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Abstract: Urban runoff volumes and flow peaks are likely to increase in the future owing to climate change–driven effects on rainfall
and continued urbanization. Actionable planning estimates that anticipate these impacts are needed to assess stormwater management infra-
structure requirements and to minimize impacts on ecosystem services. This study presents a planning-level simple flow simulation tool
and quantifies benefits of green stormwater management practices in small watersheds. Flow simulation was performed using a curve
number–based watershed model (CWM). A portfolio approach was used to assess cost-optimal stormwater adaptation pathways considering
a suite of alternative practices including both gray and green infrastructure. The CWM provides actionable information for medium to highly
urbanized watersheds with percent bias less than 30% for highly urbanized watersheds. Considering projected future stormwater needs,
analysis of multiple stormwater management approaches showed that green stormwater management alternatives are less cost-optimal
than gray infrastructure at small watershed scales. These results suggest the possible use of CWM for quick planning-level flow estimates
and analysis of more green practices for cost-optimal alternatives. DOI: 10.1061/JSWBAY.0000992. This work is made available under the
terms of the Creative Commons Attribution 4.0 International license, https://creativecommons.org/licenses/by/4.0/.

Practical Applications

This research focuses on the use of best management practices
(BMPs) to mitigate water-driven impacts, especially flooding,
caused by climate change and urbanization. Present and future con-
ditions in several urban counties in the US state of Maryland are
used to illustrate the application of planning-level models for man-
aging stormwater. This paper examines both the costs and benefits
of BMPs that fall into two broad categories: gray and green. A gray
BMP is a traditional human-made construction generally built to
limit flooding, but not intending to provide ecological functions.
In contrast, green BMPs are tools that seek to restore or promote
ecological processes while managing stormwater.

In this research we developed a portfolio of BMPs to mitigate
increased stormwater runoff resulting from climate change alone
or in combination with different degrees of urbanization within
several watersheds. The results generally showed that if the sole
objective of the BMPs is flood control, gray infrastructure is
more cost-effective than green infrastructure. Green infrastructure

becomes more cost-effective when including important cobenefits
in the evaluation.

Introduction

Numerous studies have assessed the resilience of existing urban
stormwater infrastructure in a built environment under projected
climate change and urbanization (Miller and Hutchins 2017;
Saraswat et al. 2016; Gersonius et al. 2012; Rosenberg et al. 2010;
Hamin and Gurran 2009). However, a major limitation is the under-
standing of how the use of green stormwater management practices
affects ecosystem services (Prudencio and Null 2018). In addition,
use of climate projections presents some serious challenges such as
direction and magnitude of climate change (Willems et al. 2012;
Kwadijk et al. 2010; Dessai and Sluijs 2007; Cox and Stephenson
2007) and their subsequent use for hydrological assessment
(Teutschbein and Seibert 2012; Fowler et al. 2007; Wood et al.
2004).

Green stormwater management practices are effective to con-
trol runoff volume and to provide ecosystem services (Dhakal
and Chevalier 2016; Vogel et al. 2015). The literature reflects a va-
riety of stormwater management studies providing or addressing a
subcategory of ecosystem services: provisioning (Gittleman et al.
2017; Ackerman 2012), regulating (Ishimatsu et al. 2017; Klimas
et al. 2016; Chen et al. 2014; Doherty et al. 2014; Berland and
Hopton 2014), cultural (Attwater and Derry 2017; Kati and Jari
2016), and social (Kopecka et al. 2017; Hassall 2014). According
to a detailed review by Prudencio and Null (2018), stormwater
management research related to ecosystem services has focused
on the parcel size but lacks studies in small watersheds. In addition,
they also found a lack of robust metrics for ecosystem services
quantification in the developing world; they noted weak integration
of physical science and engineering with social science; and they
detected barriers in implementation (such as lack of financial and
political support).
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The use of the triple-bottom-line approach (USEPA 2015),
i.e., environmental (improved air quality and habitat restoration),
economic (job creation, development, and increased property val-
ues), and social benefits (recreational opportunities and reduction
in crime), is a needed direction to obtain a holistic view of green
stormwater management practice benefits as a guide for local gov-
ernments (Environmental Finance Center, University of Maryland
2017). Some of the major limitations of such a proposed holistic
view are the lack of valuation data, which often requires the transfer
of estimated economic values for ecosystem services based on
other studies to a different location and context (Johnston et al.
2015; Freeman 2014), modeling limitations (Jayasooriya and Ng
2014), knowledge gaps regarding the benefits and effectiveness
of single or a combination of different practices in small watersheds
(Connop et al. 2016; Vogel et al. 2015), and rarely quantified social
benefits (Prudencio and Null 2018). In this study, we explore mod-
eling limitations and benefits of green stormwater management
practices to understand how specific practices affect ecosystem
services in small watersheds.

