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Abstract: This study aims to calibrate and validate the EPA Storm Water Management Model
from field measurements of rainfall and runoff, in order to simulate the rainfall-runoff process in
an urban watershed of Tehran metropolis, Iran. During and after three significant storm events,
the flow rates, total suspended solids (TSS), total phosphorus (TP), and total Kjeldahl nitrogen
(TKN) concentrations were measured at the outlet of the catchment, and were used in the model
calibration and validation process. The performance of the SWMM model was evaluated based
on the statistical criteria, as well as graphical techniques. In this study, a local sensitivity analysis
was carried out to identify the key model parameters, show that “the percentage of impervious
surface in each subwatershed had the most effect on the model output”. Based on the analysis
of the results, SWMM model calibration and validation can be judged as satisfactory, and the
goodness-of-fit indices for simulating runoff quality and quantity are placed in acceptable ranges.
The adjustment obtained for the variations in the measured and simulated flow rates, pollutograph
concentrations, total pollutant load, peak concentration, and the event mean concentration (EMC)
confirms the considerable predictive capability of the SWMM model when it is well calibrated by

using field measurements.
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1. Introduction

Urbanization contributes to the development level of a country [1]. Rapid urbanization
and the increase in impervious surface areas in urban regions could increase runoff volume
by two to six times that of normal runoff [2,3]. Continued urbanization and development
also increase the potential for floods, and can cause intensive water quality degradation
by increasing associated pollutants, such as suspended solids, fine particles, heavy metals,
nutrients, and organic chemicals [4-8], which can all seriously impact public health and
threaten environmental quality [9]. Stormwater runoff quantity and quality management
for urban regions is a complex task, which has become an increasingly important environ-
mental issue for urban communities [10]. The management of stormwater runoff requires
the monitoring and analysis of constituents entering the system, and subsequent implemen-
tation of preventive measures [11]. Although effective, extensive monitoring campaigns
are not always feasible, due to resource availability and the associated uncertainties. In
such a situation, stormwater modelling is a useful tool, which uses limited data resources
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and can simulate time intervals beyond the monitoring period [12]. Models applicable
to managing stormwater quality and quantity appeared in the early 1970s [13,14]. Based
on the reviews conducted on the stormwater models by Elliott and Trowsdale [15], and
Jayasooriya and Ng [16], the EPA-SWMM model has been effective in stormwater qual-
ity and quantity simulation. The SWMM model is a water quality and quantity model
widely used in predicting flows and pollutant concentrations, with the capacity for both
single-event and continuous simulation [17]. However, the accessibility of suitable data is
limited, especially for urban areas, and, as a consequence, parameterization of the model
is hindered; therefore, model calibration and validation are in need [18]. Adequate and
successful application of a hydrological model can only be reached through efficiently
calibrating the model parameters [19]. Normally, model calibration and validation are
required prior to regular application of the model to similar site conditions [20].

Application and validation of the SWMM model have been carried out in different
parts of urban watersheds around the world [21-36]. Many studies have shown that the
SWMM model has reasonable accuracy when the model outcomes are calibrated and
validated [16,17,34,37-40].

The objectives of this study include conducting a sensitivity analysis on the input pa-
rameters of the SWMM model, and calibration and validation of the SWMM model for an
urban watershed located in District 22 of Tehran, in order to model the quality and quantity
of stormwater runoff. The application of the SWMM model in the study watershed will be
helpful in assessing the performance of drainage systems, finding solutions to deal with flood
issues, and designing monitoring strategies to manage stormwater in urban watersheds.

The accessibility of the SWMM model input parameters, especially the input parameter
values of different pollutant types in different types of land uses for runoff quality mod-
elling, is limited. Due to research gaps, in the present paper, we propose a set of model input
parameters that are useful for applying SWMM in similar urban watersheds worldwide.

2. Materials and Methods
2.1. Study Area Description

Tehran, as the capital of Iran, is one of the most populous metropolises in the world.
District 22 of Tehran municipality is one of 22 urban districts of Tehran with geographical
coordinates of 35°32'16''-35°57'19"" north latitude and 51°5'10"-51°20'40"’ east longitude,
and with an area of 24,000 ha. The study watershed is located in the southern part of
District 22 of Tehran (Figure 1). The total watershed area is about 95 ha, mainly comprising
residential, commercial and undeveloped areas. The mean annual precipitation in the
study area is 238.9 mm, and the main part of rainfall occurs during fall and spring seasons.
The elevation change throughout the landscape is gentle, ranging from 1284 m in the
north to 1226 m in the south, which gives a mean slope of approximately 8%. All of the
subwatersheds had separate sewage drainage systems, and the stormwater runoff flowed
past conduits to the final outfall.

