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1.0 Product Definition 
Rapid global urbanization has fundamentally modified hydrologic processes by altering hydrologic 

conditions (e.g., imperviousness, soil compaction) and intensifying extreme weather events. Combined 
with the evolving environments, the impact of urbanization may be amplified (Grimm et al. 2008). These 
changes significantly impact urban hydrologic cycles and often lead to increased storm runoff and flood 
risks. Below-ground urban stormwater networks (BUSNs) are essential for mitigating urban floods, 
underscoring why their modification—primarily through upgrades or duplication, such as replacing pipes 
with larger ones—remains a predominant, albeit costly and disruptive, flood mitigation strategy (Burns et 
al. 2015; Chocat et al. 2021; Argue and Pezzaniti 2012). Using observations, previous studies have 
provided evidence of the hydrologic impacts of urbanization at the regional scale and decadal and longer 
timescales (Yang et al. 2013; Miller and Hutchins 2017). Through numerical experiments, Earth system 
models (ESMs) are important tools to further our understanding of the various pathways of how 
urbanization impacts hydrologic processes and its potential to exacerbate or mitigate flooding in an 
evolving environment with increasing extreme precipitation. However, current ESMs lack the spatial 
resolutions needed to resolve fine-scale heterogeneity in urban environments (e.g., completely missing 
BUSNs and their interactions with urban surface hydrologic processes). This oversimplification leads to 
inaccuracies in predicting urban floods and other urban hydrologic processes such as infiltration, 
evapotranspiration, and groundwater recharge. 

Hydraulics-based models are invaluable for detailed urban hydraulic and hydrologic simulations. The 
integration of storm sewer networks into hydrologic-hydraulic models is essential for accurately 
representing urban flood dynamics, as these networks play a pivotal role in managing stormwater runoff 
and mitigating flood risks (Guo et al. 2021). In these models, BUSNs are represented at the level of 
individual stormwater pipes, with water and other fluxes simulated using hydraulic equations. Because of 
the intensive data requirements, expensive computational costs, and site-specific parameters not being 
easily transferable, hydraulics-based models are impractical for use in representing urban hydrology in 
ESMs.  

Recently, a new modeling strategy was developed to represent BUSNs directly at the network level, 
capturing their main hydrologic functions instead of modeling individual pipes and their interactions. This 
strategy features a BUSN parameterization based on Graph Theory to delineate storm-sewersheds within 
a watershed, derive sub-BUSNs associated with each storm-sewershed, and determine the BUSN-relevant 
parameters a priori (Chegini and Li 2022). This modeling strategy has been implemented as a new urban 
module that is physically based, parameter-parsimonious, and computationally efficient within the Model 
for Scale Adaptive River Transport (MOSART-urban) (Chegini et al. in press), holding promises to be 
applied at large spatial and long temporal scales without losing sight of below-ground urban hydrologic 
processes. 

In this report, we first demonstrate the MOSART-urban modeling framework in nine representative 
watersheds exhibiting various levels of urbanization, ranging from natural to highly developed watersheds 
in the Houston metropolitan area. As a first step to integrate MOSART-urban into the Energy Exascale 
Earth System Model (E3SM), we further demonstrate the performance of MOSART-urban driven by the 
runoff simulated by the calibrated E3SM Land Model (ELM) in simulations across river basins in the 
contiguous United States (CONUS). Validation against observed daily streamflow shows that MOSART-
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urban can capture small-to-large flood peaks and seasonal and annual water balance over the nine 
watersheds in the Houston area, with better performance compared to the National Water Model. 
MOSART-urban simulations driven by the runoff simulated by ELM show good performance in ~65% of 
the 299 watersheds across CONUS, with an urban fraction > 30%. Comparisons of MOSART-urban with 
and without BUSNs for both the simulations over the Houston metropolitan area, a region chosen for its 
diverse landscapes and a rich history of floods, and across CONUS demonstrate the flood-mitigation 
capacity of BUSN, which increases with the urban area coverage in the watersheds. MOSART-urban 
bridges the gap between detailed hydraulic and large-scale hydrologic models, providing a valuable tool 
for urban flood prediction and management across broader spatial and temporal scales and for Earth 
system modeling of the impacts of urbanization on the regional and global water cycles.  

