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A B S T R A C T   

Communities are coping with changes in runoff quantity and quality, stemming mainly from changes in climate 
and land use/land cover (LULC); there is a need to identify the most adaptable strategies that improve com
munity resilience. However, the joint impacts of climate and LULC change have rarely been assessed at local 
scales. To address these needs, we assessed the response of runoff and pollutant loads from Broad Run, a rapidly 
developing watershed in northern Virginia, to projected climate and LULC change. Climate data from two 
downscaled Global Climate Models (GCMs) were used to force an urban watershed model, the Storm Water 
Management Model (SWMM), while forecasts of LULC change were derived from the Chesapeake Bay Land 
Change Model (CBLCM). Two Representative Concentration Pathways (RCPs), 4.5 and 8.5, a historic baseline 
(1995–2020), and projected periods (2040–2065); and four LULC change scenarios designated agricultural 
conservation (AC), forest conservation (FC), growth management (GM), and historical trend (HT) were used to 
create a series of ensemble simulations of coupled LULC and climate change. Results indicated that, under RCP 
8.5, annual precipitation is projected to increase substantially more than RCP 4.5. Projected LULC change 
resulted in a projected increase in imperviousness from 6.3% to 13.1%. Results indicated that climate change will 
likely increase the seasonal variability of runoff, Total Suspended Solids (TSS), Total Nitrogen (TN), and Total 
Phosphorus (TP) for both RCPs. The largest increase for a single LULC change (without climate change) scenario 
for runoff, TSS, TN, and TP was 32.6%, 33.4%, 31.6%, and 35.8%, respectively. which occurred with the HT 
scenario. Results of LULC change also indicated that more pollutant loads were associated with increased 
imperviousness from increased urban development and loss of deciduous forests and grasslands. The largest 
increase for climate and LULC change scenarios in runoff, TSS, TN, and TP was 67.6%, 66.7%, 63.4%, and 69.4%, 
respectively, which occurred with the RCP 8.5 and HT scenarios. Similar, but smaller increases were obtained for 
other scenarios, suggesting that climate and LULC change may be synergistic, likely undermining watershed 
restoration efforts. The results of our study also indicate that runoff, TSS, TN, and TP are expected to be more 
affected by changes in future LULC than by projected changes in climate. Our study can be used to inform 
watershed restoration efforts, urban planning, and environmental policy. The combined impact of climate and 
LULC change will likely generate increased runoff, and nutrients and sediment loading, indicating that robust 
mitigation strategies are needed for watershed restoration to succeed.   

1. Introduction 

Recently, there has been much interest in the impacts of climate 

change on urban communities, particularly increases in runoff, flooding, 
and the development of adaptation and mitigation strategies that are 
intended to sustain the coupled human-natural systems of urban areas. 
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Water resources management and hydrologic design have long relied on 
the principle of hydrologic stationarity, which assumes that future 
conditions will be statistically similar to that observed in the historical 
record. Climate change undermines this assumption, so new methods 
are needed to replace it (Milly et al., 2015). Climate change may lead to 
changes in temperature, precipitation intensity, and duration, and a rise 
in sea levels (Alamdari et al., 2020; Alamdari and Hogue, 2021; Hath
away et al., 2014; IPCC, 2014). At the same time, increasing urban 
development needed to accommodate growing urban populations, 
increasing the proportion of impervious surfaces, which results in 
increased runoff and pollutant loads (Abrishamchi et al., 2011; Salva
dore et al., 2015). 

Land cover in rapidly developing areas is transforming due to bio
physical and socio-economic conditions. A comprehensive understand
ing of these conditions can assist urban planners, decision-makers, and 
policymakers select more sustainable and resilient watershed restora
tion strategies. Social-ecological models use spatial statistical methods 
to better understand biophysical and socio-economic components and 
identify effective management solutions. For example, Kalantari et al. 
(2019) presented a coupled social-ecological system modeling approach 
for assessing the sustainable development of growing cities. Results 
indicated that the coupled social-ecological system approach could 
provide a means of assessing the impacts of urbanization on hydrolog
ical processes. 

Urban development increases nutrient export (Foley et al., 2005), 
and, as nutrients accumulate in water bodies, eutrophication ensues. 
Perhaps the most well-known example of this phenomenon (and the 
most relevant to this paper) is the Chesapeake Bay Estuary (National 
Research Council, 2000). Roberts et al. (2009) predicted that increased 
imperviousness and urbanization in the future could increase nutrient 
loads to the Chesapeake Bay by 56%, leading to eutrophication and 
harmful algal blooms. While previous studies focused on the effects of 
land use/land cover (LULC) change on hydrological processes, most are 
based only on historical data and are often limited to a single land cover 
class, e.g., only agricultural or urban development (Hovenga et al., 
2016; Johnson et al., 2012; Schilling et al., 2010). This fails to provide a 
full picture of the impact of changes in the LULC patterns on hydrologic 
processes, particularly in urban environments. 

