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Abstract: In recent years, the problem of water pollution in middle and small river basins has become
increasingly serious. In order to control the water pollution of small- and medium-sized rivers, based
upon the hydrodynamic module and the water quality module in MIKE21, this paper established
a numerical computing model for middle and small river basins by taking the Xiyong River Basin
as a typical representative. The excessive levels of nitrogen in the Xiyong River have significantly
impaired the quality of the water in terms of the river status, so seven different scenario hypotheses of
treatment measures are proposed, based on which the hydrodynamic simulation on the total nitrogen
(TN) concentration’s movement was implemented and the time of the nitrogen concentration to reach
the standard was predicted. The results showed that the water quality of the Xiyong River improved
significantly after the treatment measure, and the annual mean of the TN concentration will decrease
by 0.496 mg/L. The results will help the government to control the pollution sources of small and
medium river basins. The research of Xiyong River based on the MIKE21 model can be used as the
basis for pollution reduction and water quality improvement, which provides an example for the
ecological restoration of small and medium rivers.

Keywords: middle and small river basins; TN; MIKE21; hydrodynamic and water quality simulation;
water quality prediction

1. Introduction

In the process of water environment pollution treatment, the water quality of big rivers
and lakes is always mainly of concern and is effectively controlled [1]. However, the water
quality of middle and small rivers is continuously becoming worse because of the following
reasons: the middle and small river basins, especially the small river basins, generally
pass through villages and towns where local people have a relatively low perception on
environment protection and the sewage treatment facilities along the small rivers need to
be improved. Furthermore, the hydrological characteristics of these rivers are not collected
and the technological analyses of pollution mechanism are lacking, which result in the
sewage measures for these small rivers being relatively simple and the treatment standards
are relatively low. Finally, the water ecosystem is destroyed, while the water stays black
and odorous [2]. Therefore, it is of important realistic significance and industrial economic
benefit to develop a water environment remediation mechanism and propose an optimal
treatment scheme for these middle and small river basins.

Due to the complex shapes and boundaries of the rivers and lakes under natural
conditions, the traditional experimental methods consume a lot of labor costs, and the data
for water environment treatment are difficult to obtain due to many constraints. Supported
by the computing power of modern computers, numerical simulation models of the water
environment can accurately simulate the changes in the water flow field and water quality
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as well as the migration and dispersion of pollutants in fluid movement. As a result,
numerical simulation has become a mainstream research tool [3,4].

The software used in hydrological numerical simulation includes the MIKE software
model developed by the Danish Hydraulic Institute (DHI), the WASP and EFDC model
presented by the U.S. Environment Protection Agency (EPA), the SWAT model established
by the U.S. Department of Agriculture (USDA), and some other models such as the SELECT,
CE-QUAL-R1, and CE-QUAL-W2 models, and so on. All of these models are hydrody-
namic in nature, but each one assumes its specific “vocation” with specific conditions for
application. For example, SWAT is a model that is specialized in soil water dynamics,
while MIKE21 has a wide ability to describe the entire process of flow and hydrodynamic
interaction with the environment. In this work, the MIKE21 model was used because it has
powerful function in the numerical simulation of two-dimensional free surface flow [5-8].
This powerful function comes from the core algorithm, which is based upon the solution to
the two-dimensional free surface flow equation, where the stratification is neglected. Using
MIKE software, Liu et al. (2020) [9] established a two-dimensional hydrodynamic model
for the Jingzhou part of the Yangtze River Basin where some wastewater treatment plants
are located. In this model, the diffusion conditions of typical pollutants in the Yangtze River
such as the chemical oxygen demand (COD), biochemical oxygen demand (BOD), ammonia
nitrogen (NH3-N), aniline and hexavalent chromium discharged by the sewage outfall were
simulated. The impact area and degree of the influence of pollutant emissions on the water
quality of the corresponding part of Yangtze River was also analyzed. A hydrodynamic
model for the Bahe River Basin was described by Guo et al. (2019) [10], where the flow
field characteristics in different hydrologic years were analyzed, the influence on the water
body’s disturbance area by the principal confluence water flow parameter was evaluated,
and the corresponding ecological treatment measure was proposed. Similarly, Shu et al.
(2019) [11] constructed a hydrodynamic and pollutant movement model for the Ganjiang
River Basin. This mainly analyzed the influence of pollution accidents on the water quality
of water intakes in a downstream drinking water source under various typical hydrological
regimes. On the other hand, MIKE software can also be used to study the hydrodynamic
situation for large reservoirs and lakes. For instance, Li et al. (2018) [12] established a
hydrodynamic and water quality model for large reservoirs, where the process of pollutants
flowing in and out of the reservoir with water was considered, and the movement and
dispersion as well as the concentrations of pollutants such as total nitrogen (TN), total
phosphorus (TP), ammonia nitrogen (NH3-N) varying with time under a hydrodynamic
force function were also analyzed. Similarly, a two-dimensional hydrodynamic and water
quality model for a large reservoir was constructed by Hu et al. (2021) [13], where the
concentration and distribution of the general water quality index such as dissolved oxygen,
ammonia nitrogen, five-day biochemical oxygen demand, TN, TP, and so on during the
flood season were compared with that during the non-flood season. Ma developed a
hydrodynamic and water quality coupling model to obtain the variation characteristics
of a reservoir water quality field [14]. Gong et al. (2019) [15] proposed a hydrodynamic
and water quality model for large lakes, where two pollutants, COD and TP, were mainly
concerned. Under the assumption that the amount of adjusted water was fixed, the authors
simulated the variation of pollutant concentration at a water regulation section from the up-
per reaches during a special drought period. Finally, the relationship between the pollutant
concentration in the lake and the inflow amount, the topographic factor, and the amount
of adjusted water was also attained. From these studies, it is easy to see that the MIKE
software has extensive applications in analyzing the hydrodynamic process and simulating
the water quality as well as moving water pollutants and improving water quality.

