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Abstract: Stormwater represents a complex and dynamic component of the urban water cycle.
Hydrologic models have been used to study pre- and post-development hydrology, including green
infrastructure. However, many of these models are applied in urban environments with very little
formal verification and/or benchmarking. Here we present the results of an intercomparison study
between a distributed model (Gridded Surface Subsurface Hydrologic Analysis, GSSHA) and a
lumped parameter model (the US Environmental Protection Agency (EPA) Storm Water Management
Model, EPA-SWMM) for an urban system. The distributed model scales to higher resolutions, allows
for rainfall to be spatially and temporally variable, and solves the shallow water equations. The
lumped model uses a non-linear reservoir method to determine runoff rates and volumes. Each
model accounts for infiltration, initial abstraction losses, but solves the watershed flow equations in
a different way. We use an urban case study with representation of green infrastructure to test the
behavior of both models. Results from this case study show that when calibrated, the lumped model is
able to represent green infrastructure for small storm events at lower implementation levels. However,
as both storm intensity and amount of green infrastructure implementation increase, the lumped
model diverges from the distributed model, overpredicting the benefits of green infrastructure on the
system. We performed benchmark test cases to evaluate and understand key processes within each
model. The results show similarities between the models for the standard cases for simple infiltration.
However, as the domain increased in complexity the lumped model diverged from the distributed
model. This indicates differences in how the models represent the physical processes and numerical
solution approaches used between each. When the distributed model results were used to modify
the representation of impermeable surface connections within the lumped model, the results were
improved. These results demonstrate how complex, distributed models can be used to improve the
formulation of lumped models.
Keywords: green infrastructure; stormwater runoff; runoff volume; peak flow; water quantity; urban
stormwater; hydrology; modeling

1. Introduction
Stormwater management is increasingly becoming integrated and interdisciplinary, and there are
a growing number of hydrologic models being used to address the challenges of urban hydrology [1–3].
Many of these models can simulate integrated surface and subsurface flow with the aim of representing
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the relevant physical processes that influence the hydrologic response at varying scales [4,5]. Distributed
models more accurately represent the built environment at varying scales, can integrate local geographic
information, and have fewer lumped parameters that need calibration [6–8]. However, they also require
larger amounts of input data and require substantially more computing resources [7]. Lumped models
require less input data, and less computational time, and when calibrated have many advantages over
distributed models [9]. However, representing the urban system requires many different parameters
with varying spatial patterns that present challenges to lumped models that use uniformly distributed
parameters [5,10]. With multiple models to choose from, decision makers are left with the challenge
of determining which modelling approach is most appropriate for urban systems. Is there a way that
distributed models can inform parameterization in lumped models? Thus, providing decision makers
with the appropriate tools and information needed to assess difficult urban stormwater challenges.
A challenge when evaluating model capabilities and accuracy is the lack of published analytical
solutions [11] and known coupled surface-subsurface analytical solutions. There are two options to
evaluate model performance:

•
•

Compare solutions to observations.
Compare simulations using benchmark cases and compare results to other published solutions [4,12–17].