2.2. Description of Storm Events and the Corresponding Runoff Monitoring

The aim of this study was to calibrate and validate the SWMM model by using
measurements of runoff and pollutant concentration. The runoff discharge and quality
were monitored for the three recorded storm events at the end of the drainage network of
the study watershed (on 22 May 2018, 1 June 2018, and 14 November 2018). Flow rates were
measured by the cross-section method and water samples were collected at 10 min time
intervals at the watershed outlet cross-section for analyzing water quality. In this analysis,
three pollutants of total suspended solids (TSS), total phosphorus (TP), and total Kjeldahl
nitrogen (TKN) were employed for calibration and validation of the SWMM model. A total
of 59 samples were taken during and after three storm events occurred during the study
period. The samples were stored in 1 L bottles at the site and transported to the laboratory
at Tehran University. Chemical analyses were performed by standard methods (TSS, TP
and TKN concentrations were measured using gravimetric method, yellow colorimetric
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method, and Kjeldahl method, respectively). In addition, 10 min storm data collected from
Mehrabad synoptic weather station, which is located near the study area, were used in this
study. The main characteristics of the storm events are summarized in Table 1.
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Figure 1. Location of District 22 of Tehran, the study watershed and its sub-watersheds (star marks
the outlet location of the study watershed).

Table 1. Main characteristics of the studied storm events.

Date Storm Total Duration Antecedent Dry No. of
Rainfall (mm) (Minutes) Period (Days) Samples
22 May 2018 1.8 60 5 19
11 June 2018 2 25 3 20
14 November 2018 2.8 60 1 20

2.3. SWMM Model Description

The SWMM model is a dynamic event-based rainfall-runoff model for long-term simu-
lation of runoff quantity and quality, particularly in urban watersheds, and the first version
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of the model was introduced by the U.S. EPA in 1971 [41] and has been very popular in ur-
ban water resource management since then. A broad range of studies have been undertaken
on SWMM-based simulation of runoff quantity and quality dynamics, including hydro-
logic assessment for pre- and post-development conditions [27], pollutant wash-off water
quality analyses [28,34,35], combined sewer overflow modelling and assessment [42], flood
forecasting [43], and modelling and assessment of stormwater treatment facilities [44,45].
The model has computational blocks to perform rainfall-runoff modelling. Runoff block
generates runoff from rainfall using the non-linear reservoir method, which assumes sub-
catchment as a non-linear reservoir. Overland flow from each subcatchment is computed
by applying the law of conservation of mass [46]. Transport and EXTRAN blocks route
the runoff flows through storm water drains using kinematic and dynamic wave routing,
respectively. Infiltration can be estimated using the Soil Conservation Service curve number
(SCS-CN), Horton, modified Horton, and Green and Ampt methods. For each model run,
all computational blocks can work simultaneously or individually [39]. In the present
study, the kinematic wave routing method with 1 s time steps and the SCS-CN method
were used for flow routing and infiltration, respectively. SWMM is enabled to simulate
pollutant delivery by using buildup and wash-off equations. Perfectly parameterizing the
equations for different land uses is of importance for utilizing the full potential of SWMM.
Three buildup equations (power, exponential, and saturation) and three wash-off equations
(exponential, rating curve, and event mean concentration) are provided in SWMM [41]. In
this study, power and exponential equations were used to simulate buildup and wash-off
of the pollutants, respectively. The equations are as follows [47]:

Buildup = Min <C1 , Cztc3) 1

where Buildup is pollutant build-up (mass per unit of curb length), and C; and C; are
maximum possible build-up (mass per unit of curb length) and build-up rate constant,
respectively. t denotes time and C3 represents time exponent.

Washoff = D; Runoff?? Buildup 2)

where the wash-off term is the wash-off load (mass per hour), the runoff term is runoff rate
per unit area (inches/hour or mm/hour), and Buildup is the pollutant buildup in units of
total mass. D is the wash-off coefficient, and D is the wash-off exponent.

