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Abstract
Extensive impervious area and the man-made streams are the characteristics of urban areas. In recent
years, rapid urbanization has led to change of rural areas into urban areas, and urban runoff will increase
as the result of spread and growth of impervious areas. Land use changes, increasing urbanization,
unauthorized construction, inefficiency of sewage system and increased impervious surface in urban
areas have significant impacts on inundation hazard. Therefore, to manage urban areas and prioritize
regions to inundation elimination problems, the area most affected by inundation should be determined.
In this study, the Storm Water Management Model (SWMM) is used to simulate the rainfall-runoff in the
study area. The simulated runoff in the SWMM model is used as input to the HEC-RAS model and
determines inundation hazard zones for 5, 25 and 50 return periods. Then, six factors such as distance
from the main channel, slope, land use, drainage density, the main channel slope and elevation were
selected to determine inundation hazard map using Analytic Hierarchy Process (AHP). The results
showed that the combined model (SWMM and HEC-RAS) was suitable to analyze urban inundation and
determine inundation hazard zones on urban areas. Simulated results can be used to develop urban
inundation hazard forecasts. In addition, the result of inundation hazard map indicates that 8.2 percent
of the case study is determined as a high hazard zone.

1. Introduction
Urbanized areas are accompanied by increase in impervious areas such as construction of drainage
systems, roads, roofs, destruction of soils structure, and destruction of vegetation due to growth urban
area (Hsu, Chen, and Chang 2000; Hung, James, and Hodgson 2018; Kamali, Delkash, and Tajrishy 2017;
Shuster et al. 2005; Sillanpää and Koivusalo 2015). This results in increased water pollution,
hydrocarbons, heavy metals, pathogens and nutrients (Phillips et al. 2018; Pitt and Jr 2001; Qin, He, and
Fu 2016). Complexities in the drainage infrastructures and urban areas have a natural influence on
surface runoff that this runoff causes urban inundating (Chen, Hill, and Urbano 2009; Jamali et al. 2018).
Urban inundation due to any kind of inefficiency or defect of urban drainage systems causes
considerable damage in buildings and other private and public infrastructure and is among destructive
and the common natural hazards (W. Chen et al. 2018; Hammond et al. 2015; Price and Vojinovic 2008;
Tingsanchali 2012). Moreover, urban inundation can completely hinder or limit the traffic systems
function, and loss of communications and business opportunities is among its indirect consequences.
Urban inundation hazard is associated with the physical characteristics of inundation such as extension
of inundation, water level above street, volume of water flowing and its duration(Zhu et al. 2016).
In recent years, some researchers have attempted to establish a more accurate relationship between
rainfall – runoff and urban inundation (Bates, Horritt, and Fewtrell 2010; Lee 2018; Li, Chen, and Mao
2009; Radice et al. 2017). Various hydrological and hydraulic models have significant contribution to
achieve this goal such as MIKE FLOOD (Löwe et al. 2017), ESTRYTUFLOW (Fewtrell et al. 2011), BREZO
(Adeogun, Daramola, and Pathirana 2015), SWM (Yu, Huang, and Wu 2015) and InfoWorks ICM (Russo et
al. 2015). Though, most of these models isn’t free, which limits their application. The storm water
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management model (SWMM), is open-source model and powerful tool to urban drainage analysis, which
was developed from 1969 to 1971 by the EPA (Rossman 2004) has been used by researchers in various
urban areas (Elliott and Trowsdale 2007; Rossman 2010) and coupled with other models, such as
LISFLOOD-FP (Wu et al., 2017) and BreZo (Burns et al., 2015), to simulate urban inundation (Babaei,
Ghazavi, and Erfanian 2018; L. Chen et al. 2018; Elliott and Trowsdale 2007). HEC-RAS is a towdimensional (2D) model that developed by Hydrologic Engineering Center (HEC) (Staff 2008) is one of the
most popular model can coupled with SWMM model. HEC-RAS can simulate both unsteady and steady
state flow conditions, and it can be used to calculate inundation areas. HEC-Geo RAS (GIS-based) were
also used for accurate optimization of the geometry characteristics for real visualization of flood areas.
The HEC-RAS model is frequently used in a river flooding study (Adams III, Chen, and Dymond 2018; Gao
et al. 2018; Sleiman 2018), but in the present study, we used and evaluated the HEC-RAS and HEC-Geo
RAS extension of ArcGIS10.2 to simulate inundation extents in street and its surface drainage. This
hydrological and hydraulic coupled models does not require specific knowledge, nor does it on any
commercial modules. Developing hydrological and hydraulic models that provide accurate estimates of
urban inundation hazards are important to describe the best strategies for inundation risk mitigation
(Ballesteros et al. 2011; de Kok and Grossmann 2010).
Combination of various factors affecting inundation and determination of the priority of their importance
require an in-depth study. Therefore, to obtain accurate results, we need a powerful method to consider all
factors in terms of their importance and study of the relationships between factors. Multi criteria decision
analysis (MCDA) offers techniques and methodology to analyze decision problems, and it has been
acknowledged as an important method in environmental decisions. The use of MCDA and GIS has been
proven successful in studies on natural hazards. Analytic Hierarchy Process (AHP) is one of the most
generally used methods to solve MCDA (Sleiman 2018) problems and is widely used for suitability
analysis and natural hazard (Kokangül, Polat, and Dağsuyu 2017; Luu, Von Meding, and Kanjanabootra
2018; Papaioannou, Vasiliades, and Loukas 2015).
The specific objectives of this study are to (1) calibrate and validate the SWMM model to urban rainfallrunoff simulation (2) assess the capability of integrating the SWMM model with the HECRAS model for
inundation zone mapping (3) provide an urban inundation hazard mapping using AHP with GIS support.
The importance of the study is to provide remarkable information of the inundation depth to reduce
environmental hazards of the areas at inundation risk so that it can be given as an input for local
planning and decreasing the risk to property, people and the environment.
Urban areas have been generally considered as a data-scarce region due to the lack of hydrological
gauges and hydraulic information. The novelty of this study lies in comparing the results of a
hydrological model (Storm Water Management Model; SWMM) with a knowledge-based method (Analytic
Hierarchy Process, AHP) that help decision-makers for urban flood management, especially in developing
countries.

