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Abstract: In order to safeguard the ecological health of Changxinggang River’s water environment,
conducting research on ecological discharge, including establishing reasonable ecological discharge
control values, is of great importance. This study utilized monthly hydro-ecological data from the
Xintang section of the Changxinggang River that spanned the years 2016 to 2020. It defined the
water quality control indicators for both non-flood and flood periods in the Changxinggang River
and utilized the MIKE 11 software to construct the MIKE 11 one-dimensional hydrodynamic-water
quality coupling model. A comparison between simulated values and measured values showed
that the model exhibits a relative error of less than 17%, indicating its suitability for practical use.
The results indicate that the water quality control indicators for the non-flood period in the Changx-
inggang River encompass ammonium nitrogen (NH;3-N), chemical oxygen demand (manganese)
(CODp), and biochemical oxygen demand (BOD), while those for the flood period include NH3-N,
total phosphorus (TP), and CODyy,. Reasonable ecological discharge control values for both non-
flood and flood periods in the Changxinggang River are calculated to be 2.59 m3/s and 2.63 m?/s,
respectively. The model developed in this study is applicable for ecological discharge calculations in
the Changxinggang River, and the proposed ecological discharge control values are achievable.

Keywords: Changxinggang River; water ecological environment; ecological discharge control;
hydrodynamic-water quality model

1. Introduction

In recent years, with the rapid population growth and high-speed economic develop-
ment, human activities have had a significant impact on the stability of the ecosystems in
some cities, leading to emerging ecological and environmental issues [1,2]. Urban rivers, as
vital carriers of resources and ecological environments, provide essential ecological and
social services to people and play a crucial role in ensuring a normal human life [3,4]. How-
ever, over the years, the water-related ecological environmental issues of urban rivers have
become increasingly prominent due to the influence of both natural and anthropogenic
factors [5]. To undertake the ecological and environmental construction of urban rivers, it
is necessary to comprehensively consider the organic connections between water ecology,
the water environment, and water resources [6]. In this context, the ecological discharge
of rivers has gained increasing attention as an important indicator that can safeguard
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the health of water ecological environments. The ecological discharge of rivers refers to
the quantity, process, and quality of water within a river that maintains the health of the
aquatic ecosystem, facilitates pollutant dilution and dispersion, and ensures a habitable
environment for humans [7,8]. In other words, determining suitable control values for
the ecological discharge of rivers allows rivers to maintain specific discharge and water
volume conditions, thereby sustaining the health of aquatic ecosystems, improving hydro-
dynamic conditions, enhancing the pollutant dilution capacity, and ensuring the health of
water ecological environments [9,10]. Therefore, conducting calculations to determine the
ecological discharge of urban rivers, developing ecological discharge calculation models
applicable to urban rivers, and establishing suitable ecological discharge control values are
of significant importance for safeguarding the health of water ecological environments in
urban rivers [11,12].

In the ongoing exploration of ecological discharge theory and watershed aquatic
ecological issues worldwide, research on ecological discharge calculation methods has
become essential for determining scientifically sound ecological discharge control values.
Presently, there are approximately 200 calculation methods related to ecological discharge,
which can be broadly categorized as hydrological methods, hydraulic methods, habitat-
based methods, comprehensive methods, hydro-biological analysis methods, and other
approaches [13,14]. In 1976, Tennant [15] initiated the use of hydrology methods by suggest-
ing that 10% of the long-term average natural discharge should be considered the minimum
discharge necessary to maintain healthy aquatic habitats, based on field investigations.
Subsequently, in 1996 and 1997, Richter et al. [16] proposed the Indicators of Hydrologic
Alteration (IHA) and Range of Variability Approach (RVA) methods, respectively. In 1979,
Nehring et al. [17] introduced a hydraulic method called R2ZCROSS based on the Man-
ning equation, which was used to determine habitat water demand in Colorado. In 2007,
Liu et al. [18] proposed the well-known hydraulic method called the Ecological Hydraulic
Radius method. In 2021, Chen et al. [19] determined the minimum ecological discharge
of the urban artificial river Zhoushan River using the Tennant method, the Wet Perimeter
method, and the Physical Habitat Simulation (PHABSIM) method. In the same year, Meng
etal. [20] used the MIKE 11 model to determine the suitable ecological discharge of artificial
river channels in the plain river network area. In 2023, Tao et al. [21] employed the Water
Quality Analysis Simulation Program (WASP) model to establish a water quality predic-
tion model for Lushui, which analyzed the fine management of pollution load reduction
allocation in various river sections. In 2021, Jiang et al. [22] established a two-dimensional
water quality model using the Environmental Fluid Dynamics Code (EFDC) software
(EPA version 1.01) to predict and analyze the factors related to chemical oxygen demand
(COD), ammonium nitrogen (NH3-N), and total phosphorus (TP) during the dry period
in the Malian River Reservoir, providing a basis for reservoir construction and ecological
discharge control. In 2014, Liang et al. [23] used the Computational Environment for
Water Quality (CE-QUAL-W2) model to predict and analyze the distribution of annual
water temperature, discharge velocity, nutrients, and chlorophyll-a (Chl-a) concentration
in the Longchuanjiang tributary of the Wudongde hydropower station in the Jinsha River.
They evaluated the risk of eutrophication and its influencing factors and conducted a
preliminary study on eutrophication control measures in the tributary. In summary, the
ongoing research into ecological discharge calculation methods has led to an increasing
variety of approaches. Researchers should select the most appropriate method based on
the characteristics of their study subject to ensure scientifically sound results.

In current practice, simulation software packages with hydrodynamic and water
quality modules include WASP (WASP 8.0), EFDC (EPA version 1.01), CE-QUAL-W2
(CE-QUAL-W2 4.0), and the MIKE series (MIKE ZERO 2014). WASP is widely used
for hydro-ecological environmental analysis and simulation studies as it is capable of
simulating the variation of pollutants in one-dimensional to three-dimensional spatial
dimensions. It can also simulate aquatic environmental disaster processes and predict
accidental changes, thus exhibiting strong analytical capabilities. However, due to the small
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time step, small spatial grid, large spatial generalization, and complex configuration of the
WASP simulation software (WASP 8.0), its model operation and debugging pose challenges
and limitations [21]. After years of development, the EFDC model is primarily used for
hydrodynamics, sediment transport, pollutant migration, and water quality prediction and
assessment in one-dimensional to three-dimensional spatial dimensions. It is applicable
to water bodies such as rivers, lakes, and estuaries. While the EFDC model can simulate
multiple environmental factors and has a wide range of applications, it still faces challenges
such as extensive data requirements and high difficulties in model operation [22]. The
CE-QUAL-W2 model is suitable for lakes and reservoirs with narrow water features and
is used to study the two-dimensional vertical and longitudinal changes in water bodies.
It can simulate various water quality indicators. However, the CE-QUAL-W2 model is
more suitable for long and narrow water bodies and has limited applicability to other
types of water bodies [23]. The MIKE series software (MIKE ZERO 2014) is primarily used
for research in aquatic ecology, hydrodynamics, and water resources, including MIKE
11, MIKE 21, MIKE 3 (MIKE ZERO 2014), and other models. The MIKE series software
(MIKE ZERO 2014) has long been used in river simulation research, both domestically and
internationally, and has a wide range of applications and powerful functionalities. It is
one of the mainstream software used for studying aquatic ecological environmental issues.
The MIKE series software (MIKE ZERO 2014) is compatible with the Windows system, has
user-friendly interactive interfaces, requires minimal data, facilitates parameter debugging,
and can be integrated with GIS technology [20].