2.4. Model Parameterization

EPA SWMM model was set up based on the topographical and drainage network data
and parameters derived based on the properties of the subcatchments [48]. In this study, the
initial input parameter values were estimated through a combination of field data, existing
datasets, literature review, and model default values. The spatial degree of segmentation of
a subcatchment, which represents the surface hydrologic characteristics, is very important
in SWMM-based modelling of urban runoff [49]. The catchment was segregated based on
the hydrologic conditions as a hydrologic similar unit (HSU) or subcatchment, via land
use and surface slope condition, considering drainage network. Catchment delineation
and subdivision was successfully performed and 42 subcatchments were extracted, which
indicates a fairly detailed discretization. A field survey was also carried out to confirm the
surface and subsurface drainage patterns to accurately describe the subcatchment physical
characteristics. The physical characteristics of the subcatchments, including areas, average
surface gradients, overland flow path widths, and grade of impermeability, were calculated
accordingly, based on digital elevation model (DEM) data with a resolution of 3m x 3 m,
using ArcMap, field measurements, and available equations, in addition to the existing data,
such as land use and soil data, while typical values from the literature review were taken
for the Manning’s roughness coefficients of pervious and impervious areas, for depression
storage depths of pervious and impervious areas, and for % impervious areas with zero
depression storage. Curve number (CN) values were assigned for each drainage area
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within the catchment. The main significant variables for defining a curve number are the
soil hydrologic group and cover type. In order to determine CN values for the impervious
areas and the pervious soil, the soil hydrologic groups and cover types for each drainage
area were determined from the existing land use and soil maps obtained from municipal
offices. The spatial distribution of 188 conduits, and then their geometries and properties
(conduits lengths, conduits depths, conduits widths, down and up stream invert levels
and invert slopes), were determined based on the drainage network map collected from
the municipal offices in digital format and via field measurements, while typical values
for the Manning’s roughness coefficient for the conduits were extracted from the literature
review. The spatial distribution of 244 junctions and their physical parameters, including
junctions’ invert elevations and junctions” maximum water depths, were prepared based on
the 1:2000 CAD format topographic map collected from Iran National Cartographic Center,
the existing datasets of drainage network, and field measurements. Subsequently, the
parameters of each subcatchment, each channel and each junction were imported into the
simulation tool of SWMM, and the connections among subcatchments, junctions, conduits,
and outlets were configured according to their spatial positions.

The major limitation of catchment water quality modeling is the proper identification
of the land use for each catchment, which controls the transport of pollutants with stormwa-
ter runoff [50]. The land use information was extracted from the land use thematic map
(2016) collected from the municipal offices and according to field observations applied to
SWMM. In SWMM,, for each type of pollutant, each land use has a unique set of pollutant
parameters, i.e., four parameters for each land use. Initial values for these parameters were
employed, according to the literature review. Initial values of model input parameters
for runoff quality modelling in 5 different types of land uses related to the study region
(including low-density residential, high-density residential, commercial, undeveloped,
and roads) were extracted from the literature review, as given in Table 2. In addition, the
previous conditions of the catchment area, such as the number of previous dry weather
days and street sweeping data, were imported into the model to simulate pollutographs.

Table 2. Initial values of the quality parameters of TSS, TKN and TP used for runoff quality calibration

of the SWMM model.
Land Use Pollutant Build-Up C; (Kg/100 m) Build-Up C; (Kg/Day/100 m) Wash-Off D Wash-Off D,
RLD * TSS 29.82 0.9832 0.42 22
TP 0.7452 45 %x 10752 042 0.022
TKN 2.0862 45x 10742 012 0.72
RHD ** TSS 7452 3.069 2 0.72 222
TP 1.0432 1.8 x 10742 092 0.092
TKN 1.788 2 1.68 x 10732 032 042
Undeveloped TSS 59.62 1.9822 0.12 1.72
TP 0.596 @ 298 x 10752 0.22 0.042
TKN 22352 67 x 10742 0.022 032
Commercial TSS 15P 1.2b 1.4P 09b
TP 0.009 © 556 x 10744 4.68¢ 341°¢
TKN 0.0113f 0.0034 f 49.71 ¢ 5.85¢
Transportation TSS 1.873 & 0.75 0 5.46 ¢ 5.52¢
TP 406 x 10781 1 473¢ 292¢
TKN 1.05 x 10781 1 37.01¢ 5.51¢

* Residential with low population density @ Soltani [51];® Chow et al. [24]; ** Residential with high population
density; © Goonetilleke & Thomas [52]; d Rossman & Huber [53]; © Tu & Smith [54]; f Sartor & Boyd [55]; & Ball
et al. [56]; M Tsunokawa & Hoban [57]; ! Shaheen [58].
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2.5. SWMM Model Sensitivity Analysis

The assessment of model output through changes in parameter values is performed
with a parameter sensitivity analysis. Sensitivity analysis is conducted for a variety of
reasons, such as identification of parameters that require additional investigation for
fortifying the knowledge base, thereby decreasing output uncertainty; determination of
insignificant parameters to be removed from the final model; identification of inputs that
contribute most to output variability; determination of parameters that are most highly
correlated with the model output [59]. In modelling, the parameter sensitivity analysis
indicates the parameter robustness [48]. In this study, the sensitivity of the model inputs
or parameters to the SWMM model output was examined to identify key parameters.
Sensitivity analyses can be broadly grouped into local and global approaches [60]. In this
article, local sensitivity analysis was carried out. Following techniques employed by Jewell
et al. [61-67], input parameters of SWMM model (as listed in Table 3) were justified over a
range of £50% of their original values, while keeping all other parameters constant, and
the corresponding difference in runoff peak flows was calculated.

