CUSP-CATASTROPHE MODEL OF TRANSPORT RATE OF 
BED LOAD 

Based on above studies, the coefficient of non-uniformity of sediment m and the intensity 
of water-flow Θ are regarded as two bound variables, and the intensity of bed-load 
transport Φ is regarded as a state variable in the incipient motion of non-uniform sediment. 
According the catastrophe theory, the catastrophe model of transport rate of bed load 
shows as Fig1. The area in Fig.1 is divided into three sections. The lower section is the 
area of motionless state of sediment. The upper section is the area of motion state of 
sediment and the middle section is unsteadiness state of sediment. When the m is not 
varied, the transport of bed-load is the process of the curve ABCD from lower section to 
upper section shows as Fig.1. It also shows as line ABCD in the low plane. The curve AB 
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is expressed that the sediment is in the state of motionless. The B point is a point of 
incipient motion of sediment, it is same as the point Θc in Einstein formula and 
Meyer-Peter formula. The Θc is 0.047 in Meyer-Peter formula orΘc is 0.037 in Einstein 
formula. The curve BC is expressed the incipient motion of bed-load. The curve CD is 
expressed that the transport of bed load keeps balance.   

According the nonlinear theory (Yi, 1995), the cusp-catastrophe model equation is 
expressed as follows 

4 2

( )
4 2 0

x yx zx

x

∂ + +
=

∂
                  (1) 

Such as 
                           (2) 3 0x xy z+ − =

The standard equation of the curve in the low plane could be written as  
3 24 27y z+ = 0                  (3) 

The curve surface space described in formula (2) is the stationary state curve surface 
space in the cusp-catastrophe model. The amount of this curve surface space is not 
accordinated with the curve surface space of sediment motion. But the two spaces are 
topology equal. The topology transform for this space is need in quantify describing the 
function of sediment motion. The coordinate transform and the topology transform for this 
space would do as follows. The Q(x,y,z) is the coordinate system of standard equation (3). 
The O(Φ,m,Θ) is the coordinate system of sediment motion. The coordinate change from 
Q(x,y,z) to O(Φ,m,Θ)is expressed as follows 

      
1 2 3

1 2 3

1 2 3

x l l m l
y m m m m
z n n m n

α
β

γ

= Φ + + Θ−
= Φ + + Θ−
= Φ + + Θ−

                      (4) 

here α,β and γ are Q point value in the coordinate system O(Φ,m,Θ); The li,mi and 
ni(i=1,2,3) are the direction cosine from the coordinate system Q(x,y,z) to the coordinate 
system Q(x,y,z).  

Owing to the Φ coordinate is parallel to the x coordinate, so 
                                    (5) 1 cos0 1l = ° =

Then the equation (3) in the O(Φ,m,Θ) coordinate system is rewritten as follows  
3

2 3 1 2 3 2 3

1 2 3

( ) ( )( )
                                 ( ) 0                              

l m l m m m m l m l
n n m n

α β
γ

Φ + + Θ− + Φ + + Θ− Φ + + Θ−
− Φ + + Θ− =

α
  (6) 

The append condition of coordinate transform is expressed as follows 

    l m

2 2 2
1 1 1
2 2 2
2 2 2
2 2 2
3 3 3

1

1
1

l m n

n
l m n

+ + =

+ + =

+ + =

                     (7) 

and                                                         
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                       (8) 
1 2 1 2 1 2

2 3 2 3 2 3

3 1 3 1 3 1

1
1

1

m m n n l l
m m n n l l
m m n n l l

+ + =
+ + =
+ + =

When the coordinate system is right hand coordinate system, then 

    
1 2 3

1 2 3

1 2 3

1
l l l
m m m
n n n

=                   (9)   

Because the curve surface space of sediment motion pass through the coordinate 
system origin, so    

                                (10) (0,0,0) 0f =

Form the formula (7) and formula (10), we could find that  
         3 0α αβ γ− − =                             (11) 

then  

        
1 2 3

1 2 3

1 2 3

1 0 0
0 cos sin
0 sin cos

l l l
m m m
n n n

θ θ
θ θ

=
−

                  (12) 

here arctgθ α=  
Placing formula (12) into (6), we can obtain the formula as follows 

3( ) ( cos sin )( ) ( sin cos )mα θ θ β α θ θ γΦ − + Φ +Θ − Φ − − − +Θ − = 0    (13) 

Placing formula (11) and arctgθ α=  into (13), then  

      3 3( ) ( ) cos (sec sin )mα α β θ θ θ′ 0Φ − + +Φ − −Θ −Φ =         (14) 

Here / cosβ β θ′ = ; α、β、γ is Q point value in the coordinate O(Φ,m,Θ). 
In Einstein formula, studied by Qian Ning, when the Φ is 0.0001, the sediment is in the 

station of incipient motion (Cui, 1993). So the α could take the value 0.0001. The dot of 
coordinate m and coordinate y are in the zero point, so the β  is zero. Placing 
α , β , / cosβ β θ′ =  and arctgθ α=  into formula (14), the formula (3) in the 
coordinate system O(Φ,m,Θ) is rewritten as follows 

    3( 0.0001) (1 0.0001 ) 0mΦ − + Φ −Θ − Φ =                  (15) 

When m takes 0.6, the result computed by formula (15) shows as Fig.2. It is clear that 
the data computed by formula (15) is not equal to the data calculated according to other 
formulas in Fig.2. The amount of space of formula (3) is not accordinated with the space 
of formula (15). But the two spaces are topology equal. The topology transform for this 
spaces are needed to describe the sediment motion.  

According to the studies by Huang Caian, the function exponent of Θ and Φ is one, 
two, three or upwards three (Huang, 2000). In studies the formula form of the high 
strength transports sediment, Qian (1983) points out that the exponent is 1.5 in formulas 
of Meyer-Peter, Bagnold, Engelund, Yalin. It is between 1.35 and 1.45 in the formula of 
Ackers and White, and the exponent is 1 in the formula of Einstein(see Cui, 1993). If we 
choose the exponent of Einstein, then the Θ is topology transport into Θ3 by the 
catastrophe theory. Such as 
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3Θ→Θ          (16) 
The Φ and the m are topology transport into Φ/7 and m/7 used the result of 

Meyer-Peter formula in Fig.2 as 
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Meyer-Peter formula

formula （19）

Guo Junke formula

Chang formula

formula （15）
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Φ 

Fig. 2  The relationship of intensity of bed load transport and the intensity of water flow 
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Φ
Φ→

→
       (17) 

Then the cusp- catastrophe model shown as Fig.1 is obtained by replaced the O(Φ,m,Θ) 
to Oˊ(Φ/7,m/7,Θ3). Placing formula (16) and (17) into (15), we can obtain the 
cusp-catastrophe formula of bed load motion as follows 

    3 3(0.1429 0.0001) 0.02 (1 0.00014 ) 0mΦ − + Φ −Θ − Φ =     (18) 

Where the Φ is the intensity of bed-load transport,Θ is the intensity of water-flow and 
m is the coefficient of non-uniformity of sediment. 

For the uniform sediment, m is 0.6 and the formula (18) is rewritten as follows 
    3 3(0.1429 0.0001) 0.012 (1 0.00014 ) 0Φ − + Φ −Θ − Φ =     (19) 

4. VERIFYING THE FORMULA 

The formula (19) is verified by formulas of Meyer-Peter, Chang(1980) and Guo (1989) as 
Fig.2. It shows that for middling sediment transport rate, the (Φ=1/Ψ)computed form 
formula (19) is completeness correspond with the result of verifying formulas. The Ψ is 
approach the result of Chang formula for high sediment transport rate. When Φ less than 
0.01, it is lower then the result of verifying formulas. The odds in low sediment transport 
rate might be expected that this decide by the space form of cusp-catastrophe model of 
bed load transport motion. The low curve plane of cusp-catastrophe model is not a plane 
when the sediment is in motionless state. It is clear that the data of Φ in this curve plane is 
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not zero, and it is not correspond with the curve calculated according to those formulas in 
Fig.2. This odds might be expressed as Θc in many formulas. The Θc is 0.047 in 
Meyer-Peter formula, it is 0.037 in Einstein formula, it is 0.029 in Ackers and White, and 
it is 0.01 in formula (19). 

This indicates that the cusp-catastrophe formula is reasonable, and the results fully 
reflect the characteristics of threshold motion and transport of non-uniform sediment. The 
purpose of this paper is to explore the incipient motion and transport laws of non-uniform 
sediment from the viewpoint of nonlinear science. So the cusp-catastrophe model can be 
recognized to be partial and incomplete, and further work is in progress. 

5. CONCLUSIONS 

1.The intensity of water-flow Θ and the coefficient of non-uniformity of sediment m are 
two bound variables, and the intensity of bed-load transport Φ is the state variable in the 
cusp-catastrophe model of sediment transport. 
2.The catastrophe formulas (18) and (19) of bed load transport rate are built from 
topology transport and coordinate transport.  
3. For middling sediment transport rate, the Ψ  computed by formula (19) is 
completeness correspond with the result of verifying formulas. The Ψ is approach the 
result of Chang formula for high sediment transport rate. When Φ less than 0.01, it is 
lower then the result of verifying formulas. The Θc is 0.01 in formula (19).  
4. The cusp-catastrophe model can reflect the characteristics of threshold motion and 
transport of non-uniform sediment. It is recognized to be partial and incomplete, and 
further work is in progress. 
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Abstract: The high probability of strong river bottom erosion arising from flooding in a sediment 
laden river results in design buried depth becoming one of important design parameters for long 
distance pipeline works to safely cut through overloaded river areas. How to determine the design 
buried depth depends on the depth of the scour. From an engineering point of view, this paper 
studies the application of the scouring intensity formula given by Wang (1998) on a high sediment 
laden flow. It suggests replacing the particle diameter  in the formula with an equivalent grain 
size  in the case, depending on the differences in character between clear water and silt water. 
This modification has been used to estimate scouring depth of Lo river in Shaanxi province during 
the flooding of July, 1999 which broke pipeline cutting through the river. The estimate is very close 
to the real depth of scouring.  

d
d ′

 

Keywords: scouring intensity for high sediment laden flow, maximum scour depth 

1. INTRODUCTION 

A full-loaded river during a wet season frequently produces high sediment laden flow. 
Such flow often causes very strong erosion on the river bottom during a rising flood. 
Under these circumstances, design embedment becomes one of the important design 
parameters for long distance pipeline works to safely cut through river areas.  

Essentially, the design bury depth is determined by the maximum scour depth of the 
river arising from erosion when sediment concentration in the flow of the river is greater 
than the carrying capacity of the river. To resolve the question about depth is so complex 
a task that the problem has long been stuck at the stage of conceptual description. The 
idea of scouring intensity and the formula provided by Wang(1998) brings us a new way 
to solve the problem. Through the formula, which is the function of specific weight of 
sediment flow energy slope and particle size, we can easily determine the maximum scour 
depth in the bottom of a river of clear water, under flood conditions (Wang, 1998). The 
importance of the information in predicting flood erosion makes determining the 
formula’s accuracy an important issue. 

2. ESTIMATION OF FLOOD SCOUR DEPTH FOR A CLEAR WATER RIVER 
IN TERMS OF SCOURING INTENSITY 

According to Wang (1998), river bed scouring intensity is defined as the total amount of 
sediment washed off by flow a from unit area in A of unit time, that is 

/( )r ss w AT= = sw /(BLT) 



where rs is river-bed scouring intensity;  is the total washed sediment in weight; A is 
the area of river bed washed, B and L are the width and length of the A, respectively; T is 
the time duration of washing. 

sw

Washing sediment out of a riverbed is done by flow. The more energy the flow 
supplies in unit time, the larger the resulting scouring intensity will be. From this idea, Dr. 
Wang worked out the scouring intensity formula through experiments with particle of 
different grain size ranging from 0.18mm to 7.3mm. The results are shown as follows:  

0.15 0.250.218 /( ) ( 0.1 ( / ) ( /( ) ) ) /r s ss r r r rqJ r g r r r gd J d= − − −i i i i i      (1) 

In which r is specific weight of clear water, (kg/ m3); is specific weight of sediment, 
(kg/ m

sr
3); d is particle size, (m); J is the energy curve of the flow; q is discharge per unit 

width, (m2/s). 
Considering the conventional methodology that energy adopts, let =2650 kg/msr

3 and 

express J with the Manning formula, namely, )/(3
2 nuRJ = ; then the expression (1) 

becomes: 
3 4 0.25 0.67 0.1132.1 /( ) 2.04 /( )rs n u h d nu h d= −i i i i           (2) 

where n is the roughness coefficient; u is flow velocity; h is depth. 
Tests have been carried out using this new formula and shown useful results. From the 

definition of  and expression (2), the total amount of sediment rushed off (WV) is: rs

WV= (1 )sr A Dε− ∆ =A
0

( )
T

rs t dt∫ =A
0

( ( ), ( ), ( ))
T

rs u t h t n t dt∫  

Hence the scour depth is: 

D∆ =1/( (1 )sr ε− ) 
0

( ( ), ( ), ( ))
T

rs u t h t n t dt∫ ≈ 1/( (1 )sr ε− )
1

T m t

r j
j

s t
= ∆

=

∆∑       (3) 

In which ε is porosity. If T expresses the flood peak interval, then D∆ becomes , that 
is, the maximum scour depth. In fact, washed area A should be a function of time. From a 
practical engineering point of view, the simple method that reduces the effect of constant 
A is to establish a relationship between the calculated and the observed one. Fig. 1 
shows this relationship: 

mD

rs

21.6736 0.508ro r rs s= + s                     (4) 

Since the data (from Wang, 1998) used in the relationship includes clear water river and a 
silt laden river, expression (4) could be held as a modification. 
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Fig. 1  relationship between Sr calculated and Sr observed  
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3. ESTIMATION OF SCOUR DEPTH FOR OVER-LOADED FLOOD IN TERMS 
OF THE SCOURING INTENSITY 

The above  was proposed to describe riverbed erosion by a clear water flood. Many 
engineers recognize that a flood with hyper-concentrated sediment will erode a larger 
amount than that of a clear water flood. In fact, with the exception of viscosity, there is no 
essential difference between the two flows in terms of the hydraulic characteristics. The 
higher degree of erosion is a result of the specific weight of sandy water which is greater 
than that of clear water. Particles in the sediment flow are more readily suspended and 
moved by the flow than in clear water. Additionally, smaller flow velocity and a larger 
relative roughness on the river’s bottom clears sand flow from over-bank deposits. As 
water travels down the main channel, the result is an enlarged sediment carrying capacity 
in the main-bed, thus intensifying flood erosion. As to flow energy loss, Zhang (1998) 
demonstrated that flow surface curves for both clear water and heavily silt laden flow 
water are same when the flows are turbulent and flowing over a rough river bed. These 
indications suggest that the scouring intensity can be adopted to estimate the scour depth 
in cases of sediment flooding if some modifications are made. 

rs

Because of the difference in viscosity between the two kinds of water, the setting 
velocity of a particle is different as it sinks in the different water. Let d express the size of 
a particle, andω the particle’s setting velocity in a sediment flow. Its size d has to be 
changed to be d’ if the same setting velocity is kept in clear water, hence the term of the 
equivalent particle diameter for d’. Since d’ is the equivalent diameter of the particle in 
clear water, taking the specific weight of the sediment water into account, the scouring 
intensity for the over-loaded flow could be shown as: 

2 3 4
0.85 0.15

0.25 0.67 0.10.218 0.0218( ) ( )
' '

m m s m
rs

s m m

r r r rn u nus
r r hd g r h d

−
= • − •

−
          (5) 

where : the specific weight of sediment water. mr
d’ can be estimated from Hong-wu Zhang’s formula, which expresses the setting 

velocity ω  of group particles with middle size  in sediment flow, as: 50d

0
3.5

5(1 1.25 )[1 /(2.25 )]o v vs s dω ω= − −                 (6) 

In which  is volume sediment content; vs oω is particle set velocity in clear water, m/s 

from Yu-qing Sha’s formula, oω  can be calculated as:  

          4.58ow = d                              (7) 

where d is real particle size in meter. Thus from formula (6) and (7), the equivalent 
particle diameter is: 

2' ( / 4.58)d w=  

Therefore the scour depth produced by over-loaded flood can be estimated by following 
expression: 

D∆ 2

1
[1/( (1 ))] [1.6736 0.5085 ]

j

T m t

s rs
j

r sε
= ∆

=

= − +∑ jrss t∆          (8) 
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4. CASE STUDY  

A natural gas pipeline cutting through Lo river with an embedded depth of 4.5meters in 
northern Shanxi province snapped in July of 1999 under a rushing flood with heavily 
concentrated sediment. The resulting production loss was estimated a one million yuan 
with even greater losses suffered by the province government and population as a result of 
the inconveniences caused by the damage.  

According to record from a hydrometric station about 30 kilometers away from the 
place where the incident happened, the peak discharge of the flood is 2,250 m3/s with 
maximum sediment content of 954 kg/ m3and flood-to-peak interval of 2.5 hours. Table 1 
shows the comparison of hydraulic characteristics of flood in terms of the serious erosion 
found in the nearby Huang River. The st  and in the table 1 represent, respectively, the 
time intervals of sediment content s≥500kg/ m

Qt
3 and flow discharge Q≥1000 m3/s; and 

 means the discharge at rising limb of value of eighty percent of peak discharge;  
is the time interval of ; means scour depth observed of the flood. Since the ratio 
of the 

80Q 80t

80Q oD∆

st  to the flood interval is 40%, the flows belong to the hyper-concentrated 
sediment flow. 

Table 1  Several inundate floods’ hydraulic characteristics 

Flood 
No. 

Peak 
discharge 

 mQ

Time
to peak

pt (hrs)
/m pQ t  80Q  80t  8080 / tQ

Maximum 
sediment 
content 

sm(kg/m3)

sm’s position 
in time 

comparing  
with Qm’s 

st  Qt  oD∆
(m) 

54829 980 1.5 653 806 0.8 1008 824 Behind 7.5 0.5 0.1 
77706 3400 11.5 296 2720 10.85 251 1090 Ahead 37 10.5 1.36 
77805 1300 3.5 371.4 1040 3.3 315 990 Behind 96 1 0.41 
99714 2250 2.2 1023 1810 1.2 1508 950 same 48 6 1.4 

Table 2  Results of calculation 

cD∆  
Flood No. mQ  Ζ vms  ms* n oD∆

Estimation (8) Liang’s formula Qin’s method 
77706 3400 96.38 0.41 8~10 0.020 1.36 1.77 7.88 5.21 
77805 1300 93.85 0.36 3~8 0.020 0.41 0.73 3.21 2.19 
99714 2250 96.38 0.36 2~10 0.024 1.4 1.90 6.62 5.22 

* The signs, , mQ Ζ , vms , *ms , n, oD∆  and cD∆  in table2 mean the maximum flood peak flow, height of 
water, volumetric concentration of suspended-sediment, maximum sediment-carrying capacity in volume, 
roughness, observed scour depth and calculated one, respectively. 

Table 3  Effect of roughness n 

cD∆         F.No 
N 77706 77805 99714 

0.020 1.77 0.73 0.85 
0.021 1.78 0.88 1.05 
0.022 2.81 1.06 1.29 
0.023 3.50 1.27 1.57 
0.024 4.34 1.27 1.90 
0.025 5.34 1.77 2.29 
0.026 6.55 2.08 2.75 
0.028 9.69 2.83 3.93 
0.029   4.66 
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With the data collected from the JiaoKou gauge station, scour depth for floods 
7,770,577,805, and 99,714 were estimated by expression (8). In order to make an 
assessment of the Srs, other estimations produced by Liang, et al.(1999) and Qin (2001) 
were also used. The calculation was carried out with hydraulic parameters h and v 
observed, and roughness n determined by caparison the conditions under which the flood 
occurred with those of other historical floods. The results are listed in table 2. It was found 
that the expression (8) was quite sensitive to n, see table 3. Comparing the water level of 
flood 77,706 with that of 99,714, it can be inferred that the river has been silted. Thus that 
the roughness of flood 99,714 is greater than other two is reasonable. 

5. CONLUSIONS 

Based on the evidence listed above results found in table 2, some conclusions can be 
drawn. 

(1) Because the energy loss ( sJ ) for turbulent sediment flow is the same as turbulent 
clear flow (J), where a rough bed exists, the scouring intensity formula for clear water 
flow can be used for an overload flow as well; though some modifications are needed. 

(2) Table two shows that the calculated scour depth cD∆  based on the modified 
scouring intensity formula is the most one of the three computed results to the actual 
observed scour depth oD∆ . This fact and conclusion (1) suggest that the modified 
scouring intensity formula is best used in calculation of river erosion during a period of 
rise. 

(3) Because  is quite sensitive to roughness coefficient, careful study of it must be 
carried out before using the scouring intensity formula. 

rsS
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Abstract: The blocking phenomena of grid-type Sabo Dam are reproduced by laboratory 
experiments, and a new stochastic model that fairly well explains the blockade process is obtained. 
This model is inserted to a computer simulation program that includes the processes of debris flow 
generation, development by erosion of gully bed, particle segregation during running down, and 
deposition upstream of a Sabo Dam. Comparisons with the experiments verified the method, and 
thus the performance evaluation of grid-type dam is made possible.  

 

Keywords: debris flow, grid-type dam, control, simulation 

1. INTRODUCTION 

A low concrete-wall type dam (closed-type Sabo Dam) has been a popular debris flow 
checking structure. But, because it is easily filled up by sediment that runoff by normal 
floods, it often fails to check or control debris flow. The grid-type Sabo Dam constructed 
by steel-pipe framework is an alternative structure that maintains its function to control 
debris flow for long by passing through sediment runoff with normal floods. This type 
dam is noticed commendable in the environmental point of view as well, because it does 
not stop necessary sediment downstream, guarantees easy up-and-down passing of fish 
and other creatures, and a minimal blot on landscape.   

The grid-type dam checks stony type debris flow whose forefront is consisted of big 
boulders. Boulders are trapped between pipes by jamming and arch action as shown in Fig. 
1. Some empirical rules describe the sediment trapping rate as a function of spacing 
between pipes and the diameters of boulders. Our experiments, however, revealed a small 
difference in the arrival time of individual boulders markedly affects the blocking rate; the 
phenomenon is intrinsically stochastic. Therefore, the basis of design for a grid-type Sabo 
Dam has been vague, and the performance of the dam to control debris flow has not been 
able to discuss quantitatively. 

This paper, at first, determines the instantaneous blocking probability of a grid-type 
dam as a function of particle velocity and concentration under a certain ratio of 
grid-spacing and the maximum particle diameter. Then, a numerical simulation model for 
debris flow control that combines the stochastic blocking model and the model of debris 
flow deposition within the area upstream of the dam is developed and verified by the 
laboratory experiments. Application of this model enables the performance design of 
grid-type Sabo Dam corresponding to the conditions of basin. 

 



 
Fig. 1  Grid-type Sabo Dam and its manner to block boulders 

2. INSTANTANEOUS PROBABILITY FOR DAM BLOCKING 

Aiming to clarify the process of grid blocking, a planar grid made of copper bars 3mm in 
diameter was installed in a 10cm wide flume, and uniform particles 1cm in diameter were 
flowed down the flume under various particle concentrations and water flow rates. The 
grid makes five lateral and five vertical square spaces in the channel cross-section, each 
square space has the dimension 1.7cm lateral and 1.7cm vertical. Therefore,  is 1.7. 
This value satisfies so far empirical clogging conditions, , where L is the 
spacing of grid and d is the particle diameter. 

/L d
/ 1.5 ~ 2L d ≈

Observations in the experiments revealed that there are two types in the manner of 
clogging. The one type is due to the simultaneous arrival of two or more particles, and the 
other is due to arrival of particles while the previously arrived one is rotationally moving 
around and touching with a column. The rotational motion of a particle around a column 
acts to narrow the spacing between the two adjacent columns and, in some occasions 
depending on the position of rotating particle, it becomes too narrow to pass another 
particle that arrives a little later than the rotating one. Two or more particles may rotate in 
contact with other particles around a column acting together to narrow the spacing, but 
once the angle of a segment connecting the center of noticed particle with the adjacent 
inside particle becomes larger than a critical value, θ 2, this particle together with the 
other outside particles no more act to narrow the spacing ( Fig. 2). 

A particle collides with a column or with another particle rotating around the column at 
the angle θ 1 and detaches at the angleθ 2. The period of contact, t c, is therefore (θ 2 - 
θ 1)/ω , where ω  is the angular velocity of the particle around the column. The 
regression analysis of experimental data based on the equation of angular momentum 
conservation gave the following equation: 

1.278( / ) sin 0.094u dω θ= +                            (1) 

where  is the velocity of particle just before collision with a column or another particle, 
and 

u
θ  is the angle of contact point. Therefore, the virtual column diameter that enables 

the estimation of available spacing at time t 1 after collision is 

1 1' ( )sin( )D D d t dθ ω= + + +                        (2) 

where D is the virtual diameter of column before collision of the noticed particle, and t1  
should be less than t c.  