Climate change may amplify the effects of LULC change, increasing 
pollutants in downstream water bodies. Several studies have evaluated 
the effects of climate change only on runoff and water quality (Alamdari, 
2018; Alamdari et al., 2017, 2018; Giuffria et al., 2017; Hathaway et al., 
2014; Semadeni-Davies, 2006). Multiple studies have used hydrologic 
models to evaluate coupled climate and LULC change and assess the 
impacts of each on hydrology (Schilling et al., 2008; Semadeni-Davies 
et al., 2008; Yan et al., 2013); however, most of these studies have 
focused on runoff quantity, not quality. Best Management Practices 
(BMPs) are often employed to reduce runoff and treat pollutants such as 
nutrients and sediment through biological, chemical, and physical pro
cesses. BMPs are often used in watershed restoration; however, pre
dicting their cumulative response and effects may require complex 
models; the performance of these practices varies substantially (Ahma
disharaf et al., 2016, 2021; Lintern et al., 2020; Nayeb Yazdi et al., 
2019b). 

An active watershed restoration effort is currently underway in the 
Chesapeake Bay Watershed. This is in part due to the imposition of a 
Total Maximum Daily Load (TMDL) for the Chesapeake Bay; effectively 
limiting nitrogen (N), phosphorus (P), and sediment discharged into Bay 
tributaries from municipal wastewater, urban stormwater, and agricul
tural sources (USEPA, 2010a). These pollutants cause a variety of im
pacts in the Bay, including eutrophication, harmful algal blooms, and 
loss of biodiversity and aquatic habitats. Several studies have focused on 
water quality-related issues due to agricultural activities in the Ches
apeake Bay watersheds (Bosch et al., 2018; Fisher et al., 2021; Fleming 
et al., 2021; Jordan et al., 2018; Kleinman et al., 2019; Lacher et al., 
2019; Pan et al., 2021; Wagena et al., 2018). However, there is a lack of 

research on pollution originating from urban activities and population 
growth. In addition, most of these studies focused on climate or LULC 
change individually and did not consider their joint impacts. In the face 
of looming climate and LULC change, there is a pressing need for inte
grated frameworks that can model not only the individual but also the 
coupled effects of these changes. Furthermore, previous similar studies 
focused on evaluating the changes in urban streamflow under projected 
climate or LULC change and did not consider impacts on water quality. 
Further research is needed to better address the joint effect of climate 
and LULC change in a rapidly developing watershed to assess changes in 
runoff, as well as TSS, TN, and TP since these variables are highly 
localized and are very sensitive to precipitation and LULC. Under
standing the relationship between LULC, climate, and surface runoff 
quantity and quality is necessary for developing effective watershed 
mitigation strategies such as placing and selecting BMPs (Rajaei et al., 
2021). 

Compliance with the Chesapeake Bay TMDL, set for 2025, is ex
pected to prevent eutrophication in the estuary and restore aquatic 
habitats. Evaluations of individual and joint effects of climate and LULC 
changes on runoff quality and quantity in a rapidly developing area have 
not been adequately addressed, resulting in a lack of understanding of 
the scale of their effects. Our research is the first study on the Ches
apeake Bay to assess the coupled effects of climate and LULC change on 
runoff and pollutant loads from a rapidly developing watershed that is a 
tributary to the Bay. Advances in downscaling methods coupled with 
continuous simulation models make it feasible to assess water quantity 
and quality while incorporating climate and LULC changes (Alamdari 
et al., 2020; Claggett and Thompson, 2012). These studies used down
scaling methods to either evaluate the effects of climate or LULC change 
on water quality but did not assess them jointly. Most of the previous 
research on modeling the joint effects of climate and LULC change on 
hydrology have focused on agricultural land conversion and conversion 
of other LULC to agriculture (Giri et al., 2019). There is a need to 
evaluate the joint effects of climate and LULC changes in rapidly 
developing urban watersheds to assess their combined impacts and 
identify mitigation strategies that can help in adapting to these changes. 
Existing studies have limitations, such as projections based on one 
climate model, a single future climate pathway, and old emission sce
narios (e.g., Coupled Model Intercomparison Project Phase or CMIP-4), 
or use future LULC predictions from simple regression models that fail to 
account for dynamic transformation of various LULCs and spatial pat
terns of LULC, among others. These limitations can increase un
certainties in the assessment of impacts on urban hydrology and water 
quality. 

To address these research gaps, we applied the Stormwater Man
agement Model (SWMM) (Rossman, 2015) to the rapidly developing 
Broad Run watershed (BRW), a 197 km2 watershed in Loudoun County, 
Virginia, United States (Fig. 1). SWMM has been successfully applied in 
various urban watersheds across the US (Alamdari and Sample, 2019; 
Jefferson et al., 2017; Salvadore et al., 2015). SWMM is used at an 
hourly time scale with a variety of projected climate and LULC change 
scenarios from Global Climate Models (GCMs) and the Chesapeake Bay 
Land Cover Model (CBLCM). Models such as these can be used to assess 
land use policies and inform decision-makers at local and regional 
levels; they can also be used to plan, design, and/or modify BMPs and 
other mitigation measures. Loudoun County is one of the fastest-growing 
counties in the United States (Loudoun County, 2008). Rapid population 
growth will likely negatively impact the County’s surface and ground
water resources. Broad Run is the most developed watershed in the 
County, thus BRW is an ideal location for our research. With a popula
tion of 280,000 (Loudoun County, 2008), the Loudoun County Board of 
Supervisors has encouraged and funded projects that evaluate existing 
hydrology and water quality. The BRW is expected to experience a sig
nificant population increase over the next several decades (Roth et al., 
2014). The BRW consists of 19 sub-watersheds (Fig. 2); with the highest 
population densities are located in the northeastern portion of the 
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watershed. The specific objectives of this study were to i) evaluate po
tential impacts of climate change in the near future (2040–2070) on 
runoff and pollutant loads (TSS, TN, and TP); and ii) estimate the effect 
of land use change both alone and jointly with climate on hydrology and 
water quality in the BRW; (iii) compare the relative impact of LULC and 
climate change on the runoff and pollutant loads in an urban watershed. 

