0 water
]

Article

Coupled Model Validation and Characterization on
Rainfall-Driven Runoff and Non-Point Source Pollution
Processes in an Urban Watershed System

Hantao Wang ¥, Genyu Yuan >, Yang Ping !, Peng Wei 3-*, Fangze Shang !, Wei Luo ?, Zhiqiang Hou !,

Kairong Lin 209, Zhenzhou Zhang ! and Cuijie Feng

check for

updates
Academic Editors: Bingdang Wu,
Yonghai Gan and Jingjing Yang

Received: 29 August 2025
Revised: 19 October 2025
Accepted: 21 October 2025
Published: 24 October 2025

Citation: Wang, H.; Yuan, G.; Ping,
Y.; Wei, P,; Shang, F.; Luo, W.; Hou, Z.;
Lin, K.; Zhang, Z.; Feng, C. Coupled
Model Validation and Characterization
on Rainfall-Driven Runoff and Non-
Point Source Pollution Processes in an
Urban Watershed System. Water 2025,
17,3049. https://doi.org/
10.3390/w17213049

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

2,3,

1 PowerChina Eco-Environmental Group Co., Ltd., Shenzhen 518102, China;
wanght-shj@powerchina.cn (H.-W.); 13510803488@139.com (Y.P.); shangfangze@126.com (F.S.);
houzhig-shj@powerchina.cn (Z.H.); zhangzz-shj@powerchina.cn (Z.Z.)

Center for Water Resources and Environment, School of Civil Engineering, Sun Yat-sen University,
Guangzhou 510275, China; yuangy5@mail2.sysu.edu.cn (G.Y.); luow56@mail.sysu.edu.cn (W.L.);
linkr@mail.sysu.edu.cn (K.L.)

Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Zhuhai 519082, China
*  Correspondence: weipeng@sml-zhuhai.cn (P.W.); fengcj@mail.sysu.edu.cn (C.F.)

These authors contributed equally to this work.

Abstract

Rainfall-driven non-point source (NPS) pollution has become a critical issue for water envi-
ronment management in urban watershed systems. However, single-model use is limited
to fully represent the intricate processes of rainfall-correlated NPS pollution generation and
dispersion for effective decision-making. This study develops a novel cross-scale, multi-
factor coupled model framework to characterize hydrologic and NPS pollution responses to
different rainfall events in Shenzhen, China, a representative worldwide metropolis facing
challenges from rapid urbanization. The calibrated and validated coupled model achieved
remarkable agreements with observed hydrologic (Nash-Sutcliffe efficiency, NSE > 0.81) and
water quality (NSE > 0.85) data in different rainfall events and demonstrated high-resolution
dynamic changes in flow and pollutant transfer within the studied watershed. In an indi-
vidual rainfall event, heterogeneous spatial distributions of discharge and pollutant loads
were found, highly correlated with land use types. The temporal change pattern and risk
of flooding and NPS pollution differed significantly with rainfall intensity, and the increase
in the pollutants (mean 322% and 596%, respectively) was much larger than the discharge
(207% and 302%, respectively) under intense rainfall conditions. Based on these findings, a
decision-support framework was established, featuring land-use-driven spatial prioritization
of industrial hotspots, rainfall-intensity-stratified management protocols with event-triggered
operational rules, and integrated source-pathway-receiving end intervention strategies. The
validated model framework provides quantitative guidance for optimizing infrastructure de-
sign parameters, establishing performance-based regulatory standards, and enabling real-time
operational decision-making in urban watershed management.

Keywords: model coupling; non-point source (NPS); rainfall-driven pollution; urban
watershed; model validation

1. Introduction

In the context of global climate change and rapid urbanization, urban water systems
are facing unprecedented environmental pressures. Urbanization not only changes land
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use patterns, but also leads to substantial non-point source (NPS) pollution [1,2]. Generally,
NPS pollution originates from various and diffuse sources rather than any identifiable
discharge point in an area, which is often washed out by rainfall into urban water bodies
and ultimately enters into rivers and lakes [3,4]. Pollutants, such as nutrients, suspended
solids, and toxic substances, can severely degrade river water quality and result in the
deterioration of aquatic ecosystems [5]. NPS pollution from rainfall runoff has become
a major threat to urban water bodies [6]. These sources include (i) roadway and traffic-
related runoff, (ii) roof and building facade runoff, (iii) residential lawns/urban greenspaces
(nutrients and pesticides), (iv) airborne pollutants and particulate matter from industrial
processes, and (v) atmospheric deposition mobilized during first-flush events [2]. These
diffuse sources are conveyed via rainfall networks, overland flow, infiltration—exfiltration
pathways, and finally into rivers, lakes, wetlands, or coastal waters. Therefore, effective
control of urban NPS pollution has become an urgent challenge in water resource protection
and management. To address this challenge, accurate characterization of dynamic rainfall-
driven runoff and pollutant transport processes is crucial, which can provide scientific basis
to decision-makers for effective urban water pollution management [7,8].

Given the complexity of urban water systems [9], researchers have employed vari-
ous hydrological and hydrodynamic models, such as Storm Water Management Model
(SWMM) [10,11], Delft3D [12,13], MIKE 11 [14], QUAL2K [15], and HEC-HMS [16], to
characterize the generation, transport, and dispersion of pollutants in urban water bodies.
SWMM is a dynamic rainfall-runoff modeling tool developed by the U.S. Environmental
Protection Agency since 1971, which has been widely used for planning, analyzing, and de-
signing urban drainage systems. Based on a distributed hydrological modeling framework,
SWMM focuses on detailed spatiotemporal distribution of urban surface runoff and the
interactions among impervious surfaces, pipe networks, and surface flow. Consequently,
it has been used to model precipitation—runoff, pollutant generation, and wash-off pro-
cesses in urban circumstances [17,18]. Delft3D is open-source software released by Deltares
from the Netherlands. It offers multi-dimensional analytical capabilities for modeling
hydrodynamics and pollutant transportation in water bodies and enables detailed impacts
of convection and diffusion on pollutant transfer, which are important in some complex
aquatic environments [12,19]. However, single-model use is limited to fully represent the
intricate processes of NPS pollutant dispersion in urban water systems. Although the sub-
catchment discretization approach adopted by SWMM provides a reliable way for source
apportionment [20], its one-dimensional (1D) simplification limits the ability to resolve
complex in-stream hydrodynamics, such as three-dimensional (3D) turbulent structures,
vertical pollutant diffusion, and interactions with bed sediments [21]. By coupling an
unstructured 3D grid with the Navier-Stokes equations, Delft3D can highly resolve the
spatiotemporal heterogeneity of river hydrodynamics and pollutant transport. Neverthe-
less, its application depends on accurate upstream boundary conditions, and its single use
is difficult to link directly to the dynamic generation of surface pollution sources [22].