Consider i particles come down to the dam site in random time sequence ti at random 
lateral positions yi during the time interval of TL under constant particle concentration and 
velocity. If a particle collides with the column or with the particle rotating around the 
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column, new virtual column diameter D’ is calculated, and judged whether the spacing 
between columns is clogged. Namely, i trials are done within TL, and for each trial 
whether the spaces among columns are clogged is checked. At last (t = TL ) the number of 
clogged space is counted. If these trials are repeated N times under the same condition, the 
clogging probability F in the period TL is given by  

F = (number of clogged spaces)/N             (3) 

 

 
Fig. 3  Calculated instantaneous blocking  

probability for L/d = 1.7 

 
 
Fig. 2  Rotating motion of particles around a column 

If such trials are done under different TL , the relationship between TL and F is obtained. 
But to make this relationship usable in the computer simulation of debris flow blockage, 
the instantaneous blocking probability in a small time interval of t∆  is necessary. If this 
probability, P, is assumed constant under constant particle concentration, c, and constant 
particle velocity, u, the relationship between P and F is given by F = 1 – (1-P) n, where n 
= TL /∆ . Another expression gives t
                                                         (4) 1/1 (1 ) nP F= − −

The numerical simulations corresponding to the conditions of experiments verified this 
model. The instantaneous blocking probabilities are calculated for the same combination 
of the grid-type dam and particle diameter used in the experiments under N = 1000 and 

=0.01s. Fig.3 shows the results of calculation. This figure clearly shows the blocking 
probability is a function of particle velocity and concentration, and so far empirical 
criteria for blocking as that describe by only the ratio  (Ashida and Takahashi, 1980) 
or by the combination of  and particle concentration (Mizuyama et al., 1995) are 
insufficient. 

t∆

/L d
/L d

Grid-type Sabo Dam actually has been constructed three-dimensionally like a jungle 
gym structure, having plural grid faces along river channel. The observations during 
laboratory experiments installing such a structure revealed that the blockade of the second 
row grid space is caused by the similar process with that for the first row except for the 
particle velocity becomes small due to the effect of collision with the column of the first 
row. Because the particle velocity just upstream of the second row is diverse, it is 
assumed to be the product of u and a random number between 0 and 1, where u is the 
particle’s approaching velocity to the first row. The particle concentration is considered 
not to change. Then, the blocking probability of the second row, P2 is obtained from 
eq.(4). Therefore, the total blocking probability for the dam having two rows is described 
as 
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2 1 1(1 )rowP P P= + − 2P

P

                           (5) 

Similarly, the instantaneous blocking probability of the dam having n rows is 
1 1

1 1

1
n n

n rows n
n n

P P P
− −

= =

 
= + − 

 
∑ ∑                      (6) 

3. LABORATORY EXPERIMENTS FOR THE FUNCTIONS OF GRID-TYPE 
DAM 

Laboratory experiments were carried out using a tilting flume, 5m long, 10cm wide and 
20cm deep. The experimental material was laid, 1.5m long and 10cm deep within the 
upstream reach, and saturated with water prior to the experimental run. Then, debris flow 
was generated by supplying water with the rate of 300cm3/s for 20 seconds. The 
experimental set up is shown in Fig. 4. The type of grid-dam used was two-row type as 
shown in the same figure, L/dmax = 1.6. The size distribution of experimental material is 
given in Fig. 5. 
 

 
Fig. 4  Experimental set up                    Fig. 5  Particle size distribution of 

experimental material  
 

Debris flow in the experiment was a typical stony type and accumulating the largest 
particles in the forefront. As soon as the forefront arrived at the first row of the grid all the 
opening spaces were choked. The succeeding flow bulged and the majority of particles 
were deposited forming a deposit area that rebounded upstream. Engaging of particles 
with each other at the first row was stable and a few large particles that overflowed the 
sediment accumulating area were deposited between the first and second rows. Fig. 6 
compares the temporal changes in discharge and runoff sediment volume at the 
downstream end of the flume with dam and without dam. Experimental runs for each case 
repeated three times. One can understand both the debris flow discharge and runoff 
sediment volume become very small by the installation of grid-type dam.      

 
 Fig. 6  Results of experiments 
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4. NUMERICAL SIMULATION MODEL FOR DEBRIS FLOW CONTROL 

Debris flows are often generated and bulk up downstream by the erosion of steep debris 
beds in gullies. Regardless of the direct cause of generation; the abrupt increase of surface 
water flow or the sudden supply of already liquefied landslide materials, the particles 
composing debris flow are segregated by transporting larger particles faster than smaller 
ones. Consequently, a well-developed stony debris flow has a structure with the biggest 
particles moving at its forefront and the particle size decreasing toward the rear. 

The numerical simulation model that treats simultaneously the development of flow 
itself and particle segregation within the flow is available (Takahashi et al., 1992). The 
following is the outline of the method.  

The one-dimensional equation of motion is approximated by the uniform flow equation 
5 / 3 1/ 2sintq Ch wθ=                                 (7) 

where qt is the unit width discharge of flow, h the flow depth, θ w the channel slope, and 
C is a coefficient given by the following equation: 

1/ 2 1/ 3
*2 (1 ) 1

5 0.02m

cgC c c
d c

ρ
σ

      = + −        
− 

  
                  (8) 

where dm is the mean diameter of the particles for the entire flow depth, g the acceleration 
due to gravity, ρ  the density of interstitial fluid, σ  the density of particles, c*  the 
volume concentration of particles in the static bed. 

The continuity equation for total volume is 

tqh i
t x

∂∂
+ =

∂ ∂
                              (9) 

where  is the erosion (>0) or the deposition (<0) velocities. It must be noted here that 
the bed is assumed to be saturated with water. 

i

The continuity equation for solids is 

*
( )( ) tcqch ic

t x
∂∂

+ =
∂ ∂

                           (10) 

The erosion velocity of saturated bed is given by 

*

t
e

m

qc ci
c c d

δ ∞

∞

−
=

−
                             (11) 

and the deposition velocity is 

*

1d
e

c cUi
pU c

δ ∞  −
= − 

 
U                          (12) 

where δ e  is a numerical constant describing the time lag between the occurrence of 
stress imbalance on the bed and the entrainment of particles into flow,  p and δ d  are 
numerical constants, U the translating velocity of the front, Ue  the equilibrium velocity 
under which neither erosion nor deposition takes place with the concentration c, and c  
is the equilibrium concentration under the channel slope 

∞
θ w , that is given by 

tan
( )(tan tan )

w

w

c
ρ θ

σ ρ φ θ∞ =
− −

                         (13) 

The term (1-U/pUe) in eq.(12) is introduced to express the inertial behavior of flow 
downstream of the abrupt change in channel slope, and if U>pUe,  i=0.  

Equation for the variation of bed surface elevation is given by 
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0bz
i

t
∂

+ =
∂

                              (14) 

where zb is the erosion or deposition thickness of the bed. 
One-dimensional finite-difference calculation of the system of equations from (7) to 

(14) enables to determine the location of the forefront, the mean flow depth along the 
channel behind the forefront, and the mean velocity and solids concentration at time step t. 
At this time step the depth is sliced into several layers, namely the flow is divided by 
vertically two-dimensional meshes. If one takes notice of a particular mesh, particles 
within this mesh will flow out to the adjacent mesh downstream by the mean velocity at 
that height and instead particles flow in from upstream, and simultaneously, particles 
exchange between vertically adjacent meshes. It is assumed that particles larger than the 
mean size in the noted mesh are moved upward by the action of dispersive pressure and 
instead to compensate for the net upward volume transport finer particles are moved 
downward. 

The upward velocity, v, of the k particle with diameter dk is given by 
2

'

( ) cos4 1 |
3 {( ) }

w
d

Dm

v V
C cgd

σ ρ θ
σ ρ ρ
−

=
− +

|                       (15)    

1/ 3 1/ 31 2 1 3
1/ 3

1 5

(0.5 0.5 ) ( )2| | 1
1 (1 )

d d
d d

d

r r
V r

r
λ λ
λ

− −

−

+ + +
= −

+ −
 

where dm’ is the mean particle diameter in the mesh, CD the apparent drag coefficient for 
the upward motion of the particles, rd = (dk/dm’)3,  is the linear 
concentration.  

1 / 3 1
*( {( / ) 1} )c cλ −= −

The concentration of each size fraction, ck, in the mesh is obtained from the continuity 
equation 

( ) ( )
0k k kc c u c v

t x z
∂ ∂ ∂

+ + =
∂ ∂ ∂

                    (16) 

5. APPLICATION OF NUMERICAL SIMULATION TO THE EXPERIMENTAL 
CASES 

The numerical simulation method described above was applied to reproduce the 
phenomena appeared in the experiments. In the dam blocking model earlier discussed, 
however, did not consider the effect of lateral frames that would become crucial when the 
clearance between them and the surface of deposit just upstream of dam is small. To take 
this effect into account, the grid spacing to count the blocking probability is considered 
equal to this clearance when it becomes smaller than the maximum diameter of particles. 

Calculation was carried out setting sec and 0.02t∆ = 10=∆x cm. The particle sizes 
were classified into five ranks, and in each time step the segregation of particles was 
calculated together with the debris flow characteristics such as discharge, velocity, depth 
and particle concentration, especially the concentration of the maximum diameter class 
particles at the forefront. Then, the velocity and the concentration of the largest class 
particles were substituted into the dam blocking model and the instantaneous blocking 
probability was obtained under the condition N = 1000 and 0.02t∆ = sec. If this 
probability was larger than an independently generated random number between 0 and 1, 
the dam was considered to be blocked. If it was judged blocked, the bed level just 
upstream of the dam was raised with the height equal to the diameter of the largest particle, 
and the riverbed variation upstream of the dam was calculated. Because the value of 
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random number changes depending on the initial condition to generate, the calculation 
was repeated 10 times for one experimental case. 

Fig. 7 shows the comparison of riverbed between the experiments and calculations. As 
is clear in the figure, the calculated results well coincide with the experiments. 

 

 
Fig. 7  Comparison of riverbed between the experiments and calculations  

 
Figs. 8, 9 and 10 compare the calculated sedigraph, cumulative sediment runoff volume, 

and particle concentration with the measured ones at the downstream end of the flume, 
respectively. One can conclude that the blocking phenomena of the grid-type dam and its 
effects downstream can be rather well reproduced by the numerical simulation method 
introduced in this paper. 

 
Fig. 8  Calculated and experimented sedigraphs       Fig. 9  Calculated and experimented sediment runoff 

 at the downstream end of flume                        

 
Fig. 10  Calculated and experimented particle concentrations downstream of Sabo Dam 

6. CONCLUSIONS 

A new grid-type dam blocking concept, the blockade is accomplished when particle(s) 
arrive while the apparent spacing is narrowed by previously arrived particle(s), gives a 
blocking probability function. This function was used to simulate the debris flow control 
processes by grid-type Sabo Dam. The simulation model consists of almost all important 
processes, debris flow generation and development, particle segregation while in motion, 
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blockade of the grid dam, deposition upstream of the dam, flowing over the deposit and 
passing through the dam. The model was verified by the experiments. Therefore, this 
method can be a powerful tool in debris flow control planning using grid-type dam, where 
the dam should be constructed, how large the spacing between columns is appropriate, etc.  
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Abstract: Debris flow is the most disastrous chapter of flooding in mountainous areas. This paper 
reports the main experimental results of initiation of debris flow and the development of debris flow 
head. Video films of the experiments show that a high rolling head, composed of large gravel and 
boulders, is a typical character of debris flow. Debris flow may be triggered by torrential flood if the 
slope of the channel bed is over a critical value. In the initiation stage of a debris flow, particles are 
removed from the bed and roll in the front of the flow, forming a head consisting of coarse particles. 
High concentration of particles, up to 1100-1600 kg/m3, was carried down the flume with the head 
in the experiments. The height of the debris flow head is proportional to the size of gravel. It is 
striking that the velocity profiles of the particles in the head are quite different from those in the 
main flow. The particle’s velocity in the main flow is about 2 times of those in the head. The 
velocity profiles in the head are nearly linear and those of the main flow are more curved. The 
mechanism of the different velocity profiles is studied. The instantaneous velocity of small particles 
is higher than that of large particles but the average velocity of small particles is lower than large 
particles. A layer of small particles is often seen between the stagnant bed and the moving particles 
in the debris flows. For the same bed material, the resistance of debris flow is about 10 times higher 
than the normal sediment-laden flow because the collisions among the particles and between 
particles and the bed create a great resistance. The resistance increases with increasing diameter of 
solid material.    

Keywords: two-phase debris flow, resistance, head, velocity profiles, initiation of debris flow 

1. INTRODUCTION 

Debris flow is the most disastrous chapter of flooding in mountainous areas. Debris flow 
is often triggered as a result of scour of slope deposit by torrential flood generated by 
intense rainfall and melting snow. Debris flow is turbulent because of its high flow 
velocity in some circumstances and is laminar due to its high viscosity and yield strength 
of the matrix in other cases. Debris flow carries huge amount of sediment, from clay finer 
than 10-3 mm to huge stones of several meters in diameter. Clay, sand, gravel and boulders 
move in different mechanisms, which makes the problem complicated.  

There are two types of debris flow, namely viscous debris flow and two-phase debris 
flow (Wang et al., 1999). Viscous debris flow consists of clay, silt, sand and gravel, and it 
is non-Newtonian, pseudo-one phase flow. In the two-phase debris flows the solid phase 
consists of gravel and boulders and the liquid phase consists of water, clay and silt in 
suspension, sometimes also sand and fine gravel.  There is obvious relative movement 
between the solid phase and the liquid phase.  
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It seems that rheological or constitutive equations relating stress and strain are needed 
for debris flow routing because debris flow exhibits non-Newtonian behaviors. In the past 
decades much effort have been made to develop the constitutive equations and various 
models have been proposed on the bases of the visoplastic and dilatant models (Julien and 
Lan, 1991; MeTingue, 1982; Iverson and Denlinger, 1993, Shen and Ackermann, 1982). 
The models were employed to study the velocity profiles of debris flows. The idea to use 
the constitutive equation is to balance the shear stress created by the shear flow with the 
driving shear by the gravitation on the slope. Then a velocity distribution can be obtained 
if all the parameters and the coefficients are determined.  

For the viscous debris flow Johnson and Yano & Daido (1965) postulated that debris 
flow material behaves as a homogeneous viscoplastic continuum. Many scientists 
employed the model to study viscous debris flow (Chen, 1988; Shen, 1982). With the 
constitutive equation of viscoplastic fluid they explained the velocity profile with a plug 
of laminar flow that is often observed in mudflows and viscous debris flows. The 
viscoplastic model can also interpret the striking phenomenon of debris flow waves. 
Wang et al. (1990, Wang, 2001) experimentally and theoretically studied the development 
of a viscoplastic fluid from continuous flow into intermittent debris flow spelled of a 
series of waves. They derived differential equations indicating that the yield strength is the 
essential factor affecting the instability and development of the waves.    

For the two phase debris flows Bagnold (1956) and Takahashi (1978, 1980, 1981) 
made the most prominent early effort to construct a theory that accounts for particle 
interactions. The central feature of their theory is the concept of grain flow dispersive 
stress, which was originally introduced by Bagnold (1954). The theory postulates the 
debris flow a dilatant fluid but the shear stress is generated mainly by the collision 
between the particles. Scientists employed the model to study the two-phase debris flows 
(Savage, 1984；Savage and Mckeown，1983).  The theory provides the mechanism of 
supporting force for the moving gravel and stones, a velocity profile distinct from water 
flow, and high resistance of debris flow, and seems to provide an explanation for the 
segregation of large and small particles that lead to the debris flow head consisting of 
large stones and to inverse grading in debris flow deposit. 

However, shortcomings exist in both viscoplastic and dilatant models. The viscoplastic 
model does not work well for the resistance of viscous debris flow. The model predicts the 
debris flow velocity much lower than flow of water because the viscosity and the yield 
shear stress of the debris mixture is much greater than water. In fact, the velocity of 
viscous debris flows in the Jiangjia Ravine, Yunnan Plateau of China, is sometimes even 
higher than the flow of water. The debris flow is composed of high concentration of fine 
material and the flow appears laminar, which means that  the resistance can be 
represented by the viscosity if it is really a kind of viscoplastic fluid. On the contrary, drag 
reduction occurs in viscous debris flows and the rate of drag reduction is as high as 60% 
(Wang et al., 2001). In other words, viscous debris flows move at 2 times higher velocity 
than water in the same gully. The results indicate that the resistance of debris flow can not 
be approached by using the constitutive equations. 

For the dilatant model of the two-phase debris flow, an essential shortcoming is to omit 
the interaction between the two phases and identify no different roles of different 
materials in the debris flow. The constitutive equation can be applied only if all parts of 
the flow behave the same rheologically, which is not true for most of debris flows. 
Another important shortcoming of the theories is neglecting the unsteadiness of the flow. 
In unsteady flow, the shear stress is not balanced by the driving force and the inertia or the 
kinetic energy of the flow possesses plays a role in the motion, especially at initiation 
stage and in maintaining the motion for a distance in the region of very gentle slope.      
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Debris flow is usually headed by a head consisting of large gravel with larger height than 
the depth of following part (Kang, 1996). Laboratory studies also revealed that such a head is 
an identifier of debris flow (Takahashi, 1980, Wang & Zhang, 1990). However, there is lack 
of knowledge of motion and modeling of the debris flow head. In fact, understanding of 
movement of the debris flow head is a base of debris flow mechanism. The purpose of the 
present study is to investigate formation and laws of motion of debris flow head and provide 
detail information for physical insight to the particles' motion in the debris flow head. 
Moreover, considerable ambiguity persists concerning the initiation and motion of debris 
flow. More laboratory studies and theoretical analyses are to be made and a numerical 
model is to be developed, which is able to simulate the unsteady motion of debris flow. To 
the purpose the author has paid several field investigations to the Xiaojiang Watershed, 
which is known as a museum of debris flows. Then the author conducted flume 
experiments with 5 kinds of gravel to study the mechanism of two-phase debris flows. 
Part I of the study is devoted to the development and mechanism of two-phase debris 
flows. Part II is devoted to the numerical modeling of unsteady motion of debris flows. 

2. DEBRIS FLOW EXPERIMENTS 

The experiments were conducted in a tilting flume 10 m-long and 50 cm-wide with 
glass-sided walls. Its slope was adjusted within the range of 0-30 degrees. Five kinds of 
gravel were used for the experiments with diameter from 5-10 mm to 50-90 mm, as shown 
in Table 1. The liquid phase was water and clay suspension of concentration of about 100 
kg/m3. The clay material, from deposit of a reservoir, had a density of 2.68 g/cm3 and median 
diameter of 0.004 mm. The main mineral compositions were kaolinite, quartz, 
montmorillonite, and calcite. The clay suspension is still Newtoninan although it exhibits 3 
times higher viscosity than clear water. Before the experiments the gravel was put on the 
bed forming a mobile bed 20 cm deep. Then, clear water or clay suspension flowed down 
the flume from the upstream entrance. The flow rate was controlled by means of an inlet 
motor valve and measured by using an electromagnetic flowmeter. The width-to-depth ratios 
were in the range 10:1-3:1. However, the side wall effect can be neglected because the bed 
was very rough and the wall was smooth.  

Table 1  Parameters of the experiments 

Bed material    Gravel-I  Gravel-II   Gravel-III    Gravel-IV      Gravel-V  
Diameter [mm]     5 - 10   5 - 23   5 - 50   5 - 90    5 - 90  
Median diameter    
Ｄ50 [mm]   7.3     10.3    20     26      34 
Repose angle   33    40   43    44.5    45  
[degree] 
Porosity p [%]   40   38    37   37    36 
Liquid phase   Water and clay suspension   Water    Water   Water 
Slope J  [%]   6 - 25   8 – 30   15 – 38  25 – 38  25- 38 
Average height  4.0     5.5     12      15      16.5 
of the debris flow head 

 
A rotating cylinder-shape container of diameter 1.5 m, which is separated into 16 

fan-shape containers by radial steel walls, collected samples of the debris flow mixture at 
the downstream end of the flume. The container cylinder was rotating at speed of 1-3 
revolutions per minute, or the container took samples at a frequency in the range 
16-48/min. The water content, gravel concentration, size distribution, and the rate of 
gravel transport were obtained by analyzing the samples.  The initiation and movement 
of the debris flows were recorded by using two video-cameras from the top and the glass 
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side-walls of the flume. The velocity profiles of solid particles were obtained by 
digitalizing the video tape. Fourty experiments were conducted and the main results are 
presented in Table 2, in which q is the liquid discharge from the upstream entrance, ub is 
the speed of the debris flow head, us the surface velocity of the liquid phase, Sd the gravel 
concentration of the debris flow head,  S the gravel concentration of the main body of the 
debris flow. 

Table 2  Experimental results 

No Gravel Liquid J q 1/s.m
hd 

(cm) 
ud 

(m/s)
us 

(m/s)
Sd 

kg/m3
S 

kg/m3 n Remarks 

1 
2 
3 
4 
5 

I 
I 
I 
I 
I 

Water
Water
Water
Water
Water

0.050
0.150
0.150
0.167
0.167

28 
26 
58 
32 
40 

1.8 
4.8 
4.5 
4.7 
4.3 

1.10
0.60
1.00
1.00
1.00

1.10
0.80
1.60
1.60
1.50

0 
1410
1560
1398
1580

40 
740 
730 

1070
1080

0.014
0.084
0.049
0.053
0.050

Sedi-laden flow 
Debris flow 
Debris flow 
Debris flow 
Debris flow 

6 
7 

I 
I 

Water
Water

0.200
0.200

16 
22 

4.7 
4.3 

0.24
0.58

0.70
1.20

1410
1250

1180
900 

0.243
0.095

Debris flow 
Debris flow 

8 
9 

10 
11 
12 

III 
III 
III 
III 
III 

Water
Water
Water
Water
Water

0.200
0.364
0.364
0.364
0.364

28 
22 
34 
12 
56 

1.6 
12.0 
14.5 
1.0 
14.0 

0.95
0.33
0.39
1.10
0.75

1.00
0.90
1.50
1.10
2.20

80 
1530
1670
120 

1670

180 
1360
1480
185 

1440

0.030
0.445
0.427
0.025
0.217

Sedi-laden flow 
Debris flow 
Debrios flow 

Sedi-laden flow 
Debris flow 

13 
14 
15 
16 
17 

III 
III 
III 
III 
III 

Water
Water
Water
Water
Water

0.278
0.278
0.278
0.278
0.278

14 
28 
40 
56 
70 

1.0 
11.5 
11.0 
10.5 
10.5 

0.63
0.38
0.49
0.65
0.63

0.70
1.35
1.48
2.05
2.67

12 
1300
1280
1190
1100

13 
714 
824 
900 
932 

0.039
0.328
0.247
0.181
0.186

Sedi-laden flow 
Debris flow 
Debris flow 
Debris flow 
Debris flow 

18 
19 

IV 
IV 

Water
Water

0.20
0.325

30 
38 

1.0 
14.0 

1.23
0.43

1.49
1.67

10 
1430

25 
945 

0.017
0.357

Sedi-laden flow 
Debris flow 

20 
21 
22 
23 

IV 
IV 
IV 
IV 

Water
Water
Water
Water

0.375
0.375
0.375
0.375

44 
56 
32 
38 

15.0 
16.0 
15.0 
15.0 

0.52
0.52
0.40
0.43

1.60
1.97
1.67
1.72

1433
1444
1380
1430

1320
1323
1222
1268

0.332
0.347
0.432
0.402

Debris flow 
Debris flow 
Debris flow 
Debris flow 

24 
25 

V 
V 

Water
Water

0.05
0.10

26 
28 

1.0 
1.0 

1.21
1.33

1.27
1.59

13 
24 

120 
168 

0.009
0.011

Sedi-laden flow 
Sedi-laden flow 

26 
27 
28 
29 

V 
V 
V 
V 

Water
Water
Water
Water

0.195
0.195
0.195
0.195

58 
18 
28 
30 

17.0 
16.0 
16.4 
17.0 

0.69
0.20
0.33
0.37

2.27
0.96
1.50
1.66

1304
1340
1345
1232

1148
724 

1227
1182

0.196
0.651
0.401
0.366

Debris flow 
Debris flow 
Debris flow 
Debris flow 

30 
31 

II 
II 

Water
Water

0.05
0.10

20 
26 

1.0 
1.2 

0.88
1.24

1.36
1.77

0 
10 

44 
74 

0.012
0.013

Sedi-laden flow 
Sedi-laden flow 

32 
33 
34 
35 
36 

II 
II 
II 
II 
II 

Water
Water
Water
Water
Water

0.195
0.195
0.195
0.195
0.195

43 
62 
54 
32 
22 

5.0 
4.8 
5.6 
6.0 
5.8 

0.64
0.98
0.80
0.40
0.26

1.74
2.72
1.88
1.12
0.78

1600
1578
1530
1500
1480

924 
840 
800 
890 
860 

0.094
0.060
0.081
0.169
0.254

Debris flow 
Debris flow 
Debris flow 
Debris flow 
Debris flow 

37 
38 
39 
40 

II 
II 
I 
I 

Susp.
Susp.
Susp.
Susp 

0.195
0.195
0.195
0.195

18 
30 
34 
52 

3.2 
3.8 
3.8 
3.8 

0.60
0.79
0.90
1.22

1.80
2.86
2.86
3.32

1300
1380
1360
1360

794 
800 
840 
903 

0.074
0.063
0.055
0.041

Debris flow 
Debris flow 
Debris flow 
Debris flow 

Note : Sedi-laden flow represents sediment-laden flow  
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3. PHYSICAL PICTURE OF INITIATION OF DEBRIS FLOWS 

It was observed from the experiments that as the slope of the flume bed was small or the 
discharge of the liquid phase was small, no debris flow was initiated. In this case water  
 
 

   

 

 
a         b 

    
c         d 

 

    
e         f 

Fig. 1  (a) Flow on gentle slope carries a few particles moving as bed load, exhibiting normal bed load-laden 
flow features. (b) As the slope and the discharge of the liquid phase are high, particles are removed from  

  the bed and rolled in the front of the flow; (c) More particles move to the front, resulting growth of the front;  
(d) Particles move faster than the front, thence more and more particles moved to the front, forming a head    
consisting of rolling particles; (e) Coarse particles move faster than smaller ones. They collide with each  

other and with the channel bed; (d) The debris flow head rolled down the slope like a bulldozer. 
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flowed over the bed and individual particles were carried by the flow, in the motion of 
normal bed load. The front was low and propagated down the slope at relatively high 
velocity. There were no or very few particles in the front (Fig.1a). The gravel 
concentration was only 0-80 kg/m3. The velocity of the flow was higher than debris flow 
and the front velocity is close to the surface velocity of the main flow because much less 
particles were carried by the flow and much less energy was consumed by the solid phase 
(see Table 2). This is the normal bed load-laden flow.  As the slope and the discharge of 
the liquid phase were large, however, particles were removed from the bed and rolled in 
the front of the flow (Fig.1b). Moving down the flume the flow carried more particles and 
the front grew up (Fig.1c). Individual particles move faster than the front, thence more 
and more particles moved to the front, forming a head consisting of rolling particles 
(Fig.1d). Particles in the head collided with each other and with the bed, consuming a lot 
of energy, therefore, the head moved at lower velocity than the liquid and particles in the 
main flow. The particles in the main flow caught up with and rolled over the head, as 
shown in Fig.1e. The head became so high to be several times of the large stone’s 
diameter and stopped growing. The head rolled down the flume like a bulldozer (Fig.1f). 
Particles in the head collided with each other and made noise. High concentration of 
particles, up to 1100-1600 kg/m3, was carried down the flume with the head. This is debris 
flow.  