Climate adaptation strategies are constructed using either pre-
dictive top-down or bottom-up approaches (Dessai and Slujis 2007;
Carter et al. 2007). Top-down approaches, even though widely ap-
plied for climate scenarios impact assessment (Carter et al. 2007;
Adger et al. 2007), are limited due to strong reliance on climate
projections, which require downscaling for regional or local hydro-
logic impact assessment (Willems et al. 2012; Chen et al. 2011;
Schmidli et al. 2006). Bottom-up approaches can focus more on
local adaptive capacity and adaptation measures and are more in-
dependent from climate projections (Kwadijk et al. 2010), but still
have constraints such as lengthy assessment time, complexity to
compare all drivers, and potentially greater reliance on judgment
than quantitative results. These bottom-up approaches are often
considered to be more promising than what they deliver (Patt et al.
2005; Füssel 2007). In addition, adaptation under uncertainty in
climate, technology, socioeconomic, and political factors troubles
decision makers (Kwakkel et al. 2016; Haasnoot et al. 2013).
Therefore, capacity and effectiveness of stormwater management
systems under changing climate through adaptive measures is an
active and growing research domain (Moore et al. 2016).

In this study, stormwater management pathways (SMPs) are
constructed as adaptation strategies under changing climate and
urbanization using climate stress and optimal cost considerations.
The SMP approach is used to enhance the system by providing
enough stormwater infrastructure to be effective under future cli-
mate to control set targets (such as control of 80%, 90%, or 100%
of increased surface runoff). The target control level can be made
through stakeholder involvement or thresholds set by the USEPA.
However, a threshold of 99% or greater control in runoff increases
was used in this study.

The enhancement of stormwater infrastructure resilience under
climate change and urbanization requires adaptation strategies such
as gray, green, and combined gray and green infrastructure (Moore
et al. 2016). The conventional gray infrastructure approach focuses
only on quickly removing stormwater from urban areas, whereas a
sustainable management perspective sees stormwater as a resource
(groundwater replenishment and rainwater collection and storage
for use at home, marketplace, and landscape irrigation) with bene-
fits for society and environment (Goulden et al. 2018; Fletcher et al.
2015; Barbosa et al. 2012; Roy et al. 2008; Mitchell 2006). Sus-
tainable stormwater management is possible with implementation
of green practices (or green infrastructure) in urban areas (Fletcher
et al. 2015; Benedict and McMohan 2006). Green infrastructure
(GI) refers to low-impact development (LID), sustainable urban
drainage systems (SUDS), water-sensitive urban design (WSUD),

and low-impact urban design and development (LIUDD) (Fletcher
et al. 2015; Elliott and Trowsdale 2007).

Apart from the primary objective of flood protection (Demuzene
et al. 2014), GI also improves air quality (Jayasooriya et al. 2017)
and human health (Tzoulas et al. 2007), preserves ecosystems
(Benedict and McMohan 2006), and reduces the urban heat-island
effect (Gill et al. 2007). The potential of GI to mitigate flooding,
even partially, led to consideration of GI as an integral component
of climate change adaptation (Gaffin et al. 2012). However, the
categorization of GI practices with ecosystem services has been
less studied (Prudencio and Null 2018). With realized benefits
of GI, more research is needed to assess incorporation of GI prac-
tices with conventional practices, and cost of GI compared with
conventional engineering approaches for climate change adaptation
(Moore et al. 2016). Therefore, this research explored SMPs as part
of adaptation under climate change through scenarios combining
climate change and urbanization. These pathways include gray,
green, and gray combined with green infrastructure.

The anticipated increase in urban population (United Nations
2018), extreme weather events (Georgakakos et al. 2014; Kirtman
et al. 2013), and urbanization (Jiang and O’Neill 2017; Brown et al.
2014) all require sustainable management of stormwater as a re-
source for potential use, such as household use and landscape
irrigation, in cities (Barbosa et al. 2012; Sundberg et al. 2004).
Mitigating stormwater hazards while harnessing stormwater re-
sources requires an integrated urban water management modeling
approach (Kirshen et al. 2018; Zhou 2014; Bahri 2012). However,
urban catchment modeling is challenged by the complexity of
physical systems and limited data of existing stormwater infrastruc-
ture (Elga et al. 2015). The ideal path forward in identifying adap-
tation strategies is through detailed space-time analysis of existing
stormwater infrastructure with use of an urban hydrologic model
of reasonable accuracy under anticipated change in climate and
urbanization.