2.0 Product Documentation 
This report documents the MOSART-urban modeling framework for representing network-level 

storm drainage pipes and urban hydrologic processes. MOSART-urban was first validated in the Houston 
metropolitan area. To test MOSART-urban within E3SM, ELM was calibrated using observed 
groundwater table depth and inundated surface water fraction data to constrain the simulation. The ELM 
ELM-simulated runoff was then used to drive MOSART-urban simulations with and without BUSNs to 
isolate their impacts on streamflow and flood peaks in CONUS river basins with at least 30% urban 
coverage. 

2.1 A New Representation of Urban Hydrology: MOSART-urban 

MOSART-urban is documented by Chegini et al. (in press), along with the development of an 
algorithm for deriving the topology of BUSNs described in Chegini and Li (2022). Here, we introduce the 
conceptualization of the modeling framework while details of the governing equations, parameter 
calibration, and data preparation are provided by the aforementioned two references. 

In MOSART, a natural watershed can be conceptualized into three hydrologically connected 
components with distinct hydrologic functions (Li et al. 2013): 1) hillslopes, where the natural landscape 
and soil conditions control runoff generation and routing processes, 2) a sub-network channel, which 
receives runoff from hillslopes and discharges the runoff into a single main channel, and 3) the main 
channel, which receives the discharge from sub-network and connects the local watershed with its 
upstream and/or downstream watersheds. For urban watersheds, this conceptualization is extended by 
adding a fourth component, storm-sewersheds, where urban runoff generation and routing processes are 
governed by man-made infrastructure such as BUSNs and impervious areas, as shown in Figure 1. We 
define a storm-sewershed as an urban area (typically a mixture of both pervious and impervious surfaces) 
and its corresponding BUSN that contributes stormwater to rivers and other surface waterbodies via a 
single outfall. Such a network-level representation of stormwater pipes avoids detailed hydraulic 
modeling of individual pipes and their interactions. Yet it captures the major hydrologic functions of 
BUSNs at the watershed scale, including 1) interception capacity, i.e., the maximum amount of surface 
runoff from impervious areas that can be captured and passed into stormwater pipes via street inlets and 
catch basins (Chegini and Li 2022); 2) conveyance capacity, i.e., the maximum discharge that can be 
routed through BUSN pipes into receiving water bodies via outfalls; and 3) transient storage capacity, i.e., 
the total amount of water that can be stored in all the BUSN pipes during a storm event. 
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Figure 1. Conceptual diagram of the MOSART-urban framework. 

BUSNs are designed to rapidly direct stormwater to the nearest waterbodies, minimizing potential 
flooding impacts (Brown et al. 2009). Considering that outfalls are the only locations where a BUSN 
discharges stormwater back to surface water and that these outfalls are distributed over urban areas, we 
define a storm-sewershed based on a sub-BUSN. Within a storm-sewershed, stormwater pipes are well-
connected, and all contribute to a single outfall that discharges into a surface waterbody, but they are not 
connected to the other sub-BUSNs even in the same watershed. We can thus represent the urban portion 
of a watershed into several storm-sewersheds using the techniques described in Chegini and Li (2022) 
based on Graph Theory.   

As shown in Figure 2, a storm-sewershed consists of both surface and subsurface elements that 
collectively determine the urban hydrologic responses to storms, including urban pervious surfaces (e.g., 
lawns, parks), impervious surfaces (such as streets, buildings, and parking lots), a sub-BUSN, an outfall 
connecting the sub-BUSN to the sub-network channel (or the main channel if there is no sub-network 
channel), and soils surrounding the stormwater pipes within the sub-BUSN. For simplicity, we lump all 
urban pervious surfaces into a single pervious surface zone. Similarly, we define a lumped impervious 
surface zone. Considering that most streets can store some surface runoff temporarily before discharging 
into the sub-BUSN via inlets, we also assume there is a limited storage capacity in the urban impervious 
surface zone. Within each sub-BUSN, there are several stormwater pipes. We denote the pipe directly 
connected to the outfall as the main pipe and the rest as the tributary pipes. These tributary pipes function 
as the connection between street inlets and the main pipe. Thus, we replace all tributary pipes that connect 
an inlet to the main pipe with a single equivalent pipe. As a result, in our simplified sub-BUSN, there is a 
one-to-one match between a street inlet and a tributary pipe, i.e., the number of tributary pipes is the same 
as the number of street inlets. 
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Figure 2. Diagram of a storm-sewershed: (a) a plan view of major elements and their flow exchanges; (b) 
a cross-section view of urban impervious surface, street inlets, stormwater pipes, and their connections. 

