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The Helan section of the third drainage ditch in Ningxia is selected as the research object, and its water environmental capacity is analyzed; The Daily discharge and water level are calculated according to the measured data; Then the daily concentration values of the main water quality indexes are simulated by one-dimensional hydrodynamic water quality mathematical model; Finally, the dynamic water environment capacity is calculated. The results show that from May to October 2020, the main water quality indicators exceeding the standard in Helan section of the third drainage ditch were total nitrogen and five-day biochemical oxygen demand. Their water environmental capacity was −11.8744 t and −67.1173 t, respectively. Chemical oxygen demand and total phosphorus exceeded the standard severely in some months. There are problems of eutrophication and high organic content in drainage ditches. The primary pollution sources are aquaculture wastewater form fishery, farmland drainage, seasonal flood, and domestic sewage. It is suggested to take preventive measures such as source control, process blocking, and end treatment.
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Introduction

The rapid development of the economy and society has led to the aggravation of water pollution in many countries (Jiang, 2015; Haque, 2017; Noorhosseini et al., 2017). Water environmental capacity (WEC) is an essential index for the effective water quality management (Wang et al., 2021). The concept of WEC first appeared in the total maximum daily load management plan proposed by the United States in 1972 (Wu et al., 2021). It refers to the full amount of pollutants that can be accommodated in a particular water area under the limitation of target water quality (Sun et al., 2019; Wei et al., 2019). The estimation of WEC can quantify the total maximum allowable load and reasonably distribute it among different regions. It can coordinate social and economic development and marine environment protection (Jin et al., 2022). The research on water environmental capacity and total pollutant discharge control has become a hot topic (Huang et al., 2019). Scholars have done a lot of research on the calculation of WEC and established various calculation and evaluation methods. Such as the unascertained mathematical method (Chinh et al., 2017), multi-objective model (Li et al., 2016), geographic information system technology and water quality model (Li and Zou, 2015; Zhang et al., 2019; Dong et al., 2020). Among them, the water quality model has been widely used in WEC estimation, water pollution control, and management because it considers the hydrological and physical processes of pollutants (Yan et al., 2019; Feng et al., 2021). However, most existing studies only consider the water quality model and ignore the hydrological cycle (Ma et al., 2020). WEC is very sensitive to the change in hydrological elements and has prominent dynamic characteristics (Xie et al., 2014). Therefore, for the time scale of hydrological conditions, the smaller the time scale, the closer the calculated value of WEC is to the actual value. The runoff volume of small rivers in northern China is small and significantly affected by seasons. If a large time scale is adopted, the calculation results of WEC will be very conservative. Therefore, using dynamic hydrological conditions to study WEC is more in line with the actual situation.

After the ecological protection of the Yellow River Basin was proposed as a significant national strategy in 2019, ecological governance and high-quality development have become the main direction of the development of the Yellow River basin (Ma et al., 2022). As a typical region in the upper reaches of the Yellow River, the water quality of Ningxia is excellent significance to Ningxia and its lower reaches. In recent decades, due to the economic development, the increase in pollutant emissions, and the lack of governance capacity, the water environment pollution in Ningxia has been aggravated, and the high-quality development of the region has also been affected (Chen et al., 2020; Zhu et al., 2020; Zhang et al., 2021). There are 16 main drainage ditches into the Yellow River in Ningxia. They collect industrial, agricultural, and domestic sewage along the way and discharge it directly into the Yellow River. It has a significant impact on the water quality of the Ningxia section of the Yellow River. Among them, the third drainage ditch in Ningxia is located in the Yinbei irrigation district, which has the longest ditch line and the largest drainage area. According to the monthly report of surface Water Environmental Quality in Ningxia in 2021, the water quality of the third drainage ditch is Class IV, Class V, or even worse than Class V. This shows that the water in the third drainage ditch does not meet the standard requirements of the water discharged into the Yellow River. Therefore, it is necessary to analyze the water quality of the third drainage ditch and calculate its WEC, which can effectively guide the pollution control of the drainage ditch. In recent years, some scholars have researched on the WEC of rivers and lakes in Ningxia (Qiu et al., 2015; Kai et al., 2020; Ma et al., 2022). However, there is no study on dynamic water environmental capacity.

This paper takes the third drainage ditch in Helan County as the research area. Based on the measured data, the daily hydrological conditions are calculated by interpolation. Then, the one-dimensional hydrodynamic water quality mathematical model is used to predict the concentration of each water quality index. Finally, the formula method is used to calculate the dynamic WEC of the study area, which provides essential technical support for the water pollution control of the third drainage ditch. The research process is shown in Figure 1.
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FIGURE 1
 Flow chart of dynamic WEC calculation.




