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Abstract: Water pollution is a serious problem in China and abroad. Revealing the source types
and their spatio-temporal characteristics is the premise of effective watershed management and
pollution prevention. Since the national control unit can better match the administrative division, it
was useful for the manager to control water pollution. Taking the Fenhe River Basin as the research
area, a SWAT model based on the national control unit was established in this study to reveal the
current situation of water quantity and quality. Then, in combination with the differential evolution
algorithm, the dynamic water environment capacities of each control unit were further discussed.
The results showed that the flow upstream was lower, only 7.62-8.40 m3 /s, but flow in the midstream
and downstream increased to 17.58 m3/s and 18.32 m3/s. Additionally, the flow in tributaries was
generally lower than that in the main stream, the flow in unit 6 and unit 11 were only 0.23 m3/s
and 0.62 m3/s. The water quality upstream could meet the water quality requirements of drinking
water sources, but the pollution in the midstream was the most serious after passing through Taiyuan
City, the concentration of NH3-N and TP reached to 6.75 mg/L and 0.41 mg/L. The results of
water environmental capacity showed that the residual capacity of ammonia nitrogen (NH3-N) and
total phosphorus (TP) in the main stream were positive, indicating that the Fenhe River Basin can
accommodate the current pollution load in general, but there was an obvious difference in different
months of the year. Especially in the wet season, the non-point source (NPS) pollution problem in
the midstream and downstream was more prominent, resulting in a high-capacity consumption rate.
It showed that in Taiyuan, Jinzhong, and Linfen Yuncheng in Shanxi Province, should be wary of
non-point source pollution. In addition, the water environmental capacity of different units also
varied greatly. The capacity consumption of the Taiyuan Section in the midstream was the highest,
which mainly occurred in the wet season. The negative values of the residual capacity of NH3-N
and TP reached the highest, —131.3 tons/month and —12.1 tons/month. Moreover, the capacity
consumption downstream also reached 21-40% of the whole year in the wet season. In addition to
the impact of NPS pollution in the wet season, due to the impact of point source pollution, units 8,
9, and 10 downstream had high negative residual capacity in the dry season, especially in January
and February. The construction of a SWAT model based on control units and the further analysis
of dynamic water environment capacity could provide technical support for Fenhe River Basin
management to realize accurate pollution control.

Keywords: non-point source pollution; control unit; dynamic water environment capacity; SWAT
model; Fenhe River Basin

1. Introduction

In recent years, with the increase in the government’s efforts and investment in water
environment management, point source pollution has been effectively controlled, and the
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prevention and control of non-point source (NPS) pollution have gradually become the
focus in China [1,2]. NPS pollution refers to the water pollution caused by the pollutants
flowing into the receiving water through the runoff process under the action of rainfall
and runoff [3]. NPS pollution is difficult to control because it has no fixed outlet, with
characteristics of dispersion, concealment, uncertainty, accumulation, and fuzziness [4-6].
Currently, how to effectively control NPS pollution has become the key to solving the
current water environment pollution problem.

Accurately quantifying NPS pollution is a precondition in pollution control and
management. At present, many distributed hydrological models have been developed at
home and abroad, among which SWAT (soil and water assessment tool) model is one of the
widely used models [7,8]. SWAT model takes the sub-basin established by topographic data
as the basic unit and can simulate the process of water and soil pollution in the complex
basin with long time series and different management measures [9,10]. The researchers
used the SWAT model to identify the key sub and the key sources of NPS in the basin
and determined the best management measures based on the simulation of SWAT [11,12].
However, the actual management practices are often to be conducted in administrative
sections, so it is difficult to combine the sub-basin division with the actual management
practices [13]. The integrated water environment management mode based on a control
unit should be established by combining the SWAT model, which can effectively implement
the pollution control responsibility of local governments and promote water pollution
prevention and control practices.