Since big rivers and large lakes or reservoirs have relatively good ecosystems, the
predictable flow direction as well as stable water flow field, and clear water potential
field, the corresponding water quality simulations are comprehensive and thorough, which
results in a relatively overall theory of river regulation. However, small- and medium-
sized valley rivers are usually small-scale, closed, and irregular, which means that the



Water 2023, 15, 2359

30f17

corresponding hydrological data are not collected completely and a high engineering
plasticity with relatively stagnant hydrodynamic conditions is finally formed [16-19].
Therefore, it is necessary to investigate the factors that influence hydrodynamic processes
and solute transport as well as the degradation mechanisms in these kinds of rivers.

Recently, water quality simulations and water environment improvements for small-
scaled lakes and small-sized river basins have gradually become of concern and some
effective treatment measures have also been obtained. For example, Li et al. (2022) [20]
simulated the process of the water environment improvement of 10 typical village lakes
in Jianghan Plain and demonstrated the possibility of recharging village lakes from the
main streams. The authors also claimed that the key point of controlling the TP is to
implement sewage interception, while a more effective treatment to improve the water
quality of village lakes is to improve the hydrodynamic condition in the summer time.
More recently, Yang constructed a hydrodynamic model for small-scale city artificial lakes,
with which the influence of water diversion measures to the water quality of a typical
city artificial lake was studied, and several methods to improve the corresponding water
quality were proposed [21]. At the same time, Yu proposed a water quality model for some
branches with steam order 3 of the Yangtze River, where the water quality was evaluated,
the pollution load was analyzed, and the water environmental capacity was computed [22].
Based upon these works, the author of [22] presented four treatment measures including
the sewage of point pollution sources, control of non-point source pollution, ecological
water supplement, and the up-to-standard reconstruction of wastewater treatment plants.
Although the frontiers have conducted the fantastic works above-mentioned, the water
ecosystem remediation mechanism of small river basins is not clear yet, and the theoretical
evidence of treatment has not been sufficient up until now.

Taking the Xiyong River as an example, seven different scenario hypotheses on ecolog-
ical engineering restoration were proposed in this paper, which were based on the MIKE21
hydrodynamic and water quality model. The distribution of the TN concentration in the
Xiyong River was numerically simulated and the comprehensive compliance estimated.
Finally, we propose a reasonable water ecosystem treatment measure and therefore present
a technical reference and theoretical support for the design of the comprehensive treatment
of Xiyong River’s water environment.

2. Materials and Methods
2.1. Study Area

Most of the rivers in Shenzhen belong to small- and medium-sized river basins [23].
The rivers run from north to south. The upstream is characterized by a mountainous
river, the middle reach is characterized by a plain river network, and the downstream is
characterized by a tidal river network. The river has the characteristics of rain-sourced
rivers with an extremely uneven distribution of rainwater, in other words, the water rises
and falls sharply in the flood season, and there is almost no water in the river in the drought
season. The water quality in the upper reaches of the river is good, but the indicators of
ammonia nitrogen and TN in the water quality in the middle and lower reaches of the river
exceed the national surface water Case V standard, most of which are bad Case V water
bodies.