Overall, when rain falls on an urban watershed, any surface runoff generated from the urban pervious 
surface zone will be routed into the impervious surface zone and join the surface runoff generated there. 
The ponding water on the impervious surface zone may evaporate into the atmosphere, enter into the sub-
BUSN zone via street inlets distributed along streets, or overflow across the surface zones into the sub-
network or main channel when the amount of water stored in the impervious surface zone exceeds its 
storage capacity (i.e., urban flooding occurs). Tributary pipes receive stormwater via street inlets and 
discharge to the main pipe. The main pipe discharges into the sub-network channel via the outfall. Note 
that there are two major types of urban sewer systems: separate sewer systems, where two separate pipe 
systems carry stormwater and sanitary sewage, respectively, and combined sewer systems, where a single 
pipe system exists for conveying both stormwater and municipal sewage. The current implementation 
only deals with stormwater, leaving out sanitary sewage for future work. 

MOSART-urban represents major hydrologic processes, including hillslope processes (runoff 
generation and routing across natural areas), storm-sewershed processes (runoff generation and routing 
across urban areas), and routing through the sub-network and main channels. The detailed governing 
equations used to represent these processes are described in Chegini et al. (2025). A four-stage third-order 
Strong Stability Preserving Runge-Kutta time marching scheme is used to solve all the governing 
equations (Durran 2010). Methods used to determine the model parameter values and prepare the 
hydrography data are described in detail in Chegini et al. (2025). 

To validate MOSART-urban, a simulation was performed over nine watersheds in Houston, Texas 
(Figure 3) for 2003-2020 based on the availability of daily observed streamflow data from the United 
States Geological Survey (USGS) stations at the watershed outlets. As a region with diverse landscapes 
and a rich history of floods, this demonstration allows us to evaluate the model’s performance across a 
spectrum of urban environments and underscore the model’s adaptability and promises for broader 
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applications. Observations for 2003-2015 were used for model calibration, and data for 2016-2020 were 
used for model validation. The North American Land Data Assimilation System Phase 2 (NLDAS2) (Xia 
et al. 2012) at 0.125o x 0.125o grid resolution was used to provide atmospheric forcing by remapping from 
the grids to the watersheds. The retrospective hourly results from the National Water Model (NWM) 
version 3 (Cosgrove et al. 2024) for 1979-2023 were also included for comparison. NWM is a 
continental-scale hydrologic model developed by the U.S. National Oceanic and Atmospheric 
Administration (NOAA) for forecasting streamflow and inundation over the U.S. NWM has 14 calibrated 
parameters and does not include BUSNs.  

 
Figure 3. Selected watersheds in Houston, TX, with their USGS station identifiers. 

2.2 Runoff Forcing From a Calibrated ELM Simulation 

To test the coupling between ELM and MOSART-urban, an ELM simulation was performed to 
provide the runoff forcing for MOSART-urban. The runoff forcing was generated using a modified ELM 
version 2 (Golaz et al., 2022) with improved treatment of subgrid topographic effects on solar radiation 
(Hao et al., 2021) and pluvial inundation dynamics (Xu et al., 2024). ELM simulations were performed 
for 2000–2019 over CONUS at 1 km grid spacing and driven by the atmospheric forcing from NLDAS2. 
The recently developed 1 km global surface parameter dataset of Li et al. (2024) was used to generate the 
ELM surface dataset. The ELM simulations were performed in the satellite phenology mode that used leaf 
and stem area index corresponding to the year 2010. A two-stage ELM model calibration was used to 
improve the simulation of water table depth, WTD, and inundated surface water fraction, fssw, against 
benchmark datasets. First, using the approach of Bisht et al. (2018), a set of six 40-year-long simulations 
was performed with different values for the highly uncertain subsurface drainage parameter, fdrain. A 
nonlinear relationship was fitted between fdrian and the simulated WTD for each grid, which was used to 
estimate an optimal fdrain value based on the benchmark WTD dataset of Fan et al. (2013). Next, following 
the approach of Xu et al. (2024), an additional set of five ELM simulations was performed to calibrate a 
pluvial flood dynamics parameter, fc, to improve the simulation of fssw against the Global Land Analysis 
& Discovery dataset (Pickens et al., 2020).   
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2.3 MOSART-urban Simulations Driven by the ELM Runoff Over 
CONUS 