In addition, the degree of water pollution control depends on the water quality objec-
tives [14]. Water environment capacity refers to the maximum amount of pollutants that
can be accommodated by the river basin according to the water quality objectives, and is
an indicator to measure the tolerance of pollutants in the water environment [15]. Studies
showed that there was spatial and temporal variation in water environment capacity [16].
There are great differences in water environment capacity in the same area in different
periods, at the same time there are also large differences in water environmental capacity
in different regions in the same period [17,18]. Therefore, the study of dynamic water
environment capacity is extremely critical. Studying the dynamic characteristics of water
environment capacity in the basin can provide a basis for the dynamic management and
control of the water environment [18,19]. The control unit is an effective water pollution
prevention in the actual management of the river basin, quantifying the dynamic water
environment capacity of control units can decompose and implement the existing total
pollutant control indicators.

In this study, taking Fenhe River Basin as the research area, the SWAT model was
constructed based on the national control unit, and the current situation of water quality
and quantity of each control unit was analyzed after model calibration and verification.
At the same time, combined with the differential evolution (DE) algorithm, the dynamic
water environment capacity of each control unit was calculated, and the water environment
problems of each control unit were clarified. Based on the dynamic water environment
capacity, the management measures of the control unit can be determined more accurately
and efficiently at different times, so as to provide technical support for the water environ-
ment management of the Fenhe River Basin. The control unit is an effective water pollution
prevention in the actual management of the river basin, quantifying the dynamic water
environment capacity of control units can easily decompose the existing total pollutant
control demanded by each administrative district.

2. Materials and Methods
2.1. Study Area

Fenhe River Basin is the second tributary of the Yellow River, located in the ecologically
fragile area of the Loess Plateau (Figure 1). It originates from Ningwu County in the north of
Shanxi Province and finally flows into the Yellow River at Hejin County. It has a total length
of 716 km and a drainage area of 39,741 km? [20]. Over the past few decades, the water
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pollution problem in the basin was more prominent due to the neglect of the relationship
between economic construction and environmentally coordinated development. Recently,
the proportion of level V (GB 3838-2002) [21] sections in the basin reached 62%, which
seriously affected the health of the ecosystem and the economic development of this
basin [22,23]. How to accurately control pollution and make the Fenhe River Basin reach
the surface water standard is still a relatively prominent problem.

River

Fenhe Basin

Control Unit

0 50 KM
I I

Figure 1. Division of control units in Fenhe River Basin.

2.2. SWAT Model

The basic framework of SWAT model is to subdivide the study area into several hydro-
logical response units (HRUs) [8]. The data required for the construction and operation of
SWAT model mainly include: digital elevation model (DEM) data, land use data, soil data,
meteorological data, hydrological data, pollution source data, and agricultural management
data (Table 1).
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Table 1. Sources of SWAT model parameters.

Data Type Year Source
DEM / Geospatial data cloud
Land use data 2015 Interpretation of satellite remote sensing,

Second National Land Survey
World Soil Database, Soil Seed History of
Shanxi Province
Meteorological data 2010-2019 National Meteorological Science Data Center
The second national survey of pollution

Soil data /

Point source data 2018 . . .
sources in Shanxi Province
Management practices 2019 Statistical Yearbook
Water quality data 2010-2019 Department of Ecology and Environment of

Shanxi Province

The hydrological balance equation of SWAT model is as follows:

t
SW; = SWy + 21’:1 (Rday - qurf —Eqs— Wseep - ng)

where SWj is the initial water content of the soil on day i (mm), ¢ is the number of days (d),
R4y 1s the precipitation on day i (mm), Qs is the surface runoff (SR) on day i (mm), E; is
the evapotranspiration on day i (mm), Weeep is the quantity of water entering the vadose
zone from the soil profile on day i (mm), Qg is the water quantity of regression flow on
day i (mm), SW; means the final soil water content (mm).

