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Dissolved oxygen (DO) concentration is an essential indicator for assessment of river ecosystems. A hydrodynamic and water quality mathematical model coupling one-dimensional and two-dimensional models is developed in this study. The characteristics of study area, flow velocity, temperature, and organic contamination are taken as consideration in the scenario setting. The changing processes of DO concentration are simulated in different scenarios, and the effects on DO concentration are discussed. Results indicate that: 1) A negative relation was present between DO concentration in Yongjiang River and releasing discharge of the Laokou hydro-project, since reoxygenation is greater than oxygen consumption along the river, DO concentration increases from upstream to downstream. 2) DO concentration increases with the releasing of DO in the water, which also varies along with the releasing of biochemical oxygen demand (BOD) concentration. Laokou exhibits the greatest increase of BOD, which ranges from 0.1 mg/L to 0.75 mg/L 3) The increasing of water temperature results in increased reoxygenation and a decrease in oxygen consumption. Our study shows that the water temperature increased from 19°C to 29 °C, and correspondingly saturated DO decreased from 9.25 mg/L to 7.54 mg/L. The study provides scientific support for ecology operation in the cascade river, and is expected to improve the water environment by reservoir regulation.
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INTRODUCTION
The dissolved oxygen (DO) concentration in a river is an essential indicator of the ecosystem assessment. DO decreases in rivers impacts the biological activities and results in reductions in benthic animal populations (Bu et al., 2021). A low DO concentration may slow the degradation of pollutions, weaken the capacity of water’s self-purification, and even decrease the quality of the aquatic ecosystem. In recent decades, hypoxia (DO < 2 mg L−1) has been frequently reported, which is an urgent warning for river ecosystem health (Ji et al., 2017).
According to the resources and consuming paths, DO balance is affected by atmosphere oxygen production, photosynthesis, and biochemical consumption (e.g., degradation of organic matter, degradation of sediment pollutants, respiration of animals and plants). Thus, the formation of hypoxia depends on the interaction between physical and biochemical processes in the water column. In addition, the DO budget in a river is related to the spatial-temporal change of temperature, salinity, nutrients, underwater topography, and wind (Hutchins et al., 2021). River morphology also influences the DO concentration in the river environment. In the one-way river, DO concentration is mainly affected by upstream runoff, while in the tidal river, the mechanism of DO concentration can be more complex due to the tidal effect (Li et al., 2020).
Numerous studies focus on the prediction of DO concentration in a river system and the development of advanced modeling techniques are generally classified into two types: 1) the watershed model, such as SWAT (Arnold et al., 1998), HBC-N (Arheimer and Brandt, 1998), and HEQM (Zhang et al., 2016), which describes the rainfall-runoff processes at the basin scale; and 2) the hydrodynamic model, such as MIKE (Warren and Bach, 1992), EFDC (Hamrick, 1992), and HEC-RAS [HEC (Hydrologic Engineering Center), 1997], which are used to derive the detailed changing processes of water quality and quantity. With the development of artificial intelligence (AI) models and machine learning technology, water quality indicators can be modeled by artificial neural networks (Kisi et al., 2012; Chen and Liu, 2014; He et al., 2014; Zhang et al., 2019), fuzzy logic (Altunkaynak et al., 2005; Giusti and Marsili-Libelli, 2009; Heddam, 2014), and support vector machine (Tarmizi et al., 2014; Yu et al., 2016; Ji et al., 2017). These studies demonstrate the advantages of applying data-driving technology in DO prediction, including the requirement of less input data and the solution of non-linear problems.
However, challenges still remain for accurately predicting DO levels in river systems. This is because of changes in flow regime and accompanying disturbance in water quality processes due to dam construction and reservoir regulation. These anthropogenic activities in river systems usually couple with dynamic and complex biochemical processes. Although many efforts have been devoted to minimize the impact of changing DO in response to anthropogenic disturbance, water quality has a tendency to deteriorate in water systems due to water balance alterations resulting from climate change in recent years. Extreme hydrological events in lakes and reservoirs, such as flooding, probably increase water column turbidity, which in turn hinder plant photosynthetic activity, and eventually disturb aquatic ecosystems (Jeppesen et al., 2015). Furthermore, considering water infrastructure regulations, simulation integrating water quality and water quantity models have been conducted in some studies, and demonstrate that the water quality in downstream flow is related to upstream flow and the pollution transportation in dammed water systems (Lopes et al., 2004; Zuo et al., 2015; Jiang et al., 2016).