2. Materials and methods 

2.1. Watershed description 

Broad Run is located within the Piedmont physiographic region 
south of the City of Leesburg and west of Washington Dulles Interna
tional Airport. Relief is low (slope <~5.4%), the average elevation is 80 
m, and the geology of the area consists mainly of fluvial soils and those 

Fig. 1. (a) Broad Run land use/land cover, 2011; (b) Broad Run Watershed and Loudoun County; (c) Chesapeake Bay Watershed and States. Source: National Land 
Cover Database (NLCD) (Homer et al., 2012). 
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of lacustrine origin (Roth et al., 2014). Subwatershed delineations were 
performed using geographic information system (GIS) data provided by 
Loudoun and Fairfax Counties, with an average subwatershed size of 10 
km2. The dominant soil type in the study area is hydrologic soil group B, 
with moderate infiltration capacity (Natural Resources Conservation 
Service, 2015). Half of the watershed soils are prone to high erosion 
losses (Roth et al., 2014). The watershed location and LULC distribution 
for the year 2011 are shown in Fig. 1; the most dominant LULC is 
urban-residential. Tables 1 and 2 provide soil and LULC breakdowns for 

the watershed. 

2.2. Study data 

Precipitation data was acquired for Dulles International Airport 
National Weather Service station 448903 from the National Centers for 
Environmental Information (NCEI). National Hydraulic data (e.g., 
channel cross-sections) were obtained from Fairfax and Loudoun 
Counties. Subwatershed delineations were performed using GIS data as 
shown in Fig. 2, with an average subwatershed size of 10 km2. All 
subwatershed parameters needed for the SWMM model (e.g., hydraulic 
conductivity, slope, etc.) were calculated with GIS operations using 
areal weighting. In this study, TSS, TN, and TP were estimated using 
event mean concentrations (EMCs) as outlined in Alamdari et al. (2020, 
2017). Data from two GCM – Regional Climate Models (GCM-RCM) 

Fig. 2. Runoff calibration and validation for Broad Run near Leesburg, Virginia.  

Table 1 
Existing land use/landcover in the Broad Run watershed.  

LULC Type Existing (%) 

Open Water 0.4 
Developed, Open Space 32.2 
Developed, Low Intensity 12.5 
Developed, Medium Intensity 6.6 
Developed, High Intensity 1.5 
Barren Land (Rock/Sand/Clay) 0.02 
Deciduous Forest 35.9 
Evergreen Forest 2.1 
Mixed Forest 1.4 
Shrub/Scrub 0.9 
Grassland/Herbaceous 0.06 
Pasture/Hay 1 
Cultivated Crops 0.8 
Woody Wetlands 4.3 
Emergent Herbaceous Wetlands 0.01 

Source: National Land Cover Database (Homer et al., 2012). 

Table 2 
Existing soil in the broad run watershed.  

LULC Type Existing (%) 

A Soils 0 
B Soils 9.2 
C Soils 22.8 
D Soils 48.7 
B/D Soils 5 
C/D Soils 5.9 

Source: Soil Survey Geographic Database (SSURGO) 
(Natural Resources Conservation Service, 2015). 
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combinations were used, including 1) the Goddard Institute for Space 
Studies Model E, coupled with the Russell ocean model (GISS-E2-R); and 
2) the Community Climate System Model, version 4 (CCSM4) (Taylor 
et al., 2012). These models were selected based on a comparison of 
hindcast GCM predictions with observed historical data. LULC scenarios 
included agricultural conservation (AC), forest conservation (FC), 
growth management (GM), and historic trend (HT) using the CBLCM 
model developed by the U.S. Geological Survey (USGS) for the Ches
apeake Bay watershed. Groundwater parameters were obtained from the 
geologic map of Loudoun County (Drake and Lee, 1989; Southworth 
et al., 2007) and the Soil Survey Geographic Database (SSURGO) data
base (Natural Resources Conservation Service, 2015). All subwatershed 
parameters needed for the SWMM model (e.g., hydraulic conductivity, 
slope, etc.) were calculated with GIS using areal weighting. Ground
water parameters for each subwatershed were acquired from calibration 
of the model and considering the geologic map. Evaporation is simulated 
in SWMM using the Hargreaves equation, which fits a sine wave through 
the daily temperature range obtained from the NCEI (Hargreaves and 
Samani, 1985) to calculate hourly evaporation (Rossman, 2015). 

2.3. Hydrologic and water quality modeling 

SWMM version 5.1.014 was used for all watershed modeling. The 
model can simulate EMCs and watershed loads. It has been applied 
extensively to urban watersheds; it simulates rainfall-runoff hydrology, 
hydraulics of a stormwater collection and conveyance system, and 
runoff quality and treatment provided by BMPs (Niazi et al., 2017). A 
full dynamic wave for flow routing was used to simulate non-uniform 
flows (Rossman, 2015), which are commonly observed in urban 
drainage systems. Based on the 2011 National Land Cover Dataset 
(NLCD), approximately 28.1% of the watershed is impervious at present, 
approximately 53% of the watershed is developed, and 38% is forested. 