Generally, the head grows up at the beginning and then reaches an equilibrium height. 
Fig.2 shows the growth process of the debris flow head following the propagation down the 
flume, in which L is the distance from the entrance and hd is the height of the debris flow head. 
Miyazawa (1998) obtained the similar results from his debris flow experiments with gravel of 
diameter 5-10 mm.  

It was observed that the water content in the head was low, and sometimes only dry 
particles moved in the very front of the head. The velocity of the liquid phase and the 
particles in the following part was higher than the moving speed of the head. The 
instantaneous velocity of small particles was measured higher than that of large particles.  
There are two paradoxes:  (1) the small particles exhibit high velocity but move slower, 
large particles exhibit low velocity but move faster; (2) particles in the head consume much 
kinetic energy due to collisions with each other and between the moving particles and the bed, 
therefore, the movement of the head is subjected to an extremely high resistance, but the 
debris flow head grows up and maintains flowing. The mechanism of the phenomena is 
discussed in the following chapters.  
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Fig. 2  Growing process of the debris flow head (L=the distance from the entrance,  

hd =the height of the debris flow head) 

4. MAIN RESULTS  

4.1 Critical bed slope for initiation of debris flow 
There is a critical slope, Jc,  below which no debris flow can be initiated for a given bed 
gravel composition. The coarser are the bed materials, the higher is the critical slope.  
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Fig.3 shows the critical bed slope as a function of median diameter of the bed material. 
From the experimental results we obtain the following empirical formula for the critical 
slope: 

2/3
500.024cJ D=          (1) 

in which D50 is in (mm). It can be derived that debris flow may be initiated on a gentle 
slope if the bed material is not coarse. Field data proved that in most cases a gully is 
debris flow gully if its  slope is greater or non-debris flow gully if its slope is smaller 
than the critical value given by Eq.(1). In other words, for a gully with given slope, it can 
become a debris flow gully if there is plenty of fine gravel on the bed, or it is non-debris 
flow gully if the bed material is coarse.   

Takahashi (1978,1980) presented a model of initiation of debris flow. From his model 
debris flow can be initiated if the shear stress of the flow is over the shear resistance of a 
layer of debris deposit. The layer will then slide down the slope and move with the 
flowing liquid, therefore, debris flow develop as a result of mix of the solid deposit and 
the liquid. He derived the critical slope for debris flow development is about 14.3o  or 
J=tan 14.3o =0.23.  Takahashi’s model can be applied to landslide and the debris flow 
developing from landslide but not to the debris flow trigged by torrential flood.   
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Fig. 3  Critical slope for initiation of debris flow as 
a function of the median diameter of bed material. 

Fig. 4  The height of the flow front varying with the 
income flow discharge (No.13-17, Gravel III, J=0.278)

   
 
Fig. 5  (a) The height of the debris flow head is about 4 cm in the experiment with Gravel I of median diameter 

7.3 mm; (b) The head height is about 1.2 m of the debris flow occurring in a debris flow gully with gravel of 
median diameter about 200 mm. 
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Many debris flows are initiated by storm rainfall and turbulent runoff and exhibit the 
same physical picture as the present experiments. The critical slope for debris flow is 
smaller than that given by the shear stress model. The median diameter of bed materials of 
the Jiangjia Gully is about 5-12 mm. Eq. (1) gives the critical slope about 0.13.  The 
slope of the upper stream of the gully is about 0.15 and there are plenty of loose solid 
deposits in the area. Therefore, debris flow often occurs in the gully if the rainfall 
intensity is higher than 0.5 mm/min.   

4.2 Height of Debris Flow Head 
The experiments also revealed that debris flow can be triggered only if the incoming flow 
discharge is high enough even if the bed slope is over the critical value. Fig.4 shows the 
front height of the flows as a function of the incoming liquid discharge in the experiments 
with gravel III and bed slope 0.278. There is a critical incoming liquid discharge for the 
initiation of debris flow. The front height was low and no debris flow was initiated if the 
incoming discharge was low. If the incoming liquid discharge was over 25 l/sm, the flow 
triggered debris flow and a debris flow head formed which is much higher than the front 
of the normal sediment-laden flow (Fig. 4).  

The height of the debris flow head is almost the same for different incoming discharges 
and depends mainly on the size of the gravel. Fig.5a shows the height of the debris flow 
head in the experiment with Gravel I. The median diameter of Gravel I is 7.3 mm and the 
head height is only 4 cm. Fig.5b shows the head height about 1.2 m of the debris flow 
occurring in a debris flow gully with gravel of median diameter about 200 mm. The head 
height of debris flow is proportional to the size of gravel, as shown in Fig.6.  The 
empirical relationship between hd and Ｄ50 can be mathematically formulated as: 

505.5dh D=         (2) 
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Fig. 6  Height of debris flow head as a function of the median diameter of gravel 
 (●-experiments;▲-field data) 

4.3 Velocity Profiles of Solid Particles  
The velocity profiles of solid particles are analyzed by digitalizing the video record of the 
debris flow experiments. In the experiments, a rolling head moved down the flume and 
following the head was the main flow. Fig.7 (a) and (b) show the velocity profiles in the 
head and the main flow of two experiments No.15 and No.17 (Table 2). The particle 
velocity profiles of the main flow are similar to the grain velocity profile of debris flow 
experiments by Tsubaki et al (1983).  It is striking that the velocity profiles of the 
particles in the head are quite different from those in the main flow (Fig.7 a and b). 
Particles in the head move at much lower velocity than those at the same relative elevation 
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in the main flow.  The particle’s velocity in the main flow is about 2 times of those in the 
head. The shapes of the profiles are also different. The head profiles are nearly linear and 
those of the main flow are more curved.  

The mechanism of the velocity difference between the particles in the head and the 
main flow is perhaps that the particles in the main flow receive energy from the flowing 
liquid and accelerate to a high velocity. They catch up with the head and collide with and 
transfer their energy to the particles in the head, then decrease the velocity. The 
concentration of particles in the head is much higher than that in the main flow. They 
consume a lot of energy by collisions between the particles and with the bed, so that the 
head is subjected to great resistance and move at much lower velocity.  
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Fig. 7  (a) Velocity profiles of particles in the head and the main flow of the experiment No.15;  

(b) Velocity profiles of particles in the head and the main flow of the experiment No.17 (Table 2). 
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Fig. 8  (a) Velocity profiles of particles in the head and velocity profiles of large and small particles in the 
main flow of the experiment No.26 (Table 2); (b) Small particles fall down on the bed after collisions 

with large particles. A layer of small particles is seen between the bed and the moving particles.   

Observation in the experiments also found that the head is composed mainly of large 
particles. One can reason that large particles move at higher velocity than small particles 
and thence finally concentrate in the head. In fact, the instantaneous velocity of small 
particles is higher than that of large particles but the average velocity of small particles is 
lower than large particles. Fig. 8a shows the velocity profile of particles in the head, the 
velocity profile of large particles (d=40-60 mm) in the main flow and the profile of small 
particles (d=10 mm) in the main flow of the experiment No.26 (Table 2).  The velocity 
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of small particles is higher than the velocity of large particles in the upper flow and lower 
in the lower flow. A small particle accelerates under the action of the liquid flow and 
moves faster than large particles. It hits against a large particle in front of it and transfer 
its kinetic energy to the large particle by the collision. Then the small particle stop moving 
and fall down on the bed. The phenomenon is seen for many small particles. Following 
the movement of the debris flow down the flume more and more small particles fall down 
and accumulate on the bed. Thus, a layer of small particles is seen between the stagnant 
bed and the moving particles, as shown in Fig.8 b. On the other hand, the large particles 
receive energy from the small particles and move at a stable velocity and finally move to 
the head. This fact indicates that the theory of dilatant model for the large stones in the 
head is not correct.  In the dilatant theory, large particles move faster because the 
dispersive force is proportional to D2, large particles is subjected large lift dispersive force 
and hence rise to the surface of the flow where the velocity is high. Therefore, large 
particles move faster and finally concentrate in the debris flow head.  The theory is not 
correct. Large particles move “faster” and  catch up with the head because they move 
continuously but small particles stop and fall down after moving for a distance and 
colliding with large particles.   

4.4 Resistance   
The resistance of debris flow is usually represented by the Maning’s roughness n. Table 2 
shows Manning’s n value calculated with the following formula: 

2 /3. 1/ 21
d

d
n h J

u
=        (3) 
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Fig. 9  Manning’s roughness n as a function of the median diameter of the bed gravel (resistance of 

debris flow is about 10 times higher than the normal sediment-laden flow). 
in which ud is the velocity of the debris flow or sediment-laden flow, hd is the height of the 
head of the flow. Here we use hd  to replace the hydraulic radius because the bed 
roughness is much higher than the glass wall roughness and can be regarded as two 
dimensional flow in concerning of the resistance.  Fig.9 shows the Manning’s roughness 
n as a function of the median diameter of the bed gravel. For the same bed material, the 
resistance of debris flow is about 10 times higher than the normal sediment-laden flow. In 
the normal sediment-laden flow particles move with liquid, roll or move in saltation over 
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the bed. In the debris flow, particles collide with each other and with the bed so that a 
supporting force - the so called dispersive force is created. The collisions consume a lot of 
energy and create a great resistance. Therefore, two-phase debris flow exhibits extremely 
high resistance compare with the normal flow.  For debris flows the resistance increases 
with increasing diameter of solid material, as shown in Fig.9. This is because the collision 
of bigger particles consumes more energy and create higher resistance.  

5. CONCLUSIONS 

The mechanism of two-phase debris flow is studied through experiments. Debris flow 
may be triggered by torrential flood if the slope of the channel bed is over a critical value. 
The critical slope is proportional to 2/3 power of the diameter of the bed material. In the 
initiation stage of a debris flow, particles are removed from the bed and roll in the front of 
the flow, forming a head consisting of coarse particles. Particles in the head collide with 
each other and with the bed, consuming a lot of energy, therefore, the head move like a 
bulldozer at lower velocity than the liquid and particles in the main flow. High 
concentration of particles, up to 1100-1600 kg/m3, was carried down the flume with the 
head in the experiments. The height of the debris flow head is proportional to the size of 
gravel, following an empirical relationship: hd =5.5Ｄ50. 

It is striking that the velocity profiles of the particles in the head are quite different 
from those in the main flow. The particle’s velocity in the main flow is about 2 times of 
those in the head. The velocity profiles in the head are nearly linear and those of the main 
flow are more curved. The mechanism of the different velocity profiles is as follows: the 
particles in the main flow receive energy from the flowing liquid and accelerate to a high 
velocity. They catch up with the head and transfer their energy to the head and then 
reduce the velocity. With much higher concentration the particles in the head collide with 
each other and with the bed and create a great resistance, therefore, the velocity of the 
head is much lower than the main flow.  

The instantaneous velocity of small particles is higher than that of large particles but 
the average velocity of small particles is lower than large particles. Small particles are 
observed colliding with large particles in front of them and transfer their kinetic energy to 
the large particles. Then small particles stop moving and fall down on the bed. Thus, a 
layer of small particles is often seen between the stagnant bed and the moving particles in 
the debris flows. Large particles move continuously and finally concentrate in the head.  

For the same bed material, the resistance of debris flow is about 10 times higher than 
the normal sediment-laden flow because the collisions among the particles and between 
particles and the bed create a great resistance. The resistance increases with increasing 
diameter of solid material.    
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Abstract: A large amount of driftwood produced by many slope failures on mountainsides and 
riverbank erosion was debouched into Beppu Bay because of major flooding of the Ohno River due to 
heavy rainfall on July 2, 1990 in Oita Prefecture Japan. Direct and indirect damage, i.e. navigation 
risk to shipping, decreased functioning of harbor facilities, and damage to fish and shellfish farming, 
were very severe In this paper, a numerical simulation model was presented that used an interacting 
combination of the Eulerian fluid and Lagrangian driftwood models, in which the effects of wind 
force on driftwood motion was newly considered. The calculated flow direction of the driftwood was 
similar to the actual direction and the calculated flow behavior of driftwood in the whirl in the bay was 
comparatively well reproduced. 

 

 
Keywords: driftwood, analysis of driftwood behavior, numerical simulation, wind velocity, Beppu 

Bay, Ohno River 
 

1. INTRODUCTION 

Heavy rainfall occurred in northern Kyushu, Japan from the end of June 1990 due to 
activity of the baiu rain front. Rainfall records at the Takeda Public Works Office (Oita 
Prefecture, 1991), Takeda City, show the amount of precipitation from 28 June to 3 July, 
1990 was 457 mm, and on 2 July, the respective maximum daily and hourly precipitations 
were 289 and 51 mm. Due to this heavy rainfall, a large number of slope failures on 
mountainsides as well as river bank erosion occurred in the Tamarai and Inaba river basins, 
tributaries of the Ohno River. The large amounts of driftwood produced flowed into the 
tributaries then down the Ohno River, finally debouching into Beppu Bay. Direct and 
indirect damage, i.e. navigation risks to shipping, decreased functioning of harbor facilities, 
and damage to fish and shellfish farming, were severe. 

A new simulation model is presented, in which wind effects on the driftwood motion are 
introduced to the previous model (Nakagawa et al., 1995), an interacting combination of 
Eulerian fluid and Lagrangian driftwood equations being used. This new model was utilized 
to ascertain the behavior of the driftwood debouched into Beppu Bay.  

 
2. ACTUAL MOVEMENT OF DRIFTWOOD DEBOUCHED INTO BEPPU BAY 

The Ohno River basin covers an area of about 1,465 km2 (Fig. 1). Its approximately 107 
km-long main channel originates at the feet of Mt. Aso and Mt. Kujyu, is joined by the 
Tamarai and Inaba rivers in the vicinity of Takeda City, and ends at Beppu Bay. The number 
of driftwood debouched into Beppu Bay was assumed to have been approximately 30,000 
pieces (Nakagawa et al., 2001). The overall aspects of the actual movement of the 



debouched driftwood are not clear, but some information was obtained from newspaper 
articles. Fig. 2 shows the flow directions of driftwood reported in the morning edition of the 
Asahi Newspaper, July 6, 1990. The flow direction is toward the Sata Misaki Peninsula. 
The newspaper reported “Before dawn July 5, a large number of driftwood trees 
accompanied by their roots and wood pillars from houses were washed up on the shore at 
the tip of the Sata Misaki Peninsula”. 
 

 
Fig. 1  The Ohno River basin and rain gauge station locations 

 
Photo 1 taken from the helicopter of the Mainichi Newspaper Company shows the 

spread of driftwood in Beppu Bay facing the Bungo Channel at about noon July 5. The 
morning Asahi Newspaper of July 6, 1990 reported that “In the Hoyo Strait, approximately 
10 km northwest offshore Saganoseki Town, a large amount of driftwood combined with 
dead grass is drifting in a belt approximately 1 km wide. About 50 fishing boats worked to 
remove it”. 

From the information in Fig. 2 and Photo 1, it is clear that a large amount of the 
driftwood that had debouched into Beppu Bay arrived at Sata Misaki Peninsula before dawn 
July 5 and that pieces still were drifting in a mass approximately 1 km wide in Hoyo Strait 
about noon on July 5. 

 

  
Fig. 2  Driftwood flow directions (source         Photo 1  Driftwood belt showing fishing boats removing  

Asahi Newspaper, July 6, 1990)                driftwood (courtesy of the Mainichi Newspaper Company) 
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3. BASIC EQUATIONS OF FLUID AND DRIFTWOOD MOTION 

3.1 Basic Equations of Fluid Motion 
Horizontal two-dimensional momentum and continuity equations are the basic equations 
used to calculate the behavior of fluid motion in the sea. 
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where ,M N = the respective water discharges per unit width in the x  and directions, 
i.e., 

y
M uh=  and N hυ= ;  and u =υ  the respective depth-averaged velocity components 

in the x  and  directions; y =h  the water depth; cf =  the Coriolis parameter; H =  the 
water level, i.e., bH h z= + , bz =  the elevation of the seabed; =g  the acceleration due to 
gravity; ρ =  the density of the seawater; =ν  the kinematic viscosity; hA =  the kinematic 
eddy viscosity horizontally; =k  the turbulent energy; bxτ  and =byτ  the respective shear 

stresses at the seabed in the x  and  directions; y sxτ  and =syτ  the respective shear 
stresses at the water surface generated by the relative motion of driftwood and seawater in 
the x  and  directions; y wxτ  and wyτ =  the respective shear stresses at the water surface 
due to the wind in the x  and  directions; y =t  time; and x  and =y  the coordinate axes 
in the horizontal plane. According to Hosoda and Kimura (1993) the horizontal kinematic 
eddy viscosity, hA , and turbulent energy, , are k

=hA *huα ,                                                         (4) 2
*2.07k = u

where  the friction velocity; and *u = =α  a numerical constant with the value 0.3. For the 
friction coefficient at the bottom, , a laminar or turbulent flow resistance formula based 
on the Reynolds number is used; 

f

6 / ( 400) ; 2 / 3.0 5.75log / 2 ( 400)f Re Re f Re f Re= < = + ≥          (5) 

where  the Reynolds number defined by =Re 2 2 /Re u hυ ν= + . 
Shear stress at the seawater surface is 

2
w x a s x x yf W W Wτ ρ= 2+         ;      2

w y a s y x yf W W Wτ ρ= 2+                    (6) 

where aρ =  the density of the air;  the drag coefficient for the wind at the seawater 
surface; and 

sf =
xW , yW =  the respective wind velocity components in the x  and  y
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directions at the surface (actually, 10 m above the surface). Bottom shear stress is assumed 
to be 

2 2 2 2(1/ 2) ; (1/ 2)bx a wx by a wyfu u k f u kτ ρ υ τ τ ρ υ υ= + − = + τ−            (7) 

where  a constant with the value of 0.25 (Iwagaki et al., 1982). =ak

3.2 Basic Equations of Driftwood Motion 
It is assumed that there is no driftwood coalescence or breakup. This implies that the 
driftwood pieces are sufficiently dispersed so that collisions between them are infrequent. 
The drag forces produced by the velocity difference between the fluid and driftwood, the 
body force component produced by the gradient of the water surface, and the drag forces of 
the wind are considered the dominant external forces; therefore, external force due to skin 
friction is neglected. On the basis of these assumptions, each piece of driftwood, 
individually labeled by subscript , is assumed to obey the equations k
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2 2D y k k k k y a D y k k k y k yC W V A C W W Aρ υ ρ υ− − − −                  (9) 

where  and ku kυ =  the respective velocity components of the k th pieces of driftwood in 
the x  and  directions expressed by y

/ ; /k k kdX dt u dY dt kυ= =                                        (10) 

where kX  and Yk =  the co-ordinates of the centroid of the driftwood; W  the relative 
velocity of the fluid with respect to the driftwood; W

k =
k =  the relative velocity of the wind 

with respect to the driftwood expressed by 

( ) ( )2 2
k k k k kW U u V υ= − + −       ;        ( ) ( )2 2

k k x k k y ku W υ= − + −W W       (11) 

km =  the mass of the driftwood, i.e.,  (a piece of driftwood is assumed to be 
cylindrical); 

2
k dm ρ π= r

dρ =  the density of the driftwood; π =  the ratio of the circumference of a 
circle to its diameter; =r  the radius of a piece of driftwood; =  its length;  the mass 
of the fluid displaced by the volume of the piece; U  and V

m =

k k =  the respective local velocity 
components of the fluid in the x  and  directions at the centroid of the driftwood;  
the water level at the centroid of the driftwood; W  and W

y
kx

kH =

ky =  the respective local velocity 
components of the wind in the x  and  directions at the centroid; y kxA  and  the 
respective projected areas of the submerged part of the driftwood in the 

kyA =
x  and  

directions; 

y

kxA  and kyA =  the respective projected areas of the part of the driftwood 
exposed above the water surface in the x  and  directions; y MC =  the virtual mass 
coefficient; and DxC  and DyC =  the respective coefficients of the x  and  components of 
the drag force. The second terms on the right sides of Eqs.(8) and (9) are the body forces 

y
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produced by the water surface gradient. 
Rotational motion around the axis of the centroid of the driftwood is described by 

evaluating the moment produced by the hydrodynamic force acting on the driftwood. The 
forces of skin friction and the virtual mass caused by the rotational motion of the driftwood 
are assumed to be negligible. On the supposition that a piece of driftwood can be divided 
into two parts at the centroid, “c”, and that drag force acts on both centroids, “a” and “b”, of 
these pieces (Fig. 3), the rotational motion of the driftwood is 

Fig. 3  Definition drawing of the rotational angle and hydrodynamic forces acting on driftwood 

( ) ( ){ }
2

2 sin cos
4

k
x a x b k y a y b k

dI f f f f
d t
θ

θ θ= − − −                           (12) 

where 
(1/ 2) ( )( / 2)x a D x k a k a k r k a k xf C W U u u Aρ= − − (1/ 2) ( )( / 2)a D x k a k x a k r k a k xC W W u u Aρ+ − −  

(1/ 2) ( )( / 2)y a Dy k a k a k r k a k yf C W V Aρ υ υ= − − (1/ 2) ( )( / 2)a D y k a k y a k r k a k yC W W Aρ υ υ+ − −  

(1/ 2) ( )( / 2)x b D x k b k b k r k b k xf C W U u u Aρ= − − (1/ 2) ( )( / 2)a D x kb k x b k r k b k xC W W u u Aρ+ − −  

(1/ 2) ( )( / 2)y b Dy k b k b k r k b k yf C W V Aρ υ υ= − − (1/ 2) ( )( / 2)a D y k b k y b k r k b k yC W W Aρ υ υ+ − −  

c

b

a
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4

4
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Ukb
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Uka l

l

ω

ω
θ

θ

ω
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4

k
r k a k

du
d t
θ

θ= ;  cos
4

k
r k a k

d
d t
θ

υ θ= − ;  sin
4

k
r k b k

d
d t
θu θ= − ;  cos

4
k

r k b k
d
d t
θ

υ θ=  

( ) ({ ) }1 22 2
ka ka k rka ka k rkaW U u u V υ υ= − − + − −   ;  ( ) ( ){ }1 22 2

kb kb k rkb kb k rkbu u V υ υ= − − + − −W U  

( ) ( ){ }1 222
ka kxa k rka kya k rkaW W u u W υ υ= − − + − −  ; ( ) ( ){ }1 222

kb kxb k rkb kyb k rkbu u W υ υ= − − + − −W W  

kθ =  the rotational angle of the piece of driftwood; and I =  the moment of inertia around 
centroid, “c”, written I m . Rotational motion of the driftwood also is 
considered to be restricted on the water surface; rotation on the vertical plane not being 
considered. The rotational angle of the piece of driftwood can be evaluated 
deterministically from these equations, but results of a statistical analysis of the 
experimental findings also are considered (described later). 