2. Study Site Description
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Emam-Ali Town is situated in the western part of Mashhad city in Khorasan Razawi Province, between
36° 22′ 20˝ to 36° 23′ 1˝N latitudes, and 48° 26′ 38˝ to 48° 27′ 21˝ E longitudes (Fig. 1). It covers an area
of approximately 82.3 hectare. Mean annual precipitation is 250 mm, the maximum and minimum
temperature is 35 ° C and − 15 ° C respectively. The surface elevation in Emam-Ali town varies from 1005
to 1014.61 m above sea level. The drainage system in study area for storm water is entirely an open
drainage network and consists of concrete lined channels and open triangular channel in different
dimension. The drainage system has a main channel running from southwest to northeast. Smaller
dimensions channels are leading the water from the buildings, other residential houses to the main
channel. The drainage water is further lead into river Kashaf Rood. Flood inundation have occurred due to
insufficient capacity in the drainage system at low-lying areas in the Emam-Ali Town. Figure 1 shows an
example of flood inundation on the 2011/11/06. These event is examples of how mindless urbanization
and demographic changes lead to urban inundation.

3. Materials And Methods
The method consists of hydrological and geometrical data collection, interpretation and analysis
described as:
Rainfall runoff modeling using the SWMM.
Inundation zone mapping using HEC-RAS
Inundation hazard mapping using AHP

3.1. Rainfall runoff modeling using SWMM model
SWMM is used to simulate the storm sewer flow component. To use the simulation models, it is
necessary to estimate the model parameters relevant to the urban drainage system(Dayaratne and Perera
2004).
In SWMM, catchment is broken into a number of subcatchments(Elliott et al. 2010); therefore, all the
subcatchments and the sewer-networks of the catchment area were located on the map. As a result, 61
subcatchments in the study area were identified.
The values of %Impervious surface, Width and slope can be measured in GIS based on the Digital
Elevation Model (DEM) data, land use maps and subcatchment areas. The infiltration parameters, the
roughness coefficients, and the depression storage can be estimated from empirical values; therefore, in
the calibration procedure, they must be considered.
Three rainfall events occurred during the study. The rainfall events of 08-02-2011 and 12-04-2011 were
used for the hydraulic calibration, and the rainfall event of 26-03-2011 was used for hydraulic validation.
Rain-depth data in (mm) were measured from the rain gauge at near of the study area. Flow was
measured at the outlet of the catchment for these three events.
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The use of mathematical models requires the estimation of model parameters, which is usually known as
the calibration of the model(Dayaratne and Perera 2004). No matter how good and precise the model is, it
can never describe the complete complexity of nature. By performing a calibration of the model, it can
become closer to describing the behavior of nature, sometimes resulting in a useful model(Reuterwall and
Thorén 2009). In this study, the trial-and-error method was used to calibrate the hydrologic model
(Dongquan et al. 2009). Calibration is a time-consuming task. In this study, eight parameters were
selected for calibration. The percentage change scales for other parameters during calibration are listed
in Table 1.
Table 1
SWMM model calibration parameters
Parameters

Rank of variation allowed

Initial value

Optimal value

Imperv (%)

± 30%*

-

-

Slope (%)

± 30%*

-

-

Width (m)

± 30%*

-

-

N-imperv

0.011–0.033•

0.013

0.018

N-perv

0.02–0.8*

0.05

0.02

Des-imperv (mm)

0.3–2.5•

1.778

2

Des-perv (mm)

2.5–5.1×

3.81

4.1

Zero-Imperv (%)

