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Abstract: Heavy rainfall, a natural phenomenon reinforced by climate change and global warming,
can cause severe social, economic, and safety impacts. Due to the impact of climate change and global
warming, heavy rainfall events have become more frequent and intense in recent years, underscoring
the urgent need to develop robust stormwater management systems that can prevent related social,
economic, and safety issues. This is of greater importance in developing countries. The present study
identified areas in Urmia City, Iran, that require stormwater management to develop a comprehensive
understanding of the hydrological processes within the study area and to prevent the subsequent
effects of heavy rainfall. For this purpose, a combination of the watershed modeling system (WMS)
and stormwater management model (SWMM) was employed. Also, three possible scenarios that
could be implemented to address the issue of water flow in the medium were proposed. Results
indicated that the scenario involving the application of a vegetative swale was the most promising
solution. Overall, the results of the present study offer a valuable framework for decision-makers in
regions facing heavy rainfalls to effectively manage and minimize the adverse impacts of such events.

Keywords: drainage systems; heavy rainfalls; sustainability; Urmia City; watershed modeling system
(WMS) and stormwater management model (SWMM); simple additive weighting method (SAW)

1. Introduction

Flooding during heavy rainfall is a natural phenomenon that occurs when the amount
of precipitation surpasses the capacity of the soil to absorb it [1]. This commonly occurs
in many areas of the world and has significant impacts on the environment and human
activities [2]. According to statistics, heavy rainfall events have become more frequent
in recent years, and the trend is expected to continue due to climate change. The US
National Oceanic and Atmospheric Administration (NOAA) has reported that the number
of heavy precipitation events in the US has increased in recent decades. According to
NOAA, the amount of precipitation falling in the heaviest 1% of rain events has increased
by 71% in the continental US since 1958 [3]. The European Environment Agency (EEA) has
also reported an increase in the frequency and intensity of heavy precipitation events in
Europe. According to the EEA, the number of heavy precipitation events has increased by
about 20% in Europe since the 1950s [4]. There are several reasons for the heavy rainfalls.
However, the main causes include changes in atmospheric circulation patterns, increased
water vapor content in the air, and changes in land use. Deforestation, urbanization, and
other human activities that alter the natural landscape have also been found to contribute
to heavy rainfall impact by changing the way water is absorbed and distributed in the
environment [5–7].

Heavy rainfall can pose safety hazards to individuals and communities, such as
flooding, landslides, and mudslides resulting in damage to property and infrastructure.
It can also have severe environmental impacts, such as soil erosion, water pollution, and
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damage to ecosystems. To mitigate these risks, it is essential to have effective emergency
response plans, proper infrastructure for stormwater management, and proactive measures
to reduce the impact of heavy rainfall on the environment [8]. To mitigate the impact of
heavy rainfalls, countries have adopted various strategies based on different factors, such
as their geographic location, climate conditions, and available resources [9,10]. In some
countries, structural measures such as building dams, levees, and drainage systems have
been implemented to control heavy rainfall and prevent flooding [11]. These measures have
proven effective in some cases, such as in the Netherlands, where the use of dams and levees
has prevented catastrophic flooding despite the country’s low-lying geography. However,
these measures can be costly and may not always be practical, particularly in developing
countries. Additionally, some countries have adopted nature-based solutions, such as
reforestation [12], wetland restoration, and the use of green infrastructure, to mitigate the
impact of heavy rainfall [13]. These approaches have been shown to be effective in reducing
the risk of flooding and erosion while also providing other environmental benefits, such as
habitat restoration and carbon sequestration.

In response, many researchers and practitioners have proposed sustainable drainage
systems as a potential solution to mitigate these effects. The implementation of sustainable
drainage systems is advantageous over other methods as it provides rapid and efficient
removal of stormwater runoff, which can help prevent flooding and minimize damage
to urban infrastructure [14]. In addition, drainage systems provide other benefits such as
improving water quality by removing pollutants from stormwater runoff and providing a
reliable source of water for irrigation and other uses [15]. Several studies have shown the
effectiveness of drainage systems in mitigating the negative effects of heavy rainfall events
such as reducing the damage caused by flooding during a heavy rainfall event [16,17].
However, drainage systems also have some limitations and challenges. They can be
expensive to design, construct, and maintain, and may require large amounts of land
for construction. In addition, conventional drainage systems can sometimes exacerbate
downstream flooding and erosion. Overall, drainage systems offer a critical solution for
mitigating the negative effects of heavy rainfall events and can provide a range of benefits
beyond flood mitigation. However, their design and implementation must take into account
the specific characteristics of the urban area and the potential environmental impacts. In
this regard, proper design of the vulnerable points and implementation of sustainable
design concepts can boost the capacity of this measure in preventing the adverse effects of
heavy rainfalls.

The current research implemented a blend of the watershed modeling system (WMS)
and stormwater management model (SWMM) for hydrological analysis and hydraulic sim-
ulations, respectively, to pinpoint regions in Urmia City, Iran, that necessitate stormwater
management improvement. This was completed to obtain a thorough comprehension of the
hydrological processes within the study area and assess the consequent impacts of intense
rainfall. After identifying the vulnerable areas (using WMS), three potential solutions were
proposed to address the water flow issue in the medium. The study established a decision
matrix using a simple additive weighting method (SAW) to prioritize influential criteria
and objectively determine the most effective scenario.

Urban drainage systems have long been used as effective solutions to meet socio-
hydrological demands in regard to protecting against flooding and complying with envi-
ronmental concerns [18]. In this regard, Sustainable Urban Drainage Systems (SuDSs) have
been adopted to reduce the negative impacts of urban development and related problems
on local hydrology [19]. Sustainable drainage systems have been extensively used for
runoff control whose application has gone beyond functional aspects to include other social
aspects such as responding to the needs of the local community, protecting the quality of
water, recharging the groundwater, and preserving the wildlife habitat while contributing
significantly to urban aesthetics and enhancement of amenities [20–22].

Because of the challenges in designing and implementing sustainable drainage system
models on rainfall control, there are a few studies in this regard. Therefore, no ample
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evidence is found of its effectiveness. The effectiveness of green infrastructure for enhancing
livability in different cities was explored through adapting effective measures such as
mitigation of stormwater issues and promotion of water quality. The study used a decision-
making framework in order to evaluate its application for Storm Water Management Model
(SWMM) runoff simulations across Detroit, Michigan, and Addis Ababa, Ethiopia, and
indicated that green infrastructure systems were effective for stormwater management in
urban areas [23]. The relationship between urban drainage systems design and assessment
of the effects of climate change on rainfall at local levels was studied in Ontario, Canada.
Using extreme rainfall (ER) data, the study demonstrated that effective drainage systems
had an acceptable performance in managing and mitigating the effects of stormwater [24].
Management of surface runoff in the northeast of England through sustainable drainage
systems (SuDSs) was examined and provided evidence for its effective performance in
controlling extreme rainfalls and treating surface water [25].

Studies in the literature have used different scenarios and approaches to control peak
flows and mitigate the volume of the stormwater. Traditionally, stormwater detention
tanks (SWDTs) have been used at critical catchments, but they are not cost-effective and
cannot be implemented everywhere [26]. Sustainable drainage systems have been found
to have a significant hydrological performance when integrated with other approaches
like SWDTs and GI (green infrastructure) and have shown to be effective in reducing
overflow scenarios [27]. Similarly, a resilience-based analysis of urban drainage systems
(UDSs) at functional and structural failure modes was conducted in India. The study used
the SWMM and different rainfall and urban growth scenarios and revealed a positive
correlation between urban development and UDS and revealed that the drainage system
was functionally and structurally resilient under simulated rainfall scenarios [28]. However,
there are some challenges in this regard. It was found that SuDSs should be implemented
with more care in developing countries for stormwater runoff because in such settings the
potential for pathogenic factors is higher [29].

Despite all the challenges in evaluating and monitoring SuDSs, recent research has
seen an increase in examining its effects on runoff. Monitoring SuDS performance often
tends to be qualitative and is hindered by budgetary constraints. McDonald’s study in
Scotland revealed that SuDS monitoring and evaluation practices are largely informal and
sporadic [30]. Furthermore, when monitoring and evaluation do occur, they typically in-
volve descriptive methods, ranging from occasional site visits for photography to basic rou-
tine maintenance checks [31]. Moreover, there is a limited number of studies that quantita-
tively measure SuDS performance, particularly in urban settings or retrofit scenarios, largely
due to the complexities involved in designing and executing such investigations [32,33].
The absence of systematic monitoring and evaluation leaves uncertainty regarding whether
SuDS systems are operating optimally or experiencing deficiencies.