Despite extensive research on urban NPS pollution, these single-model approaches
often struggle with cross-scale process representation, resolution mismatches, and event-
scale extremes. This creates a significant gap in our ability to understand and predict
the complete pollutant pathway from source to receiving water body, particularly under
intense rainfall events characteristic of rapidly urbanizing regions like Shenzhen.

Consequently, scarce research has been found on effectively integrating high-resolution
urban surface runoff modeling with in-channel hydrodynamic processes. Coordinating and
integrating model datasets with different temporal resolutions is still a challenge [23,24].
Furthermore, existing coupled models have not been sufficiently validated, which con-
strains the feasibility and reliability of characterizing real-world complex urban water
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systems. Therefore, an innovative model-coupling approach developed and validated
based on practical validation data can not only be of scientific significance but also provide
robust support for practical decision-making in urban water quality management and
pollution control.

In this study, two research questions are addressed: (i) what are characteristics of
the rainfall-driven hydrological response and NPS pollution behavior in an urban water-
shed, and (ii) to what extent can a cross-scale, multi-factor coupled modeling framework
improve prediction and process attribution compared to single-model approaches? It is
hypothesized that a coupled framework will significantly enhance capability in reproduc-
ing and predicting dynamic rainfall-driven flows and NPS pollutant transfer within the
watershed than the single-model approaches, particularly under intense rainfall conditions
in subtropical urban environments.

This research addresses the aforementioned limitations of the single-model use by
developing a cross-scale, multi-factor coupled model framework. Taking a representative
worldwide metropolis with rapid urbanization (Shenzhen, China) as a validation site for
a broadly applicable framework, systematic simulations were conducted on the rainfall-
driven flooding and NPS pollution behavior throughout the entire “surface wash-sewer
transport-river dispersion” process. By coupling SWMM for dynamic rainfall runoff and
pollutant buildup /washoff with Delft3D for high-resolution depiction of pollutant dis-
persion in channels, we created a nested urban water environment modeling framework
spanning multiple spatial and temporal scales. Moreover, a high-resolution rainfall series,
a sewer-network topology database, and multi-section online monitoring data were inte-
grated for model sensitivity analysis and validation. This work aims to (1) develop and
validate a coupled model framework that can elucidate the entire “land-based generation—
sewer conveyance-riverine response” process in a rainfall event, including the multi-media
transport paths by which NPS pollutants move from different types of impervious urban
surfaces through the drainage network to receiving channels; (2) assess the spatio-temporal
distribution and environmental impacts of rainfall-driven NPS pollution with different
precipitation intensities; and (3) propose strategies for effective control and management of
urban rainfall-driven flooding and NPS pollution. This research makes significant contri-
butions by (1) addressing the methodological gap in cross-scale NPS pollution modeling,
(2) providing quantitative evidence of model performance improvement through coupling
(with NSE values > 0.81 for hydrology and >0.85 for water quality), and (3) demonstrat-
ing the substantial pollutant concentration increases (322-596%) under intense rainfall
scenarios that may be underestimated by single-model approaches.

2. Methodology
2.1. Study Area and Data

Shenzhen, selected for this study, is one of the most representative worldwide
metropolises undergoing rapid urbanization in China over the last few decades, with
a population of 17.98 million. The study area, the Egongling River watershed (Figure 1a),
lies in Longgang District in the middle part of Shenzhen, offering a valuable context for
studying the impacts of urbanization on river ecosystems. The Egongling River, located in
the center of Shenzhen, flows through areas that blend industrial, residential, and greenland
zones. This diversity makes the watershed an ideal area to analyze the dynamics of NPS
pollution in a rapidly urbanizing environment. By studying this region, we aim to gain a
deeper understanding of pollution dynamics within a typical urban river system under-
going fast development. The watershed is situated in a subtropical maritime monsoon
climate zone, with a mean annual temperature of 22.3 °C (maximum 37 °C and minimum
1.4 °C), an averaged relative humidity of 80%, and a mean annual precipitation of 1933 mm.
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The catchment area is about 8.45 km?. The main river channel, highlighted by the blue line
in Figure 1a, is approximately 2762 m long.
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Figure 1. (a) Left: geographic location of Shenzhen, China, and right: map of the study area Egongling

River watershed, with the main channel in blue; (b) spatial distribution of all sub-catchments in
the whole watershed, mainly determined by three land use types, namely, industrial, residential,
and greenland.