5–20•

21

18

* (Temprano et al. 2005)
•

(Rossman 2010)

×

(Tsihrintzis and Hamid 1998)

– Without optimal value and a single initial value (distributed parameter)
To see if the calibration is successful, an independent period of rainfall and water level measurements in
the area should be tested in the model. If the output result of this period yields the same satisfying result
in the calibration, the model calibration can be assumed successful. If the validation yields a very poor
result, it might be necessary to redo the calibration. The most popular likelihood function is the Nash–
Sutcliffe coefficient of efficiency (NS) (Nash and Sutcliffe 1970) and Root mean square error (RMSE) as
given by equations 1 and 2 used to calibrate and validate the model.
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where Qisim = simulated discharge at time i, Qiobs = observed discharge at time i, Qav = average of the
observed discharge, and n = the number of time steps in the calibration period. Root mean square error
(RMSE) is also used as an objective function in the model calibration and validation as given in Eq. 2.

3.2. Inundation zone mapping using HEC-RAS model
An inundation zone map based on water depth and its probability demonstrates the area categories of
hazard levels. In this study, hydraulic and hydrological methods are used to obtain the inundation zone
map of Emam-Ali Town. Inundation zone maps were produced using 2D hydraulic model of HEC-RAS and
HEC-GeoRAS extension of ArcGIS10.2.
Generally, the HEC-RAS model is used to define the water level profile in river, but in this study, in new
application, the main streets and the gutters on both sides were considered as river, and the pedestrian
ways were considered as bank of river. Additionally, the pedestrian ways and street reaching the main
street were considered as secondary river.
Several RAS themes were created with HEC-GeoRAS preprocessing such as stream flow path centerline,
centerline, bank line, storage area, land use area and cross-sectional cutlines connections in ArcGIS
format. TIN with these themes were used to develop the geometric data. The cross sections elevation
data (geometric data) are obtained using field survey data by ‘Leica TS 09’.
Approximately 280 cross sections profiles were taken in the studied area. A typical profile shown in Fig. 3
contained 9 points, including the foot of both side walls (points 1 and 9), both pedestrian ways (points 2
and 8), both gutters (points 3, 4,6, and 7) and the midpoint of the street section (point 5).
In a steady state, HEC-RAS computes water surface elevation (WSE) and velocity at discrete crosssections by solving continuity, energy and flow resistance (e.g., Manning) equation.
We assumed mixed flow for flow through the street (street as river). HEC-RAS computes velocity and
water surface elevation at the cross sections using solving continuity flow resistance and energy
equation such as Manning equation. The flow data for the different return period are imported from
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SWMM. The HEC-RAS model is run and inundation zone along the street is computed. In HEC-GeoRAS,
GIS layers for inundation zone and inundation depth are created.
To validate the HEC-RES model, inundation depth was measured at ten fixed points at half an hour
intervals in three rainfall events occurred during the study. This inundation depth was used as
observation inundation depth, and the HEC-RAS model is run with runoff obtained from the SWMM model
simulation for tree rainfall events. Finally, observation inundation depth was compared to the inundation
depth that simulated the HEC-RES model. Root mean square error (RMSE) was used as an objective
function for HEC-RES model validation. If provided inundation map had enough accurate, inundation
zoning map is provided for different return periods.

3.3. Inundation hazard mapping
An inundation hazard map indicates the area at inundation risk and defines the areas in danger where the
inundation events are probable to occur. Inundation hazard mapping is so important for important for
urban risk management and land use planning (Thirumurugan and Krishnaveni 2019). The six different
factors considered in the study are distance to the main channels, slope, the drainage density, the
elevation layer, land use layers and the main channel slope. Analytic Hierarchy Process (AHP) (Saaty
1980) was used to assign weight to the layers and rank values to the classes of each layer.
The following steps are taken using the AHP method to calculate the weights for the different criteria: (1)
Creating a pairwise comparison matrix. AHP is a multicriteria and multi-objective decision making
approach that uses a pair-wise comparison process to attain a scale of preferences among a set of
alternatives (Fernández and Lutz 2010). This uses a basic scale of numbers to definite individual
judgments or preferences. This scale is based on a scale of 1–9, and pair-wise judgments are made
according to experience, knowledge and available information (Table 2).
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Table 2
Saaty’s scale weight assignment
and it’s interpretation (Saaty 1980)
Weight

Definition

1

Equal

2

Equal to moderate

3

Moderate

4

Moderate to strong

5

Strong

6

Strong to very strong

7

Very strong

8

Very strong to extreme

9

Extreme

(2) Creating the normalized pairwise comparison matrix
(3) Calculating the weights of criteria
(4) Calculating the Consistency Ratio (CR) (Eq. 1).
CI
CR =
RI

That: RI is a Random Inconsistency Index that is obtained from Table 3. CI is Consistency Index. It is
calculated by Eq. 2:
CI =