Table 3. The final values of the main calibrated parameters of the SWMM simulation model.

Parameters Initial Range of Variation Calibrated Sensitivity
Value Allowed Value Rank

Dstore-Imperv. (mm) 1.9 0.25-2.482 1.35 3
Dstore-Perv. (mm) 3.8 2.48-5.08 2 3.8 8
N-impervious 0.011 0.011-0.033 2 0.023 5
N-pervious 0.15 0.02-0.82 0.15 8
% Imp. factor * +15% P * 1
Width factor (m) * +30% © * 4
% Zero-Imperv. 25 1-454 32 6
% Slope * £ 30% © * 7
SCS curve number * +60% € * 2

Data from: @ Huber and Dickinson [68]. P Kong et al. [69]. © Temprano et al. [34]. d Modugno et al. [38].
¢ Blansett [37]. * Calculated for each subbasin.

As a result, the parameters for which small variations in their values lead to significant
changes in the model output were selected and ranked by efficiency for further analysis. In
other words, the highest sensitive parameters were employed while conducting the SWMM
model calibration.

2.6. SWMM Model Calibration and Validation

In order to simulate accurate scenarios of runoff generation and pollutant loading with
urban storm water by using the calibrated and validated SWMM model, in this study, two
storm events (22 May 2018 and 14 November 2018) were used for the model calibration,
and one storm event (1 June 2018) was used for the model validation. According to the
measurement data, the optimal values of the sensitive parameters were determined by
carefully adjusting the most sensitive parameters of the model in well-defined ranges for
ensuring the simulation validity. The parameters of the SWMM model considered for
calibrating the runoff quantity, and their variation ranges, and the values chosen for these
parameters in this study, are given in Table 3. The model calibration was performed through
a trial-and-error iterative process, by adjusting the parameters within the established ranges,
as represented in Table 3. The parameters were systematically adjusted one at a time until
differences between the modelled and measured values were minimized. In other words,
the calibration process for a parameter was completed when the modelled results closely
matched the measured values. Calibration of the SWMM model for runoff quality was
conducted in terms of four parameters for each type of pollutant in each landuse (Bjim, Bexp,
Wc and Wexp). During the calibration process of SWMM, each parameter was adjusted
within a certain range until good agreements were gained between the measured and
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simulated pollutographs, with respect to total pollutant load, peak concentration, and the
event mean concentration (EMC) values.

The main objective of model validation is to confirm whether the set of calibrated
parameters enable other storm events to be simulated in the future [48]. The mean values
for calibrated parameters (two storm events on 22 May 2018 and 14 November 2018), in
order to simulate the runoff quantity and quality, were then used to validate the model,
and the hydrograph and pollutographs of the storm event on 1 June 2018, gained from each
simulation, were compared with the measured hydrograph and pollutographs (numerically
and graphically).

2.7. Goodness-of-Fit Test

The model performance during the calibration and validation stages was evaluated
graphically and also statistically using goodness-of-fit indices as suggested in the litera-
tures [24,62-65]. Five statistical criteria considered for evaluating the model performance
include the Nash-Sutcliffe efficiency coefficient (NSC), coefficient of determination (R?),
RMSE-observations standard deviation ratio (RSR), percent bias (PBIAS), and relative error
(RE). Details of these criteria are as follows:

n obs sim 2
(vt - g

NSC=1- — ®)
SN
o [ n (Yiobs _ @) (Yl,sim _ YZ,Sim) f .
—\ 2 . —\ 2
i (=) o (v =)
s\ 2
Zn: Ypbs _ ysim
RSR: \/ 1 1( 1 1)2 (5)
\/Ezn—l (YiObs - YiObs)
1 (5 ) 00
PBIAS = b (6)
i=1 "
(Ypbs _ Yszm)
1 1
RE (%) = [~ ] x 100 @)

where Yi"bs is the ith measured values for the constituent being evaluated; Y is the ith

simulated values for the constituent being evaluated; Yi"bsis the mean of measured values

for the constituent being evaluated; Y?" is the mean of simulated values for the constituent
being evaluated; n is the total number of measurements.

Interpretation of the goodness-of-fit parameters for the model calibration and valida-
tion stages was conducted according to Moriasi et al. [65]. Table 4 gives the qualitative
performance rating system employed to evaluate the performance of the SWMM model.
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Table 4. Model performance rating system [65].

