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Abstract: In recent years, the rapid expansion of urban areas has led to changes in land use, a reduction in
pervious surfaces, and a disturbance in the balance between surface waters and groundwater. These urban
changes, combined with inadequate drainage systems and misdirection of runoff, have resulted in severe urban
floods, causing numerous fatalities and damage to urban areas. As a result, investigating the effects of flood
occurrences and determining proper mitigation measures to reduce flood damage is essential. This paper aims
to establish a novel economic-hydrologic model to evaluate the efficacy of Low-impact Development (LID)
measures in urban Bronx River catchment, NYC. The model examines reduced peak discharge of flood and
imposed damage. Initially, the EPA’s SWMM is used to simulate urban flooding based on recent extreme
events. LID scenarios are then implemented, including individual and combined scenarios, to mitigate the
adverse impacts of flood occurrences of high to low frequency. By means of the HEC-GeoRAS tool, highly
detailed flood inundation maps are generated and seamlessly incorporated into the flood damage estimation
model, namely HAZUS, to obtain estimates of the potential damage caused by floods. Using the reduced
monetary damages and the implementation cost of LID measures, the benefit-to-cost (BC) ratio is then
calculated. Findings indicated that the combined LID scenario is the most effective approach in peak flow
reduction. Moreover, Permeable pavement outperforms infiltration trench, bio retention cell, and rain barrel in
terms of benefit-to-cost ratio, with rain barrel showing the lowest ratio. The proposed evaluation system for
LID measures, with a focus on flood damage reduction as a key benefit, provides valuable insights for
identifying optimal scenarios and facilitating informed decision-making.

Keywords: hydrologic-economic model; sensitivity analysis; low impact development scenarios;
urban flood management; BRONX River catchment

1. Introduction

In recent decades, climatic change that cause to shift in precipitation magnitude and pattern,
also human pressures and the related land use changes on catchment systems have led to reduce the
water permeability in ground, which consequently causes the increase of runoff volume and peak
flow, and the related flood events especially in urban catchments (Karamouz et al., 2010; Zhang et
al.,, 2017; Li et al., 2019). Flooding is a prevalent natural disaster on a global scale, accounting for
approximately one-third of all such incidents worldwide. Of particular concern is urban flooding,
which poses a significant challenge in numerous regions across the globe. Over the course of the last
twenty years, a staggering number of individuals, exceeding 1.81 billion people, which amounts to
nearly 22 percent of the global population, have been affected by flooding. The consequences of these
flood events have been devastating, with estimated casualties and damages surpassing a staggering

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202405.0808.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 May 2024 d0i:10.20944/preprints202405.0808.v1

1 trillion US dollars over the past four decades. (UNDRR, 2020; Munich, 2020; McDermott, 2022).
Furthermore, projections and forecasts of future trends and changes suggest that an even larger
number of people and valuable assets will be at risk of flooding in the coming decades (Jongman et
al., 2012; Bodoque et al., 2023). Regionally, based on recent reports from the National Weather Service
(NWS), floods in the United States resulted in an average annual toll of 85 human fatalities and $7.95
billion in damages over a span of approximately 30 years (1980-2013) (National Weather Service,
2017). The high costs associated with flooding events can be attributed to the complex interplay
between natural, social, and political factors. In the United States, the presence of residential and
commercial activities along coastlines and floodplain regions has significantly increased human
exposure to flood hazards (Sadiq et al., 2019). To effectively address and mitigate the severe impact
of floods, particularly in high-risk areas, it is crucial to implement urban flood risk management
strategies. Key to successful flood risk management is the implementation of comprehensive and
reliable flood risk assessments, encompassing the concepts of flooding hazard, flooding exposure,
and vulnerability (UNISDR, 2015; Bernhofen et al., 2022).

The assessment of flood risk has primarily relied on three methodological approaches: historical
disaster statistics, index system, and scenario simulation (Benito et al., 2014; Wang et al., 2018; Yang
et al., 2018; Jia et al., 2022). The historical disaster statistics method, which includes techniques such
as Euclidean Distance, Manhattan Distance, Bayesian networks, and Markov models, requires a large
dataset of flood disaster events to effectively forecast the risk of future floods. The assessment results
obtained using this method are consistent with the trend of risk evolution, but the accuracy of the
historical data is crucial (Peng and Zhang, 2012; Wang et al., 2018). The index system method is used
to evaluate flood risk by creating an index system that corresponds to flooding disasters and
determining the index weight using subjective and objective weighting methods, such as Analytic
Hierarchy Process (AHP), Entropy, and CRiteria Importance Through Intercriteria Correlation
(CRITIC). This approach standardizes regional data and calculates the risk value for that region
(Kabenge et al., 2017; Liu et al., 2019; Wu et al., 2020). The scenario simulation method uses
meteorological and hydrological data to simulate various scenarios for each study area using models
like Storm Water Management Model (SWMM) and other scenario simulation models. This approach
provides a comprehensive analysis of the development trends of flood disasters and can identify
weaknesses in risk prevention and control measures (Kim et al., 2007). The accuracy of the scenario
simulation method is high, making it a valuable tool for flood risk assessment.

Morrison et al. (2018) classified two contrasting approaches to flood risk management: the
traditional protective approach and the adaptive approach. The protective approach focuses on
mitigating risks through engineered physical infrastructure (e.g., grey infrastructure) and
regulations, while the adaptive approach emphasizes flood resilience through flexible Nature-Based
Solutions (NBS) in high-risk areas (Van Wesen et al., 2014; Lechowska, 2022). The FRM approach has
evolved from a single structural approach to a combined strategy that incorporates flood source
management and NBS. This shift reflects a growing recognition of the importance of natural systems
in flood risk mitigation (Dadson et al., 2017). NBS strategies for reducing flood hazards include a
range of measures such as leaky dams, distributed flood reservoirs, soil management practices, and
Low Impact Development (LID) scenarios. These strategies aim to slow and store floodwaters,
reducing the flood peak and mitigating the impact of flooding (Reaney, 2022).