A study by [34] examined the use of hydraulic models to predict flood risk in urban
areas. The study found that hydraulic models can be effective in predicting flood risk
and identifying areas where mitigation efforts are most needed. Similarly, a study by [35]
explored the use of hydraulic modeling to assess the potential for flood damage in a river
basin. The study found that hydraulic modeling can provide useful insights into the
potential for flood damage and help identify areas where risk reduction measures can be
most effective.

The study by [36] explored the influence of various urban land use factors on water-
logging in Shenzhen City, focusing on both horizontal and vertical patterns at multiple
scales (1–5 km). Employing Pearson correlation analysis and the random forest model,
the research investigated key factors such as building coverage ratio, building crowding
degree, building density, the proportion of impervious surfaces, the proportion of green
space, and population density. The findings revealed that these factors significantly impact
waterlogging density. Notably, horizontal patterns had the greatest influence at a 3 km
scale, while the impact of vertical patterns, like building congestion, increased with scale.
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The study implied that effective waterlogging mitigation requires controlling building
density and planning urban patterns thoughtfully.

The study by [37] conducted a systematic review of existing methodologies for design-
ing road network-based flood passage systems. It discussed new technologies to enhance
system resilience and identified current knowledge gaps and future research directions.
Key findings suggested that flood management measures should integrate accessibility
assessment, lifeline, and emergency planning to ensure human well-being. Special attention
was also highlighted to be given to the needs of vulnerable groups during the planning
stage. Moreover, a data-driven approach was recommended for real-time management and
evaluation of future works.

The present study explores the feasibility and effectiveness of SuDSs as a solution to
manage excess rainfall in a developing country, the case of Urmia City in Iran, focusing on
factors such as local topography, infrastructure, and socio-economic conditions. It offers
some effective scenarios to manage the issue based on the factors that were identified. The
novelty of the study lies in its innovative approach to adopting a low-cost and effective mea-
sure for mitigating the negative impacts of the issue while contributing to environmental
concerns in developing countries that struggle with sustainability issues.

2. Materials and Methods
2.1. Study Area

Defining the study area is a crucial step in hydrology because it establishes the spatial
boundaries within which hydrological processes are analyzed and modeled. The study area
typically refers to the watershed or catchment, which is the land area that directs runoff
water to a specific river or stream channel. For the present study, an area of 870 hectares of
Urmia City in the Iranian province of West Azerbaijan was selected. In the study area, the
dominant slope is from south to north. Hence, maximum flow transfer is expected in this
direction. A primary site visit revealed some issues related to the development of urban
drainage systems and stormwater management, listed below:

(a) Lack of organization in non-urban sectors;
(b) Lack of efficient drainage systems in most of the streets in the study area (Figure 1);
(c) Lack of sustainable drainage systems designed in order to enhance the flow capacity

in the study area (Figure 2);
(d) Sudden change in the dimensions (tightness) (Figure 3).
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2.2. Watershed Modeling System (WMS)

WMS 7.1, a simulation and modeling software that can be integrated with a geographic
information system (GIS), is used to create digital watershed models that can simulate and
analyze surface water hydrology, including rainfall–runoff processes, flood forecasting,
water quality, sediment transport, and groundwater interactions [38]. The software allows
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users to import, manipulate, and analyze digital elevation models, aerial photographs, and
other spatial data to develop hydrological models of a given watershed. To proceed with
the WMS model, the digital elevation model (DEM) maps, made using the topographic
data of the study area, were imported into the model, and calculations were performed to
draw the waterway network model. Then, a shapefile (SHP) layer was used to define the
area and the A, B, and C points to calculate the specific physiographic model of the basin.
Finally, the flood hydrograph model at those points was calculated.

WMS software was also used to calculate the flood hydrograph, using the SCS method
7.1. For this, the first step was to calculate the time interval and the respective calculation
method including the loss method, and the lag time. Considering that there is no hydromet-
ric station in the study area, the rational method of adjusting the runoff coefficient values
in the calibration procedure was used for validation of the results of peak flow achieved in
this study.

The Kerby–Kirpich method was used to estimate the watershed time of concentration
according to [39]. The total time of concentration was calculated by the sum of the overland
flow time (Kerby) and the channel flow time (Kirpich):

tc = tov + tch (1)

In this equation, tov, and tch are the overland flow time (h), and the channel flow time
(h), respectively. The tc calculated by this method applies to those watersheds ranging
from 0.65 to 388 km2, main channel lengths between 1.6 km and 80.5 km, and main channel
slopes between 0.002 and 0.02 (cm/cm). According to the rainfall duration frequency (RDF)
diagram for Urmia City, Iran, the soil conservation service (SCS) artificial rainfall curve
was drawn using the stormwater management and design aid software (SMADA) software
6.43 using the SCS method.

2.3. Modeling with Stormwater Management Model (SWMM)

In the present study, the stormwater management model (SWMM) was implemented
to simulate and model the process of urban flooding. SWMM 5.2.4. is a popular model
that has been widely used as a dynamic rainfall–runoff simulation tool to calculate the
water quantity and quality resulting from rainfall conditions [40–42]. This software is
used to generalize the urban drainage system infrastructure into four modules including
the atmosphere, surface water, groundwater, and transportation. Representing the study
area in the model involves dividing the main basin into sub-basins and analyzing them
separately to reach the conclusion of the study. To proceed with this modeling tool, the
study area needs to be delimited first (Section 2.1) and to import the required maps. In the
maps, the characteristics of sub-basins including the shape and length of connections, the
characteristics of nodes, and the roughness coefficient need to be defined.

The statistics and the information from a meteorological synoptic station of the Min-
istry of Energy (Iran, Urmia) were used to prepare an urban runoff precipitation model.
The network concentration time was found to be generally shorter than 2 h in most cities.
Therefore, the duration of design rainfall usually did not exceed 3 h, and hence was consid-
ered for the calculations in the present study. Choosing 3 h when the concentration time
was less than 2 h resulted in a low maximum precipitation rate using the rational method
for peak flow.

There are generally three routing methods in the SWMM model including: (a) in
constant current mode (steady); (b) kinematic wave; and (c) dynamic wave [43,44]. In this
study, the dynamic wave routing mode was selected to simulate the runoff routing in the
study area. There are three methods for the infiltration calculation in SWMM, including
Horton’s Method, the Green and Ampt, and the SCS curve number (CN) based on the
calculation of cumulative infiltration by SCS method [45,46]. For the analysis of the present
study, the SCS–CN method was selected.
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There are also two main methods for calculating the head loss including the Darcy–
Weisbach equation, and Hazen–Williams [47]. For this study, the Hazen–Williams equation
was used to calculate the head loss in the study area (Equation (2)).

V = kCR0.63S0.54 (2)

In this equation, V is the velocity (m/s), k is a conversion factor for the unit system
(0.849 for SI units), C stands for the roughness coefficient, R is the hydraulic radius (m), and
finally S represents the slope of the energy line (head loss per length of pipe or hf/L) [48].

Then, sensitivity analysis was performed to evaluate the effects of the influencing
parameters on the outcome of the model. Sensitivity analysis is a systematic method of
evaluating the effects and presenting and justifying the results of calculated variables that
result from changing the values of key parameters. The general definition of sensitivity is
the rate of change in an output factor relative to the rate of change in an input factor [49]. In
the present study, the effects of four influencing parameters including the slope, roughness
coefficient, CN, and impermeability on the output of the model were evaluated.

2.4. Scenario Prioritization

A multi-criteria decision-making (MCDM) approach based on the simple additive
weighting method (SAW) was finally implemented after discussing various scenarios based
on the results achieved from the analysis performed in this study. SAW is among the
most popular MCDMs proposed in 1981 by Hadang and Eun [50]. This method uses
a linear increment function to represent the preferences of decision-makers. However,
this technique is with the optimum performance when we assume that the preferences
are independent or separate. According to this method, which is also known as the
weighted linear combination method, after unscaling the decision matrix, using the weight
coefficients of the criteria, the weighted unscaled decision matrix was obtained and the
score of each option is calculated according to this matrix.

3. Results
3.1. Digital Watershed Modeling

In the present study, the initial step involved converting all the map data into informa-
tion layers using Google Mapper (16.1). The output of the WMS software model has been
illustrated in Figure 4, as described in 2.2. Furthermore, the waterway network, generated
through the WSM model was converted into ArcGIS 13 features, as shown in Figure 5.
Additionally, as depicted in Figures 6 and 7, the physiographic properties of the study basin
were computed. Figure 7 also presents the output of Google Mapper. The inlet and outlet
points of the sub-basins A, B, and C have been also indicated in Figures 8–10, respectively.

