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Under the current increasingly serious water pollution situation in urban, the
comprehensive treatment and protectingmeasures in urban small catchment are
the necessary step to the water pollution treatment, not only focus on the water
bodies themself. In this paper, the Luojiagang river channel and its catchment in
Wuhan, which has been heavily impacted by water pollution, are taken as an
example for the comparative assessment of pollution control measures in order
to explore the effective and sustainable schemes including the LID (Low Impact
Development---LID) by using SWMM model (Storm Water Management
Model---SWMM). Through the comparison of pollution treatment measures
based on scenarios simulation with the baseline scenarios, it was found that
the reduction effects of pollutant peak concentrations at the outlet node of
Luojiagang River had the decreasing order of: the combined measures (COS) >
LID control > the water diversion from Donghu Lake (WAD) > the sewage
treatment (SET) > the sediment dredging (SED), and the reduction effects of
total pollutant load had the decreasing order of: LID > COS > SET > SED > WAD.
The results show that the control of non-point source pollution is the key for the
improvement of water quality in Luojiagang River, and LID plays important role in
the reduction of both pollutant peak concentrations and load. This study has the
implication for the decision making of the water pollution controlling schemes in
urban small catchment.
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1 Introduction

With the rapid expansion of cities and the growth of population, the issue of water
pollution has become a matter of great concern that cannot be overlooked (Huang et al.,
2019). Over 80% of urban rivers have demonstrated considerable levels of pollution, with
some exhibiting a blackened and unpleasant odor (Qu and Fan, 2010). The occurrence of
eutrophication and foul odors in urban water bodies has not only impacted the local
environment but also the quality of life for residents in the surrounding areas. Furthermore,
the water quality-induced water shortage poses a significant threat to the safety of urban
water supply (Tao and Xin, 2014). Frequent incidents of urban water pollution reflect the
gravity of the situation, making the treatment and management of urban water pollution a
necessity for safeguarding economic and social development, as well as rebuilding ecological
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civilization. Urban landscapes and the unplanned urbanization are
host to a suite of contaminants that impact on water quality, where
the major contributors to pollution and the novel contaminants
continue to pose new challenges to comprehensive assessment,
monitoring and treatment regimes (McGrane, 2016; Khan
et al., 2022).

During recent years, the significant changes have been
observed in the structure and water cycle of urban water
systems through the construction of rainwater and sewage
pipelines, water diversion projects, and gate operations (Grimm
et al., 2008; Li Q. et al., 2019). The natural water network in urban
areas has been transformed into a complex water network that
combines natural and engineering features through a series of
construction projects such as channels, gates, and pumping
stations (Follstad Shah et al., 2019; Gessner et al., 2014;
McGrane, 2016). In addition to its own water system
connectivity, the complex urban water network is closely related
to the processes of water intake, water use, and wastewater
discharge, which makes its water cycle processes very complex
(Kuhlemann et al., 2020), and its hydrological processes and
pollution patterns are influenced by both natural factors and
human intervention. Moreover, the complex urban water
network is influenced by multiple sources of pollution,
including point and non-point source, even the pollution
arising from misconnections (Revitt and Ellis, 2016), posing
additional challenges to urban water pollution management.
The processes of pollutant generation, transmission and
treatment in urban water networks and the impact of human
regulation on the water environment need further exploration
(Ehleringer et al., 2016).

The implementation of water pollution control in urban water
networks involves a combination of point source pollution control,
non-point source pollution control, and water body restoration
measures. To address point-source pollution, an approach that
involves collecting and treating wastewater is adopted,
complemented by a range of policies and technologies to mitigate
industrial pollution sources (Pan and Tang, 2021). Facing the
challenges of the non-point sources, that are mainly produced by
the untreated runoff (Charters et al., 2021; Müller et al., 2020) from
impermeable urban surfaces, LID (Low Impact Development---
LID) practices has gained significant popularity (Rong et al.,
2021). Techniques such as bioretention cells, pervious pavements,
and green roofs have demonstrated their effectiveness in several
studies (Baek et al., 2015; Seo et al., 2017; Zhu et al., 2019; Liu et al.,
2019; Liu, 2020). Due to the complexity of urban water issues, de
Oliveira et al. (2022) pointed out that traditional engineering
approaches alone (gray infrastructure) are not able to meet all the
challenges of sustainability posed by growing urban population and
consumption. A mix of green (such as LID), blue and grey
infrastructures is likely to result in the best adaptation strategy as
these three alternatives tend to complement each other (Alves et al.,
2019). In China, the construction of sponge cities has emerged as a
promising approach towards reducing urban waterlogging and non-
point source pollution (Li Z. et al., 2019; Nguyen et al., 2019), in which
the combination of gree, blue and grey is emphasized. But in practise,
the combination of gree, blue and grey still exists many difficulties,
such as how to determine the combining schemes and assess their
effects assessment for the decision making etc.