In recent years, there has been growing interest among researchers, planners, and decision-
makers in the use of Low Impact Development (LID) scenarios as a green infrastructure approach to
managing stormwater runoff in urban catchments (Baek et al., 2015). LID scenarios are distributed
management practices that mimic natural hydrology and enhance infiltration and detention in urban
areas, differing from traditional structural alternatives (Ahiablame and Shakya, 2016; Eckart et al.,
2017; Hua et al., 2020). The primary goal of implementing LID scenarios is to reduce flood impacts
and floodplain areas in high-risk flooding regions at the urban catchment scale (Hu et al., 2017). These
scenarios also aim to preserve natural hydrologic conditions and provide opportunities for aquifer
recharge, thus contributing to sustainable water resources management (Azimvand et al., 2019).
However, the implementation of LID scenarios can be complex, time-consuming, and costly,
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requiring expertise and sufficient financial resources, which may be lacking in smaller urban
watersheds (Martin-Mikle et al, 2015). While LID scenarios can have positive hydrologic impacts in large
catchments, their application may be limited by space constraints in advanced urban catchments (Bae
and Lee, 2020). The suitability of LID scenarios depends on the specific project goals and spatial
conditions, which vary across urban catchments (Li et al., 2020). In recent years, there has been a
significant amount of global research focused on flood risk assessment and management, with
particular emphasis on the use of Low Impact Development (LID) techniques in urban catchments.
Table 1 summarizes the recent studies conducted in various regions across the world, regarding the
analysis of LIDs’ application for flood risk management.

Table 1. A summary of the recent studies on the application of LIDs for flood risk management.

Study area Methodology Summarized result Author(s)
Charleston,
South Helping managers to know

Game Theoretical Shapley

Carolina’s . . where invest and promote LID  Lawyer et al.
method combined with . ..
Market Street the hvdrolosical SWMM  SF€en infrastructures to mitigate 2024
watershed, y & flood risk
USA
PCSWMM and the two-
D ing the total flooded
Fragoso river dimensional HEC-RAS . e(;refsu;ig . ti O:: nr?ol € Rodrigues
basin, Olinda models evaluated the ciisczri:tioen inec(():n? ar?son with and Cabral
City, Brazil effects of using the the pre Constructionp 2022
structural LIDs on floods P
SWMM, HEC-RAS, and
Grecorio the Model for
& Interdisciplinary Research Considerable improvement in
catchment, . ! . L Fava et al.
on Climate version 5 the LID system resiliency in light
Sao Carlos, . . 2022
. (MIROCS) investigated ~ storms
Brazil s
the LIDs’ resiliency under
climate change
SWMM model simulated The greater flood mitigation in
the effects of three types the short-term heavy rainfall in
Saitama city, of LIDs including the comparison with the long-term  Uchiyama et
Japan building-level, open by using the LIDs, and efficiency ~ al. 2022
spaces-level, and the of the combined LID scenario in
combined form higher flood mitigation

Sensitivity of surface runoff to
SWMM model evaluated the rainfall volume, also
Pyeongtaek, the LID’s efficacy in water sensitivity of water quality to the Baek et al.

South Korea quality improvement rainfall temporal distribution, 2020
under climate change which is improved by
implementing LIDs
2D hydrological

Not being effective enough of the

modelling, AHP, and the .
current drainage system to

Chaohu City, Decision Theory revent floodine. and efficacy of Hua et al.
China evaluated the LIDs’ P o0cimg, a Y 2020
. . the LIDs in mitigation of the
performance in reducing floodin
urban floods &
. . Changing climate due to the
Evaluating the climat
Hypothetical varuatng te Cimare o, cal urban climate, and the Hadi Pour et
change impacts on urban .
study areas global climate change, as the al. 2020

flooding, and mitigating factors of more frequent and
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4
the urban stormwater, severe rainfall extremes, which is
using the LIDs reduced using LIDs
. Mod1f1ed SWMM Significant influence of shallow
Kitsap simulated the e
. groundwater on LIDs’ efficiency, Zhang et al.
County, hydrological performance comparing with rainfall or soil 2018
United States of LIDs in shallow P &
type
groundwater
5 -
EPA SWMM Modeling 76:6 Jo reduction of .the runoff by .
using the LIDs, which had Kim et al.
South Korea used for the LID 5 . .
considerable impact on entering 2017

scenarios’ performance
P water into the LID facilities

Demonstrating that the proposed
SWMM used to long-term SWMM model can be used for
Bologna, Italy hydrological modelling of supporting local authorities in
the extensive green roof evaluation of the hydrological
efficiency of green roofs

Cipolla et al.
2016

Previous research on flood risk management has emphasized the importance of integrating
hydrological and economic considerations to effectively address the growing threat of floods. This
involves minimizing floodplain area, as well as reducing potential human casualties and financial
losses. However, the existing body of literature on LID strategies in urban areas lacks a
comprehensive framework for assessing their effectiveness in reducing flood damage. This paper
introduces a novel and systematic approach that combines hydrological, hydraulic, and risk analyses
to evaluate the efficacy of LID measures. The proposed framework is applied to the urban catchment
of the Bronx River in New York City, aiming to identify the most optimal configuration of LIDs. The
objective is to determine whether these measures, either individually or in combination, can
effectively mitigate peak flowrates, reduce flood volumes, and minimize associated damages. To
assess the overall benefits, we consider the reduction in flood damage alongside the implementation
costs of LIDs. Finally, we present a comparative analysis of different LID configurations based on
their benefit-to-cost ratio.

2. Methods and Materials

This study analyzes the efficacy of the LID scenarios on inland flood risk management in the
Bronx River catchment in the New York with respect to the final monetary risk. The proposed
workflow of the proposed hydrologic-economic model is outlined in Figure 1:
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Figure 1. The proposed hydrologic-economic modelling process for urban flood risk management.