Overview of the study area

The third drainage ditch in Ningxia starts from Tuanjie Ditch in Helan County, flows through Changxin Township in Helan County and Xidatan in Pingluo County, and joins the fifth drainage ditch in Shizuishan City before entering the Yellow River. According to the administrative region, the third drainage ditch is divided into the Helan County section, the Pingluo county section, and the Huinong district section. The Helan section of the third drainage ditch starts from Wuqu village to Gaorong village, with a total length of 14.75 km and a drainage area of 106,900 mu. Its geographical location is shown in Figure 2.

[image: Figure 2]

FIGURE 2
 Study area diagram.


The water quality in the Helan County section of the third drainage ditch is poor, with prominent siltation and eutrophication (Table 1). Mountain torrents in summer, fisheries and aquaculture wastewater in spring and autumn, farmland drainage, and a small amount of rural sewage along the line into the drainage ditch. Sewage discharge is concentrated from May to October, and the icing period is from November to March following year.



TABLE 1 Basic situation of the Helan County section of the third drainage ditch.
[image: Table1]



Research methods


One-dimensional hydrodynamic water quality mathematical model

The one-dimensional hydrodynamic and water quality coupled mathematical model includes a continuity equation, momentum equation, and pollutant diffusion equation, and the equations are as follows (Sun et al., 2018):
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[image: image] is discharge, [image: image] is the distance from the inlet section, [image: image] is the area of wetted cross-section, [image: image] is time, [image: image] is lateral incoming (outgoing) flow (positive values are inflows), [image: image] is momentum correction factor, [image: image] is the acceleration due to gravity, [image: image] is water level, [image: image] is Chezy coefficient, [image: image] is the hydraulic radius, [image: image] is the concentration of the simulated substance, [image: image] is average flow velocity of river section, [image: image] is the longitudinal diffusion coefficient, [image: image] is the attenuation coefficient of the simulated substance, [image: image] is the concentration of pollutant sources.

The comprehensive attenuation coefficient of simulated substances is calculated according to Equation 4, where [image: image] is the initial sectional simulated substance concentration (Wu et al., 2021).
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Boundary conditions

Inlet boundary: set flow and the concentration of water quality indicators. The Daily discharge calculated from the measured data is used as the inlet flow. The measured data is used as the concentration of the inlet section.

Outlet boundary: the daily water level calculated from the measured data is used as the outlet water level.

Both sides of the channel are fixed, and have no slip.



Dynamic water environmental capacity model

Rivers and lakes in the north of China have extremely uneven annual water distribution and different hydrological conditions each month. Most of them have 3–5 months of icebound period, the water temperature drops, and the self-purification ability of the water body is weakened. As a result, the WEC of most northern waters is not a stable value in each period but constantly changes with the change in hydrological conditions (Ma et al., 2019). Therefore, using the dynamic WEC formula to calculate WEC is more in line with the actual situation. The calculation formulas of dynamic WEC based on the hydrodynamic water quality model are as follows (Sun et al., 2019):
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[image: image] is the WEC of control unit on day i, [image: image] is the target water quality concentration of the control section on the control unit, [image: image] and [image: image] are the daily average concentration and a daily average discharge of pollutants at the control section on the day, respectively, [image: image] is the total WEC, [image: image] is the number of days.



Hydrology and water quality data


Hydrological data

There is a hydrographic station (namely Gaorong station) near the exit section of the study area (the junction of Helan County and Pingluo County), and the location is shown in Figure 2. Data were collected from Gaorong Station once or twice a month in 2020, including parameters such as discharge, water level, section area, water surface width, and average section velocity.



Water quality data

The project team collects water samples according to the Technical Guidance on Water Quality Sampling (HJ494-2009). The experimenter analyzes the water quality according to the relevant requirements of “Technical Specifications for Surface Water and Sewage Monitoring (HJ/T 91–2002)” and “Monitoring and Analysis Methods for Water and Wastewater (Fourth Edition Supplement).” The sampling sites are shown in Figure 2.

The sampling time is from May to October 2020, and the frequency is once a month. The water quality of the water sample is Class V, and inferior to Class V. Principal component analysis is used to analyze the primary water quality indexes. The main indexes are ammonia nitrogen, total nitrogen, total phosphorus, permanganate index, chemical oxygen demand, and five-day biochemical oxygen demand.