The challenge with the first option is that lumped models are typically calibrated to observations,
making exposure of their internal states challenging. Previous studies found that lumped model
results vary significantly with small changes in lumped parameters, such as percent impervious, that
vary in complexity based on the model resolution and spatial patterns [5,18–21]. In addition, previous
studies also identify the need to reduce model uncertainty [22]. Even though models are calibrated to
observations, it is not clear how transferrable these parameters and approaches are to nonstationary
future conditions [4,9]. The second option requires accepted and established standard procedures and
benchmark test cases.
There have been several successful intercomparison exercises in the field of hydrology, such as the
Project for Intercomparison of Land-Surface Parameterization Schemes (PILPS) [23–28], the Distributed
Model Intercomparison Project (DMIP) [29,30], and Intercomparison for Integrated Hydrologic Models
(IH-MIP) [4,17]. These studies have compared lumped and distributed models extensively, evaluating
model performance and capabilities at varying scales, but few studies if any have considered the
urban system that includes green infrastructure when intercomparing hydrologic models. In addition,
a goal of some of the intercomparison exercises has been to try to determine global parameters for
different schemes based on validated results [23–30]. The PILPS studies indicate that global catchment
parameters could be used by modelers using different land-surface schemes [27]; our study expands
upon this previous work.
In this paper, we present the results of an intercomparison performed for distributed and lumped
hydrologic models in a completely urban domain that includes green infrastructure. It tests and
compares the distributed and lumped models, uses the distributed model to inform the lumped model,
and improves the lumped model’s representation of green infrastructure. We accomplish this by
performing a new urban case study that compares and evaluates each model’s representation of green
infrastructure in a completely urban domain. We then compare basic model configurations using two
of the idealized benchmark test cases presented in Maxwell et al. [4]. These test cases emphasize the
role of various model components and their interactions. The benchmark cases compare the flow
components of the distributed hydrologic model (Gridded Surface Subsurface Hydrologic Analysis,
GSSHA), and one lumped model (the EPA Storm Water Management Model, EPA-SWMM). This study
extends the work of Sulis et al. [15], and Maxwell et al. [4,17]. The guiding principle of this work
is like the previous studies in which different integrated hydrologic models perform standardized
benchmark problems to gain an increased understanding of the representation of coupled hydrologic
processes and how they can be used to inform and improve modeling schemes and systems [4,17,27].
The intercomparison starts with the new urban case study between a fully coupled distributed
model (GSSHA) and a lumped model (EPA-SWMM) within a real-world urban domain in Denver,
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CO, USA. This study evaluates each model’s capability to model green infrastructure within an
existing urban watershed and the resulting impacts to water quantity. Since no known solution is
available for this watershed and simulated implementation of green infrastructure, we compare and
discuss the results. It should be noted that this work expands upon the work completed by Fry and
Maxwell [7] that used regional calibration parameters for a distributed model in the Denver metro
area. Next, we perform the simple benchmark cases for the models, to evaluate differences seen
between the distributed and lumped models for the urban case study. Like the urban case study, no
known solution is available for these simple benchmark cases, so we compare and discuss the results.
Finally, we synthesize the results and present a methodology based on the work performed by Fry and
Maxwell [7] that incorporates the distributed model results into the lumped model. The methodology
informs lumped model parameters and improves performance and accuracy when compared to the
distributed model. We discuss and compare the results to provide better understanding and confidence
in the use of both distributed and lumped hydrologic models to represent green infrastructure in
urban environments.
2. Materials and Methods
2.1. Description of Models
2.1.1. GSSHA
Gridded Surface Subsurface Hydrologic Analysis (GSSHA) is a physically-based,
distributed-parameter, structured grid, hydrologic model that simulates the hydrologic response
of a watershed subject to given hydro meteorological inputs. The GSSHA uses a uniform finite
difference grid to divide the watershed. Processes that occur before, during, and after a rainfall event
are calculated for each grid cell and then the responses from individual grid cells are integrated to
produce the watershed response. The governing equations for GSSHA are:
Manning’s Equation (2-D):
2
1
1
Q = AR 3 Sf 2
(1)
n
Diffusive Wave Equation (2-D):
Sf = S0 −

∆d
∆x

(2)

where n is a roughness coefficient, A is the area (L2 ), R is the hydraulic radius (L), and Sf is the friction
slope (L/L). S0 is the land surface slope (L/L) and d is the surface depth (L) [31].
GSSHA uses a two-step explicit finite volume scheme to route 2-D overland flow. GSSHA
computes overland flows based on flow depths (heads) and updates volumes based on the computed
flows. The algorithms used in GSSHA are simple when compared with more sophisticated implicit
finite difference and finite element schemes. GSSHA calculates the friction slope between one grid
cell and its neighbors as the difference in water surface elevations divided by the grid size. Unlike the
kinematic wave approach, this diffusive wave approach allows GSSHA to route water through pits
or depressions. GSSHA uses Manning’s Equation to relate flow depth to discharge [31]. Infiltration
options in GSSHA include 1-D Richard’s Equation, Green and Ampt, multi-layer Green and Ampt,
and Green and Ampt with Redistribution (GAR). For this analysis infiltration is simulated using the
traditional Hortonian Green and Ampt methods, which are simplifications of the Richards Equation in
1-D [32–34].
2.1.2. EPA-SWMM
The EPA Storm Water Management Model (SWMM) is a dynamic rainfall-runoff simulation
model that computes runoff quantity and quality from primarily urban areas. SWMM is a nonlinear
reservoir runoff model based on the continuity equation and momentum equations.
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Conservation of Mass:
∂d
= i−e− f −q
∂t