The pragmatic way forward is to recognize data limitations that
constrain potential model complexity. According to Gan et al.
(1997), a simple model structure is appropriate if the output is
rational. Owing to the complexity of urban catchment models
and the difficulty of acquiring existing stormwater infrastructure
information, this study uses (1) a curve number–based watershed
model (CWM) to obtain good flow simulation accuracy for storm-
water assessment in small urban watersheds, and (2) SMPs to quan-
tify added benefits of GI to retain increased runoff under climate
change and urbanization in small urban watersheds.

Materials and Methods

Study Region

We used four small watersheds in each of several urban counties
(Howard, Montgomery, Anne Arundel, and Prince George’s) in the
US state of Maryland. Only one small watershed in Montgomery
County was selected for SMPs construction. These watersheds are
located in the most urbanized part of Maryland and are represen-
tative of average precipitation (2-year 24-h) (Table 1) and urbani-
zation conditions in each county [watershed average curve number
(CN) values in Table 2 served as proxy for imperviousness]. It is
important to clarify that all analyses in this research were per-
formed in small watersheds using precipitation data for these water-
sheds and average county-level CN values. County-level CN values
were used to remove the arbitrariness of precise location of our
small watersheds.
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Maryland may be broadly divided into three distinct physio-
graphic regions: the Appalachian/Ridge and Valley region, the
Piedmont plateau, and the Coastal Plain. Urbanization and frag-
mentation have occurred mainly in the Piedmont region, followed
by the Coastal Plain. The selected study watersheds lie in the

Piedmont (Howard andMontgomery watersheds) and Coastal Plain
(Anne Arundel and Prince George’s watersheds) regions. Location
and land-use information for the study watersheds is provided
in Fig. 1.

Experimental Overview

This study assumed that current stormwater infrastructure is effec-
tive in controlling surface runoff under the current climate (defined
as 1981–2015). A best management practices (BMPs) space-time
analysis was set up in this regard for each of the adaptation path-
ways: (1) gray, (2) green, and (3) combined gray and green infra-
structure (gray&green). The system for urban stormwater treatment
and analysis integration (SUSTAIN) model (USEPA 2022) was
calibrated and optimized to provide cost-effective solutions. Each
model simulation was generated with 1,000 iterations using the
non-dominated sorting genetic algorithm II (NSGAII) optimization
technique (Deb et al. 2002) to compute cost-effective solutions.
The choice of BMP types for SUSTAIN model simulations was
based on inspection of a geodatabase of stormwater infrastructure
in Montgomery County.

The 100% control of current surface runoff by BMPs during the
time period 1981–2015 is termed the current portfolio. Two scenar-
ios were used to test effectiveness of the current portfolio under

Table 1. Rainfall depth values for the 2-year, 24-h event (unit: mm)

County
Rainfall depth
(county level)

Rainfall depth
(watershed level)

Howard 81.5 81.8
Montgomery 78.8 79.7
Anne Arundel 81.8 80.5
Prince George’s 80.7 80.7

Table 2. Average CN estimates at the county level

County CN

Howard 73.3
Montgomery 75.7
Anne Arundel 70.1
Prince George’s 73.5

Fig. 1. Study area watersheds showing land cover/land use. (Reproduced from Khan et al. 2019, © ASCE; Sources: Esri, HERE, USGS, EPA, NPS,
MD iMAP, MDP; Data from Maryland Department of Planning 2010.)
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(1) climate change (CC), and (2) climate change and urbanization
(CC+Urb). To account for future precipitation change, a percent
change factor (CF)–based approach was used to scale historical
(1981–2015) Parameter–Elevation Regressions on Independent
Slopes Model (PRISM) (Di Luzio et al. 2008) time series (details
are provided in Appendix II).

Use of daily total precipitation for flow generation can suppress
the timing and duration of peak flow events. Therefore, a design
storm approach was used to disaggregate precipitation from daily
to hourly time scale. Rainfall distribution for the design storm
was based on National Oceanic and Atmospheric Administration
(NOAA’s) ATLAS 14 precipitation depth data set (Bonnin et al.
2006) assuming a symmetric storm shape with the most intense
rainfall of 24-h duration occurring at the midpoint of the storm.
The disaggregated precipitation time series was used as input to
the CWM to generate direct watershed runoff as the sum of
contributions from aggregate hydrologic response units (HRUs).
CWM-based flow values were validated using percent bias
(Parajuli et al. 2009; Moriasi et al. 2007) as a performance measure.
SMPs were constructed after incorporation of percent bias into the
runoff time series. Under the CC+Urb scenario, CF-based percent
change in precipitation was used along with future land-use land
cover (LULC) projections for 2025 (USGS 2021).