The Xiyong River studied in this paper is typically a small river. The river is in the
Nan’ao Office of Dapeng New District, Shenzhen, with a watershed area of 9.5 km?. It
originates from the Sheyinkeng (place name) at the southernmost end of the Nan’ao Office
of Dapeng New District, and flows into Dapeng Bay from north to south at Xiyong Bay,
at the end of the river. The average annual precipitation in many years in the basin is
2127 mm, the annual distribution of precipitation is very uneven, and the precipitation
from April to October accounts for 90% of the annual precipitation.

According to the geographical location of Xiyong River (Figure 1), we can see that
the upstream of Xiyong River runs through Xiyangwei Village, the middle reach of the
river passes through Nanshe Village, Xiyong Village, and Xigong Village, while the river
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connects with the tributary of Xigong Village at the downstream end, before finally flowing
into Dapeng Bay through Xiyongkou after gathering. According to the water pollution
condition of the river, and the current situation of the bank surface slope, this river can be
divided into four sections. The first section is the section from the upstream to Xiyangwei
Village, which is located at the upstream of the river. The original ecology is good and the
bank slope is natural. There is no pollution in this section and the water quality conditions
are good. The second section is the section from Xiyangwei Village to Nanshe Village,
which passes through Xiyangwei Village. The village has sewage discharge, and the sewage
outfalls are mainly concentrated in this area. The third section is from Nanshe Village to
the tributary of Xigong Village. The river bank is basically based on the combination of the
natural slope and the slope formed by the fish ponds. The river bank is relatively low and
the water flow separation condition is poor, which results in the water in fish ponds and
farmland entering the river. The fourth section is from the tributary of Xigong Village to
the coastal outfall. The river bank is in a natural state with serious loss of water and soil. At
the end of the river, there is a damp-proof gate that restricts the backward flow of seawater.
The ecosystem of the whole river is relatively fragile, and the nitrogen content in the water
body seriously exceeds the standard. The water environment control has attracted the great
attention of the Water Department.
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Figure 1. The geographical location of the study area.
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2.2. Model Equation

The MIKE21 software has the advantages of a high calculation accuracy and wide
adaptability, and has powerful functions in the numerical simulation of two-dimensional
free surface flow. Compared with other numerical models, the MIKE21 model has been
refined and evolved based on many engineering experiences, and is widely used in the
study of water flow field and water quality changes. The MIKE21 water environment
model mainly includes hydrodynamic and water quality simulation processes, which can
well-simulate and analyze the process of river ecological management.

2.2.1. Hydrodynamic Governing Equations

The maximum water depth of Xiyong River is less than 10 m, and there is no obvious
stratification in the river. Therefore, using the MIKE21 two-dimensional hydrodynamic
model is good enough to meet the requirements of computation. The governing equations
of the 2D hydrodynamics in a Cartesian coordinate system are continuity equations and
momentum equations of integral Navier—Stokes mean equations of incompressible fluid in
three dimensions along the direction of water depth, which is mainly used to simulate the
flow field, velocity, water level, and other water movement phenomena in the river.

The continuity equation is as follows:

oh ohu Jhv

The momentum equations are as follows:

ohi | ohi | ohiww _ f= a _ hopa _ gh*dp
Gt %9 T % = foh—ghgy — 5ok — o T

2)
Sx Thx 1 0Sxx asx 0 9 (
%0_57_;7*0( s ayy) + 55 (WTxx) + 55 (hTxy) + husS

oho | T | ohuo _ _ go; d  pdpa  gh?dp

o Tyt 9 = S = ghoy — 5%y ~ oyt 3)

Ts Tp 1 [ 9syx ds, 9 9
T *( % T af) + ¢ (hTxy) + 5 (RTyy) + hosS

where t is time; x and y are Cartesian coordinates; #7 denotes the water level; d is the still
water depth; h = # + d is the total water depth; u and v are velocity components of x and y
direction, respectively; f = 2wsin 1, which is the Coriolis force coefficient, where w is the
Earth rotational angular speed and 1) is the local latitude; g is the gravitational acceleration
and p is the water density; sy, sxy, and s,y are the radiation stress components, respectively;
S is the source term, while u; and v; denote the flow velocity of the source term.

2.2.2. Water Quality Control Equations

The water quality module in the MIKE software was used to simulate the movement
and transformation process of the water pollutants including mainly the convection diffu-
sion module (AD module) and water ecology module (ECO Lab module). The AD module
was used to simulate the convection, diffusion, and other transport processes of pollutants
in water and its two-dimensional transport. The diffusion equation is as follows:

51 (he) + g (uhe) + 5. (vhe) + Kghe — S =
B (1) + 5008)

where ¢ denotes the pollutant concentration; / is the water depth; u and v are the flow
velocities in the x and y directions, respectively; K; is the linear attenuation coefficient; A
and Ay denote the diffusion coefficients in the x and y directions; S denotes the source-ink
term.