According to the distribution of nationally controlled sections, the Fenhe River Basin is
divided into 11 national control units from north to south in this study (Figure 1). In order
to effectively control NPS pollution, the SWAT model is established based on the 11 control
units of Fenhe River Basin in this study. Among them, unit 1 and 3 are in the upstream of
Fenhe River Basin, with Fenhe Reservoir as the boundary; unit 4 is in the midstream of
Fenhe River Basin, which cover the Taiyuan city; unit 8, 9 and 10 are in the downstream of
Fenhe River Basin, with Linfen City as the boundary. Other units are in tributaries, unit 2 is
in Lanhe River, unit 5 is in Xiaohe River, unit 6 is in Wenyuhe River, unit 7 is in Ciyaohe
River, and unit 11 is in Huihe River.

2.3. Calibration and Validation of the SWAT Model

SWAT model needs to be calibrated and validated according to local actual condi-
tions [24]. SWAT-CUP (SWAT calibration and uncertainty programs) software can be used
to calibrate and validate SWAT models. Nash efficiency coefficient (ENS) and certainty
coefficient (R?) are used as the judgment basis for the calibration and validation of the
model [25]:

;1:1 (Qm - Qm)
R2 — (X1 (Qm — Qm)(Qs — Qs))? @)

Yy (Qum— Qm) Ly (Qs—Q5)?
where Qs is the model simulation value; Q,, is the measured value; Qs is the mean
of the simulation value; Qs is the mean of the measured value and 7 is the number
of observations.

The calibration and validation are processed based on the monthly monitoring data of
water flow, total phosphorus (TP) and ammonia nitrogen (NH;3-N) from 2010 to 2019 of
Hejin hydrological station, of which 20102016 is the calibration period and 2017-2019 is
the validation period. The range of ENS is (—co, 1], and the closer it is to 1, the higher the
simulation accuracy. When ENS > 0.50, the simulation effect is satisfactory. The certainty
coefficient (R?) is an index used to describe the correlation between the simulated data
and the measured data. The range is [0, 1], and the closer the value is to 1, the higher the
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fitting degree of the simulated and measured data. When R? > 0.50, it indicates that the
simulation effect is satisfactory [25].

2.4. Calculation of Water Environment Capacity

In this study, SWAT model and differential evolution algorithm (DE) were coupled to
quantify the spatial and temporal variations of water environmental capacity (Figure 2).
DE algorithms have been widely used in many study fields, DE has been proved to be more
robust and efficient in continuous encoding optimization [12,26]. The main calculation
processes of the DE algorithm include the initialization of the parameter vectors, mutation
with differential operators, and crossover and selection [27]. In the calculation process, the
daily outputs of SWAT model, including daily flow, water temperature, algae concentration,
and other factors related to the calculation of water environment capacity, were directly
used as the inputs of DE algorithm to calculate the water environment capacity [12]. The
formula of DE algorithm is as follows:

— —

(£) + F- (X(t) = X(8)) ®)
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where V(t) is the generated variation vector; X(t) X(t) and X(t) are random individuals
j oA

selected from existing populations; and F is the mutation operator.
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Figure 2. The flowchart of the research.

The ideal water environment capacity and the residual water environment capacity
of each river channel in Fenhe River Basin from 2010 to 2019 were calculated in this
study according to the water quality objectives of Fenhe River Basin in 2020. The ideal
water environment capacity is the water environment capacity calculated according to the
water quality target value without considering pollution. The residual water environment
capacity is the water environment capacity after removing the pollution load from upstream
and the pollution load from this unit.

3. Results and Discussion
3.1. Swat Model Calibration and Validation

The SWAT model was constructed based on 11 control units of the Fenhe River Basin,
and the water quantity and quality of the established SWAT model were calibrated and
validated (Figure 3). The results showed that the ENS and R? of flow in the calibration
period were 0.64 and 0.68, respectively; and the ENS and R? of flow in the validation period
were 0.70 and 0.79, respectively. The ENS and R? of TP in the calibration period were 0.53
and 0.57, respectively; and the ENS and R? of TP in the validation period were 0.51 and
0.55, respectively. The ENS and R? of NH3-N in the calibration period were 0.54 and 0.59,
respectively; and the ENS and R? of NH3-N in the validation period were 0.53 and 0.51,
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respectively. Therefore, the SWAT model based on the control unit met the requirements of
calibration and validation and the results of the model could be further analyzed.
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Figure 3. Fitting curve of measured value and simulated value at regular rate and verification.