Total stormwater storage costs for each selected solution under
each adaptation pathway (gray, green, and gray&green) and under
both the CC and the CC+Urb scenarios are provided in terms of
percent change in cost from current to future portfolios. Under
gray and green pathways, only wet ponds and enhanced bioreten-
tion were implemented, respectively. However, the combined
gray&green pathways contained infiltration trenches, enhanced
bioretention, dry pond, and wet pond BMP types. The selection of
these BMPs was based on inspection of existing infrastructure in
the study site. Assessment points for all cases were watershed
outlets. Results are presented in the form of SMPs, where each path
has one to many relationships with each adaptation option (gray,
green, and gray&green) to provide all possible solutions. Each
pathway is a combination of different stormwater management
practices and may change over time, during optimization in the
SUSTAIN model, to adapt to increases in surface runoff under fu-
ture changes. A cobenefit analysis of GI was also carried out for a
gray&green solution under climate change and adaptation.

Watershed Modeling

Stormwater management requires watershed modeling, BMP
modeling, and cost-effective solutions (Sun et al. 2016). A major
challenge as part of decision making is the selection of the best
combination of BMPs that are cost-effective (Lee et al. 2012).
The USEPA integrated a range of relevant watershed-scale BMP
analysis tools into the SUSTAIN model to provide a decision sup-
port system (Shoemaker et al. 2012, 2009). SUSTAIN integrates
hydrologic, hydraulic, water quality simulations, and a BMP cost-
effectiveness package (Chen et al. 2014; Shoemaker et al. 2009).
It provides the best combination of stormwater management prac-
tices among many options available. The GIS version of SUSTAIN
consists of a framework manager, a postprocessor, and four simu-
lation modules (land module, BMP module, conveyance module,
and an optimization module) (Shoemaker et al. 2009). SUSTAIN
uses the set of management practices detailed in Table 3.

The hydrologic simulation in SUSTAIN is either implemented
internally, using the USEPA’s integrated stormwater management
model (SWMM), or externally using a model of preference.
Calibration and validation of the SWMM model requires tuning
many input parameters. It is ideal but time-consuming to set up

a hydrologic model with medium/high input complexity, such as
SWMM, especially for more than one study site. According to
Moriasi et al. (2007), medium- to high-complexity models do not
necessarily guarantee good results at daily to subdaily time scales.
As part of external hydrologic modeling, a user can define a custom
continuous time series. This time series is then provided as input to
the SUSTAIN model.

The SUSTAIN model requires HRUs for each land use type.
A HRU is the smallest spatial unit of a hydrologic model where
response of similar land use, soils, and slope are lumped together
(Kalcic et al. 2015). The watersheds in this study were small
(∼3 km2) with moderate to high imperviousness; their subdivision
into HRUs is described subsequently.

CWM Overview

An array of models is available for assessment of stormwater man-
agement and economic aspects of adaptation scenarios (Jayasooriya
and Ng 2014). These models differ in their attributes such as po-
tential use, temporal resolution and scale, catchment and drainage
representation, runoff generation, flow routing, and management
practices (Elliott and Trowsdale 2007). A common feature among
these models is hydrologic modeling either based on conceptual
or physical relations (Refsgaard 1997) with further division into
lumped, distributed, HRUs, grid-based spatially distributed, and
urban hydrologic element depending on spatial description of the
catchment (Elga et al. 2015; Arnold et al. 1998; Refsgaard 1996).
Apart from process and scale concerns, a major challenge is the rep-
resentation of spatially distributed hydrological processes in urban
areas (Elga et al. 2015) such as precipitation, evapotranspiration,
depression storage, overland flow, combined sewer systems, reten-
tion basins, infiltration and subsurface processes, and direct/indirect
groundwater recharge (Fletcher et al. 2013). The intrinsically com-
plex nature of urban hydrologic modeling is addressed through
parameter reduction (Krebs et al. 2014; Dotto et al. 2011) and se-
lection of physically meaningful parameters (Vieux and Bedient
2004).

In addition, the complex urban catchment system results in
model calibration difficulties (WEF 2012); it can be simplified with
use of theoretical process interactions (Elga et al. 2015). In view of
urban modeling complexity and data limitations, in this study, a
parsimonious CWMwas conceptualized and discretized into HRUs
with similar land-use and soil characteristics. The conceptualiza-
tion of CWM follows three basic functions of a catchment accord-
ing to Wagener et al. (2007): (1) partitioning of precipitation into
different flow paths (interception, infiltration, percolation, runoff,

Table 3. Stormwater management practices in SUSTAIN

BMP class BMP type

Class A Bioretention
Wet pond
Cistern

Dry pond
Infiltration trench

Green roof
Porous pavement

Rain barrel
Regulator

Class B Swale

Class C Conduit
Buffer strip
Area strip

© ASCE 04022009-4 J. Sustainable Water Built Environ.
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and so on), (2) storage of water in different parts of the catchment,
and (3) release of water from the catchment in the form of chan-
nel flow.