In this context, a study taking a urban small catchment in
Wuhan as an example is carried out for the comparison and
analyzing of the effects of different water pollution treatment
measures, which can provide valuable guidance to the decision
making of the water pollution contoling schemes in urban small
catchment. The detailed tasks in this paper include: (1) establishing a
hydrological and water quality model of the Luojiagang catchment
based on SWMM; (2) simulating the evolution trend of water quality
in the catchment under different treatment measures, including LID
and traditional engineering approaches; and (3) comparing and
assessing the effects of different treatment measures to provide a
reference for actual water environment treatment options.

2 Material and methods

2.1 Study area

The Luojiagang catchment, which includes the two main rivers,
the Luojiagang River and the Shahugang River, is situated inWuhan’s
core city and extends across three administrative districts: Hongshan,
Wuchang, andQingshan (Figure 1). Its total size is roughly 27.91 km2.
With a 3.85 km overall length, the Luojiagang River begins at
Shahugang River in the south and terminates at Luojialu Pumping
Station in the east. The Luojiagang River divides the Shahugang River
into two sections, the eastern section of which begins at Xudong Street
and receives tailwater discharge from the upstream Shahu Sewage
Treatment Plant and the midstream Erlangmiao Sewage Treatment
Plant as well as sporadic domestic sewage discharge, and the western
section of which begins at Renhe Road and is connected to the
Donghu Lake by the Xingouqu River. During the flood season, the
Xingou gate is opened, thereby permitting the influx of water
accumulated in the East Lake to cascade into the Shahugang River.
The eastern and western sectors of the Shahugang River converge and
amalgamate into the Luojiagang River, culminating in the eventual
discharge of the waterway into the Yangtze River. The surface of the
Luojiagang catchment exhibits relatively gentle terrain with locally
concentrated high-rise buildings. The elevation of the region ranges
between 11.46 m and 40.36 m. The majority of the catchment is
urbanized. Overall, impermeable surfaces constitute a significant
proportion of the study area, resulting in high runoff coefficients,
short runoff formation times, limited infiltration capacities, and
intensified pollutant scouring.

Luojiagang catchment faces substantial water environmental
issues due to domestic sewage discharge, overflow merging, and
indiscriminate garbage dumping, leading to the formation of a
black-odorous water body. In recent years, a significant portion of
the Luojiagang catchment has had sewage collection pipelines
constructed and pollution outlets along the riverbanks intercepted
to mitigate the impact of combined sewer overflows on the water
body. Additionally, a comprehensive channel remediation project has
been implemented to align with the requirements of the Donghu Lake
Ecological Water Network Project. The implementation of the above
measures has yielded initial results in the treatment of foul-smelling
water in Luojiagang River. However, the issue of water pollution has
not been completely eradicated. In order to further investigate the
specific causes of pollution in Luojiagang and analyze the water
quality trend of the river under different treatment measures, this
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study will conduct hydrological and water quality simulations of the
Luojiagang catchment based on the SWMMmodel. The findings will
serve as a reference for future treatment efforts.

2.2 SWMM model

The StormWater Management Model (SWMM) was developed
by the United States Environmental Protection Agency (EPA) as a
dynamic rainfall-runoff simulation program. It models the runoff
volume and water quality of a single rainfall event or a long-term
sequence by constructing catchments, drainage pipes, rainwater
nodes, and treatment facilities (Gironás et al., 2010).

The basic operating unit of the SWMM model is the sub-
catchment, which can be used to simulate hydrological and
hydraulic processes, water quality, and sewage in various forms.
Each sub-catchment is divided into three parts: impervious areas
without depression storage, impermeable areas with depression
storage, and pervious areas. SWMM provides three infiltration
models, namely, Horton infiltration formula, Green-Ampt
infiltration formula, and the Soil Conservation Service (SCS)
Curve Number method. The pipe network section offers three
runoff simulation methods: steady flow, kinematic wave, and
dynamic wave. The steady flow method is the simplest to
calculate as it maintains a constant flow at each time step. The
kinematic wave method takes into account the pipe channel
equation and uses hydraulic continuity and momentum
conservation equations for calculation. The dynamic wave
method considers additional factors such as node water flow,

continuity equation, among others. Each method has its pros and
cons and should be applied based on specific requirements.

The SWMM software can simulate the entire process of
pollutant generation, runoff, and migration. By subdividing sub-
catchments into different land use areas, it can simulate the
pollution transmission of drainage systems by setting pollutant
accumulation and washout characteristics for each land use type.
The accumulation process refers to the continuous increase of
pollutants on the surface caused by natural and human activities
before rainfall occurs. SWMM software primarily employs power
function models, exponential function models, and saturation
function models to simulate pollutant accumulation. The
washout process involves erosion of the underlying soil layer
during runoff production and the dissipation of certain
pollutants. The SWMM software mainly uses exponential
function models, performance curve washout models, and event
mean concentration function models to simulate pollutant washout.

