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Abstract: Floods are amongst the most destructive and costly natural disasters impacting communities
around the globe. The severity and reoccurrence of flooding events have been more common in
recent years as a result of the changing climate and urbanization. Best Management Practices (BMPs)
are commonly used flood management techniques that aim to alleviate flooding and its impacts by
capturing surface runoff and promoting infiltration. Recent studies have examined the effectiveness
of BMPs in countering the effects of flooding; however, the performance of such strategies still needs
to be analyzed for possible future climate change. In this context, this research employs climate
model-driven datasets from the North American Regional Climate Change Assessment Program
to evaluate the effects of climate change on urban hydrology within a study region by calculating
historical and projected 6 h 100-year storm depths. Finally, the climate-induced design storms are
simulated in the PCSWMM model, and the three BMP options (i.e., porous pavement, infiltration
trench, and green roof) are evaluated to alleviate the impact of flooding events. This study quantifies
the impact of changing climate on flood severity based on future climate models. The results indicate
that peak discharge and peak volume are projected to increase by a range of 5% to 43% and 8% to
94%, respectively. In addition, the results demonstrated that green roofs, Permeable Pavement, and
infiltration trenches help to reduce peak discharge by up to 7%, 14%, and 15% and reduce flood
volume by up to 19%, 24%, and 29%, respectively, thereby presenting a promising solution to address
the challenges posed by climate change-induced flooding events.

Keywords: flood; climate change; best management practice; PCSWMM; NARCCAP; climate change
adaptation; green roof

1. Introduction

Recent flood experience demonstrates a rise in the occurrence and magnitude of ex-
treme weather events that caused significant floods in many regions of the world. Floods
are typically caused by excessive runoff, often due to heavy rainfall or the overflow of
rivers and streams, particularly detrimental in urban watersheds with a high concentration
of vital infrastructure, economic assets, and densely populated areas. Despite the findings
of the latest Intergovernmental Panel on Climate Change (IPCC) report, which indicate low
confidence in directly attributing the effects of climate change to the increase in flooding
events, [1] numerous global severe flooding reports and scientific studies suggested a
direct link between climate change and the rise in flooding events. For example, in the
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Pernambuco, Alagoas, and Paraiba states in Brazil, severe flooding in May 2022 killed
79 people, and 3957 people were displaced from their homes [2]. On 11 July 2022, in Gujarat,
India, catastrophic flooding due to heavy rainfall affected over a million people [3]. Simi-
larly, In the Henan Province of China in July 2021, flash floods affected around 15 million
people, resulting in 302 fatalities and 50 missing persons and causing economic losses of
approximately USD 17 billion [4]. During the same year, the summer flooding event killed
at least 160 persons in Germany and 31 in Belgium [5]. Hurricane Harvey in 2017 and
Hurricane Florence in 2018 were the two wettest storms to hit the United States in the
previous 70 years, causing severe flooding [6]. A rising amount of flooding events and
scientific evidence indicate that extreme flooding disasters are projected to become more
regular and intense over the next decades [7,8].

Similarly, numerous scientific studies worldwide suggested that climate change and
urbanization are the two most critical factors increasing the frequency and severity of
extreme flooding events worldwide [9–12]. Climate change has significantly impacted
the water cycle and extreme precipitation patterns, increasing the frequency and severity
of floods [13]. Similarly, urbanization due to anthropogenic activities and infrastructural
developments decreased the amount of natural vegetation in the watershed, which in-
creases the percentage of impervious areas and significantly reduces the infiltration capacity
during rainfall events, resulting in increased surface runoff and consequently increasing
the severity of flooding [13].