2 2( / 4 /12)k r= +

Shear stresses sxτ  and , experienced by the water flow at the free water surface are 
generated as the reaction to the drag force acting on the driftwood; 

syτ

( )
1

1 1
2

tN

sx D x k k k
k

C W u U A
A

τ ρ
=

 = − 
 

∑ k x    ;  ( )
1

1 1
2

tN

sy D x k k k
k

C W V A
A

τ ρ υ
=

k y
 = − 
 

∑    (13) 
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where A =  the area of the water surface, written A x y= ∆ ∆  ( x∆ and =∆y the grid sizes of 
the finite difference equations); and the number of total pieces of driftwood in area tN = A . 
As it is very difficult to solve these equations analytically, numerical calculations were 
made by approximating the equations to finite difference equations. In the calculation, 
fluctuations of driftwood position and rotational angle are taken into account not only 
deterministically but also stochastically (Nakagawa et al., 1995). 
 
4. CONDITIONS FOR CALCULATIONS 

The Adams-Bashforth scheme is introduced in the time integration and QUICK scheme in 
the integration of the convection term in the momentum equations. The first order up-wind 
scheme, however, is used for both the boundary mesh and the next inside mesh. 

The area enclosed by the dotted line in Fig. 4 is the computational domain for a grid size 
with  m longitude and 303.571x∆ = 362.502y∆ =

t
 m latitude. The number of cells for 

longitude is 180, for latitude 150. The time step, ∆ , is 5.0 seconds. The following values 
were used in the calculations: 57.99284 10cf −= ×  (1/s), 1030ρ =  (kg/m3), 1.293aρ =  
(kg/m3), , 0.002sf = 6 0.25ak = ,  (m), 10= r 0.3=  (m), for the density of driftwood, 

830dρ =  (kg/m3), 2.0Dx DyC C= = , and C 1.0M = . Driftwood dimensions were 
determined from newspaper accounts. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4  Locations of meteorological observatories                          Fig. 5  Observed flood hydrograph for 

and tide stations. The square enclosed by the dotted                          the Ohno river at Shirataki Bridge, 
line shows the computational domain.                                                 June 30 to July 5, 1990 
 
To examine the effects of wind velocity on the motion of driftwood, we considered two 

cases; one in which the observed wind velocity and direction were used in the calculations, 
the other, in which W W 5x y= =  m/s was continuous. 

Interpolated astronomical tide levels at Himeshima (30 tidal components), Murotsu (12 
tidal components), Saganoseki (22 tidal components), and Yobokori (22 tidal components) 
constituted the open boundary condition. 

Fig. 5 shows a 1990 flood hydrograph observed at Shirataki Bridge, an observation 
station 14.8 km upstream of the river mouth (courtesy of the Ministry of Construction). The 
flood discharge for the 83 hours from 1:00 July 2 to 12:00 July 5 at the mouth of the Ohno 
River was used in the calculations. 
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As it was not clear when and how much driftwood entered Beppu Bay, 30,000 pieces of 
driftwood were assumed to be discharged into the bay during the 12 hours from 11:00 to 
23:00 July 2 when the flood discharge exceeded 2,000 m3/s. The method for a supply of 
30,000 pieces of driftwood at the river mouth is that the operation set 10 pieces of driftwood 
transversely on the water surface at the mouth of the Ohno River, the initial rotational angle 
of the driftwood was zero, and that the operation was repeated 3,000 times over 12 hours. 
 
5. CALCULATED RESULTS AND DISCUSSION 

Calculated results for the spread of driftwood in Beppu Bay based on actual wind data are 
shown in Fig. 6. At 0:00 July 3, the driftwood still behaves like a plume due to affect of the 
flood discharge from the Ohno River. By 12:00 July 3, the driftwood has moved eastward 
due to the counterclockwise tidal flow in the bay and is distributed in a wide belt along the 
coast. Some pieces seem to be approaching the coast. At 0:00 July 4, a large driftwood 
flows across the Hoyo Strait and sweeps toward the Sata Misaki Peninsula. Large amounts 
of driftwood also are detained along the Saganoseki coast. At 12:00 July 5, most of the 
driftwood has flowed beyond the computational domain, except for some pieces stagnating 
near the Hoyo Strait. Photo 1, taken about this time, shows same driftwood behavior 
aspects. 

Fig. 6  Calculated driftwood positions for actual wind data 
The calculated flow direction of the driftwood is similar to the actual direction (Fig. 2) 

and the calculated flow behavior of driftwood in the whirl in Hoyo Strait is comparatively 
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well reproduced (Photo 1). Actually, a large amount of driftwood washed ashore at 
Yobokori fishery harbor, Sata Misaki Peninsula before dawn July 5, whereas in the 
calculations it arrives at that peninsula on 0:00 July 4. 

The reason for this discrepancy is that as it is not known when and how much driftwood 
was debouched into Beppu Bay, driftwood was supplied at the river mouth as shown in 
Fig.5. The validity of setting of boundary conditions and the evaluation of the drag forces 
might be other factors that produce this discrepancy. 

Fig. 7 shows the calculated results for the flow behavior of driftwood at the constant and 
continuous wind velocity components, W  m/s, in order to investigate the effects 
of wind velocity on driftwood motion. As almost every piece of driftwood has flowed out of 
the computational domain by 12:00 July 4, no calculated results of driftwood motion after 
this time are presented. The calculated flow velocity of the driftwood is markedly higher 
than when the actual wind velocity was used. Another remarkable feature is that the width 
of the driftwood belt narrows. The main reason for the driftwood moving faster is that the 
tidal flow velocity increases due to the increase in shear stress on the free surface generated 
by the wind.  

5== yx W

The reason why the driftwood now moves in a narrow belt is thought be because as the 
tidal flow velocity increases under the strong wind the rotational angle of the driftwood to 
the main stream direction of the tidal flow changes making the area of the action of 
hydrodynamic forces on the driftwood minimal; the driftwood changes its rotational angle 
to balance the external and resistance forces. As a result, neighboring pieces of driftwood 
receive similar hydrodynamic forces and behave similarly in terms of speed, direction, and 
rotational angle. This is why the driftwood moves in a narrow belt.  
 
6. CONCLUSIONS 

A large amount of driftwood was debouched into Beppu Bay because of major flooding of 
the Ohno River due to heavy rainfall on July 2, 1990 in Oita Prefecture, Japan. We 
investigated the outflow of this driftwood and its spread in the bay. To clarify this 
phenomenon, a numerical simulation was made that used an interacting combination of the 
Eulerian fluid and Lagrangian driftwood models, in which the effects of wind force on 
driftwood motion was newly considered. This model fairly well reproduces the spreading 
phenomenon of the driftwood in the bay and evaluates the effect of wind on driftwood 
movement. The calculated results obtained for driftwood motion, however, differ 
somewhat from the actual phenomena. For example, driftwood moved faster in the 
calculations. Moreover, almost all of it traveled toward Sata Misaki Peninsula, whereas 

Fig. 7  Calculated driftwood positions for imaginary wind data ( W m/s) 5== yx W
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actually some pieces passed through the Hoyo Strait and arrived at Usuki and Saeki harbors. 
A new approach which traces driftwood behavior from the production area (mountainous 
area) to the bay area is needed to resolve these discrepancies. Moreover, much remains to be 
clarified as to the method of setting open boundary conditions for the calculation of tidal 
flows. 
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Abstract: Debris flow characteristics such as flow discharge, mean flow velocity, mean sediment 
concentration, sediment runoff volume and so on are usually predicted by numerical simulations of 
the governing equations.  Formulas for erosion/deposition rate and flow resistance play important 
roles in mass and momentum equations.  In addition, potential erosion depth and sediment 
correction factor also affect largely the debris flow characteristics.   

 

The present study emphasizes the importance of the correction factor for sediment concentration 
and velocity profiles in predicting sediment transport rate and sediment runoff volume.  According 
to Egashira et al.’s theory, sediment is concentrated near the bed, and this non-homogeneous 
increases with decreasing bed slope.  This means the flux sediment concentration of a debris flow 
differs from the volumetric cross-sectional mean concentration.  Correspondingly, sediment runoff 
volume simulated without a correction factor is very different from actual runoff volume.  In this 
paper, we present a method for predicting the correction factor for sediment discharge, and discuss 
simulated results of run-off process of debris flow in a flume.   

Keywords: debris flow, correction factor, numerical simulation, sediment concentration profile, 
erodible bed   

1. INTRODUCTION 

It is very difficult to rationally develop constitutive equations for debris flows and mud 
flows, because their shear stress structure of are quite different from those of Newtonian 
fluids.  Many constitutive equations, therefore, have been presented.  Defining debris 
flows to include only mixtures of water and coarse sediment particles, Itoh et al. (1999) 
compared several constitutive equations from a common viewpoint.  They emphasize 
that Egashira, Miyamoto and Itoh’s formulas (1997a, b) are the best suited to being 
extended to other regimes of sediment-laden flows under a steady and uniform flow 
condition.  For instance, their predicted result for flux sediment concentration changes 
monotonically in a wide region from debris flow to the bed-load regime, in agreement 
with flume data.  The shapes of velocity and sediment concentration distributions affect 
the flow characteristics.   

In order to obtain debris flow characteristics such as flow discharge, flow velocity, 
sediment concentration and sediment runoff volume, a numerical simulation is usually 
required.  Much useful knowledge has been obtained using the results of numerical 
simulation; e.g., Honda et al. (1997), Hashimoto et al (2000), Nakagawa et al (2000) and 
Takahama et al. (2000) in Japan.  However, it seems that the importance of the 
correction factor caused by sediment concentration and velocity profiles has not yet been 
fully recognized.  According to our previous study, potential erosion depth and 
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correction factor greatly affect debris flow characteristics.  Therefore, sediment runoff 
volume simulated without a correction factor will be very different from actual runoff 
volume.  In the present study, the correction factor is obtained from velocity and 
sediment concentration profiles, which are calculated by substituting our constitutive 
equations into the momentum conservation equation in a steady and uniform flow.  A 
numerical simulation is conducted employing the correction factor in the continuity 
equation for sediment volume.  The calculated results are compared with flume data to 
examine the validity of our recommended factors.   

2. CONSTITUTIVE RELATIONSHIPS AND FLOW NATURE  

2.1 Constitutive Equations  
A steady, longitudinally uniform, uni-directional flow of a sediment-water mixture is 
illustrated in Fig. 1.  The momentum conservation equations for such a simple flow 
reduce to;  

        (1) ( ) ∫= th

z m dzgz θρτ sin

( ) ∫= th

z m dzgzp θρ cos        (2) 

in which  is the flow depth, th g  is the acceleration due to gravity,  is the isotropic 
component of stress,  is the bed-normal coordinate, 

p
z θ  is the inclination from 

horizontal and τ  is the shear stress in planes parallel to the bed.  mρ  is the mass 
density of the sediment and water mixture; ( )m cρ σ ρ ρ= − + , in which, σ  is the mass 
density of sediment, ρ  is the mass density of water, ( )z=c c  is the sediment 
concentration by volume. 
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Fig. 1  Schematics of profiles for velocity, sediment concentration and shear stress  
in a steady and uniform debris flow over an erodible bed. 

 
Egashira et al. (1997a, b) and Miyamoto (1985) suggest that energy dissipation in 

debris flows is mainly dominated by static interparticle contacts, inelastic particle 
collisions and turbulence of interstitial water, which leads to  

 y d fτ τ τ τ= + +        (3) 

 s d wp p p p= + +        (4) 
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in which yτ  is the yield stress, dτ  is the shear stress due to inelastic particle-particle 
collisions, fτ  is the shear stress supported by interstitial water, sp  is the pressure of 
static interparticle contacts, dp  is the dynamic pressure due to inelastic particle collisions, 

wp  is the pressure of water.  If the turbulent suspension of particles is negligibly small, 
and thus the particle motion is laminar, the pore water pressure, , is approximately 
hydrostatic.  These stresses are described as follows.   

wp

 tany sp sτ φ=          (5) 

( )
z
u

z
udcekdd ∂

∂
∂
∂

−= 23121στ       (6) 

 ( )
z
u

z
ud

c
ck ff ∂

∂
∂
∂−

= 2
32

351ρτ       (7) 

  
2

2312








∂
∂

=
z
udcekp dd σ       (8) 

 ( ) ( ) θρ coszhgzp tw −=        (9) 

 ( ) ( ) n
sds ccppp 1

*=+        (10) 

in which sφ  is the interparticle friction angle, e  is the co-efficient of interparticle 
restitution,  is the sediment particle size,  is the velocity in the flow direction,  is 
the sediment concentration by volume, k ,  and  are empirical constants 

( 0.0828, 

d u
d

c
fk n

dk = fk = 0.16, 5.0) and  is the sediment concentration in the sediment 
bed.   

n = *c

2.2 Profiles of Velocity, Sediment Concentration and Shear Stress   
Substituting Eqs. (5) to (9) into Eqs. (1) and (2) yields   

( ) ( )2tans s d fp f f d u z u zφ ρ+ + ∂ ∂ ∂ ∂ ( ){ }1 1 sinth

z
c g dρ σ ρ θ= − +∫ z   (11) 

 ( )22
s pdp f d u zρ+ ∂ ∂ ( )1 costh

z
c g dzρ σ ρ θ= −∫    (12) 

in which ( )( )2 11d d
3f k e cσ ρ= − , ( )5 3 2 31f ff k c c−= − , ( )2 1

pd d
3f k e cσ ρ= .   

The equations for velocity and sediment concentration distributions are obtained with 
(10), (11) and (12) as follows.   

 
1 2

t

d f

hu G Y
z d f f

 ′∂ −
=  ′∂ +  

      (13) 

  ( )1 F cz
c z

F c∂ ∂′− =
′∂ ∂

−      (14) 

in which tz z h′ = tu u gh′ = , ( ){ }1
sin 1 1

z
G cθ σ ρ

′
dz′= −∫ + ,  

( ) ( )
11

* cos tan 1n
s z

Y c c cdzθ φ σ ρ
′

′= −∫ , ( )( ){ }1 2tan 1pdF f Fθ σ ρ= − F− , 

1 tanf d pdF f f f θ= + − , ( ) ( )1
2 * tann

f d pd sF c c f f f φ= + − . 
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The velocity and sediment concentration profiles in debris flows over rigid and 
erodible beds are derived by solving Eqs. (13) and (14) using suitable bottom boundary 
conditions such as u = 0 and *c c=  in erodible cases and u = 0 in rigid bed cases.   

In Fig 2, suitably normalized profiles of velocity, sediment concentration and shear 
stress are shown for flow over an erodible bed.  su  is the velocity at the free surface and 

bτ  is the bed shear stress.  The parameters of the computation are specified as θ = 15.0 
deg., th d = 10, *c = 0.524, e = 0.85.  Fig 3 shows the computed results for relationships 
between the flux sediment concentration,  and bed slope, fc θ , with other parameter 
values the same as for Fig. 2.  The flux sediment concentration is defined as f sc q≡ mq  

0 0

t th h
c udz u∫ ∫ dz=  ( qs = sediment discharge rate, mq = flow rate) (Egashira et al., 1997a, 

b), and depends on the bed slope in the flow over an erodible bed.  The value is 
numerically obtained by substituting the calculated results for Eqs. (13) and (14) into this 
equation.  We will refer to this as the ‘Exact solution’.   
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Fig. 2  Profiles of velocity, sediment concentration and shear stress in the debris flow over an erodible bed. 

0

0.2

0.4

0.6

0 5 10 15 20

d=0.066 (cm) (Egashira et al. 1994)
d=0.144 (cm) (Egashira et al. 1990)
d=0.144 (cm) (Egashira et al. 1991)
d=0.188 (cm) (Egashira et al. 1994)
d=0.368 (cm) (Egashira et al. 1990)
d=0.368 (cm) (Egashira et al. 1991)
d=0.218 (cm) (Egashira et al. 1998)
d=0.218 (cm) (Egashira et al. 1999-2000)

Flume data

fc

c

c

fc ( )10=dh

( )10=dh

Exact solution

Approximation

θ (deg.)

0

0.2

0.4

0.6

0 5 10 15 20

d=0.066 (cm) (Egashira et al. 1994)
d=0.144 (cm) (Egashira et al. 1990)
d=0.144 (cm) (Egashira et al. 1991)
d=0.188 (cm) (Egashira et al. 1994)
d=0.368 (cm) (Egashira et al. 1990)
d=0.368 (cm) (Egashira et al. 1991)
d=0.218 (cm) (Egashira et al. 1998)
d=0.218 (cm) (Egashira et al. 1999-2000)

Flume data

fc

c

c

fc ( )10=dh

( )10=dh

Exact solution

Approximation

θ (deg.)  
Fig. 3  Calculated curve for relation between mean sediment concentration  

and sediment flux concentration and equilibrium bed slope  
 

Alternatively, we can solve for  analytically by the following approximate method.  
The mean value of sediment concentration in the hyper-concentrated layer of the 
sediment-laden flow is approximately treated as 

fc

* 2c .  Then, the approximated equation 
for  is analytically obtained as follows.   fc
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 ( )* 2sc c c=≧ :  f cc =      (15) 

sc c< :  ( )f s s s w ic c ϕ ϕ ϕ ϕ= + +     (16) 

in which 0 thη η′ = , sc cχ = , th dδ = ,  

( ) ( ){ } ( )3 21 11 11 1 ln 1 1wϕ χ η χ δ η χ η χ δ
κ κ

− −′ ′ ′= − + − + − − − , 

( ) 0.524
15s dr f fϕ

−−= + f ( ) ( ){ } ( ){ }3 25 21 1 1 1.5r rχ χ χ χ χ − − − + − − 
, 

( ) ( ) 0.512 1
3i dr f fϕ χ

−−= − − + f ( ) ( ){ }3 23 21 1 rχ χ χ − − − + 
, 

( ){ } dcck ssf
31

0 1−=η , ( ){ }[ ]111 1
*

1 −−+= − Gccr n
sχ , ( ) 11 +−= cG ρσ  

Equations of (15) and (16) are also drawn in the figure.  In comparison to , the 
cross sectional averaged sediment concentration, 

fc

c , defined as the following equation 
(Egashira et al. 1997a, b) is drawn in the figure.  It is defined as follows.   

   
( )( )

tan
1 tan tans

c θ
σ ρ φ

=
− − θ

      (17) 

As can be seen from Fig. 2, the effect of the shape of velocity and sediment 
concentration distributions on the sediment flux is dominant near the bed and the free 
surface because these characteristics depend on the distribution of shear stress, especially 
the one of yield stress. These features cause the difference between c  and  in Fig. 3.   fc

Moreover, the curves not only of exact solution but also of approximation agree very 
well with flume data obtained by the authors.   

2.3 Correction Factor of Sediment Concentration and Velocity Profiles   
The ratio of fc c  in 1 D. flow equation as a correction factor, γ .  It is calculated by 
using the profiles of sediment concentration and velocity derived by Eqs (13) and (14) in 
the steady and uniform flow over an erodible bed (Itoh 2001).  The velocity and 
sediment concentration are expressed as 
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Fig. 4  Definition of mean value and deviation    Fig. 5  Computed results of the relation between c 

of velocity and sediment concentration.           orrection factor,γ  and bed slope. 
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                    ( ) ( )u u z′= +u z                                 (18) 

 

                        ( ) ( )c c z′= +c z                            (19) 

in which u  and c  are the cross sectional mean velocity, and while u′  and are the 
deviations from the mean velocity and sediment concentration, note that the deviations, 

 and c  so defined satisfy  and 

c′

u′ ′
0

0th
u dz′ =∫ 0

0th
c dz′ =∫ .  Substituting Eq. (18) and 

(19) into the definition of  yields  bq

 ( )( ) ( )
0 0 0

1t t th h h

b
c uq c c u u dz cu c u dz cu dz
cu
′ ′ ′ ′ ′ ′= + + = + = + 

 ∫ ∫ ∫   (20) 

Defining the definition of fc , we also have  

   hucqc fmfbq ==        (20’) 

We conclude by comparing the relationships of Eqs. (20) and (20’) that γ  may 
alternatively expressed as  

  
0

1 1th

t

c u dz
h cu

γ
′ ′ ≡ + 

 ∫ fc
c


=

 


      (21) 

Fig 5 shows γ  as computed from the exact solution and the approximation.  In the 
figure, curves are drawn for various values of the interparticle friction angle, sφ .  The 
values of γ  monotonically increase with the bed slope and depend significantly on sφ .  
The results of the approximation shown in Fig. 5 are used in numerical simulation.   

3. SIMULATIONS OF DEBRIS FLOW AND THEIR APPLICATIONS  

3.1 Governing Equations  
We can discuss simulations based on depth-averaged governing equations for a 
sediment-water mixture, considered as a single phase, as developed by Honda and 
Egashira (1997).  Referring to Fig. 1, the continuity equation of sediment-water mixture, 
the continuity equation of sediment and the momentum conservation equation are 
respectively written as follows.   

 0=
∂

∂
+

∂
∂

x
M

t
H         (22) 

 0* =
∂

∂
+

∂
∂

+
∂

∂
t
zc

x
Mc

t
hc bγ        (23) 

 
m

bx

x
Hgh

x
Mu

t
M

ρ
τβ

−
∂
∂

−=
∂

∂
+

∂
∂       (24) 

in which H  is the height from a reference plane to the water surface ( )bzhH += ,  is 
the bed elevation, 

bz
M  is flux of sediment-water mixture in the flow direction, γ  is the 

correction factor according for the distributions of sediment concentration and velocity, 
β  is the correction factor of momentum and mρ  is the cross sectional averaged mass 
density of sediment and water mixture.  The erosion rate, E , is related to the temporal 
change rate of bed elevation, bz t∂ ∂ .   
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  ( )* cosbz t E c θ∂ ∂ = − ,  sin bzθ x= −∂ ∂     (25) 

The constitutive equations for  and E bτ  are expressed as follows (Honda and 
Egashira 1997).  

( )* tan eE u c θ θ= − ,  ( ) ( )tan 1 tan 1 1e scθ σ ρ φ σ ρ= − − +c     (26) 

  0bx y bf u uτ τ ρ= +       (27) 

in which 0yτ  is the yield shear stress at the bed and bf  is the friction factor.  We apply 
the friction factor is recommended by one of the authors for application to a wide region 
from debris flow to flow with general bed load (Itoh, 2001).   

3.2 Comparison of Calculated Results with Experimental Data   
Flume data obtained by Egashira et al. (2001) are used in order to discuss the importance 
of γ  on the sediment discharge volume in numerical simulations.  Flume tests were 
conducted in a rectangular open channel (Fig. 6); 12 m long, 0.1 m wide and 0.2 m deep, 
at a bed slope of 12.0 (deg.).  The parameters describing the sand were c 0.512, 

0.218 cm, 
* =

d = sφ = 38.7 deg. and =ρσ 2.62.  The specific discharge of mixture 
supplied from the upstream end was as qm = 86.8 cm2/s, while the sediment flux 
concentration  was 0.0940.  A steady and uniform debris flows is formed in the 
upper reach so as to erode a 10.0 cm high sediment bed in the downstream reach.  The 
bed slope is steeper than the equilibrium bed slope of debris flow coming from upstream.  
The values of , 

f

mq

c

sq  and  are measured at intervals of 2.0 seconds at the 
downstream end.   

fc

Numerical simulations were conducted using Eqs. (22)-(27).  The correction factor, 
γ , is obtained substituting Eqs. (15)-(17) into Eq. (21).  In the computation, the 
parameters of sand particles are the same ones, and the leap-frog scheme is employed with 

x∆ = 0.01 m and t∆ = 0.0001 sec..   
Fig 7 shows the comparison between the calculated and experimental results 

concerning to sediment discharge rate at the downstream end.  Curves for  and fc c  
are shown for the case γ = 1.0, and when γ  is calculated by Eq. (21) (γ ≠ 1.0).  In order 
to compare to calculated and experimental data, the time when the debris flow reaches the 
downstream end is set to zero.  When Eq. (21) is used to calculate γ , the calculated 
result for  at the downstream end agrees with flume data.  The results suggest that 
the effect of 

( )fc t

γ  on the sediment run-off volume at an arbitrary section is significant in 
prediction of some debris flow events.   
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Fig. 6  Open channel used for experiment on erosion by debris flow. 
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Fig. 7  Comparison between calculated and experimental data at the downstream end. 

4. CONCLUDING REMARKS 

A correction factor expressing the ratio of the flux sediment concentration,  to the 
cross sectional averaged sediment concentration, 

fc

c , is derived using our constitutive 
equations of debris flow in steady and uniform flow and applied to continuity equation of 
sediment in the governing equations of debris flow.  This factor depends on the profiles 
of sediment concentration and velocity.  Numerical simulations were conducted and 
these results were compared with flume data in order to investigate the validity of the 
correction factor.  These results suggest that sediment discharge is overestimated when 
no correction factor is used.   