SWMM simulates treatment by using an estimated EMC wash-off 
during wet events. We used unique EMC values for each LULC to ac
count for the variability of pollutant loads due to the LULC change. 
These EMCs values were obtained from the National Urban Runoff 
Program (NURP) and data from the Chesapeake Bay watershed (Price 
et al., 2013; Schueler, 2011; USEPA, 2010b). 

2.4. Calibration and validation 

SWMM was calibrated using an autocalibration tool, RSWMM-Cost 
(Alamdari, 2016; Alamdari and Sample, 2019), which adjusts specific 
model parameters such as hydraulic width, hydraulic conductivity, 
slope, and imperviousness for all 19 subwatersheds, each within a 
specified range, derived from SWMM guidelines. Simulations were 
compared with observations from the USGS stream gauge # 01644280, 
Broad Run near Leesburg, Virginia. Several metrics and/or an objective 
function such as correlation (R2), Nash-Sutcliffe Efficiency Coefficient 
(NSE), and Percent Bias (PBIAS) were used to evaluate the model cali
bration. RSWMM-Cost improves the utility of SWMM by controlling its 
execution, manipulation of input and output files, and inclusion of 
specialized analysis tools. In addition to assisting in calibration, 
RSWMM-Cost assists in performing sensitivity analyses plotting dura
tion curves (Alamdari et al., 2017), and cost optimization (Alamdari and 
Sample, 2019). Observed and simulated outputs were compared at the 
gaging station to find optimal parameter sets that match observed 
streamflow. Iterative searches were performed using the optimization 
engine to identify sets of best solutions where the observed and simu
lated are in good agreement. The model performance was graded based 
on Moriasi et al. (2015) and Ahmadisharaf et al. (2019). Calibration and 
validation were conducted on the periods of 2007–2012 and 
2001–2006, respectively. 

An assessment of runoff quality performance was also conducted by 
comparing the simulations with predicted water quality results by the 
Chesapeake Bay Watershed Model (CBWM) (Shenk and Linker, 2013). 

CBWM is based on the Hydrological Simulation Program—Fortran 
(HSPF), a continuous, physically based, lumped-parameter model that 
simulates hydrology, sediment, and water quality constituents in the soil 
and streams (Donigian et al., 1995). The CBWM results for the BRW were 
used to calibrate water quality. This substitution relies on the fact that 
the CBWM has been extensively calibrated to facilitate the prediction of 
water quality in surface waters across the Chesapeake Bay watershed. 
The calibrated watershed model allows resource managers to simulate 
the large-scale effects of LULC changes and the implementation of BMPs 
on water quality. Water quality data for the BRW were available at a 
daily time scale from 2005 to 2015. 

2.5. Climate change modeling 

To model anticipated climate change impacts, projections for climate 
variables were acquired from simulations of the Coupled Model Inter
comparison Project Phase 5 (CMIP5) dataset (Taylor et al., 2012) from 
Lawrence Livermore National Laboratory database (https://gdo-dcp. 
ucllnl.org/downscaled_cmip_projections/). Two time periods, 
1995–2020 and 2040–2065 were chosen to simulate baseline and future 
conditions. Two Representative Concentration Pathways, RCP 4.5 and 
8.5 (Moss et al., 2010), were selected to represent medium and intensive 
greenhouse gas emission scenarios, respectively. Data from two 
GCM-RCM combinations were used: 1) the Goddard Institute for Space 
Studies Model E, coupled with the Russell Ocean model (GISS-E2-R); and 
2) the Community Climate System Model, version 4 (CCSM4). These 
models were selected out of 32 models based on a comparison of hind
cast GCM predictions (2040–2065) with observed (1995–2020) histor
ical data. These GCM models were selected based on metrics such as 
bias, root mean square error (RMSE), and spatial correlation to quantify 
the errors relative to observed annual and annual near-surface air 
temperature based on the study by Sheffield et al. (2013) in the 
Northeast and Mid-Atlantic regions of the United States. 

2.6. Land use/land cover change modeling 

The CBLCM was developed to forecast urbanization in the Ches
apeake Bay watershed and produces results at a 30 m resolution, a scale 
appropriate for watershed modeling. The model was developed by the 
USGS (Claggett, 2011; Claggett and Thompson, 2012). The CBLCM 
stochastically simulates the spatial location and extent of residential and 
commercial development for any specified time interval up to the year 
2100. Fifteen classes of LULC were used in this study (Fig. 1) but were 
reclassified to six classifications for brevity. A future scenario represents 
a set of model inputs and plausible assumptions consistent with a logi
cally coherent storyline. Four benchmark scenarios were developed to 
evaluate the CBLCM performance, explore the effects of exclusions such 
as zoning and land protection, and provide a meaningful set of bench
marks for comparison against stakeholder-generated scenarios. The five 
scenarios include “Historic Trends” (HT), “Growth Management” (GM), 
“Natural land Conservation” (FC), and “Agricultural Conservation” 
(AC). The CBLCM was parameterized based on changes observed over 
the 2000–2010 period when sprawl development patterns were preva
lent. For all scenarios, exogenous population and employment pro
jections were held constant to facilitate comparison. The CBLCM was 
used to simulate 101 iterations of each scenario from 2020 through 2055 
in five-year increments. To help develop the LULC scenarios, the data 
included zoning, priority funding areas, transit stations, sewer service 
areas (existing and proposed), land use comprehensive plans (e.g., 
proposed future densities or zoning), special protection areas1 (e.g., 

1 Note that by special protection areas, we mean areas that are either: 1) 
afforded special protection against urban development in county or state laws, 
regulations, or ordinances; or 2) have limited ability to support development 
due to environmental constraints. 
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critical areas, riparian buffers, erosion-prone soils, flood zones), pro
tected lands, agricultural districts, conservation priorities (i.e., farms, 
natural lands, and wetlands), and planned transportation improvements 
was collected from Maryland’s Department of Natural Resources, 
Department of the Environment, and Department of Planning. Consul
ting with these agencies provided perspective on how growth patterns 
have occurred and might change in rural and urban settings and 
prompted dividing the demand for housing and employment into urban 
and rural zones. 