Best Management Practice (BMP) is a commonly used flood control technique that
aims to alleviate the impact of flooding events during a high-intensity rainfall event.
The usage of BMP has increased along with the United Nation’s 11th sustainable goal
of making cities safer, more durable, and sustainable. BMPs are an effective method of
green infrastructure (GI) practices that are considered to manage urban runoff quantity and
quality [14–16]. Urban BMPs can be structural and nonstructural measures to manage urban
runoff by increasing the perviousness of the land, consequently decreasing the surface
runoff [17]. Previous studies determined the effectiveness of different BMPs such as green
roofs [18,19], rain gardens [20], bioretention ponds [21], bioretention swales [16], porous
pavement [22,23], infiltration trench [24], rainwater harvesting [25,26], rain barrel [14,27] in
mitigating the impact of flooding events by lowering peak discharge and flooding volume.
However, most of the current hydrological studies considered statistical evaluations of
past rainfall events’ intensity and frequency to determine the effectiveness of BMP in
urban watersheds. These methods are tested to justify certain discharges that account
for the recurrence of events such as 100-year storm events. The statistical parameters of
the hydrological variables in this design are typically thought to be constant across time
without significant fluctuations. However, many previous studies found that impacts of
climate change will increase the intensity of rainfall events, and 100-year return period
flooding events are expected to become more common [7,8,28]. Major cities with extensive
drainage systems are encountering more difficulties because of rising flood volumes,
which are anticipated to raise infrastructure failure risks, property damage, and probable
fatalities [29]. Therefore, considering potential changes in storm patterns and intensity
because of future climate change, it is essential to evaluate the effectiveness of BMP for
future climatic conditions.

In this context, this study used climate model-driven datasets provided by the North
American Regional Climate Change Assessment Program (NARCCAP) to evaluate the
impact of climate change on urban hydrology within a proposed study area. The NARC-
CAP developed several high-resolution climate scenarios by applying multiple RCMs to
evaluate their impacts on North America [30]. This international program employs an RCM,
coupled GCM, and time-slice experiment to provide high-resolution climate scenarios for
continental North America [30]. The climate change information provided by RCMs and
GCMs is available on the gridded precipitation formats. The gridded data for precipitation
from climate models are areal averages rather than point estimates, and it is not simple
to connect catchment-scale hydrologic analysis with gridded climate change estimates.
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The targeted watershed-level hydrological implementation of climate change impacts is
typically connected to the projected climatic outputs using one of two downscaling tech-
niques: statistical downscaling or dynamical downscaling [31]. The application of these
downscaling techniques is complex.

Therefore, in this study, the future climate data, which are available in gridded for-
mat, are converted to point-rainfall data using the delta change method (DCM), a less
complicated downscaling technique [32]. DCMs include relevant data for evaluating the
hydrological effects of climate change, and their application is straightforward [32]. Delta
change factors are typically calculated by taking the differences between the future climate
data and the corresponding historical data for a specific time period and geographical area.
These factors are then applied to the historical climate data to estimate what the climate
conditions might be in the future under a certain climate change model [33].

In this context, this study used the PCSWMM model to simulate increased hydrology
runoff caused by increased precipitation. Similarly, three BMP options (porous pavement,
infiltration trench, and green roof) were used to determine their effectiveness in reducing
the impacts of urban flooding.

2. Site Description and Data
2.1. Study Area

The methodological approach is applied to the study of East St. Louis, which is located
in Illinois, United States. The geographical location of the study area is shown in Figure 1
with the Digital Elevation Model (DEM) and river stretch. The study watershed has a total
area of 120 km2 and drains into the Mississippi River. The latitude of the proposed study
area ranges from 38◦33′00′′ N to 38◦43′00′′ N, and its longitude ranges from 89◦57′00′′ W to
90◦09′00′′. The elevation of the study area is from 120 m to 204 m above sea level. The study
region has a very high level of urbanization and is primarily comprised of impervious
areas. The choice of this study area was driven by the significant annual flooding issue
affecting a large population of this region [34]. The watershed has experienced numerous
land use changes from the 1990s to the present, increasing the percentage of the built-up
area from 23% to 62% between 1987 and 2022.

2.2. Watershed Characteristics

DEM, Land Use and Land cover data (LULC), Soil class data (i.e., A/B/C/D), Impervi-
ousness data, and Curve Number grid are important datasets required for the hydrological
analysis. A total of 1 m spatial resolution of the DEM data and soil grid map was down-
loaded from the United States Geological Survey (USGS) website and extracted using the
Arc-GIS for the study watershed boundary. Similarly, LULC data were obtained from the
Multi-Resolution Land Characteristics website and retrieved using Arc-GIS with study area
boundary. The Curve Number (CN) grid file, a crucial loss method parameter in hydrologic
modeling, was created using soil class and LULC datasets. Curve Number (CN) values play
an essential role in hydrological modeling by serving as critical indicators for estimating
various hydrological parameters and delineating the characteristics of sub-basins. Figure 2
shows CN values applied in the model to enhance the understanding of the hydrological
processes within the study area.