The ECO Lab module is a complicated water quality and ecology module with which
the physical, chemical, biological, and ecological processes in the water environment can

(4)
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be described. Its hydrodynamic relationship can be expressed by a series of differential
coupling equations, and its non-conservative formula is the following equation:

%—i—ug—;%—v%—kwg—;:
D820+D E)c+D 8ZC+S +p (5)
XW yW Zﬁ C C

where Pc, the coupling pass-through formula between state variables, can be written as
follows:

Pe= "% pr (6)
=7 > process;

In the above two equations, c is the concentration of state variables; u, v and w denote
the flow velocities in the x, y, and z directions, respectively; Dx, Dy, and Dz denote the
diffusion coefficients; Sc is the source-ink term; Pc represents various reaction processes of
substance concentration change in the water body; n indicates the number of processes in
which state variables occur.

3. Model Building and Validation
3.1. Model Building
3.1.1. Model Concept

In order to understand the hydrodynamic relationship between the water body of the
Xiyong River and the surrounding environment, a conceptual model of the river course
was established, as shown in Figure 2. The model included the input and output items,
simulating the flow and change process of the river water body. The input items included
the upstream of the main stream, the north of Xiyong Village, Xiyong Village, and the
tributaries of Xigong River as well as four sewage outlets. The village domestic sewage
discharge points on both sides of the upstream of the river were simulated as two sewage
outlets, and the sewage discharge simulation of fish ponds and farmland in the middle
and downstream of the river was set as two sewage outlets. The output item was that
the downstream of the main stream flows into Xiyong Beach. This conceptual model also
included the effect of rainfall on the hydrodynamic state of the river.

Mainstream and Tributary Sewage outlet Inputs

Precipitation input

Inputs
B Sewage outlet.0]
—I Main stream |
I The north ributcry of | Precipitation Sewage outlet.02
Xivong Village

- - Fishpond.01
—l Xiyong Village tributary | H

Rain increases : the volume of water
in the river Fishpond.02

—I Xigong Tributary |

/——\Injectfm of pellutants into rivers

Flow Into Xi gong Beach

Output

Figure 2. Model concept of Xiyong River.
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3.1.2. Grid Processing

The boundary of the model used in calculation was determined by the UTM projection
coordinate system algorithm in MIKE software, based on which we could see that the
projection zone of Xiyong River is UTM49. Then, the Xiyong River was meshed with
triangular meshes, and some narrow parts were refined. After more than 90 times of
smoothing, the optimal meshed graph of the model was obtained (Figure 3). The mesh
had 10,415 computing grids and 6421 computing nodes. The measured CAD geological
exploration data were used to generate data boundaries and terrain data files, and the
topographic difference graph was obtained. In order to better analyze the variation law
of the concentration of each water quality index in the water quality simulation, the river
basin was arranged with five interval monitoring points according to the actual distribution
situation of villages, farmland, fish ponds, sewage outlets, and tributaries around the
Xiyong River, which are marked as KO + 400, K1 + 700, K3 + 800, K5 + 300, and K6 + 200,
respectively. The distribution of monitoring points is shown in Figure 4.

[m]

126001 ¥
N

12400
12200 \
12000 . e
11800 A '
11600 L
11400
11200
11000
10800
10600
10400
10200

............... =~

162500 163000

[m]

Figure 3. Meshing with a partial enlargement figure.

\

k0+400 =

KI4700

Bathymetry [m]

16- 20
12- 16
08- 12
04-08
0.0- 04
-04- 00

L08-
I Below -0.8 k5+300

k3+800

k6+200

* Monitoring point

Figure 4. Monitoring points of the Xiyong River.
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3.1.3. Model Data and Boundary Conditions

The model data mainly included the river flow, water level, water quality, meteo-
rological data, etc. The river flow and water level data were from the actual data of the
Water Department under jurisdiction, and the meteorological data such as rainfall were
from the Meteorological Department under jurisdiction. Based on the field sampling at
the river monitoring points, the TN concentration distribution data in the water quality at
the monitoring points were obtained by using experimental analysis with the method of
alkaline potassium persulfate digestion ultraviolet spectrophotometry. All data were from
the 2020 statistics. According to the river conceptual model, the flow and water quality
input and output boundaries are shown in Figure 5.

R

)

" # sewage outlet.01
#.  Main Stream - i\
R4, Injection

The north tributary
+, of Xiyong Village

)
:
i

/

T

H

ilq Fishpond.02

A

1,

\

N
) Legend

+ Input and output boundaries

'
* sewage outlet.02
i
f

e

XNiyang Village \
tributary l

-
j Fishpond 01

Xigang Tributary J

Ingection _‘J

Figure 5. The input and output boundaries of the flow and water quality.