The CWM produces HRUs using land-use and soil maps.
Discharge is calculated using hourly precipitation and the Natural
Resources Conservation Service (NRCS) CN method [Eqs. (1)
and (2)]

Q ¼ ðP − 0.2SÞ2
ðPþ 0.8SÞ ð1Þ

S ¼
�
1,000

CN
− 10

�
· ð25.4Þ ð2Þ

whereQ = direct runoff (mm); P = rainfall (mm); S = storage (mm);
CN = curve number; and 25.4 = conversion factor from inches
to millimeters. A schematic depiction of the CWM is provided
in Fig. 2.

CWM offers low input data complexity and is assumed to be
specifically applicable for small urban watersheds. At each location
in the discretized (rasterized) watershed, land-use and coincident
hydrologic soil type are converted into a CN map (more detail on

this conversion process is provided in Appendix I). Where multiple
pixels have the same CN value, the surface runoff generated from
these pixels is summed to produce an aggregated response of sim-
ilar CN pixels forming a single HRU. The output of the CWM
is expressed as a flow rate (m3=h) for each HRU.

The validity of the model, which can be affected by noninclusion
of factors such as disconnected impervious areas, was assessed
in this study using USGS stream gauge data located in close vicinity
to the study watersheds. Daily USGS streamflow time series were
filtered to remove base flow before comparison with CWM-
generated flow time series employing the filtering method described
by Arnold and Allen (1999) as summarized in Eqs. (3) and (4):

qt ¼ βqt−1 þ
1þ β

2 × ðQt −Qt−1Þ
ð3Þ

bt ¼ Qt − qt ð4Þ

where qt = filtered daily surface runoff at time t; Qt = original
streamflow at time t; β = filter parameter (0.925); and bt = daily
base flow at time t. Observed streamflow data from USGS stream

Fig. 2. Curve number–based watershed model (CWM) depiction.

© ASCE 04022009-5 J. Sustainable Water Built Environ.
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gauges (with drainage area of approximately 3–12 km2), located
in proximity to the study watersheds are scaled using a drainage
area-ratio method (Gianfagna et al. 2015). Scaling of observed
streamflow data from large watersheds was only performed if no
small watershed was located near the study site.

A list of all USGS stream gauges used in this study during
validation for the four small watersheds is provided in Table 4.
It is important to highlight that CWM model skill was tested
over four study sites, whereas SMPs and portfolios were only con-
structed for the Montgomery County watershed. CWM model
testing over multiple sites was performed to test the underlying
assumption of its applicability for impervious areas.

Quantification of Ecosystem Services

The metrics used in this research to quantify ecosystem services
from GI practices (infiltration trench and bioretention) were runoff
control (regulating service), groundwater recharge (provisioning
service), and reduced water treatment (regulating service). The
estimates were obtained using an online GI screening tool devel-
oped by the Center for Neighborhood Technology (CNT 2022).
Following Walton (1965) and Locke et al. (2005), the groundwater
recharge quantification method computes (1) the difference of
discharge using green and conventional stormwater management
infrastructure; (2) potential infiltration amount based on rainfall
depth; and (3) groundwater recharge, which was assumed to be
62.5% of potential infiltration. The dollar value used for ground-
water recharge was $70 per 1,000 m3 (after Schicht et al. 1976,
updated to present value). This tool computes reduced water treat-
ment benefits using financial reports by Metropolitan Water Rec-
lamation District of Greater Chicago (MWRD) (2004), and simply
uses $24 per 1,000 m3 of runoff reduced using vegetation filtra-
tion strips.

Total runoff volume was computed using the NRCS CN method
which is consistent with SUSTAIN model settings used in this
study. In addition, the CNT online tool requires predevelopment
land cover, runoff-control goal, conventional development, and
green improvements. Equations for life cycle cost/benefit estima-
tion and net present value of costs are

LCc ¼ C × Rc þ AMc × n − AB × n ð5Þ

NPV ¼
XT
t¼0

Costt
ð1þ rÞt ð6Þ

where LCc = life cycle cost including benefits; C = construction
cost; Rc = number of times the component will be replaced;
AMc = annual maintenance cost; n = total number of years consid-
ered in the analysis; AB = annual benefits; NPV is the net present

value; and r = discount rate. Details of the CNT (2022) green value
calculator are available online.