λmax − n
n− 1

That: n is the number of options in the decision matrix (order of the matrix), and λmax is the maximum
eigenvalue and calculated by averaging the value of the consistency vector.
Table 3
Random inconsistency indices (Saaty 1980)
N

1

2

3

4

5

6

7

8

9

10

RI

0.00

0.00

0.58

0.90

1.12

1.24

1.32

1.41

1.46

1.49

4. Results
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4.1. Rainfall-runoff simulation
The SWMM model was run using the initial eight parameter. These parameters were the impervious
fraction, slope, the subcatchment width, the depression storage of the impervious and pervious areas, the
percent of the impervious area with no depression storage, the Manning’s roughness for the impervious
and pervious areas. These parameters was optimized in the calibration performance using a trial-anderror procedure. Rainfall-runoff simulation was conducted for the three rainfall events calculating the
optimum hydrological model parameters using the indices given in Nash-Sutcliffe coefficient of efficiency
and the simulated result was compared with the observed data at the outlet. Figures 4 and 5 show the
comparison of the observed and simulated hydrographs for a calibrated event. As the figures show, there
is a good agreement between the two series.
The values of some input parameters are estimated for initial run of the model, that after model
calibration, the optimal values are obtained for the model inputs. Table 1 presents the ranges of
calibrated parameters and optimal parameters. The parameters of hydraulic adjustment, obtained in the
calibration process, were used with an independent rain concomitantly (rainfall event of 26-03-2011) for
model validation, and the results are shown in Fig. 6.
Table 4 shows the values of NS and RMSE for the validated event. The lower RMSE values and the NS
values higher than 0.5, indicate that the calibrated model acceptably simulates the shape of actual
hydrographs and supports the accuracy of the calibrated model (Dongquan et al. 2009; Engel et al. 2007).
Table 4
Calibration and validation performance
process

date

NS

RMSE

calibration

08-02-2011

0.938

0.00179

12-04-2011

0.92

0.00043

26-03-2011

0.84

0.0026

validation

4.2. Inundation zone map
After confirming the SWMM model in calibration and evaluation steps, the HEC-RAS model was
calibrated and validated at ten fixed points where inundation depth was measured during three event.
Table 5 shows the values of RMSE for the HEC-RAS validation. The values of RMSE for maximum
inundation depth show that the model illustrated an acceptable response to the tree inundation event and
the optimized parameters were considered suitable for modeling.
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Table 5
The Observed and Simulated depth for the HEC-RAS validation
Sampling
points

Event 08-02-2011

Event 26-03-2011

Event 12-04-2011

Observed
depth (m)

Simulated
depth (m)

Observed
depth (m)

Simulated
depth (m)

Observed
depth (m)

Simulated
depth (m)

1

0.04

0.027

0.06

0.0452

0.05

0.0344

2

0.04

0.0565

0.04

0.0525

0.04

0.0357

3

0.06

0.0537

0.07

0.0507

0.045

0.0277

4

0.08

0.0733

0.085

0.0712

0.07

0.0502

5

0.04

0.0548

0.07

0.0538

0.05

0.0312

6

0.05

0.0343

0.045

0.0333

0.02

0.0051

7

0.07

0.0563

0.07

0.0545

0.04

0.0252

8

0.07

0.0559

0.06

0.1524

0.03

0.195

9

0.15

0.1605

0.17

0.152

0.11

0.094

10

0.11

0.09265

0.1

0.0884

0.04

0.028

RMSE

0.013381

0.01426

0.01497

The SWMM model was run for 5, 25 and 50 rainfall return periods, and output runoff was used as input
to the HEC-RAS model, and inundation zone map is provided for different return periods. The results also
revealed a significant increase in inundation extent in different return periods. From Fig. 7 and Fig. 9
shows the inundation zone map and water depth at selected cross sections profiles in different return
periods. In a 5 -year return period, the depth of inundation in center of street would be approximately,
1.5 cm to 8 cm at cross sections profiles, 2 cm to 10 cm in a 25 -year return period and 5 cm to 15 cm in a
50-year, return period. The result of inundation zone map and water depth at cross sections profiles
showed the inundation depth at the outlet of study area is higher than the other area.

4.3. Inundation hazard map
The inundation hazard map was divided into four classes as: areas with low hazard, areas with moderate
hazard, areas with high hazard and areas with very high hazard (Fig. 10). The interval between each
classes were evaluated based on expert judgment, according to the frequency histogram. As Fig. 10
shows, the areas adjacent to outlet the study area were characterized as a very high inundation hazard
(8.2 percent) owing to the combination of runoff concentration in this area with decrease slope of the
main channel and the presence of stream channels with poor maintenance plan.