The Yongjiang River, the tributary of Xijiang River in the Pearl River system, is located in Nanning City of China. As the most important drinking water source to Nanning City, the river provides 90% of the total water supply of Nanning City (Zhang et al., 2020). The total length of the mainstream is 133.8 km, with a watershed area of 73728 m2. The average annual runoff of Yongjiang River is 1,292 m3/s. The Yongjiang cascade reach is the river reach between the Laokou Hydro-project and Yongning Hydro-project, with the length of 74 km. There are 17 inland rivers in Nanning City which afflux into the Yongjiang cascade river. The Laokou hydro-project is located in the upper Yongjiang River, and started to operate in 2014, undertaking the tasks of comprehensive utilization, such as flood control, navigation, and power generation. The Yongning hydro-project is a non-regulated reservoir, located in the lower Yongjiang River. In order to reduce the inundated area, the reservoir operates at a lower water level once the flow is more than 1,500 m3/s. Since the Yongning Hydro-project was built and put into operation in October of 2018, the cross-section width became 300 ∼ 570 m, and the water depth became 7 ∼ 20 m in the Yongjiang cascade reach.
When the Yongning hydro-project was built, the pollution in the Yongjiang cascade river reach was affected by the release of discharge from the Laokou hydro-project if the sewage flowing into the river was constant. With the development of cascade rivers, the local economy and industry greatly improved. Meanwhile, the river ecosystem changed. The Laokou section is the state-controlled section, which is located in the upstream of the Laokou hydro-project. According to the measured data, DO concentration in the year of 2016 was high in general, and had a higher concentration in autumn and winter. In contrast, the DO concentration was lower in spring and summer. In the year of 2017, the DO concentration changed a little, and the seasonality of DO concentration was not obvious. In May of 2018, the DO concentration of the Laokou section reached the lowest value. Temporally, water quality was good in the Yongjiang cascade river reach under the most condition, however, the low concentration of DO still existed occasionally. Spatially, the DO concentration tended to descend from upstream to downstream, and then reverse. The probable reason is related to the population concentration in Nanning City. Because inland and sewage outlets drain into the Yongjiang cascade reach, the organic pollutants increase, and the oxygen consumption for degradation increases correspondingly.
With the disturbance of hydro-projects regulation in the Yongjiang cascade river, water quality displays dynamic and complex processes. In order to address the mechanisms of ecology operation in the cascade river, it is essential to study the spatial patterns of dissolved oxygen and its impacts on the Yongjiang cascade river. The objectives of this study are to: 1) Assess the impacts of discharge, water quality (BOD concentration), and temperature of Laokou River on DO concentration of the study area; and 2) discuss the spatial trend of DO concentration and identify the underlying mechanism.
MODEL DEVELOPMENT
Generalization of the Study Sites
The Laokou hydro-project and Yongning hydro-project play the main role in regulating the water quantity in the Yongjiang cascade reach. Specifically, the water environment in the study region is greatly affected by water quality of released discharge from the Laokou hydro-project, and thus the simulation of water quality is affected by regulation of the Yongning hydro-project. Therefore, the upper boundary is defined as the Laokou hydro-project, and 2 km downstream of the Yongning hydro-project is defined as the lower boundary in the study region. The river system of the study area is shown in Figure 1, and the inland rivers are listed in Table 1.
[image: Figure 1]FIGURE 1 | River system in Nanning City.
TABLE 1 | Inventory of inland rivers in Nanning City.
[image: Table 1]The Yongjiang cascade river has a board water surface, which is the typical two-dimensional flow, and thus MIKE 21 was adopted to simulate the two-dimensional hydrodynamic water quality. Meanwhile, because the Yongning hydro-project is located in the Yongjiang cascade river, the sluice of the Yongning hydro-project should be generalized by the one-dimensional model. Therefore, the river reach starting from 2 km upstream of the Yongning hydro-project to 2 km downstream of Yongning hydro-project was generalized as a one-dimensional river, in which eight cross-sections are located. A real-time dynamic coupling of hydrodynamics between one-dimensional and two-dimensional models was realized by using the MIKE FLOOD, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Topography coupled by MIKE FLOOD.
Meshing of the study area was implemented with an unorganized irregular triangle network (Danish Hydraulics Institute, 2012a; Danish Hydraulics Institute, 2012b). After terrain meshing, a total of 1,549 nodes and 2,849 grids were divided. The cross-section data in the year of 2009 and measured underwater topography in the year of 2010 were adopted in this study. There are 17 inland rivers and seven sewage outlets in the Yongjiang cascade catchment, which were generalized as point-sources. The normal water level of the Yongning hydro-project is 67 m, the sluices open when the released discharge is more than 1,500 m3/s. Therefore, the Yongning hydro-project was generalized as four sluices which are 75 m wide and 67 m high, when the water level before sluicing is higher than 67 m, the sluices open. Otherwise, the sluices are closed.