To use the ELM-simulated runoff as forcing to MOSART-urban, a mapping was performed between 
the ELM 1 km grids and the HUC12 watersheds, since HUC12 watersheds are used as the computational 
units of MOSART-urban. Using the HUC12 watershed boundary shapefile over CONUS, a raster at the 
same 1 km mesh as the ELM simulations was created. For each HUC12 watershed, the ELM-simulated 
surface and subsurface runoff at individual grid cells were used to calculate the HUC12 mean runoff 
separately for urban and non-urban areas based on the land use and land cover data from the ELM surface 
parameters. The aggregated urban and non-urban runoffs were then processed into specific input formats 
required by MOSART-urban, which explicitly accounts for impervious surface effects in urban areas. For 
the CONUS simulations, MOSART-urban was configured to simulate only the routing processes in both 
the natural channel network and BUSNs, providing a more realistic representation of urban hydrology 
within the HUC12 watersheds across CONUS. 

To evaluate the hydrologic impacts of urban stormwater infrastructure, we conducted paired 
simulations using the ELM runoff to drive the MOSART-urban routing scheme with and without BUSNs. 
The BUSN-enabled simulation incorporates urban drainage infrastructure, altering both peak and low 
flows. Model performance was assessed using multiple statistical metrics, including the Kling-Gupta 
Efficiency (KGE), Normalized Root Mean Square Error (NRMSE), and R² (square of the correlation 
coefficient), by comparing the daily streamflow from both simulations against observations from selected 
urban USGS stations. Additionally, inter-simulation comparisons were conducted to quantify the net 
effects of BUSNs on streamflow variability and flood peak mitigation. Figure 4 highlights the spatial 
distribution of urbanized basins, defined as basins with >30% urban coverage, analyzed in this study. 
Larger basins generally have smaller urban fractions, and more urbanized basins are located in the eastern 
U.S. 

 
Figure 4. CONUS domain of the ELM-MOSART-urban simulations. Each dot represents an urban 
watershed with an urban fraction no less than 30% of its area, which is indicated by the dot size. 
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3.0 Results 
3.1 Evaluation of MOSART-urban in the Houston Metropolitan Area 

To evaluate the MOSART-urban simulation over nine watersheds in the Houston area (Figure 3), we 
compare the observed and MOSART-urban and NWM simulated annual maximum daily floods (AMFs) 
from 2003 to 2020. Figure 5 shows that MOSART-urban can well capture flood peaks across various 
magnitudes. Compared to NWM, MOSART-urban has much smaller biases in simulating AMFs at eight 
of the nine watersheds. Furthermore, comparing the mean monthly streamflow, Figure 6 shows similar 
performance between MOSART-urban and NWM in capturing seasonal water balance at the natural 
watersheds (08068740 and 08071000), but MOSART-urban performs much better at all urban 
watersheds. Despite the much higher performance compared to NWM, there are still noticeable biases in 
MOSART-urban simulations of flood peaks. These biases can be attributed to (1) biases in the 
precipitation forcing data, particularly during extreme rainfall events like Hurricane Harvey (Chen et al. 
2020), and (2) the runoff scheme used in MOSART-urban, which centers on saturation excess runoff that 
occurs when the soil becomes fully saturated and cannot absorb additional water. This runoff scheme 
tends to underestimate flood peaks by neglecting infiltration excess runoff, which happens when rainfall 
intensity exceeds the soil’s infiltration capacity and is particularly relevant during high-intensity 
precipitation events like Hurricane Harvey. However, these MOSART-urban biases are notably less than 
those in NWM. The significant underestimation of AMFs (Figure 5) and yet the overestimation of mean 
monthly streamflow (Figure 6) by NWM indicates that MOSART-urban outperforms NWM in simulating 
both the flood peaks and seasonal water balance. The superior performance of MOSART-urban, despite 
using only seven parameters compared to the NWM’s 14, demonstrates the effectiveness and efficiency 
of the MOSART-urban parameterization strategy for urban areas. 