5. CONCLUDING REMARKS 

A correction factor, γ , expressing the ratio of the flux sediment concentration, 
fc  to the 

cross sectional averaged sediment concentration, c , is derived using our constitutive 
equations of debris flow in steady and uniform flow.  Numerical simulations for the bed 
erosion by debris flow over erodible bed were conducted using the correction factor. 
These results were compared with flume data in order to investigate the validity of the 
correction factor.  The predicted flux sediment concentration agrees with flume data. 
Whereas, sediment transportation is overestimated when the effect of sediment 
concentration profile is not taken into account.  These results emphasize that the 
correction factor plays an important role in debris flow simulation.    
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Abstract: In last four years, the nature of extreme meteorological events, have increased the damages 
in México. Many communities have been affected and infrastructure works were injured. Human and 
economical losses are included. 

Numerical simulation for debris and mud flows with the event 
ocurred in Acapulco, México in October, 1997 
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A numerical model was adapted and applied for the Camaron Creek basin where a severe debris 
flow occurred. Information was previously collected and prepared for create the required files. 
Results from model are similar to observed conditions, according to photographs taken next day the 
debris flow. 

Numerical model is an useful tool for helping in decisions for planning, mitigation and control 
debris and mud flow. 

A procedure to collecting, preparing and processing information was established to mexican 
condition and it is available if required for applying where the conditions be propitious. 
 
Keywords: debris flow, mud flow, modeling hyperconcentrated flows 

 
1. INTRODUCTION 

At October 9, 1997, a debris flow produced by an intense rain associated to Paulina 
Hurricane produced many human deaths and material damages to homes, infrastructure 
works and vehicles mainly, Fig. 1. Many people was settled on the bed creek in the higher 
levels and hillside and shores adjacent creeks and ravines in intermediate and low levels. 
 

 
Fig. 1  Cars drag and buried by debris flow in Acapulco. Photo from La Jornada newspaper. 



 

Injured people in Guerrero State, where Acapulco is located, were more than 300 
thousand. Debris and mud flows entered into homes and hauled people who slept, and their 
belongings  

The dead and wounded people were mainly dwellers settled beside ravines and creek 
beds. Camarón, Aguas Blancas and five more creeks flow out until the sea. Many people 
lived on the Camarón bed creek because there was no significant flow for damages since 
many years ago, the flow is usually small and residual water discharges are added. 

Hundreds of vehicles were drag and some of them impacted with walls, trees and houses. 
One day after the event, were observed cars floating, entire and chunks. 

It was estimated that a half of the inhabitants were affected; Acapulco was declared 
disaster zone by the federal government. 

The wind speed reached 259 km/h; the rain in Acapulco was 425 mm in 24 hs. 1300 
homes needed be relocated. Mud buried many vehicles. 

Official government data were 125 deaths by Pauline Hurricane in Acapulco. 
It was estimated $15 million dollars for repairing potable water system. 
For repairing damages it was necessary to spend $60 million dollars including money 

already spent and engaged money, declared the environment minister. Only in one place, 
into the city, were removed 18 813 m3 of materials. 

The Mexican Institute for Water Technology acquired a software for simulating debris 
and mud flow and to have it available as a tool for helping in planning, preventing, 
mitigation and control damages for this extreme events. 

For establishing a methodology, and information management, the numerical model was 
applied for a pilot zone where the features are propitious for the occurrence of this events 
kind, in a previous stage. 

The works here described refer to methodology applied to El Camarón Creek, 
information feed to model and results got. Fig. 2 shows an intermediate creek stretch where 
predominant size sediment are boulders. 

 

 
Fig. 2  Boulders in the Camarón creek bed. 

 
2. NUMERICAL MODEL 

Owing its availability, FLO-2D, the software developed by O’Brien et. al. (1993) was 
acquired. The model is based on continuity and Momentum equations and a rheological 
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cuadratic model for shear stress, Julien and Lan, (1991): 
2









+








+=

dy
duC

dy
du

y µττ  

where τ is the total stress shear, τy is the yield stress, µ is the dinamic viscosity for a shear 
rate du/dy; C depends upon density water-sediments mixture ρm, the Prandlt mixing lenght l, 
the volumetric concentration Cv and the sediment size Ds. C* is the maximum static volume 
concentration. 

1 3
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ρ ρ

  
 = + − 
   

sD  

Shear stress is considered as the summation of the following stresses: 
τ = τc + τmc + τv + τt + τd 

where  
τc = is the yield stress depending particles cohesion. 
τmc = is the Mohr Coulomb shear stress. 
τv = is the viscous shear stress. 
τt = is the turbulent shear stress. 
τd = is the dispersive shear stress. 

also 
τy = τc + τmc 

The two dimensional continuity equation are: 

i
y

du
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t
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∂
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and the motion equations 
1yx x x

fx ox
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∂ ∂ ∂∂
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∂ ∂ ∂ ∂

 

1y y y yx
fy oy

u u u uudS S
y g y g x g t

∂ ∂ ∂∂
= − − − −

∂ ∂ ∂ ∂
 

where d = depth flow, ux and uy are the average speed along x and y directions, i is the excess 
rainfall intensity; Sfx and Sfy are the friction slope components which are written as a bed 
slope function Sox and Soy . 

As an analogy with Meyer-Peter and Müller work, the slope friction Sf can be expressed 
in the form: 

Sf = Sy + Sv + Std 
where Sy is the yield slope, Sv the viscous slope and  the Std the turbulent-dispersive slope. 

Kinematic, diffusive or dinamic wave can be used for approximations, Ponce and 
Simons (1977). 

A finite difference explicit scheme is used for solving the resulting equations system. A 
wider explanation is described in O’Brien et al. (1993). 

 
3. COLLECTING AND PREPARING INFORMATION 

It is necessary dispose the following information concerning the interest zone: 
Topography. 
Hydrology: A critical rainfall record and the resultant hydrograph. 
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Soil information: Density, size distribution, representative sizes. 
Rheology information: Rates for viscosity and yield stress with the volumetric 
concentration. 
El Camarón Creek basin is an adjacent area to Acapulco Bay; the stream flows out the 

sea. In Fig. 3 can be observed a scheme with other secondary basins. 

 
Fig. 3  El Camarón Creek location with other secondary basins. 

 

Topography is relatively single to obtain, although the procedure followed for 
digitalizing here is a laborious work since FLO-2D requires the digitalized map. Usually in 
México, there are available impressed maps scale 1:50 000. For some areas, there are 
available in lesser scales. 

 
Fig. 4  Topographical configuration and elements. 
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  For El Camarón Creek, a 1:50 000 map was used for creating the file that consist in x, 
y, z coordinates. The interest area was scanned and traced in AutoCad, coordinates 
wereextracted using a Basic program then imported from the software Surfer where was 
processed the file for getting x, y, z coordinates for every element; this file was open in 
Excel where was added a consecutive number. The file got in this way is read by FLO-2D. 

In Fig. 4, it is shown the area in study, the elements in what was divided, the level curves 
and the Creek. 

Hydrologic information included mainly rainfall records from climatological stations 
located near the Camarón Creek. In Fig. 5, is shown the hietogram where is observed a very 
intense rain, in one hour rained 120 mm; in 4 hours, the rain was almost 370 mm. 

The rainfall record was processed and the runoff was routed using HEC-1 to get the 
hydrograph in a defined point and to fed with it the FLO-2D. Hidrograph is shown in Fig. 6. 

 

13
.6

61
.2

89
.4

12
0.

0

98
.8

25
.9

16
.0

8.
2

7.
0

7.
8

4.
7

2.
8

0

30

60

90

120

1 2 3 4 5 6 7 8 9 10 11 12

TIME, h

R
AI

N
FA

LL
, m

m

 

R
ai

nf
al

l, 
m

m
 

Time, h 

Fig. 5  Hietogram got from October  9 record. 
 

0

60

120

180

0 30 60 9

 

Ti
m

e,
 h

Ti
m

e,
 h

 

0
Flow, m3/sFlow, m3/s 

Fig. 6  Hidrograph obtained running HEC-1. 
 

 1671



 

Rheological parameters are necessary for including mud and debris flow. The 
expressions for viscosity and yield stress model uses are, O’Brien and Julien, 1988: 

vCe 1
1

βαµ =     2
2

vC
y eβτ α=

values of α and β must be given: α=0.000602 and β=33.1 for viscosity; α=0.00172 and 
β=29.5 for yield stress. The volumetric concentration Cv for the works here described was 
50%. 

4. RUNNING MODEL AND RESULTS 

Some topographical data were checked and fit modifying rows in the file when an 
incongruence was detected as a depression in a steep hill. Fig. 7 shows the main stream 
profile that numerical model used. 

When the files were completed and checked, FLO-2D was run. At first, kinematic wave 
solution was intended, however, there were convergence problems and the results were 
obviously erroneous. It was necessary to use the dinamic wave. 

Running took 15 minutes as an average and the time can be reduced increasing the time 
interval; however, the total reduced time is not significant.  

Main results are depth and speed flow and configuration deposit although it is possible to 
access additional information through other menu options and files. 
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Fig. 7   Channel bed profile of Camarón creek 
 

Results are shown in Fig. 8 and 9 where depth and speed ranges are distinguished using 
different colors. Fig. 9 includes streets. 

Maximum depths were 6 m, similar to observed in photographs according with objects 
size; maximum speeds were 9.5 m and configuration was also similar to deduced in 
photographs. 
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Fig. 8  Velocities results. 
 
 

 
Fig. 9 Depths in the zone study. 

 
5. CONCLUDING REMARKS 

The availability of the numerical model is an advantage for planning, mitigation and control 
actions where a debris or mud flow can occur. It is important the phenomenon 
comprehension and understanding, for a better benefit and interpretation results. 
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The depths and configuration obtained were similar to observed and estimated in the 
streets after the debris flow occurrence. 

Getting information is a key stage, therefore, it is necessary to spend time getting it. It is 
available a procedure for getting and preparing information. 
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where is the input signal from other nerve centers, ),...,3,2,1( njx j = iθ is limit value, jiω is 
network coefficient from to cell. And j i )(∗f is called transfer function, which is S  
curve ( 1=β ) in this paper. 

f

x3

x2

x1

yi

Abstract: A landslide state forecast model, which accounts on various kinds of factors impacting the 
landslide stability, is brought forward on the basis of BP (error Back Propagation) theory. The model 
is tested by some landslide examples at the Yangtze River basin. In conclusion, some useful 
deductions are achieved.  

 

 
Keywords: ANN, landslide, model, BP, stability  
 
1. INTRODUCTION 

Landslide is a very serious geological disaster. The phenomenon of landslide includes a 
wide range of ground movement, such as rock falls, deep failure of slopes. There are many 
factors that result in this kind of disaster, for instance, erosion by river or ocean waves, 
earthquakes, volcanic eruptions, excess weight from accumulation of rain or snow, 
vibrations from machinery, and so on. The forecast of landslide state need to deal with a 
large number of data achieved through many kinds of ways.  

The conventional analysis method is not enough efficient to include different influent 
factors. In contrary of this, ANN (Artificial Neural Network) is a massively distributed 
processor that has a natural propensity for storing experiential knowledge, making it usable 
and that, is good to reflect many factors, including contributing factors of landslide 
mentioned above. This method is composed of many nerve centers (Fig.1), which can 
receive and export information. The relation between input and output of a nerve center can 
be expressed by the following formula. 

∑
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                                            Fig. 1  Nerve center structure model 
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2. THE THEORY OF BP ARTIFICIAL NEURAL NETWORK  

As is well known, BP is used widely among many ANN algorithms (about eighty percent). 
In addition, single layer BP network is very popular in the research field.  

The study process is composed of forward and back propagation. When forward 
propagation is processing, input layer receives the signal and deal with it. After having 
finished that, the signal will be transmitted to the middle layer. When the middle layer 
received the signal, the signal will be disposed. As a result, the signal will be exported to the 
output layer. If the exported signal is not equal to the expected result, the back propagation 
will be evoked.  

For back propagation, according to some rules, the error will be send back into all the 
cells of the previous layers. Then, new coefficient cells that take the error in account will 
treat the signal again. As a matter of fact, the network is learning by itself in taking in 
account all the past errors that will be the basis of the cell coefficient and offset modification. 
The forward and back propagation will carry through time after time until the error accords 
with the demand. 

Assuming that the cell number of input, middle and output layer is respectively m , l  
and , the input stylebook isn ( )110 ,,, −= mxxxX …… , the middle output is 

, and the result of output layout is ( 11 ,,, −= lyyY …… )0y ( )110 ,,, −= nooo ……
)

O . The 
expected result of output layer is T . ( 110 ,,, −= nttt …… ijω is the network coefficient 
between the input and middle layer, and jkω is the network coefficient between the middle 
and output layer. The offset of middle and output layer is respectively jθ and kν . In 
accordance with the above assuming, the BP algorithm can be carried out as following: 

1) Status initialization: the network coefficient ijω and jkω as well as offset jθ and 

kν will be initialized. 
2) Input the first study mode:  { }TX :
3) Make the output of the first layer equal to the input of it, using ijω and jθ to 

enumerate the input of the second layer U and its output . j jY
4) Using jkω and kν to enumerate the input of the third layer  and its output O . kS k

5) Using T  and O to enumerate the error of the third layer  k k kδ . 
6) Using kδ , jkω and Y to enumerate the error of the second layer j jσ . 
7) On the basis of kδ ,Y and increment factor j α , β , modify jkω and kν . 
8) According to jσ , and increment factor iX α , β , modify ijω and jθ . 
9) Continue the next study mode. 
10) If having new study mode, go back to step 3. 
11) Update the study frequency. 
12) If the study frequency is less than the set frequency or the error is still more than the 

prescriptive decimal fraction, then go back to step 2. 
13) Study over. 
After the study process is over, the network coefficient and offset should not be changed 

again, which will be used in the forecast process. It takes a short time to do that.
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3. THE FOUNDATION OF LANDSLIDE ESTIMATING MODEL USING ANN 

Based on the principles of BP theory, a landslide state estimating model can be founded. 
Before found the model, several aspects, as follow, should be considerate.  
1) The determination of factors that impact landslide stability 

This paper selects surface mean slope, leading edge situation, cutting deepness of cleuch, 
the condition of closed low-laying land, mean dip of sliding surface, state of sliding surface, 
the ratio of internal friction angle and mean sliding surface dip, activity evidence recently, 
the intension of rainstorm, activity of human engineering, the impact of river, the load of 
trailing edge and earthquake as the impact factor of landslide stability. These factors include 
not only qualitative factors but also quantitative ones. To be uniform in the expressing mode, 
this paper adopts one binary system: “1” express the factor is valid, and “0” express the 
factor is invalid. 
2) The variety of landslide stability state 

Considering the factual need, there are many kinds of landslide state space. This paper 
utilizes the landslide state space: { }unstableunstablerelativelystablerelativelystable ,，， . 
In the binary system used in this paper, if the landslide state is stable, the state can be 
described: . By using this kind of expressing method, the precondition and 
conclusion is uniform in the form. 

{ 0,001 ，， }

3) The accumulation of study mode 
The ANN has a strong adjustability, but the study mode not inspected strictly should not 

be accepted. Because the forecast ability of BP is mostly decided by the study mode, the 
representation of study mode is vital. 
When founding the estimating model, the following aspects bear on the results: 

a) Make certain of the number of nerve centers in every layer 
The number of nerve centers in input and output layer entirely depends on the 

requirement of users. The previous part has stated that there are thirteen influencing factors 
of landslide stability. Every factor has three statuses (table1). So the nerve centers of input 
layer is thirty-nine. Due to the choice of stability state space, it is appropriate that the output 
layer includes four nerve centers.  

 
Table 1  The sort of influencing factors 

Surface 
mean 
slope(°) 

Leading edge 
situation (m,°)

Cutting 
deepness        
of cleuch 

Low-lying 
land 

Mean dip of 
sliding 
surface (°) 

States of 
sliding 
surface 

Ratios of 
two 
angles 

>=30 >=50, >=30 not to bed closed >15 straight <0.5 
10~30 20~50, 15~30 near bed half closed 10~15 broken line 0.5~0.8 
<=10 <=20, <15 to bed no  <10 even >0.8 
Activity 
evidence 
recently 

The intension 
of rainstorm 

Activity of 
human 
engineering 

The impact 
of river 

The load of 
trailing 
edge 

Earthquake  

serious  storm center intense scour big >=7  
serious local near center middling scour, 

accumulation
middle 6~7  

no far away center weak accumulation small <=6  
 

In the middle layer, if there are few nerve centers, the gained network will be so weak that 
it can’t distinguish study mode never seen before. On the other hand, if there are too many 
nerve centers in the middle layer, the study time will be very long, and the network training 
is probably excessive. As a result, the network will be exact if the input study mode is once 
used in the training process. But the forecast result will be very poor if the study mode is 

 1677



 

unacquainted. There is a comparison about this kind of instance in Fig. 2. Many research 
has indicated that BP network with m  nerve centers in the input layer, 2  nerve 
centers in the middle layer and n  nerve centers in the output layer can accurately give 
expression to any continuous function . So the number of nerve centers in the middle 
layer is seventy-nine. 

1+m

Φ

(a) result of proper training (b) result of excessive training

+ — training data     O — testing data  
Fig. 2  The comparison of two training method 

 
(b) Ascertain the number of training study mode 

The training study mode should include all the properties of the question because the 
network reinforces its forecast ability by studying stylebooks. All study modes should be 
independent one from the others. The feasible method to make the network possess the 
normal character of question is to increase the number of study mode as much as possible. 

(c) Choose the increment factor 
The rational choice of increment factors α and β is very significant when the study is 

processing. If they are very big, the error will surge or be a fixed value, so it is difficult for 
the study process to converge. If they are very small, the convergence slowness will lead to 
a very long study time. Through the comparison in different value, this paper select 0.13 
and 0.12 as the values of α and β . 

(d) The initialization of network coefficient and offset  
On account of the nonlinearity of system, the initialization of network coefficient and 

offset is crucial to the local minimum, convergence and training time. According to the S 
curve(β=1), if the initialization is very big, the modification of network coefficient and 
offset will cease. So this paper opts for random number between 0 and  as the 
initialization. 

1

(e) The criterion of study over 
Generally, the error is the criterion of study over. It usually rests with the experience, but 

if it is too big or small, the result will be a bad study effect. Depending on the comparison, 
0.001 is selected as the best criterion in this paper. Besides this, study times can also be the 
criterion of study over. 

This paper cited thirty-six examples about Three Gorges landslide in the Yangtse River, 
of which thirty examples were used to train the estimating model, and six examples were 
used to test the model. These six examples were once analyzed by conventional method.  
Table.2 give a comparison between the results by means of conventional method and 
estimating model.  
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From Table.2, it can be seen that the results of these two methods correspond to each 
other, except for landslide 2 (the ANN method result is close to {0,1,0,0} that normally 
correspond to “ relatively stable”). This shows that the landslide estimate model is right, 
and the state of other landslide can be forecasted through this model. 

 
Table 2  The results by means of two methods 

Serial number of 
landslide Method of ANN estimating model Conventional method 

1 (0.97,0.01,0.03,0.05) stable 
2 (0.05,0.92,0.02,0.04) stable 
3 (0.04,0.06,0.82,0.01) relatively unstable 
4 (0.00,0.02,0.08,0.87) unstable 
5 (0.04,0.92,0.04,0.10) relatively stable 
6 (0.02,0.05,0.09,0.91) unstable 

 
4. CONCLUSIONS 

By reading this report, several deductions can be realized: 
1) By using the landslide estimate model built in this paper, the state of a landslide can be 

forecasted in a short time.  
2) BP theory should be improved to reduce its deficiencies, especially the convergence 

and study time. 
3) The forecast result of this estimating model depends on the exact data and the choice 

of some model parameters. 
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Abstract: The first part of the contribution deals with the historical development of the Lahn, 
including the flood plains, under the influence of the use by man since 1850. It is stated, how the 
reduction of retention areas has affected the flood situation. The recoverable retention areas are 
defined by overlapping the potential flooding areas with the actual land use. Subsequently, measures 
that can reactivate the existing retention potential are described. By the example of a typical stream 
section, the fundamental effect as well as the pro and cons of the respective measure are illustrated. 
A summary of the project was published in Lang et al, (2002). 

 

The second part of the contribution deals with the realization of the concept. The conflict 
potentials that should be considered during the reactivation of retention areas are briefly 
described. The possible flood peak and water level reductions obtained with the help of 
simulation results from a hydrologic modeling system are shown. Further information on the 
environmental compatibility and the costs of the measures are presented. 

Keywords: ecological flood defense, retention areas, dike relocation  

1. INTRODUCTION 

The Lahn is a typical subalpine brook in Central Europe. Its catchment area covers 5964 
km² at its mouthing into the Rhine. During the historical development valuable retention 
areas, particularly in the Lahn’s middle course, between Marburg and Limburg, were lost 
in the wake of stream regulation and the use of adjacent flood plains what led to a clear 
worsening of the flooding situation. During the years 1999 to 2001, an EU research 
project1 investigated, among other things, how and to what extent the lost retention areas 
can be reactivated and the retention effect can be strengthened by environmentally 
compatible measures. The development potentials of the retention areas, presented in 
Section 2, were compiled for an area located at the Lahn’s middle course extending from 
Limburg (Lahn km 60) to Lahntal-Sterzhausen (Lahn km 200). This restriction had to be 
made due to the quality of the data and maps that were available. Fig. 1 represents the 
investigation section as well as the limits of the catchment area of the Lahn. 

The project was commissioned by the Hesse Department of Environment, Agriculture 
and Forestry to a project group consisting of the Department of Hydraulic Engineering 
and Water Resources Management and the Institute for Stream Ecology and Stream 
Protection of the Kassel University, the Leichtweiß Institute for Hydraulic Engineering of 
the Braunschweig University, the Institute for Water Distribution, Waste Cleanup and 
Urban Planing (WAR) of the Darmstadt University, the Institute for Natural Resources 
Management of the Gießen University, and also the German Federal Institute of 
Hydrology. 



 
Fig. 1  Catchment area of the Lahn and the limits of the investigated section 

2. DEVELOPMENT POTENTIALS  

2.1 Research method 
The historical development phases of the Lahn were collected by means of maps from the 
time periods 1850 to 1855, 1907 to 1910, as well as maps that originated after the Second 
World War, thus around 1948 to 1950. The data, relevant for the development of the 
retention areas, like the location of the Lahn course, the railway lines, and the roads 
following the river flood plain, dikes and natural delimitation, as well as the expansion of 
the cultivated areas in the flood plain were digitized from these maps. In order to 
document the development of the Lahn flood plain up to the present time and to be able to 
derive from it future development potentials, the three historical conditions of the Lahn 
flood plain (1850/1910/1950) were opposed to the actual condition (2000). On the basis of 
the now available digitized information, the data could be blended with one another in 
ArcView, and the losses of retention areas could be determined as a result. 

2.2 Historical development of the river and its flood plains 
As decisive turning-points in the stream and flood plain structure of the Lahn, it should be 
mentioned, besides the use of hydroelectric power and the development of navigability, 
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above all the urban development and the agricultural use in the flood plain. In the last 150 
years the retention areas in the flood plains of the Lahn were substantially reduced by the 
mentioned developments. As the evaluation of the digitized historical data showed, the 
retention area, available for flooding, diminished in the investigated section from 
approximately 69.0 km² in the year 1850 to approx. 42.4 km² today (Fig. 2). Based on the 
potentially natural condition this corresponds to a reduction from 92 % of the flooding 
areas of the potentially natural condition on today only 56 %. 
 

 
Fig. 2  Development of the retention areas at the river Lahn in the time period 1850 to 2000 

As Fig. 2 shows, the losses of retention area are less due to urban development in the 
valley area during the industrialization around the turn of the century but more so to 
infrastructure measures between the years 1910 and 1950. While the urbanized surfaces 
(settlements and base areas of infrastructure measures) within the flood plain increased 
from 1.5 km² around the year 1850 to approximately 8.1 km² in the year 2000, approx. 
24.9 km² were lost as a result of separation by elongated infrastructure facilities, like 
roads and railway lines and dikes for the protection of fields. Since then the land 
development forces its way more and more into an area that is indeed protected by dikes 
but formed the actually potential flooding area of the flood plain. Under the aspect of 
future reactivation of retention areas, these areas also must be protected from land 
developing by urban planning measures (Lang et al., 2002). 

2.3 Recoverable retention areas 
As shown clearly in Fig. 3 the development between 1850 and 2000 caused a distinct 
restriction of the inundated valley width. Important losses of the inundation width are 
particularly noticed between Lahn kilometer 120 to 200. For the time period between 
1910 and 1950 the largest reduction of the inundation area was determined in the broad 
flood plain between Gießen and Marburg, as well as, further river upward, up to the 
mouthing of the Ohm. After 1950 only isolated constrictions occurred. In the anyway very 
narrow Lahn valley between Limburg and Wetzlar, losses of inundation areas were, on the 
contrary, barely registered during the period of time considered (Homeier, M. 2001). 
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Since agriculture is altogether retrograding and the portion of fallow land is relatively 
high in some areas, possibilities to reverse this process exist now in connection with the 
growing environmental awareness. 
 