3.1.4. Parameter Setting

According to the model concept and river hydraulic conditions, the model parameters
were finally determined through repeated trial calculation and calibration. The model
parameters were set as follows: the dry water depth of the model was hg,y = 0.005 m, the
submerged water depth was hgoq4 = 0.05 m, and the wet water depth was hyet = 0.1 m. The
constant eddy viscosity was set to 0.8, and the bed bottom friction coefficient was taken as
the Manning coefficient of 32 m!/3 /s. Among the water quality parameters, the diffusion
coefficient was 2 m/s, and the degradation coefficient was 1.84 x 107°/s. The simulation
step was set to 86,400 s, that is, one day. The simulation period was from 1 January 2020 to
31 December 2020.

3.2. Model Validation
3.2.1. Hydrodynamic Model Validation

After the construction of the hydrodynamic model, in order to improve the applicabil-
ity and accuracy of the hydrodynamic model, it was necessary to modify and verify the
model parameters over many times. We selected the water level at the K6 + 200 monitoring
point for verification. Comparing the measured water level with the simulated water level,
it can be seen from Figure 6 that the simulated water level and the measured water level had
little difference, the change trend was basically similar, and the average relative error was
only 2.9%, indicating that the simulated value was basically consistent with the measured
value, and the hydrodynamic model was verified.
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Figure 6. Comparison of the simulated and measured water level values of K6 + 200.

3.2.2. Water Quality Model Validation

In the evaluation method of water quality model validation, the percentage bias
coefficient is often used to describe the degree of deviation between the measured value
and the simulated value. In Equation (7), PBIAS is the percentage deviation coefficient, M is
the measured value, C is the simulated value, and #n is the number of measured values. For
water pollutants, PBIAS < 25% indicates excellent results, 25% < PBIAS < 40% indicates
good results, 40% < PBIAS < 70% indicates average results, and being more than 70%
indicates inconformity with the actual situation.

(M-C)

Tro=

PBIAS = | x 100 )

M

el

1

The comparison between the measured value and the simulated value of TN in the
river course was carried out as shown in Figure 7. The difference between the measured
value and the simulated value was small, and the change trend in the nitrogen concentration
with the location of the monitoring point was basically consistent. According to Equation (7),
the percentage bias coefficient PBIAS was 17.8%, indicating that the overall simulation
results were excellent. The average value of laboratory tests for the K6 + 200 monitoring
point was 2.65 mg/L, and the average value of multiple simulations was 2.48 mg/L. The
simulated value was slightly lower than the measured value, and the relative error was
only 6.8%. Thus, the water quality model was further verified.

According to the year 2020 water quality monitoring report and the Revision of
Shenzhen Sewage System Layout Plan (2011-2020), the annual average concentration of
TN in the main stream is 1.78 mg/L, the annual average concentration of TN in the north
tributary of Xiyong Village is 1.87 mg/L, and the annual average concentration of TN in
the tributary of Xiyong Village is 2.34 mg/L. The annual average concentration of TN in
the tributary of Xigong River is 2.17 mg/L, the annual average emission concentration of
TN in the two sewage outlets is 16.96 mg/L and 22.79 mg/L, respectively, and the annual
average emission concentration of TN in the two sewage outlets of the fishing ponds is
6.74 mg/L and 12.87 mg/L, respectively. We obtained from the Shenzhen Meteorological
Bureau the monthly precipitation of Shenzhen in 2020. In seven months of 2020, specifically,
in January, March, May, August, October, November, and December, we conducted water
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quality sampling and TN concentration laboratory testing at five monitoring points located

along the river, respectively, and the test results were obtained. The above river information
is shown in Figure 8.

6.0

6.0

— Analog concentration
—=— Measured concentration

=l
S
I

5.5

92}
(=}
1

=
ol
1

3.5

TN concentration (mg/l)

1.5 T T T T T T T T T T T 1.5
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Time

Figure 7. Comparison of the water quality simulation and actual measurement results at K6 + 200.
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Figure 8. The information about the river characteristics: (a) discharge data from the mainstream and

tributary; (b) discharge data from the sewage outfall; (c) basin precipitation data; (d) measured TN
concentration at the monitoring points.