2.1. Study Area

New York City is the most densely populated city in the United States, which is widely
recognized as the hub of global trade, tourism, economy, and technology (Blake et al., 2000). It boasts
one of the largest natural harbors in the world that comprised of five boroughs. The Bronx, located
north of Manhattan and Queens and south of Westchester County, is the northernmost of these
boroughs. The study site’s geographical coordinates span from 40° 48' to 41° N and 73° 44' to 73° 53'
W. The Bronx River originates from Westchester and flows through the Bronx, discharging into the
East River and ultimately into Long Island Sound.

The impact of urbanization on the Bronx River catchment is a significant concern. Accordingly,
the impervious surfaces, including structures, transportation infrastructure, and pavements, cover
20.3% of the catchment area, serving as an important index for assessing the urbanization impact on
flow (Zahmatkesh, 2014). Furthermore, channel relocation and reservoir construction has altered the
natural hydrologic function of the catchment. The area is now home to three large reservoirs —
Kensico, White Plains, and Grassy Sprain— which divert the river’s flow. The Kensico, located
upstream of the Bronx River, is a vital component of New York City’s water supply system, providing
approximately 85% of drinking water for residents of Westchester and New York (Zahmatkesh,
2014). The three reservoirs, with capacities of 116, 0.35, and 3.6 Billion Liters, respectively, control
approximately 13.7 km? of the Bronx River drainage area and supply drinking water to local residents
(Pirnie, 1975). The Bronx River catchment, including its sub-catchments, synoptic and hydrometric
stations, and land use patterns, is depicted in Figure 2, as reported in previous works (WCDP, 2005;
Zahmatkesh, 2014; NCDC, 2022; NWIS, 2022).

The Bronx River is the primary branch of flow in the catchment and spans a length of 39 km,
with channel width varying from 5~30 m in Westchester and 30~250 m in the Bronx. Channel length
and slope also vary across the catchment, ranging from 100~11,923 m and 0.2~20%, respectively
(Zahmatkesh, 2014). Recent years have seen the maximum precipitation in the Bronx catchment, and
the present study analyzes the four most severe extreme events, which the first three events were
selected for the calibration and the fourth one for validation, as shown in Table 2:
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Figure 2. The Location of Bronx River catchment in New York in United States and its sub-catchments
with synoptic and hydrometric stations and land use patterns.

Table 2. The selected most severe recent events in the Bronx River catchment and the related

properties.
Maximum Maximum
Ti
Event Date e discharge (m?s)  discharge Time
Bv.1 09/06/2018 to 15:56 to 3 09-06-2018 /
v 09/09/2018 05:56 21:56:00
09/25/2018 to 03:56 to 09-25-2018 /
Ev.2 12
v 09/30/2018 22:56 >0 18:56:00
10/02/2018 to 00:56 to 10-03-2018 /
Ev.3 19.82
M 10/11/2018 05:56 03:56:00
08/29/2021 to 00:56 to 09-02-2021 /
Ev.4 2.
M 09/10/2021 22:56 82.68 07:56:00

2.2. Rainfall-Runoff Modeling

This study employed the widely used SWMM (V5.1) rainfall-runoff model, which has been
extensively utilized in various research endeavors (Jiang et al., 2015; Xiao et al., 2019; Zhang et al,,
2022). The SWMM, developed by the United States Environmental Protection Agency (EPA), is
specifically designed for the analysis of urban drainage systems and the assessment of runoff
resulting from rainfall events (www.epa.gov). As a dynamic model, the SWMM enables the
simulation of rainfall-runoff processes, making it suitable for evaluating both individual and
continuous rainfall events in urban contexts. The hydrological component of the SWMM model
examines sub-catchments, incorporating precipitation data and simulating evaporation and
infiltration losses to generate runoff. On the other hand, the hydraulic module facilitates the
movement of runoff through a network of pipes, channels, storage treatment devices, pumps, and
regulators until it reaches the final catchment point. The SWMM offers a range of applications,
including the analyses, design and evaluation of drainage system components, the mapping of
floodplains in natural channel systems, and the assessment of Low Impact Development (LID)
controls (Rossman, 2015; Aziz et al., 2022).

The SWMM model utilizes the continuity equation and Manning equation in each sub-
catchment to determine the flowrate, considering water volume over the sub-catchment (V), area of
sub-catchment (4;), net precipitation (P,), Manning roughness coefficient (n), cross-sectional area (4),
flow hydraulic radius (R), and sub-catchment slope (S). Furthermore, for flood routing, the SWMM
solves the Saint-Venant equations consisting the simultaneous mass conservation and momentum
equations based on the spatial and temporal changes of flow velocity (V) and flow depth (y) (Hossain
et al., 2019; Koc et al., 2021).

In the SWMM software, separate roughness coefficient values are required for pervious and
impervious areas. In this study, the developed areas were assumed to be impervious, while the
remaining areas were initially considered pervious. Accordingly, in order to determine the roughness
coefficient values for each sub-catchment, the HEC-RAS model manual was utilized (Brunner, 2016).
The values for pervious and impervious areas were calculated, separately. The initial Manning
roughness coefficient values were obtained from the Multi-Resolution Land Characteristics (MRLC)
consortium (www.mrcl.gov/viewer), using the land use maps’ data (Multi-Resolution Land
Characteristics Consortium, 2022). By employing the ArcGIS software, the land use patterns of each
sub-catchment were separated, enabling the calculation of the area for each land use category. To
determine the corresponding weight of each roughness coefficient, the land use area was multiplied
by its corresponding roughness value. The sum of these coefficient values was divided by the total
area of the sub-catchment.

Moreover, the sub-catchment characteristics, including area, width, slope, impermeable area
percentage, and channel properties such as length, cross-section, roughness coefficient, and other
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relevant data like node elevation and water reservoirs, were obtained from Zahmatkesh (2014) and
used to run the SWMM software.