The Changxinggang River is an important urban river located in Changxing County,
Zhejiang Province, China. It serves as a typical river network in the Taihu Basin and
performs various functions, including flood control, water regulation, and navigation.
However, the Changxinggang River features a relatively gentle slope, insufficient hydrody-
namics, a slow water discharge, and occasional issues with water quality, with standards
being exceeded and algal blooms occurring. Moreover, limited hydrological data are
available for the Changxinggang River, and the model data requirements for the eco-
logical discharge calculations should be reasonable, operationally straightforward, and
accurate [24]. After a thorough comparison, the MIKE software (MIKE ZERO 2014) series
was found to best meet these requirements. Given Changxinggang River’s long and narrow
river shape, MIKE 11 was selected as the foundational software for this study. Furthermore,
the dynamics and water quality of Changxinggang River are interrelated, and only consid-
ering the hydrodynamics or water quality alone cannot effectively characterize the river’s
characteristics. Hence, it was essential to construct a one-dimensional hydrodynamic-water
quality coupling model that was suitable for the Changxinggang River.

This study aimed to construct a one-dimensional hydrodynamic-water quality cou-
pled model using MIKE 11 and to perform ecological discharge calculations for the Changx-
inggang River. This study utilizes the hydrodynamic and water quality modules of the
MIKE 11 software as a foundation. By integrating relevant hydrological data from the
Changxinggang River and coupling the newly developed water dynamics and water envi-
ronment modules through data transfer and information exchange, this study establishes
the MIKE 11 one-dimensional hydrodynamic-water environment coupling model. The
research area is the Changxinggang River in the Taihu Basin, China, and the study focuses
on monthly hydro-ecological data from the Xintang section of the Changxinggang River for
the years 2016-2020. This study aims to analyze and determine the water quality control
indicators for non-flood and flood periods in the Changxinggang River by conducting
research on the calculation of suitable ecological discharge control values for the Changx-
inggang River during different time periods from various perspectives and analyzing the
scientific and attainable aspects of the results. This study aims to provide a more scientific
and efficient tool for river ecological discharge research and offer more valuable technical
support for ecological discharge control efforts.
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2. Materials and Methods
2.1. Study Area

Changxing County (30°43'—31°11" N, 119°33'—120°06’ E), Huzhou City, Zhejiang
Province, is located in the Hangjiahu Plain within the Changjiang River Delta. It is situated
adjacent to the southwestern shore of Taihu Lake. Changxing County covers an area
of 1431.2 square kilometers (km?) and had a permanent population of approximately
674,000 in 2020. Its regional gross domestic product (GDP) reaches CNY 70.239 billion.
The terrain gradually descends from west to east, and the climate is characterized by a
subtropical marine monsoon climate. The annual average precipitation is 1347.7 mm, with
the majority occurring from April to October. The average number of rainy days per year
is 144, accounting for 39.45% of the total annual days. The three major water systems in
Changxing County are the He Xi River System, the Si An Tang River System, and the Wu Xi
River System [25]. The distribution of these important water systems in Changxing County
is shown in Figure 1.

119°28'0"E 119°36'0"E 119°44'0"E 119°52'0"E 120°00"E 120°8'0"E 120°16'0"E
T T T T T T T

30°56'0"N 31°4'0"N.

30°48'0"N

30°40'0"N

Figure 1. Distribution map of the key water systems in Changxing County.

Changxinggang River is located in the northern part of Changxing County, flowing
through the central plain area and the urban district before entering Taihu Lake. It has
a total length of approximately 31.58 km (kilometers). Due to variations in the timing of
precipitation, the period from May to October is designated as the flood period, the period
until 15 July is the Meiyu period, and the period after that is the Typhoon period. The
months of January to April and November to December are designated as the non-flood
period. The flat terrain and low slopes of the plain river network area that Changxinggang
River is located in result in inadequate hydraulic conditions [24]. Pollutants tend to
accumulate in the water, and disruptions caused by shipping activities release pollutants
from riverbed sediments, leading to internal pollution and the occasional backflow of
cyanobacteria from Taihu Lake. These factors collectively contribute to water quality
issues, such as the exceedance of standards and the occurrence of algal blooms in the
Changxinggang River.

Based on data collection and field surveys, this study utilized the primary hydro-
logical station on the Changxinggang River, specifically the Changxing (II) hydrological
station. Discharge and water level monitoring data from 2016 to 2020 were employed to
analyze the daily variations in water level and discharge, as well as the monthly average
discharge and water level in the Changxinggang River. The details are presented in Figure 2,
Tables 1 and 2.
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Figure 2. Annual variations in discharge and water level in the Changxinggang River (2016—2020).

Table 1. Monthly average discharge for the Changxinggang River from 2016 to 2020 (m3/s).

Month January February March April May June
Average discharge 3.54 3.07 4.39 6.58 3.94 18.02
Average maximum discharge 20.31 16.36 26.44 25.82 19.81 72.76
Average minimum discharge —3.49 —5.53 —6.87 —5.35 —4.78 —1.81
Month July August September October November December
Average discharge 18.63 4.76 7.30 4.55 1.50 1.53
Average maximum discharge 77.46 42.96 49.66 23.77 9.98 9.45
Average minimum discharge —5.76 —8.15 —7.75 —6.58 —7.28 —5.11

Table 2. Monthly average water levels for the Changxinggang River from 2016 to 2020 (m).