3.2. Distribution of Water Quantity and Water Quality

Based on the simulation results of the SWAT model, the flow of the Fenhe River Basin
in 2019 is analyzed (Figure 4). The results showed that the flow of the main stream in the
upstream of Fenhe River Basin was relatively low, at 7.62-8.40 m?3/s. With the inflow of
the tributaries, the flow in the midstream and downstream gradually increases, reaching
17.58 m3/s in the midstream, 18.32 m3/s in the Linfen section in the downstream, and
16.08 m3 /s before flowing into the Yellow River. Compared with the main stream, the flow
in tributaries was generally low. The flow of Wenyu River in unit 6 and Huihe River in unit
11 were only 0.23 m3/s and 0.62 m3/s.
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Figure 4. Spatial distribution of runoff and surface water quality in Fenhe River Basin in 2019
((a): Flow, (b): NH3-N, and (c): TP).

In terms of water quality, the average annual concentrations of NH3-N and TP in unit 1
and unit 3 in the main stream of the upstream region were relatively low, with concentration
of NH3-N 0.14-0.18 mg/L and concentration of TP 0.01-0.02 mg/L. According to the
requirements of the environmental quality standard for surface water (GB 3838-2002), the
concentrations of both NH3-N and TP met level II. Unit 1 and unit 3 cover the section
from Leiming temple, the source of Fenhe River Basin, to the outlet of Fenhe Reservoir. It
is an important area of water source in Shanxi Province. The water quality is good, and
the impact of human activities is low. In unit 4 in the midstream of the main stream, the
concentration of NH3-N and TP reached the highest, which were 6.75 mg/L and 0.41 mg/L,
respectively, exceeding class V inferior to surface water. The concentrations of NH3-N and
TP in units 8, 9, and 10 in the downstream all showed a downward trend. The concentration
of NH3-N decreased from 3.64 mg/L to 1.72 mg/L, and the concentration of TP decreased
from 0.38 mg/L to 0.19 mg/L, but the concentrations of both NH3-N and TP exceeded
level I1I.

The water quality of the tributaries was generally worse than that of the main stream.
The concentrations of NH3-N in unit 2 Lanhe River, unit 11 Huihe River, unit 6 Wenyuhe
River, and unit 7 Ciyaohe River were more prominent, with a range of 2.05-13.73 mg/L, all
of them were inferior to class V water quality. Different from other tributaries, the water
quality of Xiaohe River in unit 5 was the best. The concentrations of NH3-N and TP were
0.68 mg/L and 0.12 mg/L, respectively, meeting level III (GB 3838-2002).

3.3. Water Environment Capacity of Control Unit

Combined with the water quality management objectives of the Fenhe River Basin,
the ideal capacity and residual capacity of each control unit were obtained through the
SWAT model and differential evolution algorithm (Figure 5). Overall, the annual average
showed that the residual capacities of NH3-N and TP in the main stream of the Fenhe River
Basin were positive, indicating that the actual loads of both NH3-N and TP were less than
the acceptable load of the Fenhe River Basin.
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Figure 5. Spatial distribution of ideal and residual capacity of control units ((a): ideal capacity of
NH;3-N, (b): residual capacity of NH3-N; (c): Ideal capacity of TP, and (d): residual capacity of TP).