Statistical Criterion Value Range Model Performance Rating
NSC >0.65 Good
>0.50 Satisfactory
<0.50 Unsatisfactory
R? >0.8 Good
>0.6 Satisfactory
<0.6 Unsatisfactory
RSR <0.55 Good
<0.70 Satisfactory
>0.70 Unsatisfactory
PBIAS <+15% Good
<4+25% Satisfactory
>+25% Unsatisfactory

3. Results and Discussion
3.1. Sensitivity Analysis Results

In order to identify the sensitive parameters affecting the model output (runoff peak
flow), a sensitivity analysis of the nine various parameters (as given in Table 3) was per-
formed in this study. For this purpose, the initial values of the input parameters were varied
within £50% ranges and the percentage rate of changes in the model output were consid-
ered. In total, the SWMM model was run 90 times. As illustrated in the modelling results,
the percent of impervious area (%Imp.) and the average surface slope of the subcatchment
were the highest and the lowest sensitive parameters in the determination of the peak
flow rate, respectively, which indicates that the percentage of imperviousness regulates
the peak flow rate in the hydrograph and the average surface slope of the subcatchment
has weak connections to the model predictions. As the percent of impervious area and
the average surface slope were varied within —50% to +50% ranges, the percentage rate of
changes in peak flow were from —22.43% to 21.50% and —0.084% to 0.017%, respectively.
Temprano et al. [34], Tan et al. [33], Chow et al. [24], and Maharjan et al. [17] found a similar
influence for %Imp. The ranking of the parameters’ influence on the mentioned output
was the percent of impervious area (%Imp.), SCS runoff curve number, depth of depres-
sion storage on the impervious area (Dstore-Imperv.), width of the overland flow path,
Manning’s coefficient for overland flow over the impervious portion of the subcatchment
(N-Imperv.), percent of impervious area with no depression storage (%Zero-Imperv.), and
the average surface slope, respectively. As we changed these subcatchment parameters
(%Imp., CN, Dstore-Imperv., width, N-Imperv., %Zero-Imperv. and %slope) within —50%
to +50% ranges, the percentage rate of changes in peak flow were from —22.43% to 21.50%,
0% to 7.85%, 0.17% to —0.78%, —0.31% to 0.023%, 0.023% to —0.11%, —0.06% to 0.04%,
and —0.084% to 0.017%, respectively. According to the results, as the depth of depression
storage on the impervious area (Dstore-Imperv.) and Manning’s coefficient for overland
flow over the impervious portion of the subcatchment (N-Imperv.) increased, the peak
flow decreased, which is similar to the findings by Chow et al. [24]. In addition, as the
average slope, flow width, percentage of impervious area, and percent of impervious area
with no depression storage of the subcatchment and SCS curve number increased, the peak
runoff also increased. The results of the sensitivity analysis in this research confirm that
in the area, the runoff peak value simulated by SWMM was the most sensitive to change
in the properties related to the imperviousness, in particular, the percent of impervious
area, depth of depression storage on the impervious area, Manning’s roughness coefficient
over the impervious portion, and percent of impervious area with no depression storage,
respectively. According to the results, the Manning’s roughness coefficient for overland
flow over the pervious portion of the subcatchment (N-Perv.) and the depth of depression
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storage for the pervious area (Dstore-Perv.) have no effect on the peak runoff estimation
modelled by SWMM; Moafi Rabori et al. [66] found similar results.

3.2. Model Calibration Results
3.2.1. Runoff Quantity

For the purpose of catchment modelling system calibration, the relevant SWMM
model parameters were adjusted (according to their sensivity degree, systematically), and
the model was evaluated for the modelling capabilities through four indicators using
Equations (3)—(6). In Table 4, the average values (between the following two calibration
rainfall events: 22 May 2018 and 14 November 2018) of the main calibrated parameters for
runoff quantity are reported.

During calibration, the simulated runoff rates showed an overall good relationship
with the measured values for two events (22 May 2018 and 14 November 2018 rainfall
events) at the outlet in the catchment. Figure 2a,b show a comparison of the modelled
and monitored discharge values for the two rainfall events investigated. Generally, as
we can observe in Figure 2a,b, a visual comparison between the calibration hydrographs
demonstrated acceptable fit between the observed and simulated data, although some
differences in timing and/or magnitude were observed.

0.14 0 023 I Rainfall 0
[ @ W Rainfall | (b) AR
=== Observed
0.12 =@ bserved ) 05
0.5 0.20 = Simulated :
—#— Simulated — .
—_~ ~
2 C E| |2 . B
o b N—
E = Eois =
= <
B 15 5 2 155
2 3 — '3
= 24 0.10 &
2 2
0.05
25 25
3 0.00 3
0 50 100 150 200 250 300 350 0 50 95 125 170 220 270 320
Time (min) Time (min)
0.18 rguw 0
(c) N Rainfall
0.16 —0— Observed
0.14 —#— Simulated

Rainfall (mm)

Flow (m3/s)

(=)}

0 40 65 90 120 170 220 270 320

Time (min)