 
Fig. 3  Retrogression of the inundation width at the Lahn since 1850, and of the inundation  

width restorable from today’s point of view 

By means of the geographical information system ArcView, the restorable retention 
surfaces of the investigated area were determined in the studied Lahn section by 
overlapping the used and the inundating areas. Condition for the classification as 
restorable retention surface was that either the surfaces are used today for agricultural 
purposes or for gravel mining or that they represent fallow land. Besides, these surfaces 
must lie within the original flooding area. Urbanized areas were not considered during the 
evaluation. The largest potential for the reactivation of retention area consists in dike 
relocation between Marburg and Lollar (from Lahn km 160 to 172) including a restorable 
retention area of up to 6.4 km². Larger areas could be just as well re-activated by measures 
at dikes in the river sections situated between Atzbach and Heuchelheim approx. 2.8 km² 
(Lahn km 140), as well as above Gießen approx. 1.2 km² (at Lahn km 145 and/or. 155) 
(Hoffmann 2001). 

Altogether the restorable inundation width along the Lahn, depicted in Fig. 3, 
corresponds to an additional retention area of approximately 12.7 km². Thus, the today 
still existing inundation area of 42.4 km² could be increased through broadly extended 
retention-increasing measures by approximately 30 % to 55.1 km². With respect to the 
1850 condition, a maximum of 47 % of the inundation surface losses could thereby be 
reversed again under today's criteria by a consistent reactivation of retention surfaces. 

2.4 Measures for the activation of the existing potentials  
In the cited finalized EU project, solutions were a. o. pointed out and exemplary projects 
were initiated, with which the existing potentials can be gradually re-activated. Hereby 
dike relocations and the recultivation of gravel pits are principally to be mentioned. This 
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reactivation of retention areas is also stimulated in other river basins across Europe by 
similar projects within the framework of the flood protection programs of the EU 
(Tönsmann et al., 2000). 

Since in most of the cases dikes form the delimitation of the potential flooding areas, 
different variants of dike relocation represent the most important instruments for 
reactivating potential retention areas. Besides, the complete and section-wise remove and 
relocation of the dikes, an interruption of the dikes and/or a partial lowering of the dike 
crest are realizable in selected locations, so that polder-like retention areas can develop 
(Fig. 4). The possibilities shown in Fig. 4 are to be balanced with the hydrologic effect, as 
well as the ecological and economical interests. While the complete remove of dikes or 
bank barriers contributes to desirable frequent flooding of the flood plains, the partial 
reduction of the dike crest or the creation of polder-like retention areas involve 
disadvantages from an ecological point of view. Usually rarer flooding but higher water 
levels occur during a longer period of time. However these disadvantages are more 
compatible with an agricultural use and the larger peak reduction. 

For illustration, the necessary measures for the addressed variants, as well as the effect 
on the flood wave, computed by means of an exemplary section, are represented in Fig. 4. 
The variant (a) exhibits the smallest effect of the different measures because, with 
complete remove of the dikes, a larger part of the areas located so far behind the dikes 
participates also to the runoff. Because of the larger discharge-effective cross-section area 
following relocation, a lower water level is expected for the same runoff. Consequently 
the increase of retention volume and thus the peak reduction are not particularly important 
when compared with the actual condition (see Fig. 4). On the other hand, if the dikes are 
only lowered section-wise, the areas located behind the dikes can be flooded, yet the 
runoff-effective domain and, concomitantly, the water level change hardly compared with 
the actual condition. That means that a larger volume is stored in the flood plain with this 
variant than by the complete dike-removal variant. The peak reduction increases thus 
accordingly. With the variant (c), i.e. a section-wise lowering of the dike crest, the same 
retention volume as with the variant (b) is available for corresponding large runoffs, 
because of the likewise, to a large extent, ineffective cross-section area behind the dikes. 
The different effect results from the fact that this retention volume is spared for the flood 
peak reduction because of the solely partial lowering of the dikes. In the case presented 
here, the dike height was reduced in the spreading areas in such a way that, for instance, 
starting from discharges larger than HQ10, the spreading on the retention areas takes place 
behind the dikes. As shown in Fig. 4, the hydrograph of this variant corresponds to that of 
the actual condition up to a HQ10 corresponding runoff. During the existing retention 
volume will be filled up by runoffs larger HQ10, this results in a strong flattening of the 
hydrograph. 

From a water resources managerial point of view, the relocation of dikes is essentially 
recommended as flood protection measure because it reactivates natural retention area. 
However, whether the reactivated areas actually experience an ecological revaluation 
depends particularly on two factors, as already suggested above. Only when the areas, not 
anymore protected by dikes, can be inundated and when the existing, usually agricultural 
land use is given up or dedicated to extensive use, a flood plain typical Flora and Fauna 
can develop. Therefore, when possible, the measures at dikes should only be realized in 
combination with an extensive use of the area. Besides, flooding of fields and fertilized 
grasslands can entail an increased inflow of nutrients and pollutants into the rivers. 
Therefore, in connection with measures at dikes, agricultural land should be converted, if 
possible, into extensive grassland, flood plain forest or other ecological flood plain biota. 
In any case, arable land should be converted into grassland (Lang et al., 2002). 
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Fig. 4  Various effects of different dike relocation variants  

3. RESULTS 

3.1 Hydrological effect 
In the past the decrease of flooding areas has led to a strong rise of the flood peaks. The 
order of magnitude of the increase for up to today's time is shown in Fig. 5. Despite the 
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partial compensation by existing flood retention basins, the peak values under the actual 
condition are, on the average, 15 – 20 % higher than under the computed potentially 
natural condition. Even if other processes, such as the increase of sealed surface for 
instance, are also involved in this development, the reduction of retention surfaces shows 
nevertheless a substantial effect. 

 
Fig. 5  Flood peak reduction of the different measures at the State border to North  

Rhine - Westphalia as compared with the actual condition. 

In the framework of the EU project “Preventive flood defence in the catchment of the 
Hessian section of the Lahn river” (Lang et al., 2002) the peak reductions, obtained by 
reactivation of retention areas in combination with further ecological measures, were 
computed by means of a river basin model. For example, besides the activation of the 
above shown retention areas, the retention reinforcement by renaturalization and 
separation of sealed surfaces was also investigated. The results of these computations are 
shown in Fig. 5 in the form of peak reductions at the State border between Hesse and 
Rhineland-Palatinate for the case of the potentially natural condition, renaturalization, as 
well as for the case of a combination of measures in stream and flood plain with measures 
in the surface (recommended scenario), relative to the actual condition. The effect of the 
measures for the reactivation of retention areas described above is proportionately 
included in the effect of the realization suggestion. 

As shown in Fig. 5, the combination of exclusively ecological flood protection 
measures, including the reactivation of retention areas, could entail a flood peak reduction 
of about 10 % when compared with the actual condition (2000). On the basis of today's 
situation, 50 % of the peak increases could thereby be reversed in comparison to the 
potentially natural condition. Due to the peak reductions specified in Fig. 5 and for the 
case of different statistic flood events, average water level reductions of 10 cm result 
within the upper part of the catchment area, with reductions of up to approximately 50 cm 
at the State border between Hesse and Rhineland-Palatinate. 

3.2 Costs 
For the restorable inundation widths presented in Section 2.3, the financial expenditure 
was determined by investigation of the necessary measures for the reactivation of the 
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different sections respectively. Altogether the reactivation of the 12.7 km² recoverable 
retention areas would thereby be tied to costs of 24 Mio. €. Standardized to the surface 
size of the investigated sections, specific costs from 1.15 to 11.35 €/m² restored retention 
area result (Homeier 2001). 

4. CONCLUDING REMARKS 

The results presented in this paper show that large potentials for the reactivation of 
retention areas exist at the Lahn middle course. About 50 % of the retention areas lost in 
the past 150 years at the Lahn could be reversed particularly by the described dike 
measures. In connection with further ecological measures in the catchment area of the 
Lahn, flood peak reductions of approximately 10 % are attainable. The associated water 
level decrease of up to 50 cm can, depending upon the local situation, clearly reduce the 
existing damage potentials. Contrary to purely technical measures, this concept requires 
however a long-term and gradual conversion in connection with a gradual adjustment of 
the use of the potential flooding areas. In the future procedures for the evaluation and 
comparison of the ecological flood protection measures with technical measures under 
cost-benefit criteria are to be particularly developed. A special emphasis should be put on 
the financial assessment of the effects beyond flood protection like, for example, the 
ecological function of the measures.  
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Abstract: Extreme weather events are said to have taken place when there is a wide departure from 
the average behaviour of weather. Mountain regions like Kullu are characterised by sensitive 
ecosystems, enhanced occurrences of weather events and natural catastrophes. Analysis of various 
extreme events like floods taking place in the district makes it evident that these events are the result 
of an interaction between the anthropogenic and natural causes. A multidisciplinary approach 
combining different professionals in policy formulation and providing data bases facilitating 
decisions at the level of policy makers is needed to minimise loss due to extreme events.   

1. INTRODUCTION 

Extreme weather events are said to have taken place when there is a wide departure from 
the average behaviour of weather. Extreme events can be defined as infrequent 
meteorological events that have a significant impact upon the society or ecosystem at a 
particular location (Mc Michael et al, 1996). Comparatively small changes in climatic 
variability or mean climate can produce relatively large changes in the frequency of 
extreme weather events. The predicted impacts of climate change are mainly dependent 
on the estimates of changes in climatic variability and the occurrence of extreme weather 
events such as temperature and precipitation extremes and other abnormalities of an 
exceptional nature in the prevailing weather conditions. The precise impact of extreme 
weather events will also depend on the vulnerability of the particular natural environment 
and/or human society to the magnitude of deviation from normal weather conditions.  

But predicting the effects of climate change on the intensity, frequency, timing and 
duration of extreme weather events is very difficult.  This is partly because most Global 
Climate Model (GCM) based climate change experiments focus on potential changes in 
mean climatic conditions (Katz and Brown, 1992).  Climate models are also unable to 
describe extreme weather events adequately because they lack adequate spatial and 
temporal resolution. According to some studies like Glickmon, Golding and Silverman 
(1992), Noin (1994) there has been a steady increase in the frequency of extreme weather 
events and the number of people affected in recent decades. But the data on impacts are 
often approximates or simply underestimates. Moreover measuring the impacts of such 
events is difficult because of problems relating to definition and accuracy (Noin, 1994). 
Flooding is a major form of extreme vent especially in the mountainous areas. The present 
study aims to analyse the frequency and type of extreme events and their impacts on the 
fragile mountain ecosystem. The intensity of the resulting damages assume greater 
dimensions mainly because there is very less awareness about the flood mitigation 
measures in the Himalayas. 
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2. STUDY AREA 

Kullu district forms a transitional zone between the lesser and the greater Himalayas 
between 31o20’25’’ to 32o 25’ north latitude and 76o56’30’’ to 77o 52’ 20’’ east longitudes. 
It presents a typical rugged mountainous topography with moderate to high relief and 
steep mountain slopes to the east and west (Fig.1). Flat, arable and agriculturally utilized 
land is restricted to a few valley-side terraces and fans in the district. Steep mountain 
slopes extending from the east to the west line up the valley. The soils of the region vary 
according to aspects like altitude, climate, slope and vegetation. Overall, the soils are 
young and thin, and any depth in them whatsoever, occurs in the valleys or on gently 
inclined hill slopes. The northern side of the district is covered with glaciers from which 
flows the main rivers of the district like the river Beas, the Parbati, the Hurla, the Tirthan 
and the Sainj. Along the river Beas a tear fault also transects the Kullu valley. Due to this 
tear fault, there are many hot springs in Kullu valley (Singh and Tingal, 1998). Extensive 
tracts of forest exist throughout the district, which are richly wooded and constitute a 
major portion of the land. However, presently land under forest cover is far less than what 
is essential for maintenance of stability of environment and sustenance of ecology and 
configuration of forest types. The economy of the people in Kullu valley is agrarian, with 
more than 80% of the people engaged in agrarian activities 

3. EXTREME EVENTS IN MOUNTAINS 

Mountains are home to a major portion of the earth's diversity of species and ecosystems. 
It is also responsible for various climatic phenomena in many places like the Himalayas. 
In fact this mountain range contributes to the shaping of monsoon phenomena (Singh and 
Sen Roy, 2000). Environment of high mountain areas is greatly vulnerable to external 
disturbances such as anthropogenic interference. But the pressure of expanding economic 
activity mainly in the form of tourism and associated activities is degrading the 
environment while confronting the people in this area with rising levels of poverty, 
cultural assimilation and political dis-empowerment. Mountain regions like the Himalayas 
are characterised by sensitive ecosystems, enhanced occurrences of extreme weather 
events and natural catastrophes. Various GCM studies have predicted that a small change 
on micro-climatic conditions can bring about disproportionate changes in the fragile 
mountain environments.  

In the mountainous regions the minimum area under forest should be about 60% of the 
land area for the ecological stability of the region. In reality this is often far below this 
level. As a result the frequency and dimension of the occurrence of various extreme 
weather events have increased. The present paper analyses the types of extreme events 
mostly related to weather on the basis of data available from the India Meteorological 
Department for the time period 1988-1995 for Kullu district in the Himalayas. Rainfall 
and temperature data has been procured for two class I observatories in Kullu district 
namely Bhuntar and Manali for the time period 1964-1992.                                        

4. EXTREME EVENTS AND HAZARDS  

Kullu has been undergoing rapid developmental changes in the form of unplanned and 
haphazard urbanisation. This appears to have led to an increase in the frequency and 
intensity of the various forms of extreme events. 

4.1 Soil Erosion 
Extreme weather events are among the most important primary causes of land degradation 
which is currently the single most pressing global ecological problem. This is a critical 
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issue of both human care and environmental well being. In Kullu district the soil quality is 
diminishing with crop production becoming more and more difficult and expensive.  
This has also resulted in decline in the water holding capacity of soil cover. Different 
forms of soil erosion and degradation are in the form of physical degradation, gully 
erosion, mass movements like sheet erosion and chemical degradation of soil. Major 
causes of gully erosion are deforestation and slope cutting for making roads and other 
constructional activities.  Chemical degradation of the soil is due to excessive use of 
pesticides and chemicals in orchards and farms.  These factors are aggravating the 
impact of extreme weather events. Due to extreme seasonal temperatures during summer 
and winter the process of seasonal freezing and thawing is prevalent near Rohtang Pass.  
It results in the weakening of the density and structural stability of earth surface further 
leading to increased porosity and permeability of the rocks. The intensity and seasonality 
of rainfall enhance soil erosion.  Heavy rainfall taking place for a few hours continuously 
can increase the degree of soil erosion. In 1998 more than 25 acres land was washed away 
in Goshal village due to very heavy rainfall from a cloudburst. Most of the lower slopes of 
Kullu valley have very sparse vegetation leading to a thin soil cover which in some cases 
are in the form of exposed bedrock.  This type of landscape is visible beyond Buruwa 
and Shanag villages on the left slope of the valley. Some of the anthropogenic factors are 
deforestation, unplanned land use, overgrazing and slope cutting. 

4.2 Landslides 
Landslides can be defined as the collective term used for describing the large-scale and 
fast slope movements of rock debris. They exclude creep and subsidence. It has been 
observed that in this district most of the landslide prone areas are along the national 
highways.  The causes of landslides besides the natural factors, is human interference. 
Absence of proper surface drainage and existence of channels or openings for seepage 
from internal sources largely promote slope failure (Singh and Pandey, 1996). As the 
developmental, industrial and constructional ventures such as settlement, industry and 
tourism are encroaching into higher reaches due to population pressure, mass movements 
in the form of landslides are becoming serious and frequent.  Anthropogenic interference 
in the form of mass deforestation without corresponding afforestation, overgrazing, urban 
expansion and increased transport network are aggravating the situation. One of the 
landslide prone areas in the valley is the National Highway 23, Manali to Leh road (Fig.1).  
It is constructed along loose materials and over debris deposit.  In such areas even a 
small amount of rainfall activates erosion leading to landslides. In September 1988 a 
landslide occurred in Goshal village though there was no casualty.  Damages to houses 
and orchards were reported.  A number of small active landslide zones have been 
identified above Monalgarh. 

4.3 Solifluction  
When the active upper layer of snow cover melts in summer the melt water is not able to 
infiltrate downwards because of the permafrost layer lying underneath and the debris in 
the upper layer becomes saturated and mobile. Due to the absence or dearth of vegetation 
and water logged soil the debris saturated with water tends to move under the pull of 
gravity (Dayal, 1990). Creeping of regolith down slope is the result of alternate expansion 
and shrinking of soil due to variable seasonal rainfall.  In the upper part of Kullu valley a 
distinct thawing season occurs after the soil has been frozen or where rainfall is seasonal. 

4.4 Avalanches 
The amount of snowfall and the gradient of slopes influence the frequency of avalanches.  
Snow avalanche results from an unequal contest between stress and strength on an incline. 
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In Kullu district snowfall occurs in winters with the passage of the western disturbances 
moving west to east.  On an average three to four western disturbance occur every month 
from October to February months. Majority of these systems originate in the Caspian Sea  
and move from west to east.  Most of the piling up of snow on the slopes occurs slowly.  
This gives the mass of snow some time to adjust by internal deformation due to its plastic 
properties without any damaging failure taking place. Some of the important triggers of 
avalanches tend to be heavy snowfall, rain or some artificial increase in dynamic loading 
such as the movement of skiers.  Most of the avalanches occur on intermediate slope  
gradients of 300

matures.  In tropical regions moisture content of the air is high. With 00 isotherm 

–450 angles. Continuous avalanches in winters disrupt communication 
with the rest of the world by roadblocks.  Examples are Leh - Manali road where 
avalanches occur over different stretches.  

Fig. 1  Kullu District: Administrative Divisions 

5. HAZARDS INDUCING FLOODS 

5.1 Cloudburst 
A cloudburst represents sudden and highly concentrated rainfall over a small area for a 
short period.  They lead to flash floods without warning and severe land erosion. The 
exact mechanism-generating cloudburst is not fully understood.  They are often caused 
by intense vortices on a small scale, which generate strong convective current of 
moisture-laden air leading to huge volumes of rainwater falling with great strength and 
ferocity.  During the formation stage of a cumulonimbus cloud if intense convection 
occurs the raindrops reach a sufficiently large size by the time the cumulonimbus cloud 
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comparatively higher and convection currents stronger, large raindrop size is a very 
common feature. When downdrafts start in the mature cumulonimbus the water (liquid) 
content of the resultant shower is very high and is commonly called a cloudburst.  Thus 
heavy rainfall occurs within a very short period of time. The probability of cloudbursts is 
very high at the upper end of Kullu valley near Rohtang Pass due to the mingling of warm 
and cold winds. During 1993-1994 the villages of Solang, Kothi, Palchan, Ruwar, 
Majhajh and Kulang were affected by cloudbursts. In 1994 more than 100 people died due 
to the sudden heavy rains taking place as a result of cloudbursts. Extensive damage was 
reported due to cloudbursts at Gojra village near Naggar in August 1999. 

5.2 Heavy Rainfall 
Kullu district receives rainfall during south-west monsoon season and the during winters 

y 

ALI 

from the western disturbances. However the main rainy season is the monsoon period 
stretching from June to September. Heaviest rainfall in a day exhibits wider fluctuation as 
compared to the average rainfall over a month. In some of the years the gap between the 
average rainfall for the month and the heaviest downpour in a day is very wide indicating 
higher occurrences of cloudbursts. In October 1979, 904 mm rainfall (Table 1) occurred 
on a single day in Bhuntar while the annual average for that month was around 100 mm. 
Similarly in August the heaviest rainfall in a single day was 106 mm in 1988 as compared 
to the average rainfall of 50 mm for August. The total rainfall in each month during 
1968-1992 has also been analysed. Manali recorded a total rainfall of 410.4 mm as 
compared to the total rainfall in other years below 200 mm. Similarly Bhuntar recorded 
160.4 mm of rainfall in October 1987 as compared to the average total rainfall in other 
yeas below 120 mm. The-trend analysis of the heaviest rainfall in a day or the total 
rainfall in a month, does not show any distinct trend in any month. But the wide gaps in 
the heaviest rainfall or the total rainfall for some of the years are a cause of concern. One 
of the major impacts of very heavy rainfall in a single day results in widespread floods 
sometimes triggering incidences of mudslides and slope subsidence. 

Table 1  Kullu district: Trends in the heaviest rainfall in a da

BHUNTAR MANMONTHS 
Trends Heaviest Trends Heaviest 

January ↑  Neutral  
February ↑  ↑  
March ↑ 550( 86) 

Ne al 500( 72) 307.8(  

Ne al 132( 77) 
August 

S  410.4(  
Ne al 904( 79) 

N N al 

19 ↑  
April ↓  ↓  
May utr 19 ↑ 1988)
June ↑  ↓ 229.2(1971) 
July utr 19 ↓ 402.6(1977) 

↓ 106(1988) ↓  
eptember ↓  ↑ 1988)
October utr 19 ↓ 160.4(1978) 
ovember ↑ 145.9(1978) eutr 197.8(1978) 

December ↑  ↑  

te: ↑ IncreaNo se; ↓ Decrease 

 common and widespread of all-natural disasters. Flash floods usually 
5.3 Flash Floods 
Floods are the most
result from intense storms dropping large amounts of rain within a brief period. Flash 
floods occur with little or no warning and can reach full peak in only a few minutes. In 
Kullu district it occurs when violent thunderstorms or rainstorms, which produce intense 
rainfall in a short duration, cause Flash floods. The flood-producing storm may be 
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convective, frontal or orographic in origin.  In general the less a flash flood is expected 
the more disastrous it is likely to be. In Kullu region the intensity of flash flood is very 
severe.  Short periods of heavy rainfall occur as a result of very unstable air with high 
humidity specially where steep and high mountains i.e. Dhauladhar and Pir Panjal ranges 
fall in the path of the moist winds.  Floods are common during the south-west monsoon, 
especially when a depression or low-pressure area travelling from the Southern plains hit 
the hills causing heavy rainfall.  Removal of topsoil by intensive raindrop impact is very 
high resulting in sheet flow within very short distances downhill. Naturally the villages 
located on the banks of the river are more vulnerable to flash floods. A small increase in 
the water level can result in large-scale damage to life and property to the low-lying 
villages.  More than 20 houses were washed away by flash flood in Bahang village in 
July1995. Frequent floods along both sides of the river results in bank erosion and heavy 
damage to agricultural land.  In some cases the trees of the forest located on the sides of 
the river have their roots exposed due to continuous erosion and washing away of soil 
from the roots leading ultimately to the loss of trees. 

6. TREND OF OCCURRENCE OF EXTREME EVENTS IN KULLU DISTRICT 

a 

7. MITIGATION AND PREPAREDNESS FOR EXTREME EVENTS  

nt that these 

The occurrence of extreme events in Kullu is not recorded over a long period in 
systematic manner by any agency.  Therefore the data available about the extreme events 
is rather intermittent and discontinuous. As mentioned earlier, the extreme events 
occurring in Kullu are mainly related to the variable weather conditions directly or 
indirectly, namely cloudbursts, flash floods, landslides and heavy rains. It has been 
observed that sudden outburst of heavy rainfall results in landslides causing havoc at the 
lower areas. In 1988 severe floods led to heavy casualties. Similarly during 1989 to 1991 
heavy snowfall caused damage to human lives and property. From 1990 onwards the type 
of extreme events has shown an increase, which was maximum during 1994. As a result 
the casualties due to these extreme events have shown a sharp increase since 1991. In 
1988 there were 38 casualties due to flash floods, which almost doubled in 1994 when 
there were 70 casualties. There has been an increasing trend in the number of flood related 
deaths over the years with number of people dying in a year as a result of floods going up 
to 100 during September 1995. It also indicates that not only human disturbance in the 
area is increasing but also the population in the environmentally critical or vulnerable 
areas is increasing. These floods not only bring about large-scale destruction to human 
lives but also to livestock like in 1993 when more than 12,000 cattle-head perished as a 
result of floods. Over the years it can also be observed (Fig. 2) that there has been an 
increase in the types of extreme weather events over the years. 