2.3 Scenario definition

Due to severe pollution in Luojiagang River, four treatment
measures are proposed based on the current situation and
treatment conditions of non-point water pollution in the cathment,
which include water diversion from Donghu Lake (WAD), sewage
treatment (SET), sediment dredging (SED), and LID control (LID).
Each measure has three levels of intensity, and a combination of low,
medium, and high levels of intensity are set according to the actual
situation for simulating the water environmental trend in Luojiagang

FIGURE 1
The geographical location and land use of Luojiagang catchment.
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River through hydrodynamic and water quality modeling. The
baseline scenario (BAS) has a water diversion flow from Donghu
Lake of 3 m3/s, a total nitrogen release rate of 268mg/m2/d, and a total
phosphorus release rate of 158 mg/m2/d for sediment, without direct
discharge sewage treatment and LID facilities.

Because the water quality of Donghu Lake is better than that of
Luojiagang River, scientifically diverting water fromDonghu Lake to
the Yangtze River through Luojiagang River during the rainy season
can not only prevent urban waterlogging but also improve the water
quality of Luojiagang River. Considering the actual factors of water
diversion project construction, the low, medium, and high water
diversion discharges are set at 5 m3/s (WAD1), 7 m3/s (WAD2), and
9 m3/s (WAD3), respectively.

A sewage interception pipeline has been installed along the west
side of Luojiagang River to collect wastewater and discharge it into
the Erlangmiao Sewage Treatment Plant. However, the degree of
interception still needs improvement, and direct discharge of
untreated sewage into the river still occurs in some areas. In light
of the limited proportion of combined sewers in the study area and
the high treatment efficacy of the local sewage treatment plant, the
main measure of sewage treatment is set to collect and treat direct
sewage in this study. To this end, the low, medium, and high direct
sewage treatment rates were set to 20% (SET1), 40% (SET2), and
60% (SET3), respectively.

Sediment dredging is a common engineering measure to control
black and odorous water bodies (Gu et al., 2016; Liu et al., 2015). The
sediment of Luojiagang River and Shahugang River is seriously
polluted because of the discharge of tail water and direct sewage
from sewage plants all year round. Sediment dredging in these two
rivers is an approach for pollution control in this area. The low,
medium, and high sediment release rates were set at 80% (SED1),
50% (SED2), and 20% (SED3) of the baseline scenario.

The construction of sponge cities has become an essential part of
environmental protection policies across various cities (Nguyen et al.,
2019). It aims to reduce runoff levels and minimize pollution caused
by rainfall runoff. To achieve this goal, many cities use low-impact
development measures (LID) to build decentralized and small-scale
sponge structures, including rain gardens, green roofs, bioretention
cells, and artificial wetlands, among others (Hu et al., 2019). In this
study, bioretention cells are chosen as a typical example of LID control
measures for simulation due to their varying forms and strong
applicability. Combining information from relevant literature
(Rossman and Simon, 2022; Huang et al., 2022; Li et al., 2021)
and the study area, the twelve parameters of the bioretention cells
were determined (Table 1). The area proportions of low, medium, and

high LID control were set at 10% (LID1), 20% (LID2), and 30%
(LID3), respectively.

The above scenarios are single scenarios, and the simulated
pollution control rate can reflect the treatment effect of each
measure. In practice, the remediation of water environment is
usually a systematic project, which requires multiple means to
work at the same time. In order to examine the effectiveness of
different pollution control measures in the actual management of
water environments, this study combines the single scenarios
previously examined into three combination scenarios: COS1,
COS2, and COS3. COS1 is comprised of the scenarios WAD1,
SET1, SED1, and LID1, and the remaining two combinations
are similar.

Rainfalls with return periods of 0.25, 1, and 5 years were selected
to represent light rain, moderate rain, and heavy rain inWuhan City
for water quality simulation analysis under different scenarios
(Figure 2). For simplification, the BAS with a 1a rainfall return
period was abbreviated as “1a-BAS”, and similar abbreviations were
used for the other scenarios.

3 Model setup and calibration

3.1 Model setup

The SWMM model was constructed with hydrological, water
quality, and hydraulic modules. The hydrological module simulates
surface runoff processes, the water quality module modeled the
accumulation and flushing processes of pollutants in the underlying
surface, and the hydraulic module was used to simulate the transport
of water and pollutants.