Discussion
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Flood inundation is one of the important natural hazard affecting developed countries through the world.
One of the approaches to reduce and prevent losses is to provide information about flood inundation risk
and hazard through a inundation map (Aitsi-Selmi et al. 2016; Zin et al. 2018). The urban hydrological
model could not handle a large quantity of distributed data, so simplification of the model and
parameters should be regarded. Urban runoff is one of the factors having the highest effect on storm
sewers design and storm water management. Solving storm sewer flows usually needs utilizing the
SWMM model to provide the surcharged flow hydrographs for surface runoff exceeding the capacity of
the storm sewers. Due to the capabilities of the SWMM model in estimating runoff and providing output
in each junction, it can be concluded that the SWMM model has an acceptable flexibility to combine with
other models (Dongquan et al. 2009), and the simulated hydrograph in each junction is used as input for
other models (Lin et al. 2006).
Among the eight parameters were used for calibration, the impervious fraction (%Imperv) is the key
sensitive parameter, showing a strong effect on the peak flows and the total volume of runoff (W. Chen et
al. 2018; Temprano et al. 2005; Xing et al. 2016). Therefore land use change and urbanization that
increase the amount of impervious areas causes increases peak flows and inundation hazard in study
area (Sarhadi, Soltani, and Modarres 2012; Wahren et al. 2009). The percentage of impervious fraction
and width was close to the initial measured value, presenting a considerable influence on the total
volume of runoff and the peak flows. However, slope, width and the Manning’s roughness coefficient
affected the time of concentration of peak flows (Dongquan et al. 2009).
The results of calibration and validation of the SWMM model showed a considerable adaptation between
simulated and observed runoff. The obtained results could be used to design, manage and operate
various water resource vicissitudes. It also implies on-going evolution of the SWMM package to provide
storm water management needs with appropriate answers (Zoppou 2001). In addition, the results
obtained in the calibration process can be used to estimate the optimal parameter value and this optimal
parameter can be used in other areas similar to the study area (Choi and Ball 2002).
The developed inundation hazard map and inundation zone map includes information about depth and
inundation area also information structures such as public buildings, hospitals, schools and roads (Zin et
al. 2018). This information can be applied for urban management purposed in order to select technique
in relation to the flood inundation area and proposed flood inundation protection measures (Papaioannou
et al. 2018). A major limitation of the present work is that the HEC-RAS model does not have the ability to
simulate flood inundation from the subsurface drainage systems in study area.
The results of the AHP model indicated that distance to the main channels (weight = 0.422), slope
(weight = 0.278), and slope of the main channel (weight = 0.135) were the most important factors. In
Fernández and Lutz (2010) study, distance to the main channels was the most important layer in
inundation hazard mapping, a finding confirmed in the present study. Inundation hazard increased in the
slope blow 3%, in fact, in very flat area (slope < 3%) where ponding happens, a remarkable amount of
surface runoff may be retained, resulting in inundation. A major disadvantage of the AHP method is
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based on expert judgment, which results can be sensitive to weights that selected by expert and results
have higher uncertainty (Chan, Chan, and Tang 2000; Fernández and Lutz 2010).

Conclusion
One of the most important tasks of management is decision-making, and the most important element of
decision-making is to provide appropriate information. Information that can better reflect the future will
lead to better decision-making. Inundation hazard mapping is one of the tools of urban management.
The simple method used in this study identifies the areas more affected during inundation events. This
method has good ability to manage flood inundation before the flood occurrence, crisis management and
rescue during flood events.
The inundation zone map and water depth at cross sections profiles (Figs. 7, 8 and 9) were prepared in
this study using the HEC-RAS model, and the evaluation results of this model showed that this model
could be used for inundation zoning in the study area, map the areas in inundation hazard and manage
urban basins to reduce the risks of urban inundation. The inundation zone map showed that storm water
drainage system in the study area had less inundation problem in the 5-year return period, but in 25 and
50-year return has severe inundation problem in most parts of the region, and the storm water drainage
system lost its efficiency; this result is confirmed by questioning and interviewing with residents of the
area and the result was approved. With the expansion of cities in recent decades, the problem of
inundation in the future is a major issue for the authorities of the region. The present study results
indicated that by integrating hydrological (SWMM) and hydrologic (HEC-RAS) models with the aid of GIS,
the inundation zone map could be prepared with considerable accuracy.
Inundation hazard map are indispensable tools for anticipating inundation magnitude and probable
damages. This study presented an AHP model to map flood prone areas in the Emam-Ali Town in
Khorasan Razavi Province, Iran. Inundation inventory map and thematic layers of six inundation
conditioning factors— distance to the main channels, slope, the drainage density, the elevation layer, land
use layers and the main channel slope. Our result indicated that the distance to the main channels is the
most important inundation conditioning factor in the study area. The coupled GIS-AHP method was
found to be very effective in identifying susceptible areas to inundation. Application of this method is
highly recommended, particularly in data-scarce areas with limited information about inundation
characteristics such as inundation depth. Immediate inundation mitigation actions need to be urgently
implemented in the study area, given that a large population lives in the study area.