Different types of datasets were collected to determine the watershed’s characteris-
tics in the model, including hydrological observations, local rainfall records, and water
quality data with pollutants including chemical oxygen demand (COD), total phosphorus
(TP), ammonia nitrogen (NH3-N), and total nitrogen (TN), all of which were monitored
at the Shenzhen-Dongguan (Shen-Guan) boundary river flow monitoring station. The
Shen—Guan cross-section is located at almost the ending point of the Egongling River in the
studied area, where it is representative to reflect the hydrological and pollution behavior
from all sub-catchments within the entire watershed. In our study, the NPS was determined
based on all sub-catchments set with distinct topographical, land use, hydrological, and
pollution-related properties. In a rainfall event, the generation and transfer of the pollutants
in each sub-catchment could present the local NPS pollution response. It should be noted
that the Egongling River watershed has a drainage system with rain and sewage diversion,
so we could assume no direct point source pollution in the studied area. Additionally,
we used sewer-network information, underlying surface properties specified by land use
categories and topography (industrial land: 55.02%, residential land: 34.35%, greenland:
10.63%) using a 5m x 5 m digital elevation model and other relevant datasets, and regional
characteristic pollution data covering both point source and NPS pollution. The local
rainfall data were recorded using a tipping-bucket rain gauge (PG-210, Hebei Pinggao
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Electronics Technology Co., Ltd., Shijiazhunag, China) with a time resolution of one hour,
and flow data were monitored using a radar flowmeter (JY.REM-OA, Shenzhen JiuYi Sensor
Information Technology Co., Ltd., Shenzhen, China) every 15 min. In the prior study, more
water quality parameters including heavy metals and persistent organic pollutants were
considered, with the measured concentrations lower than the national standard thresholds
of Class I surface water; thus, the negligible pollution of micropollutants in the studied
watershed was not discussed in this work. The selection of the four specific parameters
(COD, TP, NH3-N, and TN) was determined by both scientific reasoning and practical
considerations. Firstly, these parameters were chosen as representative indicators of urban
NPS pollution, effectively capturing key aspects of nutrient loading typically observed in
rainfall-runoff events. Secondly, they offer a balanced approach, integrating comprehensive
pollution assessment with practical monitoring constraints, including the availability of
appropriate instrumentation, analytical costs, and the requirements for sampling frequency.
Finally, the selected parameters provide a sufficient level of data complexity for model
validation while ensuring computational efficiency and minimizing redundancy, thereby
optimizing the model’s overall performance. These four key water quality parameters
(COD, TP, NH3-N, TN) were measured with a spectral sensor (FUV-408Plus, Hangzhou
Kaimisi IoT Sensor Technology Co., Ltd., Hangzhou, China) each hour and also determined
following standard protocols [25,26]. All collected data sources and precision were shown
in Table S1.

2.2. Model Coupling Framework

The model coupling framework was developed in five main steps. (1) Collected
and screened data relevant to the study area for the model setup, including meteorology,
topography, land use types, land use-correlated water quality properties, and drainage
sub-catchments, which have been described in detail in Section 2.1. (2) Simulated the runoff
generation and routing during a specific rainfall event using SWMM (version 5.2), and
further predicted the hydrological response of the drainage network and the corresponding
NPS pollution characteristics in the entire watershed. (3) Coupled the SWMM model with
Delft3D (version 4.05.01), using SWMM-generated 1D hydrological and water quality data
as inputs for the Delft3D model setup. (4) Implemented the multi-dimensional simulation
for the Egongling River main channel using Delft3D to refine the impacts of the runoff and
NPS pollution from all sub-catchments on the main channel with the consideration of river
hydrodynamics and pollutant convection—diffusion transfer. (5) Validated and optimized
the coupled model based on the observation data; evaluated the NPS pollution impacts
under different rainfall scenarios, and proposed measures for flooding management and
NPS pollution control. More details about the schematic of the coupled model framework
are shown in Figure 2.

In our study, a one-way coupling approach was implemented, where the 1D SWMM
model simulated dynamic rainfall-driven runoff and pollutant buildup /washoff processes
within the entire watershed; the output (mainly the hydrological and pollution series data
of all branches) was then used as input for the Delf3D model (2D was assumed due to
negligible variations in water depth direction) to simulate flow and pollutant transfer
dispersion in the main channel with higher-resolution and considerable hydrodynamic
impacts. While models like SWMM and Delft3D have their strengths (Table S2) [27], each
also has inherent limitations in addressing the full range of hydrological, hydrodynamic,
and pollutant transport processes that occur in urban rivers. By coupling these two models,
we aim to combine the strengths of both: using SWMM for detailed runoff and pollutant
generation modeling, while leveraging Delft3D’s advanced hydrodynamic and pollutant
transport capabilities. This coupling enables a more comprehensive understanding of



Water 2025, 17, 3049 6 of 22

both the generation and dispersion of pollutants in the study area, providing a better
representation of complex urban water systems.
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Figure 2. Development of the coupled model framework: Technical Roadmap. SWMM: Storm Water
Management Model.

2.3. Surface Runoff Generation and Pollutant Transport Within the Watershed

In this study, the hydrologic and pollution responses were first characterized us-
ing SWMM. The time step size was set to 1 min to achieve a satisfied balance between
computational efficiency and numerical stability. The whole watershed was divided into
45 sub-catchments (Figure 1b and Table S3 in the Supplementary Materials) based on geo-
metric, topographic information and land use types obtained using ArcGIS (version 10.8).
The imperviousness, depression storage, and Manning’s roughness coefficients were cal-
ibrated using the observed rainfall-runoff data, with the calibrated values presented in
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Table 1. The initial flow rate was set to 0.29 m? /s, with initial water quality concentrations
of COD =30mg/L, TP = 0.45 mg/L, NH3-N = 1 mg/L, and TN = 2 mg/L. These values
were derived from the observed data, specifically representing the average flow rate and
pollutant concentrations during periods without rainfall, which were used as the initial
conditions for the model. An open river boundary condition was applied, allowing for
natural exchange of water and pollutants at the river’s boundaries. More details of the
specific initial and boundary conditions of SWMM and Delft3D are summarized in Table S4
in the Supplementary Materials.

Table 1. Hydrological parameters in model setup. The ranges were determined according to previous
studies [3,28,29].

