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Abstract: A flood warning system reduces the damages to the downstream of a reservoir by early warning and continuous and active monitoring, attending to the readiness of reservoir conditions and flood control capacity building in the reservoir. In this paper, a general framework for the design of a flood warning system for the Kajoo watershed located in the south-eastern part of Iran, is investigated. The case study includes a reservoir called Zirdan dam. The operation of the reservoir is affected by summer monsoon rainfalls. A main component of this flood warning system is the assessment of the observed cumulative precipitation in the upstream climatic stations as well as the observed flood hydrograph in the upstream hydrometric stations. To forecast floods, control points have to be determined and flood characteristics can be estimated once the precipitation is observed using rainfall-runoff models such as HEC-HMS. In this paper, a flood warning algorithm is developed based on the data from weather and hydrometric stations upstream of the watershed. The components of this algorithm are rainfall and runoff thresholds, corresponding time of thresholds in existing and proposed stations and the state of reservoir management including the flood control capacity and the river carrying capacity downstream of the reservoir. Flood plains are determined using the HEC-RAS model and different warning levels are announced depending on the expected flow progression in the flood plains. This type of system could provide early warning to other reservoir- river systems and could be utilized if the information about upstream weather and hydrometric stations could be gathered in a timely fashion. This information will guide the decision makers and/ or operators to lower the water level in the reservoir and/or undertake other flood control alternatives. It will also give an early warning to farmers and the public.
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1. introduction

Flood is a natural disaster which can cause damages and deaths. But with better decision making and flood management, the level of damage could be decreased considerably and the flood could also be controlled and used as a source of water supply. Ford (2001) introduced an automated flood warning decision support system (FWDSS). The FWDSS components measure rainfall depths and water levels, transmit these observations in real time to an emergency response center, that could store and display this data. The FWDSS includes an electronic version of the county’s flood emergency operations plan, automating flood threat recognition with real time data. It also automates information dissemination, notifying county emergency managers when a threat is detected. The FWDSS also includes forecasting models, thus permitting recognition and response to the future threats.

Handmer (2001) examined a recent experience with flood warnings in the UK and continental Europe. It combines this experience with an overview of the relevant literature to identify lessons for incorporation into policy, and problem areas which would most obviously benefit from additional research with emphasis on the non-engineering aspects of warning systems. McEwen et al. (2002) evaluated the inherent exposure of caravan parks on floodplains to flood risk and the vulnerability of residents in the aftermath of the April 1998 floods in the Midlands, UK. It considers flood warning dissemination and response, flood impacts and related planning and control issues associated with caravan parks and their communities. Carsell et al. (2004) proposed an applicable method for benefit evaluation of any flood warning system and illustrated this method with an example from the Sacramento River basin of central California. Parker et al. (2007) tested and revised a model of economic benefits of warnings, but the survey data also generates insights into the constraints acting upon flood warning responses.

In this paper a flood warning system is developed based on the available climatic and hydrometric stations in the study area. Thresholds of the observed cumulative precipitation in the upstream climatic stations and observed flood discharge in hydrometric stations provide early warnings to the area downstream of the reservoir. These thresholds in different time steps are determined using the rainfall- runoff simulation model (HEC-HMS software), flood routing model (HEC-RAS software) and time distribution of the precipitation in the study area. The values of rainfall and runoff thresholds for flood warning are recommended in existing and proposed stations. Different warning levels are dictated considering the reservoir storage and the water levels downstream of the river obtained from the simulation models. This paper is organized as follows. In section 2, the case study is introduced; the characteristics of the watershed and parameters in the implementation of models are given. In section 3, the used models and their assumptions are explained. The developed algorithms are discussed in section 4 followed by a conclusion and summary. 