These CN values are numerical representations that represent the land cover, soil type,
and land use characteristics of a specific area. CN values range from 0 to 100, with lower
CN values typically associated with surfaces that are less prone to runoff (such as forests or
wetlands), while higher CN values are linked to surfaces that generate more runoff (like
urban areas or compacted soils).
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2.3. NARCCAP Climate Model

This study utilized NARCCAP data to design projected future storm depths for the
study area. The NARCCAP datasets are generated by four GCMs and further regionalized
by six RCMs to generate regional-scale climate reduction. These datasets are accessible at
50 km geographical and 3 h temporal resolutions. The uncertainty in the predictions by
these climate models is highly dependent on the climate change scenarios and boundary
conditions. To establish boundary conditions for RCMs over a historical period of 30 years
(1971–2000) and a future period of 30 years (2041–2070), data from GCMs were used
based on the A2 Emissions Scenario, which was created following the guidelines of the
Intergovernmental Panel on Climate Change [31].

NARCCAP has consistently produced climate model data using different GCM and
RCM combinations. The current study analyzed 14 sets of NARCCAP historical and
future climate data that were produced by combining two timescales of the Community
Atmosphere Model, Version 3 of the National Center for Atmospheric Research (NCAR
GCM, CAM3), and the atmospheric model (AM2.1) of the Geophysical Fluid Dynamics
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Laboratory (GFDL). These sets of data were generated as of December 2021. Table 1 shows
the list of NARCCAP data used in this investigation.
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Table 1. List of global climate models (GCMs) and derived regional climate models (RCMs) utilized
in the current research.

Regional Climate Model
Global Climate Model

CCSM CGCM3 GFDL HadCM3

CRCM CRCM-CCSM CRCM-CGCM3 - -
ECP2 - - ECP2-GFDL ECP2-HADCM3

HRM3 - - HRM3-GFDL HRM3-HADCM3
MM5I MM5I-CCSM - - MM5I-HADCM3
RCM3 - RCM3-CGCM3 RCM3-GFDL -
WRFG WRFG-CCSM WRFG-CGCM3 - -

Timeslice Timeslice CCSM - Timeslice GFDL -

2.4. NCEP North American Regional Reanalysis (NARR)

The effectiveness of the NARCCAP data was validated using rainfall depth obtained
from the NCEP North American Regional Reanalysis (NARR) historic rainfall data. Previ-
ous researchers also employed a comparable methodology and validated the effectiveness
of the NARCCAP data by comparing them with historical rainfall data from the NARR [35].
The NARR rainfall data consist of high-resolution gridded long-term historic datasets
that span a time range from 1979 to the present. NARR is a dynamically consistent and
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high-resolution dataset based on the assimilation of numerical land surface models and
historic observations [36]. The observation data are based on various sources that include
surface observations, radars, satellites, and radiosondes. As a result of this, NARR records
outperform past global reanalysis. With enhanced atmospheric circulation throughout the
troposphere, NARR has efficiently assimilated the land and the atmospheric records [36].
The NAAR precipitation data have a 32 km geographical resolution and a 3-hourly tempo-
ral resolution. The NARR statistics for the years 1979 to 2000 were utilized in the analysis
because of the availability of NARCCAP historical data up to the year 2000.

3. Methodology

There are three phases in the proposed research methodology to evaluate the BMPs’
hydrologic efficacy in controlling runoff during climate-induced flooding events. In the
first phase, future projected storm depth is obtained by performing a probability frequency
on NARCCAP future data. In the second phase, the projected precipitation depth was
applied to the PCSWMM model with the SWMM 5.1.013 hydrology and hydraulics engine
to analyze the change in peak runoff and flood volume in the watershed due to future
climate change. In the last phase, different BMP options are introduced in a PCSWMM
model to evaluate their effectiveness during climate-induced flooding events (Figure 3).
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3.1. Design Depth