To calculate the watershed time of concentration, Equation (1) was utilized. The
findings for basins A, B, and C are presented in Table 1. The time of concentration is an
essential parameter in the hydrological analysis of a watershed, as it is the time required
for runoff water to travel from the farthest point in the basin to the outlet. This calculation
aids in understanding the behavior of rainfall–runoff processes, which helps in the design
of effective stormwater management strategies. Providing the time required for runoff
to reach the outlet (Equation (1)) contributes to better selection and sizing of various
components of a stormwater management system, such as detention ponds, culverts, and
other conveyance structures [51].

Table 1. The watershed time of concentration.

tC(A) 0.366 × 60 × 1.67 36.7 min
tC(B) 0.344 × 60 × 1.67 34.5 min
tC(C) 0.408 × 60 × 1.67 40.9 min
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This section provides a concise and precise description of the experimental results,
their interpretation, as well as the experimental conclusions that can be drawn.

In the subsequent step of the study, the soil conservation service (SCS) artificial
rainfall curve was generated for the return periods of 2 years, 5 years, and 10 years using
stormwater management and design aid (SMADA) software, as a tool to assess stormwater
runoff quantity and quality [52]. This software provides a platform for analyzing and
modeling rainfall data to generate synthetic storms and is widely used in the field of
hydrology. The SCS curve is a common method used for estimating the rainfall intensity
and duration for different return periods and is utilized in the design of stormwater
management structures [53]. The resulting curves for the 2-, 5-, and 10-year return periods
are depicted in Figure 11, which provides a graphical representation of the rainfall flow
versus time (m3/s). These curves are used to estimate the expected rainfall amount for a
given duration and return period, which is critical in the design of stormwater infrastructure
to effectively manage runoff.
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Figure 11. The soil conservation service (SCS) artificial rainfall curves with the return periods of
2 years (blue line), 5 years (red line), and 10 years (green line).

Then, the hydrograph of three sub-basins with return periods of 2, 5, and 10 years
was calculated by the SCS method using WSM software as well as the rational method, as
indicated in Figure 12a–c. The values are demonstrated in Table 2 (C = 0.14).
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Figure 12. The hydrographs of sub-basins A (a), B (b), and C (c), with a return period of 2 years.

Table 2. Peak flow versus return period for the three sub-basins.

Basin Area (km2)

Flow (m3/s)
(2 Years)

Flow (m3/s)
(5 Years)

Flow (m3/s)
(10 Years)

SCs Model Rational
Method SCS Model Rational

Method SCs Model Rational
Method

A 1.15 0.34 0.39 0.6 0.66 0.79 0.84
B 1.38 0.41 0.47 0.73 0.79 0.96 1
C 1.6 0.46 0.54 0.82 0.92 1.08 1.17

3.2. SWMM Modeling

To incorporate the sub-basins and surface water collection network components into
the SWMM model, a schematic of the study area was first developed. This schematic
served as a foundation for identifying the locations and characteristics of the sub-basins and
connections within the network. The shape and length of the connections, the characteristics
of the nodes, and the roughness coefficients were among the information introduced to
the schematic and subsequently to the SWMM model. This step is crucial in the analysis
of the hydrological processes, as it enables the simulation of the water movement within
the network under various precipitation scenarios, which is essential in the design of
effective stormwater management strategies. The surface water collection network includes
61 sub-basins, 141 junctions, 88 conduits, and 3 outlets. The surface water collection channel
in the study area is in the form of an open rectangle with a floor width of 0.5–2 m and a
depth of 0.5–1 m. The existing channel is made of concrete.

The results of the sensitivity analysis are presented in Table 3 including the subcatch-
ment information regarding the slope, impervious fraction, roughness coefficient (pervious
and impervious), and CN for the pervious area.

Table 3. The results of the sensitivity analysis.

No. Parameter Changes Changes in Output Peak Flow

1 Slope +5% No significant changes
2 CN −5% −4%
3 Roughness coefficient +10% −11%
4 Roughness coefficient −10% +13%
5 Impermeability +10% +15%
6 Impermeability −10% −19%

Based on the results of sensitivity analysis, the impact of slope and curve number
(CN) on the peak discharge hydrograph output was found to be relatively insignificant.



Sustainability 2024, 16, 7349 12 of 30

The highest sensitivity in the study area was observed for the percentage of impermeable
surface, specifically due to the conversion from natural to residential land use. A 10%
increase in impermeable surface resulted in a 15% increase in peak runoff hydrograph
flow rate, while a 10% decrease in impermeability led to a 19% reduction in flow rate.
The roughness coefficient exhibited significant sensitivity after impermeability, with a 10%
increase causing an 11% decrease in peak flow rate in runoff hydrograph flow rate, and a
10% decrease causing a 13% increase in peak flow rate. Therefore, it is critical to carefully
consider the selection of both the roughness coefficient and percentage of the impermeable
surface when simulating urban runoff from an urban catchment.

Once the model was developed, it was verified and calibrated to ensure its accuracy.
This involved testing the model’s ability to perform adequately under known conditions,
determined by measuring the flow rate at the outlets. The outcomes of this process are
shown in Table 4. The purpose of this verification and calibration process is to confirm that
the model can reliably simulate the behavior of the system under different scenarios and
conditions. By demonstrating that the model works correctly, its credibility and accuracy
can be established, and it can be used with greater confidence in future applications.

Table 4. SWMM model validation results were achieved based on the computational approach.

Return Period
(Years)

Flow Rate Calculated by the
Rational Method (m3/s)

Calculated Flow Rate
(m3/s) Mean Relative Error

2 16.85 16.22 3.7%
5 28.4 29.8 4.7%
10 36.35 39.8 8.7%

The results of the model verification process indicate that the calculated error falls
within an acceptable range. This proves that the SWMM model developed for simulating
rainfall and surface runoff in Urmia, Iran, is reliable and accurate. The model’s capability
for simulating runoff hydrographs for different return periods is demonstrated in Figure 13
which depicts the runoff hydrographs for return periods of 2, 5, and 10 years across the
entire study network. Additionally, Figure 14 presents the outflow diagrams for the three
outlets for a 2-year return period. Upon examining outlet diagram 2, it is clear that the outlet
was unable to fully discharge after 12 h, resulting in continued overflow for several hours.

Sustainability 2024, 16, x FOR PEER REVIEW  13  of  31 
 

Table 4. SWMM model validation results were achieved based on the computational approach. 

Return Period 

(Years) 

Flow Rate Calculated by 

the Rational Method (m3/s) 

Calculated Flow Rate 

(m3/s) 

Mean Relative 

Error 

2  16.85  16.22  3.7% 

5  28.4  29.8  4.7% 

10  36.35  39.8  8.7% 

The results of the model verification process indicate that the calculated error falls 

within an acceptable range. This proves that the SWMM model developed for simulating 

rainfall and surface runoff in Urmia, Iran, is reliable and accurate. The model’s capability 

for simulating runoff hydrographs for different return periods is demonstrated in Figure 

13 which depicts the runoff hydrographs for return periods of 2, 5, and 10 years across the 

entire study network. Additionally, Figure 14 presents the outflow diagrams for the three 

outlets for a 2-year return period. Upon examining outlet diagram 2, it is clear that the 

outlet was unable to fully discharge after 12 h, resulting in continued overflow for several 

hours. 

   

 
 

Figure 13. Hydrograph of the total network runoff output with 16.22 cubic meters per second and a 

return period of 2 years (a), with 29.8 cubic meters per second and a return period of 5 years (b), 

and with 39.8 cubic meters per second and a return period of 10 years (c). 

(a) (b) 

(c) 

Figure 13. Hydrograph of the total network runoff output with 16.22 cubic meters per second and a
return period of 2 years (a), with 29.8 cubic meters per second and a return period of 5 years (b), and
with 39.8 cubic meters per second and a return period of 10 years (c).
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Figure 14. The outflow diagrams of the three outlets for a 2-year return period, ranging from 2.0
(a) × 1.3 (b) × 1.44 (c) cubic meters per second.

Moreover, the three outlets are only able to pass 30% of the peak flow for the 2-year
return period, based on the peak flow value of 16.22 m3/s. These findings highlight the
importance of carefully analyzing and considering the capacity of the drainage system’s
outlets in urban areas to prevent flooding during heavy rainfall events. The outflow
diagrams of the three outlets for the 5-year and 10-year return periods are illustrated in
Figures 9 and 10. According to outlet diagram 2, after 12 h the outlet was not able to
fully discharge, and the overflow was ongoing for hours. According to the 5-year peak
flow (29.8 m3/s), these three outlets could only pass 21% of the flow peak for the 5-year
return period. According to Figure 13, outlet diagram A did not have a sharp peak, i.e., the
channel was filled, which did not take more than 30 min, after which the complete discharge
was completed. According to outlet diagram 2, after 12 h the outlet was not able to fully
discharge, and the overflow was ongoing for hours. According to the 10-year peak flow
(39.8 m3/s), these three outlets could only pass 17% of this flow peak for the 10-year
return period.