2.6.1. Historic Trends (HT) 
The HT scenario assumes that the forces, policies, and regulations 

that influenced development patterns over the 2000s will continue un
abated into the future. Under this scenario, historical rates of infill 
development and urban vs rural development estimated by the CBLCM 
were assumed to continue indefinitely. Areas developed through 2013, 
emergent wetlands, open water, steep slopes, and public and protected 
lands were excluded from future development. Because the early 2000s 
was a period of rapid, dispersed development, this scenario is the one 
most reflective of sprawling growth patterns. 

2.6.2. Growth management (GM) 
The GM scenario represents a move towards the implementation of 

smart growth policies that serve to densify and concentrate growth in 
areas with sufficient infrastructure and services to support it. Infill rates, 
the proportion of growth in urban areas, and urban housing and job 
densities all increase by up to 10% at the beginning of the initial time 
step. The percentage increase is weighted by the residential probability 
surface. Sewer service areas are expanded by 1.6 km and future growth 
is prohibited on soils unsuitable for septic systems.2 

2.6.3. Natural land conservation (FC) 
The FC scenario represents the immediate implementation of 

aggressive natural land conservation zoning, ordinances, easements, 
and acquisition. Under this scenario, growth is excluded from all-natural 
lands’ riparian zones, wetlands, areas subject to a 1-m rise in sea level, 
lands within 1.6 km of National Wildlife Refuges, large natural land 
tracts (>1 km2), lands within 305 m of the tidal and coastal shorelines, 
and other natural lands with high conservation values. 

2.6.4. Agricultural conservation (AC) 
The AC scenario represents the immediate implementation of 

aggressive agricultural land conservation zoning, ordinances, ease
ments, and acquisition. Under this scenario, growth is excluded from 
designated Agricultural Districts, floodplains, prime agricultural lands 
and those of state importance, prior converted wetlands, and farms with 
other high conservation values. 

3. Results 

3.1. Model calibration and validation 

Model performance statistics with respect to daily runoff for the 
downstream gaging station were: NSE = 0.73; R2 = 0.82; PBIAS = 12.3% 
for calibration, and NSE = 0.66; R2 = 0.73; PBIAS = 17.8% for valida
tion. The results indicated that the model was able to predict runoff 
reasonably well (Moriasi et al., 2015; Ahmadisharaf et al., 2019) during 
decades of watershed modeling. For example, Moriasi et al. (2015) re
ported R2 of 0.7–0.8 as a good agreement. Allen et al. (2007); Moriasi 
et al. (2015); Ritter and Munoz-Carpena (2013) reported NSEs in the 
range of 0.65–0.75 as a good agreement. Moriasi et al. (2015) also re
ported PBIAS of 5%–15% as a good agreement. 

Hydraulic conductivity, imperviousness, and hydraulic width were 
the most sensitive calibration parameters based on sensitivity analysis 
via RSWMM-Cost (Alamdari and Sample, 2019); each parameter was 
adjusted to maximize the correlation and minimize errors between 
observed and simulated streamflow. Unsurprisingly, imperviousness 
was the most sensitive parameter, in agreement with previous studies 
(Baffaut and Delleur, 1990; Barco et al., 2008; Boon et al., 2008; Nayeb 
Yazdi et al., 2019a). Hydraulic conductivity and hydraulic width did not 
have substantial effects on runoff, but they did affect the shape of the 
hydrograph. Calibration and validation for runoff are shown in Fig. 2. 

An assessment of water quality calibration was performed by 
comparing simulated against water quality data along with the same 
watershed delineation that represents BRW within the CBWM model, 
and calibration results showed an R2 of 0.65, 0.69, and 0.59, for TSS, TN, 
and TP, respectively. Prediction of water quality seems less accurate 
than runoff (based on R2 during the calibration), primarily due to the 
limited water quality data available and the use of another model 
(CBWM) for comparisons, yet the calibration results indicated that 
predicted data and CBWM data were in fair agreement, according to the 
criteria by Moriasi et al. (2015) and Ahmadisahraf et al. (2019), so the 
model is acceptable for use for water quality simulation. 

3.2. Projected climate change 

Average monthly temperatures for the baseline and projected sce
narios for the two GCM models (median of two models) for RCP 4.5 and 
RCP 8.5 are presented in Fig. 3. The watershed annual average tem
perature is projected to increase by 2.03 ◦C and 2.68 ◦C for RCP 4.5 and 
RCP 8.5, respectively, compared to the baseline period. The greatest 
temperature change occurred between June–August, between 2.0 ◦C 
and 2.4 ◦C. Overall, annual precipitation is projected to increase be
tween 6% and 17%. The results indicated that RCP 8.5 results in a 
greater increase in annual precipitation than RCP 4.5. The maximum 
increase in precipitation occurred during the winter season within a 
range from 16.1% to 18.8%. Overall, for both climate change scenarios, 
precipitation and temperature are projected to increase. 