Results

According to guidelines published by ASCE (1993), the evalua-
tion criteria of watershed models are grouped into continuous hy-
drographs and single events. Continuous hydrographs contain an
evaluation measure, Dv, called the deviation volume, which is sim-
ilar to the percent bias (PBIAS) measure from Moriasi et al. (2007).
The PBIAS metric is

PBIAS ¼
P

n
i¼1ðObsi − SimiÞP

n
i¼1 Obsi

× 100 ð7Þ

where Obsi and Simi =observed and simulated flow at time step i
respectively; and n = total number of time steps. For model evalu-
ation, McCuen et al. (2006) and Moriasi et al. (2007) suggested the
use of graphical analysis as a supplementary test along with other
measures such as PBIAS. PBIAS test values and percent of imper-
vious area for each study site are presented in Table 5.

The CWM works well, even with limited input data, to generate
daily mean flows for small urban watersheds. CWM performance is
directly associated with percent impervious area, such as seen for
the Montgomery County watershed. Diffuse runoff losses due to
disconnected impervious areas are the main contributors to higher
errors in CWM-based flow estimates. Apart from CWM model
output, PBIAS error can also be attributed to several factors asso-
ciated with comparing the study sites with USGS streamflow gauge
sites: (1) size of gauged watershed used for comparison (gauges
with larger drainage area likely contain flows from diverse land-
use types, and their hydrographs reflect attenuation due to travel
through the watershed); (2) the proximity of the streamflow gauge
to the study watershed; and (3) other model simplifications.

USGS stream gauges within proximity to the study site in Prince
George’s County have large drainage area, and therefore the drain-
age area scaling approach produces large discrepancies. In addition,
study sites with impervious areas below 30%, such as the watershed
in Anne Arundel County, result in flow estimation errors from
CWM because this model is best applied to watersheds that are
moderate-to-highly impervious. CWM runoff output at a daily time
step was validated using filtered observed daily streamflow time
series and is provided in Fig. 3. To address model limitations,
model output was adjusted using percent bias in the output. This
involved scaling of CWM-generated flow values by multiplying
them with the PBIAS.

The CWMmodel output for the Montgomery County watershed
shows a 6% underestimation compared with observations. There-
fore, a multiplicative modification (Yang et al. 2007) was applied to
precipitation values to account for 1.06 PBIAS before construction
of SMPs. HRUs for the CC scenario were constructed using percent

Table 4. USGS gauges used for model validation

County USGS gauge number Drainage area (km2)

Howard 01593450 6.4
01593370 3.1

Montgomery 01644375 3.5
01643395 3.0
01644390 11.6
01647850 7.1
01649150 2.7

Anne Arundel 01589500 12.9

Prince George’s 01653600 102.3
01651000 127.9

Table 5. Impervious watershed area and curve number–based watershed
model performance for daily flows

County Impervious area (%) PBIAS

Howard 42.4 28.7
Montgomery 43.4 6.1
Anne Arundel 28.5 49.8
Prince George’s 40.5 19.5

Note: Performance metrics for PBIAS (Parajuli et al. 2009; Moriasi et al.
2007): <� 10 (excellent), �11 ≤ �15 (very good), �16 ≤ �25 (good),
�26 ≤ �30 (fair), �31 ≤ �35 (poor), and ≥� 36 (unsatisfactory).
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change in precipitation from the Coupled Model Intercomparison
Project 5 (CMIP5) model used in this study (Appendix II). For the
CC+Urb scenario, HRUs for future conditions were constructed
using CF-based precipitation time series in the CWM model along
with the zoning scenario for year 2025 for land use.

Discussion

Portfolio Assessment

Shown in Fig. 4 is the SUSTAIN model–derived relationships
between runoff control effectiveness and cost for all solutions, best
solutions, and one selected solution. This figure applies to the
gray&green treatment scenario for the Montgomery County water-
shed. This curve represents the current portfolio for the combined
gray&green adaptation pathway. Each point in this figure repre-
sents the minimum cost for the control of a target runoff with
an optimal combination of BMPs. The decision variables in the
SUSTAIN model optimization were storage depth and BMP cost.

All solutions determined in the SUSTAIN Model contain 1,000
possible combinations of stormwater management practices, with
the best solutions showing the inherent tradeoff between runoff
control and cost. The selected solution shown in Fig. 4 (for use
as baseline to construct SMPs) will vary depending on state or
county regulations and availability of funds for stormwater man-
agement infrastructure construction. In this study, a target of 99%
or greater control of stormwater runoff increases was used. With
99% effectiveness, the selected solution under the gray&green
adaptation pathway would cost $32 million for the small watershed
in Montgomery County. For comparison, the costs for exclusively
gray and green pathways with 99% effectiveness under the current
portfolio would be around $32.5 and $37 million, respectively.