2.2.1. Calibration Performance Assessment

Commonly used statistical measure for assessing the performance of hydrological models
include the Nash-Sutcliffe Efficiency (NSE), and the Root Mean Squared Error (RMSE) (Ekmekeiolu et
al., 2021; Gao et al,, 2023). Accordingly, in this study, these criteria were employed for model
calibration and validation, as indicated by Egs. (1), and (2):

Z?=1(Qsim_Qobs)2
Z?zl(Qobs_Qav)z

NSE =1 —

1
RMSE = \/; Z:lzl(Qsim - Qobs)2 )

where, Qg is the simulated flowrate and Qg is the observational flowrate at the time i, Q,, is
the average of observational flowrate and n is the number of data. The NSE can assume positive or
negative values, with the ideal state being a unit value. A positive NSE value signifies that the
simulated data outperforms the average of the observational data. Conversely, a negative NSE value
indicates a lack of consistency between the model output and the inherent characteristics of the
system being studied. Typically, a minimum acceptable NSE value is set at 0.5, and as the NSE
value approaches unity, it indicates a higher level of accuracy in the simulation. Thus, a closer
approximation to unity signifies an enhanced accuracy in representing the observational data
through the model simulation.

Additionally, as the RMSE value decreases, the disparity between the observational data and
simulated values diminishes, resulting in an improved simulation accuracy of the model. The RMSE
serves as a measure of the overall goodness-of-fit between the model’s simulated values and the
observational data.

2.2.2. Calibration Parameters

In the model calibration step, the five most commonly used parameters were considered,
including the slope (§), the Manning roughness coefficient for impervious area (Nimpery.), the
Manning roughness coefficient for pervious area (N, ), the percentage of impervious area
(Imperv.%), and the Soil Conservation Service Curve Number (SCS — CN) (Xue et al., 2020;
Zakizadeh et al., 2022). The slope of catchment and sub-catchments depends on the topography
related to the height at several points and the length of the channels in different sub-catchments. The
Manning roughness coefficient, which represents the energy losses and channel bed resistance along
the water flow, depends on the roughness and material of channel bed, irregularity of cross-section,
land cover, shape of the flow line, and obstacles on the flow. The Manning roughness coefficient is
considered for the two parts of pervious areas and impervious areas, separately. The percentage of
impervious area depends on the type of Land Use-Land Cover (LU-LC) and the soil type of catchment
in several regions and sub-catchments. Also, the curve number is function of the hydrological
characteristics including the soil type of the catchment area in terms of permeability and moisture
content, as well as the land cover of the sub-catchment. The most frequently used and important
calibration parameters for the SWMM simulation model and the related range have been presented
in Table 3:

Table 3. The most important calibration parameters of the SWMM simulation model and the related
ranges (Tsihrintzis and Hamid, 1998; Zakizadeh et al., 2022; Gao et al., 2023; Ayda et al., 2024).
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10
librati
i « lbratlonParameter description Ranges
Parameter
S Slope of area *30%
Nopers. Manning roughness coefficient of impervious 0.011~0.020
area
Nperv Manning roughness coefficient of pervious 0.020~0.800
area
Imperv. % Percentage of impervious area +30%
CN Curve number 1~100

2.3. Design Rainfall

Design rainfalls are essential for planning and evaluating how to drain stormwater, which they
indicate the estimated stormwater volume (Liu et al.,, 2017). They are counted as rainfall intensity
patterns with a determined return period. Accordingly, the design of stormwater drainage system
depends on the design rainfalls and the relevant return period, which are chosen based on the
catchment type or the rules of the state water authorities (Wittmanova et al., 2021). The design
rainfalls depend on rainfall intensity peak value and its position during the rainfall event. Therefore,
the time of concentration and the rainstorm hyetograph should be determined.

2.3.1. Time of Concentration

The time of concentration is a crucial factor when calculating runoff. It refers to the duration that
is needed for traveling runoff from the hydrologically farthest distance point to the catchment outlet,
also the time from the excess rainfall to the inflection point where the descent begins (NRCS, 2008;
Mirmohammad Sadeghi and Nabavianpoor, 2019). The most severe flooding occurs when the rainfall
duration matches the time of concentration for a particular catchment area. Each catchment has its
own unique time of concentration and it will change based on the catchment slope and the earth
character. Therefore, when estimating flood volume in different catchments, it is necessary to
determine the maximum rainfall intensity for durations that align with the respective catchment’s
time of concentration (Alamri et al., 2023).

Depending on geometric properties of catchments and hydraulic characteristics of flows, there
are several methodologies for calculating the time of concentration (Almeida et al., 2021; Singh, 2023).
Watt & Chow (1985) developed an empirical formula (Eq. 3) for calculating the lag time, using data
from 44 catchments in the United States and Canada (Watt and Chow, 1985; Evangelista et al., 2023).
This equation takes into account the length of the main channel (L) in meter and the average slope
of the main channel (S,.). It was developed for catchments with areas ranging from 0.01 to 5840 km?
and the slopes ranging from 0.00121 to 0.0978. This formula was applied to the Bronx catchment to
calculate its lag time (7;) in hour:

T, = 0.000326 (JL—;_C)"-79 @3)

Also, according to recommendation of the Soil Conservation Service and Natural Resources
Conservation System (SCS, 1975; NRCS, 2010), the time of concentration (T,) was estimated by Eq.

(4):
T.=1.67T,4)