Parameter Range of Values Calibrated Value
N-Impervious 0.005-0.050 0.01
N-Pervious 0.01-0.80 0.018
Destore-Impervious (mm) 0-3 2.5
Destore-Pervious (mm) 2-10 8
Conduit roughness 0.009-0.025 0.01
Maximum infiltration rate (mm /h) 10-120 75
Minimum infiltration rate (mm/h) 0-10 2
Decay constant (h™1) 10-100 20
Drying time (day) 2-7 7

Various physical processes in the urban hydrologic cycle are simulated dynamically
based on the discrete time steps. The core computations encompass four parts: surface
runoff, infiltration, flow routing, and water quality simulation. The non-linear reservoir
method is adopted for its enhanced capability to represent the dynamic runoff and outflow
processes, especially in urban areas with diverse land use patterns. In addition, surface
runoff is handled with the non-linear reservoir method, calculating outflow with the water
balance equation (Equation (1)):

av
T =AP-E-f)-Q (1)
where V is surface water storage (m?), P is rainfall intensity (m/s), E is evaporation
rate (m/s), f is infiltration rate (m/s), t is time (s), A is surface area (m?), and Q (m3/s) is
discharge computed by Manning’s equation (Equation (2)):

Q= —AR3S? )

1

n

where 1 is Manning roughness coefficient, R is hydraulic radius (m), and S is the channel slope.
Infiltration is represented by the Horton model [30] (Equation (3)):

F(8) = fer(fo = fe)e P (3)

where f(t) is the soil infiltration rate at time t (mm/h), f. is the infiltration rate when the soil
is saturated (mm/h), fo is the initial infiltration rate at the start of rainfall (mm/h), and S is
the decay coefficient (h~!) related to soil properties.

Flow routing is simulated by applying a simplified 1D Saint-Venant equation set [31]
(Equation (4)). The 1D Saint-Venant (dynamic wave) formulation was selected because
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it is the standard hydraulic core of SWMM for routing in urban pipe—channel networks,
explicitly solving the full continuity and momentum equations in one dimension.

3A+3Q:0
0, 2 (R o 4)

where A is the cross-sectional flow area (m?), x is the space coordinate along the channel
axis (m), g is the gravitational acceleration (9.81 m/ s%), S is the channel bed slope, and S¢
is the friction slope.

For water quality modeling, a 1D mass transport equation (Equation (5)) is applied to
describe pollutant transport and decay:

A(AC
ot

), 9(QC)
+— =) 4,Ci —kAC (5)

where C is the pollutant concentration (kg/ m?), x is the longitudinal coordinate along the
flow direction (m), g; is the i-th lateral inflow (m?/s), C; is the pollutant concentration of
the i-th lateral inflow (kg/ m?), and k is the decay coefficient (s7h.

The land use type is a key factor influencing hydrological processes and pollutant trans-
port. In this study, three land use types, namely, residential, industrial, and greenland, were
used as the main basis for dividing the Egongling River watershed into the aforementioned
45 sub-catchments (Figure 1b) with specific pollutant accumulation characteristics, which
are shown in Table 2. This approach more accurately specified how each sub-catchment
can respond to the rainfall-runoff and pollutant buildup processes [32]. The surface runoff
module based on the aforementioned non-linear reservoir method (Equations (1) and (2))
was used to simulate the conversion of rainfall into runoff across various surface types
during rainfall events. The pollutant accumulation characteristics were first determined
by the experimental data provided by PowerChina Eco-environmental Group and further
calibrated using the water quality data measured in the rainfall series in the model vali-
dation step. An exponential function model was employed to simulate pollutant buildup
and washoff processes (Equations (6) and (7)). Furthermore, the decay coefficients for
the pollutants were determined based on some previous work [33-36], which, after the
parameter calibration, were set as follows: COD: 0.21 d~!, TP:0.18 d~1, NH;-N: 0.30 d 1,
and TN: 0.22d 1.

Table 2. Water quality parameters associated with different land use types in the Egongling River
sub-catchment.

Industrial Area Residential Area Greenland
Buildup Washoff Buildup Washoff Buildup Washoff
Max. Rate Max. Rate Max. Rate
Buildup Constant ~ Coefficient Exponent Buildup Constant ~ Coefficient Exponent  Buildup Constant  Coefficient Exponent
C1 C 2 C3 C4 C] Cz CS C4 Cl C2 CS C4
(kg/ha) (day—1) (kg/ha) (day—1) (kg/ha) (day—1)
COD 50 0.5 0.016 2 30 0.4 0.008 1.8 15 0.2 0.006 1.6
P 0.5 0.4 0.004 1.8 0.3 0.2 0.002 1.4 0.4 0.2 0.0015 1.6
NH;-N 12 0.2 0.008 1.8 10.2 0.13 0.005 1.8 6 0.2 0.001 1.6
TN 14 0.4 0.016 2 11 0.2 0.008 2 7 0.2 0.008 1.8

For the buildup function B, which represents the accumulated pollutant mass on the
surface over time, it is given by the following:

B=C (1 - e*sz) 6)
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where C; is the maximum accumulation (kg/ha), and C; is the accumulation rate con-
stant (day1).

The washoff function W represents the amount of pollutants removed from the sur-face
due to runoff, as shown by the following equation:

W = C3q%B 7)

where Cj3 is the washoff coefficient, Cy4 is the exponent that governs the relationship between
flow rate and pollutant removal, and B is the accumulated mass of pollutants on the surface.

2.4. Refined Characterization of Hydrology, Hydrodynamics, and Water Quality in the
Main Channel

In the Delft3D package, the FLOW module is capable of accurately simulating 2D- or
3D- surface water dynamics and pollutant transport. Precise river-boundary coordinates
were extracted to form the domain of the Egongling River main channel, which was
discretized with a high resolution containing 1414 grid cells, as illustrated in Figure 3. The
Delft3D model was configured with a time step size of 1 min to match the SWMM model.
All tributary contributions were represented as point sources along the main channel, using
flow and pollutant output data from the SWMM model. Appropriate water levels and
pollutant concentrations in the main channel were specified to initialize the simulation.
The water and air densities were defined as 1000 kg/m? and 1 kg/m?, respectively. Bed
roughness was set to 0.01. The horizontal eddy viscosity and diffusivity were both set
to1m?/s.