However, the water environment capacities of different river sections were quite
different. The results showed that the ideal capacities of unit 1 and unit 3 in the upstream
of the main stream were low due to the small flow, but the water quality in this section was
good, resulting in very low consumption of ideal capacity, and the residual capacity could
account for 60-87% of the ideal capacity. With the inflow of water from the Yellow River
and the tributaries, the ideal capacity of unit 4 in the midstream of the Fenhe River Basin
raised significantly, but the consumption rate of ideal capacity was extremely high, and
the residual capacities of NH3-N and TP were only 10% and 5%. However, the residual
capacity of units 8, 9, and 10 in the downstream rebounded, but the consumption rate
of ideal capacity was relatively large. In particular, the residual capacity of TP in unit
8 was only 18%. The residual capacities of NH3-N and TP in unit 2 and unit 6 in the
tributary were negative, indicating that the load of NH3-N and TP was more than that of
the self-purification function of the river basin. Additionally, the residual capacity of TP in
unit 11 was also negative.
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3.4. Analysis of Dynamic Water Environment Capacity

In order to explore the spatial-temporal distribution characteristics of water envi-
ronmental capacity in Fenhe River Basin, the dynamic water environmental capacity was
further analyzed (Figure 6). In general, the interannual ideal water environment capacity
and residual water environment capacity of all control units in the Fenhe River Basin were
positive. The results showed that the water quality of the Fenhe River Basin had been
greatly improved since the 13th Five-Year Plan. These might be closely related to the pollu-
tion prevention measures in Shanxi Province. For example, Shanxi Province had issued
local standards for sewage discharge which were stricter than the national standards [28].
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Figure 6. Monthly variation of water environment capacity in control units of Fenhe River Basin.

However, the differences in water environment capacity each month were relatively
obvious. From June to September in the wet season, the ideal water environment capacity
of most control units increased significantly with the increase in rainfall. However, the
residual capacity did not increase in proportion and even showed negative values in some
units. Especially in unit 4 in the midstream of the main stream, the residual capacity of
NHj3-N reached the highest negative value in June and July, which were—77.2 tons/month
and—131.8 tons/month. The negative value of TP also reached its highest in July, which
was—12.1 tons/month. The negative value of residual water environmental capacity
indicated that NPS pollution was the main factor affecting the water environmental capacity
of the midstream of Fenhe River Basin in the wet season. In the wet season, the ideal
capacity reaches the highest with the maximum water volume, but the NPS pollution is
also greatly increased with the surge of rainfall, resulting in the largest loss of residual
load [29,30]. The sown area of grain in the Taiyuan Section of the Fenhe River Basin is up to
70,986 hectares, which is one of the main grain-producing areas in the Fenhe River Basin [20].
The large area of farmland can lead to high NPS pollution in this unit. At the same time,
domestic water consumption surges in summer, the load of urban sewage treatment plants
increases, and the consumption of residual capacity is extremely high [31,32]. The random
discharge of domestic sewage in surrounding rural areas also aggravates the contribution
of NPS pollution of this unit [33,34].
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Among the tributaries, the residual capacity of Unit 7 Ciyaohe River dropped sharply
in August and October, reaching a negative peak of —155.3 tons/month. Like the main
stream, the NPS is still a key factor for pollution during the rainy season. The Ciyaoche
River flows through agriculture-intensive areas, and the extensive aquaculture industry
and the scattered discharge of rural domestic sewage are sharply flowing into the Ciyaohe
River Basin with the strengthening of runoff [35]. In 2019, the Department of Ecology and
Environment of Shanxi Province and the Shanxi Provincial Public Security Department con-
ducted centralized inspections and found that the problem of scattered pollution discharge
was extremely serious [36].

Although the residual capacity of units 8, 9, and 10 in downstream of the main stream
did not show negative values during the wet season, the low value of residual capacity
showed the characteristics of a surge of pollutants with the increase in rainfall, and the
consumption of ideal capacity reached 21-40% of the year. It shows that NPS pollution is
still the main source in the lower reaches of the Fenhe River Basin in the wet season. These
units of the Fenhe River Basin are located in Linfen and Yuncheng areas, which are the
main grain and cotton production areas in Shanxi Province, so the contribution of NPS
pollution cannot be underestimated [37].