Figure 2. Comparison between observed flow hydrograph (blue line) and simulated flow hydrograph
(red line) for the first two events employed for model calibration, (a) 22 May 2018 and (b) 14 November
2018, and the third event employed for model validation, (c) 1 June 2018.
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The total simulation accuracies of all the tested events were also assessed by statistical
parameters. The goodness-of-fit test results for the calibration step are summarized in
Table 5. For the event on 22 May 2018, the value of NSC was 0.65, i.e., greater than 0.50,
R? was 0.65, i.e., greater than 0.6, RSR was 0.59, i.e., less than 0.70, and PBIAS (%) was
9.61%, i.e., less than +15%; for the event on 14 November 2018, the value of NSC was 0.78,
i.e., greater than 0.65, R? was 0.81, i.e., greater than 0.8, RSR was 0.47, i.e., less than 0.55,
and PBIAS (%) was 22.05%, i.e., less than +25%; according to Moriasi et al. [65], indicating
the model performance was deemed acceptable for flow discharge simulation of the two
calibrated events at four important indicators, and the model is considered well calibrated
for estimating the runoff quantity at the catchment scale. Baek et al. [67] and Niyonkuru
et al. [48] found similar results, and in their works, the values of the testing parameters
from the quantity calibration were reasonable and in acceptable ranges.

Table 5. Summary results of goodness-of-fit test for assessing the reliability of SWMM model
calibration and validation phases for runoff quantity simulation.

. Evaluation Performance Rating For
Modelling Phase Event Date Statistic Hydrograph Simulation
22 May 2018 NSZC 0-65(5%)
Calibrati R 0.65 (S)
alibration RSR 0.59 (S)
PBIAS (%) 9.61 (G *)
NSC 0.78 (G)
14 November 2018 R2 0.81 (G)
RSR 0.47 (G)
PBIAS (%) 22.05 (S)
NSC 0.72 (G)
o 1 June 2018 R? 0.73 (S)
Validation RSR 0.53 (G)
PBIAS (%) 6.21 (G)

Data from: Moriasi et al. [65]: S *: satisfactory; G **: good.

3.2.2. Runoff Quality

After testing the goodness of fit in the quality calibration step, with the rainfall events
on 22 May 2018 and 14 November 2018, for the TSS, TP and TKN pollutants, the best-fit
values for the input build-up and wash-off parameters were obtained. Table 6 presents the
average resulting calibrated values for the input parameters of quality modelling in each
land use and for all the pollutants monitored.

Based on this calibration process, according to the values of the NSC, R2, RSR and
PBIAS (%) indicators obtained using Equations (3)—(6) for the calibrated events on 22
May 2018 and 14 November 2018, the accuracy of the adjustment of the TSS, TP and TKN
measured and simulated pollutographs, at the exit of the catchment area during the two
rainfalls analysed, was considered acceptable [65], as Table 7 points out.

For the quality calibration, the NSC, R?, RSR and PBIAS (%) values ranged from 0.60
to 0.72, 0.68 to 0.82, 0.53 to 0.63, and —6.99 to 16.71, respectively.

The goodness of fit was also assessed by plotting the simulated versus observed values
of pollutant concentrations, as shown in Figure 3a—f. In this figure, a linear regression line
of the form yp, = y-y, (where y;, implies a predicted value and y, implies an observed
value) was fitted through the data, and its slope was compared with the 1:1 slope (perfect
match). The value of the slope (v) is a measure of the over- (slope greater than 1.0) or
under-prediction (slope less than 1.0) of the model compared with the observed data. In
addition, the square of the correlation coeffcient (R?) of the regression line is presented
in the figure. The lower the value of R? (below 1), the worse the data correlates with the
regression equation. Therefore, the best verification requires that the values of both vy
and R? be as close to 1.0 as possible [35]. All the slopes (y) of the calibrated events in the



Sustainability 2022, 14, 1086

11 of 17

TSS, TP and TKN simulations were close to 1.0 (less than 1.0) and ranged from 0.74 to
0.92; this means that the modelled pollutant concentrations corresponded well with the
measured pollutant concentrations, and were generally slightly under-predicted. These
deviations can be attributed to the errors in the measured values. The R? values obtained
in the correlations for the event on 22 May 2018 were 0.82, 0.68 and 0.70 for the TSS, TP
and TKN modelling, respectively (all greater than 0.6); the R? values for the event on 14
November 2018 were 0.74, 0.71 and 0.81 for the TSS, TP and TKN simulations, respectively
(all greater than 0.7), which can be regarded as acceptable performance.

Table 6. Optimal build-up and wash-off input parameters of the water quality module in the SWMM model.