(w) AnswAyieg

1.0
0.5
0.0

Figure 3. Top view of the Egongling River main channel and the grid distribution, with bed elevation data.

Regarding hydrodynamics, given that the water depth (around 0.5 m) of the main
channel is much smaller than its width (around 12 m) and length (2762 m), the variation in
depth could be negligible, and the model was effectively assumed as 2D. The finite differ-
ence method was applied to solve the Navier-Stokes equations [37] under the Boussinesq
approximation and shallow water assumption, which comprise the continuity equation
(Equation (8)) and the momentum equations in the ¢ and # directions (Equation (9)):

g 1 A(d+U/\/Gyy) ((d+0)V/GCe) )
ot @@( oE + R ) =d+0)Qc (¥
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where /Ggr and U are the metric coefficient and the mean velocity in the ¢-direction,

Ju u 8u u
s

respectively; /Gy, and V are the metric coefficient and the mean velocity in the #7-direction,
respectively; Q. is the change in water volume per unit area, and d is the water depth; Pz and
Py, are the pressure gradients in the ¢-direction and 7-direction, respectively; Fz and F;, are
the unbalanced Reynolds stresses in the -direction and 7-direction, respectively; Mz and
M, are the momentum sinks and sources in the ¢-direction and 7-direction, respectively; f
is the Coriolis parameter; pg is the water density; vy is the vertical eddy-viscosity coefficient;
and u, v, and w are the velocity components in the ¢-direction, #-direction, and o-direction,
respectively. Since the horizontal scale (i.e., the width) of the channel is much larger than
the vertical scale (i.e., the depth), the vertical changes in flow velocity were neglected.

Furthermore, the transport equation (Equation (10)) was applied to solve the pollu-
tants mass transfer within the water body by incorporating processes such as convection,
diffusion, deposition, and extra source/sink:

A(d+{)c n 1 a[\/Gyy (d+)uc] n [y/Gee (d+)oc]
ot /Gez /Gy 93¢ a1

dwe ___d+{ Gy ac) 3 < Gz 8c> } (10)
- %)+ 2(D %
o0 \/@ﬁ{ag ( /Gez 9 o\ THL G, o1
+m%(DV%> —Ag(d+)e+S

where c is the pollutant concentration; Dy and Dy are the horizontal and vertical dispersion
coefficients, respectively; A; is the pollutant decay coefficient; and S represents the external
input or removal of pollutants.

Variations in flow and pollutant input from all branches were obtained from the data
calculated by the coupled SWMM model, which were set as boundary conditions of the
main channel in the Delft3D model.

2.5. Calibration and Validation

The model was validated based on the observation data, and the predictive accuracy
was improved by calibrating key parameters. In this study, The Nash—Sutcliffe efficiency
(NSE, Equation (11)) and the mean squared error (MSE, Equation (12)) were applied to
evaluate the goodness of fit:

Y Qh)’

NSE =1 ~mJ
Yi1(Q6 — Qo)

(11)

_lT t_ At )2
MSE = =3 (Qo — Qi) (12)

t=1

where Qf is the observed discharge at time t, Q! is the simulated discharge at time ¢, Q, is
the mean observed discharge, and T is the total length of the time series.
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3. Results and Discussion
3.1. Model Calibration and Validation

The coupled SWMM-Delft3D model was validated by evaluating the predictive accu-
racy first. The aforementioned hydrological and water quality data from the Shen-Guan
cross-section (shown in Figure 1a), recorded during the rainfall series from 14 to 20 June
2025, were used for the validation. As reported, an NSE value over 0.75 is considered as
satisfactory model performance [38], and a low MSE value approaching zero indicates
high predictive consistency. As shown in Figure 4, a remarkable agreement was achieved
between the simulated and the measured data of flow after model parameter calibration,
with NSE and MSE values of 0.812 and 0.305, respectively. In Figure 4, the predicted
rainfall-driven flow profile accurately captured the overall varying trend of the measured
data, especially the moment and the magnitude of the major peaks. Figure 5 presents the
model validation results of four water quality parameters, with all NSE values over 0.85
and low MSE values, demonstrating a high degree of model accuracy. The results indicated
a successful calibration and validation, and the calibrated model framework was used in
all simulations shown in the followed-up sections.
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Figure 4. Rainfall-driven flow results of the calibrated and validated coupled model and the observa-
tion at the Shen—Guan cross-section.
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Figure 5. Concentration variations of (a) chemical oxygen demand (COD), (b) total phosphorus (TP),
(c) ammonia nitrogen (NH3-N), and (d) total nitrogen (TN) of the calibrated and validated coupled
model and observation at the Shen—-Guan cross-section, driven by the same rainfall series as Figure 4.
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3.2. Rainfall-Driven Runoff and Pollutant Generation Transfer Processes in a Specific
Rainfall Event

3.2.1. Surface Runoff Generation Transfer Within the Watershed

In order to assess the contribution from individual sub-catchments to flooding and
NPS pollution in the whole watershed, the coupled model with optimization was applied
to simulate one single rainfall event on 7 March 2021. The rainfall-driven runoff process
was assessed first. As shown in Figure 6, an excellent agreement was achieved between
the simulated and observed flow data, with NSE of 0.98 and MSE of 0.093, indicating
satisfactory performance of the coupled model to simulate more rainfall event than the
ones for validation in Section 3.1.
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Figure 6. Flow variation of the calibrated and validated coupled model and the observed data at the
Shen-Guan cross-section, driven by one single rainfall event.