Abbreviations
SWMM: Storm Water Management Model; AHP: Analytic Hierarchy Process; 2D: tow-dimensional; HEC:
Hydrologic Engineering Center; MCDA: Multi criteria decision analysis; NS: Nash–Sutcliffe coefficient of
efficiency; RMSE: Root mean square error; WSE: water surface elevation; CR: Consistency Ratio;

Page 12/23

Declarations

Availability of data and materials
The data that support the findings of this study are available from [Khorasan Razavi Province, Mashhad
Municipality] but restrictions apply to the availability of these data, which were used under license for the
current study, and so are not publicly available. Data are however available from the authors upon
reasonable request and with permission of [Khorasan Razavi Governorate].

Competing interests
The author declares that he has no competing interests.

Funding
The Funding came directly from the Mashhad Municipality.

Author’s contributions
The author is responsible for data collection, project planning and execution. The author read and
approved the final manuscript.

Acknowledgments
The authors would like to express their sincere thanks to Mashhad city authority for providing necessary
data and maps.

References
1. Adams III, Thomas E, Chen S, and Randel Dymond (2018) Results from Operational Hydrologic
Forecasts Using the NOAA/NWS OHRFC Ohio River Community HEC-RAS Model. J Hydrol Eng
23(7):4018028
2. Adeogun A, Ganiyu MO, Daramola, Pathirana A (2015) Coupled 1D-2D Hydrodynamic Inundation
Model for Sewer Overflow: Influence of Modeling Parameters. Water Science 29(2):146–155
3. Aitsi-Selmi A, Murray V, Wannous C, Dickinson C, Johnston D, Kawasaki A, Stevance A-S, and Tiffany
Yeung (2016) Reflections on a Science and Technology Agenda for 21st Century Disaster Risk
Reduction. International Journal of Disaster Risk Science 7(1):1–29

Page 13/23

4. Babaei S, Ghazavi R, and Mahdi Erfanian (2018) Urban Flood Simulation and Prioritization of Critical
Urban Sub-Catchments Using SWMM Model and PROMETHEE II Approach. Physics Chemistry of the
Earth Parts A/B/C 105:3–11
5. Ballesteros JA, Bodoque JM, Díez-Herrero A, Sanchez-Silva M, and Markus Stoffel (2011) Calibration
of Floodplain Roughness and Estimation of Flood Discharge Based on Tree-Ring Evidence and
Hydraulic Modelling. J Hydrol 403(1–2):103–115
6. Bates PD, Horritt MS, Fewtrell TJ (2010) A Simple Inertial Formulation of the Shallow Water
Equations for Efficient Two-Dimensional Flood Inundation Modelling. J Hydrol 387(1–2):33–45
7. Chan FTS, Chan MH, Tang NKH (2000) Evaluation Methodologies for Technology Selection. J Mater
Process Technol 107(1–3):330–337
8. Chen J, Hill AA, Urbano LD (2009) A GIS-Based Model for Urban Flood Inundation. J Hydrol 373(1–
2):184–192
9. Chen L, Dai Y, Zhi X, Xie H, Shen Z (2018) Quantifying Nonpoint Source Emissions and Their Water
Quality Responses in a Complex Catchment: A Case Study of a Typical Urban-Rural Mixed
Catchment. J Hydrol 559:110–121
10. Chen W, Huang G, Zhang H, Wang W (2018) Urban Inundation Response to Rainstorm Patterns with
a Coupled Hydrodynamic Model: A Case Study in Haidian Island, China. J Hydrol 564:1022–1035
11. Choi Kyung-sook, Ball JE (2002) Parameter Estimation for Urban Runoff Modelling. Urban Water
4(1):31–41
12. Dayaratne ST, and BJC Perera (2004) Calibration of Urban Stormwater Drainage Models Using
Hydrograph Modelling. Urban Water Journal 1(4):283–297
13. Dongquan Z, Jining C, Haozheng W, Qingyuan T, Shangbing C, Zheng S (2009) GIS-Based Urban
Rainfall-Runoff Modeling Using an Automatic Catchment-Discretization Approach: A Case Study in
Macau. Environ Earth Sci 59(2):465–472
14. Elliott AH, Trowsdale SA (2007) A Review of Models for Low Impact Urban Stormwater Drainage.
Environ Model Softw 22(3):394–405
15. Elliott AH, Robert H, Spigel IG, Jowett S, Ude Shankar, Ibbitt RP (2010) Model Application to Assess
Effects of Urbanisation and Distributed Flow Controls on Erosion Potential and Baseflow Hydraulic
Habitat. Urban Water Journal 7(2):91–107
16. Engel B, Storm D, White M, Arnold J, Arabi M (2007) A Hydrologic/Water Quality Model Applicati1 1.
JAWRA Journal of the American Water Resources Association 43(5):1223–1236
17. Fernández DS, Lutz MA (2010) Urban Flood Hazard Zoning in Tucumán Province, Argentina, Using
GIS and Multicriteria Decision Analysis. Eng Geol 111(1–4):90–98
18. Fewtrell TJ, Neal JC, Bates PD, and Peter J. Harrison (2011) Geometric and Structural River Channel
Complexity and the Prediction of Urban Inundation. Hydrol Process 25(20):3173–3186
19. Gao Y, Yuan Yu, Wang H, Zhang Z, and Liu Ye (2018) Analysis of Impacts of Polders on Flood
Processes in Qinhuai River Basin, China, Using the HEC-RAS Model. Water Science Technology:
Page 14/23