Month January February March April May June

Average water level 3.26 3.27 3.21 3.18 3.07 3.35

Average maximum water level 3.54 3.46 3.47 3.46 3.41 420

Average minimum water level 3.14 3.10 3.04 3.05 3.05 3.15
Month July August September October November December

Average water level 3.96 3.59 3.48 3.37 3.19 3.14

Average maximum water level 4.48 422 3.98 3.78 3.54 3.40

Average minimum water level 3.52 3.25 3.27 3.29 3.15 3.04

Currently, the Changxinggang River has a nationally controlled Xintang section, a
provincially controlled Xiashengiao section, and three municipal and county-level con-
trolled sections [24]. According to the “Changxing County Watershed Protection Planning
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Revision Report” obtained from the Changxing County Water Resources Bureau, the Xin-
tang section is classified as an area for agricultural and industrial water use, with water
environmental control standards adhering to Grade III standards, as per the “Surface Water
Environmental Quality Standards” (Standard) [26]. Furthermore, the Xintang section is
located at the end of the Changxinggang River and serves as the only nationally controlled
section. It is the most representative section for evaluating the environmental quality of the
water and analyzing the aquatic ecological environment in the Changxinggang River. An
analysis of the current water ecological environment in the Changxinggang River reveals
that the common water quality parameters that exceed the standards include the chemi-
cal oxygen demand (manganese) (CODyy,), biochemical oxygen demand (BOD), NHs-N,
chemical oxygen demand (chromium reduction) (CODc;), and TP.

2.2. Research Methodology Flowchart

The MIKE 11 one-dimensional hydrodynamic-water quality coupled model was
built on the foundation of MIKE 11 software’s hydrodynamic and water quality modules.
Integrated with relevant hydrological data from the Changxinggang River, the new hydro-
dynamic and water quality modules were coupled through data transfer and information
exchange. The detailed development process of the model is illustrated in Figure 3.
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I I
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1 . . . . . !
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| . . . . |
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MIKE 11 One-Dimensional Hydrodynamic—Water Quality Coupling Model

Figure 3. Flowchart of the research methodology.

2.3. Data and Materials

Due to the varying water pollution levels in the Changxinggang River during the
non-flood period (November to April) and the flood period (May to October), this study
determines the primary water environmental control indicators for these two periods.
The selection of the primary water environmental control indicators is based on principal
component analysis (PCA), using monthly monitoring data from the nationally controlled
Xintang section of the Changxinggang River from 2016 to 2020.

The monthly data for the Changxinggang River Xintang section from 2016 to 2020
were primarily obtained via on-site monitoring conducted by our research team and via the
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provision of monitoring data by the hydrological station in Changxing County, Zhejiang
Province. The monitoring of initial parameters is typically conducted by collecting water
samples from rivers and performing laboratory analyses. In this study, the monitored initial
parameters primarily include dissolved oxygen (Table 3), water temperature (Table 4),
chemical oxygen demand (manganese) (CODyy), biochemical oxygen demand (BOD),
ammonium nitrogen (NHj3-N), chemical oxygen demand (chromium reduction) (CODcy),
and total phosphorus (TP). The following are the methods for monitoring each parameter:
Dissolved oxygen: lodometric method, Electrochemical Probe method; Temperature: Ther-
mometer method; CODyy: Potassium Permanganate method; BOD: Dilution and Seeding
method; NH;3-N: Nessler’s Reagent Colorimetric method, Salicylic Acid Spectrophotomet-
ric method; COD¢;: Dichromate method; TP: Ammonium Molybdate Spectrophotometric
method. The monitoring of initial parameter data follows the standard [26] and relevant
national and local water quality monitoring standards in China.

Table 3. Dissolved oxygen concentration data for the Xintang Section of the Changxinggang River.

Year
2016 2017 2018 2019 2020
Month

January 1051 8.64 10.8 9.36 6.91
February 8.7 12.1 8.17 10.2 9.98
March 11.6 11.4 6.23 10 9.68
April 8.66 10.6 6.23 7.91 9.41
May 8.26 8.7 8.26 7.61 6.9
June 8.12 8.42 8.16 8.99 7.35
July 7.69 5.89 6.42 9.31 8.03
August 6.98 5.92 6.23 6.4 6.27
September 5.1 6.75 7.64 8.42 7.22
October 6.22 6.54 8.27 6.28 8.14
November 7.22 8.15 6.2 6.48 9.21
December 8.2 10.1 8.08 7.56 7.24

Note: ! Dissolved oxygen concentration is measured in mg/L.

Table 4. Water temperature data for the Xintang Section of the Changxinggang River.

Year
2016 2017 2018 2019 2020
Month

January 10.2°% 9.1 6.9 7.3 9.8

February 5.1 6.9 6.2 5.7 9.7

March 104 9.8 125 9.7 8.4
April 16.7 15.5 20.3 14.5 15.3
May 20 19.8 16.4 214 25.7
June 19.9 25.3 25.3 29.6 26.3
July 22.5 26.8 254 254 27.6
August 33.1 32.1 34.2 31.6 30.9
September 27.5 28.8 31.1 30.5 30.4

October 21.2 21.8 225 23 25
November 17.1 17.6 184 19.1 19.5
December 12.6 9.2 13.6 10.6 10.2

Note: * Temperature is measured in degrees Celsius (°C).

PCA is a statistical analysis method used to reduce the dimensionality of data and
to extract features. It is primarily employed to transform the original data into a set of
linearly independent variables, thereby compressing the original variables and simplifying
their complexity. The variables generated through this transformation reflect the main
information represented by the original variables [27]. Its advantages include its ability
to reduce dimensionality, remove secondary features, perform decorrelation to reduce
the redundancy between data, increase interpretability to facilitate the understanding of
the structure of the original data, and enhance the ease of data visualization by mapping
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high-dimensional data to two or three dimensions. The drawbacks of PCA include the
potential loss of some data information during the dimensionality reduction process, its
suboptimal performance for nonlinear relationships in the data, its sensitivity to outliers
that may affect the calculation of principal components if significant errors are present, and
its increased computational complexity and time consumption for large-scale datasets. In
this study, considering the abundance of data information, the need to remove secondary
features, and the relatively low prevalence of outliers in the data, PCA was considered a
suitable choice. The computational steps for PCA are as follows:

1.  Kaiser-Meyer-Olkin (KMO) and Bartlett’s sphericity test:

It is generally thought that PCA is applicable to a dataset when the KMO verification
coefficient is greater than 0.500 and when the significance probability (Sig.) from Bartlett’s
sphericity test is less than 0.050.

2.  Standardization of raw data:

The raw data were standardized by applying the z-score normalization method,
ensuring that the mean of each variable was 0 and that the standard deviation was 1. The
mathematical principle of the z-score normalization method is represented by Equation (1):

Xi]‘ — X

5 )

Zij =
where x;; represents the ith sample and jth indicator, X; is the mean of the jth indicator, and
S; denotes the standard deviation of the jth indicator. Z;; represents the standardized result
for the ith sample and jth indicator.

3. The establishment of the correlation matrix R:

Compute the correlation matrix for the standardized data using the formula given in
Equation (2):
1
n—1
where R is the correlation matrix, # is the number of samples, and Z is the matrix of the
standardized data.