(3)

Manning’s Equation:
Q=

5
1
1.49
WS 2 (d − ds ) 3
n

(4)

where i is the rate of rainfall (L/T), e is evaporation rate (L/T), f is the infiltration rate (L/T), and q is
the runoff rate (L/T). Manning’s equation is modified where W is the width through which runoff
flows through the subcatchment area multiplied by the height (d − ds ), and the hydraulic radius is
related to the depth (d − ds ) [35].
The runoff component of SWMM operates on a collection of subcatchment areas that receive
precipitation and generate runoff. SWMM treats each subcatchment area as a non-linear reservoir.
SWMM calculates surface runoff using a method of planes in which it applies a water balance equation
over the subcatchment for each time step. The subcatchment is broken down into pervious and
impervious planes, based on the parameters input. Each plane has inflows from precipitation, and
upstream sub catchments, and outflows from infiltration, evaporation, and surface runoff. SWMM
determines the reservoir capacity with the depression storage parameter. Overland flow occurs when
runoff exceeds the depression storage, and SWMM calculates outflow using Manning’s Equation [35–37].
Infiltration options in SWMM include Horton’s Equation, SCS-CN, and Green and Ampt. To be
consistent with GSSHA, we chose to use the Green and Ampt method for infiltration.
2.2. Urban Benchmark Case Study: Green Infrastructure
One of the challenges of modeling green infrastructure (GI) in urban environments is the
heterogeneous arrangement of different land surfaces. Studies have shown that lumped parameter
models may not account for the variabilities of the urban environment [5,18–20,38,39]. This case
study builds upon a simulation test case presented in Fry and Maxwell [7] in which they evaluate the
impacts of GI on water quantity within an urban watershed using regional calibration parameters
in a distributed coupled model. This case study compares the use of a distributed coupled model
(GSSHA) with a lumped model (EPA-SWMM) to evaluate the impacts of GI on total storm runoff
(peak flow and volume), infiltration, and storage in an urban environment. The urban benchmark case
study consists of a highly complex domain with varying parameters. The case study uses the same
study site previously modeled, a neighborhood in the Berkley Lake watershed in Denver, Colorado.
The size of the sub-watershed is 26.14 hectares. The model includes the built environment, which
consists of a mix of residential, commercial and high density residential land uses. The urban case
includes five different synthetic storm simulations representing higher frequency to lower frequency
events (2, 5, 10, 50, and 100 Year). The analysis assumes each simulated event to be under dry
antecedent moisture conditions based upon the soil type and as a single event. The urban case uses
storm events based upon the Urban Drainage and Flood Control District’s criteria for rainfall in the
Denver metro area [40]. The rainfall totals for each 2-h storm event were 2-Year: 27.92 mm, 5-Year:
39.38 mm, 10-Year: 45.55 mm, 50-Year: 66.07 mm, and 100-Year: 75.46 mm. The urban case incorporates
green infrastructure within under-utilized pervious areas within the domain using the methodology
described in Fry and Maxwell [7]. This method converts under-utilized pervious areas, such as tree
lawns, medians, and existing green space, to GI at the following intervals 15%, 25%, 35%, and 50%
of the area. Input parameters for the domain and GI are provided in Table 1, and visually shown
in Figure 1.
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Table 1. Parameter values used in the urban benchmark case: green infrastructure.
Neighborhood Subset
Characteristics

Value

Units

Source

Total Area

261,422

m2

City and County of Denver
Geographic Information system (GIS) (2014) [41]

137,427
123,995

m2
m2
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Figure 1. Urban case domain. (A) Example set up of urban mask with 15% green infrastructure (GI)
Figure
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Table 1. Parameter values used in the urban benchmark case: green infrastructure.
Neighborhood Subset Characteristics