Boundary Conditions
The outer boundaries of the hydrodynamic model include the upstream flow boundary of rivers and the lower boundary of the water level. In this study, the measured released discharge of the Laokou hydro-project was set as the upper boundary, while the water level data at the cross-section of 2 km downstream of the Yongning hydro-project were set as the lower boundary. Due to the lack of measured water level data of the Yongning hydro-project, the water level was calculated by the relation curve between water level and discharge. The sewage inflow was set as the inner boundary of the hydrodynamic model, in which 17 inland river and seven sewage outlets are included.
The outer boundaries of the water quality model include the upstream water quality boundary and the downstream water quality boundary. The water quality monitoring data on the released discharge of the Laokou hydro-project were set as the upstream water quality, while the downstream water quality boundary was set according to water quality monitoring data of Yongning hydro-project. The inner boundary of the water quality model was mainly the pollutant imports from 17 inland river and seven sewage outlets.
Calibration and Validation
As the measured data were available, the Nanning hydraulic station was taken as the site point for calibration and validation. Synchronous measured hydrologic data from 07:00 to 21:00 on June 13, and from 08:00 to 20:00 on July 7, 2018, were applied for model calibration and validation, respectively. Roughness is a dimensionless number, which indicates the flow resistances. Roughness of the two-dimensional river reach in the study area was determined in the interval of 0.027∼0.03 after calibration and validation, while roughness of the one-dimension river reach was in the interval of 0.028∼0.031.
The degradation coefficient of pollutants is mainly used to describe the self-purification effect of pollutants in the catchment area. The diffusion coefficient influences temporal and spatial distribution laws of pollutant concentrations. Taking four cross-sections with water monitoring data as the site point for calibration and validation, synchronous measured water quality data on June 13 and July 7 of 2018 were applied for calibration and validation, respectively. Degradation coefficient was determined as 0.1 d−1 and the diffusion coefficient was 15 m2/s after calibration and validation.
DO SIMULATION AND SPATIAL DISTRIBUTION
1) Scenario setting
The Yongjiang cascade river reach is an inland river. It has low salinity and is rarely subject to wind effects. Therefore, flow velocity, temperature, and organic contamination were considered in the scenario setting.
For discharge flow scenarios of the Laokou hydro-project, the minimum release flow satisfying the ecology requirement was 243 m3/s. Monthly average discharge flow in low, normal, and high flow years was 902 m3/s, 1,081 m3/s, and 1,600 m3/s, respectively (Zhao, 2017). Furthermore, the discharge flow in the flooding period of 2,500 m3/s was considered. The corresponding lower boundaries of water level were determined by interpolation. We took the minimum DO concentration of discharge flow in the Laokou hydro-project in June of 2018 as the upper boundary of water quality, which was 4.0 mg/L, while the corresponding BOD concentration was 0.8 mg/L and water temperature (T) was 29°C. The water quality on the cross-section of 2 km downstream of the Yongning Hydro-project was set as the lower boundary, which was 5.5 mg/L for DO concentration, 1.0 mg/L for BOD concentration, and 29°C for water temperature.
In order to determine whether the DO concentration in the study region was affected by releasing the DO concentration of the Laokou hydro-project, five scenarios of the upper boundary for DO concentration were set as follows: 4.0 mg/L, 4.5 mg/L, 5.0 mg/L, 5.5 mg/L, and 6.0 mg/L. Similarly, six scenarios of upper boundary for BOD concentration were set as follows: 0.8 mg/L, 2.0 mg/L, 3.0 mg/L, 4.0 mg/L, 5.0 mg/L, and 6.0 mg/L. Furthermore, the average water temperature in the seasons were set as boundaries, which were 21°C in spring, 27°C in summer, 29°C in autumn, and 19°C in winter.
2) Simulation analysis
According to the measured data of discharge and water quality in the year of 2018, DO simulation was conducted based on the coupled model of hydrodynamic and water quality. Different scenarios of discharge flow, water quality, and water temperature were analyzed.
The change process of DO in different scenarios of discharge flow was analyzed, as shown in Figure 3 and Figure 4A. Results indicate that DO concentration was negatively correlated with the discharge flow of the Laokou hydro-project, and the spatial trend of DO concentration increased from upstream to downstream.
[image: Figure 3]FIGURE 3 | Change process of DO concentration for different discharge flow scenarios of the Laokou hydro-project, (A) 243 m3/s; (B) 902 m3/s; (C) 1,081 m3/s; and (D) 2,500 m3/s.
[image: Figure 4]FIGURE 4 | Spatial trend of DO concentration in different control points, (A) discharge flow scenarios; (B) releasing DO scenarios; (C) releasing BOD scenarios; and (D) water temperature scenarios.