Process Parameter Land Use TSS (mg/L) TP (mg/L) TKN (mg/L)
Build-up C; (Kg/100 m) RLD * 29.8 0.745 2.086
C; (Kg/day/100 m) 1.033 45 x 107 6.7 x 107*
Wash-off Dy 0.38 0.6 0.15
D, 1.9 0.017 0.35
Build-up C; (Kg/100 m) RHD ** 74.5 1.043 1.788
C; (Kg/day/100 m) 2916 1.8 x 1074 32x1073
Wash-off Dy 0.455 1.35 0.57
D, 1.65 0.045 0.04
Build-up C; (Kg/100 m) Undeveloped 59.6 0.596 2.235
C, (Kg/day/100 m) 1.486 2.98 x 107> 1.14 x 1073
Wash-off Dy 0.08 0.2 0.034
D, 1.275 0.04 0.15
Build-up C; (Kg/100 m) Commercial 1.125 0.009 0.016
C, (Kg/day/100 m) 1.2 9.45 x 1074 0.004
Wash-off Dy 1.05 7.254 72.080
D, 0.855 0.341 3.218
Build-up C; (Kg/100 m) Transportation 0.937 4.06 x 10~8 1.05 x 108
Cy (Kg/day/100 m) 0.75 1 1
Wash-off Dy 2.73 4.73 37.01
D, 3.588 2.92 5.51

* Residential with low population density. ** Residential with high population density.

Table 7. Summary results of goodness-of-fit test for assessing the reliability of SWMM model
calibration and validation phases for runoff quality simulation.

Modeling Evaluation Performance Rating for Pollutograph
Phase Event Date Statistic Simulation
TSS (mg/L) TP (mg/L) TKN (mg/L)
NSC 0.72 (G **) 0.66 (G) 0.60 (S)
o 22 May 2018 R? 0.82 (G) 0.68 (S) 0.70 (S)
Calibration RSR 0.53 (G) 0.58 (S) 0.63 (S)
PBIAS (%) 1.35 (G) —6.99 (G) 747 (G)
NSC 0.60 (S*) 0.63 (S) 0.64 (S)
14 November 2018 R2 0.74 (S) 0.71 (S) 0.81 (G)
RSR 0.63 (S) 0.61 (S) 0.60 (S)
PBIAS (%) 10.80 (G) 8.42 (G) 16.71 (S)
NSC 0.62 (S) 0.57 (S) 0.52 (S)
L 1 June 2018 R? 0.84 (G) 0.72 (S) 0.82 (G)
Validation RSR 0.62 () 0.65 (S) 0.70 (S)
PBIAS (%) 7.37 (G) 8.82 (G) 23.08 (S)

Data from: Moriasi et al. [65]: S *: satisfactory; G **: good.
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Figure 3. Correlation between measured and simulated concentrations of the pollutants for the
following calibration rainfall events: (a,c,e) 22 May 2018; (b,d,f) 14 November 2018.

As Table 8 presents, the application results were compared and analyzed in terms
of the loadings of TSS, TP and TKN, the peak concentrations of TSS, TP and TKN, and
the event mean concentrations (EMCs) of TSS, TP and TKN. Except for the loadings of
TKN in both the calibrated events, the loadings of TP, and the EMC of TKN in the event
on 14 November 2018, the other results showed that the RE% values of the simulated
pollutographs were nearly in the range of £30% of the observed pollutographs, in a range
from —19.86% to 27.17%, indicating that the measures of the simulated curves were an
acceptable fit for the observed curves. However, the negative RE% values given in Table 8
show that the SWMM model underestimated the parameters. The stormwater model
capability in the calibration phase, for application of the model in the quality simulation
of urban areas, has also been investigated by Rezaei et al. [70], who reported that the
calibration result was quite satisfactory.
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Table 8. Summary results for assessing the accuracy of the water quality module for simulating EMC,
load and peak concentrations of the pollutants for each rainfall event.

Numerical Comparison between the Simulated and
Measured Pollutographs

Modeling Phase Event Date Parameters %Relative Error (RE)
TSS (mg/L) TP (mg/L) TKN (mg/L)

EMC * (mg/L) —18.54 —10.89 20.37

Calibration 22 May 2018 Load (Kg) 22.14 27.17 47.70
Peak conc. (mg/L) —10.67 7.30 3.08
EMC (mg/L) 12.89 24.77 32.67

14 November 2018 Load (Kg) 19.97 30.88 38.14

Peak conc. (mg/L) —19.86 4.71 5.01

EMC (mg/L) —14.93 20.63 34.65

Validation 1 June 2018 Load (Kg) —4.05 28.15 40.84
Peak conc. (mg/L) —16.76 6.01 17.15

* EMC: event mean concentration.

3.3. Model Validation Results

The values of the optimized parameters obtained from the calibration of the SWMM
model to the two rainfall events were used to simulate the quantity and quality of runoff for
the third independent rainfall event, without further adjustment. Based on both graphical
and statistical measures, the SWMM model performance was evaluated, indicating a good
agreement between the simulated and measured runoff.