R= VANA 2)

4. Calculation of eigenvalues, contribution ratios of eigenvalues, and cumulative contri-
bution ratios for the correlation matrix:

The determination of the number of principal components depends on the calcula-
tion results of the eigenvalues, the contribution ratio of eigenvalues, and the cumulative
contribution ratio of the correlation matrix. The criterion is as follows: if the cumulative
contribution ratio of the first n eigenvalues reaches 85%, the first n eigenvalues correspond-
ing to the principal components cover most of the information in the dataset. If there are m
eigenvalues greater than 1.000 among the first n eigenvalues, these m eigenvalues, along
with their corresponding principal components, can explain the dataset. The eigenvalue
decomposition of the correlation matrix R is performed to obtain the eigenvalues and their
corresponding eigenvectors. The calculation is as follows:

Ro; = Ajvi, ©)
. . Ai
proportion of variance : P(\;) = ———, 4)
Yiiy Ai
cumulative proportion of variance : C(A;) = 2221 P(Ag). ()

5. Calculation of principal component loadings.

Principal component loadings are used to reflect the correlation between principal
components and the original variables. Generally, a higher correlation coefficient indicates
that the variable is more representative of the corresponding principal component. Principal
component loadings can be calculated using the following method:
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loadings : b= \/)Tﬂiij, (6)

where Py represents the loading of the ith principal component on the jth variable, A; is the
ith eigenvalue, and v;; is the corresponding eigenvector.

By comparing the water environmental data obtained from Changxinggang River for
the years 2016 to 2020 with the “Standard” [26] Class III water standard, it was found that
the water environmental indicators exceeding the standard in the Xintang section were
CODpm, BOD, NH3-N, CODc;, and TP. The “Standard” [26] is a standard that is used
in China to assess and monitor surface water quality. This standard categorizes surface
water quality into different grades, with the “Class III standard” representing the minimum
water quality standard required for centralized drinking water sources. Different grades
of standards define the allowed pollutant types and concentration limits. Specifically, for
the Class III standards, the permissible values are as follows: the COD\yy, standard value
is 6 mg/L, the BOD standard value is 4 mg/L, the NH3-N standard value is 1 mg/L, the
CODc; standard value is 20 mg/L, and the TP standard value is 0.2 mg/L. The monthly
water quality indicators for the Xintang section are illustrated in Figure 4. Based on Figure 4,
it is observed that from 2016 to 2020, CODy, exceeded the standard value three times,
with relatively heavier pollution present during the non-flood period. BOD exceeded
the standard value three times, with relatively heavier pollution present during the flood
period. NH3-N and CODc; exceeded the standard value five times, with relatively heavier
pollution present during the non-flood period. TP exceeded the standard value once,
indicating relatively lighter pollution among the five water quality indicators. The monthly
compliance status of the water environmental indicators can be seen in Figure 4.

Month

(e

Figure 4. The monthly compliance status of water quality indicators at the national control Xin-
tang Section of the Changxinggang River: (a) chemical oxygen demand (manganese) (CODypy);
(b) biochemical oxygen demand (BOD); (¢) ammonium nitrogen (NH;—N); (d) chemical oxygen
demand (chromium reduction) (CODc;,); (e) total phosphorus (TP).
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As shown in Figure 5, the calculation of the average concentrations of pollutants during
the flood and non-flood periods from 2016 to 2020 indicated a significant difference between
the concentrations of pollutants during these two periods. Moreover, the concentrations of
pollutants during the non-flood period were consistently and significantly higher than those
during the flood period. This suggests that there was a statistically significant difference in
the pollutant concentrations between different hydrological periods.

Flood period M Non-flood period
20

a
b
~ 16 1
=
ob
=
g
2
©
a
5
£
=
< b a
N
44 b a
a
. b i a ab
0 T T T T ,
CODmn BOD NH3 N €oDer P

Pollutant

Figure 5. Disparities in pollutant concentrations during different hydrological periods (a and b
represent significant differences in pollutant concentrations in different water periods, while ab
represents no significant differences with either a or b).

To establish the control objectives, this study employed PCA to analyze the five
indicators mentioned above, thus obtaining the principal component loadings for the
Changxinggang River during non-flood and flood periods, as detailed in Tables 5 and 6.
Table 5 reveals that the indicators most correlated with principal component 1 were CODyyy,
CODc;, and BOD, while those most correlated with principal component 2 were NHj3-
N and TP. Table 6 indicates that CODyy,, COD¢;, and TP contributed significantly to
principal component 1, whereas NH3-N had a higher contribution to principal component
2. Considering the high correlation between CODyy, and CODc¢; and the absence of TP
exceedances during non-flood periods, this study determined that NH3-N, CODyyy,, and
BOD were the water quality control indicators for non-flood periods and that CODyyy,, TP,
and NH;3-N were the indicators for flood periods. Furthermore, due to the issue of algal
blooms in the Changxinggang River, it was determined that NH3-N is an indicator for algal
bloom nutrient conditions, accounting for the conditions that occur during algal blooms.

Table 5. Principal component loadings of pollutants during the non-flood period in the Changxing-
gang River.

Water Environment

Indicator Principal Component 1 Principal Component 2
CODwin 0.941 —0.222
BOD 0.720 —0.140
NH;3-N 0.473 0.668
CODc¢, 0.839 —0.400
TP 0.473 0.697

Table 6. Principal component loadings of pollutants during the flood period in the Changxing-
gang River.

Water Environment

Indicator Principal Component 1 Principal Component 2
CODwn 0.948 —0.162
BOD 0.699 0.342
NH;3-N 0.302 0.887
CODc¢, 0.938 —0.174

TP 0.755 —0.253
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2.4. MIKE 11 One-Dimensional Hydrodynamic—Water Quality Coupling Model
2.4.1. Model Principles

MIKE 11 is primarily used for simulating one-dimensional water bodies, such as
elongated rivers and river networks. It encompasses multiple foundational modules and
is characterized by its ease of operation, high precision, and minimal parameter require-
ments [28]. The Changxinggang River is a typical elongated river, and given the relatively
short duration of water quality data observations and the limited length of river sec-
tions, the determination of ecological discharge control values for the Changxinggang
River requires the consideration of factors related to improving hydraulic conditions, en-
suring water quality, and preventing algal blooms. To address these requirements, this
study selected the water dynamics and water environment modules from MIKE 11 as
the foundational components. These modules account for vertical mass and momentum
conservation and are based on one-dimensional unsteady discharge Saint-Venant equa-
tions and one-dimensional convection—diffusion models. This enabled the development of
the MIKE 11 one-dimensional hydrodynamic-water quality coupled model, which com-
prehensively considers both hydraulic conditions and water quality; it thus provides a
more objective reflection of river characteristics. The model constructed is represented by
Equations (7) to (9), as shown below:

3 9Q
0Q 9 [ Q? oh  gQlQ|
at+ax("‘s> 855 T L2k ®
aC  aC 9 /. aC

where Q represents the cross-sectional flow rate (m?/s), S denotes the cross-sectional
area (m?), x stands for the distance change along the discharge direction (m), ¢ is the
time variable for the calculation point (s), g signifies the lateral inflow rate (m/s), and h
and g are the river water level (m) and gravitational acceleration (m/s?), respectively. R
represents the hydraulic radius of the river (m), « and U are the momentum correction
coefficient and Chezy coefficient, C is the concentration of the parameter (mg/L), u denotes
the average water discharge velocity (m/s), Ey is the longitudinal diffusion coefficient
(m?/s), K represents the comprehensive attenuation coefficient (mg/d), s signifies the
spatial coordinate (m), and v is the time coordinate (s).