2.3.2. Temporal Pattern of the Rainstorm

The temporal pattern of a rainstorm is defined based on the design of rainstorm hyetograph,
which aims to make the design outcomes match the real rainfall pattern in a local storm. Accordingly,
the classical methodologies are used, which apply the IDF curve as well as the rainstorm intensity
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formula, and include the Chicago rainstorm method (Keifer and Chu, 1957) that is related to the
Intensity-Duration-Frequency (IDF) curve and rainstorm intensity equation; The Principle of
Statistics (P&C) method that is also called the order-average hyetograph (Pilgrim and Cordey, 1975);
and the triangular-shaped hyetograph (Yen and Chow, 1980). Furthermore, the recent modern
methods that consider the unsteady flow analysis, are also developed for creating rainstorm
hyetograph (Lin and Wu, 2007; Lee and Ho, 2008; Kottegoda et al., 2014; Wang et al., 2018; Liao et al.,
2019). One of the most frequently used methods for designing rainfall hyetograph, is the synthetic
block rainfalls method. This is a type of model that matches with natural rain event and changes in
intensity while distribute over time. It is efficient for more precise calculations that is considered for
surface runoff formation and changing flow in the inlets. The intensity profile includes a rising part,
where the rainfall increases; a peak part, where the rainfall has highest value; and a falling part, where
the rainfall slowly decreases. In the alternating synthetic block method, one of the easy ways to
generate a rainfall hyetograph is to use the IDF curves (Urcikin and Rusnsk, 2004). Accordingly, the entire
duration time (T) is considered using the time of concentration (T;) and the designed rainfall hyetograph from
this method specifies the rainfall depth at n consecutive or different times with time intervals At
(T4 = n.At) for the entire duration time of the storm (7). Therefore, after selecting the design return
period, the relevant intensity is extracted from the IDF curve for several time intervals. These blocks
are then arranged in such a way that the maximum rainfall height occurs in the middle of the entire
duration time (T;), and the other blocks are arranged in ascending and descending orders above and
below the central block, respectively. The resulting hydrograph represents rainfall with a specific
return period and Ty, or any rainfall duration shorter than Tj; (Garcia-Bartual and Andres-Domenech, 2017; Krvavica and
Rubinic, 2020). In this study, by using the rainfall data from the WESTCHESTER CO AIRPORT station and
its IDF curves for the return periods of 2, 5, 10, 25, 50, 100, and 500 years, the rainfall intensities were
obtained and then the rainfalls were estimated using the alternating block method for the entire
duration time of the storm.

2.4. Floodplain determination

After determining the rainfall values for the return periods of 2, 5, 10, 25, 50, 100, and 500 years,
the SWMM model was used to calculate the flowrate of the Bronx River for the related return periods.
Also, the floodplain region was determined for each return period using the ArcGIS software, along
with the HEC-GeoRAS and HEC-RAS models. Accordingly, first a one-meter Digital Elevation Model
map (DEM) was imported into the ArcGIS. Then, a TIN-based layer was created from the DEM map
using the HEC-GeoRAS model and the flow lines, boundary lines, cross sections, obstacles, and
ineffective flow boundaries were digitized. After assigning Manning’s coefficient to the cross-
sectional area, all the necessary data were transferred to the HEC-RAS model. The peak flow was
considered for each return period as the most critical scenario and introduced to the HEC-RAS as the
flow discharge. Furthermore, the required information was extracted from the HEC-RAS output and
re-introduced to the ArcGIS. Finally, according to the input data, the floodplain region for each return
period was obtained.

2.5. Low Impact Development (LID) Scenarios

The use of LID techniques has become increasingly widespread in the design of surface water
and flood management systems, particularly in urban catchments, to progressively reduce the
hydrological and peripheral impacts of construction and development in urban areas. In this study,
four of the most effective low impact developments (LIDs) in reducing stormwater runoff were
examined, which include rain barrels, infiltration trenches, permeable pavements, and bio-retention
systems, which represented in Figure 3 (Vo et al., 2020; Jemberie and Melesse, 2021; Li et al., 2023):
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Figure 3. Four employed LIDs: Rain Barrel, Infiltration Trench, Permeable Pavement, Bio-Retention
Cell.

In this study, five LID scenarios were employed for the return periods of 2, 5, 10, 25, 50, 100, and
500 years, in order to analyze their hydrologic-economic performance for mitigating the hazardous
impacts of the extreme rainfall events in the Bronx River catchment. The scenarios included the four
LIDs (rain barrels, infiltration trenches, permeable pavements, and bio-retention cells) and a scenario
with several combinations of the four LIDs, which the combined scenario could cause the reduction
of peak flow and flood volume based on the increase of permeability percentage in the four LIDs. For
the combined scenario, in each of the aforementioned return period, several cases of changes in
increase percentage of using each single LID and simultaneous decrease percentage of using the other
single LIDs in the impermeable areas of the Bronx River catchment was investigated, which each case
includes 10%, 20%, and 30% increase in employing each single LID in the impermeable areas equally,
while the other LIDs were decreased to the same extent. The result of each case was analyzed
hydrologically and economically.

2.6. Flood Hazard Analysis

The intensity of floods is influenced by factors such as depth, velocity, and duration time. Flood
vulnerability refers to the physical, social, economic, and environmental factors that increase a
community’s susceptibility to its impacts. Assessing the vulnerability of communities and
infrastructure when floods happen is crucial to understand potential damage and destruction
(Karamouz et al., 2016; Baky et al., 2020; Tocchi et al., 2023).

Urban floods have significant economic consequences, both directly and indirectly. This is due
to factors such as high population density, extensive impervious areas, blocked drainage systems,
and the high value of urban infrastructure and assets. Proper and optimal land use planning plays a
pivotal role in controlling and, in some cases, preventing initial damage caused by urban floods,
thereby reducing potential secondary losses (Tingsanchali et al., 2012).

The total amount of damage is determined by Eq. (5), which depends on the type of approach
and data selected (Greek, 2005):
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n
Diotar = Z L z;n:l(vi,j X Si,j) ©)
i=

where Dy is the damage, V denotes the value associated with the damaged entity, while §
represents the susceptibility factor expressed as a percentage. The variable i corresponds to the
numerator indicating the number of elements within a given area that are susceptible to flood hazard,
with a total of n possible states. Similarly, j represents the numerator for the specific item
containing the intended element, with m possible states (Messner et al., 2006).