3.3. Projected runoff and pollutant loads 

Annual runoff from the watershed is projected to increase for both 
RCPs (Fig. 4). The average annual runoff is projected to increase by 
10.6% for RCP 4.5 and 28.2% for RCP 8.5. During the winter season 
(Fig. 5), runoff was projected to increase 32.6% for RCP 8.5. Analyses of 
daily results also indicate a projected increase in runoff especially for 
RCP 8.5 with a median change of 20.9% (Fig. 6). 

Annual runoff from the BRW is projected to increase for LULC change 
alone. The average annual runoff is projected to increase by 14.1%, 
17.8%, 16.3%, and 31.5% for the AC, FC, GM, and HT scenarios, 
respectively (Fig. 4). Runoff changes can be explained by an increase in 
imperviousness and reduction in grassland and forest, particularly in the 
HT scenario. During the winter season, runoff is projected to increase as 
much as 33.1% for the HT scenario (Fig. 5). Analyses of daily results 
indicate a projected increase in runoff, particularly for the HT scenario, 
with a median change of 32.7% (Fig. 6). 

The combined impact of climate and LULC changes indicates a pro
jected increase in runoff for the entire period, especially for the com
bined RCP 8.5 - HT scenario simulation (Fig. 4). The average annual 
runoff is projected to increase by 26.1%, 30.2% 28.5%, and 45.1% for 
the combination of the RC 4.5 and AC, FC, GM, and HT scenarios, 
respectively. The average annual runoff is projected to increase by 
45.8%, 50.5%, 48.6%, and 67.6% for the combination of the RC 8.5 and 
AC, FC, GM, and HT scenarios, respectively. All LULC change scenarios 
are projected to increase in runoff for the 2040–2060 period. During the 
winter season, runoff is projected to increase up to 62.3% for the RCP 4.5 
and HT scenarios and up to 73.1% for the RCP 8.5 and HT scenarios 
(Fig. 5). Analyses of daily results also indicate a projected increase in 

2 Unsuitable soils based on depth to bedrock, drainage class, saturated hy
draulic conductivity, and flood frequency. 
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runoff, especially for the RCP 8.5 and HT scenarios with a median 
change of 56.1% (Fig. 6). 

Annual TSS, TN, and TP loads from the watershed are projected to 
increase when only climate change was considered for both RCP 4.5 and 
RCP 8.5 scenarios (Fig. 4). Average annual TSS, TN, and TP loads are 
projected to increase by 24.3%, 23.2%, 26.8% for the RCP 4.5 scenario, 
respectively, and 26.2%, 24.8%, and 28.2% for RCP 8.5 scenarios, 
respectively. The pollutant load changes can be explained by increases 
in the runoff. During the winter season, TSS, TN, and TP are projected to 
increase up to 33.4%, 31.6%, and 35.8% for the RCP 8.5 scenario, 
respectively (Fig. 5). Analysis of daily results also indicates a projected 
increase in TSS, TN, and TP, particularly for the RCP 8.5 scenario, with a 
median change of 13.8%, 12.5%, and 15.3%, respectively (Fig. 6). 

Annual TSS, TN, and TP loads from the watershed are projected to 
increase for LULC change, with the highest increase of 29.7%, 27.8%, 
and 31.2%, respectively, for the HT scenario (Fig. 4). During the fall 
season, TSS, TN, and TP are projected to increase up to 34.3, 33.2%, and 
36.1% for the HT scenario (Fig. 5). Analyses of daily results also indicate 
a projected increase in runoff, especially for the HT scenario with a 
median change of 29.5%, 27.8%, and 31.6% for TSS, TN, and TP, 
respectively (Fig. 6). 

Annual TSS, TN, and TP loads from the watershed are projected to 
increase for the combination of climate and LULC change scenarios with 
the greatest projected increase of 39.2%, 37.8%, and 41.3%, respec
tively, occurring with the RCP 4.5 and HT scenarios, and 66.7%, 63.4%, 
and 69.4%, respectively, occurring with the RCP 8.5 and HT scenarios 
(Fig. 4). During the fall season, TSS, TN, and TP were projected to in
crease up to 46.4, 45.2%, and 49.1%, respectively, for the RCP 4.5 and 
HT scenarios, and increase up to 54.9%, 53.1%, and 56.6%, respectively 
with the RCP 8.5 and HT scenarios (Fig. 5). Analysis of daily results also 
indicates a projected increase in TSS, TN, and TP loads, particularly for 
the HT and RCP 8.5 scenarios, with a median change of 54.5%, 52.2%, 
and 56.9% for TSS, TN, and TP, respectively (Fig. 6). 

An increase in runoff and pollutant loads is projected for LULC 
change alone, without climate change, due to a reduction in deciduous 
forest and grassland, and increased imperviousness (Fig. 7 and Table 3). 
For the combined impact of climate and LULC change, TSS, TN, and TP 
loads from the watershed are projected to increase. However, LULC 
change alone will yield more TSS and nutrients than climate change 
alone will, as shown in Fig. 7, Fig. S1 (Appendix), and Fig. S2 (Appen
dix). Thus, future LULC activities play an important role in either con
trolling or exacerbating sources of pollution in the BRW. 

Fig. 3. Average monthly (a) precipitation, (b) temperature for the historical data (2000–2020), and the projected emission scenarios (2040–2065).  