2.4.2. The Solution of the Equations

The model employed the Abbott-lonescu six-point implicit difference scheme to solve
for the water level (k) and flow rate (Q) at different locations sequentially. The coupled
model is capable of simulating discharge parameters such as the flow rate and water level
in the water body and can subsequently yield concentration results for various water
quality control indicators. The Abbott-Ionescu six-point implicit difference scheme is a
numerical method that is used for solving partial differential equations. It is known for
its high precision and stability, and is suitable for handling high-order spatial derivatives,
nonlinearity, and multidimensional problems. It can also be combined with other numerical
methods, such as finite element methods, to enhance its computational accuracy and
stability. The schematic diagram of the equations is shown in Figures 6-8.

2.4.3. Establishment of the Hydrodynamic Module

The hydrodynamic module is primarily composed of river network files, cross-section
files, boundary condition files, hydrodynamic parameter files, and simulation files.
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Establishment of River Network Files

Based on the existing data and research requirements, this study redefined the research
area using the upstream and downstream boundaries set at the Changxing (II) hydrological
station and at the downstream end of Changxinggang River, covering a total length of
approximately 12 km. Additionally, there are few tributaries within the study area, and
their contributions to the water discharge are relatively small. Therefore, the hydrodynamic
conditions of these tributaries and their impact on the aquatic ecological environment are
considered negligible and are not taken into account.

Establishment of Cross-Section Files

To capture the longitudinal variations in the cross-sections of the study area, cross-
section files for the research area were established.

Establishment of boundary condition files

The boundary condition file is primarily used for inputting external and internal
boundary conditions. External boundary conditions refer to the upstream discharge and
downstream water level of the study area. The internal boundary conditions involve the
inflow or outflow within the model. In this study, the external boundary conditions include
the upstream discharge from the Changxing (II) hydrological station and the downstream
water level at the end of the Changxinggang River. The internal conditions primarily
involve the discharge of pollutants into the research section of the river.

Establishment of Hydrodynamic Parameter Files

The configuration of relevant parameters for the hydrodynamic module was per-
formed in the hydrodynamic parameter settings file. Among the numerous hydrodynamic
parameters, this study needed to determine the initial conditions (water level, discharge)
and Manning’s roughness coefficient.

Generation of Model Files

Based on the hydrodynamic module-related files mentioned above, this study created
simulation files. Firstly, this study selected the hydrodynamic module and opted for the
non-steady discharge mode. Subsequently, this study imported the river network file, cross-
section file, boundary condition file, and hydrodynamic parameter file. The simulation
period was set according to the boundary conditions, with a time step of 5 s. Following
these steps, this study also determined the output file and output frequency according to
the research requirements, with an output frequency of once per day.

Calculating Step Size
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Figure 6. Implicit finite difference scheme for continuity equation at six points.
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Figure 7. Implicit finite difference scheme for momentum equation at six points.

Figure 8. Watershed computational grid.

2.4.4. Establishment of the Water Environment Module

The water environment module was built on the foundation of the hydrodynamic mod-
ule; thus, this study needed to set the water environment boundary conditions and establish
advection—diffusion parameter files and simulation files based on the hydrodynamic module.

Establishment of Water Environment Boundary Files

The water environment boundary conditions were established based on hydrodynamic
boundary conditions. In this study, the corresponding upstream and downstream water
environment data and corresponding input pollution data needed to be imported. The
upstream and downstream water environment data were imported in the form of time
series files, while the input pollution data were set as a constant.

Establishment of Advection-Diffusion Files

Advection—diffusion files are primarily used to set advection—diffusion parameters to
ensure that the simulation of the water environment control indicators in the model closely
resembles real-world conditions. The main parameters include the simulation object, the
longitudinal dispersion coefficient, the initial conditions of the water environment control
indicators, and the comprehensive attenuation coefficient.

Generation of Simulation Files

The water environment module simulation files were established based on the hydro-
dynamic module simulation files. This study needed to import the configured advection—
diffusion files into the simulation files and set the simulation time step, output file, and
output frequency. In this study, the time was set to 5 s, and the simulation result output fre-
quency was once per day. Using these steps, the one-dimensional MIKE 11 hydrodynamic-
water environment coupled model required for this study was established.
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2.4.5. Parameter Calibration

To ensure the accuracy of the simulation results, the model needed to calibrate the
roughness coefficient of the river section, the longitudinal dispersion coefficient of the
pollutants, and the comprehensive attenuation coefficient of the pollutants.

To determine the river section’s roughness coefficient, this study used the years
2018 to 2019 as the calibration period. Using an empirical method, the initial roughness
coefficient for the entire river section was set to 0.033. Daily water level and discharge
data from the provincially controlled Xiashenqiao section were used as reference data. The
roughness coefficient was calibrated using a trial-and-error approach until the accuracy of
the simulation results met the requirements. The final calibrated roughness coefficient for
the river section was determined to be 0.037. Additionally, the simulated water levels and
the discharge results based on Manning’s roughness coefficient were compared with the
observed water level and discharge data at the Xiashen Bridge. The comparison results
are shown in Figures 9 and 10. The empirical method involves selecting the roughness
coefficients for the study area by referring to previous research findings with a high degree
of similarity to the target river section or by consulting relevant tables. The trial-and-error
method is a software testing approach that involves the manual execution of application
functions and operations to discover potential issues and defects and is typically performed
without automated scripts.
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Figure 9. Water level comparison results.
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Figure 10. Discharge comparison results.

Regarding the longitudinal dispersion coefficient of the river section, considering that
Changxinggang River is a typical river in the Taihu Basin, this study used an empirical
method to obtain a typical value of 8.00 m2/s for the longitudinal dispersion coefficient
of the Taihu Basin, which was used as the value for the Changxinggang River. Via the
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literature review, this study collected the longitudinal dispersion coefficient values for some
domestic rivers; please refer to Table 7 for details.

Table 7. Longitudinal dispersion coefficient values for some rivers in China.