The Luojiagang catchment was divided into 54 sub-catchments
using a manual division method based on pipe network structure,
the location of rainwater wells, topography, and land use. The land
use types in the study area were categorized into five types: roofs,
pavements, hard ground surfaces, construction land, and green land,
of which the first three were impermeable surfaces and the latter two
are permeable surfaces. The infiltration process in the permeable
areas was calculated using the Horton model. The runoff calculation
for surface runoff was based on the nonlinear reservoir method,
where the continuity equation and Manning’s formula were solved
iteratively to obtain the runoff volume.

Due to the complex structure of the stormwater and sewage pipe
networks in the study area, the kinematic wave model was selected
for network simulation. The accumulation process of pollutants was

TABLE 1 Parameters setting for the bioretention cell.

Layers of bioretention cell Parameters

Surface layer Storage depth (mm) Vegetation volume fraction Surface roughness (Mannings n) Surface slope (%)

60 0.15 0.5 0.4

Soil layer Thickness (mm) Porosity Field capacity Wilting point

700 0.5 0.2 0.1

Storage layer Thickness (mm) Void Ratio Seepage rate (mm/hr) Clogging factor

400 0.75 300 0

Note: the meaning of the twelve parameters can be found in the Storm Water Management Model User’s Manual Version 5.2 (Rossman and Simon, 2022).
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modeled using the saturation function, and the flushing process was
modeled using the exponential function. Key factors affecting water
quantity and quality in the study area, such as the discharge of
Donghu Lake, domestic sewage, sewage treatment plant operations,
pump station discharges, and pollutant releases from sediment were
integrated into the sub-catchments and the pipe network framework
to construct a SWMM-based hydrological and water quality model
for the Luojiagang catchment (Figure 3).

3.2 Model calibration

The SWMM model required the setting of numerous
parameters, some of which can be obtained from actual
engineering data and software such as ArcGIS, referred to as data
parameters, while other parameters need to be obtained by referring
to the value range of relevant literature and through parameter
calibration, referred to as empirical parameters. The initial values of
each parameter were determined based on different data, and then
the model parameters were calibrated according to actual measured
data (the initial values and calibrated values of hydrological,
hydraulic, and water quality parameters are shown in Tables 2–4).

Water quality simulation was based on water quantity simulation,
so the calibration and adjustment of hydrological and hydraulic
parameters were required first. The Nash-Sutcliffe efficiency
coefficient was used as the evaluation index for calibration of
hydrological and hydraulic parameters, and a value closer to
1 indicated better simulation performance, and NSEthreshold =
0.65 has been reported in the literature as a lower limit of a valid
goodness-of-fit (Ritter and Muñoz-Carpena, 2013). The period from
June 11 to June 30, 2019 was designated as the calibration period,
while the period from May 14 to May 31, 2019 was identified as the

validation period. Daily precipitation data measured at the Hubei
University precipitation station was inputted, and the measured
discharge at the Luojiagang catchment export node J16 was
compared with the simulated discharge (Figure 4) to determine the
simulation performance of the parameters. After multiple parameter
adjustments, the Nash efficiency coefficient during the calibration
period was calculated to be 0.81, and during the verification period, it
was 0.75, meeting the simulation requirements of the model.
Although the Nash efficiency coefficient indicated that the model
has the satisfied accuracy, the more rainfall-runoff events are still
needed for the calibration and validation in order to guarantee the
accuracy of the model under the different rainfall scenario in future.

In terms of water quality parameter calibration, the relative error
was utilized as the performance indicator for simulated parameters.
Calibration and validation were conducted by comparing the
simulated and measured concentrations at river nodes J16, J19,
J43, and J56 on June 6, 2019 and May 11, 2019, respectively
(Figure 5). Following numerous adjustments, the relative error’s
absolute value ranged from 3.10% to 15.79% during calibration
and 0.56%–15.14% during validation (Figure 6). Accounting for
measurement and monitoring errors and various interfering factors
affecting river water quality, the degree of accuracy achieved was
adequate to fulfill this model’s simulation requirements.

4 Results and discussion

A hydrological and water quality model for the Luojiagang
catchment based on SWMM was established to simulate the water
dynamics and water quality conditions during the rainy season, and
TN and TP were used as typical pollutants. Single and combined
scenarios were designed for the four measures of East Lake water

FIGURE 2
The design rainfall with different return periods (based on the Wuhan local standard: rainstorm intensity formula and design rainstorm profile of
Wuhan, DB4201/T 641-2020).
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diversion, sewage treatment, dredging of sediment, and sponge city
governance to simulate the trend of the water environment in
Luojiagang River. By analyzing the pollution reduction effect of
each governance measure and identifying the key links of pollution
in the Luojiagang catchment, the purpose of providing scientific
references for the water environment management in the
Luojiagang catchment was achieved.