Using the flood plains obtained for each scenario, the damage of Bronx County was calculated
using the HAZUS 5.1 by FEMA, which provides standardized tools and data for estimating hazards
due to earthquakes, floods, tsunamis, and hurricanes (Amini et al., 2023; Lawson and Rajan, 2023;
Ulza et al., 2023). The use of HAZUS software in assessing flood damage in Bronx County involves
several steps and capabilities. Initially, the necessary data specific to Bronx County is obtained from
the software's website and imported into HAZUS. This data serves as the foundation for the
subsequent analysis. Within HAZUS, the floodplain layer is introduced as a critical component
representing the extent and depth of flooding. Once the model is executed, HAZUS generates
valuable insights and estimates regarding the potential damages. The software's capabilities enable
the assessment of various aspects, including economic losses, structural damages, and social
outcomes. Among the capabilities of HAZUS software one could refer to the historical and scenario-
based modelling of economic losses, structural damages and social outcomes due to historical events
and planning scenarios. The comprehensive and transparent nature of HAZUS, along with its ability
to model different scenarios and assess a wide range of impacts, makes it a valuable tool for flood
risk assessment and management (Sieg et al., 2023; Schumann and Chini, 2023).

3. Results and Discussion

3.1. Calibration and Validation

By adjusting the four parameters of imperviousness, CN, slope, and roughness we identified the
optimal conditions. This led to the determination of less-biased simulated discharges compared to
the observational, as depicted in Figure 4. The evaluation coefficients, namely NS (Nash-Sutcliffe),
and RMSE (Root Mean Squared Error) were within the expected or commonly accepted ranges. Table
4 presents the values of the NS and RMSE for the calibrated model for the three historical events. The
NS values range from 0.51 to 0.82, while the RMSE values range from 2.75 to 5.68. Notably, the second
event demonstrates the highest level of agreement with the observational data. Ultimately, the
simulation was conducted with a 10% increase in roughness, 20% decrease in slope, 20% decrease in
imperviousness, and 10% reduction in CN value. The results, illustrated in Figure 4, demonstrate a
close match between observational and simulated discharge values, indicating acceptable calibration
of the catchment.

Table 4. The most important performance criteria of the calibrated model for the three historical

events.

Parameter Criterion Changes % Istevent 2nd event 3rd event

Imperviousness NS -20 0.76 0.80 0.52

RMSE -20 414 5.68 2.75

CN NS -10 0.81 0.82 0.51

RMSE -10 3.67 5.50 2.95

Slope NS -20 0.81 0.82 0.53

RMSE -20 3.70 5.48 2.94

NS 10 0.77 0.82 0.51

Roughness

RMSE 10 4.01 5.36 2.83
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Figure 4. Calibration results showing the observational and simulated hydrographs for the four

events.

3.2. Impact of Single and Combined LIDs

Following the calibration of the model, an investigation was conducted to assess the effects of
five different LIDs, both in individual and combined configurations, on the downstream flowrate of
the Bronx River catchment. Considering the first event, the runoff results obtained from the SWMM
model are presented in Figure 5. The analysis of the simulated peak flowrates reveals notable
reductions when implementing different low impact developments (LIDs) within the Bronx River
catchment. Specifically, individually implementing the bio-retention cell (BC), permeable pavement
(PP), and infiltration trench (IT) LIDs resulted in a peak flow reduction of approximately 20%. The
implementation of rain barrel (RB) LIDs yielded a more significant reduction of around 60%.
However, the most substantial reduction, amounting to an 80% decrease in peak flow, was observed
when combining all the LIDs.
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Figure 5. Hydrographs corresponding to use of individual and combined LIDs for the 1st event.
Baseline discharge refers to the simulated runoff using the calibrated model without LID measures.

3.3. Impacts of Combined LID Measure on Design Runoff

The design rainfall, determined using the alternating block method, was incorporated into the
SWMM software to simulate runoff for each scenario. Figure 6 visually represents the percentage of
flowrate reduction within the combined LID configuration when we increase the coverage area of
one LID while keeping the other LID constant. In the research conducted by Zahmatkesh in 2014, an
integrated approach to LID strategies was implemented, wherein three distinct LID methodologies
were amalgamated. Each watershed unit was assigned specific allotments for the deployment of
these LID types. For instance, in scenarios where all three LID types were utilized, a balanced
allocation of 33.33% of the watershed area was designated for permeable pavement, bioretention
cells, and rainwater barrel, respectively. Herein, four types of LID were employed, resulting in a 25%
allocation of watershed area to each LID type when used simultaneously. By adjusting the allocation
percentages for each LID type and simultaneously reducing the allocation for other LID types, we
aimed to estimate the extent of inundation and the subsequent flood damage. For example, increasing
the area allocated to permeable pavement by 10% while reducing the allocation for other LID types
would lead to 35% of the area designated for permeable pavement, and approximately 21.66% for
each of the other LID types. As depicted in Figure 6, a notable decrease in flowrate can be observed
when permeable pavement is employed as a primary LID in the combined scenario, whereas an
increase in coverage areas for other LIDs alone does not yield substantial flowrate reduction. Notably,
the maximum reduction in flowrate achieved through the use of permeable pavement reached
approximately 57% for a two-year rainstorm. This underscores the effectiveness of pervious
pavement in mitigating flowrates. Expanding the area covered by other methods while holding the
total LID coverage constant led to a decrease in the reduction of flowrate, mainly due to less coverage
of permeable pavement. It is worth mentioning that as the return period of floods increased, the
reduction in flowrate diminished. Particularly for the 500-year return period, the reduction was
minimal, except for the case of permeable pavement, which remained effective even in major flooding

events.
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Figure 6. Flowrate reduction (%) due to low impact development scenarios [BC: Bioretention Cell, IT:
Infiltration Trench, PP: Permeable Pavement, RB: Rain Barrel].

3.4. Flood Inundation Mapping
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To generate the floodplain, the peak flowrates obtained for each return period were incorporated
into the HEC-RAS hydraulic model. This model is specifically designed for analyzing river
hydraulics and floodplain mapping. By inputting the peak flowrates into HEC-RAS, the hydraulic
behavior of the river system was simulated, allowing for the determination of flood extents. To
further process and visualize the floodplain, the HEC-GeoRAS extension within the GIS environment
was utilized. HEC-GeoRAS is a powerful tool that integrates HEC-RAS outputs with GIS
functionalities. The obtained floodplain is shown in Figure 7. In this figure, we have zoomed in on
the specific area of interest to enhance the visualization of differences. The map shows that the area
of inundation for a 100-year rainstorm is approximately 0.48 km? For shorter return periods, the
inundation area is smaller. As shown in Table 5, when LIDs are employed, the inundation area
decreases by approximately 2.5% for BC, IT, and RB LIDs with a 10% increase scenario, while it
decreases by up to 5% for PP with a 30% increase scenario. Notably, increasing LID coverage for LIDs
other than PP results in a slight increase in the inundation extent.