Value

Units

Total Area

261,422

m2

Impervious Areas

137,427

m2

Source
City and County of Denver
Geographic Information system (GIS) (2014) [41]
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We implemented GI in EPA-SWMM through the Low Impact Development (LID) controls module.
The module allows the user to specify a type of GI, the size of the GI, the number of them within the
basin, and the amount of impervious area routed to them [36]. The GI type chosen in SWMM was
a bioretention cell, which allows the user to modify the storage and soil parameters. The size was
based on a cell size of 1 m2 to be consistent with the distributed model. The number or amount of GI
was based on the percent area converted to GI divided by 1 m2 . And the amount of impervious area
routed to each GI was determined via a spatial analysis, in which we evaluated the directly connected
impervious areas routed to each bioretention cell.
We modeled green infrastructure in GSSHA using a high-resolution grid (1 m2 ). We assigned
an elevation to each cell based on the digital terrain. The model incorporates land use features
based on geographic information for pervious and impervious areas. We also assigned Manning’s
roughness values based pervious and impervious areas. To add GI, we performed a spatial analysis
of under-utilized pervious areas. We then modified each cell to GI using modified soil and retention
parameters. For additional information on model set up and parameters used see Fry and Maxwell [7].
This analysis evaluates the use of distributed green infrastructure in an urban domain using a
distributed model at a hyper-resolution (1 m). The analysis between SWMM and GSSHA compares
the results for the different percent of under-utilized pervious area converted to green infrastructure
(GI) and the five different simulated storm events. As there is no analytical solution and only regional
calibration parameters for the distributed model, we calibrate the models to each other for the 2-Year
storm event under existing conditions (0% GI). We adjust the models to incorporate GI under varying
storm events.
2.3. Idealized Benchmark Test Cases
Numerical experiments represent an essential tool for model intercomparison, and in this study
simple experiments explore, as a first step, the similarities and differences between the models. The
test cases involve simple geometries: a sloping plane and a tilted V-catchment [12,13,15,50,51] with
minimal complexity in domain geometry and other features (topography, hydraulic and hydrogeologic
properties, and atmospheric forcing), but with complex physical responses designed to compare model
behavior [4]. The simulation cases are: Infiltration Excess, and Tilted V-Catchment. We list a summary
of all input parameters in Table 2 and provide a summary of each case below.
Table 2. Parameter values used in the benchmark cases.
Parameter Values for Benchmark Cases
Units

1. Infiltration Excess

2. Tilted V-Catchment

m/min
m/min

6.94 × 10−5 (High K)
6.94 × 10−6 (Low K)
0.01986

a

Saturated Hydraulic Conductivity

Ks

Manning’s Roughness

n

Rainfall Rate
Specific Storage
Porosity
van Genuchten Parameters
Alpha
Pore-size distributions
Residual water content
Saturated water content
Green Ampt Parameters
Capillary Head
Pore Distribution Index
Residual Saturation
Field Capacity
Wilting Point

i
Ss
Φ

m/min
1/m

3.30 × 10−4
5 × 10−4
0.4

0.015 (Hillslope)
0.15 (Channel)
1.80 × 10−4
5 × 10−4
0.4

α
n
Sres
Ssat

1/cm
-

1.0
2.0
0.2
1.0

1.0
2.0
0.2
1.0

Ψ
λ
θr
θf
θ wp

cm
-

16.7
2.0
0.2
0.4
0.15

16.7
2.0
0.2
0.4
0.15

a

The Tilted V-Catchment case is surface flow only.