To accurately assess the capacity of an existing drainage network using SWMM, it is
crucial to evaluate various factors such as slope, speed, and height of runoff throughout the
network. These factors play a crucial role in determining the network’s ability to effectively
manage stormwater runoff. Figure 15 provides a schematic representation of the network’s
channel slope, which is a critical factor that affects the surface flow discharge capacity for
the rate of stormwater runoff. The steeper the channel slope, the faster the water will flow,
which can increase the risk of flooding and erosion. Conversely, flatter slopes may lead to
water accumulation and potential drainage system overload. Therefore, it is important to
carefully analyze the slope of channels in the drainage network and other key factors to
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ensure that the existing system is capable of managing stormwater effectively. By doing so,
any necessary upgrades or modifications can be identified and implemented to improve
the network’s overall performance.
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As depicted in Figure 15, the southern region of the study area, situated in higher
elevations, exhibits a steeper slope. This is a natural occurrence that is expected because of
changes in the topography of the study area. Figures 16 and 17 supplement this observation
by displaying schematic maps of the peak runoff heights in the existing channels and net-
work junctions during a 2-year and 5-year return period, respectively. The maps presented
in these figures are essential for analyzing the study area’s drainage network performance
during peak runoff periods. The green areas on the map represent overflow backflow zones
that account for approximately 8.5% of the total network. Backflow overflow zones occur
when the volume of water in the drainage system exceeds its capacity, resulting in water
flowing over the bank of the ditch and flooding the basin surface in the opposite direction.
Identifying such overflow backflow zones is crucial in understanding the drainage system’s
limitations and potential failure points during peak runoff events. This information can
help in prioritizing maintenance and upgrades of the drainage network to ensure optimal
performance and reduce the risk of flooding and other associated issues.

The present study also considers the speed of water flow in the channels of the network
during different return periods, including a 2-year return period, which is represented
in Figure 18, and a 5-year return period, which is represented in Figure 19. The total
network speed during a 10-year return period is shown in Figure 20. Understanding the
flow dynamics of a network of channels and nodes can be critical in predicting the potential
for flooding and taking steps to mitigate flood risk. However, it is important to note that
modeling water flow dynamics can be a complex and challenging task, particularly in
urban areas with complex drainage systems and a variety of potential flood pathways. It is
also important to consider the limitations of any modeling approach, including potential
uncertainties and limitations in the data used to build the model.
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The areas highlighted in yellow and red on the map represent parts of the network that
are particularly vulnerable to flooding due to their high volume and flow of water. Based on
the information presented in Figures 21–23, there is an urgent need to identify sustainable
solutions to treat the areas represented in yellow and red on the map. Specifically, measures
must be taken to reduce the volume and flow of water in these areas to prevent flooding
and other related issues. To address this issue, sustainable and effective treatment methods
must be identified and implemented in these areas. By reducing the volume and flow of
water in these areas, the risk of flooding can be minimized, and the associated negative
impacts such as damage to infrastructure, transportation disruptions, and loss of life can be
avoided. This highlights the critical importance of effective water management strategies in
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urban planning and the need for sustainable solutions that balance the competing demands
of urban growth and environmental conservation.
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3.3. Environmental Aspects

The study conducted in Urmia City, Iran, highlights several key environmental aspects
crucial for understanding and addressing stormwater management in urban areas. The
environmental considerations are intricately tied to the hydrological processes and the
urban infrastructure’s ability to manage increased rainfall due to climate change.

The study’s digital watershed modeling revealed critical insights into the hydrological
dynamics of the region. By converting map data into information layers and analyzing
the physiographic properties, the researchers identified how rainfall translates into runoff
within various sub-basins. The time of concentration calculations, essential for understand-
ing rainfall–runoff behavior, are crucial in designing stormwater management structures
that can handle heavy rainfall without causing environmental degradation.

The sensitivity analysis indicated that impervious surfaces significantly affect peak
runoff. Urbanization, characterized by the conversion of natural land to residential or
commercial areas, increases impervious surfaces, leading to higher and faster runoff. This
phenomenon not only increases the risk of flooding but also reduces groundwater recharge,
impacting local water cycles and potentially leading to urban heat island effects. Effective
stormwater management must thus address the balance between development and the
preservation of permeable surfaces.

Using the soil conservation service (SCS) method and the stormwater management
model (SWMM), the study assessed the quantity and quality of stormwater runoff for
various return periods. The generation of artificial rainfall curves for 2-, 5-, and 10-year
return periods helped in predicting the rainfall intensity and duration, which are critical for
designing appropriate stormwater infrastructure. Properly managing stormwater quality
is essential to prevent pollutants from urban areas from being washed into natural water
bodies, thus protecting aquatic ecosystems.

Among the proposed solutions, vegetative swales were identified as the most promis-
ing. These swales can significantly enhance infiltration, reduce runoff velocity, and filter
pollutants, providing a natural and sustainable method for stormwater management.
The implementation of such green infrastructure not only mitigates flooding risks but
also enhances biodiversity, improves air quality, and contributes to the aesthetic value of
urban areas.

The study’s detailed analysis of channel slopes and flow dynamics is crucial for
understanding flood risks and designing effective stormwater systems. Steeper slopes in
higher elevation areas increase runoff speed, which can exacerbate erosion and sediment
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transport, negatively impacting downstream water quality and aquatic habitats. Conversely,
flatter areas may suffer from water accumulation, stressing the importance of designing
systems that consider local topographical variations.

3.4. Economic Aspects

The implementation of vegetative swales, green roofs, and rain gardens involves signif-
icant initial costs for construction, materials, and labor. Additionally, ongoing maintenance
is required to ensure the effectiveness of these green infrastructure solutions, including
regular cleaning, vegetation management, and repairs. Installing green infrastructure
might also necessitate reallocating land or repurposing existing urban spaces, which could
be challenging in densely populated areas.

Despite these costs, the benefits of such green infrastructure solutions are substantial.
They effectively reduce peak flow rates during heavy rainfall events, minimizing flood
risks and associated damage to infrastructure and property. Environmental benefits include
improved water quality through natural filtration, enhanced groundwater recharge, and
increased urban green spaces that contribute to biodiversity. Green roofs, for example,
provide additional insulation for buildings, leading to reduced energy consumption for
heating and cooling. The economic savings from reduced flood damage and lower mainte-
nance costs for conventional drainage systems can be significant for municipalities in the
long term. Furthermore, enhanced urban aesthetics and recreational spaces improve the
quality of life for residents, promoting mental well-being and community engagement.

Public acceptance of the proposed solutions, including vegetative swales, green roofs,
and rain gardens, is likely to be high given their numerous environmental, social, and
aesthetic benefits. These green infrastructure solutions not only mitigate flood risks and
enhance water quality but also improve urban aesthetics and create recreational spaces,
contributing to a better quality of life. Public support can be further bolstered through
community engagement and education about the long-term benefits of these solutions, such
as reduced energy costs, increased biodiversity, and enhanced urban resilience to climate
change. By involving local communities in the planning and implementation processes, the
city can ensure that these initiatives meet public needs and preferences, thereby fostering a
sense of ownership and responsibility towards sustainable urban development.

3.5. Social Aspects

The present study also highlights the significant social aspects. It was highlighted that
effective stormwater management addresses environmental and economic concerns and
has profound social implications that can be harnessed to enhance urban living conditions.

Community Health and Safety: If stormwater is managed properly, flood risks will be
reduced, contributing to protecting residents from the hazards associated with flooding,
such as property damage, waterborne diseases, and disruptions to daily life. Once flood
risks are mitigated, the safety and well-being of inhabitants can be enhanced.

Urban Aesthetics and Recreational Spaces: The suggested vegetative swales, green
roofs, and rain gardens as parts of green infrastructure enhance the visual appeal in Urmia
and any other urban area. This is because these elements create more attractive, green, and
open spaces, and are proved to be great areas for recreational activities for residents. The
increased green spaces contribute to mental well-being, offering a natural environment for
relaxation and social activities, which can strengthen community bonds.

Public Awareness and Education: It is essential to engage the community through
educational programs and awareness campaigns that provide information about the profits
of green infrastructure. This is a key aspect of social sustainability as it fosters a sense
of environmental stewardship. City dwellers feel more committed to supporting and
participating in sustainable urban development initiatives once they understand the long-
term advantages of these solutions, including enhanced water quality, reduced flood risks,
and improved urban resilience.
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Community Involvement and Ownership: Another key area of concern is involving
local communities in green infrastructure projects that aim at planning and implemen-
tation processes. This ensures that such initiatives adequately address public needs and
community preferences.