Return Period 2-year 5-year  10-year 25-year 50-year 100-year

Inundation extent (km?) 0.398 0.418 0.435 0.452 0.469 0.480

Figure 7. A snapshot of flood inundation for different return periods for the current state (the scenario
without LID) and the total inundation extent (in km?).

Table 5. Flood inundation area (in km?) for a 100-year rainfall event resulting from the combined LIDs
with 10, 20, and 30% increase scenario for each LID.

Inundation extent (km?)

Ret Period LID
eturn Terio 10% Increase 20% Increase 30% Increase
Bioretention Cell 0.468 0.469 0.471
Infiltration Trench 0.468 0.469 0.470
100-year Permeable 0.463 0.461 0.456
Pavement

Rain Barrel 0.468 0.469 0.471
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3.5. Risk Estimation

Following the integration of the flood depth layer into the HAZUS software, the assessment of
damage for the specific area of interest was conducted. This evaluation encompassed the section
starting from the location where the runoff measurement was performed and extended downstream
within the catchment. Table 6 presents the flood damage for a 100-year rainstorm resulting from the
combined LIDs with 10, 20, and 30% increase scenario for each LID measure. The damage is
quantified in terms of monetary losses, with the No-LID scenario serving as the baseline. As shown
in the table, the flood damage for the No-LID scenario is approximately 86.53 million dollars.
However, the implementation of PP with a 30% increase scenario results in a significant reduction in
flood damage, with a decrease of 14% compared to the baseline, translating to a reduction of 74.01
million dollars. This reduction is greater than the reduction in inundation extent (5%) which
highlights the importance of considering even small reductions in inundation extent, as they can have
a substantial impact on monetary losses.

By comparing the use of LIDs to scenarios where LIDs were not implemented, the extent of
damage reduction was quantified. Figure 8 provides evidence that the implementation of pervious
pavement to reduce impervious areas results in a significant decrease in damage, specifically around
37% during two-year rainstorm events. Notably, it is observed that even a relatively lower percentage
increase in pervious pavement coverage would have yielded at least a 30% reduction in damage.
Furthermore, the relationship between the return period and damage reduction is evident, as the
reduction in damage becomes less pronounced as the return period increases. In fact, the reduction
in damage approaches zero during 500-year flood events. While the variation pattern remains
consistent across different return periods for the other LIDs, the impact of increasing coverage is not
as distinct.

Table 6. Flood damage (smitiion) for a 100-year rainfall event resulting from the combined LIDs with 10,

20, and 30% increase scenario for each LID.

Damage ($Million)

Return Period LID
10% Increase 20% Increase 30% Increase
No LID 86.53
Bioretention Cell 79.67 80.05 80.46
Infiltration Trench 79.63 79.98 80.34
100-year Permeable
77.43 74.79 74.01
Pavement
Rain Barrel 79.67 80.06 80.46
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Figure 8. Reduction in the damage (%) due to LID scenarios.

Upon calculating the costs associated with the implementation of the utilized LIDs within the
catchment, it becomes possible to compute the benefit-to-cost ratio values. This calculation involves
dividing the difference in damage resulting from the presence or absence of LIDs by the
corresponding costs of the LIDs. The resulting benefit-to-cost ratio values are depicted in Figure 9,
which provides a quantitative measure of the economic efficiency and effectiveness of implementing
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LIDs within the catchment. The findings suggest that the design of LIDs is more effective for shorter
return periods, in particular 2-year events, while the incremental benefit of incorporating them for
longer return periods is comparatively marginal. The implementation of permeable pavement has
yielded a superior benefit-to-cost (BC) ratio (>0.3) compared to other LIDs in the combined scenario.
Although the BC ratio is less than unity, it is important to note that the present study only considered
specific benefits (as reduced flood damage) related to buildings, transportation, existing assets, and
businesses. Other factors such as groundwater recharge, urban beautification, and other similar
aspects were not taken into account. Therefore, it is possible that the calculated BC values might be
underestimated due to the exclusion of these additional benefits. Furthermore, it is worth mentioning
that the damages and benefits were calculated solely at the point of runoff measurement, without
considering areas upstream of this point. Taking into account the broader impact and benefits
throughout the catchment, it is likely that the overall benefit would be significant.
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Figure 9. Benefit-to-cost ratios in the low impact scenarios.

4. Discussion

In light of the calibration findings for the three events, modifications in land use and
physiographic parameters, specifically a 20% reduction in impervious surfaces, a 10% decrease in the
curve number, a 10% increase in surface roughness, and a 20% decrease in slope, are observed to
induce a proportionate decrease in simulated discharge. Moreover, these adjustments contribute to
the optimal alignment between simulated discharge and observed discharge. Drawing from the
findings of Appollonio et al. (2016), alterations in land use and the expanding catchment area have
been observed to correlate with a reduction in runoff. This trend in land use changes and its
consequent impact on hydrological runoff aligns with the conclusions reported by Dimitriou and
Zacharias (2010). Their study highlights the adverse effects of land use changes on the hydrological
equilibrium of Lake Trichonida in Greece. In line with our findings, Deng et al. (2015) identified
significant adverse effects of land use alterations on surface runoff, presenting substantial
spatiotemporal variability within the Heihe River Basin of China from 2000 to 2010. Moreover, Hasan
et al. (2017) determined a notable contraction, approximately 35%, in surface water runoff across
Bangladesh during the same period due to land use transformations driven by rapid population
expansion. Additionally, Bai et al. (2019) assessed the impacts of land use shifts on water-related
resources in Kentucky, USA.