Analysis of various extreme events taking place in the district makes it evide
events are the result of an interaction between the anthropogenic and natural causes.  Of 
late the role of anthropogenic factors are becoming more pronounced resulting in an 
increase in the frequency and impact of the various extreme events. Proper planning and 
implementation of various preventive and preparedness measures can reduce loss of life 
and damage to property.  A multidisciplinary approach combining different professionals 
in policy formulation and providing data bases facilitating decisions at the level of policy 
makers is needed to minimise loss due to extreme events.  Some of the major steps in 
this regard are maintenance of an up to date GIS system, community preparedness, 
forecasting and warning, land use planning and hazard zone mapping. 
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Source: Based on IMD Publications on Extreme Weather Events

Fig. 2  Occurence of Extreme events in Kullu District 1988 
Analysis about the trends of extreme events have been done with very limited data for a 

very short time period due to absence of systematic recording of various extreme events 
taking place in the district. The analyses show that the disastrous impact of extreme 
weather events is increasing with time. There is increasingly greater loss of life and 
property (Fig. 3). Among the natural causes of these disastrous events, heavy rainfall is 
perhaps the most important factor. Data for the period indicates that concentrated rainfall 
or cloudbursts are quite frequent making ratio between maximum daily rainfall and 
monthly average quite high. Though there is no distinct trend in rainfall maxima, there are 
indications of an increase in the maximum daily rainfall in certain years. 

 

Fig. 3  Number of Deaths due to Extreme Events in Kullu district 1988-1995 
Source: Based on IMD Publications on Extreme Weather Events

8. CONCLUSIONS  

Mountain ecosystems such as on Kullu valley represent the most vulnerable and fragile 
ecosystem. The rapid pace of development has altered the biophysical set-up of the Kullu 
valley. With increasing pressure of human population and livestock the natural resources 
are getting depleted at a fast rate.  Since the demand for food and fodder is growing at a 
faster rate, agriculture activities are being extended on marginal lands. All over the valley 
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unplanned developmental ventures in the form of hotels and other recreational sites are in 
progress. All this is resulting in aggravation of various kinds of extreme events in the form 
of increased frequency and impact. Among the social and economic indicators change in 
land use pattern, increasing human pressure on environment, population growth and 
problems with illegal deforestation, illiteracy, poverty are some of the major determining 
factors. Massive decline in the coverage of common property resources and disruption of 
traditional management system is the result of improper public policies and side effects of 
development strategies.  

In this context natural hazard mapping is of utmost importance in guiding the 
implementation of various developmental ventures such as construction, settlements, 
prevention of man made disaster as well as reduction of vulnerability to the potential 
hazards. In this regard Singh and Tingal, 2000 have done a pioneering work by preparing 
natural hazard map of Kullu district.  On the basis of detailed fieldwork and analysis, the 
critical natural hazard zones along the Beas valley have been identified. Potential hazard 
prone zones mapping has also been done on a scale of 1.1 to 10.5 with 10.5 being most 
severe and 1.1 being a safe zone. The zones most vulnerable to various kinds of hazards 
like slope subsidence, landslides and flash floods are near the two urban centres of Kullu 
and Manali where there is maximum human interference. These areas are also 
characterised by recent unplanned changes in land use like the construction of 
multi-storeyed hotels on the banks of river Beas and overload of vehicles on the roads 
especially during the tourist season. The most critical zones are also along the stream 
channels namely River Parbati, Sainj Khad and Jiwa Nala. These are the areas, most prone 
to landslides and flash floods triggered by cloudbursts. Such map would be of great help 
to the policy planners, property developers for establishing human settlements and in 
general for sustainable economic development in the area. 
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Abstract: In this paper, a runoff simulation model for water quantity and turbidity is proposed to 
predict river-ceasing phenomenon, which is a serious problem in the Yellow River basin. A 
distributed runoff model (Hydro-BEAM) is applied to this large continental river, adding a new 
function for calculation of turbidity concentration of the mesh and in the river. The turbidity 
behavior is formulated in the sediment production and transportation processes. 

Water quantity and turbidity simulation with distributed runoff 
model in the Yellow River basin 

Nobuchika Tamura 
Graduate School of Engineering, Kyoto University, Japan 
E-mail: tamura@wrcs.dpri.kyoto-u.ac.jp 
 

Toshiharu Kojiri, Kunio Tomosugi 
Disaster Prevention Research Institute, Kyoto University, Japan 

The proposed simulation in the Yellow River was carried out for the land use and hydrological 
data of 1998. 
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1. INTRODUCTION 
Due to the recent development in agriculture, industry and economy, and the increase of 
population, there has been an increased demand on water resources in the Yellow River 
basin. As a result, the river-ceasing phenomenon has been occurring in the downstream 
reaches every year. This phenomenon has become a major national environmental 
problem in China, and is also being watched closely by many researchers around the 
world. While attempting to correctly analyze this phenomenon, it is desirable to quickly 
undertake a scientific estimation of the changes in water resources distribution. The key 
for prevention of flooding, the effective use of water, and land and water resources 
development in the Yellow River basin is an understanding of the production, 
transportation and accumulation characteristics of sediment. 

In this research, Hydro-BEAM model (Hydrological Basin Environmental Assessment 
with Multi-layer and Multi-mesh model) is introduced to evaluate the condition of the 
entire river basin. This model consists of two processes, the water cycle model and the 
water quality model. The water cycle model for water quantity has four sub-processes, 
which are i) evapotranspiration, ii) paddy field, iii) surface and ground water flow, and iv) 
river flow. Furthermore, the turbidity concentration in the water is considered as an 
additional water quality element (see Fig. 1). 

 
2. STRUCTURE OF WATER CYCLE MODEL 

In order to estimate the spatial distribution of water amount and turbidity, the surface and 
sub-surface of the basin are divided into mesh cells of 15-minute latitude and longitude on 
a global scale using the Global 30 Arc-Second Elevation Data Set (GTOPO30). In the 
basin model, land use, elevation, and river and irrigation channel location data must be 
prepared. For land use data, 52 categories are grouped into 5 categories (forest, paddy 
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field, farm land, grassland, sandy desert) depending on similarities between runoff 
characteristics of the various land use types. 

Furthermore, a flow routing map must be prepared with elevation and river location 
data. The downstream flow route from a mesh cell to one of its neighboring mesh cells is 

River
Basin
Model

Water Cycle Model

Runoff & Infiltration
Stream Flow
Evapotranspiration
Paddy Field inflow/Outflow

Turbidity Model

Evaluation of
Entire River
Environment

Erosion Model
Transporation Model

Hydro-BEAM
Hydrological Environment Assessment with Mult i-layer and Mult i-mesh

 
Fig. 1  Structure of Hydro-BEAM Model 

 
determined to be in the direction of the steepest downhill slope. In determining this flow 
routing map, an analog map is used to correct the direction of any paths that do not match 
the real-world channel network. 

An irrigation channel network overlays the basin, with water flow direction determined 
by the basin’s channel network. Water from irrigation channels enters the river system at 
locations where the irrigation network comes in contact with river channels. Where a river 
or irrigation channel passes through a mesh cell, only one channel length of each type is 
assigned to that cell. 

In this research Hydro-BEAM is applied to the upper reach of the Yellow River and 10 
tributary rivers. Fig. 2 shows the river basin above the Sanmenxia dam. The land use 
category with maximum coverage is used as the representative land use type for each 
mesh. 

 
Fig. 2  Flow Routing Map for River Basin 
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3. WATER QUANTITY CALCULATION 

The following assumptions are introduced for the basin-wide runoff simulation: 
(i) In order to model the basin in three dimensions, the basin surface is divided 

horizontally into rectangular mesh cells of 15-minute latitude and longitude, and the 
sub-surface is divided vertically into four layers. 

(ii) Sub-surface flow in layer A and ground water flow in layers B and C are routed into 
river channels, while ground water flow in the bottom-most layer, layer D, does not 
directly enter the river channels but persists as groundwater. 

(iii) Paddy fields include an irrigation system for special periods when the discharge 
drains as surface water into an irrigation channel in the center of the mesh cell, rather than 
through infiltration. The kinematic wave method is applied to the channel flow. 

(iv) In order to more fully express the movement of water between the land surface and 
the atmosphere, the evapotranspiration process is considered in the model. 

(v) The kinematic wave method is applied to the surface runoff.  
(vi) The linear storage method is introduced for layers A to D. 
(vii) As flow in sub-surface layers accumulates to fill each layer, water is passed back 

into upper layers. 
The runoff model continuity equations are formulated as follows (see Fig. 3); 
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Fig. 3  Conceptual Description of Mesh-typed Multi-layer Model 

surface; 

in in out out a
dS f QF QH QH QV E
dt

= + + − − −                     (1) 

layer A to D; 

*
* * * *in in out out

dS QH QV QH QV
dt

= + − −                         (2) 
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where,  is storage volume in mesh,  is infiltration discharge at surface,  is 
runoff discharge from upstream surface,  is horizontal inflow from upstream mesh, 

 is horizontal outflow to downstream mesh,  is vertical infiltration discharge, 
and  is vertical outflow.  is actual evapotranspiration calculated using the 
Thornthwaite method as follows; 
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     (3) 

aE ME= p                                            (4) 

where, is the daily averaged potential evapotranspiration of month ,  is the 

possible sunshine duration,  is the average temperature of month , and 
pE j 0D

jT j M  is the 
moisture availability parameter. 

The general momentum formula for layers A to D is represented using the linear 
storage method as follows; 

SQO
κ

=                                         (5) 

dS QI QO
dt

= −                                     (6) 

where,  is transmissivity, and  and  are the total amounts of the input and 
output discharges respectively. 

κ QI QO

 
4. TURBIDITY MODEL 
For the sediment concentration, it is necessary to calculate the river channel width along 
each river. The width is obtained as follows; 

0
sk

sB B A=                                      (7) 

where, sA  is the basin area,  is the estimated river width, and  and B 0B sk are 
parameters. 

The continuity equation for sediments in water (assuming that the sediment is 
homogeneous in size) is as follows (see Fig. 4); 

( ) ( )1L L sl
sb

C h qC B q
i

t B x
∂ ∂

+ =
∂ ∂ B

+                     (8) 

where,  is turbidity,  is water depth,  is channel discharge per unit width, LC h q sbi  
is sediment erosion velocity ( ) or sediment deposition velocity ( ), and 0sbi > 0sbi < slq  
is lateral inflow of water and sediment per unit length of channel. 

The determination of whether sbi  is positive or negative, that is, whether sediment is 
being eroded or deposited, is dependent on turbidity. When the turbidity of the flow 
supplied from upstream is lower than the equilibrium sediment concentration, the erosion 
event occurs. When the concentration is higher than the equilibrium one, the deposition 
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occurs. In the case of erosion, the total amount of sediment that the water in the river can 
hold in suspension is given as ( )Lh C C∞ − L  per unit area of river bed. Consequently, if the 
duration of erosion is given by ( ) dh u δ , where  is mean velocity of flow and u dδ  is a 
coefficient, then the erosion velocity is formulated as below. 

qslqsl

 

sbi

 

qsl

sbi

qsl

sbi

B
qsl qsl

sbi

B
qsl qsl

sbi

B
qsl qsl

)

Fig. 4  Erosion Model 

(sb d L L
qi C C
h

δ ∞= −                               (9) 

However, considering that the Yellow River produces an extremely large amount of 
sediment, for the purpose of simplification, it is assumed that the turbidity is always equal 
to the equilibrium sediment concentration ( L LC C∞ = ). Therefore, sbi  becomes zero. 

Moreover, it is necessary to determine the lateral inflow of water and sediment per unit 
length of channel, slq . The sediment is considered to be eroded from each mesh due to 
surface flow during precipitation periods, and due to the influence of natural forces such 
as wind. This sediment is routed into river channels with allowance given for a time delay 
due to distance between mesh and channel. slq  is calculated as follows (see Fig. 5); 
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Fig. 5  Sediment Transportation Model 
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where,  is inflow water and sediment per unit width,  is mesh area,  is mesh 
width,  is the amount of sediment eroded due to natural forces per unit area, 

inq

inkV
S l

slkV  is 
the amount of sediment eroded due to surface flow per unit area during precipitation 
periods,  is time delay, kt∆ kθ  is slope gradient,  is rainfall intensity, kr sn  is mesh 
number assigned to the specific river mesh, and kβ  is the parameter of surface erosion. 
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5. APPLICATION 

Proposal methodologies of the meteorological river-ceasing phenomenon of the Yellow 
River were performed using the model and hydrological data of 1998. Precipitation data 
from 20 observation stations provided by WORLD SURFACE DATA is utilized in this 
study, with the Thiessen method being used to distribute this data to each mesh cell in the 
basin. Due to only a limited amount of hydrological data being available to calculate the 
evapotranspiration, the Thornthwaite equation is introduced to calculate the potential 
evapotranspiration using only temperature data. The actual evapotranspiration is estimated 
from the potential evapotranspiration through a few additional parameters or conditions. 

In the river basin studied in this research, rice cropping occurs only in the vicinity of 
Yinchuan City, downstream of Qingtongxia Dam. As the control rule of water level for 
paddy fields in China are presently unknown, the default control rules for Hydro-BEAM 
were used in altering paddy field water depth. The Thornthwaite equation was applied to 
convert potential evapotranspiration amounts to actual evapotranspiration amounts 
(Tsukamoto, 1992). 

For infiltration processes, the infiltration coefficients at each layer were the simulation 
default values of Hydro-BEAM in the Shonai River basin (Kinai, 2000). 
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Fig. 6  Simulated Result at Xi’an (1998) 
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Fig. 7  Simulated Result at Sanmenxia (1998) 
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Fig. 6 and 7 show the calculated amount of runoff discharge and turbidity at Xi’an and 

Sanmenxia. The annual amount of water and turbidity is 924 million m3 and 272 million 
m3 at Xi’an, and 22 billion m3 and 6 billion m3 at Sanmenxia, respectively. The 
relationship between water and turbidity is roughly proved using the runoff model and the 
sediment production and transportation model. 
 
6. CONCLUSIONS 

In this research the Hydro-BEAM runoff simulation model is applied to the upper and 
middle basins of the Yellow River. The results of this research are summarized below. 

i) Water quantity 
Due to a severe shortage in available climate and land use data, simplified or alternative 

approaches were introduced to obtain the simulation results. However the initial purpose 
of this research to develop a large river basin simulation has been achieved, and in future 
this research can be used as a guide when attempting to model basins using a limited 
amount of data, or when conducting runoff simulations on a global scale. 

ii) Turbidity 
Modeling of basic erosion and transportation processes was achieved, however it is 

considered necessary to also model deposition processes. For minute particles, a 
consideration of floc formation due to electrostatic attraction of particles is suggested in 
order to improve accuracy of the turbidity model. It is necessary to accurately determine 
channel discharge and flow velocity with the kinematic wave method. 
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Abstract: After a heavy rainfall in 10 and 11 Aug. 2001 in upper part of Gorgan river watershed, 
this watershed suffered very big flood and more than 650000(106 Rial) damage. Gorgon River has 
more than 490000 ha watershed area if we consider Golestan dam as an outlet of watershed. 
Golestan dam is in the middle part of Gorgan river watershed. Gorgan River is one of the three 
important big rivers in Golestan province that end to the Caspian Sea. Its direction is from east to 
west and there are many kind of land use such as conservation forest, agriculture lands, ranges, 
urban area, in the different part of it. 

 

The heavy rainfall that caused very big and exceptional flood measured in different stations in 
Gorgan river watershed. The most rainfall was 450 mm in Park station and 150, 150, 118, 94, and 
84 in Dasht, Tangrah, Ramian, Nodeh, and Cheshmehkhan station in 12 hours respectively. The 
flood peak in different subwatershed was different, in Dogh station 2000 m3/sec, in Nodeh station 
300m3/sec in Oughan station 200m3/sec and in Golestan dam 3017 m3/sec. Gorgan River was 10- 15 
m but after this heavy flood increased to 300-400 m. Also in the upper part of watershed that is 
covered by forest land more than 8,000,000 m3 forest wood destroyed and transported to the lower 
part and Golestan reservoir. This wood closed the opening of bridges and caused bridges destruction 
in many parts. 

In this flood more than 1,500 ha forest in two sides of main channel of river destroyed. 
Unfortunately more than 250 people dead in this event. 

Golestan dam in this flood had a very important role in reducing peak flood in the lower part of 
itself. Maximum capacity of Golestan dam is 90,000,000 m3 that there was 10,000,000 m3 of water 
in it before this flood, and the remaining of capacity filled rapidly in less than 10 hour. Also after 
filling of the dam the overflow over the spillway was 240 m3/sec and maximum outflow from 
lowest gate was 86 m3/sec. This heavy rainfall had many other environmental impacts in different 
part of the watershed that is very important and good case for different environmental aspects. 

 
Keywords: flood, flash flood, heavy rainfall, environmental impacts, reservoir management 
 
1. INTRODUCTION 

Floods continue to be not only a problem but in some in some respects an increasing 
problem, catching individuals and communities and causing disruption, damage and even 
death. Most of news items relate to fairly minor event which cause little damage and are 
soon forgotten except by those most directly affected. Some however reflect major 
disasters involving loss of life and destruction of property. 
    Reliable and comprehensive hydrological data are still not universally collected and in 
some countries have not been collected until quit recently. Where data on river flow and 
rainfall are collected they may be less than adequate for detailed flood studies, e.g., flood 
peaks or significant periods of intense rainfall may be missed even where continuous data 



on river flow are collected, the largest floods are seldom recorded since they normally 
destroy the record and control sections involved. 
    Most river floods result directly or indirectly from climatologically event such as 
excessively prolonged rainfall. 
    Flood may be intensified by a number of factors. River flood may be intensified by 
associated either with catchment’s itself or with the drainage network and stream channel. 
Most of these operate to speed up the movement of water within catchments, although 
some work in a very different way. Few of these factors, never operate either 
unidirectional or independently. Area for example is clearly important in the sense that the 
larger the catchments, the larger are flood produced from a catchments –wide rainfall 
event. When sever floods occur in area occupied by humans, they can create natural 
disasters, which involve the loss of human life and property. A flood in a remote, 
unpopulated region is an extreme physical event, of interest on hydrologist. 
    Golestan province in north east of Iran has 2.2 million hectare area with 1,650,000 
people that most of people activities are agriculture. This province has three major rivers 
that one of them is GORGAN River. 
    In last summer this river experienced a very big flash flood that caused many 
economical and human and natural damages. In this paper we try to report these natural 
phenomena. 
 
2. DIMENSIONS OF 10, 11 AUG 2001 FLOOD 

After heavy rainfall in 19:30 10, 11 Aug 2001 in Gorgan river watershed in east of 
Golestan province a heavy flood has occurred that caused many human and economic 
damages. The heaviest flood occurred in Dough sub watershed and because of main road 
of Gorgan – Mashhad there was most human damages. 
 

Table 1  Total rainfall in 10 & 11 Aug 2001 in different station in Gorgan river watershed 

Station Rainfall (mm) 
Chessmen khan 84 

Dasht 150 
Park Melly 450 

Tangrah 154 
Node 104 

Ramian 134 
Dasht shad 191 

 
    In the evening of friday rainfall started at 19:30 and for more than 12 hours. The 
intensity of this rainfall was very intense. In the flood area there was 24 rainfall stations 
that they recorded different rainfall amount. Table 1 show different rainfall amount in 
some station. 
     

Table 2  Some parameters of Gorgan river sub watershed 

Sub watershed Outlet Area (km2) 
Dough Tangrah 1,781 
Dough Kalaleh bridge 2,372 
Tamar Haji Ghoshan 2,113 

Oughan Galikesh 440 
Golestan dam Golestan dam 4,925 

 
   After 2 hours of rainfall because of heavy flood all of hydrometric stations damaged and 
destroyed. So there is not any recorded data for discharge. For estimation of peak 
discharge empirical and indirect method was used. For discharge estimation some suitable 
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sections was selected for cross section measurement. Table 2 show general parameters of 
Gorgan river sub watershed. 
   According to field data in Tangrah station the peak discharge was 1,650 m3/sec and 
kalaleh bridges was 1,963 m3/sec. in Dough station the peak discharge was 498 m3/sec 
and in Tamar station was 336 m3/sec and finally in Aghsou was 75 m3/sec. 
 

Flood hydrograph of 10-11 Aug.2001 
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Fig. 1  Flood hydrograph of 10-11 Aug. 2001 

 
    Peak discharge in entrance of Golestan reservoir was 3,017 m3/sec (flood hydrograph). 
In Gorgan river watershed there was much different land use such as conservation forest 
in national park of Golestan, range, agriculture land. Also in upper part of flood area there 
is semi-arid climate and middle part semi-humid and humid climate. 
    Land use in upper part is range and also agriculture lands and in the middle parts there 
is forest and also agriculture lands. In the lower parts of watershed there is a reservoir that 
has been built last year. This reservoir has 86 mecum capacities, with 18 km2 reservoir 
area. Its emergency spillway has 1,500 m3/sec capacity. Before this flood there was 10 
mecum water in reservoir and after this heavy flood and nearly after 12 hours this dam 
filled with flood water. Also after filling of reservoir there was 240 m3/sec overflow and 
86 m3/sec outflow from lower gate. 
    Estimation of peak discharge showed that before dam the peak discharge was 3,017 
m3/sec and after dam was 150m3/sec. Fig shows the flood hydrograph. As you can see in 
this figure this heavy flood has some peak discharge. This is because of different time of 
concentration and also differenr rainfall distribution in different part of watershed. 
 
3. ECONOMICAL AND ENVIRONMENTAL DAMAGES 
 

Table 3  Economical damages of 10 Aug flood in Golestan province 

Flooding Area 100,000 ha  
Affected villages 388  
Affected people 285,000  
Damaged road 88 km  

Dead 254  
Damaged house 493 in cities 2,977 in villages 
Total damages 650,500 (106rials)  
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This heavy flood caused many damages to economical and environmental properties. 
Table 3 show summary of damages. 
 
4. CAUSES OF FLOOD 

The result of this study show that main cause of this heavy rainfall in east of Golestan 
province is heavy rainfall, 12 hours rainfall with high intensity produced heavy runoff. 
Also contributed area in runoff generation was very large (more than 550,000 ha). Also 
there are some intensified factors: 

- direction of cloud movement was in direction of river flow 
- insufficient capacity of bridges for peak discharges in upper part of watershed 
- improper design of bridges 
- improper location of main road near the main course of river 
- flood occurrence in night 

 
5. RECOMMENDATION FOR FLOOD MITIGATION IN FUTURE 

There are many different projects for flood mitigation and can be implemented in different 
location. 

For decreasing flood damages in future different projects must be implemented. The 
following recommendation is for this purpose in east of golestan province. 

- Proper land use for decreasing runoff in steep arable lands and land use 
adjustment in this area.  

- Bridge design with proper dimensions and relevant to peak discharge 
- River course management and proper sitting of village 
- Flood warning system  for residential area 

 
6. CONCLUSIONS 

Golestan province flood caused many damage to social and environmental properties. In 
future flood will occur but we must ready for reducing of damages. Management of flood 
generation area for decreasing runoff and also flooding area is necessary and must be 
implemented in comprehensive manner and as soon as possible. 
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Abstract: The Research Project has been performed due to the accord among UERJ/FINEP/BID, 
and intends to improve suitable works in the pilot basin of Joana river, located in the Rio de Janeiro 
city, in order to get the fluvial regularization with ecological valorization. As a consequence, there 
would be an ecological improvement of the ecosystem, with flooding reduction, increasing of water 
flow magnitude in draughts periods, erosion and sedimentation processes control in the Basin, and 
other positive effects in the natural ecosystem. 

 

The main Project purpose is the study of the Water Flow Spatial Regularization in the Watershed, 
with the focus on the mitigation effects on flooding peaks and on water table recharge, as well as the 
sanitary and soil occupation  aspects. It is also indicated the general measures and kinds of 
corrective works to be studied and implemented on the Watershed, with an holistic and ecological 
approach, with the purpose of the river water flow regularization and the preservation of the natural 
ecosystem according to the concept of the Sustainable Development of man in the occupation of 
watersheds, preservation of fresh water source in the nature and suitable flood control. 
 
Keywords: watershed, water handling, spatial river water flow regularization, environmental 

regeneration  
 
1. INTRODUCTION 

Along the latest years, many cities all long the world are increasing and developing, and 
the consequent increase in population in these areas has generated many problems to the 
environment and to the human being. During the last ten years, the natural fresh water 
sources have become polluted and drawn out, reducing the quantity and quality of the 
public water supply availability; the quantity of natural fertile soil all long the world has 
become scarce, in spite of the increasing of the food production due to technology 
development; the quantity and quality of native vegetation have decreased, generating 
problems in the natural ecological bio-diversity, as well as alterations in the weather and 
air quality; rivers and lagoons have become silted, and very often suffering eutrophication 
problems and water pollution of several kinds; flooding and draught have become 
expressively bigger, and have commonly occurred in many watersheds all over the world, 
generating serious problems of public calamity. Are these the legacy we will give to the 
future generations? We hope not. The present work, that results of a partnership among 
UERJ (State University of Rio de Janeiro), FINEP (Studies and Projects Financier 
Company of Brazilian Government) and World Bank intends to take into account all these 
matters presented, specially the flood, and that influence most of urban watershed al over 
the world. The Pilot Watershed studied was the Joana Basin, that is located at the Rio de 
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Janeiro city, trying to reach a sustainable development due to the suitable natural 
resources use, specially the water, avoiding the undesirable effects of urban flood with 
public calamity. 
 