The comparison of the simulated and observed runoff hydrographs for the SWMM
model validation on 1 June 2018 demonstrated good fitness between the observed and
simulated runoff discharge time series, as shown in Figure 2c.

Table 5 represents the efficiency indices employed to assess the validation results of
the SWMM model. The results showed that for the hydraulic validation, the values of NSC,
R?, RSR and PBIAS (%) were 0.72, 0.73, 0.53 and 6.21, respectively, which were within the
acceptable ranges [65], indicating a good relationship between the simulated and observed
runoff discharge time series.

As demonstrated in Table 7, for the runoff quality validation, among the concentrations
of TSS, TP and TKIN measured at the outlet of the study urban catchment, with respect
to the model estimates, good fitness was obtained between the simulated and measured
values. The SWMM model for runoff quality simulation was acceptable, based on four
performance indicators, NSC, R?, RSR and PBIAS (%) [65]. During the runoff quality
validation, the NSC values were greater than 0.50, the R? values were greater than 0.6, the
RSR values were less than 0.7, and the PBIAS (%) values were less than +25%. It can be
concluded that satisfying results were achieved for runoff quality simulation.

For the SWMM model validation phase, evaluation was also performed by comparing
the observed and simulated values of the event-based pollutant loads, peak concentrations,
and EMCs for the TSS, TP and TKN pollutants, using their relative error (RE), as given
in Table 8. The simulated total loads, peak concentrations, and EMCs only indicated a
difference of £30% of the measured values, ranging from —16.76% to 28.15%, with the
exception of the load and EMC of TKN. Thus, the SWMM model enables the processes
describing water quality to be mimicked satisfactorily. The main reason for having RE%
values beyond the £30% range, given in Table 8, could be the methods used for the loads
and EMCs calculation, and another reason could be the errors in the measured values,
which could make a difference between the simulated and observed values.

As shown in Figure 4a—c, a regression analysis between the simulated and observed
values was used again to assess the SWMM model performance for the validation phase.
The correlations between the measured and simulated values of TSS, TP and TKN were
determined by the statistical measure of R?, and also the slopes of the best-fit lines on plots
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of the measured and simulated values. For the event on 1 June 2018, in particular, the R2
values were equal to 0.84, 0.72 and 0.82 for TSS, TP and TKN, respectively. These values
are all greater than 0.7; therefore, they have been suggested as acceptable for the model
results. The slope values of the regression equations extracted for the validation rainfall
event for the TSS, TP and TKN pollutants were 0.67, 0.72 and 0.92, respectively. Despite
the slope values being less than one during the validation rainfall event on 1 June 2018,
the runoff quality from the study urban catchment was under-predicted. Even though this
was the case, the simulated values were well interpolated from the measured values of
concentrations of the pollutants (as the slopes coefficients are all close to 1.0).
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Figure 4. Correlation between measured and simulated concentrations of the pollutants for the
following validation rainfall event: (a—c) 1 June 2018.

Overall, the calibration and verification results indicated that the model structure
and parameters matched the runoff-producing pattern, and that the calibrated model
was suitable for simulating the rainfall-runoff process in the study urban catchment. In
addition, it has been verified that it is likely to obtain a good adjustment, in terms of the
variations in flow rates and the pollutants by adequate modification of the parameters
that the program gives. The literatures by Ketabchy [71], Alamdari [22] and Hai [25]
also showed that the calibrated SWMM model structure and input parameters fitted the
observed runoff-producing pattern, and indicated that the SWMM model could sufficiently
predict stormwater runoff in comparison with the real response of the urban catchment.

4. Conclusions

In the present study, the EPA SWMM model version 5.1 was successfully applied
to simulate the quantity and quality of runoff in an urban catchment located in Tehran
metropolis, Iran. The comparison between the flow rates and the pollutant concentrations,
simulated by the SWMM model and measured at the urban catchment’s outlet for the three
observed storm events, provided unexpected results after model calibration and validation.
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Local estimates of the build-up and wash-off parameters that were determined based
on calibration at the study urban catchment were able to improve the SWMM performance
for simulating runoff quality, in particular, the concentrations and loadings of TSS, TP and
TKN. The derived parameters from this study can provide baseline values for pollutant
parameters of multiple land uses, in order to simulate pollutant generation and delivery in
similar urban catchments worldwide.

Nevertheless, the present study still leaves space for improvements. Similar studies
should be performed to determine the build-up and wash-off parameters of multiple land
uses for other typical urban pollutants

In addition, SWMM model calibration and validation through increasing the numbers
of events can reduce the errors, to some extent. Hence, for future studies, the authors recom-
mend checking the different numbers of rainfall events with various properties to confirm
the robustness of the SWMM model for simulating urban runoff quantity and quality.
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