Results and analysis


Calculate daily hydrological data

Interpolation method was used to calculate daily hydrological data. The commonly used interpolation methods are linear interpolation and nonlinear interpolation. The linear interpolation method is simple, easy to operate, and will not appear “out of bounds” phenomenon, but the obtained curve is not smooth, and the accuracy is low. However, the curve obtained by the nonlinear interpolation method is smooth, but it will appear “out of bounds” phenomenon. The piecewise cubic Hermite interpolation is a simple and efficient interpolation method, which can effectively solve this problem. At present, it has been widely used in many fields, such as scientific data modeling and river bed reconstruction.


Calculate the daily traffic

It can be seen from Figure 3 that the curve obtained by linear interpolation is not smooth. The curve obtained by cubic spline interpolation has the phenomenon of “out of bounds,” and the discharge has some negative values. And the maximum discharge calculated in December exceeds two m3/s, which is obviously inconsistent with the reality. However, the curve obtained by piecewise cubic Hermite interpolation is not out of bounds, which has good smoothness and high accuracy. Therefore, the piecewise cubic Hermite interpolation method is selected to calculate the daily discharge.

[image: Figure 3]

FIGURE 3
 Comparison of three interpolation methods.




Calculate the daily water level

The relationship between water level and discharge is a typical nonlinear relationship. The relationship between water level and discharge of open channel is usually calculated as shown in empirical Equation 7 (Liu et al., 2020):
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[image: image] is water level, [image: image] is discharge, [image: image] are undetermined coefficients.

The relationship between water level and discharge calculated from measured data is: [image: image].




Calculate the comprehensive attenuation coefficient of simulated substances

Equation 4 was used to calculate the comprehensive attenuation coefficient of simulated substances from May to October, as shown in Table 2. The average velocity of the cross-section and the concentration of the water quality index are used in the calculation. Among them, the concentration of water quality index adopts the measured value. The daily average sectional velocity was calculated from the measured hydrological data and daily discharge.



TABLE 2 Comprehensive attenuation coefficient values of simulated substances in the Helan section of the third drainage ditch in Ningxia.
[image: Table2]

Take the comprehensive attenuation coefficient of ammonia nitrogen in May in Table 2 as an example. Water samples were collected at the inlet and outlet on May 21. By substituting the measured concentration value and the velocity of the same day into Equation 4, the comprehensive attenuation coefficient of ammonia nitrogen can be calculated as 0.8. Therefore, the combined attenuation coefficient of ammonia nitrogen in May is 0.8.



Water quality simulation results and analysis

The time of water quality numerical simulation is from May 1 to October 31, 2020. Figure 4 shows the comparison between simulated and measured concentration values of water quality indicators at the outlet section. It can be seen from Figure 4 that the simulated values are relatively consistent with the measured values, indicating that the one-dimensional water quality mathematical model established is reliable.

[image: Figure 4]

FIGURE 4
 Comparison between simulated and measured values of water quality indicators. (A) Ammonia nitrogen. (B) Total nitrogen. (C) Total phosphorus. (D) Permanganate index. (E) Chemical oxygen demand. (F) five-day biochemical oxygen demand.


The Nash-Sutcliffe efficiency coefficient (NSE) is a normalized statistic that indicates the closeness of measured data and simulated data. NSE is calculated as shown in Equation 8 (Moriasi et al., 2007):

[image: image]

[image: image] is the measured value of a substance at time i, [image: image] is the simulation value of a substance at time i, [image: image] is the mean of measured data of a substance.

The value of NSE ranges from [image: image] to 1, including 1. NSE close to 1 indicates good quality and high reliability of the model. NSE close to 0 means that the simulation results are close to the average of the measured values, but the process simulation error is large. NSE is far less than 0, indicating that the simulation results are not credible.

The NSE of ammonia nitrogen, total nitrogen, total phosphorus, permanganate index, chemical oxygen demand, and five-day biochemical oxygen demand are 0.8544, 0.9069, 0.8982, 0.9476, 0.8998, and 0.9786, respectively. It shows that the one-dimensional hydrodynamic and water quality mathematical model established in this paper has good quality and high reliability.



Calculation results and analysis of water environmental capacity

As there are many sewage outlets and a large amount of sewage in the Pingluo section the downstream of Helan section, the water quality target of Shizuishan City’s drainage ditches into the Yellow River is required to be Class IV. Therefore, the water quality target of the exit section of the Helan Section is set as class IV, and the water quality index requirements are shown in Table 3.