4. Making Scenarios to Treat the Critical Conditions

The present study has identified three possible scenarios that could be implemented to
address the issue of water flow in the urban medium. The first scenario involves modifying
the existing stormwater network by increasing its length. This would involve installing
runoff ditch raceways on both sides of the street, as currently some streets only have them
on one side. This scenario aims to increase the network’s capacity to drain more runoff
from the area.

The second scenario proposed in the study involves adopting a low-impact develop-
ment (LID) management strategy, such as using permeable pavements in the main streets.
This approach aims to reduce the volume of runoff through surface adsorption. Previ-
ous studies have reported the effectiveness of permeable pavements in reducing runoff
volume [54].

The third scenario proposed in the study involves implementing LID using vegetative
swales. This approach aims to divert the runoff to green areas with trees along the street,
which can help to reduce runoff volume and improve the aesthetic appeal of the area.

To evaluate the effectiveness of these scenarios, simulations were conducted to study
their impact on water flow in the medium. The results of these simulations could provide
valuable insights for policymakers and urban planners in developing effective water
management strategies for the medium.

In summary, the study proposes three scenarios that could help address the issue of
stormwater drainage flow in the urban medium, including modifying the existing network,
adopting LID strategies such as permeable pavements, and implementing vegetative swales.
By evaluating the impact of these scenarios through simulations, policymakers, and urban
planners can identify the most effective strategies to manage water in the medium and
promote sustainable urban development.

4.1. Scenario (a)

Scenario (a) involved building water ditches on both sides of the streets and enlarging
them in certain areas to handle more runoff. The objective was to reduce flooding risk and
associated issues like infrastructure damage and traffic delays.

Based on field visits, it was observed that the majority of streets either had no runoff
ditch raceway to drain the water or had only one side (scenario 1). This led to a significant
volume of water accumulating on the streets during rainfall, which could result in flooding,
traffic delays, and other related issues. To address this issue, the study proposes construct-
ing water ditch raceways on both sides of the street and increasing the dimensions in certain
areas to increase the capacity to drain a larger volume of runoff from the study area. This
approach aims to reduce the risk of flooding and minimize the associated negative impacts
such as damage to infrastructure and transportation disruptions. Figure 24 represents
the runoff hydrograph resulting from simulating scenario (a), which involves modifying
the existing network by constructing water raceways on both sides of the streets. The
simulation results demonstrate the potential effectiveness of this approach in reducing the
volume of runoff in the study area and mitigating the risk of flooding.

Implementing scenario (a) would require significant investment in infrastructure, and
its effectiveness may depend on several factors such as the slope of the streets and the soil
type. Therefore, further analysis and evaluations are necessary to determine the feasibility
and potential effectiveness of this approach in the context of the study area.
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Figure 24. Flow rate for a 10-year return period ranges from 1 to 3—5.14 (a) × 1.83 (b) × 4.41 (c) cubic
meters per second, respectively, as a result of the implementation of scenario a.

Based on the information presented in Figure 24, it appears that the implementation
of scenario (a) did not result in any flow retraction issues in the study area. Figure 25
represents the transition flow map at the 10-year peak time following the implementation
of scenario (a). The figure suggests that there are no observable yellow and red regions that
could be attributed to the implementation of this scenario.
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4.2. Scenario (b)

Scenario (b) takes advantage of the surface infiltration strategy to ensure that some
runoff water is kept out of the drainage network. It relies on using different permeable
pavements that help eliminate issues related to drainage system overloads.

For a considerable period, countries like Iran have implemented a management strat-
egy known as low-impact development, which primarily relies on surface absorption, also
known as surface infiltration. This strategy ensures that a portion of the runoff water
is prevented from entering the drainage network. Figure 23 represents various forms of
permeable concrete pavements. The effects of adopting such strategies can be investigated
using SWMM software version 5.2.4. Figure 26 indicates the runoff hydrograph resulting
from simulating the scenario (b). By examining the runoff hydrograph in this figure, it is
possible to gain insights into the effectiveness of scenario (b) as a management or policy
approach. This information can be used to inform future decision-making and improve
water management strategies in the study area and beyond.
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Figure 26. Flow rate for a 10-year return period ranges from 1 to 3—2.2 (a) × 1.2 (b)× 2.66 (c) cubic
meters per second, respectively, as a result of the implementation of scenario b.

According to this figure, using permeable pavements results in the elimination of
the issues related to drainage system overloads. In other words, flow retraction could be
performed efficiently as the peak flow rate of the hydrograph was reduced. In addition,
no critical point could be observed in the transition flow map at a 10-year peak time after
implementation of scenario b, as illustrated in Figure 27.
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4.3. Scenario (c)

Scenario (c) integrates green infrastructure into the water management system. It uses
vegetative swales and is expected to reduce runoff and also supports the greenery of urban
areas while enhancing surface infiltration.

As mentioned before, this method has been widely used in many countries in order to
reduce runoff by surface adsorption (surface infiltration). In this method, the path combines
water and vegetative swale (green space along the streets) (Figure 28). Figure 29 indicates
the runoff hydrograph resulting from simulating the scenario c.
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a real application of such a strategy, Valiasr St., Tehran ((right), picture by the author).

According to Figure 19, the implementation of vegetative swale resulted in overcoming
the issues related to the rainfall flow, as the peak flow rate of the hydrograph reduced
(Figure 30).
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4.4. Scenario Prioritization

To identify criteria that could affect the management of heavy rainfall design issues and
prioritize scenarios, a decision matrix was established in this study. Such decision-making
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matrices have been already used to deal with a wide range of issues such as urban traffic
management [55], and selection of the new sites for solid waste management [56]. After
identifying the criteria and making the table, the decision matrix was unscaled through a
process called unscaling the decision matrix. If a criterion was positive, each number in that
column was divided by the largest number, and if a criterion was negative, the minimum
of that column was divided by each number. Next, a weighted matrix was established
based on weights calculated from other methods. To select the best option, the rows of the
weighted matrix were added, and the score of each option was calculated. The options were
then ranked based on their score, and the total score of the criteria was expected to be equal
to 1. Table 5 lists the seven criteria with different weights that were defined to prioritize
according to the objectives of the project. These criteria were selected and prioritized in the
present study based on the simple additive weighting method (SAW) method.

Table 5. The 7 criteria with varying weights, which were established to prioritize based on the main
objective of the study.

Identification Definition Value

C1 Purpose of the study (minimum traffic at runtime) 0.15
C2 Implementation time 0.05
C3 Lowest implementation cost 0.15
C4 Reduced flooding and solve the problem 0.25
C5 Minimum implementation space limit 0.2
C6 Least environmental issues 0.1
C7 Social implementation tensions 0.1

Tables 6 and 7 present the interval scores and the final prioritization of the measures
based on the scenarios defined in order to manage the issues related to the rainfall flow
in the study area, respectively. According to these tables, the priority of the actions are
as follows:

(a) The vegetative swale (the third scenario);
(b) The second priority is the first scenario, i.e., to improve the network;
(c) The third priority is the second scenario, i.e., permeable pavement.

Table 6. The interval scores of various scenarios studied in the present manuscript are based on the
criteria listed in Table 5.

C1 C2 C3 C4 C5 C6 C7
R1 0.15 R1 0.05 R1 0.15 R1 0.25 R1 0.20 R1 0.10 R1 0.10
R2 0.30 R2 0.10 R2 0.30 R2 0.50 R2 0.40 R2 0.20 R2 0.20
R3 0.45 R3 0.15 R3 0.45 R3 0.75 R3 0.60 R3 0.30 R3 0.30

Table 7. The interval scores of various scenarios studied in the present manuscript are based on the
criteria listed in Table 6.

Criteria C1 C2 C3 C4 C5 C6 C7

SumWeights 0.15 0.05 0.15 0.25 0.20 0.10 0.1

Values Value Sum Value Sum Value Sum Value Sum Value Sum Value Sum Value Sum

S1 1.00 0.15 1.00 0.05 2.00 0.30 2.00 0.50 3.00 0.60 2.00 0.20 1.00 0.10 1.90
S2 2.00 0.30 2.00 0.10 1.00 0.15 1.00 0.25 1.00 0.20 1.00 0.10 2.00 0.20 1.30
S3 3.00 0.45 3.00 0.15 3.00 0.45 3.00 0.75 2.00 0.40 3.00 0.30 3.00 0.30 2.80

Ranking
R1 (Improve) R2 (Permeable Pavement) R3 (Vegetative Swale)

2 3 1
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4.5. Scenario Analysis

Scenario (a) involves constructing water ditches on both sides of the streets and
enlarging them in certain areas to handle more runoff, aiming to reduce flooding risk and
associated infrastructure damage and traffic delays. While this approach is effective in
mitigating runoff, it requires significant infrastructure investment and may be influenced
by factors such as street slope and soil type. The long-term effects of this scenario include
a reduced risk of urban flooding and less damage to infrastructure, but the ongoing
maintenance costs and the potential need for further modifications in the future could
be substantial. Additionally, the environmental impact is relatively neutral as it does not
significantly enhance urban green spaces or biodiversity.