4. Results and Discussion
4.1. Scenario Setting

There were seven different schemes in this scenario hypotheses. Scenario 1 is the
simulation of the initial state of the river, which is mainly used to investigate the distribution



Water 2023, 15, 2359

11 of 17

of TN concentration in the natural state of the river. Under natural conditions, the upstream
and tributaries of the main stream as well as the sewage outlets and the surrounding
fish ponds and farmland contribute the main sources of TN in the Xiyong River. The
initial state of the simulation is to input the annual average emission concentration of TN
into the open boundary of the model, and the simulation results are used as the basis
for evaluating the simulation effect of subsequent treatment measures. Scenario 2 is the
simulation of the improved water quality in the upstream of the river, which is mainly used
to investigate the change in the TN concentration of the whole river if the TN concentration
in the upstream water decreases by 60%. Scenario 3 is the simulation of the pollution
control status of the tributary, which is mainly devoted to investigating the change in the
TN concentration of the whole river after the TN concentration of the tributary decreases
by 20%. Scenario 4 is the simulation of the pollution control status at sewage outlets, which
is designed to mainly investigate the distribution of the TN concentration of the whole
river after the TN concentration at the two sewage outlets decreases by 60%. Scenario 5 is
the simulation of the pollution control status of fish ponds and farmland, which is mainly
contributed to investigate the distribution of the TN concentration of the whole river after
the treatment of fish ponds and farmland, which are located within 800 m along both banks
of the river. Scenario 6 is the simulation of the river water environment restoration, which
is used mainly to investigate the distribution of the TN concentration of the whole river
after taking measures such as river bank slope ecological treatment and planting aquatic
plants. Scenario 7 mainly examines the impact of precipitation. The specific measures and
corresponding boundary conditions of different scenarios are listed in Table 1.

Table 1. Scenario hypotheses schemes.

Scenarios Treatment Measures
. No measures. The TN discharge concentration of the main stream, tributaries, and sewage outlets is set as the
Scenario 1 L - .
2020 initial statistical concentration value.
. The pollutant treatment of the upstream of the main stream so that the TN concentration in the upstream
Scenario 2 ’
water decreases by 60%.
. Scenario 2 + the pollutant treatment of three tributaries so that the TN concentration of three tributaries
Scenario 3 o
decreases by 20%.
. Scenario 3 + the pollutant treatment of two sewage outlets next to the village so that the TN concentration at
Scenario 4 .
the two sewage outlets decreases by 60%.
Scenario 5 Scenario 4 + the pollutant treatment of point pollutant from fish ponds and farmlands, which are within 800 m
along the river so that the TN concentration at the two sewage outlets decreases by 25%.
. Scenario 5 + comprehensive treatment measures of the water environment in the river course so that the TN
Scenario 6 L o
flowing into the water body decreases by about 35%.
Scenario 7 The concentration of TN in rainfalls is 0 mg/L.

4.2. Discussion
4.2.1. Water Quality Simulation Results

Figure 9 is the simulation results and local enlargement for August under Scenario 1.
From the perspective of spatial distribution, and taking the simulation results in August as
an example, the TN concentration values of five monitoring points at KO + 400, K1 + 700,
K3 + 800, K5 + 300, and K6 + 200, which are arranged from upstream to downstream,
are listed in Table 2. The TN concentration distribution in the upstream of the river was
relatively low, indicating that the ecological conditions in the upstream are relatively good.
The TN concentration in the middle of the river was significantly increased, mainly because
this part is located at the village gathering point, where sewage outlets are located and
domestic sewage is discharged into the river without treatment. The TN concentration in
the lower reaches of the river reached the highest for the following two reasons. On one
hand, the purification capacity of the river itself is weak, and TN concentration from the
upper and middle reaches diffuses to the lower reaches. On the other hand, fish ponds and
farmland are distributed on both banks of the lower reaches of the river, which means that
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sewage, fertilizers, etc. are discharged into the river. In addition, the loss of local water
and soil results in a rapid increase in the concentration of TN in the lower reaches and a
serious deterioration in the water quality. From the perspective of time distribution, taking
the simulation results of the downstream monitoring point K6 + 200 as an example, the
simulated values of TN concentration in the 12 months of 2020 at this monitoring point
are listed in Table 3. The concentration of TN in the river was large in the dry seasons of
spring (February to April) and winter (November to January of the next year), while in the
wet seasons of summer (May to July) and autumn (August to October), the concentration
of TN in the river was low, which indicates that the river inflow has a great impact on the
concentration distribution of TN in the river.
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Figure 9. Scenario 1: Simulation results and partial zoom in August. ((A-D) represent different river
sections respectively).

Table 2. Scenario 1: Simulated results of the TN concentration at five monitoring points in August.