4.1 Analysis of the baseline scenario

In order to analyze the variation process and the rules of the
runoff discharge and pollutants concentration in different rainfall
intensity events in the Luojiagang catchment, the three baseline
scenarios (BAS) of rainfall were selected respectively as the designing

rainfall with a return period of 0.25, 1, and 5 years (Figure 2). The
baseline scenarios of the land use types, the sub-catchments, the
channels and the pipe network framework were kept the same as the
situation of SWMM model setup and calibration, which were
described by the paramenters in Tables 2–4. Then, the treatment
scenarios (defined in Section 2.3), the water diversion from Donghu
Lake (WAD), the sewage treatment (SET), the sediment dredging
(SED) and the LID control (LID), will be applied for the scenario
analysis of the effects of water pollution treatments which are
compared with the baseline scenarios. By the comparisons, the
function of the treatment scenarios will be evaluated, and the
treatment scheme will be recomended.

By inputting the three disigning rainfall into the SWMMmodel,
the runoff process at the J16 outlet node of the Luojiagang
catchment was obtained (Figure 7). It was observed that the

FIGURE 3
SWMM model of the Luojiagang catchment.
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discharge hydrograph at the outlet node J16 exhibited a double peak,
with a smaller first peak and a larger second peak. The first peak was
generated by direct rainfall on the river channel and rainfall runoff
from the surrounding catchments of the river channel, while the
second peak appeared after the rainfall had ended and was generated
by rainfall on the underlying surface of the catchment through the
pipe network, reflecting the lag effect of the urban drainage system
on rainfall.

In accordance with observed trends, higher volumes of rainfall
correspond to earlier peak times, while smaller amounts of rainfall
correspond to later peak times. In the scenario 0.25a-BAS, the
second peak was relatively smooth, but when the rainfall
intensity was greater, the runoff line showed a gap, indicating
that some areas were limited by the overcurrent capacity of the
pipe network. In the scenario 5a-BAS, the second peak showed a
slightly gradual plateau, indicating that the pipe network of the
catchment had reached its maximum overcurrent capacity and
excess rainfall runoff was stored in rainwater wells, forming a

stable flow in the pipe network. In the scenario 5a-BAS, some
simulated rainwater nodes overflowed, indicating that the
rainwater pipe network system in the study area needs to
be improved.

From the outlet node J16 water quality process simulation
(Figure 8), it was observed that the concentrations of TN and TP
exhibited similar trends with a bimodal distribution of water quality.
The first peak was mainly formed by surface runoff near the river
channel during early rainfall events, when most surface pollutants
were washed into the river, resulting in high levels of water pollution,
reflecting an initial rain effect. While the second peak has a relatively
low pollution degree due to the large rainfall and less residual surface
pollutants.

In the scenarios 0.25a-BAS, the two peaks were smoother with
smaller differences in peak values. However, the higher rainfall
intensity resulted in more pronounced flushing effects, leading to
the significantly higher and sharper first peak values. As the
accumulation of pollutants on the underlying surface was

TABLE 3 Adjustment of pollutants cumulative model parameters.

Land use type Parameter Initial value Calibrated value

TN TP TN TP

Roof Max. Buildup (kg/hm2) 12 1.0 15 0.8

Half-saturated cumulative time (d) 8 8 5 5

Pavement Max. Buildup (kg/hm2) 10 0.8 14 1

Half-saturated cumulative time (d) 8 8 5 5

Hard ground surface Max. Buildup (kg/hm2) 10 0.8 10 1

Half-saturated cumulative time (d) 8 8 5 5

Construction land Max. Buildup (kg/hm2) 14 1.2 16 1.5

Half-saturated cumulative time (d) 8 8 5 5

Green land Max. Buildup (kg/hm2) 13 1.1 16 1

Half-saturated cumulative time (d) 8 8 5 5

TABLE 2 Adjustment of hydrological and hydraulic parameters.

Parameter Ranges unit Initial value Calibrated value

Horton moddel Max.Infil.Rate 25-80 mm/h 70 65.8

Min.Infil.Rate 0-10 mm/h 3.8 2.8

Decay constant 2-7 / 4 4

Drytime 1-7 day 7 6

Subcatchment N-imperv 0.011-0.033 / 0.013 0.012

N-perv 0.05-0.8 / 0.24 0.23

Des-imperv 0.2-10 mm 2 2.35

Des-perv 2-7 mm 5 5.6

Zero-imperv 5-85 % 25 25

Conduit Manning-N 0.011-0.026 / 0.012 0.013

Channel Manning-N 0.011-0.4 / 0.04 0.04
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constant, the second peak values decreased as the rainfall intensity
increased. Since other factors influencing water quality in the study
area remained consistent, the analysis of the baseline scenario
simulation reflected the impact of surface source pollution
brought about by rainfall runoff in the study area under different
rainfall intensities. The number of drought days in the early stage of
this study was 10 days. Based on the simulated water quality process,
it was evident that a significant volume of pollutants accumulated on
the underlying surface, and the initial rainwater carried a high
degree of pollution, which exerted a substantial impact on the
water environment of the river. It was noteworthy that the river
retained a considerable level of contamination even after 2 h of
rainfall, and the pollution did not return to pre-rainfall levels until
12 h later. The contamination of the river resulting from a 2-h bout
of precipitation had yet to revert to its pre-rainfall state, even after
12 h had elapsed, indicating that reducing surface source pollution is
of utmost importance for water environment management in the
Luojiagang catchment.