The percent cost changes in the current portfolio under the CC
and the CC+Urb scenarios are presented in Fig. 5. The current port-
folio was based on current climate and land use. Percent change in
cost under the CC and the CC+Urb scenarios was based on their
percentage difference from the conditions assumed in the current
portfolio. Therefore, the portfolios in Fig. 5 only show percent
change in flood control costs.

The purpose of considering multiple pathways is to examine
stormwater management from an economic perspective. The path-
ways were numbered for convenience to reference them in discus-
sion. Each pathway was determined by computing the difference in
cost compared with the current portfolio. For example, Pathway 1
for the climate change scenario was determined by computing per-
cent change in green infrastructure costs under current climate
($37 million) and future climate ($42 million), an increase of about
13%. Pathway 3 had optimal cost under the CC scenario portfolio.
Pathways 2, 5, and 8 showed that the use of gray infrastructure
under the CC+Urb scenario was cost-optimal for runoff control
purposes. The use of gray infrastructure was inexpensive compared
with GI for runoff control.

Pathway 3 showed a decrease in costs under the CC scenario
because the cost of combined gray&green infrastructure was lower
than the cost of using only GI (i.e., the inclusion of gray infrastruc-
ture employed under future climate results in smaller costs than the
green infrastructure only under current conditions). Pathways 3, 6,
and 9 have very high costs under the CC+Urb scenario due to use of
GI for runoff control. The existing stormwater management infra-
structure in the Montgomery County watershed is a combination of
gray and green practices. Pathway 9 shows that continued use of
these same practices may lead to 80% more cost compared with the
current portfolio under the CC+Urb scenario.

Fig. 3. CWM validation for (a) Howard; (b) Montgomery; (c) Anne
Arundel; and (d) Prince George’s Counties using simulated daily flow
values.
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The benefits of GI for runoff control and its secondary benefits
(improved air quality, human health, preservation of ecosystems,
reduction of urban heat-island effects, soil conservation, and
groundwater replenishment) are realized (Moore et al. 2016).
However, the cost of green infrastructure is very high from a runoff
control and flood protection perspective and noninclusion of eco-
system services benefits such as groundwater recharge and water
quality treatment benefits.

Benefit Assessment of Green Infrastructure

Several studies (Keesstra et al. 2018; Demuzere et al. 2014;
Farrugia et al. 2013; Benedict and McMahon 2006; Foster et al.
2011; Schilling and Logan 2008) have shown that the added

benefits of green infrastructure can potentially offset their higher
construction and maintenance costs, not only through providing
flood protection, but also benefitting additional ecosystem services.
According to Nordman et al. (2018), not all GI practices are nec-
essarily effective in this regard. The SUSTAIN model is well-suited
to provide least-cost options through optimization but does not
account for added benefits of GI. A wide variety of stormwater
management tools are available that incorporate GI (Jayasooriya
and Ng 2014). The CNT’s green values calculator is the most
comprehensive resource to obtain cost-benefit estimates of storm-
water GI. As part of GI benefits assessment, infiltration trench and
bioretention practices are used in the CNT calculator.

The net present value (NPV) of both GI practices to provide
added benefits of ground replenishment and reduced treatment

Fig. 4. Montgomery County watershed (current portfolio, 1981–2015).

Fig. 5. Montgomery County watershed SMPs.

© ASCE 04022009-8 J. Sustainable Water Built Environ.

 J. Sustainable Water Built Environ., 2022, 8(4): 04022009 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

G
le

nn
 M

og
le

n 
on

 0
6/

20
/2

2.
 C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



benefits was negligible compared with the total life cycle construc-
tion and maintenance costs. This could likely be due to (1) an over-
simplified method for groundwater recharge estimation, (2) lack of
inclusion of native vegetation types with and around bioretention
and filtration strips, and (3) the small area covered by these green
practices compared with watershed size.

Conclusions

Stormwater management requires hydrologic modeling for flow es-
timation. However, most advanced hydrologic models are difficult
to calibrate and validate due their complexity. In this research study,
a low-complexity CWM was conceptualized and implemented.
A GIS environment was used to generate HRUs to calculate runoff
generation. The implementation of the CWM requires low input-
data complexity and can be easily set up for any small urban
watershed. The major limitations of the CWM model are use of
disaggregated daily precipitation totals (using the design storm
approach) and NRCS CN method for runoff estimation, which
assumes an initial abstraction from precipitation. The CWM-based
flow estimation error tended to be positive (indicating model
underestimation) due to these limitations and leads to underesti-
mates of flow values for watersheds with less than 40% impervi-
ousness, as observed in the case of the Anne Arundel County
watershed.