Monitoring Points Interval and Coordinates (m) Simulation Results (mg/L)
KO + 400 Upper stream (162,448.85, 125,85.59) 0.871
K1 +700 Middle stream (162,726.85, 11,789.14) 1.249
K3 + 800 Middle stream (162,882.09, 11,327.58) 1.575
K5 + 300 Lower stream (163,040.41, 10,925.16) 1.555
K6 + 200 Lower stream (162,999.60, 10,182.99) 1.598

Table 3. Scenario 1: Simulated values from January to December at K6 + 200.

Month Simulation Results (mg/L) Month Simulation Results (mg/L)
1 5.009 7 1.599
2 4.636 8 1.598
3 4.457 9 1.699
4 3.183 10 1.758
5 2.456 11 3.089
6 1.849 12 5.231

According to the simulation results, the maximum TN concentration in Xiyong River
occurred at the downstream coordinate (162,963.60, 10,496.90) point in the dry season
(December), and the minimum TN concentration occurred at the upstream coordinate
(162,436.61, 12,634.70) point in the wet season (August). The simulation results are in
accordance with the actual distribution of the TN concentration in the river.
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4.2.2. Scenario Results

The simulation results of TN concentration at five monitoring points under different
scenarios are shown in Figure 10. Taking the simulation results of Scenario 6 as an example,
from the perspective of spatial distribution, the concentration of TN at the five monitoring
points of KO + 400, K1 + 700, K3 + 800, K5 + 300, and K6 + 200 gradually increased, and the
concentration of TN at the downstream reached the maximum, but the increase in the TN
concentration slowed significantly after the comprehensive treatment of pollutants. From the
perspective of time distribution, the concentration of TN was relatively low from July to October,
while it reached the maximum in January and December. After comprehensive treatment of the
river channel, the concentration of TN in the river was still large in the dry season in winter
and spring, and small in the wet season in summer and autumn, but the difference between the
concentration of TN in the dry season and the wet season had been significantly reduced.

In order to analyze the simulation effect under different scenarios, the simulation re-
sults of the TN concentration at monitoring point K6 + 200 in August are listed in Table 4. It
can be seen that with the increase in the emission reduction measures, the TN concentration
at the monitoring point gradually decreased from the maximum value of 1.59 mg/L in
the initial state to the minimum value of 0.958 mg/L, with a decrease of 40%, indicating
that the emission reduction measures taken have been effective. Compared with the initial
natural state, the TN concentration could be reduced by 13% under rainfall conditions. It is
particularly noteworthy that the Scenario 4 emission reduction measures could reduce the
TN concentration by up to 25%, the Scenario 5 emission reduction measures could reduce
the TN concentration by 38%, and the Scenario 6 emission reduction measures could reduce
the TN concentration by 40%, which indicates that the comprehensive treatment measures
of water environment and ecology had the most obvious effect on reducing TN pollution,
followed by fish pond and farmland pollution control measures.
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Figure 10. Comparison of the simulation results between the different monitoring points.

Table 4. Seven scenarios: August simulation values at K6 + 200.

Simulation The Percentage Scenarios Simulation The Percentage
Values (mg/L) Decreased by Values (mg/L) Decreased by
Scenario 1 1.598 Scenario 5 0.996 38%
Scenario 2 1.445 9% Scenario 6 0.958 40%
Scenario 3 1.426 11% Scenario 7 1.389 13%
Scenario 4 1.199 25%

4.2.3. Prediction of Time Needed to Meet the Case II Water Quality Requirements under
Different Scenario Hypotheses

The treatment effect evaluation needs to compare the TN concentration after treatment
with different water quality standards. The standard content of the TN concentration in
different grades of surface water in China is shown in Table 5, and the prediction of time of
the TN concentration reaching the standard under different scenarios is shown in Table 6.
According to the prediction results under different scenarios, it is easy to see that all of the
treatment measures had a promoting effect on the improvement in the water quality of
Xiyong River. It will take 3 to 14 years for the TN concentration of the river to reach Case
III water (1.0 mg/L), while it will take 4 to 18 years to reach Case II water (0.5 mg/L). Here,
the standards of Case III water and Case II water are defined in the Environmental Quality
Standard for Surface Water. The treatment measures proposed in Scenario 6 can be taken to
reach the standard of the TN concentration of the river in a relatively short time.

Table 5. The standard of the TN concentration of surface water with different cases (mg/L).