Figure 7 illustrates the simulated discharge response of all sub-catchments to the
recorded rainfall event, in which four representative moments are selected. In the early
stage of the rainfall (middle time of the rainfall, Figure 7a), although the discharge had
the first increase phase (Figure 6), flows across the whole watershed still remained below
2 m3/s, indicating that effective runoff generation had not yet begun. When the peak
shown in Figure 6 arrived (end of the rainfall, Figure 7b), considerable increase in discharge
was observed in the main channel and some branches, especially the discharge of the last
part of the downstream main channel which rose sharply to 6-8 m?®/s, demonstrating
the rainfall’s strong hydrologic influence. When the second peak (not shown in Figure 6,
21 min after the rainfall ended) visited the Shen—Guan cross-section, the area with high
discharge values (red in Figure 7c) in the downstream main channel was even larger, but
no more discharge increase was found in the upstream regions. For the rainfall-driven
impact towards the end (56 min after the rainfall ended, Figure 7d), the discharge response
was only found in the downstream main channel. The results highlighted a considerable
time lag between the rainfall and the runoff response. Discharge increase was slow at first,
then became steep when the rainfall was going to end, driving the sub-catchments toward
saturation, particularly within the main channel network. Hence, under the condition
of a durable rainfall, more attention should be paid to the flooding risk in the regions of
downstream main channel and some branches.
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Figure 7. Channel flow variations in the Egongling River watershed as the response to a rainfall
event at (a) middle time of the rainfall; (b) end of the rainfall; (c) 21 min after the rainfall ended; and
(d) 56 min after the rainfall ended.

Moreover, as discharge increased, the impact of rainfall-driven NPS pollutants on
water quality was expected to intensify, and contamination risk would rise, particularly
during the two flow peak stages. The spatiotemporal dynamics of NPS pollution are
discussed in detail in the following section. The flow variation pattern obtained here also
has a good agreement with some previous modeling work on urban watersheds [11,39].
Nonetheless, differences are still found in specific response modes and peak discharges
within certain zones, which may result from specified regional rainfall characteristics, land
use heterogeneity, and hydrologic model parameterization.

3.2.2. NPS Pollutant Transport and Dispersion in the Watershed and Main Channel

The NPS pollution correlated with the hydrologic response in the recorded rainfall
event and was assessed using the total load distribution of the four NPS pollutants (COD,
TP, NH3-N, and TN) in the whole watershed. As shown in Figure 8a, highly heterogeneous
spatial distribution of the COD load was found, with large differences in magnitude: some
sub-catchments had load values below 20 kg, while four had load values over 80 kg, with
one even over 100 kg. The relatively low COD load sub-catchments (in green and dark
green) were mainly located in the upstream regions, and the relatively high COD load sub-
catchments (in yellow, orange and red) were mainly located in the middle- and downstream
regions. Similar load distribution patterns were found in the results of TP, NH3-N, and
TN, which are shown in Figure 8b, Figure 8c, and Figure 8d, respectively. However, some
differences were observed in the overall load level. The overall load level of NH3-N was the



Water 2025, 17, 3049

14 of 22

lowest, TP was the highest, and TN was higher than COD. Although with some differences
in color, the highest load levels of all pollutants are located in the same four sub-catchments,
which were in red in the TN map, and the one with top value was in red in the COD map.
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Figure 8. Spatial distribution of total NPS pollution load during the whole rainfall event within the
Egongling River watershed: (a) COD; (b) TP; (¢) NH3-N; and (d) TN.

It should be noticed that the ratios of residential and greenland zones were larger in the
upstream regions and the industrial zones mainly in the middle- and downstream regions.
Hence, the pollutant load distribution considerably correlated with the land use type,
especially the four sub-catchments with the highest load levels, which were all attributed
to the industrial land use. Thus, the industrial regions accounted for the major contribution
to the NPS pollution in the recorded rainfall event. Moreover, the range differences among
the four pollutants set in Figure 8 were proportional to the corresponding differences in the
national water quality standard. It means that TP should be concerned first in a rainfall
event, since its concentration would be highly possibly the first over the standard threshold.
The differences between Figure 8c,d also indicated that the ratio of NH3-N to TN was
smaller in many industrial sub-catchments, indicating high risk that TN concentration
could be over the standard threshold even if NH;3-N is still below. Thus, more attention
needs to be paid to TN control in these regions as well.

During a rainfall event, the pollutants accumulated from the impervious surfaces in
a sub-catchment were washed out, moved together with the rainfall-driven runoff, and
then entered the main channel. The NPS pollution loads generated in all sub-catchments
eventually transferred and concentrated in the main channel, which would lead to con-
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siderable contamination stress on the local aquatic ecosystem. Figure 7 shows the large
discharge changes in the main channel, but the details were limited. To further reveal the
NPS pollution response to the recorded rainfall event, high-resolution characterization of
the pollutant transfer process in the main channel was implemented based on the coupled
Delft3D model. Figure 9 shows the detailed COD concentration distribution in the main
channel, and the four moments are consistent with Figure 7. In the early stage, increased
COD concentration was observed in a few upstream locations (Figure 9a). When the first
discharge peak visited the Shen-Guan cross-section (Figure 9b), the COD peak (in red) was
also arriving, and another peak was formed upstream. Similarly, the second COD peak was
also arriving when the second discharge peak hit the cross-section, with a lower peak value
(Figure 9c¢). In the end stage (Figure 9d), the distribution pattern was similar to Figure 9c,
but the COD concentration values were lower, as the discharge was decaying. In addition,
in Figure 9d, one peak was still formed in the upstream, meaning that pollutant transfer
was not ending yet. However, the rainfall-driven runoff was almost gone, so the mass flux
was so small that it could be negligible. The corresponding results of TP, NH3-N, and TN
had almost the same trends to COD, which are not shown here. More discussion on the
pollutant flux variation in the main channel is addressed in Section 3.3.
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Figure 9. The COD transfer along the Egongling River main channel at following moments: (a) middle
time of the rainfall; (b) end of the rainfall; (c) 21 min after the rainfall ended; and (d) 56 min after the
rainfall ended.