In addition to the negative value of residual capacity in the wet season, there were
high negative values of residual capacity in the downstream units 8, 9, and 10 in the dry
season in January and February. In general, the NPS pollution is low in the dry season,
while the point source pollution accounts for a large proportion [9]. Units 8, 9, and 10 lie
in the Linfen and Yuncheng sections, and a large number of industrial enterprises are
distributed along the banks, which may have a great impact on the water quality of the
Fenhe River Basin [38]. In addition, the Lanhe River in unit 2, the Wenyuhe River in unit 6,
and the Huihe River in unit 11 also showed negative values of residual capacity in April
and May. It may be because the water flow in April and May is low and the ideal capacity is
low, while the NPS pollution runoff is gradually strengthened [12]. Due to the joint action
of point source and non-point source, the total load of pollutants exceeds the ideal water
environment capacity [39].

Scientific quantification of water environmental capacity is the basis of watershed
pollutant management, and the accurate calculation of dynamic water environmental
capacity is the key to achieving accurate management of river basins. At present, researchers
have begun to explore management measures based on dynamic water environmental
capacity [40,41]. This study calculated the dynamic water environment capacity based on
the control unit. On the one hand, the pollution reduction policy can be better implemented
with the division of administrative regions. On the other hand, the management measures
can be determined more accurately and efficiently at different times for river basins based
on the dynamic water environment capacity.

4. Conclusions

The flow of the main stream in the upstream was relatively low. With the inflow of the
tributaries, the flow in the midstream and downstream gradually increased, and the flow
of the Linfen section in the lower reaches reached the highest. The final flow that merged
into the Yellow River was 16.08 m3/s. The flow in tributary was generally lower than the
main stream, the Wenyuhe River and the Huihe River had been cut off for many months in
the year. In terms of water quality, the upstream of the Fenhe River Basin, including the
source area of Fenhe River Basin and the outlet of Fenhe Reservoir, the water quality was as
well as level III. The load of pollutants in the midstream reached the highest, far exceeding
level III. The load of pollutants in the downstream decreased, but it also exceeded level III.
The water quality of the tributaries was generally serious, and only the water quality in
Xiaohe River was good, which met level III.

The residual capacities of NH3-N and TP in the main stream were all positive, which
indicated that the measures of vigorously promoting pollution in the Fenhe River Basin in
Shanxi Province in recent years are effective. However, based on the analysis of dynamic



Water 2023, 15, 1817 11 0f 13

water environment capacity, it showed that there was still a big gap in the stable and
accurate pollution control of the Fenhe River Basin. Especially in the wet season, the
problem of NPS pollution in the midstream and downstream is more prominent, resulting
in a high consumption rate of ideal capacity. At the same time, the water environment
capacities of different river sections were quite different. The consumption of ideal capacity
in the Taiyuan Section in the midstream was the highest, mainly occurring in the wet
season. The negative values of the residual capacity of NH3-N and TP reached the highest,
—131.3 tons/month and —12.1 tons/month. In addition, the consumption of the ideal
capacity in the downstream reached 21-40% of the whole year in the wet season. With
the rapid increase in rainfall, the surge of NPS pollution, and the peak of domestic water
consumption in summer, the water environment capacity is insufficient. In addition to the
impact of NPS pollution in the wet season, the impact of point source pollution on residual
capacity is also relatively large. Affected by point source pollution, the negative values of
residual capacity in downstream units 8, 9, and 10 were high in the dry season in January
and February.

The results of water environmental capacity showed that there was an obvious dif-
ference in different months of the year. Especially in the wet season, the NPS pollution
problem in the midstream and downstream was more prominent, resulting in a high-
capacity consumption rate. In addition, the water environmental capacity of different units
also varied greatly. The capacity consumption of the Taiyuan Section in the midstream was
the highest. The dynamic water environment capacity based on the control unit effectively
combined with the division of administrative regions, and the management measures were
more accurate and efficient for the river basin.
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