 
Figure 5. Annual maximum floods (AMFs) in 2003-2020, shown as the ranked AMF value, from the 
observed streamflow (Qobs) and simulations by MOSART-urban (Qsim) and NWM (Qsim(NWM)). The 
numbers in the parentheses are the imperviousness levels to indicate the degree of urbanization in each 
watershed. 
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Figure 6. Mean monthly streamflow in 2016-2020 from the observed streamflow (Qobs) and simulations 
by MOSART-urban (Qsim) and NWM (Qsim(NWM)). The numbers in the parentheses are the 
imperviousness levels.  

To examine whether MOSART-urban is getting the right answer for the right reasons and gain deeper 
insights into the impacts of BUSNs on urban flood reduction, we examine the Hurricane Harvey event 
across nine watersheds. The flood event caused by Hurricane Harvey lasted from August 27 to 29, 2017. 
Simulations were performed with and without BUSNs to quantify the net effects of BUSNs. As expected, 
there is no noticeable difference between the two simulations in watersheds that are natural or have small 
imperviousness (Figure 7). However, in other watersheds, BUSNs noticeably reduce the magnitude of 
flood peaks, but the peak timing is not significantly delayed. For multi-day flood events like Hurricane 
Harvey, the flood reduction effect is stronger for the first flooding day (August 27th) than for the later 
days. This is because the designed BUSN capacities for interception and transient storage of excess 
stormwater are largely reached during the first day, leaving little capacity for subsequent days. Therefore, 
the flood reduction effect is weakened in the later stage of multi-day flood events. This phenomenon is 
more pronounced for watersheds (e.g., 08075730, 08075770, 08075000) with high imperviousness. 
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Figure 7. Impact of BUSNs on hourly hydrographs during Hurricane Harvey as estimated by comparing 
simulations with and without BUSNs.  

The flood reduction effects observed in Figure 7 can be better understood by examining the 
underlying processes. Figure 8 depicts the major processes driving streamflow variability in watersheds 
08075730, 08075770, and 08075000 during Hurricane Harvey: rainfall variability, overflow from the 
impervious zone, and BUSN outflow. Impervious zone overflow responds more directly to rainfall 
variations and exhibits much higher temporal variability than BUSN outflow. The high temporal 
variability in impervious zone overflow only partially propagates to that of streamflow, due to the 
dispersion effects of the channel routing processes in the sub-network and main channels. BUSN outflow 
exhibits a more dispersed pattern, mainly due to the routing process through the BUSN pipes with very 
mild slopes. BUSN essentially offers substantial buffering of stormwater, which eventually helps reduce 
flood peaks. This is consistent with the fact that one of the major purposes of BUSNs is the safe, gradual 
conveyance of stormwater toward the receiving rivers. Additionally, we can discern from Figure 8 that 
the impervious overflow contributes the most on the first two days with the highest precipitation (August 
27th and 28th), whereas the BUSN outflow contributes the most to the streamflow on the last day of the 
rainfall event (August 29th). This can be attributed to the fact that when the precipitation reaches its peak, 
most surface runoff becomes impervious overflow due to the limited interception capacity of BUSNs. 
However, as the rainfall subsides and surface runoff decreases, the contribution from the BUSN outflow 
increases due to the delayed release. 

Further analyzing the flood reduction effect of BUSNs, we compute the flood reduction percentage as 
follows: 
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where g, Qpwo and Qpw are peak reduction percentage, peak discharge without BUSN during a rainfall 
event, and peak discharge with BUSN during the same event, respectively. We find that the flood 
reduction effect increases with the imperviousness and interception capacity of BUSNs, by up to 50%. 
This effect weakens substantially from August 27 to 28 and then 29, since the transient storage capacity 
of BUSNs has been reached, so less and less stormwater can be taken by the BUSNs. 

 
Figure 8. The interplay between hourly rainfall, impervious zone overflow, and BUSN outflow during 
Hurricane Harvey at three watersheds with high imperviousness. The total streamflow (Qsim) is the sum of 
the impervious overflow and BUSN overflow. 