The aforementioned results indicated a high correlation between the variations of
discharge and pollutants, since the peak time was almost overlapped. The two peak zones
(in red) in Figure 9b also agreed with the discharge distribution in Figure 7b, since the
magnitude of the upstream peak zone was lower than the downstream. Furthermore, the
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upstream peak zone became much larger when moving to the Shen—Guan cross-section,
while the peak value did not decrease (Figure 9c). This change indicated that the peak kept
growing when going forward. On the one hand, it moved by convection and diffusion and
absorbed pollutants from the branches nearby entering the main channel; on the other hand,
a sharp turn, located around 1515 m from the channel’s starting point with considerable
changes in flow direction and channel width (shown in Figure 3), led to slow down the flow
and thus delayed the pollutants” motion downward with some local accumulation. Hence,
the coupled Delft3D model results highlighted the considerable hydrodynamic impact
on the pollutant transfer, and the expansion of the pollutant peak zone when moving
downward should be a concern for NPS pollution control in the main channel.

3.3. Assessment on Hydrologic and NPS Pollution Impacts Under More Rainfall
Intensity Conditions

It should be noted that the recorded rainfall was light, which may only drive part
of the NPS pollution load within the watershed. To assess the NPS pollution behavior
under heavier rainfall conditions, two more rainfall intensity scenarios were simulated,
for which the cumulative precipitations in the same time were 21.2 mm (moderate) and
31.2 mm (heavy), respectively. The Shen-Guan cross-section was still monitored, since the
hydrologic and pollution responses at this location can reflect the contributions from all
sub-catchments in the watershed. Furthermore, one middle-point cross-section (also shown
in Figure 1a) was selected to assess the hydrologic and pollution behavior of the upstream
regions, quite near the aforementioned sharp turn.

Figure 10a depicts the discharge variation at the two cross-sections. At the middle-
point cross-section, the discharge was found to increase to a small plateau, then form
one large peak, and finally gradually decrease to the end under the light rainfall event
(11.2 mm). However, in the moderate rainfall scenario (21.2 mm), no plateau was observed,
and the discharge increased sharply to form the peak, which was larger and occurred
earlier than the 11.2 mm scenario. Although a small plateau was observed, the heavy
rainfall scenario (31.2 mm) had a similar profile to the 21.2 mm scenario, with a larger and
earlier peak. The results indicated that the cross-section received the runoff from the nearby
sub-catchments first, then much more runoff from the other upstream sub-catchments to
form a peak. As the rainfall intensity increased, the formed peak not only became larger but
also hit the cross-section earlier, revealing stronger hydrologic responses. Regarding the
Shen-Guan cross-section, in the 11.2 mm scenario, the discharge curve with two peaks has
been analyzed in detail in Section 3.2. However, the moderate rainfall scenario (21.2 mm)
only had one major peak, with a much larger value of 19 m3/s, while a later time of 55 min.
The heavy rainfall scenario (31.2 mm) also had one major peak, for which the value further
increased to 29 m3/s. However, the peak time had no further delay and was comparable to
the 21.2 mm scenario. The results indicated that in the light rainfall scenario, the hydrologic
responses of the sub-catchments from upstream and downstream were clearly reflected by
forming two separate discharge peaks in the main channel, with the second peak occurring
after the rainfall ended. As the rainfall intensity increased to moderate, these region-
dependent responses seem no longer clear, and more runoff generated from the whole
watershed mainly formed one peak, with a much larger magnitude and longer time visiting
the end of the main channel. However, the peak time was no longer delayed under the
heavy rainfall condition. It may be due to that the urban drainage system was rapidly
overwhelmed with infiltration capacity nearly saturated, and the additional rainfall was
converted almost instantaneously to surface runoff. Hence, the peak was formed when
the rainfall was still in progress rather than after it ended, which is an agreement with the
previous research [40].
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Figure 10. Temporal variations of (a) discharge; (b) COD; (c) TP; (d) NH3-N; and (e) TN flux at the
middle-point and the Shen-Guan cross-sections under the three rainfall intensity scenarios.

Figure 10b—e illustrate the time-varying pollutant flux results under the three rainfall
intensity scenarios at the two cross-sections. Regarding the COD flux variation at the
middle-point cross-section, unlike the discharge curve, no plateau was found before the
peak arrived in the 11.2 mm scenario, and the peak time was a little (about 4 min) earlier
than the discharge. As the rainfall intensity increased to 21.2 mm, faster pollution responses
were found, since the starting moment of the COD flux increase and the peak time were both
earlier. In the 31.2 mm scenario, the COD flux increased to form a small peak first; however,
the starting and major peak time were almost the same as the 21.2 mm scenario. The flux
curves of TP, NH3-N, and TN had similar varying trends to COD. At the Shen-Guan cross-
section, in the 11.2 mm scenario, as discussed in Section 3.2.2, the four pollutant curves had
a ‘two-peak’ trend similar to the discharge curve. However, the trend consistency was no
longer found as the rainfall intensity increased to 21.2 mm: the COD flux first increased to
a small plateau, then sharply increased to form two peaks before finally decreasing. This
trend was different from the corresponding discharge curve with only one peak (Figure 10a),
and neither peak time was matched. In the 31.2 mm scenario, the first plateau part became
a small peak; thus, three peaks were formed in the COD flux curve. The general curve
patterns of TP, NH3-N, and TN flux were similar to the COD case, although some details
were different.
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The aforementioned results demonstrate considerable impacts from rainfall intensity
and sub-catchment location on the hydrologic and NPS pollution responses. In the light
rainfall scenario, the discharge and the pollutant flux curves had similar trends, with
the same peak number and coupled peak time. However, in the moderate and heavy
rainfall scenarios, different trends were found between the discharge and the pollutant
flux curves, with more peaks and decoupled peak time in the pollutant flux curves. It
should be noted that the increase ratios of discharge for the 21.2 mm and 31.2 mm scenarios
to the 11.2 mm scenario were 207% and 302%, respectively; however, the corresponding
mean increase ratios for the four pollutant loads were 322% (£21%) and 596% (£83%),
respectively. These large differences revealed that many more pollutants were rushed out
from the sub-catchments in intense rainfall events. The large amount of the first-flush
pollutants from the nearest sub-catchment entered into the main channel, resulting in the
extra small peak formed in an early stage in the 31.2 mm scenario. Moreover, the increased
amount of pollutants from the downstream sub-catchments was large enough to form
another major peak at the Shen—Guan cross-section, which was comparable to the peak
formed upstream (i.e., the peak at the middle-point cross-section). It should be noted
that the middle-point cross-section received the runoff generated from 71% of the whole
watershed’s area. However, the relevant NPS pollution contribution was just comparable
to the contribution from the downstream regions with only 29% area, where industrial land
distribution was denser.