Serial Number Watershed Dispersion Coefficient (m?/s)
1 Taihu Lake Basin 8.00
2 Dongtiao Creek 2.50
3 Yisuxi River Sys.tem in Jiangsu 1.00~10.00
Province
4 Funan River 0.72~15.10
South-to-North Water
5 Diversion Middle Route 15.00~20.00
6 Yellow River Mengjin Section 40.00

The comprehensive attenuation coefficient reflects the ability of water to degrade
pollutants and is influenced by several factors, including water temperature, hydrological
conditions, and river conditions. Therefore, this study employed the period from May
2018 to October 2019 as the calibration period and used the analysis-by-borrowing method
to calibrate the comprehensive attenuation coefficients for NH3-N, TP, CODys,, and BOD
during both the non-flood and flood periods. The analysis-by-borrowing method, based
on data in the literature, involved setting the comprehensive attenuation coefficients for
similar rivers as the initial values for this study. The values were then iteratively calibrated
to determine the appropriate values. Based on some rivers in China, this study obtained
values for the comprehensive attenuation coefficient of the water environment control
indicators considered. Please refer to Table 8 for details.

Table 8. Comprehensive attenuation coefficient values for water environment control indicators in
some rivers in China.

Serial Number Watershed NH;-N TP CODpym BOD
1 Taihu Lake Basin (Upper Reach) 0.015~0.312 0.027~0.059 0.021~0.197 -
2 Zhejiang Xitiao Creek 0.100~0.200 0.010~0.020 - -
3 Wei River 0.046 - - 0.160
4 Yanjin River 0.140 0.040 - -
5 Dongliao River 0.112~0.333 - 0.083~0.217 0.147~0.235
6 Pengxi River 0.110~0.180 0.080~0.130 0.130~0.250 -

By adjusting the values of the comprehensive attenuation coefficients, the simulation
results of the water environment control indicators for each corresponding water period
were compared with the actual monitoring data obtained from the Xintang section. The val-
ues with the lowest average relative errors were selected as the comprehensive attenuation
coefficients for each water period. The calibrated results for the comprehensive attenuation
coefficients of each water environment control indicator are shown in Table 9.

Table 9. Statistical summary of the calibration results for the comprehensive attenuation coefficients
of the control indicators in the waters of the Changxinggang River.

Control Indicator

NH;-N TP COD BOD
Water Period 3 Mn o
Non-flood period calibration result (mg/d) 0.144 - 0.060 0.132
Flood period calibration result (mg/d) 0.216 0.029 0.084 -

2.4.6. Model Validation

Based on the parameter calibration results mentioned above, a comparison was made
between the simulation results for the water level and discharge in the Xiashengiao section
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and the observed data. The relative mean error (Re), correlation coefficient (R?), and
Nash—Sutcliffe coefficient values are presented in Table 10.

Table 10. List of parameter calibration results for the Xiashenqgiao water level and discharge.

Result Parameter Re R? Nash-Sutcliffe Coefficient
Water level 4.27% 0.973 0.921
Discharge 5.03% 0.958 0.903

From Table 10, it can be observed that the water level calibration results had a relative
error of less than 10.00%, an R? value greater than 0.600, and a Nash-Sutcliffe coefficient
greater than 0.900. Similarly, the discharge calibration results also show a relative er-
ror of less than 10.00%, an R? value greater than 0.600, and a Nash-Sutcliffe coefficient
greater than 0.900. It is evident that the model developed in this study, along with the
calibrated parameters, effectively reflects the water level and discharge conditions in the
Changxinggang River.

Additionally, based on the parameter values calibrated in the previous section, the
simulation results for the water environmental control indicators in the Xintang section
and the average relative error compared to the measured data are shown in Table 11.

Table 11. Statistical summary of relative errors in the calibration of comprehensive attenuation
coefficients for water quality control indicators in the water body.

Control Indicator

NH;3-N TP COD BOD
Water Period 3 Mn
Relative error in non-flood period (%) 15.18 - 7.27 8.62
Relative error in flood period (%) 16.66 7.88 10.01 -

It is evident from Table 11 that, based on the parameter values calibrated in the
previous sections, the relative errors for the simulated water quality control indicators
during both the non-flood period and flood period in the Changxinggang River’s Xintang
section are all less than 17%.

In a study conducted by Zhang et al. [29], a two-dimensional hydrodynamic-water
quality coupling model was developed for Honghu Lake. The model’s simulation accuracy
was verified by comparing the measured pollutant values with the simulated values. The
average relative errors for TP, total nitrogen (TN), ammonium nitrogen (NH;*-N), and
CODwn were 15.9%, 18.5%, 18.5%, and 8.7%, respectively, and were thus all within a
reasonable range (less than 20%). This indicates that the parameter selection for the water
quality model was reasonable and met the requirements regarding the simulation accuracy.

In comparison to the aforementioned study, the relative errors in this research are also
less than 20%, demonstrating that the model exhibits a high level of simulation accuracy and
can effectively represent the actual conditions of water quality control indicators. Therefore,
it can be concluded that the parameter values calibrated in this study are reasonable and
suitable for use in research on ecological discharge control values for Changxinggang River.

3. Results

From the perspective of safeguarding water quality in the ecosystem, this study
employed the Xintang section as the control segment for the aquatic ecological environment.
Using the MIKE 11 one-dimensional hydrodynamic-water quality coupling model, this
research simulated the water environment in the study area under various hypothetical
conditions, thereby calculating the appropriate ecological discharge control values for the
Changxinggang River during both non-flood and flood periods.
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3.1. The Calculation of Ecological Discharge Control Values during Non-Flood Period

The Standard [26] is a set of standards established in China for assessing and moni-
toring the quality of surface water. This standard categorizes surface water quality into
different classes, with “Class III standards” being one of the classifications, typically repre-
senting the minimum water quality standards for centralized domestic water supply. Each
class specifies allowable types of pollutants and concentration limits. In this study, the
Class III standards of the aforementioned criteria are adopted as the indicator concentra-
tion standards, with concentration standard values set at 1 mg/L for NH3-N, 6 mg/L for
CODpy, and 4 mg/L for BOD.

Via the use of frequency distribution statistics, the daily average discharge in the
Changxinggang River during the non-flood period was found to be concentrated between
0.00 to 5.00 m3/s in the past 10 years, with a relative frequency of 63.76%. Therefore, three
discharge hypothetical values of 1.50 m>/s, 3.00 m®/s, and 4.50 m3/s were selected as the
discharge hypothetical values for the Changxinggang River during the non-flood period
and set as the upper boundary discharge. The downstream boundary water level was
set at an average water level of 3.21 m during the non-flood period in 2018-2019. Using
the period from November 2018 to April 2019 as the simulation period, the MIKE 11 one-
dimensional hydrodynamic—water environment coupling model was used to simulate the
water environmental control indicators for the Changxinggang River during the non-flood
period. An analysis of the concentration compliance of the control indicators in the Xintang
section was conducted and discussed. The simulation results are presented in Figure 11.
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Figure 11. Variations in NH3 —N, CODy,,, and BOD concentrations during the non—flood period:

(a) hypothetical value 1 (1.50 m3/s); (b) hypothetical value 2 (3.00 m3/s); () hypothetical value 3
(4.50 m3/s).