4.2 Pollutant concentration processes in
different treatment scenarios

Based on the analysis of the scenario BAS, rainfall with a return
period of 0.25, 1, and 5 years was selected to represent light rain,
moderate rain, and heavy rain in Wuhan for the water quality
simulation analysis under different treatment measures.

After comparing the pollutant concentrations and runoff
processes under different treatment measures (Figure 9), it can
be observed that due to the ongoing processes of water diversion
from Donghu Lake, direct sewage discharge, and the release of
endogenous pollutants, dilution of pollutants through WAD, SET,
and SED has already played a significant role in reducing the
concentration of pollutants prior to rainfall, while LID facilities
had no impact on the concentration of pollutants in the river before

rainfall, as their role was primarily focused on the storage and
purification of rainfall runoff.

Of the four treatment measures, includingWAD, SET, SED, and
LID, the first three primarily impacted pollutant concentration.
Under these three treatment measures, the pollutant
concentrations of varying treatment intensities tended to
converge during rainfall processes due to the fact that the
constant water diversion discharge proportionally reduces as the
runoff from rainwater accelerates, the constant direct discharge of
sewage proportionally reduces, and the introduction of non-point
source pollution reduces the proportion of endogenous pollution,
respectively.

LID differed from the previous three measures in that it had a
significant reduction effect on both runoff volume and pollutant
concentration (Figures 9G, H; Figure 10). LID had a significant effect
on reducing the first peak discharge, indicating the effectiveness of
LID facilities in increasing infiltration and decreasing surface runoff.
During rainfall conditions with a return period of 5 years,
LID3 displayed a smooth curve. Similarly, under a return period
of 0.25 years, LID aided in reducing the fluctuation of the runoff
hydrograph, which pointed towards its ability to significantly
minimize the overflow of the pipeline network. Additionally,
during a rainfall event, pollutant reduction effect of LID
increased with the rise in the rainfall intensity and reached its
peak when the rainfall reached its peak. Afterward, it gradually
reverted to the initial level.

Upon comparing the results of different rainfall return periods,
it was found that the total runoff increased as the return period
increased. This resulted in a decline of both the dilution effect of
WAD and the attenuation effect of SED on pollutants, along with a
reduction in the direct discharge contribution to pollution in the
Luojiagang catchment. Consequently, the dilution effect of SET on
pollution also diminished. Particularly in scenario 5a-SET3,
pollutant concentration showed a small difference before the
peak arrival as compared to scenario 5a-BAS. A smaller return

TABLE 4 Adjustment of pollutants washoff model parameters.

Land use type Parameter Initial value Calibrated value

TN TP TN TP

Roof Washoff coefficient 0.008 0.005 0.01 0.006

Washoff exponent 1.6 1.6 1.8 1.9

Pavement Washoff coefficient 0.008 0.005 0.008 0.006

Washoff exponent 1.5 1.5 1.8 1.7

Street cleaning removal efficiency 60% 60% 60% 60%

Hard ground surface Washoff coefficient 0.006 0.004 0.01 0.005

Washoff exponent 1.5 1.5 1.8 1.7

Construction land Washoff coefficient 0.007 0.005 0.009 0.008

Washoff exponent 1.4 1.4 1.9 1.8

Green land Washoff coefficient 0.005 0.002 0.008 0.002

Washoff exponent 1.2 1.2 1.8 1.4
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period resulted in a delayed peak concentration time for the four
treatment measures of WAD, SET, SED, and LID.

Upon evaluation of the pollution reduction effects of various
measures, it was discovered that the concentration of total nitrogen
and total phosphorus exhibited significant decrease in scenarios
LID3, without changing the trend. The results suggested that LID
facilities prove to be an effective means of reducing non-point source
pollution in the Luojiagang catchment. LID demonstrated the most
significant decrease in pollutant concentration, in coherence with
previous analyses. Non-point source pollution accounted for a
notable portion of pollution in the Luojiagang catchment and
mitigating it could alleviate the pollution situation. Furthermore,
WAD exhibited a significant reduction in pollutant concentration
that ranked second, indicating that enhancing hydrological
connectivity can prove an effective means of curbing pollution in
the Luojiagang River. In contrast, SET and SED exhibited minimal

decrease in pollutant concentration relative to the baseline scenario,
signaling that point source wastewater discharge and endogenous
pollution constitute a small fraction of pollution in the
Luojiagang catchment.