Fig. 4. Annual change in runoff, TSS, TN, and TP for (a) LULC scenarios, (b) climate change scenarios, (c) LULC and RCP 4.5 scenarios, and (d) LULC and RCP 
8.5 scenarios. 
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As shown in Table 3, the percentage of urban development and 
wetlands have increased more during the HT scenario compared to other 
LULC scenarios. This indicates that each LULC scenarios have diverse 
impacts on runoff and pollutant loading. 

4. Discussion 

These results indicate that for the BRW, runoff, TSS, TN, and TP are 
projected to increase for both RCP 4.5 and 8.5. Our results were in 
agreement with the results of Najjar et al. (2010), and Wagena et al. 
(2018), who predicted that runoff and sediment in the Chesapeake Bay 
watershed would increase as a result of climate change. Our research is 
the first study in the Chesapeake Bay watershed to evaluate the com
bined effects of climate and LULC changes on runoff and pollutant loads 
in a rapidly developing watershed that is tributary to the Bay. Climate 
models were used to predict the changes in temperature and precipita
tion. The climate models and associated greenhouse emission scenarios 
have different configurations and algorithms to project climate variables 
such as precipitation and temperature. This is the main reason that an 
ensemble approach is required to account for the variability of climate 
models to estimate the range of expected outcomes. The results of pro
jected climate change indicate that the largest increase in precipitation, 
runoff, and pollutant loading would occur in winter and the largest 

temperature increase would be in summer for both RCP 4.5 and RCP 8.5 
scenarios. These results agree with other studies in the Mid-Atlantic 
region such as Alamdari et al. (2020, 2017); Chang et al. (2001); 
Cousino et al. (2015); Najjar et al. (2010), and Wagena et al. (2018). 
Much of the variability in runoff is driven by precipitation. This was also 
observed in Wagena et al. (2018). The Northeast United States, 
including the Chesapeake Bay watershed, has been characterized as a 
region of increasing flow, particularly in extreme wet events, consistent 
with precipitation trends (Groisman et al., 1999, 2004; Najjar et al., 
2010). An increase in sediment was primarily due to increased precip
itation, imperviousness, and resulting runoff due to climate and LULC 
change, particularly during winter and spring. The increase in TSS, TN, 
and TP may have substantial effects on Chesapeake Bay functions and 
lead to the production of harmful algal blooms, reduction in aquatic 
habitat, and failure of stormwater management systems. Imperviousness 
is an important factor controlling the generation of runoff, TSS, TN, and 
TP, and dramatically changed streamflow in the watershed. Our results 
indicated that the LULC change had greater effects on runoff generation 
and water quality than climate change did, similar to what was observed 
by Caldwell et al. (2012). 

Although several studies in the Mid-Atlantic region focus on the ef
fects of urbanization on runoff and pollutant loads (e.g., Roberts et al., 
2009), our analyses indicate that other LULC classes, including 

Fig. 5. Monthly change in the runoff, TSS, TN, and TP for (a) land use/land cover (LULC) scenarios, (b) climate change scenarios, (c) LULC and RCP 4.5 scenarios, 
and (d) LULC and RCP 8.5 scenarios. 
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grassland and forest, also influence the results based on the comparison 
of historical and future LULC scenarios, which is consistent with 
Ahmadisharaf et al. (2020) and Lacher et al. (2019). The results may be 
different for areas subjected to intensive agriculture or silviculture. 
However, the effects depend on the type and extent of LULC change 
(Mehdi et al., 2015), watershed characteristics, and climate conditions; 
and thus, the changes in one may increase the impacts of the other. 

The results indicate an increased runoff and pollutant loads due to 
LULC change, which is the result of changes in imperviousness and 
EMCs. EMCs have been used in the model for predicting water quality 
impacts from runoff. EMC values have been assigned to various LULCs 
and as urban areas increase and forested areas decrease, pollutant loads 
increase due to higher EMCs. Several factors, including impervious area 
and LULC, have long been recognized to influence wash-off processes 
and EMC values (Egodawatta et al., 2007; Muthusamy et al., 2018; 
Nayeb Yazdi et al., 2021; Perera et al., 2021). Our study is in agreement 
with these studies, due to increases in land uses associated with higher 
EMC values. The result of our study also indicates that runoff, TSS, TN, 
and TP are expected to be more affected by future LULC changes than 
climate change. This result has been confirmed by Guo et al. (2020); 
Hovenga et al. (2016); Hung et al. (2020); and Sun et al. (2020). In 
addition, the coupled response of climate and LULC change would likely 
result in larger values than would have been from their sum estimated 
separately. These findings are consistent with the studies by Giri et al. 
(2019); Luo et al. (2020); and Serpa et al. (2017) who reported that 
climate and LULC change would amplify the other’s effects on nutrient 
loads. However, a study conducted by Laux et al. (2017) found that 
climate and LULC change would weaken each other’s effects as they 
found smaller values than that estimated from the individual nonsta
tionary stressor. Variability in the results may be due to regional hy
drological processes suggesting the need for coupling climate change 
and LULC change. As the BRW is undergoing more urbanization at the 
expense of forest and grassland areas, the potential for increased runoff 
and nutrient loading should be considered by urban planners and 
decision-makers. As part of the Chesapeake Bay initiative, insight into 
how tributary watersheds such as Broad Run may respond to projected 
climate and LULC change may help better manage downstream 

hydrologic systems. Our analyses suggested that climate and LULC 
change should be incorporated in watershed models to evaluate their 
effects on hydrological processes to better understand the effects of these 
two nonstationary factors on hydrological processes. The result of our 
study can inform watershed restoration efforts, urban planning, and 
environmental policy. Climate and LULC change work in tandem and 
will likely generate increased runoff, and nutrient loading, indicating 
that mitigation strategies such as BMPs are needed for watershed 
restoration. Understanding the individual and coupled effects of climate 
and LULC change is needed to formulate better watershed restoration 
strategies in a changing environment and to minimize the adverse 
impact of these nonstationary stressors. Large increases in runoff due to 
the combination of climate and LULC change suggest the need for 
mitigation measures that employ ecological features, while also 
providing social and economic benefits. 

