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Abstract: Urban floods are important from different standpoints because of their impacts on the performance of urban infrastructures as well as their impacts on public health issues. During the past three decades, municipalities have experienced urban floods with higher peaks more frequently. Development of urban areas and climate change are the main reasons for this additional stress. In fact, urbanization affects the physical characteristics of the upstream urban basin and the drainage channels. Moreover, changing land use results in floods with smaller time of concentration and higher peaks. Furthermore, construction near drainage channels and flood ways and disposal of solid wastes into these structures decreases their carrying capacity. Climate change also changes rainfall regimes, especially in urban areas, and causes more frequent flash floods in urban areas. Most of the urban water infrastructures including drainage systems have a life span of more than 20 years, and, therefore, climate change in a comparable time horizon should be considered in their design and operation. In this paper, the rainfall variations in an urban area affected by climate change are predicted. The urban runoffs, considering probable physical changes upstream, and also drainage channels are simulated and floods characteristics are tested. Changes in the characteristics of predicted floods with respect to their frequency and magnitude are also assessed. The case study of this paper is the Tehran metropolitan area in Iran. The results of this study show the vulnerability of the system to floods with more than a 20 year return period. The proposed algorithm can also be applied to other cities with similar urban flood characteristics.
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1. Introduction
Urban basins have special characteristics, therefore special features should be considered in the evaluation of their hydrologic cycle. Urban runoff is one of the most important components of the urban water cycle. The urban floods could be very destructive in high population density and in centers of economic and industrial activities in urban areas. Urbanization changes the natural morphology of local rivers that flow through cities, which often decreases their natural carrying capacity resulting from various activities and therefore intensifies the risk of urban floods. In the recent years, the effects of climate change on the hydrologic cycle have led to increased concerns about urban flood events especially in mega cities of developing countries. Many such cities do not have adequate infrastructure for surface water collection and flood transfer channels and still rely on local rivers. 
The growth of urban areas has caused a lot of changes on the climate and many studies have been done on this subject including Tumanov et al. (1999) and Manable et al. (2001). These studies have shown that the hydro-meteorological variables in urban areas have been changed due to climate change. To evaluate the response of urban areas to climate changes, it is necessary to develop the hydraulic model of the urban drainage system. Burger et al. (2007) studied the climate change scenarios and their effects on water resources and simulated the response of watershed to these changes in Upper Gallego catchment (Spain). Different software is developed for this purpose. Renouf et al. (2005) used two models for assessing the urban floods. The first model simulates the flows in the sewage network solving 1-D de Saint Venant equations and the second one simulates the urban surface runoffs by solving 2-D shallow water equation. They concluded that the difference between the results of these models is due to the errors in the rainfall data and it is not related to the structure of the applied models.
Lhomme et al. (2005) developed a GIS-based one-dimensional flood simulation model for the city of Nimes (Gard, France) which estimates the flow depths and velocities. The results of this study were compared with the results of a two-dimensional hydrodynamic model based on the full shallow water equations. The comparison showed that the results are similar to each other except in streets with mild slopes.
Jiang et al. (2007) investigated the impacts of climate changes on the water availability in the South China, using six monthly water balance models. The results of the analysis revealed that greater differences in the model results occur when the models are used to simulate the hydrological impact of the climate changes. The study showed that there can be significant implications for the investigation of response strategies for water supply and flood control due to climate change. 
In this paper, the performance of the drainage system of the Tehran metropolitan area (capital of Iran) is investigated. Different parameters such as urbanization and some changes in drainage system that affect the characteristics of floods are studied and the drainage system is modeled. The effects of climate change are evaluated by statistically downscaling the precipitation data considering climate change scenarios developed by GCM models. 
The paper is followed with description of the case study and then the methodology of the study. Human-induced and climate change impacts on the drainage system of Tehran are presented through the results of the simulation of the study area water drainage system in the next section. Finally a summary and conclusion is given. 
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Figure 1: The location of the study area in Iran
2. Case study
In recent years the rapid development of Tehran, the capital of Iran, without considering the impacts on urban water cycle, has made considerable quality and quantity challenges. There has not been a systematic approach to runoff management which has led to overflow of channels and some health hazard problems. The north eastern part of Tehran is a mountainous area with high population density. Therefore, the urban floods can cause considerable damages. Thus, the evaluation and simulation of the flood effects in this area are very important. The northeastern part of Tehran, between 51º-22´ and 51 º-30´ longitudes, and 35º -42´ and 35º -53´ latitudes, has been considered as the case study of this paper (Figure 1). The selected area includes Darake, Velenjak, Sadabad, Darband, Golabdare, Jamshidie and Kashanak sub-basins. The altitude of the region varies between 3900 m at the upstream of Darband sub-basin and 1290 m at the end point of the region. Total area of the study region is about 110 km2. The percentage of the impervious area is about 85 and the average slope of the region is about 21%. There are certain channels in the above basins that carry surface runoff to the basin's outlet. Some of these channels are natural and the others are man-made. These channels carry large amounts of sediments especially during urban floods which decreases their carrying capacity. These channels are used as surface and wastewater drainage facilities as well as snow melt discharges. The general characteristics of the Tehran water drainage system are presented in Table 1. 