4.3 Comparison of pollutant reduction rates
and treatment effects

The pollution reduction rates, including (i) the reduction rate of
pollutant peak concentration and (ii) the reduction rate of total
pollutant contents within 24 h after the start of rain (in the following
referred to as peak reduction rate and total reduction rate), were
calculated across various scenarios in relation to the baseline
scenario (Figure 11). This enabled a quantitative evaluation of
the effectiveness of different pollution control measures and

FIGURE 4
The measured discharge compared with the simulated discharge at the Luojiagang catchment export node J16 in (A) calibration and (B) validation.
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intensities, which differed from the qualitative analysis based on the
pollution concentration process line in the previous section. The
peak reduction rates for each treatment scenario are ranked from
highest to lowest as follows: COS > LID > WAD > SET > SED, and
the total reduction rates are ranked from highest to lowest as follows:
LID > COS > SET > SED > WAD. These rankings highlighted the
efficacy of various measures in addressing water pollution in the
Luojiagang catchment. Furthermore, non-point source pollution
was the most prominent contributor to pollution levels in the
area, while domestic sewage and endogenous pollution played a
relatively minor role.

An increase in discharge at Luojiagang River, attributed to the
water diversion from Donghu Lake, resulted in a rise in the overall
amount of pollutants passing through the outlet node. The peak
reduction rate also increased in proportion to the diversion volume,

reflecting the significance of hydrological connectivity in river water
environments and proving the efficacy of the Great Donghu Lake
ecological water network connection project in enhancing water
quality within urban rivers. The peak reduction rate recorded the
highest value in scenario 1a-WAD, indicating that the WAD plays
the best role under moderate rainfall conditions. In practical
applications, it is crucial to consider construction costs and the
safety of the river during the rainy season while determining a
reasonable route and volume for water diversion. Simply opting for
higher diversion rates is not always the most feasible solution. It
should be noted that while the WAD had the lowest total reduction
rate in the simulated scenarios, the dilution effect of pollution is just
one aspect of the purpose. Furthermore, the water diversion will also
have an impact on the river and lake community structures (Dai
et al., 2020). More importantly, the Donghu Lake Ecological Water

FIGURE 5
The comparison of measured and simulated concentrations of TN and TP at nodes J16, J19, J43, and J56.

FIGURE 6
The relative error between measured and simulated concentrations at nodes J16, J19, J43, and J56.
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Network Project can establish a hydraulic connection between the
Yangtze River and Donghu Lake through water diversion (Guo and
Kang, 2012), laying the foundation for ecological
restoration projects.

The higher the degree of sewage treatment, the higher the peak
reduction rate and total reduction rate. The smaller the rain
intensity, the higher the reduction rate of peak concentrations of
pollutants and the total reduction rate of sewage treatment
measures. At present, most of the areas in the Luojiagang
catchment have realized rainwater and sewage diversion, and the
degree of domestic sewage interception is high. The direct sewage
not connected to the sewage network should be further investigated
and rectified to improve the sewage treatment rate.

The lower the release rate of pollutants in the sediment, the
lower the pollutant concentration in the Luojiagang catchment,
with the best water pollution control effect under light rain
conditions. The impact of sediment dredging on the pollutant
concentration in the river is very small, which reflects the
effectiveness of previous endogenous pollution control work.
Furthermore, the dredging effect was represented as a decrease
in the endogenous release rate in the simulation. However, the
practical application of dredging in different regions yielded
inconsistent results. In some cases, dredging effectively reduced
pollution loads (Chen et al., 2018), while in others, various
complex factors such as dredging technology, dredging depth,
and the environmental conditions of the water body itself

FIGURE 7
The discharge hydrograph at outlet node J16 of the Luojiagang catchment in baseline scenario with a return period of 0.25a, 1a, and 5a respectively.

FIGURE 8
The evolution of (A) TN and (B) TP concentration at node J16 in baseline scenario.
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influenced the effectiveness of pollution control after dredging
(Chen et al., 2020; Weng, 2017; Zhu et al., 2022). Dredging alone
cannot achieve long-term pollution control effectiveness, which
requires reducing external loads (Liu et al., 2016

As the area of LID facilities increased, the peak reduction rates
and total reduction rates also increased. The peak reduction rates of
LID were highest during heavy rainfall, while the total reduction
rates were highest during moderate rainfall. LID measures showed