The objective of this study was to evaluate the impacts of climate change on rainfall
events that occur once every 100 years with a duration of 6 h. The design storm depths
were established using one historical climate-model scenario from NARR and 14 historical
and future climate-model from NARCCAP at the grid scale. The 6 h 100-year design storms
were computed using the generalized extreme value (GEV) probability distribution method.
To obtain the 6-hourly rainfall data, the climate model data were converted using a 6 h
window as it was available in a 3-hourly temporal scale. Regional frequency analysis (RFA)
was implemented to expand the size of the climate model data obtained in gridded forms
from nearby homogeneous grids. The L-Moments were employed to compute the three
GEV parameters from the annual maximum data series. A comparison was made between
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the NARCCAP model data and NARR 100-year design depths. Design depths from the
NARCCAP model data that exceeded the NARR design depth were removed for further
analysis. This helps prevent potential biases or inaccuracies in the climate model data from
skewing the analysis results, ensuring that the conclusions drawn from the comparison are
more robust and representative of real-world conditions.

In the current study, the grid-scale climate data were converted into point observations
utilizing the delta change method (DCM), considered a simplified approach [32]. DCMs
are considered to be a useful tool for assessing the hydrological impacts of climate change,
as they provide critical details straightforwardly and intuitively [33]. The delta change
factor for a particular NARCCAP model was established based on the ratio between the
predicted future design depth and the historical design depth. Additionally, the areal
reduction factors were held identical for a proposed study area, duration, and return
period when investigating future projected extreme rainfall depth, as proposed by [32]. The
consideration of these factors is critical for accurately analyzing future projected extreme
rainfall depths and their potential hydrological impacts.

3.2. Hydrologic Modeling

The Storm Water Management Model (SWMM) model was chosen in this study for
calculating rainfall–runoff, routing floods, and applying BMPs in the urban watershed.
SWMM was created by USEPA and is a dynamic rainfall–runoff analysis tool applied for
single and continuous events analysis of runoff quantity and quality [37,38]. This study
used PCSWMM, a GIS-based version of EPA SWMM created by Computational Hydraulics
International (CHI), for rainfall–runoff simulation. The hydrologic and hydraulic model in
the PCSWMM was created with the integration of extracted data from Arc-GIS and HEC-
RAS models. In the first steps, DEM data, CN grid, and percentage Imperviousness grid
were prepared in the Arc-GIS and imported to the PCSWMM model. In the second step, the
Ras mapper tool in HEC-RAS was used to create the centerline, bank lines, and cross-section.
The HEC-RAS-generated river geometry was directly imported into PCSWMM as conduits,
transects, and junctions. In the final steps, Arc-GIS developed DEM, and HEC-RAS-
generated river characteristics were used to delineate the sub-catchments in the PCSWMM
model. Similarly, sub-catchment parameters, including surface roughness, imperviousness,
depression storage, and routing features, were evaluated using sub-catchment layers
and land-use layers. Average watershed slopes for each sub-watershed were calculated
using DEM, and Curve Number parameters for the SCS–Curve Number technique were
calculated using the soil and land use map for each sub-watershed.

3.3. BMP Installation

The type of BMP installation in any region depends upon the watershed character-
istics of the study location, such as topography, soil group, impervious percentage, and
watershed area [12,39]. The study area is highly urbanized, with a greater concentration
of residential houses, parking lots, and impermeable roads. Therefore, this study uses
Permeable Pavement, infiltration trenches, and green roofs in the impervious regions of
the watersheds that consist of parking lots, impervious roads, and buildings to mitigate
the flood peak regionally in the watershed. In this study, 30% area of each sub-catchment
was replaced with the respective BMP in each BMP scenario. This percentage aligns with
the average imperviousness percentage observed within each sub-basin, ensuring a con-
sistent and contextually relevant application of BMPs across the study area. The BMPs
implemented in the study were global instead of designed for specific local conditions. By
implementing these BMPs, the study aimed to increase the amount of water infiltrated into
the groundwater system and reduce the amount of surface runoff. The surface, pavement,
soil, storage, underdrain, and drainage material layers were used to derive the design
parameters for each BMP (Table 2).
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Table 2. BMP design parameters (N/A, not available).