Water Supply 18(5):1852–1860
20. Hammond MJ, Albert S, Chen S, Djordjević D, Butler, and Ole Mark (2015) Urban Flood Impact
Assessment: A State-of-the-Art Review. Urban Water Journal 12(1):14–29
21. Hsu MH, Chen SH, Chang TJ (2000) Inundation Simulation for Urban Drainage Basin with Storm
Sewer System. J Hydrol 234(1–2):21–37
22. Hung, Chen-Ling J, Allan James L, Hodgson ME (2018) “An Automated Algorithm for Mapping
Building Impervious Areas from Airborne LiDAR Point-Cloud Data for Flood Hydrology.” GIScience &

Remote Sensing 1–24
23. Jamali B, Löwe R, Peter M, Bach C, Urich K, Arnbjerg-Nielsen, Deletic A (2018) A Rapid Urban Flood
Inundation and Damage Assessment Model. J Hydrol 564:1085–1098
24. Kamali M, Delkash M, and Massoud Tajrishy (2017) Evaluation of Permeable Pavement Responses
to Urban Surface Runoff. J Environ Manage 187:43–53
25. de Kok J-L, and Malte Grossmann (2010) Large-Scale Assessment of Flood Risk and the Effects of
Mitigation Measures along the Elbe River. Nat Hazards 52(1):143–166
26. Kokangül A, Polat U, Dağsuyu C (2017) A New Approximation for Risk Assessment Using the AHP
and Fine Kinney Methodologies. Saf Sci 91:24–32
27. Lee S (2018) “Integrated 1D/2D Urban Inundation Modelling with Refined Grid and OpenMP
Parallelization.” Pp. 566–70 in International Conference on Urban Drainage Modelling. Springer
28. Li WeiFeng, Chen QiuWen, JingQiao M (2009) Development of 1D and 2D Coupled Model to Simulate
Urban Inundation: An Application to Beijing Olympic Village. Chin Sci Bull 54(9):1613–1621
29. Lin S-S, Hsieh S-H, Kuo J-T, Liao Y-P, Yen-Chang Chen (2006) Integrating Legacy Components into a
Software System for Storm Sewer Simulation. Environ Model Softw 21(8):1129–1140
30. Löwe R, Urich C, Domingo NS, Mark O, Deletic A, and Karsten Arnbjerg-Nielsen (2017) Assessment of
Urban Pluvial Flood Risk and Efficiency of Adaptation Options through Simulations–A New
Generation of Urban Planning Tools. J Hydrol 550:355–367
31. Luu C, Meding JV, and Sittimont Kanjanabootra (2018) Assessing Flood Hazard Using Flood Marks
and Analytic Hierarchy Process Approach: A Case Study for the 2013 Flood Event in Quang Nam,
Vietnam. Nat Hazards 90(3):1031–1050
32. Nash J, Eamonn, Jonh VS (1970) River Flow Forecasting through Conceptual Models Part I—A
Discussion of Principles. J Hydrol 10(3):282–290
33. Papaioannou G, Vasiliades L, Loukas A (2015) Multi-Criteria Analysis Framework for Potential Flood
Prone Areas Mapping. Water Resour Manage 29(2):399–418
34. Papaioannou G, Efstratiadis A, Vasiliades L, Loukas A, Papalexiou S, Koukouvinos A, Tsoukalas I,
Kossieris P (2018) An Operational Method for Flood Directive Implementation in Ungauged Urban
Areas. Hydrology 5(2):24
35. Phillips R, Jeswani HK, Azapagic A, and Defne Apul (2018) Are Stormwater Pollution Impacts
Significant in Life Cycle Assessment? A New Methodology for Quantifying Embedded Urban
Page 15/23

Stormwater Impacts. Science of The Total Environment 636:115–123
36. Pitt R, Burton GA Jr (2001) Stormwater Effects Handbook: A Toolbox for Watershed Managers,