2. Study area 
The Kajoo watershed located in the southeastern part of Iran is considered as the study area. It is located between 
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 latitude (Figure 1). The area of this watershed is about 6800 Km2 and its mean precipitation is about 218 millimeters. Kajoo River is the main river of this watershed and is 254 km long. This river runs from the north to the south of the watershed and attaches to the Gouatr bay in the Oman Sea. The Kajoo River basin has large and steep areas and is subject to frequent flash floods in the winter and during the Monsoon season in the summer. The base time of the flood hydrograph is short and the peak of the flood event is high. This seasonal river has no base flow most of the year. The 101 kilometer stretch downstream of the Zirdan dam to the Bahoo river intersection has been investigated in this paper. The dryness of this region obligates occupants to live near the river and tolerate extensive damages and loss of life due to flood occurrences. Because of the limited carrying capacity of the Kajoo River, yearly floods cause lots of damages in the agricultural fields and in the nearby rural areas. Zirdan reservoir located in the middle of the Kajoo river watershed will have considerable effects on flood river mitigation. The cross sections show that the river is too tight downstream and the carrying capacity of the river is too low in these sections. Therefore the downstream floodplain is too wide and structural flood control options are needed. In the past fifteen years there have been six considerable floods in this region, which occurred in the years of 1991,1992,1995,1997 and 2005.
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Figure 1: The Kajoo watershed and its sub-basins
3. Simulation models 
3.1 Rainfall-Runoff model 
A rainfall-runoff model has been developed using HEC-HMS software. Sub-basins of the study area have been characterized and modeled in HEC- HMS software using the SCS method. The hydrograph of January 1, 2005 flood has been used for model calibration. The hyetograph of rainfall has been estimated using central patterns of SCS hyetographs because of monotonous and steady intensity during the rain time in the region. The SCS curve method has been used for runoff estimation and an average curve number (CN) of 85 has been estimated for the watershed. The observed and simulated Hydrograph after rainfall-runoff model calibration are shown in Figure 2. The forecasted flood hyetograph has been entered into the HEC- HMS model and the amount of flood is estimated. Observed and predicted flood hydrographs for January 2005 are shown in Figure 2.
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Figure 2: Comparison between simulated and observed flood hydrograph
3.2 Flood routing in the Zirdan dam 
Zirdan dam is located in the middle of the Kajoo River. The height of the dam is 53 m and the height of the spillway is about 43m. The maximum discharge of the spillway is about 9634 cms. The reservoir storage at the crest elevation is about 433 MCM and at the spillway elevation is about 207 MCM. The hydrological storage routing method is used for flood routing in the reservoir. The input and output flood hydrograph with different return periods are shown in Figure 3.
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Figure 3: The routed flood hydrograph with different 2, 5 and 10 return periods in the Zirdan dam

3.3 Hydraulic simulation model 
The HEC-RAS model is used for flood flow routing along the river, downstream of the Zirdan dam. Steady state flood routing in the HEC-RAS software is based on the energy equation using the finite difference method. By definition of geometric and hydrologic characteristics of the river and after calibration of the model based on observed data, the hydraulic routing model simulates the hydraulic characteristics of flood. From hydraulic simulation of the river, the safe discharge of the river downstream of the Zirdan dam is calculated. The safe discharge is obtained based on land use of the floodplain and hydraulic simulation of flood along the river.
4. Flood warning algorithm 
Flood warning algorithms are the simplest and easiest flood warning systems handled by a manual operation. These systems are outfitted with simple gages in the critical points of the system. The data is reported to the system manager. The system manager uses the real time hydro-meteorologic data to estimate flood events through predetermined tables and algorithms. The predictions can be included in the return period of the flood, the peak discharge of the flood and the time the flood reaches the reservoir as well as the time of concentration of each sub-basin is considered. Three groups of instruments are needed for developing a flood warning system as follows: 

· Measuring instruments: These instruments are set up in the meteorologic and hydrologic stations and collect hydro-metrological data, automatically. 

· Hardware instruments: This group of instruments includes computers, data transfer tools, receiver and amplifier centers.
· Software instruments: Data banks, data processors, flood prediction models (including rainfall-runoff and flood routing models), visualization models and user interfaces are included in this group.
4.1 Selection of proposed stations

In this section, the adequacy of stations in recording data in the Kajoo watershed is evaluated. The investigation of the location of existing stations in the study area shows that the existing stations are not sufficient for flood warning purposes. The location of the new meteorological or hydrological stations in the Kajoo watershed which are necessary for developing the flood warning algorithm, are suggested as follows. 

There are two hydrological stations along the Kajoo River, one of which is located at Ghasre-Ghand (upstream of the Zirdan dam) and the other located at Pirsohrab (downstream of the Zirdan dam). There are only four meteorologic stations upstream of the Kajoo watershed which is not sufficient for the flood warning system. For determination of the control points for flood warning in the watershed, storm centers of the watershed and the flood share of upstream branches of the Kajoo River are determined. The storm centers in the study area are identified (one located at Ghasre-Ghand city) through meteorological studies of the region. Since there is a hydrologic station near this storm center, Ghasre-Ghand station located 20 km downstream of the city, is considered as one of the stations in the flood warning system.
The estimation of runoff, playing an important role in the determination of warning thresholds, has been calculated using the developed rainfall-runoff model in the study area. Utilizing the hydrometric data will help to cross check flood forecasting. One of the considered criteria to locate new hydrologic stations is the proportion of each sub-basin to the inflow of the Zirdan dam. Therefore, three climatic stations (Ghasre-Ghand, Ahoran and Chanef) and two hydrometric stations (Ghasre-Ghand and Dirak), shown in Figure 1, are necessary for the flood warning system. The locations of these new stations are as follows:

· Ahooran meteorologic station: in 60º53´ longitude and 26º37´ latitude

· Chanef meteorologic station: in 60º34´ longitude and 26º39´ latitude

· Dirak hydrometric station near the junction of Chanef and Kenari rivers and after the upstream branches of Kajoo river

For example the first hydrologic station is suggested to be located after joining the 5 sub-basins named Ahooran, Miani 1 and 2, Kenari and Chanef. This station covers about 28% of the runoff of the study area. These stations are used to develop the flood warning algorithm shown in Figure 4.
4.2 Determination of the rainfall and runoff thresholds 
In order to determine the critical threshold of cumulative rainfall in meteorologic stations, precipitations with different return periods have been simulated. The precipitation that causes a flood peak more than the carrying capacity of the river, after the reservoir routing of the Zirdan dam, is considered to be the critical threshold of rainfall. As most of the sub-basins in the study area do not have a meteorological station, the isohyets analysis has been used for estimation of each sub-basin's rainfall.

The thresholds of critical rainfall and runoff are determined based on maximum flood discharge after routing rather than the safe carrying capacity of the river downstream of the reservoir. The safe discharge is considered based on the importance of the project, economic aspects and the acceptable risk level downstream of the reservoir using a hydraulic simulation of the river for different scenarios. The safe discharge is also determined based on the river legal margin, the floodplain area and land uses along the river. In this study, the 25-year return period flood, with a maximum discharge of about 2500 cms has been considered as the safe carrying capacity of the river. According to the rainfall- runoff model, reservoir and river routing models, the critical cumulative rainfall is 43, 42, and 41 mm for Ahooran, Chanef, and Ghasre-Ghand climatic stations, respectively. The time of concentration (TC) in each sub-basin and the traveling time of the flood flow in the river is used to determined the pre-warning time of the reservoir and the downstream river. TC is the travel time of flow from the furthest point to the outlet of the watershed. Thus, the pre-warning times of the reservoir are 13, 12, and 6hr for Ahooran, Chanef, and Ghasre-Ghand climatic stations, respectively. These values are presented in Figure 4. In order to estimate the cumulative rainfall in different time steps, the time - rainfall pattern has been used.
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Figure 4: Flood warning system algorithm

The rainfall pattern includes the dimensionless temporal distribution of cumulative rainfall at meteorological stations which is determined based on the schemes of the historical storms in the region. In order to cross check the flood forecasting results, the control points are considered based on hydrometric stations. As shown in Figure 4, critical discharge at the Dirak and Ghasre-Ghand hydrometric stations are 540 and 960 CMS, respectively.

4.3 Reservoir management

The decreased peak of floods after entering the reservoir is determined using the hydrological flood routing model in the reservoir. The input and output hydrographs of the Zirdan dam with return periods of 2, 5 and 10 years are shown in Figure 3. As seen in this figure, the output discharge peak of the reservoir with a 5-years return period is around 2500 cms which is about the carrying capacity of the river downstream of the reservoir. The reservoir flood control volume is calculated based on the flood hydrograph after routing in the reservoir and the carrying capacity of the downstream river. Therefore, the flood control storage, the extra flood volume and the associated elevation of the reservoir is determined. The maximum allowable water level for each month is presented in Figure 4.
5. Summary and conclusion 

In this paper, an algorithm for flood warning in the Kajoo watershed has been developed in regards to the water elevation in the Zirdan dam, the amount of rainfall in proposed and existing stations, and flow discharge at hydrologic stations in different time steps. In the first part of this algorithm, the location of the proposed stations including Ahoran, Chanef and Dirak have been presented. In the next part of this algorithm, the critical precipitation and the pre-warning time for the reservoir from these stations is reported. The values of discharge at Ghasre-Ghand and Dirak (hydrologic stations) are used to cross check the time of flood warning downstream of the river. The flood warning levels will be changed for a different range of precipitation in each station. These warnings include flood warning to the Regional Water Authority and a warning to the dam in order to open reservoir gates to an allowable water level, to activate the public flood warning and to protect the downstream floodplain.
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