Therefore, the measures to effectively control flooding and NPS pollution in a rainfall
event should be made based on considerations of both rainfall intensity and spatial hetero-
geneity. Under a light rainfall condition, focus could be mainly on the coupled peak stage
of the discharge and pollutant flux. Under an intense rainfall condition, the pollution issue
should be concerned earlier than flooding: the amount of pollutants from first flush would
increase sharply, and the resulting local NPS pollution would become much more severe
than flooding. Particular concern should be addressed to locations with dense industrial
land distribution, especially the downstream regions. In addition, the sharp turn region
with enlarged width (Figure 3) should also be focused, where the slow-down flow could
lead to concentrated local pollutant distribution.

4. Management Implications and Decision Support
4.1. Risk-Based Spatial Prioritization Framework

The coupled SWMM-Delft3D model’s identification of heterogeneous pollutant dis-
tributions across land use categories enables the establishment of a tiered intervention
protocol. We recommend implementing a watershed zoning system where management
intensity corresponds to modeled pollution contribution coefficients. Specifically, industrial-
dominated sub-catchments exhibiting elevated pollutant export rates (as quantified through
our spatial analysis) should receive priority allocation of control infrastructure. This ap-
proach optimizes resource deployment by concentrating interventions where marginal
pollution reduction benefits are maximized.

4.2. Event-Responsive Management Protocols

Based on empirical observations revealing asymmetric escalation of contaminant burdens
compared to volumetric discharge during high-intensity rainfall episodes (322-596% versus
207-302% augmentation), precipitation-tiered management frameworks become imperative.
This study advocates for implementing operational criteria correlated with predicted rainfall
magnitude: during moderate-intensity occurrences (<25 mm/6 h), immediate-deployment
source containment protocols should prioritize initial runoff interception within the first
3045 min window, whereas severe precipitation episodes (>50 mm/6 h) require activation of
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strategically positioned treatment configurations that integrate hydraulic rerouting, interim
containment facilities, and subsequent restoration protocols.

4.3. Targeted Measures for Industrial Districts

The established linkage between manufacturing land utilization and contaminant
generation warrants implementation of stringent source mitigation requirements within
industrial sectors. Essential measures encompass compulsory deployment of sheltered raw
material storage facilities, intensification of sweeping schedules in advance of predicted
meteorological events, and deployment of continuous monitoring infrastructure at strategic
outfall locations. High-granularity modeling outputs facilitate strategic sensor positioning
for anticipatory alert mechanisms.

4.4. Adaptive Infrastructure Design Parameters

Empirical evidence indicates that traditional engineering criteria fail to accommo-
date non-linear contaminant mobilization patterns across diverse precipitation regimes.
Infrastructure dimensioning standards require reconfiguration to integrate pollutant re-
duction performance indicators beyond conventional hydraulic conveyance parameters.
Retention structures necessitate dual-function optimization approaches that simultane-
ously address peak flow mitigation and contaminant mass abatement objectives, calibrated
against event-specific loading projections generated through predictive modeling.

5. Conclusions

This study developed a coupled SWMM-Delft3D model framework to characterize
the hydrologic and NPS pollution responses to rainfall events with different precipitation
intensities in the Egongling River watershed in Shenzhen, one of the most representative
cities undergoing rapid urbanization in China. The coupled model achieved excellent
agreements with both the observed hydrological (NSE = 0.812; MSE = 0.305) and water
quality (NSE > 0.85) data and demonstrated high-resolution dynamic changes in flow
and pollutant transfer within the studied watershed, with highly heterogeneous spatial
distributions of discharge and pollutant loads. Moreover, the temporal change patterns
in discharge and pollutant flux in the main channel considerably differed with rainfall
intensity, which highly correlated in a light rainfall scenario but decoupled under more
intense rainfall conditions. As rainfall intensity increased, the increase in pollutant loads
(mean 322% and 596%, respectively) was much larger than the increase in discharge
(207% and 302%, respectively), indicating a substantial amount of local accumulative NPS
pollutants rushed out by the strengthened runoff. The pollutant flux variation was also
dependent on land use type heterogeneity, since more severe NPS pollution was found in
locations with concentrated industrial land distribution, especially the downstream regions.
Hence, strategies to effectively control flooding and NPS pollution should be specified
based on both rainfall intensity and spatial heterogeneity of land use. This study also
provides substantial method and data support for further decision-making on sponge-city
construction and smart control of flood and NPS pollution.

Furthermore, some perspectives should be addressed in future work. First, the valida-
tion period was temporally constrained, which may not fully capture long-term variability
or extreme events. Additionally, uncertainties in parameter estimation, particularly in
regions with limited data, could affect the model’s predictions. The integration of models
at different spatial and temporal scales also posed challenges, potentially limiting further
application. Assumptions made in the pollutant buildup and washoff processes, such as
simplified representations of land cover and pollutant behavior, still have a distance from
fully characterized real-world complexities. Future research should focus on long-term
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validation studies, refined parameter calibration, and the inclusion of additional environ-
mental factors to enhance model robustness and accuracy. Additionally, the incorporation
of pollution control strategies, such as Total Maximum Daily Load measures, could be
explored to assess their effectiveness in mitigating water quality issues and optimizing
pollutant management in the study area.
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