From Figure 11, it can be observed that the BOD can consistently meet the water envi-
ronmental control standard value for the Xintang section at all three discharge hypothetical
conditions. NH3-N and CODy,, have concentration exceedance issues under the hypotheti-
cal value 1 condition, but can stably meet the Xintang section’s water environmental control
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standard values under the hypothetical value 2 and 3 conditions. Therefore, further studies
used the range from hypothetical value 1 (1.50 m3/s) to hypothetical value 2 (3.00 m?/s) as
the interval and used the achievement of the NH3-N and CODyy, concentrations meeting
the standard values for the Xintang section as the control criteria. The trial-and-error
method was applied to determine the discharge from the Changxing (II) Hydrological
Station. The maximum variations in the concentration of NH3-N and CODy, under each
hypothetical discharge condition are shown in Table 12.

Table 12. Maximum changes in concentration of NH3-N and CODy, under different discharge
hypothetical value conditions.

Discharee Maximum Maximum
3 NH;-N NH;-N CODwp CODwp
Hypothetical . . . .
3 Concentration Compliance Concentration Compliance
Value (m°/s)
(mg/L) (mg/L)
1.70 1.016 No 6.263 No
1.90 1.011 No 6.196 No
2.10 1.006 No 6.131 No
2.30 1.001 No 6.070 No
2.33 1.000 Yes 6.061 No
2.50 0.998 Yes 6.011 No
2.54 0.995 Yes 6.000 Yes
2.60 0.993 Yes 5.982 Yes
2.70 0.985 Yes 5.899 Yes

Table 12 shows that with the gradual increase in the discharge hypothetical values,
the maximum concentrations of NH3-N and CODyy,, gradually decreased, and the nutrient
conditions for cyanobacterial blooms were alleviated. When the discharge hypothetical
value was 2.33 m?®/s, the maximum NHj3-N concentration met the water environmental
standard value for the Xintang section for the first time. When the discharge hypothetical
value was 2.54 m3/s, the maximum CODjyy, concentration was 6.000 mg/L, meeting the
water environmental standard value for the Xintang section for the first time. In summary,
when the flow control value was set at 2.54 m3 /s, the concentrations of NH3-N, CODy,, and
BOD all met the water quality standards. Thus, from the perspective of ensuring the quality
of environmental water and alleviating the nutrient conditions that promote cyanobacterial
blooms, the suitable ecological discharge control value for the Changxinggang River during
non-flood periods should be 2.54 m3/s.

3.2. The Calculation of Ecological Discharge Control Values during Flood Period

According to the Standard [26], the concentration standard values for NH3-N, CODypy,
and TP are 1 mg/L, 6 mg/L, and 0.2 mg/L, respectively.

The frequency distribution statistics show that, over the past 10 years, the daily average
discharge data for the Changxinggang River during the flood period are concentrated in
the range of 0.00 to 10.00 m3/s, with a relative frequency of 65.82%. Therefore, this study
selected three discharge hypothetical values for the Changxinggang River during the flood
period: 2.50 m?/s, 4.00 m3/s, and 5.50 m3/s, and set them as the upstream boundary
discharge. The downstream boundary water level was set to the average water level during
the flood period from 2018 to 2019, which was 3.43 m. All other conditions remained the
same as those present during the non-flood period. Based on the available data, this study
used the period from May to October 2018 to simulate NH3-N during the flood period and
the period from May to October 2019 to simulate TP and CODyy, during the flood period.
The MIKE 11 one-dimensional hydrodynamic-water quality coupled model was used to
simulate the water environmental control indicators for Changxinggang River during the
flood period, and the simulation results are shown in Figure 12 (left scale is for TP and
CODpy, concentrations, the right scale is for NH3-N concentration, the top scale is for May
to October 2018, and the bottom scale is for May to October 2019).
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Figure 12. Variations in NH3—N, TP, and CODy, concentrations during the flood period:
(a) hypothetical value 1 (2.50 m3/s); (b) hypothetical value 2 (4.00 m3/s); (c) hypothetical value
3 (5.50 m3/s).

From Figure 12, it can be observed that NH3-N and CODy,, under all three hypotheti-
cal discharge conditions can consistently meet the water environmental standard values in
the Xintang section and alleviate the nutrient conditions for blue-green algae outbreaks.
The TP exceeded the concentration limits under discharge hypothetical value 1, but it
could stably meet the water environmental standard value in the Xintang section under
discharge hypothetical values 2 and 3. Therefore, this study considered the range from
discharge hypothetical value 1 (2.50 m3/s) to discharge hypothetical value 2 (4.00 m?/s),
and used a trial-and-error approach to determine the suitable ecological discharge control
value for the Changxinggang River during the flood period; this was dependent on the TP
concentration meeting the standard value in the Xintang section. The maximum changes
in the TP concentration under various discharge hypothetical conditions are shown in
Table 13.

Table 13. Maximum TP concentration changes under different discharge hypothetical value conditions.

Dlsch‘a;;lgl:al :I(}Ilrll)s(;’;l)letlcal Max1mun(1 Ifg(;rﬁ;entratlon Compliance Status
2.50 0.202 No
2.60 0.201 No
2.62 0.201 No
2.63 0.200 Yes
2.70 0.199 Yes

2.80 0.197 Yes
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From Table 13, it is evident that as the discharge hypothetical values increase, the TP
concentration in the Xintang Section gradually decreased. When the upstream boundary
discharge at the Changxing (IT) hydrological station was set to 2.63 m®/s, the TP concentra-
tion in the Xintang section decreased to 0.200 mg/L, meeting the environmental standard
value for water in the Xintang section for the first time. In summary, when the hypothetical
flow rate was 2.63 m3 /s, the concentrations of NH3-N, CODyy,,, and TP all met the water
environmental standards. Thus, from the perspective of safeguarding the quality of envi-
ronmental water, the suitable ecological discharge control value for the Changxinggang
River during the flood period should be 2.63 m3/s.

4. Discussion

This study constructed a MIKE 11 one-dimensional hydrodynamic-water quality
coupling model using MIKE 11 software. Utilizing this model, the ecological discharge
control values for the Changxinggang River were determined, with a focus on safeguarding
the quality of the water ecosystem and suppressing the occurrence of algal blooms, using
the Xintang section as a representative section.