a
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The results show an interesting pattern, although the models were calibrated to each other for
the 2-Yr storm event, results between the models diverged under existing conditions as storm
intensity increased (Figure 4). This is due to the difference in how each model represents runoff and
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Under each simulation for peak runoff the models diverge significantly with increasing GI, as
SWMM appears to converge on a minimal peak outflow for the 50% GI simulation (Figure 4A). Peak
3. Results
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The results show an interesting pattern, although the models were calibrated to each other for the
2-Year storm event, results between the models diverged under existing conditions as storm intensity
increased (Figure 4). This is due to the difference in how each model represents runoff and infiltration
and highlights the need to calibrate lumped models for each storm event.
Under each simulation for peak runoff the models diverge significantly with increasing GI, as
SWMM appears to converge on a minimal peak outflow for the 50% GI simulation (Figure 4A). Peak
discharge diverges 86.7% for the 2-Year storm event, and 90.4% for the 100-Year storm event. Total
volume of discharge varies like peak discharge for the existing conditions simulation especially for
the larger storm events (Figure 4B). Similar to peak discharge, the total volume of discharge appears
to converge towards a minimal volume of discharge for the 50% GI simulation, with total discharge
volume diverging 89.5% for the 2-Year Storm event, and 91.4% for the 100-Year Storm event. To
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The results of the infiltration excess benchmark case are shown in Figure 5 and provided in
Table 3. The results in Figure 5 show the outflow plotted as a function of time. The plot shows good
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Overall
the results indicate the significant differences in each model’s capability to predict excess
3.3. Tilted
V-Catchment
runoff, especially as the hydraulic conductivity increases, with SWMM predicting the least amount
We summarize the results of the Tilted V-catchment in Table 3. The outflow hydrographs are
of infiltration in both cases. This is due to the different modeling methods, for example SWMM has
shown in Figure 6. The models predict almost identical peak outflow values (less than 1%). The
lumped parameters whereas GSSHA has distributed parameters. Without some form of calibration,
predicted peak volumes are also similar for each model. The greatest difference seen is in the
we anticipate that a lumped parameter model would diverge from a distributed model, and the results
prediction of time to steady state, approximately 39% (as defined by an outflow area greater than
indicate this is the case.
95% of the value at 90 min) between GSSHA and SWMM. There is greater agreement between the
models
the recession curve (difference between discharges at 150 min) than for the rising limb.
3.3.
Tiltedfor
V-Catchment
The differences in the results are similar to previous studies and are due to the different overland
We summarize
results
of the
Tiltedmodel
V-catchment
Table
3. The outflow
hydrographs
and channel
routing the
schemes
used
by each
[4,12,15].inThe
distributed
model uses
a form of are
the
shown
in
Figure
6.
The
models
predict
almost
identical
peak
outflow
values
(less
than
1%).
The
St. Venant equations to route overland and channel flow, whereas the lumped model uses a nonlinear
predicted peak volumes are also similar for each model. The greatest difference seen is in the prediction
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Figure 6. Tilted V-Catchment outflow
outflow hydrographs.
hydrographs.