Scenario (b) employs permeable pavements to enhance surface infiltration, reducing
the volume of runoff entering the drainage network. This method helps prevent drainage
system overloads and is effective in reducing peak flow rates but may involve consider-
able costs for materials and installation. The long-term benefits of this scenario include
improved groundwater recharge and reduced surface runoff, which can alleviate pressure
on urban drainage systems. However, the economic costs can be high due to the need for
specialized materials and regular maintenance to ensure the permeability of the pavements.
Environmentally, this approach offers some benefits in terms of reduced runoff and poten-
tial cooling effects in urban areas, but it doesn’t provide the same level of green space or
habitat enhancement as other green infrastructure solutions.

Scenario (c) integrates green infrastructure, specifically vegetative swales, to reduce
runoff and support urban greenery. This approach not only reduces peak flow rates but
also enhances environmental benefits such as increased biodiversity, urban cooling, and
improved air quality. The long-term effects include a more resilient urban environment
capable of handling heavy rainfall events, along with the added aesthetic and recreational
benefits of green spaces. Economically, while the initial costs of implementation might be
significant, the long-term savings from reduced flood damage and lower maintenance costs
for traditional drainage systems can be substantial. Social acceptance of vegetative swales is
generally high, as they improve the quality of life by providing attractive green spaces and
recreational areas for residents. The environmental impacts are overwhelmingly positive,
as vegetative swales enhance biodiversity, promote sustainable water management, and
contribute to urban cooling.

Among the three scenarios, scenario (c) stands out as the best option due to its multi-
faceted benefits. It effectively manages runoff, offers significant environmental advantages,
and enjoys high social acceptance due to its aesthetic and recreational value. The long-term
environmental and social benefits of integrating green infrastructure outweigh the initial
economic costs, making scenario (c) the most sustainable and effective solution. While
scenarios (a) and (b) provide important benefits, they do not offer the same comprehensive
improvements to urban resilience, environmental health, and community well-being as
scenario (c). Therefore, scenario (c) represents the optimal strategy for addressing stormwa-
ter management challenges in Urmia City, providing a robust framework for sustainable
urban development.

5. Discussion

The paper performed a comprehensive analysis of the hydrological processes in Urmia,
Iran, and employed both digital watershed modeling and Storm Water Management
Model (SWMM) modeling techniques for this purpose. The results of sensitivity analysis
highlighted the significant impact of impermeable surface percentage and roughness
coefficient on peak flow rates, which indicates the importance of model parameterization in
this regard. In addition, results of water movement under various precipitation scenarios
through integrating sub-basins and surface water collection network components into the
SWMM model were reliable and accurate, showing that it was effective in simulating runoff
hydrographs for different return periods. The study also found that scenario (c), which
proposed the development of a vegetative swale, was the most optimal alternative for
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reducing peak flow rates as it mitigated the overload of the drainage system and offered
efficient flow management. The results emphasized the significance of analyzing drainage
system outlets’ capacity to thwart flooding events during heavy rainfall events in the study
area. It was observed that outlets did not sufficiently discharge under peak flow conditions,
and this highlights the importance of careful evaluation and potential upgrades of drainage
systems in the area.

However, incorporating additional green infrastructure solutions, such as green roofs
and rain gardens, could enhance stormwater management. Green roofs can reduce runoff
volume and delay flow into the stormwater system while providing thermal insulation and
mitigating urban heat island effects. Rain gardens can capture and infiltrate stormwater
runoff from impervious surfaces, enhancing groundwater recharge and improving water
quality. Integrating these solutions with vegetative swales creates a multifaceted strategy,
maximizing the environmental, social, and economic benefits of urban green infrastructure.

6. Conclusions

Heavy rainfall can cause significant damage to the urban infrastructure and the envi-
ronment, including flooding and landslides. Countries around the world have implemented
various strategies to mitigate the impact of heavy rainfalls, based on their geographic loca-
tion, climate conditions, and available resources. This study used a combination of WMS
and SWMM to identify areas in Urmia City that require stormwater management interven-
tions and recommend effective solutions to mitigate the negative effects of heavy rainfall
events. By identifying vulnerable points and selecting and discussing possible scenarios to
manage flooding under heavy rainfall, the study provided valuable insights into the most
effective strategies for managing the issue. The establishment of a decision matrix through
the prioritization of influential criteria using a simple additive weighting method (SAW)
provided a clear and objective approach to selecting the most effective scenario. The third
scenario, which involved the application of a vegetative swale, was identified as the most
promising solution to deal with the issue. As a conclusion, the study’s results provide a
valuable framework for decision-makers in Urmia City, as well as other areas facing similar
issues, to effectively manage heavy rainfall events and mitigate their negative effects.

In the context of this study in Urmia, Iran, climate change significantly impacts urban
drainage systems by altering precipitation patterns and intensifying rainfall events. This
results in increased runoff and heightened flood risks, particularly in urban areas with
limited natural drainage capacity due to extensive impervious surfaces. The adaptability
of drainage systems in the long term involves implementing sustainable strategies such
as green infrastructure (e.g., vegetative swales, green roofs) to enhance water absorption
and reduce runoff volumes. These solutions not only mitigate flood hazards but also offer
environmental benefits like improving water quality and supporting urban biodiversity.
Additionally, incorporating advanced modeling techniques and adaptive management
practices can optimize the resilience of drainage systems to cope with future climate
uncertainties. Collaborative efforts among stakeholders, including local communities and
authorities, are essential to ensure the effectiveness and sustainability of these adaptive
measures in addressing ongoing and future challenges posed by climate change on urban
drainage systems in Urmia and similar urban settings.

Author Contributions: Conceptualization: R.M.A., J.F.S., and J.M.; methodology: R.M.A., J.F.S.,
and J.M.; software, R.M.A.; investigation, R.M.A.; resources, J.F.S. and J.M.; data curation, R.M.A.;
writing—original draft preparation, R.M.A.; writing—review and editing, R.M.A., J.F.S., and J.M.;
visualization, R.M.A., J.F.S., and J.M.; supervision, J.F.S. and J.M.; project administration, J.F.S. and
J.M. All authors have read and agreed to the published version of the manuscript.

Funding: The authors acknowledge the financial support by FCT—Fundação para a Ciência e Tec-
nologia, I.P. by project reference UIDB/04450/2020 and DOI identifier 10.54499/UIDB/04450/2020.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Sustainability 2024, 16, 7349 28 of 30

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Zhang, H.; Liu, G.; Zhao, C.; Zhang, L.; Zhang, Q.; Fu, H.; Cao, S. Loess erosion change modeling during heavy rainfall. Int. J.

Sediment Res. 2023, 38, 24–32. [CrossRef]
2. Patel, P.; Karmakar, S.; Ghosh, S.; Aliaga, D.G.; Niyogi, D. Impact of green roofs on heavy rainfall in tropical, coastal urban area.

Environ. Res. Lett. 2021, 16, 074051. [CrossRef]
3. The US National Oceanic and Atmospheric Administration (NOAA). Climate Change: Extreme Weather is Getting Worse in

these 20 Places. 2023. Available online: https://eu.usatoday.com/story/news/weather/2019/08/04/climate-change-extreme-
weather-getting-worse-in-these-20-places/39873609/ (accessed on 8 June 2023).

4. EEA. Heavy Precipitation in Europe. 2021. Available online: https://www.eea.europa.eu/data-and-maps/indicators/
precipitation-extremes-in-europe-3/assessment (accessed on 19 November 2021).