Table 1: Characteristics of the water drainage system of the study area

	Slope range  (average)
	Channel length (m) with catchments area
	Channel type

	
	More than 30 m2
	Between 6 and 30 m2
	less than 6 m2
	

	50-6.4 (23.58)
	15090
	1140
	1540
	Natural channel

	1.17-16.66 (4.88)
	-
	7050
	9890
	Man made closed channel

	0.7-31 (8.5)
	450
	20250
	24990
	Man made open channel


In the recent years, some river training projects have been performed on these channels, which have changed the characteristics of the surface water collection system. For evaluation of the effects of these projects on the runoff collection system of Tehran three scenarios have been considered as follows:

· Scenario 1: It is developed for evaluation of the surface water collection system in about 10 years ago. The model for this scenario is developed to evaluate the effectiveness of development projects done in the recent years for improving the past situation.

· Scenario 2: In this scenario, the present surface water collection system is modeled. 

· Scenario 3: The future plans for improving and development of case study drainage system have been modeled in this scenario.
The effects of climate change on the runoff volume have been considered in these scenarios. The simulated drainage systems in these scenarios and their characteristics are shown in Figure 2 and Table 2, respectively. The circled areas in Figure 2 show the differences between different scenarios.
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Figure 2: Different drainage system scenarios
Table 2: Characteristics of different scenarios
	Percentage of impervious area (%)
	Number of detention ponds
	Total Capacity of detention ponds (m3)
	Length of (m)

	
	
	
	Natural channel
	Man made closed channel
	Man made open channel

	Scenario 1:
	81.09
	4
	7500
	17720
	16940
	45690

	Scenario 2:
	85
	5
	9450
	16170
	21095
	30650

	Scenario 3:
	90.09
	7
	13380
	16170
	29915
	30650


The recorded rainfall data at Roodak station located in latitude 35º-51´ and longitude 51º-33´ in 1690 m latitude has been considered as a representative of the rainfall data of the study area. The rainfall data from 1967 to 2005 is used. As the Roodak station doesn't have any snow data, the Ghasr station snow data has been used which is available between years 1975 and 1995. The snow data for the remaining years are generated to be the same as the rainfall data. The wind and temperature data are only available on the synoptic stations. The data of nearest synoptic station, Mehrabad, some 10 Km away from the study area are used. 
3. Methodology