Scientists, and Engineers
37. Price RK, Vojinovic Z (2008) Urban Flood Disaster Management. Urban Water Journal 5(3):259–276
38. Qin Hua-peng, He Kang-mao, and Guangtao Fu (2016) Modeling Middle and Final Flush Effects of
Urban Runoff Pollution in an Urbanizing Catchment. J Hydrol 534:638–647
39. Radice A, Bettiga A, Figueiredo R, Molinari D (2017) “On Urban Inundation and Damage Modelling.”
Pp. 11–17 in EWRA 2017, 10th World Congress on Water Resources and Environment. Grigoris
Publications
40. Reuterwall L, and Henrik Thorén (2009) “Identification of Flood Risk Areas in an Open Storm-Water
System with MIKE URBAN–Senai Town, Malaysia.&#8221
41. Rossman L (2010) “Storm Water Management Model User’s Manual, Version 5.0.” United States
Environment Protection Agency (July):285
42. Rossman LA (2004) “Storm Water Management Model User’s Manual Version 5.0.” (November):245
43. Russo B, Sunyer D, Velasco M, Djordjević S (2015) Analysis of Extreme Flooding Events through a
Calibrated 1D/2D Coupled Model: The Case of Barcelona (Spain). J Hydroinformatics 17(3):473–
491
44. Saaty TL (1980) “The Analytic Hierarchy Process (New York: McGrawHill, 1980).” MATH Google

Scholar
45. Sarhadi A, Soltani S, and Reza Modarres (2012) Probabilistic Flood Inundation Mapping of
Ungauged Rivers: Linking GIS Techniques and Frequency Analysis. J Hydrol 458:68–86
46. Shuster WD, Bonta J, Thurston H, Warnemuende E, Smith DR (2005) Impacts of Impervious Surface
on Watershed Hydrology: A Review. Urban Water Journal 2(4):263–275
47. Sillanpää N, and Harri Koivusalo (2015) Impacts of Urban Development on Runoff Event
Characteristics and Unit Hydrographs across Warm and Cold Seasons in High Latitudes. J Hydrol
521:328–340
48. Sleiman M (2018) “The Impact of Bridge Intrusion on the Mill River: Hydraulic Modelling and
Analysis Using HEC-RAS.&#8221
49. Staff USACE (2008) “HEC-RAS River Analysis System, User’s Manual Version 4.0.” US Army Corps of

Engineers, Hydrologic Engineering Center (HEC) Publication, 733p
50. Temprano J, Arango Óscar, Cagiao J, Suárez J, and Iñaki Tejero (2005) Stormwater Quality
Calibration by SWMM: A Case Study in Northern Spain. Water Sa 32(1):55–63
51. Thirumurugan P, and Muthaia Krishnaveni (2019) “Flood Hazard Mapping Using Geospatial
Techniques and Satellite Images—a Case Study of Coastal District of Tamil Nadu.” Environmental

Monitoring and Assessment 191(3)
52. Tingsanchali T (2012) Urban Flood Disaster Management. Procedia Eng 32:25–37

Page 16/23

53. Wahren A, Feger KH, Schwärzel K, Münch A (2009) Land-Use Effects on Flood Generation–
Considering Soil Hydraulic Measurements in Modelling. Adv Geosci 21:99–107
54. Xing W, Li P, Cao Shang-bing, Gan Li-li, Liu Feng-lin, and Jian-e Zuo (2016) Layout Effects and
Optimization of Runoff Storage and Filtration Facilities Based on SWMM Simulation in a
Demonstration Area. Water Science Engineering 9(2):115–124
55. Yu H, Huang G, and Chuanhao Wu (2015) Efficient Finite-Volume Model for Shallow-Water Flows
Using an Implicit Dual Time-Stepping Method. J Hydraul Eng 141(6):4015004
56. Zhu Z, Chen Z, Chen X, and Peiying He (2016) Approach for Evaluating Inundation Risks in Urban
Drainage Systems. Sci Total Environ 553:1–12
57. Zin W, Win A, Kawasaki W, Takeuchi, Zin Mar Lar Tin San, Kyaw Zaya Htun, Thet Hnin Aye, and
Shelly Win. 2018. “Flood Hazard Assessment of Bago River Basin, Myanmar.” Journal of Disaster

Research Vol 13(1):15
58. Zoppou C (2001) Review of Urban Storm Water Models. Environ Model Softw 16(3):195–231

Figures

Page 17/23

Figure 1
Location of Emam-Ali Town in Mashhad city in Iran, and inundation in study area
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Figure 2
Methodology flowchart of inundation zone and hazard mapping

Figure 3
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A typical profile of cross sections

Figure 4
Comparison of simulated and observed hydrographs derived from calibration, run for the rainfall event of
08-02-2011

Figure 5
Comparison of simulated and observed hydrographs derived from calibration, run for the rainfall event of
12-04-2011
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Figure 6
Comparison of simulated and observed hydrographs derived from validation, run for the rainfall event of
26-03-2011

Figure 7
Inundation zone map and water depth at cross sections profiles in 5 year return period
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Figure 8
Inundation zone map and water depth at cross sections profiles in 25 year return period

Figure 9
Inundation zone map and water depth at cross sections profiles in 50 year return period
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Figure 10
Final inundation hazard map of the study area
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