Layers Parameter Permeable Pavement Green Roof Infiltration Trench Unit

Surface Berm height 100 100 100 mm
Vegetation Volume 0.1 0.1 0.1 fraction

Pavement Thickness 150 N/A N/A mm
Void ratio 0.21 N/A N/A

Permeability 2000 N/A N/A mm/h
Clogging factor 83 N/A N/A

Soil Thickness 100 100 N/A mm
Porosity 0.5 0.5 N/A

Field Capacity 0.2 0.2 N/A
Wilting Point 0.1 0.1 N/A
Conductivity 0.5 0.5 N/A mm/h

Conductivity Slope 30 30 N/A
Suction head 3.5 3.5 N/A mm

Storage Thickness 300 N/A 300 mm
Void ratio 0.75 N/A 0.75

Seepage rate 0.5 N/A 0.5 mm/h
Underdrain Drain coefficient 0.2 N/A 0.2 mm/h

Drain exponent 0.5 N/A 0.5
Drain offset height 30 N/A 30 mm

Drainage Material Thickness N/A 25.4 N/A mm
Void fraction N/A 0.5 N/A
Roughness N/A 0.2 N/A

Permeable pavements, infiltration trenches, and green roofs are all commonly used
BMPs in urban watersheds and stormwater infrastructures as flood management strate-
gies [40–44]. Permeable pavements are designed to replace impermeable surfaces such
as walkways, roadways, and parking lots, allowing for stormwater infiltration through
the top permeable layer and underlying structures. These structures typically include a
storage layer and a porous pavement layer, with an underdrain system at the bottom of
the storage layer. The stored water can then be infiltrated into groundwater networks
or used for stormwater harvesting. Infiltration trenches, on the other hand, are trenches
filled with stone or gravel that allow stormwater infiltration into the ground. They are
typically used to treat and store stormwater runoff from impervious surfaces such as roofs
and parking lots. To maximize their effectiveness, infiltration trenches can also be com-
bined with other stormwater management techniques, such as green infrastructure and
Permeable Pavements.

Green roofs, consisting of a vegetation layer, a soil layer, and a storage layer with
an underdrain, can also be used as a flood management strategy. Green roofs manage
stormwater and provide various other benefits, such as reducing the urban heat island
effect and improving air quality. The roof runoff can be collected on the green roof and
stored in layers before entering the conventional drainage system via underdrains or
overflow components.

4. Results and Discussions
4.1. Verification of NARCCAP-Generated Storm Depths

This study applied the NARCCAP climate model to calculate the historic and future
projected 100-year 6 h storm depths. The effectiveness of the NARCCAP climate models
was subsequently verified using the NARR datasets. The historical and future projected
storm depths were determined based on 14 NARCCAP datasets, which included 12 models
of RCMs and GCMs and two-time slices. In conjunction with the NARR 100-year, 6 h
historical depths, these datasets were used to calculate the future projected 100-year, 6 h
design depths, as presented in Table 1. Figure 4 displays a comparison between the design
depths for both historical and future projected events. The x-axis shows the 100-year, 6 h
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historical depths, and the y-axis shows the 100-year, 6 h future projected storm depths.
A vertical red dashed line in the figure marks the NARR 100-year, 6 h historical depth.
The historical depths from eight NARCCAP models, including CRCM-CCSM, CRCM-
CGCM3, GFDL-ECP2, HADCM3-ECP2, MM5I-CCSM, WRFG-CGCM3, HRM3-HADCM3,
and Timeslice CCSM, are presented on the left side of the vertical axis in Figure 4 as they
were deemed relevant for the subsequent analysis as they were lower than the historical
depths obtained from the NARR dataset. On the right side of the vertical line in Figure 4, the
historical depths of 100-year, 6 h duration from six NARCCAP datasets, including RCM3-
CGCM3, RCM3-GFDL, MM5I-HADCM3, HRM3-GFDL, WRFG-CCSM, and Timeslice
GFDL, were determined to be greater than the NARR historical depths and were excluded
from further analysis. Similarly, the label in Figure 4 shows the results of the delta change
factor (DCF). The delta change factor ranges from 0.87 to 1.75, suggesting possible changes
in the 100-year, 6 h depth in the future. One of the NARCCAP models, GFD-ECP2, showed
a negative change (i.e., DCF = 0.87) and was also rejected for further analysis.
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4.2. Streamflow Variability Due to Climate Change