For evaluation of climate change effects on urban floods in the study region, it is necessary to develop the climate change scenarios. For this purpose, a statistical downscaling model has been developed using SDSM which is developed by Wilby and Dawson (2004). In the next step, the drainage system of the study area has been simulated using StormNET model developed by Boss international (2005). In order to choose the critical rainfall that may result in probable floods in the region, the probabilistic nature of the predicted rainfall has been considered. At first the average and standard deviation of long term rainfall events in wet days during each month is calculated. The extreme rainfalls are selected as those which satisfy the following inequality:
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 is considered the extreme rainfall in season i. 
Then, the effects of climate change on the magnitude and frequency of the extreme seasonal rainfalls in the future are evaluated. After calibration of the hydraulic model of the drainage system, the drainage system situation for extreme rainfalls with different return periods is evaluated running the hydraulic simulation model in the three pre-defined scenarios in the study area. 
3.1 Rainfall down scaling 
In situations where low–cost, rapid assessments of localized climate change impacts are required, statistical downscaling could be applied as an effective tool. In this study, the SDSM model developed by Wilby and Dawson (2004) has been used for long-lead rainfall prediction and downscaling for an individual site at daily time–scale, by using grid resolution of GCM outputs. The structure and operation of SDSM carries five distinct tasks: (1) screening of potential downscaling predictors; (2) assembly and calibration of the model; (3) synthesis of ensembles of current weather data using observed predictors; (4) generation of ensembles of future weather data using GCM-derived predictor variables; (5) diagnostic testing/analysis of observed data and climate change scenarios. 

During the downscaling with SDSM, a multiple linear regression model is developed using selected large-scale predictors and the local rainfall. Large-scale relevant predictors are selected using correlation analysis, partial correlation analysis and scatter plots, considering the physical sensitivity between the selected predictors and rainfall for the region. Ideally, candidate predictors should be physically and conceptually sensible with respect to the rainfall and should be able to accurately model rainfall using GCMs (Karamouz et al., 2007). 
3.2 Hydraulic modeling of urban drainage system 

In this study, the StormNET model developed by Boss international (2005) has been used for simulation of the urban drainage system. StormNET is a link-node based model that performs hydrology, hydraulic, and water quality analysis of stormwater and wastewater drainage systems. Spatial variability in all of these processes is achieved by dividing a study area into a collection of smaller, homogeneous sub-basin areas, each containing its own characteristics. Overland flow can be routed between sub-areas, between sub-basins, or between entry points of a drainage system. The needed information for developing the hydraulic model are assumed or calculated for the study area as follows:
Channel and pipe links: In the study region the channels are natural or man-made. The manmade open channels are rectangular and the close conducts are rectangular, circular, basket handle or horse shoe. The Manning roughness used in channel routing is variable because of different channels configurations. Thus, the Manning's roughness has been estimated based on average estimated values of the channel. Table 3 presents the considered Manning coefficients for different channel coverage. Kinematical wave theory has been applied for flow routing in the drainage channels.
Table 3: The considered Manning roughness for different channel coverage
	Channel type
	Manning roughness

	Natural
	.07

	Prefabricate
	.014

	Open rock/Concrete
	.035

	Damaged concrete
	.05

	Stoned wall and soil bottom
	.06

	Break wall and concrete bottom
	.045


Rainfall hyetograph: The hyetographs of the selected extreme rainfalls have been developed in half an hour time intervals using the representative 6 hours hyetograph of the study area. The simulated rainfalls are disaggregated to 6 hours because most of the floods are resulted from rainfalls with 6 hours or less duration in the study region. 
Snow pack: The study region is mountainous, so every year there is a large amount of snow fall which provides a permanent flow in the channels in dry seasons. Because of this, it is important to consider the resulting runoff due to snow melting in modeling of the drainage system. The snow melt coefficient has been calculated as follows:

[2]  
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where M is the snowmelt runoff (mm), D is the average number of degree day above zero (the snow melt base temperature has been determined 0°c for Tehran (Ranjbar and Azadi, 1998)) and K is the snowmelt coefficient. The minimum and maximum snow melt coefficients are used to estimate a different rate of snowmelt during a year. The maximum value of snowmelt coefficient is determined based on the temperature of the hottest day in the year equal to
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. The minimum snowmelt coefficient equals to zero. The following degree-day equation has been used to compute the melt rate:


[3]  Melt Rate = (Melt Coefficient) ( (Air Temperature - Base Temperature)



Sub-basin: The SANTA BARBARA method has been used for simulation of sub-basin runoff and the KIRPICH method has been used for estimation of the basins time of concentration. In each sub-basin the percent of pervious and impervious area and the Manning's roughness related to each land use must be estimated. The Manning's roughness for pervious and impervious areas has been considered to be 0.015 (grass cover) and 0.0149, respectively. The most pervious area is the cement rubble surface (n=0.011) and the common coverage of the impervious area is smooth asphalt (n=0.024(.The trend of change in the percent of pervious to impervious areas is considered in the three scenarios. For determination of penetration rate, it has been assumed that the soil property of the study belongs to group D and CN of the pervious area varies between 76 and 84.
Detention pond: In addition to the volume and location of detention ponds, the equation of variation of detention pond area with respect to its depth is needed. The following equation is used to estimate the area of detention ponds.

[4]  
[image: image8.wmf]C

Depth

B

A

Area

*

+

=










where A and B are constant coefficients and C is the exponent that describes the functional relationship between depth and surface area.

Flow diversion: The flow diverted through a weir flow diversion is computed through the following equation: 
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[image: image12.wmf]w

H

is the weir height and f is a coefficient that is computed as follows:
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where Qin is inflow to the flow diversion, Qmin is the minimum flow at which flow diversion begins and Qmax is the maximum capacity of the channel. All of the weirs are rectangular. 
4. Results

For using the SDSM model, at first, daily rainfall data at Roodak station has been transformed by the second root function to better fit normal distribution. Then the correlations between different combinations of available predictors and daily rainfall have been calculated to find the most appropriate combination. Finally, the combination of 3 predictors is selected 1) relative humidity at 850 hPa height, 2) near surface specific humidity and 3) near surface relative humidity. This combination has been selected because of its maximum correlation with daily rainfall of the northeastern part of Tehran. The physical relation between the selected predictors and the rainfall of the study area has been implicitly considered by calculation of P-value between predictors and rainfall. The model has been calibrated with rainfall data of 1977-1984 and validated for the remaining available data (1985-2000).

The weather generator has been used to downscale observed (NCEP) predictors, and generate scenarios to downscale GCM predictors representing the current climate. For this purpose 20 ensemble data of rainfall have been generated. Simulated and observed mean rainfall comparison in validation period (Figure 3), shows the ability of the model for rainfall prediction. The simulated rainfall in the months of August and October to December are under estimated and are over estimated in the remaining months. 
After developing rainfall downscaling model using NCEP signals for year 1985-2000, it is necessary to test the model ability for future prediction. For this purpose, one of the predicted scenarios for future climate variation named HadCM3 (Second Hadley Centre Coupled Ocean-Atmosphere GCM) is used as the model input signal and rainfall is predicted. Figure 4 shows almost the same performance in application of predicted signals (HadCM3) in comparison to the NCEP data for the study area. Errors of rainfall prediction including errors of mean and maximum daily rainfall and wet spells, during the validation period for NCEP and HadCM3 signals, have been presented in Table 3 using Root Mean Square Error (RMSE) and Mean Absolute Error (MAE) indices. Predicted wet spells defined as number of rainy days in a given month are also important because of showing the pattern of rainfall occurrence. All of errors mentioned in Table 3 are very low, which show acceptable results. 
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	Figure 3: The comparison between the observed and simulated mean daily rainfall using NCEP signals during the validation period (1985-2000) 
	Figure 4: The comparison between the observed and simulated mean daily rainfall using HadCM3 signals during the validation period (1985-2000) 


Rainfall is evaluated in each calendar season to determine the climate change effects. The characteristics of identified extreme rainfalls of the future in specified seasons are presented in Table 4 for every 10 years from 2007 until 2097. It seems that the magnitude and frequency of the extreme rainfalls are slightly affected by the climate change. A probability distribution function has been fitted to the computed extreme rainfalls in 20 ensemble data to determine the extreme rainfalls with different return periods. 