In addition to structure and process, the validation of the CWM
requires scaling of streamflow data from nearby gauged water-
sheds, which adds uncertainty to model performance. To account
for overall model uncertainty, estimated flow time series from
the CWM were scaled using the PBIAS estimate. Use of the CWM
for any other study site should be limited to medium- to high-
impervious small (∼3 km2) urban watersheds. The good perfor-
mance of the CWM offers a quick planning-level flow simulation
tool for decision makers for small watersheds.

Under climate change and urbanization, the ideal path forward
is to conduct existing BMP space-time analyses to test the effec-
tiveness of existing stormwater management infrastructure under
future conditions. However, the acquisition of existing BMP spec-
ifications and performance data can be difficult due to state or
county regulations or the absence of research funding to collect
such data. This study presents an alternative approach to construct
SMPs in the absence of existing BMP technical specifications. The
underlying assumption is that the existing infrastructure is effective
to control surface runoff under current climate and urbanization
conditions. For this purpose, the SUSTAIN model may be used
with a set of BMPs to obtain 99% or greater effectiveness to reduce
runoff under existing climate and urbanization.

Results from SMPs under the climate change plus urbanization
scenarios showed that future use of current BMP types results in
high future costs. Specifically, the benefits of infiltration trenches
and bioretention practices are found to be too low to offset the
higher costs of construction and maintenance during their life
cycle. The negligible benefits of green infrastructure practices
can be attributed to the mathematical treatment of both physical
processes and economics in the model structures, including
oversimplification of the groundwater recharge quantification
method, the small spatial extent of green infrastructure practices
compared with total watershed area, the limited amount of ecosys-
tem services included in the model’s benefits accounting, and
the ineffectiveness of existing tools for small watershed studies.
As exemplified by Pathways 2, 5, and 8 in our analysis, the cost-
optimal solutions used only gray infrastructure to address future
flow control. This finding indicates that it is necessary to explore

(1) better tools and robust metrics for quantification of green in-
frastructure benefits, and (2) the use of additional green infrastruc-
ture practices such as amended soil and landscaping using native
vegetation.

The optimization of a set of BMPs to obtain runoff control target
solutions and construction of SMPs offers a framework for cost-
effective flood protection. However, the benefits assessment, as
conducted in this research, required the use of an online tool, which
operates using a single storm rainfall. With regards to ecosystem
services, a review of the stormwater literature by Prudencio and
Null (2018) indicated that regulating services was most often
emphasized, with less attention given to the other three services
(provisioning, cultural, and supporting). Currently, some of the
major limitations in this regard are (1) the integration of green in-
frastructure benefits within stormwater management modeling
environment to obtain optimized solutions inclusive of these cobe-
nefits, (2) inclusion of more green infrastructure practices, such as
amended soils and landscaping with native vegetation in modeling
tools, and (3) apart from economic and environmental benefits,
modeling tools should also include social benefits (such as the hu-
man health index) of green infrastructure. Green infrastructure–
based stormwater management solutions were more likely to be
implemented if the full context of their employment is understood
and quantified.

Appendix I. Watershed Representative Values of
Precipitation and Curve Number

Average precipitation (2-year 24-h) (Table 1) values were based on
the NOAA ATLAS 14 data set (Bonnin et al. 2006). To obtain aver-
age CN (Table 2) LULC data and hydrologic soil groups (A, B, C,
and D), data were overlapped to determine a CN value. Both LULC
(Maryland Department of Planning 2010) and soil survey geo-
graphic database (SSURGO) (NRCS 2017) soil data were at ap-
proximately 30-m spatial resolution.

Appendix II. Change Factor

The CF scaling method scales an observed time series by a calcu-
lated ratio. It is inherently limited in its ability to predict changes
in variability of extreme precipitation events for future time periods.
A scaling factor was determined by taking the ratio of the mean
of daily bias-corrected CMIP5 model projections for future and
historical periods. This process was repeated for all models
separately

PijðfutÞ ¼ s × PijðobsÞ ð8Þ

s ¼ Modelfuture
Modelhistorical

ð9Þ

where PijðfutÞ = daily future precipitation (2016–2035); i ¼ day;
j ¼ year; PijðobsÞ = daily historical precipitation (1996–2015);
and s = ratio of averaged model future (2016–2035) to averaged
model historical (1996–2015) time series. An implicit assumption
in applying the CF method to general circulation model (GCM)
output for estimation is that model bias is consistent between
historical and future periods. A CF value of 5% obtained from
the Norwegian Climate Centre’s Norwegian Earth System Model
1-Medium resolution (NorESM1-M) model (Taylor et al. 2012)
was used in this study.
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