As suggested in this study, permeable pavement is the most effective LID measure. This result
is in line with the Ahiablame and Shakya (2016), who reported up to 40% and 47% reduction in
average annual runoff due to individual use of permeable pavement and combined practices of LID
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measures, respectively. These results are also in line with Tredway and Havlick's (2017) findings,
showing an 18.8% reduction in Colorado flood risk using permeable pavement alone and a 32.7%
reduction when combining LIDs. Mao et al. (2017) found that the multi-types of LIDs which contain
green roofs, biological retention, porous pavements, were the most cost-effective solution to achieve
control goals. Huang et al. (2018) observed a reduction in flood peaks of 29.8% at the local scale and
23.49% at the sub-catchment scale in Taipei, Taiwan, through the integration of pervious pavement,
bioretention cells, infiltration trenches, and rain barrels. Similarly, Ghodsi et al. (2020) reported an
18% decrease in flood volume in Northeastern Tehran, Iran, through the combined implementation
of LID measures. In terms of the flood inundation area, Hu et al. (2017a) achieved a 17% decrease in
Nanjing, China, through the implementation of a combined LID scenario. Li et al. (2020) found that
LID practices, including bioretention, grass swale, and permeable pavement, showed good
performance on urban storm mitigation at watershed scale under different rainfall scenarios. They
showed that PP had highest hydrological performance but lowest cost-effectiveness among the three
single LID facilities. This is because LID hydrological performance is highly related with
implementation areas and locations. We should note that in a built-up watershed, the available
locations and areas are always limited. It can be concluded that at the watershed scale, high
hydrological performance does not mean high cost-effectiveness for LID facilities.

Therefore, practical and economic considerations should be taken into account to strategically
select and determine reasonable LID implementation levels. One approach to determine the cost-
effectiveness of LID measures is to determine the life cycle cost (LCC) which is the total cost of a
system over its life span. This cost may include construction fee, salvage value, design fee, present
value, operation and maintenance fee, and years of service. Utilizing this approach, Li et al. (2017)
found for a case study in China that the priority is given to grass swale, bio retention and permeable
pavement, respectively. They considered the overall performance of the LID measures as the
percentage of peak flow reduction per million dollars, excluding the impact of implementation area.
As found by Li et al,, (2020) and Hu et al. (2017b), PP had lowest cost-effectiveness but highest
hydrological performance. They found that grass swale is the highest cost-effective way to reduce
runoff and pollutants in a highly urbanized area.

In accordance with existing literature, our findings align with the notion that LID facilities
demonstrate enhanced cost-effectiveness when deployed during shorter and smaller rainfall events.
The changes in the reduction ratio of flood volume under different storms indicate that flood
mitigation performance of LID facilities decreased with the increase of rainfall amounts (Hu et al.,
2019; Li et al., 2020). However, several studies (Mei et al., 2018; Qin et al., 2013) have reported notable
discrepancies in the reduction ratios of peak flow and surface runoff across various storm events.
These variations can be attributed to two primary factors. Firstly, distinct distribution patterns play
a role in influencing the reduction ratios. Secondly, the rainfall intensities need to be compared
against the capacity of the drainage system to effectively manage the runoff.

It is important to acknowledge that the findings of LID facilities demonstrating superior
hydrological performance and cost-effectiveness, as highlighted in this case study, may not be
directly transferable to other regions with distinct characteristics. However, the proposed evaluation
system for LID facilities, which incorporates flood damage reduction as a key benefit, holds value in
identifying the most favorable scenario, allowing for a comprehensive analysis that can guide
decision-making processes effectively.

5. Conclusions

Low Impact Development (LID) is essential in mitigating flood damage as it incorporates
sustainable stormwater management practices that are designed to alleviate the impact of heavy
rainfall events. This paper specifically focused on flood hazard mitigation in the Bronx Watershed of
New York City through the implementation of LID measures. This paper makes a significant
contribution by incorporating data from diverse sources and implementing an integrated framework
that combines SWMM, HEC-RAS, and HAZUS to estimate the monetary damages associated with
flood risks. Furthermore, leveraging rough estimates of the LID expenses, this study quantified the
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benefit-to-cost ratio, which provides valuable insights for the practical implementation of LID
measures.

The results demonstrated that the combined implementation of LIDs yielded the greatest
reduction in flowrates, highlighting their potential in mitigating flood hazards. Among the different
scenarios examined, the introduction of permeable pavements emerged as the most effective LID
solution, displaying significant reductions in flowrates and hazards, as well as the highest benefit-to-
cost ratio. While the benefit-to-cost ratio calculated in this analysis was found to be less than unity,
indicating that the costs of implementing LIDs exceeded the benefits, it is crucial to consider the
broader perspective. The focus of this study was on the economic benefits (in terms of reduced flood
damages) derived from buildings, transportation, existing assets, and businesses. However,
numerous other factors can contribute to the overall benefits of LIDs, such as the increase in
groundwater table, water storage in LIDs for rainwater harvesting, reduction in pollutant infiltration
to groundwater, mitigation of surface runoff pollution, savings in water treatment and separation
costs, reduction in thermal pollution, and the aesthetic enhancement of urban catchments.

Taking into account the significant reduction in flowrates and the mitigation of hazards achieved
through LID implementation, the use of low impact developments in the Bronx Watershed is deemed
highly efficient. Future research endeavors can explore several areas, including the integration of
meteorological and climatic forecasting models with land use prediction and flood forecasting
models, enabling more accurate LID scenario simulations. Comprehensive economic, social, and
environmental multi-criteria analyses should be conducted to select the optimal LID scenario for
urban catchment management. Qualitative analyses of various surface water and groundwater
pollutants under LID scenarios, as well as the classification and analysis of uncertainties in urban
flood management simulations and the assessment of flood hazards and risks, are also essential
directions for future investigations. Finally, conducting a thorough economic analysis that considers
additional economic components such as social and environmental factors will provide a more
comprehensive understanding of the benefit-to-cost ratio associated with LID scenarios.
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