5. Pan, X.; Li, T.; Sun, Y.; Zhu, Z. Cause of Extreme Heavy and Persistent Rainfall over Yangtze River in Summer 2020. Adv. Atmos.
Sci. 2021, 38, 1994–2009. [CrossRef]

6. Ge, X.; Li, T.; Zhang, S.; Peng, M. What causes the extremely heavy rainfall in Taiwan during Typhoon Morakot (2009)? Atmos.
Sci. Lett. 2010, 11, 46–50. [CrossRef]

7. Müller, E.N.; Van Schaik, L.; Blume, T.; Bronstert, A.; Carus, J.; Fleckenstein, J.H.; Fohrer, N.; Gerke, H.H.; Graeff, T.;
Hesse, C.; et al. Herausforderungen der ökohydrologischen Forschung in Deutschland. Hydrol. Wasserbewirtsch. 2014, 58,
221–240. [CrossRef]

8. Wang, P.; Zhu, Y.; Yu, P. Assessment of Urban Flood Vulnerability Using the Integrated Framework and Process Analysis: A Case
from Nanjing, China. Int. J. Environ. Res. Public Health 2022, 19, 16595. [CrossRef] [PubMed]

9. Oku, Y.; Yoshino, J.; Takemi, T.; Ishikawa, H. Assessment of heavy rainfall-induced disaster potential based on an ensemble
simulation of Typhoon Talas (2011) with controlled track and intensity. Nat. Hazards Earth Syst. Sci. 2014, 14, 2699–2709. [CrossRef]

10. Chan, A.Y.; Kim, H.; Bell, M.L. Culex mosquitoes at stormwater control measures and combined sewer overflow outfalls after
heavy rainfall. Water 2022, 14, 31. [CrossRef]

11. Underwood, S.J. Cloud-to-ground lightning flash parameters associated with heavy rainfall alarms in the Denver, Colorado,
Urban Drainage and Flood Control District ALERT network. Mon. Weather. Rev. 2006, 134, 2566–2580. [CrossRef]

12. Li, X.; Li, X.; Ma, H.; Hua, W.; Chen, H.; Wen, X.; Zhang, W.; Lu, Y.; Pang, X.; Zhang, X. Reforestation in Southern China Enhances
the Convective Afternoon Rainfall During the Post-flood Season. Front. Environ. Sci. 2022, 10, 942974. [CrossRef]

13. Liu, F.; Chen, C.G.; Yang, Q.H. Rain water utilizing system combing artificial wetland and urban drainage system. Appl. Mech.
Mater. 2014, 484–485, 763–767. [CrossRef]

14. Anvigh, R.M.; Silva, J.F.; Macedo, J. A Fuzzy-Delphi Approach for the Prioritization of Traffic Impact Mitigation Measures under
Heavy Rainfall Conditions. J. Settlements Spat. Plan. 2022, SI, 5–19. [CrossRef]

15. Harremoës, P.; Rauch, W. Integrated design and analysis of drainage systems, including sewers, treatment plant and receiving
waters. J. Hydraul. Res. 1996, 34, 815–826. [CrossRef]

16. Sohn, W.; Brody, S.D.; Kim, J.-H.; Li, M.-H. How effective are drainage systems in mitigating flood losses? Cities 2020, 107, 102917.
[CrossRef]

17. Rjeily, Y.A.; Abbas, O.; Sadek, M.; Shahrour, I.; Chehade, F.H. Flood forecasting within urban drainage systems using NARX
neural network. Water Sci. Technol. 2017, 76, 2401–2412. [CrossRef] [PubMed]

18. Burian, S.J.; Findlay, E.G. Historical Perspectives of Urban Drainage. In Global Solutions for Urban Drainage: Proceedings of the
Ninth International Conference on Urban Drainage, Portland, OR, USA, 8 September 2002; Strecker, E.W., Huber, W.C., Eds.; American
Society of Civil Engineers: Reston, VA, USA, 2002; pp. 1–16.

19. Liu, L.; Jensen, M.B. Green infrastructure for sustainable urban water management: Practices of five forerunner cities. Cities 2018,
74, 126–133. [CrossRef]

20. Towsif, K.S.; Chapa, F.; Hack, J. Highly Resolved Rainfall-Runoff Simulation of Retrofitted Green Stormwater Infrastructure at the
Micro-Watershed Scale. Land 2020, 9, 339. [CrossRef]

21. Jovanovic, T.; Hale, R.L.; Gironás, J.; Mejia, A. Hydrological Functioning of an Evolving Urban Stormwater Network. Water
Resour. Res. 2019, 55, 6517–6533. [CrossRef]

22. Taguchi, V.J.; Weiss, P.T.; Gulliver, J.S.; Klein, M.R.; Hozalski, R.M.; Baker, L.A.; Finlay, J.C.; Keeler, B.L.; Nieber, J.L. It Is Not Easy
Being Green: Recognizing Unintended Consequences of Green Stormwater Infrastructure. Water 2020, 12, 522. [CrossRef]

23. McFarland, A.R.; Larsen, L.; Yeshitela, K.; Engida, A.N.; Love, N.G. Guide for using green infrastructure in urban environments
for stormwater management. Environ. Sci. Water Res. Technol. 2019, 5, 643–659. [CrossRef]

24. Nguyen, T.-H.; Nguyen, V.-T. Linking climate change to urban storm drainage system design: An innovative approach to
modeling of extreme rainfall processes over different spatial and temporal scales. J. Hydro-Environ. Res. 2020, 29, 80–95. [CrossRef]

25. Cotterill, S.; Bracken, L.J. Assessing the effectiveness of sustainable drainage systems (SuDS): Interventions, impacts and
challenges. Water 2020, 12, 3160. [CrossRef]

https://doi.org/10.1016/j.ijsrc.2022.08.004
https://doi.org/10.1088/1748-9326/ac1011
https://eu.usatoday.com/story/news/weather/2019/08/04/climate-change-extreme-weather-getting-worse-in-these-20-places/39873609/
https://eu.usatoday.com/story/news/weather/2019/08/04/climate-change-extreme-weather-getting-worse-in-these-20-places/39873609/
https://www.eea.europa.eu/data-and-maps/indicators/precipitation-extremes-in-europe-3/assessment
https://www.eea.europa.eu/data-and-maps/indicators/precipitation-extremes-in-europe-3/assessment
https://doi.org/10.1007/s00376-021-0433-3
https://doi.org/10.1002/asl.255
https://doi.org/10.5675/HyWa_2014,4_2
https://doi.org/10.3390/ijerph192416595
https://www.ncbi.nlm.nih.gov/pubmed/36554476
https://doi.org/10.5194/nhess-14-2699-2014
https://doi.org/10.3390/w14010031
https://doi.org/10.1175/MWR3201.1
https://doi.org/10.3389/fenvs.2022.942974
https://doi.org/10.4028/www.scientific.net/AMM.484-485.763
https://doi.org/10.24193/JSSPSI.02.SCTR
https://doi.org/10.1080/00221689609498453
https://doi.org/10.1016/j.cities.2020.102917
https://doi.org/10.2166/wst.2017.409
https://www.ncbi.nlm.nih.gov/pubmed/29144298
https://doi.org/10.1016/j.cities.2017.11.013
https://doi.org/10.3390/land9090339
https://doi.org/10.1029/2019WR025236
https://doi.org/10.3390/w12020522
https://doi.org/10.1039/C8EW00498F
https://doi.org/10.1016/j.jher.2020.01.006
https://doi.org/10.3390/w12113160


Sustainability 2024, 16, 7349 29 of 30

26. Sun, L.; Xia, J.; She, D.; Guo, Q.; Su, Y.; Wang, W. Integrated intra-storm predictive analysis and real-time control for urban
stormwater storage to reduce flooding risk in cities. Sustain. Cities Soc. 2023, 92, 104506. [CrossRef]

27. D’Ambrosio, R.; Longobardi, A.; Schmalz, B. SuDS as a climate change adaptation strategy: Scenario-based analysis for an urban
catchment in northern Italy. Urban Clim. 2023, 51, 101596. [CrossRef]

28. Osheen; Kansal, M.L.; Bisht, D.S. Evaluation of an urban drainage system using functional and structural resilience approach.
Urban Water J. 2023, 20, 1794–1812. [CrossRef]

29. Salamanca, D.; Husserl, J.; Ramos-Bonilla, J.P.; Sánchez, J.P.R. Pathogens in Runoff Water Treated by a Sustainable Urban Drainage
System in a Developing Country. Environ. Process. 2023, 10, 3. [CrossRef]

30. McDonald, R.K. Sustainable Urban Drainage Systems (SUDS) in Scotland: Assessment of Monitoring and Maintenance within
Local Authorities and Scottish Water. ClimateXChange, 2020. Available online: https://www.climatexchange.org.uk/media/3239
/sustainable_urban_drainage_systems_in_scotland.pdf (accessed on 6 August 2024).