3.2 Results From ELM Calibration 

While Section 3.1 presents an evaluation and analysis of MOSART-urban simulations in the Houston 
metropolitan areas, the model was configured to simulate both runoff and streamflow as a standalone 
model. As a first step to integrate MOSART-urban into E3SM, we test the coupling of MOSART-urban 
with ELM by using the surface and subsurface runoff simulated by ELM as input to MOSART-urban, by-
passing the runoff module within MOSART-urban to simulate streamflow. As described in Section 2.2, 
ELM was calibrated using benchmark WTD and inundated surface water fraction data. Model calibration 
significantly improved ELM’s simulation of WTD and fssw (Error! Reference source not found.). The 
benchmark dataset shows deeper WTD in the Western, Mid-Atlantic, and Northeastern CONUS (Error! 
Reference source not found.a). While the ELM simulation with the default fdrain values lacks spatial 
variability in simulated WTD (Error! Reference source not found.b), the simulation with calibrated 
fdrain can reproduce the WTD spatial variability of the benchmark dataset. On all three statistical metrics 
(i.e., bias, root mean square error (RMSE), and spatial correlation (R2)), the calibrated model shows 
significant improvements as compared to the default model. Similarly, fc calibration improved the 
prediction of surface water dynamics. The default model predicted much higher fssw values for the Central 
and Eastern CONUS (Error! Reference source not found.e) than those in the GLAD dataset (Error! 
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Reference source not found.d). After calibration, the overestimation of fssw was corrected, with a 
significantly improved R2 from 0.14 to 0.67.  

 
Figure 9. Evaluation of ELM-simulated water table depth (WTD) and standing surface water dynamics. 
(a) Benchmark WTD dataset of Fan et al. (2013) and ELM-simulated WTD with (b) default fdrain and (c) 
calibrated fdrain. (d) Benchmark inundated surface water fraction, fssw, dataset and ELM-simulated fssw with 
(e) default fc and (f) calibrated fc.  

3.3 CONUS-Wide MOSART-urban Simulations Driven by the ELM 
Runoff  

This section focuses on the evaluation and analysis of MOSART-urban driven by the runoff 
simulated by the calibrated ELM described in Section 3.2. The evaluation was performed over the 299 
urban watersheds shown in Figure 4 with no less than 30% of urban area coverage. Overall, MOSART-
urban (with BUSN) performs reasonably well, as shown in Figure 10. The KGE values are above 0.4 
(great performance), between 0.0 and 0.4 (satisfactory performance), and below 0.0 (not ideal 
performance) at 41, 153, and 105 stations, respectively. Satisfactory performance was obtained at about 
65% of the urban watersheds.  

 
Figure 10. KGE at the selected USGS stations with significant urban developments in their drainage 
areas. 
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Figure 11. Change of the KGE values between simulations with and without BUSNs. 

To understand the net effects of BUSNs in urban hydrology, we examined the changes in KGE values 
over the 299 USGS stations by comparing the KGE values of the MOSART-urban simulations with and 
without BUSNs, as shown in Figure 11. Here, “improved”, “no change”, and “worse” refer to the KGE 
changes larger than 0.05, within -0.05~0.05, and less than -0.05, respectively. With the BUSN 
representation, the model performance was improved at 126 stations, compared to 54 stations where the 
performance was degraded. The cause of worse performance is likely due to several reasons: 1) 
uncertainties in the NLDAS2 atmospheric forcing driving ELM; 2) theoretical limitations in the current 
ELM runoff scheme inherited from the Community Land Model (CLM4.5) (Oleson et al. 2013); and 3) 
the ELM parameter calibration described in Section 2.2 was conducted to target improvements in 
simulating groundwater table and inundated surface water fraction, not runoff which was used as input to 
MOSART-urban.  

To more comprehensively evaluate MOSART-urban and the impact of including BUSNs, Figure 12 
compares the KGE, R2, and NRMSE between the MOSART-urban simulations with and without BUSNs. 
Overall, with BUSN, the model performance is better in terms of KGE and NRMSE but not so in terms of 
R2, suggesting that adding BUSNs helps to simulate the magnitude of daily streamflow more accurately 
but has little impact on the timing of streamflow at the daily timescale. The latter has been noted in the 
analysis of the MOSART-urban simulation during Hurricane Harvey (Section 3.1). Generally, the 
temporal variations of streamflow in urban watersheds are more dominated by the temporal variability of 
weather variables such as precipitation, particularly for watersheds with relatively small drainage areas.  