This work provides an assessment of the consequences of combined 
climate and LULC changes in a rapidly urbanizing watershed tributary to 
the Chesapeake Bay and suggests how stakeholders might adapt man
agement strategies to address or adapt to projected changes. This is a 
critical step in identifying pollutant sources and reducing water quality 
impacts, as the largest and most expensive watershed restoration to date 
(the Chesapeake Bay) is implemented. This project also provides infor
mation about future nutrient loading that can guide water resources 
managers to develop new strategies for reducing water pollution. This 
information is timely, considering the schedule of the TMDL, and thus 
the outcomes could have broad impacts on the Chesapeake Bay water
shed. Our methodology can be extended to other regions similarly 
impacted by urban growth. The results from this project can be broadly 
applicable to other metropolitan areas discharging sensitive water 
bodies. 

The limitations of this study can be attributed to uncertainty in 
climate models, future emission of greenhouse gases, and input pa
rameters for input to watershed models. A full analysis of uncertainty is 
recommended for future research. We used a quantile mapping 
approach for downscaling climate data; one potential shortcoming of 
this method is the assumption that biases relative to historic observa
tions are constant during future periods. However, compared to other 

Fig. 6. Daily average runoff, TSS, TN, and TP for (a) LULC scenarios, (b) climate change scenarios, (c) LULC and RCP 4.5 scenarios, and (d) LULC and RCP 
8.5 scenarios. 
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Fig. 7. Annual Changes in subwatersheds for TSS for (a) Baseline, (b) RCP 4.5, (c) RCP 8.5, (d) Historic Trend-RCP 4.5, (e) Growth Management-RCP 4.5, (f) Forest 
Conservation-RCP 4.5, (g) Agricultural Conservation-RCP 4.5, (h) Historic Trend -RCP 8.5, (i) Growth Management -RCP 8.5, (j) Forest Conservation -RCP 8.5, and 
(k) Agricultural Conservation -RCP 8.5. 
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bias correction techniques, quantile mapping is efficient in removing 
bias, performs well for downscaling precipitation extremes, and has the 
benefit of accounting for GCM biases across all statistical moments. For 
water quality, SWMM only accounts for LULC, which is considered a 
lumped characteristic and does not consider site-specific characteristics, 
pollutant features, and rainfall properties and patterns at the same time. 
Thus, the complexity associated with pollutant build-up and wash-off 
and other in-depth investigations should be considered in current 
stormwater models to adequately represent important processes and 
parameters for water quality modeling and pollutant transport. 

5. Conclusions 

In this study, an urban watershed model (SWMM) was used to 
evaluate the effects of climate and LULC changes on runoff and pollutant 
loading from the BRW. The model was calibrated based on observed 
runoff quantity and simulated water quality; the latter using HSPF- 
generated data from the CBWM. The calibrated SWMM model was 
employed to predict runoff and pollutant loads for climate and LULC 
change scenarios for 2040–2065. LULC change resulted in a projected 
increase of imperviousness of 6.3%–13.1%. The findings of our study 
suggest that the magnitude and extent of the climate change effects 
depend on the RCP used. LULC change alone increased runoff, TSS, TN, 
and TP, but the changes varied noticeably according to the LULC sce
nario. The combined effects of climate and LULC change showed the 
largest projected increase in runoff and pollutant loads for the RCP 8.5 
and HT scenarios, due to a reduction in forest and grassland, and the 
largest increase in imperviousness. The combination of climate and 
LULC change revealed that the changes in one may increase the effects of 
the other. 

LULC change coupled with climate change may accelerate pollutant 
transport from the BRW to sensitive receiving waters such as the Ches
apeake Bay. This research suggests that runoff and pollutant loads will 
likely increase in the future, so, proper mitigation strategies such as 
BMPs should be implemented to minimize the negative impacts of 
climate and LULC changes. 

There are various types of BMPs available for managing stormwater 
that have different pollutant removal capabilities. Several factors should 
be considered when selecting appropriate BMPs such as space re
quirements, operation and maintenance, cost, and community approval. 
The modeling framework described herein is transferable to other wa
tersheds with similar conditions and can be used to identify and evaluate 
mitigation strategies. 
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Land use/land cover percentage for each LULC scenario.  

LULC 
Type 

2011 Agricultural 
Conservation 

Forest 
Conservation 

Growth 
Management 

Historic 
Trend 

Urban 52.7 63.9 68.5 63.8 69.8 
Forest 20.8 13.3 15 15.6 9 
Barren 0.8 0.8 0.8 0.8 0.8 
Water 0.2 0.2 0.2 0.2 0.2 
Wetland 4.1 5.1 7.3 6.8 14.1 
Grassland 20.9 16.7 8.2 12.8 6.9  
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