31. Piacentini, S.M.; Rossetti, R. Attitude and Actual Behaviour towards Water-Related Green Infrastructures and Sustainable
Drainage Systems in Four North-Western Mediterranean Regions of Italy and France. Water 2020, 12, 1474. [CrossRef]

32. Potter, K.; Vilcan, T. Managing urban flood resilience through the English planning system: Insights from the ‘SuDS-face’. Philos.
Trans. R Soc. A 2020, 378, 20190206. [CrossRef]

33. Chu, X.; Campos-Guereta, I.; Dawson, A.; Thom, N. Sustainable pavement drainage systems: Subgrade moisture, subsurface
drainage methods and drainage effectiveness. Constr. Build. Mater. 2023, 364, 129950. [CrossRef]

34. Antonio, E.; Alobo, M.; Bayona, M.T.; Marsh, K.; Norton, A. Funding and COVID-19 research priorities—Are the research needs
for Africa being met? AAS Open Res. 2020, 3, 56. [CrossRef]

35. Ezzine, A.; Saidi, S.; Hermassi, T.; Kammessi, I.; Darragi, F.; Rajhi, H. Flood mapping using hydraulic modeling and Sentinel-1
image: Case study of Medjerda Basin, northern Tunisia. Egypt. J. Remote Sens. Space Sci. 2020, 23, 303–310. [CrossRef]

36. Huang, Y.; Lin, J.; He, X.; Lin, Z.; Wu, Z.; Zhang, X. Assessing the scale effect of urban vertical patterns on urban water-logging:
An empirical study in Shenzhen. Environ. Impact Assess. Rev. 2024, 106, 107486. [CrossRef]

37. Shao, Z.; Li, Y.; Gong, H.; Chai, H. From risk control to resilience: Developments and trends of urban roads designed as surface
flood passages to cope with extreme storms. Front. Environ. Sci. Eng. 2024, 18, 22. [CrossRef]

38. Erturk, A.; Gurel, M.; Baloch, M.A.; Dikerler, T.; Varol, E.; Akbulut, N.; Tanik, A. Application of Watershed Modeling System
(WMS) for integrated management of a watershed in Turkey. J. Environ. Sci. Health Part A 2006, 41, 2045–2056. [CrossRef]
[PubMed]

39. Roussel, M.C.; Thompson, D.B.; Fang, X.; Cleveland, T.G.; Garcia, C.A. Time-Parameter Estimation for Applicable Texas Watersheds;
Research Project Summary Report 0-4696-s; Department of Civil Engineering, Lamar University: Beaumont, TX, USA, 2005.

40. Hörnschemeyer, B.; Henrichs, M.; Uhl, M. Swmm-urbaneva: A model for the evapotranspiration of urban vegetation. Water 2021,
13, 243. [CrossRef]

41. Pachaly, R.L.; Vasconcelos, J.G.; Allasia, D.G.; Bocchi, J.P.P. Evaluating SWMM capabilities to simulate closed pipe transients.
J. Hydraul. Res. 2021, 60, 74–81. [CrossRef]

42. Shojaeizadeh, A.; Geza, M.; Hogue, T.S. GIP-SWMM: A new Green Infrastructure Placement Tool coupled with SWMM. J. Environ.
Manag. 2021, 277, 111409. [CrossRef]

43. Buahin, C.A.; Horsburgh, J.S. Advancing the Open Modeling Interface (OpenMI) for integrated water resources modeling.
Environ. Model. Softw. 2018, 108, 133–153. [CrossRef]

44. Masi, M.D.; Ergas, S.J. A SWMM-5 Model of a Denitrifying Bioretention System to Estimate Nitrogen Removal from Stormwater
Runoff. Civ. Environ. Eng. MS. 2011. Available online: http://scholarcommons.usf.edu/etd/3237 (accessed on 8 December 2011).

45. Rammal, M.; Berthier, E. Runoff losses on urban surfaces during frequent rainfall events: A review of observations and modeling
attempts. Water 2020, 12, 2777. [CrossRef]

46. Lisenbee, W.A.; Hathaway, J.M.; Burns, M.J.; Fletcher, T.D. Modeling bioretention stormwater systems: Current models and
future research needs. Environ. Model. Softw. 2021, 144, 105146. [CrossRef]

47. Sharifan, R.; Roshan, A.; Aflatoni, M.; Jahedi, A.; Zolghadr, M. Uncertainty and sensitivity analysis of SWMM model in
computation of manhole water depth and subcatchment peak flood. Procedia Soc. Behav. Sci. 2010, 2, 7739–7740. [CrossRef]

48. Vafaei, N.; Ribeiro, R.A.; Camarinha-Matos, L.M. Assessing Normalization Techniques for Simple Additive Weighting Method.
Procedia Comput. Sci. 2021, 199, 1229–1236. [CrossRef]

49. Zhao, J.Z.; Fonseca, C.; Zeerak, R. Stormwater Utility Fees and Credits: A Funding Strategy for Sustainability. Sustainability 2019,
11, 1913. [CrossRef]

50. Hoover, F.-A.; Hopton, M.E. Developing a framework for stormwater management: Leveraging ancillary benefits from urban
greenspace. Urban Ecosyst. 2019, 22, 1139–1148. [CrossRef]

51. Zhao, W.; Liu, Y.; Daryanto, S.; Fu, B.; Wang, S.; Liu, Y. Metacoupling supply and demand for soil conservation service. Curr.
Opin. Environ. Sustain. 2018, 33, 136–141. [CrossRef]

52. Beecham, S.; Pezzaniti, D.; Kandasamy, J. Stormwater treatment using permeable pavements. Proc. Inst. Civ. Eng. Water Manag.
2012, 165, 161–170. [CrossRef]

53. Leroy, M.-C.; Portet-Koltalo, F.; Legras, M.; Lederf, F.; Moncond’Huy, V.; Polaert, I.; Marcotte, S. Performance of vegetated swales
for improving road runoff quality in a moderate traffic urban area. Sci. Total. Environ. 2016, 566–567, 113–121. [CrossRef]

https://doi.org/10.1016/j.scs.2023.104506
https://doi.org/10.1016/j.uclim.2023.101596
https://doi.org/10.1080/1573062X.2022.2044495
https://doi.org/10.1007/s40710-022-00610-x
https://www.climatexchange.org.uk/media/3239/sustainable_urban_drainage_systems_in_scotland.pdf
https://www.climatexchange.org.uk/media/3239/sustainable_urban_drainage_systems_in_scotland.pdf
https://doi.org/10.3390/w12051474
https://doi.org/10.1098/rsta.2019.0206
https://doi.org/10.1016/j.conbuildmat.2022.129950
https://doi.org/10.12688/aasopenres.13162.1
https://doi.org/10.1016/j.ejrs.2020.03.001
https://doi.org/10.1016/j.eiar.2024.107486
https://doi.org/10.1007/s11783-024-1782-9
https://doi.org/10.1080/10934520600780693
https://www.ncbi.nlm.nih.gov/pubmed/16849145
https://doi.org/10.3390/w13020243
https://doi.org/10.1080/00221686.2020.1866695
https://doi.org/10.1016/j.jenvman.2020.111409
https://doi.org/10.1016/j.envsoft.2018.07.015
http://scholarcommons.usf.edu/etd/3237
https://doi.org/10.3390/w12102777
https://doi.org/10.1016/j.envsoft.2021.105146
https://doi.org/10.1016/j.sbspro.2010.05.205
https://doi.org/10.1016/j.procs.2022.01.156
https://doi.org/10.3390/su11071913
https://doi.org/10.1007/s11252-019-00890-6
https://doi.org/10.1016/j.cosust.2018.05.011
https://doi.org/10.1680/wama.2012.165.3.161
https://doi.org/10.1016/j.scitotenv.2016.05.027


Sustainability 2024, 16, 7349 30 of 30

54. Mandiau, R.; Champion, A.; Auberlet, J.-M.; Espié, S.; Kolski, C. Behaviour based on decision matrices for a coordination between
agents in a urban traffic simulation. Appl. Intell. 2008, 28, 121–138. [CrossRef]

55. Suthar, S.; Sajwan, A. Rapid impact assessment matrix (RIAM) analysis as decision tool to select new site for municipal solid
waste disposal: A case study of Dehradun city, India. Sustain. Cities Soc. 2014, 13, 12–19. [CrossRef]

56. Cobos-Mora, S.L.; Guamán-Aucapiña, J.; Zúñiga-Ruiz, J. Suitable site selection for transfer stations in a solid waste management
system using analytical hierarchy process as a multi-criteria decision analysis: A case study in Azuay-Ecuador. Environ. Dev.
Sustain. 2023, 25, 1944–1977. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s10489-007-0045-3
https://doi.org/10.1016/j.scs.2014.03.007
https://doi.org/10.1007/s10668-022-02134-8

	Introduction 
	Materials and Methods 
	Study Area 
	Watershed Modeling System (WMS) 
	Modeling with Stormwater Management Model (SWMM) 
	Scenario Prioritization 

	Results 
	Digital Watershed Modeling 
	SWMM Modeling 
	Environmental Aspects 
	Economic Aspects 
	Social Aspects 

	Making Scenarios to Treat the Critical Conditions 
	Scenario (a) 
	Scenario (b) 
	Scenario (c) 
	Scenario Prioritization 
	Scenario Analysis 

	Discussion 
	Conclusions 
	References