This study generated a set of seven climate sensitivity models by multiplying 100-year
6 h storm depths with delta change factors, which were approved from NARR climate
analysis. The resulting flow hydrographs for each model and the baseline flow (i.e.,
without climate change) were computed (Figure 5). The outcomes presented in Figure 5
indicate a noticeable level of uncertainty among the NARRCAP models. Four of the
seven climate variability scenarios (CRCM-CCSM, CRCM-CGCM3, Timeslice CCSM, and
HADCM3-ECP2) showed only minor differences from the baseline scenario, with peak
discharge ranging from 279 m3/s to 321 m3/s. However, two scenarios (WRFG-CGCM3
and HRM3-HADCM3) demonstrated significantly higher peak discharges of 361 m3/s and
382 m3/s, respectively.
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Similarly, the present study investigated the potential impacts of climate change on
flooding by analyzing the percentage increase in peak discharge and flood volume under
different climate change models. Figure 6 shows the percentage increase in flood volume
and peak discharge during different climate change scenarios. The study found that peak
discharge increases ranged from 5% to 43% under climate change scenarios, with the
severity of climate change being more evident in the flood volume increase. The flood
volume increased by 8% to 94% for the seven climate change scenarios compared to the
baseline scenario. The Timeslice CCSM scenario showed less peak discharge and flood
volume increase, with only 5% and 8% increases, respectively. The study found that under
the CRCM-CGCM3 scenario, peak discharge is expected to increase by 22%, while flood
volume is expected to increase by 20%. The HRM3-HADCM3 scenario demonstrated the
highest severity of extreme events in the future, with peak discharge expected to increase
by 43% and flood volume expected to increase by 94%. Similarly, the HADCM3-ECP2,
MM5I-CCSM, and WRFG-CGCM3 scenarios demonstrated likely peak discharge increases
of 21%, 11%, and 36%, respectively, with corresponding flood volume increases of 27%,
16%, and 64%. The observed increase in peak discharge and flood volume suggests that
floods are becoming more intense and frequent, which could lead to severe impacts on
infrastructure, ecosystems, and human populations.
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4.3. Performance of Best Management Practices on Climate Change Scenarios

The preceding section highlighted the potential impact of climate change scenarios on
urban watersheds, specifically with regard to an increase in peak flow and flood volume.
This section aims to analyze the potential benefits of Best Management Practices (BMPs) in
mitigating the effects of climate change-induced extreme floods. To achieve this objective,
this study evaluates the effectiveness of three types of BMPs, namely green roof, infiltration
trench, and Permeable Pavement, across four scenarios. The four scenarios considered in
this study include the present scenario and three climate change scenarios. The present
scenario is characterized by 100-year 6 h storm events in the absence of climate change.
In contrast, the three climate change scenarios are Timeslice CCSM, WRFG-CGCM3, and
HRM3-HADCM3, representing varying degrees of climate change severity. Specifically,
the Timeslice CCSM scenario is the least severe, with a DCF of only 1.06. In comparison,
the WRFG-CGCM3 and HRM3-HADCM3 scenarios are considered the most extreme, with
DCF values of 1.49 and 1.75, respectively. This study evaluates the effectiveness of the
selected BMPs across all four scenarios to provide insights into their potential benefits in
mitigating the effects of climate change-induced extreme floods in urban watersheds.

Overall, the results demonstrated that the BMPs were effective in reducing the peak
flood and flood volume for all four climate change scenarios (Figure 7).
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The effectiveness of BMPs was higher for the present condition (i.e., 100 years 6 h
storm events) without considering the climate changes. The Green Roof BMP technique
resulted in a 7% reduction in peak discharge and a 19% reduction in volume, while the
infiltration trenches LID technique resulted in a 15% reduction in peak discharge and a
29% reduction in volume. The Permeable Pavement implementation resulted in a 14%
reduction in peak discharge and a 24% reduction in volume. For the climate change scenario
of Timeslice CCSM, the Green Roof implementation resulted in a 6% reduction in peak
discharge and a 17% reduction in flood volume, while the infiltration trenches resulted in a
16% reduction in peak discharge and a 29% reduction in volume. The Permeable Pavement
resulted in a 15% reduction in peak discharge and a 23% reduction in volume. Similarly for
the climate change scenario of WRFG-CGCM3, the green roof implementation resulted in
a 2% reduction in peak discharge and an 11% reduction in volume, while the infiltration
trenches resulted in a 13% reduction in peak discharge and a 28% reduction in volume. The
Permeable Pavement resulted in an 11% reduction in peak discharge and a 21% reduction
in volume. The performance of BMPs reduced significantly for the most extreme climate
change scenarios (i.e., HRM3-HADCM3). The performance of Green Roof dropped to
only 1% reduction in peak discharge and a 9% reduction in volume, while the infiltration
trenches resulted in a 9% reduction in peak discharge and a 27% reduction in volume. The
Permeable Pavement resulted in an 8% reduction in peak discharge and a 19% reduction
in volume.