The differences in the results are similar to previous studies and are due to the different overland
4. Discussion
and channel routing schemes used by each model [4,12,15]. The distributed model uses a form of the
A review
of the to
idealized
benchmark
test cases
indicates
good
between
models
St. Venant
equations
route overland
and channel
flow,
whereas
the correlation
lumped model
uses athe
nonlinear
for
the
simple
Infiltration
Excess
(low
K
s). The models diverge under different infiltration parameters
reservoir method. The results indicate that this approach, if not calibrated, produces significantly
and overland
flow
routing.
Even though
both models use the Green Ampt method for infiltration the
different
results
versus
the distributed
model.
model
structure
and
routing
methods have
a significantExcess
impact
oncases
the results.
differences
point
Based
on the
Tilted
V-Catchment
and Infiltration
test
we canThese
reason
that SWMM
is
to
the
challenge
of
solving
highly
nonlinear
runoff/run-on
mechanisms
[4].
These
runoff
processes
under predicting the outflow and over predicting the infiltration and storage volumes, thus leading to
are quite
important
in the application
of GI inand
urban
environments,
which surface
sub-surface
more
significant
reductions
in peak discharge
the total
volume of in
discharge
than theand
GSSHA
model.
interactions are more dynamic. We tend to see a large divergence between the two model types when
theDiscussion
simulated domain became more complex and dynamic.
4.
Our intercomparison review of the models indicates that the largest contributing factor is the
A review of the idealized benchmark test cases indicates good correlation between the models
difference in how the models simulate and route runoff. SWMM’s method of planes is significantly
for the simple Infiltration Excess (low Ks ). The models diverge under different infiltration parameters
different than GSSHA, which physically routes stormwater through the built environment and the
and overland flow routing. Even though both models use the Green Ampt method for infiltration the
distributed GI. The SWMM method assumes that all water on a plane is completely routed through
model structure and routing methods have a significant impact on the results. These differences point
that plane minus abstractions. Therefore, the GI plane assumes all runoff routed to it is captured and
to the challenge of solving highly nonlinear runoff/run-on mechanisms [4]. These runoff processes
treated equally. This would account for and explain the large divergence between the model results.
are quite important in the application of GI in urban environments, in which surface and sub-surface
The GSSHA’s physical routing of runoff accounts for spatial distribution of GI, as well as varied flow
interactions are more dynamic. We tend to see a large divergence between the two model types when
paths [7].
the simulated domain became more complex and dynamic.
To validate this assumption, we performed an analysis in which we applied the Effective Ratio
Our intercomparison review of the models indicates that the largest contributing factor is the
results from Fry and Maxwell [7] to the lumped model. This process consisted of using the overall
difference in how the models simulate and route runoff. SWMM’s method of planes is significantly
Best Management Practices (BMP) Effective Ratios for each storm and percent of GI, in SWMM.
different than GSSHA, which physically routes stormwater through the built environment and the
Within the GI module in SWMM, the user can specify the percent of impervious area routed to the
distributed GI. The SWMM method assumes that all water on a plane is completely routed through
designated GI. Initially we calculated this value based on the spatial distribution of impervious areas
that plane minus abstractions. Therefore, the GI plane assumes all runoff routed to it is captured
and location of GI within the sub watershed. We replaced these values with the overall BMP Effective
and treated equally. This would account for and explain the large divergence between the model
Ratios. We took into account that the overall BMP Effective Ratios consider both the pervious and
results. The GSSHA’s physical routing of runoff accounts for spatial distribution of GI, as well as
impervious areas of the sub-watershed. Since SWMM assumes only the impervious area is routed to
varied flow paths [7].
GI, we applied a weighted average of the BMP Effective Ratios accounting for impervious and
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To validate this assumption, we performed an analysis in which we applied the Effective Ratio
results from Fry and Maxwell [7] to the lumped model. This process consisted of using the overall Best
Management Practices (BMP) Effective Ratios for each storm and percent of GI, in SWMM. Within the
GI module in SWMM, the user can specify the percent of impervious area routed to the designated GI.
Initially we calculated this value based on the spatial distribution of impervious areas and location of
GI within the sub watershed. We replaced these values with the overall BMP Effective Ratios. We took
into account that the overall BMP Effective Ratios consider both the pervious and impervious areas
of the sub-watershed. Since SWMM assumes only the impervious area is routed to GI, we applied
a
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which modelers account for and apply physical processes from a distributed coupled model to inform
lumped model parameters at the watershed scale.
5. Conclusions
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account for and apply physical processes from a distributed coupled model to inform lumped model
parameters at the watershed scale.
5. Conclusions
This paper presents the intercomparison of a physics-based distributed hydrologic model and a
lumped model using a new urban test case and a standard set of test problems. The models compared
use a range of coupled strategies and varying solution techniques. Similar to Maxwell et al. [4] and
Kollet et al. [17] the models produced similar results for the simpler set of test problems with the
results diverging under more complex simulations. We draw some specific conclusions from this work:
1.

2.

3.

4.

A more complex simulation comparing existing urban conditions to proposed GI implementation
was completed (Urban Case Study). This simulation compared a distributed model to a lumped
model. The results showed a divergence in the model predictions of GI effectiveness. This
divergence was the result of significant differences between how each type of model represents
and solves the dynamic system. These results highlight the challenges of using lumped models
to represent complex systems for future scenarios.
The models showed consistent agreement for the simple test cases focused on infiltration
(infiltration excess for the low Ks value). Simple test cases can serve to build model confidence
as they cover a large range of runoff generating mechanisms often encountered in catchment
hydrology [4].
The models showed significant differences when comparing infiltration excess (high Ks value),
and overland flow (Tilted-V). The different solution techniques used by each model and the
increased complexity of the modeled system led to differences between the models.
We incorporated BMP Effectiveness Ratios [7] from the distributed model that account for the
dynamics of the environment and physics of flow based on storm intensity to a lumped model to
improve GI modeling accuracy. Applying the distributed model BMP Effectiveness Ratios to the
lumped model produced results consistent with the distributed model. This method provides a
framework with which modelers can inform and improve GI modeling within lumped models.

Although there are quantitative differences between the models for the various test cases there is
qualitative agreement. While this provides confidence in all of the models in this intercomparison,
it also provides an important understanding of runoff processes for each model and how we can apply
these models to more complex simulations. While distributed models require substantially greater
computational expense than their lumped counterparts, they appear to provide important insight into
modeling green infrastructure. This class of model is an important tool for low impact urban planning.
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