TABLE 3 Environmental quality standard for Surface water (GB3838-2002).
[image: Table3]

The daily WEC is calculated by Equations 5, 6, so the WEC for each month from May to October 2020 is obtained, as shown in Table 4. A negative value indicates no WEC margin for this water quality indicator.

1. The WEC surplus of ammonia nitrogen in July, August and September are large, followed by October and June, and the minimum is in May. Because in May, the local spring ploughing period produces a large amount of irrigation recession, which contains a large amount of ammonia nitrogen.

2. The maximum WEC margin of total nitrogen appeared in July, but it was seriously insufficient in June and September. Because these 2 months are the fastest growing seasons for local fish, the aquaculture wastewater of fishery discharge along the line is large. Besides July, the water environment capacity of total nitrogen in each month has no margin, which indicates that there is water eutrophication in the drainage ditch. This can also be confirmed by the variety of aquatic plants growing in the ditch.

3. The WEC of total phosphorus is negative only in May and August. Because there is a large amount of total phosphorus in the drainage water of farmland in May. August is the local rainy season, and the non-point sources of pollution brought by rainfall and the increase of domestic sewage along the route are the leading causes.

4. The WEC of chemical oxygen demand and biochemical oxygen demand for five-day appeared at the maximum margin in September. Combining Figures 4E,F, it can be seen that the concentration values of these two indicators are basically in a low period in September compared with other months.

5. In August, except for the WEC of ammonia nitrogen and permanganate index, there is no margin for other indicators, indicating that the water quality in this month is the worst. In particular, the chemical oxygen demand and five-day biochemical oxygen demand exceeded the standard seriously, indicating that the organic content in the drainage ditch was the highest in August.



TABLE 4 Monthly water environment capacity of the study area.
[image: Table4]




Conclusion

This paper takes the Helan section of the third drainage ditch in Ningxia as the research object, and calculates the dynamic WEC from May to October 2020. The research shows that:

1. During the period from May to October 2020, the WEC of total nitrogen and five-day biochemical oxygen demand are both negative, which are −11.8744 t and −67.1173 t, respectively. Therefore, total nitrogen and five-day biochemical oxygen demand should be the leading pollution control indicators of Helan section of the third drainage ditch. The cause of this problem is the discharge of aquaculture wastewater of fishery and domestic sewage. Prevention and control measures should be taken to control the source, block the process and treat the end.

2. The WEC of chemical oxygen demand and total phosphorus are negative in some months, mainly due to farmland recession, non-point source pollution, and domestic sewage. It is suggested to explore from the watershed perspective and implement the best management measures for non-point source pollution. Pay attention to the development of green agriculture, establish an ecological agricultural system, and reduce chemical fertilizers and pesticides as much as possible.

3. Ammonia nitrogen and permanganate index have the allowance of WEC in each month, and the total allowance is 21.8463 and 67.7387, respectively. This indicates that these two indicators meet the requirements of environmental quality and do not require pollution control.
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nitrogen (1) ( phosphorus () index (t) demand (t) oxygen demand (t)
May 0.2450 ~0.1226 —0.0565 0.9351 1.2639 —0.7482
june L5111 —41798 00082 2005 110895 59810
July 66352 26458 1.0193 187161 21.4688 244925
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September 51009 —6.2146 05575 25.4330 845615 117502
October 3.1095 —2.8649 0.3243 10.3671 6.8184 —11.7304

total 218463 —11.8744 179 67.7387 1024318 —67.1173
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Month Ammonia  Total nitrogen  Total phosphorus  Permanganate ~ Chemical oxygen Five-day biochemical

nitrogen (d” @ (d) index (d1) demand (d)  oxygen demand (d-
May 08000 09000 1.0000 03100 0.0179 04000
June 0.3800 0 0.0300 0 0.0127 0.0042
July 01805 0.1052 01392 00201 0.0243 00158
August 17000 00679 00254 00106 00104 00088
September 17000 0.0078 0.1635 00719 01435 01284

October 00053 0 0.0099 0.0281 0.0159 00515
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Changxin township Wuqu village - L85

Xinhua village section

inhua village-Hongguang town 813

Gaorong village sects

Gaorong village-Helan Boundary section 477

‘The major source of pollution
Farmland, fish farming, residential areas,

and endogenous pollution

Farmland, fish farming, residential areas.

residential areas

The main problem
‘The mud in the ditch is black and smelly. A large amount of
untreated aquaculture wastewater i discharged into the ditch in
spring and autumn.

Due to the extraction of ditch water to irrigate farmland, the

e ditch is i

amount of water in the drai ficantly reduced,

the water quality is worse, and the trench is seriously silted up

Eutrophication of water.
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