These results suggest that implementing BMPs can effectively alleviate the impacts
of climate change on flood control. The results revealed that the infiltration trenches
performed significantly higher for all four climate change scenarios, and the green roof was
the least effective for four climate change scenarios compared to the infiltration trenches
and Permeable Pavement. The average peak discharge reduction performance of green
roofs, infiltration trenches, and Permeable Pavements were 4%, 13%, and 12%, respectively.
Similarly, The average flood volume reduction performance of green roofs, infiltration
trenches, and Permeable Pavements were 14%, 28%, and 12%, respectively.

This research demonstrates the potential impacts of climate change on flooding in the
urban watershed. The seven climate variability scenarios developed in this study showed
significant uncertainty among the NARCCAP models and the results are similar to the
previous studies [35,45–47]. Five climate change scenarios demonstrated only nominal
differences from the baseline scenario (i.e., without climate change), while two scenarios
demonstrated significantly higher peak discharge and flood volume values. The study
found that the severity of climate change was more evident in the flood volume increase,
with an increase of 8% to 94% for the seven climate models compared to the baseline
scenario. The observed increase in peak discharge and flood volume suggests that floods
are becoming more intense and frequent, which could lead to severe impacts on urban hy-
drology and infrastructure. Numerous prior investigations identified a noticeable upward
trend in the intensity of extreme rainfall events within the United States due to climate
change. A study conducted by Hettiarachchi et al., 2018 [48] found that climate change
increases the flood peak by up to 35% and flood volume by up to 170% in their study area.
This observation resonates with the findings of our study. In a separate examination, Zhu
et al. (2012) [49] detected the potential modification of the intensity–duration–frequency
curve across six distinct regions in the continental United States. In the majority of these
regions, an escalation in the occurrence of extreme events in the future was ascertained.
Similarly, recent investigations conducted by Ionno et al. [50] indicate that when projecting
climate change effects for the 2070 timeframe, a prevailing trend of augmented flood vol-
umes is anticipated across a substantial expanse of North America. The findings of this
study are also consistent with previous research that showed that climate change is likely
to increase the frequency and intensity of extreme flooding events [50–54]. The results of
this study have important implications for flood risk management and adaptation planning
in urban watersheds. The study suggests that current flood management strategies may be
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insufficient to cope with the potential impacts of climate change on flooding and that new
strategies will be needed to reduce the risks posed by flooding.

This study evaluated the effectiveness of three Best Management Practices (BMPs) in
mitigating the impacts of climate change-induced extreme floods. The results demonstrated
that all the BMP techniques (i.e., green roof, infiltration trench, and Permeable Pavement)
were effective in reducing the peak flood and flood volume for all four climate scenar-
ios. This suggests that BMPs can play a crucial role in mitigating the impacts of climate
change on flood control. This finding is consistent with previous research that supports the
importance of implementing BMPs in urban watersheds to decrease the impact of urban
flooding [14,55–59]. The results of a study conducted by Masseroni and Cislaghi 2016 [60]
align with our findings, highlighting the substantial benefits of widespread green roof
implementation. Their research demonstrates that green roof implementation can lead
to remarkable reductions in both peak runoff rates and runoff volumes, with potential
decreases of up to 30% and 35%, respectively, when achieving full-scale conversion. Sim-
ilarly, the studies conducted by Meena et al. 2018 [61] found that the implementation of
infiltration trenches and Permeable Pavement can reduce the flood volume by 7.34% and
17.06%, respectively. In addition, the results suggested that the effectiveness of BMPs varies
significantly for different climate scenarios. For example, the BMPs were most effective
for the present condition without considering climate change, with the infiltration trench
technique resulting in the highest reduction in peak discharge and flood volume. However,
the performance of BMPs reduced significantly for the most extreme climate change model
(HRM3-HADCM3). This finding is consistent with some previous studies which suggest
that the effectiveness of BMPs may be limited in extreme climate change scenarios, and
this result also highlights the importance of considering the severity of climate change
when evaluating the potential benefits of BMPs [62–64]. The performance of the green roof
technique was the least effective among the BMPs evaluated for all four climate change
scenarios. This suggests that the effectiveness of green roof BMPs may be limited in reduc-
ing peak flow and flood volume compared to other BMPs, such as infiltration trenches and
Permeable Pavement. Similar research conducted by Ercaloni et al., 2018 [18] highlights the
potential of green roofs to effectively reduce both peak flow rates and total volume within
urban drainage networks, particularly for smaller, more frequent storms. Moreover, their
findings reveal that the urban system’s response to green roof implementation is non-linear
based on the extremity of flood frequency. This suggests that green roofs may not be the
most effective BMP for mitigating the high impacts of climate change on urban watersheds.