2. FLUVIAL SPATIAL FLOW  REGULARIZATION 
The watershed anthropism generated by the disordered and not well planned human 
populations occupation generally generates greater soil impermeabilization, magnifying 
the run-off flow over the soil, as can be seen at Fig. 1, that illustrates the situation of the 
run-off flow according with the different forms of the soil occupation, considering since 
the situation of a natural watershed with its typical vegetation on the soil (smaller flood 
peaks and greater natural recharge of rain water in the soil) until the opposite limit 
situation of an heavy urban occupation (greater flood peaks and almost no infiltrations). 
The consequent environmental impacts are: generalized erosion and siltation on the basin; 
soil humus loss, that becomes poorer; flood peak increase, due to the grater magnitude of 
the run-off flow promote by the soil impermeabilization; pollution of natural water 
streams due to the material carried from the basin slopes by the run-off flow, including the 
disperse garbage produced by the human activities; ecological bio-diversity reduction of 
the natural ecosystem; and sanitary problems of general order. 

2.1 Fluvial Spatial Flow Regularization 
1- Promote the rain water retention and the maximization of the water infiltration on the 
slopes and plain areas, due to the artificial water recharge with the utilization of small and 
medium civil hydraulic works and suitable reforestation located spatially and strategically 
on specific areas of the watershed, taking into account its anthropic occupation process. 
It’s generated, therefore, the water recharge on the underground aquifer, as is 
schematically showed in Fig.2, and the consequent river bed hydro-sedimentologic 
regularization, as well as the retention of the run-off water flow from the slopes and plain 
areas, that would be fastly drained during the storm rains to the watershed drainage 
channel system and river bed, magnifying the urban flood amplitude;  

2- Promote the water bed flow control along the potamographic net, due to the 
hydraulic civil works that affect favourably the hydric river bed accumulation time and 
the water wave propagation time (flood wave). This is possible by the suitable use of 
small weirs built inside the river bed, that are also located spatially along the river bed on 
the potamographic net (admitance weirs). 

These two procedures of water control on the slopes, plain areas and on the river bed 
tend to regularize the river water flow regime, leading to reduction on the flood peaks, 
enhance the river water flow during the draught seasons (hydrograms uniformization), as 
well as the sediment transport reduction and the progressive improvement on the river 
water quality. All these results tend to the ecological valorization of the watershed 
influenced by different anthropic occupations. These environmental works tend to become 
more efficient if it’s developed a concomitant program of environmental education with 
the local population, specially with the poor communities located in the slams regions in 
the hillside of the urban watershed. 
 

 1711



 

Natural Basin 

Basin with Agricultural Occupation 

Basin with Residential Occupation 

Basin with Heavy Human Occupation 

 
Fig. 1  Representation of the different forms of human occupations on the watershed and their correspondent 

alterations in the river regime. 
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value for the volume to be accumulated for the flood defence system, using the Spatial 
Flow Regularization Method. 

With the data collected, were also done the area-elevation curve, as is shown in Fig. 3. 
From the analysis of this graphic, it was defined the watershed hydrogenetic zones, where 
it can be verified that between the elevations 900m and 675m it is defined the Basin 
Humidity Recharge Zone; between the elevations 675m and 50m it is the Basin Dynamic 
Zone; and below the elevation 50m there is the Basin Initial Contribution Zone of the 
Joana river. 
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Fig. 3  Area-elevation curve of the Joana river basin. 

 
Taking into account the existence of the Hydrogenetic Zones, it was indicated the 

suitable civil works and environmental actions to be implemented on the Joana river basin, 
where concomitant programs of environmental education and sanitation, monitoring, 
environmental inspection and watershed management are fundamentals to achieve the 
goal of the flood control in the basin. These hydraulic civil works and environmental 
actions are listed below: 

• Basin Humidity Recharge Zone (between the elevations 900m and 675m) 
Taking into account that this zone is formed essentially by its strong slopes and great 

kynetic energy magnitude, we propose works that accomplish the water retention in the 
basin for infiltration or later flowing downhill, including: 

- Reforestation: the suitable reforestation of the areas in the basin humidity recharge 
zone is na efficient way to control the run-off flow, and also promoting a 
satisfactory water absortion by the soil; 

- Slope Weirs: they are structures formed by rock blocs, with building cement or not, 
arranged according the watershed topographic elevation curves, with the purpose 
of eroded sediments retention and run-off energy dissipation, maximizing the basin 
concentration time; 
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- Flood Reservoirs: they are reservoir strategically built in the river bed, with the 
purpose of retaining the greater water volume during the storm periods, that is 
discharged slowly and continuously downstream, reducing the flow peak in the 
river bed during the rain seasons and uniformizing the river regime 

 

• Basin Dynamic Zone (between the elevations 675m and 50m):  
In this river basin zone, that is formed by smaller slopes in relation to the Humidity 
Recharge Zone, it is also necessary the retention of the run-off water flow, reducing the 
flood risks. Therefore, there are indicated in this zone the following works: 

- Slope Interventions: They are formed by recharge ditches, that are ditches with 
small slopes, aligned according to the topographic elevation curves, having the 
main purpose of artificial water recharge, feeding the underground aquifer, and 
retaining the run-off flow. It is also indicated the construction of sediment traps 
located on the critical erosion soil areas, what reducing the siltation of the river bed 
that would the water loss in the river stream and the consequent floods; 

- Flood Reservoirs: they have the objectives than those described for the Basin 
Humidity Recharge Zone; 

- River bed interventions: they are formed by the “admitance weirs” in the river bed 
in the form of cascade, what induce to a water flow retardation, increasing the river 
bed water accumulation and the water wave propagation time, reducing the flood 
wave peaks. 

 

• Basin Initial Contribution Zone (elevations lesser than 50m):  
In this watershed zone, that is formed by smaller slopes and water velocities in the river 
basin, we should apply works not to retain water in the river bed to avoid overflow, but by 
the river stream flow with a minimum water loss. On the slopes, it should be built 
retention water basins spatially in suitable areas on the Basin Initial Contribution Zone. 
The main works are indicated below: 

- Retention Basins: they are areas, that could be a park or a soccer field, designed with 
the purpose of accumulating the excess of water volume, during a rain storm, that 
arrives at this zone due to the run-off flow on the basin slopes or the over flow of the 
water in the river bed. After the storm, the water that is not infiltrated should be 
flowed to the river bed or the urban drainage system without any risk of flooding on 
this plain area; 

- Improvement actions on the civil works that are located in the river bed area: due to 
the plain area with low stream currents, it is necessary to reduce any water loss that 
could increase the risks of water bed river overflow, including actions to improve to 
an hydrodynamic shape the bridges, strong river curves, changes in the flow sections, 
sudden increase in the flow section, control of garbage and sediments accumulations 
on the river bed, etc., with the purpose to reduce the risks of water river overflow. It 
is also important to consider the permanent maintenance and conservation of these 
civil works, specially against garbage and sediment accumulation; 

- Sanitation Works: it is very important in the modern flood defence planning all over 
the world, specially in the urban areas, to implement in the urban development a 
suitable sanitation politics. In the case of the river Joana basin, that has a similar 
performance in relation to the others potamographic nets of Rio de Janeiro city, it 
was detected, several times, a drainage system tamponing process due to the garbage 
and sediments, generating flood, even without the river overflow. The sanitation 
problem is a critical situation for urban flood, that makes useless even expensive 
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works of flood defence. Therefore, it is essential an clean urban environment in order 
to get the guarantee of good functioning of the flood defence system designed; 
investments in suitable environmental education, monitoring and basin management 
are also desirable.      
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Abstract: The northeast of China spans monsoon precipitation zones. Asymmetrical precipitation 
distribution causes the heavy flood disaster and great demand of water supply. Flood control system 
of the Songhua River Basin (SRB) needs some flood detentions or retentions, and fortunately, the 
wetlands in SRB can be used to store floodwater and improve their ecological environment. 
Through a comprehensive analysis, the paper programs a research subject with two aspects: (1) 
using wetlands to regulate floods and mitigate flood damage, and (2) using floodwater to restore 
wetland ecological environment. 

Keywords: floodwater, wetland restoration, Songhua River 

1. INTRODUCTION 

Water is very important for wetland evolution. The water state in a wetland nearly 
determines its classification and even existence. As the water resource development is 
gradually actualized on the rivers connected to wetlands, water shortage becomes one of 
main factors endangering wetland ecological environment. Around lower reaches of Nen 
River, northeast of China, there exist many big wetlands, such as Zhalong, Xianghai and 
Momoge wetlands. The area of each is about 1000 - 2000km2. At present, the wetlands are 
suffering the risk of water shortage. On the other hand, though a lot of flood control 
projects have been constructed, without the use of detention or retention functions of 
wetlands, flood control is full of artificial features. Most of floodwater is drained out as a 
factor of disaster. This results in the loss of water quantity and water environment. Aiming 
at developing a new approach to improve this clownery situation, the paper, taking 
Songhua River Basin as an example, discusses the problems concerned with the use of 
floodwater resources and the restoration of wetlands. 

2. NATURAL CONDITION OF THE AREA 

The Northeast of China spans the cold-temperate, semi-humid and temperate-humid zones. 
There are short summers and long winters with spring drought, summer flooding and 
autumn frosts. The climate is suitable to farming there. The main plants are corn, rice, 
wheat, potato and so on. Water use of agriculture irrigation is about 70% of all. 

For the whole area, the average annual rainfall varies from less than 400 mm in the 
west to more than 750 mm in the east. The water vapor resources are from the Pacific 
Ocean mainly. A little part of it also comes from the Okhotsk Sea or the Southeast Ocean 
too. The Meteorological genesis of storms is frontal rain. A few of them are air-mass rain. 
As the basin locates in the monsoon precipitation zone, most of the precipitation is 
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concentrated in summer. The precipitation in flood season (from June to September) is 
about 70 – 80 % of the annual value. The precipitation varies significantly in different 
years. The ratio of the biggest annual precipitation to the smallest one can be 3 times. 
Continuous dry year series and continuous wet year series occur alternately in the area. 

0

20

40

60

80

100

120

140

160

180

1 2 3 4 5 6 7 8 9 10 11 12

Month

Pr
ec

ip
ita

tio
n
 
(
m
m
)

Qiqihar

Harbin

 
Fig. 1  Monthly Precipitation Distributions of Qiqihar and Harbin 
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Fig. 2  The daily flow at Zhujiafang Station in1970 

Fig.1 is the average monthly precipitation at Qiqihar and Harbin. The annual 
precipitations of them are 430mm and 535mm respectively. It is clear that the most of 
annual precipitation occurs in rain season. The outflow usually depends on several main 
rains. Fig.2 shows a daily outflow process a year at Zhujiafang station. Sharp change of 
the discharge makes flood control more difficult. 
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3. FLOOD CONTROL SYSTEM  

Flood disasters happen frequently in the Songhua River Basin. Since the middle of 1980s, 
floods recur at the return period of 2~3 years. Especially, the catastrophic flood in 1998 
broke the historical record on several aspects. The Flood broke dikes in many places on 
two sides of the river. There are 88 counties and cities affected by the flood in the west of 
Jilin and Heilongjiang Province as well as the east of Inner Mongolia Autonomous Region. 
The direct loss of infrastructures in railway, road, electric power, communication, and 
irrigation is totally more than 48 billion Yuan. Consequently it is of highest priority to 
control flood, guarantee the successful development of society, and protect the life and 
property of people in the area. Early in 1950s, flood defense of Songhua River was in 
serious situation. The Government formulated Songhua River Basin Comprehensive 
Planning Draft, and in 1980s the country had finished Songhua River Basin Planning with 
highlight on flood control. A lot of engineering works for flood control have been 
constructed according to the general requirements in the planning. Being lack of financial 
input, flood control projects, especially those large-scale control projects, couldn’t be 
constructed as plan. So far there is no large-scale flood control reservoir along Songhua 
River mainstream, and the flood control system has not been finally completed yet. The 
flood control standard for all the existing projects is relatively low only for 10 return years 
event. With the rapid economic development, the loss caused by a same standard flood is 
also increasing. Therefore, the further economy and society develop, the higher flood 
control and security standards are needed. And the flood control system should be 
promptly improved. 

The return period of 1998 flood in Nen River is about 200 years, some sections more 
than 400 years. During the flood, a lot of breaks happened along the two sides downward 
Jiangqiao Bridge. 6.435×109m3 of floodwater was mitigated by the dike section of 
Pangtou Pond on the left side, and 3.5×109m3 discharge was mitigated by Laojuzi and 
Baishiha dike sections on the right side. Having this over standard event, flood still 
threated the safety of Daqing Oil Field and Harbin City greatly, and if the dikes on both 
sides of the Nen River below Jiangqiao Station haven’t broken, then it should bring 
heavier tenseness to the flood control of Harbin City. So it can be concluded that in order 
to build reasonable flood control system and improve capacity of defending over standard 
flood, it is necessary to study the relationship between flood storage, detention and 
discharge of the Nen River and the Songhua River mainstreams. 

State council approved the master plan for water resources development and 
management: Comprehensive Planning of the Liao River and the Songhua River Basin, in 
1994. Following the disastrous flood of 1998, the Central Government of China initiated a 
program to increase the standard for flood protection in the Songhua River and other 
major river basins. The program emphasized the need to move towards better natural 
resources management as a long-term solution to reduce flood damage and improve 
overall water management. The program signified a shift from structural measures as the 
primary means of flood damage reduction to a balance approach using both structural and 
non-structural measures. As a consequence, Songliao Water Resource Commission has 
prepared a supplement to the 1994’s plan in accordance with the government’s new flood 
management direction. The supplement, Some Suggestions for Improvement of Flood 
Control Construction of the Nen River and the Songhua River in Short Term, was 
approved by the Government in 2000. It planed two areas to be considered as potential 
flood detention in lower reaches of the Nen River. Moreover, following the new flood 
control ideas,t, it is encouraged to divert more floodwater on upstream of the Nen River. The 
wide wetlands in the two sides of middle stream of the Nen River can play a great rule well. 
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4. WETLANDS IN THE SONGHUA RIVER BASIN 

Fig.3 shows the historical flooded area in Songhua River Basin, a certain parts of which 
are permanent wetlands. Two of seven wetlands listed in the Ramsar Convention in China 
are in the Nen River Basin. They are Zhalong wetlands and Xianghai wetlands. All of 
them are Nation Nature Reserve. The Nen River Basin is of special importance to 
migratory birds because the wetlands provide breeding sites and migratory staging sites 
for a large number of birds, many of which are globally endangered or threatened species. 
The fauna group that receives the greatest international attention is the cranes. Next are 
basic data of three big wetlands in Nen River Basin. 

 
Fig. 3  The flooded area of Songhua River Basin 
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4.1 Zhalong National Nature Reserve 
Zhalong national Nature Reserve was implemented in the wide wetland located near the 
confluence of the Wuyuer with the Nen River near Qiqihar city. The protected area is 
210,000 ha large and occupies only a small central part of the whole wetland. It has been 
listed as an Internationally Important Wetland in the RAMSAR program from 1992. It is 
also a member of the Northeast Asian Crane Conservation Network.  

The main source of water for the wetland is the Wuyuer River, which has no clear river 
channel in this very flat area and overflows to create an extensive marshland zone with 
several small shallow lakes. The area is surrounded by grassland, agriculture and 
fishponds. The extreme diversity of local conditions such as flooding duration and depth, 
soils (saline, alkali, organic), drainage conditions and micro topography makes the area 
particularly exceptional for the diversity of vegetation and fauna. 

A total of 468 vegetal species have been reported from the reserve composing a 
complex mosaic of vegetal associations including wet and dry grasslands, sand deposits, 
alkaline and saline grasslands, reed marsh, floating vegetation. Until now, 236 species of 
birds belonging to 48 families have been identified among which cranes and waterfowls 
are of international value. Six species of cranes are observed in Zhalong, 3 species being 
breeding there: Red-Crowned Crane, White Napped Crane, and Demoiselles Crane. Three 
other crane species are observed during the spring migrating period: Siberian Crane 
Hooded Crane, and Common Crane.  

Several other rare species of waterfowl are observed there, including the White Swan, 
(Ciconia ciconia boyciana), the Asiatic Dowicher (Limmodromus semipalmatus), the 
Great Crested Grebe and many others. Other fauna biodiversity is also high with 22 
species of mammals, 4 species of amphibians, 3 species of reptiles, 40 species of fishes 
and 277 species of insects. 

4.2 Xianghai National Nature Reserve 
Xianghai Nature Reserve is located in the middle of the Kolsin steppe, the south part of 
the Taoer river drainage area. It was created in 1981 by the Jilin Province, upgraded to 
National Reserve in 1987 and listed as Internationally Important Wetland (RAMSAR site) 
in 1992. It is also a member of the Northeast Asian Crane Conservation Network. The 
reserve covers 105,000 ha, including 22 natural lakes and reed swamps. The main sources 
of water are the Huolin River and the Taoer River. 

More than 210 birds species belonging to 41 families have already been identified, 
including 6 rare species of cranes: Red-crowned Crane, White-Napped Crane, Demoiselle 
Crane, SIBERIAN Crane, Common Crane and Hooded Crane. Among the waterfowls 
species, the ducks and geese are particularly abundant. Thousand of swans can also be 
caught in sight. In addition to birds, 30 species of mammals, 8 species of amphibians and 
20 species of fish have been reported from the reserve area. 

4.3 Momoge Nature Reserve 
Momoge Nature Reserve is located in north of the confluence between the Taoer River 
and the Nen River. Source of water is mainly from the Nen, Taoer and Erlongtao rivers. It 
covers 144,000 ha including water (26,700 ha), wetland (77,000 ha), grassland (15,000 ha) 
and forest (1,000 ha). 

The wetland shelters 184 species of birds belonging to 42 families including 79 species 
of waterfowls. The 6 rare cranes mentioned for the Xianghai reserve are also observed 
here together with rare swans (Whooper Swan, Whistling Swan). More than 2000 cranes 
have been observed in the reserve in spring and autumn. In addition, 25 species of 
mammals, 5 of amphibians and 7 of reptiles are reported from the reserve. 
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Besides the national nature reserves mentioned above, there are many big grasslands, 
natural lakes and swamps spreading in Songnen Plain. The riverbeds of Songhua River 
and Nen River in Songnen Plain are usually as wide as 5 to 10 km. All of these form a 
good biodiversity system. The natural condition protection of this system has a great 
significance. 

5. FLOODWATER AND WETLANDS 

As know, water is very important for keeping wetlands in a good ecological condition. 
Absence of water supply threatens wetlands for a long time in the area. For example, in 
the history, there is 0.46×109m3/year of water entered Zhalong wetland. As the social and 
economic development along Wuyur River and Shuangyang River, the water amount 
entered into Zhalong wetland decrease to 0.2×109m3/year. And the ecological situation 
changes gradually corresponding to the condition.  

Suffering a long drought period from 1999 to 2001, Zhalong wetland has had several 
times of big fires from the autumn of 2001 to the spring of 2002. About 30×103 ha of 
wetlands are affected. Cranes meet a hard spring at Zhalong in 2002 so that the most of 
them have to search other wetlands for breeding and migration occasionally. The 
biodiversity state is also affected greatly.  

From wetland conservation and restoration theory, Wetlands not only need regulatory 
water supply, but also need the disturbance of flood pulses. The flood pulse is associated 
with the spatial movement of plants, animals, and detrital materials. Fish adapted to the 
flood pulse follow seasonal water pulse from the channel to the floodplain, in synch with 
the spatial movement of organic matter and insects [1]. 

The floodwater also links other components of the system across wetlands via 
movement of hydrochorous dispersal of swamp seeds and spores partially decomposed 
organic leaf material, and sediments. High flood flows are critical to the dispersal and 
recruitment of cypress swamp species, western riparian species, and cottonwood. More 
attention should be paid to the importance of flood pulsing and disturbance in restoration. 
These ideas are completely ignored in the regulatory process. The fact is that the natural 
floods created wetlands in a very long historical period, and there is a hard depending 
relationship between them. Therefore, the floodwater should be used to reserve and 
restore wetlands actively. 

After 1998 flood, most of wetlands stored as much water as possible in the Songhua 
River Basin. The biodiversity condition was temperately improved. Plants, fish and birds 
are in very good state. A big group of cranes was observed in Momoge wetland in 1999, 
which is seldom seen before. This fact should promote wise use of wetland habitats and 
wetland biodiversity in flood management and river basin planning.  

National Natural Science Foundation of China and Songliao Water Resource 
Commission have corporately funded a key project: Study on the use of floodwater 
resources and the management of wetland ecological environment on Songnen Plain. It 
will systematically study the subjects as follows: (1) Character analysis of floodwater and 
its transformation possibility to useable water resources on Songnen Plain; (2) The study 
on the hydro-influence、the process and the function of wetlands; (3) The study of the flow 
dynamic modeling and the theory of water circulation in wetlands; (4) Study the impact of 
wetland floods on wetland ecological environment; (5) Developing a decision-making 
support system of wetland water resources and ecological environment management with 
3S techniques. 
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6. CONCLUSIONS AND DISCUSSIONS 

As the northeast of China spans monsoon precipitation zones, the floodwater concentrates 
the most of annual precipitation and becomes one kind of important water resources. In 
light of the new flood control police in Songhua River Basin, the water resources program 
emphasizes the better natural resources management as a long-term solution to reduce 
flood damage and improve overall water management. There is a clear shift from 
structural measures as the primary means of flood damage reduction to a balance 
approach using both structural and non-structural measures. Songhua River Basin has an 
urgent demand and condition to divert floodwater to wetlands along Nen River. The 
wetlands also urgently need floodwater to restore their ecological environmental condition. 
As a result, the subject mainly includes two aspects: (1) using wetlands to regulate floods 
and mitigate flood damage; (2) using floodwater to restore wetland ecological 
environment. It can be expected that the project should help the nature resources 
protection management very much. 

REFERENCES 
Asia Development Bank, 2000, Midterm Report of Songhua River Flood, wetland and biodiversity management 

project (TA: 3376-PRC). 
Beth Middleton , 1999, Wetland Restoration, Flood Pulse, and Disturbance Dynamics, New York: John Wiley & 

Sons, Inc. 
Flood control office of Songliao Water Resources Commission, 1998. Data compile of Nen and Songhua Rivers 

big flood in 1998 
Li wenhua, 1998 . Flood of Yangtze River and ecological restoration, Journal of natural resources 
Mary E. Kentula, Robert P. Brooks, Ann J. Hairston, et al , 1993, An Aproach to Improving Decision Making in 

Wetland Restoration and Creation, C. K. Smoley, Inc. 
Songliao Water Resources Commission. , 1998,1999. Water Resource Report of Songliao River Basin  
Xu Shiguo, Dang Lianwen, Muzhilu , 2002, Environmental Impact Analysis of Nen River’s big Flood in 1998, 

Journal of Dalian University of Technology, Vol.42, No.7 
Zuo Dongqi, 2000. On China water conservancy scientific research in the new century. Advances in science and 

technology of water resources. 
 
 

 1723


	MainMenu_Password_Removed
	V1003_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V1004_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10101_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10102_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10103_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10104_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10105_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10106_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10107_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10108_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10109_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10110_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10201_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10202_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10203_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10204_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10205_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10206_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10207_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10208_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10209_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10210_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10211_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10212_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10213_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10214_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10215_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10216_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10301_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10302_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10303_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10304_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10305_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10306_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10307_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10308_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10309_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10310_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10311_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10312_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10313_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10314_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10315_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10316_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10317_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10318_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10319_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10320_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10321_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10322_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10323_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10324_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10325_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10326_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10327_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10328_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10401_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10402_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10403_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10404_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10405_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10406_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10407_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10408_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10409_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10410_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10411_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10412_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10413_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10414_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10415_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10416_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10417_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10418_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10419_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10420_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10421_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10422_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10423_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10501_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10502_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10503_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10504_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10505_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10506_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10507_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10508_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10509_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10510_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10511_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10512_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10513_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10514_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10515_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10516_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10517_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10518_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10519_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10601_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10602_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10603_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10604_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10605_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10606_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10607_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10608_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10609_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10610_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V10611_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20101_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20102_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20103_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20104_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20105_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20106_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20107_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20108_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20109_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20110_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20111_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20112_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20113_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20114_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20115_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20116_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20117_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20118_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20119_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20120_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20121_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20122_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20301_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20302_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20303_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20304_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20305_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20306_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20307_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20308_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20309_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20310_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20311_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20312_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20313_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20314_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20315_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20316_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20317_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20318_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20319_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20320_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20321_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20322_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20401_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20402_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20403_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20404_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20405_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20406_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20407_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20501_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20502_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20503_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20504_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20505_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20506_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20507_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20508_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20509_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20510_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20511_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20512_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20513_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20514_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20515_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20516_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20517_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20518_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20519_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20601_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20602_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20603_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20604_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20605_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20606_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20607_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20608_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20609_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20610_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20611_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20612_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20613_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20614_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20701_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20702_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20703_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20704_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20705_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20706_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20801_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20802_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20803_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20804_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20805_Password_Removed
	Table of Contents
	Subject Index
	Author Index

	V20806_Password_Removed
	Table of Contents
	Subject Index
	Author Index