Table 3: Model performance in predicting rainfall using NCEP and HadCm3 data
	Signal source 
	variable
	MAE 
	RMSE

	NCEP
	Mean rainfall (mm)
	0.07
	2.08

	
	Maximum rainfall (mm)
	0.11
	5.09

	
	Wet spell (hr)
	3.4
	.48

	HadCm3
	Mean rainfall (mm)
	0.19
	2.65

	
	Maximum rainfall (mm)
	0.12
	3.4

	
	Wet spell (hr)
	4.1
	.62


Table 4: The characteristics of the extreme rainfalls in the future (climate change effects)
	year
	Number of extreme rainfalls
	Average of extreme rainfalls

	
	Spring
	Summer
	Fall
	Winter
	Spring
	Summer
	Fall
	Winter

	2007
	12
	1
	10
	13
	29.03
	17.8
	27.06
	46.56

	2017
	11
	2
	8
	17
	49.7
	33.46
	48.42
	42.45

	2027
	23
	1
	12
	17
	22.18
	76.99
	49.45
	38.61

	2037
	20
	1
	9
	11
	26.25
	15.4
	32.87
	62.65

	2047
	15
	0
	8
	8
	26.12
	0
	48.6
	50.77

	2057
	18
	0
	9
	16
	31.24
	0
	37.94
	40.27

	2067
	18
	0
	9
	9
	37.39
	0
	35.69
	38.66

	2077
	18
	0
	14
	12
	32.85
	0
	56
	45.15

	2087
	19
	1
	16
	9
	40.1
	71
	55.9
	46.44

	2097
	15
	0
	8
	14
	42.85
	0
	47.41
	59.44


The developed hydraulic model of the drainage system of the Tehran metropolitan area is calibrated with the observed 1995 flood hydrograph in Golabdareh. The observed and simulated hydrographs of 1995 flood are compared in Figure 5. The extreme rainfall with different return periods are simulated by three developed hydraulic models. The results are illustrated in Figure 6. As can be seen there are no obvious trends in the volume and peak of floods due to climate change effects but the manmade changes on the drainage system of the case study has changed the volume and peak of floods considerably. In response to the training projects, the flood peaks and volumes have been increased considerably but as the capacity of the system increases, the overflow volumes have been decreased. 
[image: image16.emf]0

50

100

150

200

250

300

0 0.5 1 1.5 2 2.5 time(hr)

Q(cms)

Simulated hydrograph

Observed hydrograph

 
Figure 5: The comparison between the observed and simulated hydrograph of flood 1995 in Golabdareh
5. Summary and conclusion 

The climate changes impacts all of the components of the water cycle in the world. In urban areas due to some special characteristics such as the population concentration and limitations on the natural water systems, the effects of climate change are intensified. One of the most important components of urban water cycle is urban runoff which is highly affected by climate change and urbanization. In this study the effects of climate change on urban runoff in the northeast of Tehran is evaluated. The downscaling model has been used to predict the future rainfall in the study area and then extreme rainfalls are identified. The characteristics of the extreme rainfall of future years including the frequency and the magnitude are evaluated. It seems that the severity of wet and dry periods is increasing in the study area due to effects of climate change. A hydraulic simulation model has been developed for the water drainage system in the study area. The identified extreme rainfalls are applied in the developed hydraulic model in three scenarios defined for considering the developments on the system. The results show that the peak volumes of the floods are increasing. This may lead to considerable damaged and it is necessary to revise the training projects of the drainage channels in the study area. Application of some new training programs for dredging the channels and construction of some detention and retention ponds regarding to the urban developments, are useful. 
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(a) Scenario 1 (Past)
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(a) Scenario 2 (Present)
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(a) Scenario 3 (Future)

	Figure 6: Results of the drainage system simulation under extreme rainfalls with different return periods for evaluation of the climate change effects
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