I II III v \%
TN< 0.2 0.5 1.0 1.5 2.0

According to the prediction results under Scenario 6, after comprehensive water
environment control measures are taken for Xiyong River, the simulated value of the
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annual average TN concentration in the river course was 1.974 mg/L, and the reduction in
the annual average value was 0.496 mg/L. According to the TN concentration of different
water quality grades in Table 5, it was predicted that the treatment measures scheme
proposed in Scenario 6 could make the river reach the Case IIl water quality standard in
3 years and the Case II water quality standard in 4 years. Similarly, the treatment scheme
in Scenario 2 could make the TN concentration of the river reach the Case III water quality
standard in 14 years and the Case II water quality standard in 18 years. The treatment
scheme in Scenario 3 could make the TN concentration of the river reach the Case III
water quality standard in 12 years and the Case Il water quality standard in 16 years. The
treatment scheme proposed in Scenario 4 could make the TN concentration of the river
reach the Case IIl water quality standard in 7 years and the Case II water quality standard
in 9 years. Finally, the treatment scheme under Scenario 5 could make the TN of the river
reach the water quality standard of Case IIl in 4 years and the Case Il water quality standard
in 6 years.

Table 6. Prediction of the TN concentration reaching standards (average value of the five monitor-

ing points).

Scenarios TN Concentration Annual Reduction Years Needed to Reach  Years Needed to Reach
Values (mg/L) (mg/L) Case III Water Quality = Case II Water Quality

Scenario 1 2.47 — — —

Scenario 2 2.365 0.105 14 18

Scenario 3 2.347 0.123 12 16

Scenario 4 2.229 0.241 7 9

Scenario 5 2.102 0.368 4 6

Scenario 6 1.974 0.496 3 4

Scenario 7 2.16 0.310 — —

According to the simulation results in Table 6, it can be seen that if we only considered
sewage interception and purification measures to the main stream and tributaries, the effect
was not obvious, although it did improve the water quality to a certain extent. Aside from
these sewage interception and purification measures, if a systematic sewage treatment
system is established to reduce the TN emissions from the sewage outlets along the Xiyong
River, then the reduction rate of the TN concentration in the river course can be significantly
accelerated, reaching the Case III water quality in 7 years, and reaching the Case II water
quality in 9 years. Moreover, if we continue to strengthen the water environment control of
the river basin, clear the fish ponds along the downstream, renovate the farmland ditches,
and reduce the loss of water and soil along the river, then it will only take 4 years for the
TN concentration of the river to reach the Case III water quality, and only 6 years to reach
the Case II water quality. Finally, if we continue to carry out comprehensive treatment of
the Xiyong River such as river regulation, ecological slope protection, and aquatic plant
cultivation, then the TN concentration of the river can be reduced by 0.496 mg/L in one year,
with a reduction of 20%. This will meet the Case III water quality requirements in 3 years
and the Case II water quality requirements in 4 years. It can be seen that the treatment
measures proposed in Scenario 6 are the most ideal and feasible treatment measure to
reduce the TN concentration in the Xiyong River.

Generally speaking, for small- and medium-sized river basins with steep terrain,
narrow riverbeds, and a relatively closed water body, the self-purification ability of the
river is poor, and the TN concentration of the river is mainly affected by external sources, so
embracing engineering and ecological measures to control the external sources to a certain
extent can effectively improve the water quality of the river.

5. Conclusions

Based on the hydrodynamic module and the water quality module in MIKE21, this
paper established the numerical computing model for the Xiyong River. The relative
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error of water level comparison was 2.9%, and the PBIAS coefficient of the concentration
comparison deviation was 17.8%. The hydrodynamic and water quality models were fully
verified for their reliability. Numerical simulations of the total nitrogen concentrations were
conducted under seven different scenarios. Based on the simulation results, the temporal
and spatial distribution patterns of the total nitrogen concentrations were obtained, and
the factors leading to high total nitrogen concentrations in the river water were analyzed to
provide a basis for the ecological restoration of water quality in the Xiyong River.

The simulation results showed that taking different measures could promote the
reduction of TN concentration in the river. When undertaking the comprehensive treatment
measures of river water ecology such as intercepting and purifying the main and tributaries
of the river, sewage treatment at sewage outlets along the river as well as the regulation of
fishing fields and farmland ditches, the annual average TN concentration in the river could
be reduced by 0.496 mg/L, with a reduction of 20%. This comprehensive scheme could
make the TN concentration of the river reach the Case IIl water quality standard in 3 years,
and the Case II water quality standard in 4 years.

In this paper, the water environment model only considered a single water quality
indicator of TN, and other pollution factors were not included in the model. Therefore,
later studies can extend and improve the model with additional data to make the water en-
vironment model more comprehensive. In addition, this paper established a hydrodynamic
model of the Xiyong River Basin without considering the influence of the downstream
seawater backflow on the water quality, and the hydrodynamic and water quality charac-
teristics of the Xiyong River and the sea inlet can be further studied in the future.
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