MIKEL11 is a one-dimensional hydrodynamic model designed to simulate the discharge
and water quality in rivers and channels, suitable for relatively simple river systems with
limited longitudinal variations. In contrast, MIKE21, as a two-dimensional hydrodynamic
model, is applicable to a wider range of water bodies, including lakes, river reaches,
estuaries, and nearshore areas. However, MIKE21 has a more complex model structure
and higher data input requirements. This study focuses on the Changxinggang River in
Changxing County, Zhejiang Province, a typical elongated river. The choice of MIKE11 as
the foundational model, rather than MIKE21 or other two-dimensional models, is based
on MIKE11’s suitability for scenarios with limited lateral variations, high computational
efficiency, and model simplification characteristics, making it more suitable for long and
narrow rivers. MIKE11 has lower data requirements, making it more adaptable to limited
data availability. It has demonstrated higher accuracy in ecological discharge calculations
in past applications. In this study, our main focus is on the interaction effects of flow, water
quality, and ecological factors, and the MIKE11 one-dimensional model is adequate to meet
these research needs. However, we are aware that relying solely on MIKE11 may have
certain limitations. Future investigations will explore the potential advantages of MIKE21,
a two-dimensional model, and coupled one-dimensional and two-dimensional models like
MIKE flood.

By analyzing and comparing the hydrological and water quality monitoring data
obtained from the Xintang section of the Changxinggang River and the discharge data
obtained from the Changxing (II) hydrological station from 2018 to 2021, it was observed
that the daily average discharge during both non-flood and flood periods in the Xintang
section of the river was consistently below the recommended control values. Additionally,
as the discharge increased, the concentration of NH3-N gradually decreased, mitigating
the nutrient conditions conducive to the occurrence of algal blooms in the Changxinggang
River. This study has shown that river discharge has a significant influence on the aquatic
environment. This aligns with the findings of Zhang et al. [30] in their analysis of the
causes of algal blooms and simulation research in the context of hydraulic engineering,
which revealed that hydraulic conditions such as the discharge velocity and discharge
directly and indirectly affect the growth, development, and spatial distribution of algae.
Furthermore, this study found that discharge has a certain threshold effect on the aquatic
environment, which plays a vital role in the formation of environmental problems such
as algal blooms. When the river discharge is below a certain threshold, environmental
issues such as algal blooms are more likely to occur. Increasing the river discharge to a
certain extent alleviates these environmental problems. This is consistent with the research
conducted by He et al. [31], which investigated the characteristics of algal blooms and the
ecological discharge threshold in the middle and lower reaches of the Han River. They
found that river discharge is a key influencing factor in algal blooms in rivers. Slower
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discharges carry a risk of algal blooms, while discharges exceeding the threshold suppress
algal growth.

This study used the MIKE 11 one-dimensional hydrodynamic-water environment
coupled model to simulate the river environment under different discharge hypothetical
conditions and calculated the suitable ecological discharge control values for the Changx-
inggang River during non-flood and flood periods; these were found to be 2.54 m3/s and
2.63 m>/s, respectively. The results of this study indicate that the ecological discharge
control values are higher during the flood period than during the non-flood period. This
is because the flood period experiences more precipitation, resulting in higher flow rates,
higher water levels, increased sediment from rainfall, and higher concentrations of pollu-
tants such as pesticides and fertilizers. Setting higher ecological discharge control values
helps to maintain the ecological balance of the river and reduces the risk of flooding, sedi-
mentation, and pollution. During the non-flood period, which sees reduced rainfall, the
flow rates are relatively low, and the ecological discharge control values are correspondingly
lower. This is consistent with the results obtained by Su [32] in his research, which was
conducted on ecological discharge control targets in the Manas River in Xinjiang. He found
that the ecological water discharge target in the Hongshan Mouth Diversion Hub section
during the normal water period (May to June and October to November) is 43.2 million
cubic meters, while the ecological water discharge target during the flood period (July to
September) is 135.83 million cubic meters.

This study compared the daily average discharge data obtained for nearly 10 years
during non-flood and flood periods with the recommended ecological discharge control
values. The results show that 60.89% of non-flood period daily average discharge data and
76.36% of flood period daily average discharge data can reach the ecological discharge con-
trol values of 2.54 m3/s and 2.63 m?/s. When the discharge data are equal to or greater than
the ecological discharge control values, algal bloom problems in the Changxinggang River
are relatively minor or do not occur. This is consistent with the findings of Yu et al. [33]
in their research on the calculation of ecological discharge and the analysis of control
measures in rain-fed rivers. They discovered that to ensure the ecological base discharge of
the Dasha River, various control measures, such as different guaranteed water rates and
regular scheduling management, should be adopted to ensure the healthy and sustainable
development of the river ecosystem. Therefore, the ecological discharge control values
obtained in this study are achievable in practical control work. Based on the comparative
analysis of the maximum concentrations of each control indeX, this study concluded that
increasing the discharge is a feasible means by which to improve the hydraulic conditions
and enhance the diffusion and dilution capacity of pollutants; this could help to mitigate
water quality issues in the Changxinggang River.

To effectively safeguard the ecological health of the Changxinggang River, measures
such as enhancing ecological water resource protection, constructing a high-efficiency water-
saving society, advancing river and lake ecological restoration projects, implementing algal
bloom prevention and control measures, and improving the intelligent governance of the
aquatic environment can be taken in the future.

5. Conclusions

Based on the actual hydrodynamic conditions and water environment status of
Changxinggang River, this study selected the hydrodynamic module and water envi-
ronment module of the MIKE 11 software as the foundation. By combining relevant hydro-
logical data related to the Changxinggang River, the coupling of the new hydrodynamic
module and water environment module was achieved via data transfer and information
exchange. This process resulted in the construction of the MIKE 11 one-dimensional
hydrodynamic-water environment coupled model. The Re for the simulated values of
the main water quality control indicators during each hydrological period compared to
the measured values consistently remained below 17.00%. This suggests that the model
exhibits a good simulation accuracy and can effectively simulate the hydrological and water
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quality conditions of the Changxinggang River. It can also be employed for calculations
and analyses related to ecological discharge control.

PCA was able to determine that the water quality control indicators for the non-flood
period in the Changxinggang River are NH3-N, CODyyy,, and BOD, while the water quality
control indicators during the flood period are NH3-N, TP, and CODyy,. Considering the
three objectives of improving water dynamics, safeguarding water ecosystem quality,
and controlling algal blooms, the ecological discharge for the Changxinggang River was
calculated based on the developed MIKE 11 one-dimensional hydrodynamic-water quality
coupling model. Using the Xintang section as the representative section, calculations were
performed separately for the non-flood and flood periods. The recommended ecological
discharge control values were ultimately determined as 2.54 m3/s for the non-flood period
and 2.63 m3/s for the flood period. This study further demonstrated that increasing the
flow rates led to lower nutrient concentrations in the Changxinggang River, thus mitigating
the conditions conducive to the occurrence of algal blooms and improving the aquatic
environment. All water quality control indicators met the control standard values with
regard to increased flow rates.

Therefore, the ecological discharge control recommendations proposed in this study
are scientifically valuable and serve as important references for safeguarding environmen-
tal water quality in the Changxinggang River. It is worth mentioning that the ecologi-
cal discharge calculations for the algal bloom period involve relatively complex mecha-
nisms and numerous factors, and it is recommended that further discussions take place in
future research.
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