FIGURE 9
The evolution of TN (A, E, G) and TP (B, F, H) concentration at node J16 in different scenario: WAD (A, B), SET (C, D), SED (E, F), and LID (G, H).
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significant effectiveness in reducing both pollutant peak
concentration and total pollutant load, indicating the importance
of non-point source pollution in river pollution in urban centers and
highlighting the necessity of sponge city construction. When the
construction area of LID facilities accounted for 10%, the peak
reduction rate of TN reached over 30%. Nevertheless, the peak
reduction rates increase became less pronounced as the construction
area of LID facilities rose to 20% or 30%. Therefore, the LID with a
construction area of 10% was a cost-effective solution with good
treatment results. Water management efforts in the Luojiagang
catchment should focus on promoting the construction of LID
facilities, enhancing urban vegetation, optimizing rainfall
utilization, and strengthening pollution source regulations (e.g.,
roads, and construction sites, garbage, sewage, and dry-wet
deposition at rainwater outlets) to diminish non-point source
pollution. The effectiveness of LID facilities in controlling
pollutants is influenced by various factors, not just the
construction area mentioned here. In practical applications,
factors such as the type of LID facility, functional design criteria,
engineered design features, plant growth, and cost control all need to
be further considered (Beryani et al., 2021; Glaister et at., 2017;
Chaves et al., 2024).

The peak reduction rates by combined measures were higher
than those of any individual measure, while the total reduction rates
were second only to LID control. Notably, the total reduction rates
achieved under combined conditions are equivalent to the sum of
each individual condition, demonstrating that the impact of each
measure is independent. This result denotes that the collective
reduction in emissions accomplished by the diverse measures can
be aggregated, thereby enabling the selection of the optimal and
feasible conglomeration of remedial measures to alleviate pollution
from varying origins, and ultimately achieve an enhanced water
environment governance effect.

The treatment scenarios set in the SWMM simulation for this
study are relatively simple and do not take into account the actual
situation for more detailed settings. Specifically, the water diversion

measures only consider the changes in water flow rate, and do not
take into account the changes in pollutant levels caused by the
changes in hydraulic conditions such as flow velocity resulting from
water diversion (Yang et al., 2021). In addition, the sediment
dredging is reflected in the variation of endogenous release rate,
but actual engineering conditions were not taken into account.
Moreover, the LID control measures were only represented by
biological retention ponds and only considered the area of
deployment, without taking into account more types of LID
facilities and detailed deployment plans, which can impact the
effectiveness of LID measures (Lee et al., 2022; Ma and Zhao,
2022). However, our goal is not to form a detailed treatment
plan but to focus on the presentation effects of the four measures
in the Luojiagang catchment. Therefore, simple scenario settings can
still serve as a reference for water environment management in
the region.

5 Conclusion

Under the current increasingly serious water pollution situation
in urban, the comprehensive treatment and protecting measures in
urban small catchment are the necessary step to the water pollution
treatmen, not only focus on the water bodies themself. The
comprehensive water pollution control measures, including the
LID source control in a catchment and the treatment measures
of the polluted water bodies, are getting more and more attention.
But the effects evaluation and planning decision of the different
schemes are facing the challenges of the complicated variety of the
water pollution control measures and their combination. In order to
explore the effects of the water pollution control measures and help
the planning decision making, in this study, the Luojiagang river
channel and its catchment in Wuhan, which has been heavily
impacted by water pollution, are taken as an example for the
comparative assessment of pollution control measures including
the LID by using SWMM model. The results of this study provided

FIGURE 10
The flow process at node J16 in the scenario LID1 ~ LID3.

Frontiers in Environmental Science frontiersin.org13

Liu et al. 10.3389/fenvs.2024.1458858

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1458858


scientific reference and practicable guidance for the water
environment management in urban small catchment, and the
following conclusions can be drawn.

(1) Through the comparison of pollution treatment measures
based on scenarios simulation with the baseline scenarios, it
was found that the reduction effects of pollutant peak
concentrations at the outlet node of Luojiagang River had
the decreasing order of: COS > LID control > WAD > SET >
SED, and the reduction effects of total pollutant load had the
decreasing order of: LID > COS > SET > SED > WAD.

(2) The results show that the control of non-point source
pollution is the key for the improvement of water quality
in Luojiagang River, and LID plays important role in the

reduction of both pollutant peak concentrations and load.
Therefore, while promoting the construction of LID facilities,
it is essential to target non-point source pollution control.

(3) The total pollutant reduction rate of the combined measures
was basically equal to the sum of the individual measures,
indicating that the effects of various measures are
independent and their governance effects can be overlapped.

(4) This study shows the implication for the decision of the water
pollution contoling schemes in urban small catchment. In
order to create a practical and comprehensive water
environment management plan, future study will give
more thought to the actual engineering conditions and
further refine the model, especially in terms of the layout
plan for LID facilities.

FIGURE 11
The (A) peak reduction rate and (B) total reduction rate in various scenarios.
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