To examine the flood-mitigation effects of BUSNs in detail, we selected four representative urban 
watersheds, with areal urban fractions of 30%, 53%%, 77%, and 98%, respectively. Figure 13 suggests 
that BUSNs reduce flood peaks of various magnitudes. Importantly, such flood mitigation effects increase 
with urban fractions in the basins, i.e., more significant effects in the watersheds with more urban areas. 
Generally, the higher the urban fractions, the denser the BUSNs within a river basin, and the larger the 
BUSNs’ flood-mitigation capacities.  
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Figure 12. Scatter plots of KGE, R2, and NRMSE between MOSART-urban simulations with and 
without BUSNs. Higher KGE and lower NRMSE values for the simulation with BUSN than without 
BUSN indicate improvements in simulating the magnitude of daily streamflow when BUSNs are included 
in the model. 

 
Figure 13. Comparison of annual maximum daily flood peaks, shown as the AMF for different return 
periods, at four representative stations simulated by MOSART-urban with and without BUSNs. The areal 
urban fractions of the four stations are shown by the numbers inside the parenthesis above each panel. 

4.0 Summary and Future Work 
The development of MOSART-urban has filled an important gap between large-scale hydrologic 

models and hydraulic-based models by introducing and demonstrating a new modeling and 
parameterization strategy. This new strategy centers on a network-level representation of stormwater 
pipes that can sufficiently well capture the major hydrologic functions of BUSNs, namely interception, 
conveyance, and transient storage of urban runoff. This approach allows for an explicit representation of 
BUSNs in watershed-scale modeling, overcoming a significant limitation in previous large-scale 
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modeling. Our BUSN parameterization benefits from several Graph-Theory-based algorithms, such as 
Depth-First Search and community detection. The network-level presentation and parameterization help 
reduce computational burden in two ways: 1) it avoids computations at individual pipes and their 
interactions; 2) it avoids hydraulic-based governing equations, which typically invoke more detailed 
calculations than hydrologic equations. 

Validation against observed daily streamflow at USGS stations shows that MOSART-urban can 
capture small-to-large flood peaks and seasonal and annual water balance over the nine watersheds in the 
Houston area. Notably, MOSART-urban demonstrates better performance compared to the National 
Water Model, which is a higher complexity model developed by NOAA for streamflow forecasting. 
Toward integrating MOSART-urban in E3SM, MOSART-urban simulations driven by the runoff 
simulated by ELM show good performance in ~65% of the 299 watersheds across CONUS, with an urban 
fraction > 30%. Comparisons of MOSART-urban with and without BUSNs for both the simulations over 
the Houston metropolitan area and across CONUS demonstrate the flood-mitigation capacity of BUSNs, 
which increases with the urban area coverage in the watersheds. MOSART-urban bridges the gap 
between detailed hydraulic and large-scale hydrologic models, providing a valuable tool for urban flood 
prediction and management across broader spatial and temporal scales and for Earth system modeling of 
the impacts of urbanization on the regional and global water cycles. 

Future research will address several limitations in MOSART-urban, such as including sanitary 
sewage and pollutants and additional urban infrastructure, such as stormwater detention/retention ponds. 
Currently, MOSART-urban only simulates peak flows. Adding inundation dynamics will allow the model 
to simulate inundation in urban areas for investigation of compound flooding events such as those related 
to hurricane-induced storm surges and inland river discharge. Noting that the larger biases in the CONUS-
wide MOSART-urban simulations compared to the Houston simulations are partly contributed by biases 
in the ELM-simulated runoff, efforts will be devoted to further improving ELM for coupling with 
MOSART-urban.  While ELM parameters were calibrated to improve the simulation of water table and 
surface water dynamics, parameters were not calibrated to improve runoff generation in ELM. In the 
future, we will explore using the previously developed surrogate-assisted Bayesian framework of Xu et al. 
(2022) to calibrate the ELM-simulated runoff for the 1 km CONUS configuration. 
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