While this study provides valuable insights into the potential impacts of climate
change on flooding events and the effectiveness of adaptation strategies, it is important
to acknowledge certain limitations within the current study. Firstly, the analysis relies on
climate models to project future flood scenarios, which inherently come with uncertainties
and limitations in accurately capturing regional-scale hydrological processes. Additionally,
the latest IPCC report (IPCC AR6) highlights the challenge of attributing flooding events
solely to climate change, citing low confidence in the direct link between climate change
and the increase in flooding events [1]. This highlights the complexity of understanding the
drivers of flooding and the need for further research to determine the various contributing
factors. Furthermore, this study focuses on a specific geographical area, and the results may
not be generalizable to other areas with different climatic and hydrological characteristics.
Further, while this analysis considered the influence of climate change on flood severity, the
complex interactions between land use changes, infrastructure development, and climate
change effects require further investigation. Future research efforts should address these
limitations and provide a more comprehensive understanding of the dynamics driving
flooding events in the context of climate change.

5. Conclusions

The primary objective of this scientific study was to quantify the impact of climate
change on urban watersheds and implement effective Best Management Practices (BMPs)
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to mitigate the effects of climate-induced extreme floods. To achieve this objective, the
study employed the North American Regional Climate Change Assessment Program
(NARCCAP) climate model to project future climate change severity. Additionally, the
study utilized the PCSWMM model to develop a robust hydrological model for urban
watersheds. The study also evaluated the efficacy of three BMPs: green roof, infiltration
trench, and Permeable Pavement, against four climate change scenarios. The results of the
study are outlined below:

1. The projected 6 h 100-year return period precipitation storm for the East St. Louis
watershed is expected to increase by at least 1.06 (determined by Timeslice CCSM)
up to a maximum of 1.75 (determined from HADCM3-HRM3). This result highlights
the uncertainty in the NARCCAP model’s climate change predictions for the East St.
Louis watershed.

2. The hydrological simulation revealed that peak discharge ranges would increase
by 5% to 43%, and flood volume ranges would increase by 8% to 94% for different
NARCCAP-generated future climate change scenarios. Furthermore, the results
demonstrate that an increase in flood volume indicates the severity of climate change
compared to a peak discharge increase.

3. The Best Management Practices (BMPs) were effective in reducing peak discharge
and flood volumes for all climate change scenarios. However, their performance
varies with the severity of the climate change event. The results indicate that BMP
effectiveness decreases as the severity of extreme flooding events increases. Infil-
tration trenches provide the most significant flood reduction benefit for all climate
scenarios, while Permeable Pavement consistently demonstrates benefits for all four
climate scenarios. However, green roof implementation provided the least benefit
in flood mitigation, with negligible peak discharge reduction for the most severe cli-
mate change events. The average peak discharge reduction performance of the green
roof, infiltration trenches, and Permeable Pavement was 4%, 13%, and 12%, respec-
tively. Similarly, the average flood volume reduction performance of the green roof,
infiltration trenches, and Permeable Pavement was 14%, 28%, and 12%, respectively.

In conclusion, this research emphasizes the significance of considering the potential
impacts of climate change on urban watersheds when designing and implementing Best
Management Practices. Moreover, it provides valuable insights into the performance
of different BMP options and can be used to guide decision-making for urban planners
and engineers. Overall, this study contributes to the ongoing research on climate change
adaptation and urban watershed management and highlights the need for continuous steps
to address the challenges of climate change and extreme flooding events.
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