The changing process of DO under different scenarios of water quality was analyzed, as shown in Figures 4B,C. Results indicate that DO concentration was positively correlated with released DO from the Laokou hydro-project, and spatial trend of DO concentration increased from upstream to downstream, where the linear relationships were displayed. However, DO concentration was negatively correlated with releasing BOD from the Laokou hydro-project. Spatial trend of DO concentration decreased on the control points. The falling speed of DO concentration was faster on the cross-sections of Pumiao and Baozitou. Furthermore, if the releasing BOD concentration was less than 3 mg/L, DO concentration increased from upstream to downstream. In contrast, if the releasing BOD concentration was beyond 3 mg/L, DO concentration on Pumiao became gradually lower than in other cross-sections; if the releasing BOD concentration was 6 mg/L, DO concentration on Pumiao reached the minimum in the four control points.
The change process of DO under different scenarios of water temperatures was analyzed, as shown in Figure 4D. The results indicate that DO concentration was negatively correlated with water temperatures. Spatial trend of DO concentration decreased on the control points. The DO concentration decreased at its slowest on the cross-sections of Laokou.
DISCUSSION
Effects of Discharge Flow on River DO
The Yongjiang cascade river is a single-direction catchment, and DO concentration is affected by released discharge from the Laokou hydro-project. With the increase of released discharge, DO concentration increased accordingly from upstream to downstream. In sewage inlets into the river reach, since the BOD concentration is low in the upstream water and in polluted water, reoxygenation is greater than oxygen consumption in the study region, which causes DO concentration to increase and water quality to improve. Keeping other conditions constant, the releasing discharge of the Laokou hydro-project influences the DO concentration in Yongjiang cascade river by changing the hydrodynamic conditions. Since the Yongning hydro-project has the function of impounding flood water, with the increase of releasing discharge from Laokou, flow velocity increases and water level increases obviously, which changes the hydrodynamic conditions in the river reach. The reoxygenation rate changes accordingly, thus effecting DO concentration in the study region. Taking 1,081 m3/s and 2,500 m3/s as examples, the flow velocity distribution is shown in Figure 5. Results indicate that the flow velocity is faster when the releasing discharge increases, and it is faster in the river bank than in the river center. The reason is that flow velocity is related to the elevation of a cross-section. If releasing discharge upstream increases, the Yongning hydro-project impounds flood water, and water level increases obviously. Because elevation is lower in the river bank than in the river center, water depth is greater in the river bank than in the river center. The corresponding water depth distribution is shown in Figure 5. It is clear that flow velocity is slow if water depth is greater. Moreover, if the releasing discharge increases, flow velocity in the river center becomes slower, and an increase is smaller than in the river bank. With the influence of variation in hydrodynamic conditions, reaeration rate distribution is shown in Figure 6A. Results indicate that reaeration rate decreases with the increase of releasing discharge, and reaeration rate is greater in the river bank than in the river center. Furthermore, water depth has a greater influence on reaeration rate than flow velocity. Therefore, when released discharge increases, reaeration rate decreases in the study region. Especially in the river center, reaeration rate reduces quickly. Reaeration rate of DO concentration decreases, which slows the reaeration process and keeps the water quality of releasing discharge and sewage outlets constant. Because oxygen consumption is invariable, the DO concentration thus decreases in the river reach.
[image: Figure 5]FIGURE 5 | Flow velocity distribution and water depth distribution in different scenarios of releasing discharge, (A) 1,081 m3/s; (B) 2,500 m3/s.
[image: Figure 6]FIGURE 6 | Change process in different releasing discharge scenarios, (A) reaeration rate, (B) water depth.
When the Yongning hydro-project impounds flood water, the water level rises in the river. The water level upstream also rises due to the effect of return water, but water depth is different between upstream and downstream, which results in differences in the reaeration rate. The changing process of reaeration rate under different scenarios is shown in Figure 6A. It can be observed that the reduction of the reaeration rate at the Laokou section is greatest with the increase of releasing discharge, followed by the Nanning section. However, for Baozitou and Pumiao located downstream of the river reach, their water depths change a little because of the impound function of the Yongning hydro-project, as shown in Figure 6B. Therefore, the reaeration rates at the Baozitou section and Pumiao section rarely change. Due to the obvious influences of water depth, with the increase of releasing discharge, the greater the water depth changes, the greater the reaeration rates changes. The results also highlight that if the releasing DO concentration is low and kept constant, increasing the releasing discharge of the Laokou hydro-project will not improve the DO concentration in the Yongjiang cascade river.
Effects of Releasing DO Concentration
The oxygen consumption process is influenced by releasing discharge, BOD concentration, sewage outlet, and water temperature, and DO concentration in the Yongjiang saccade river reach increases with the increasing DO concentration of releasing discharge from the Laokou hydro-project. Meanwhile, the releasing DO concentration is affected by restoration rate, saturated DO concentration, and DO concentration in the local water environment. Oxygen restoration varies since DO concentration is different. The higher the DO concentration of releasing discharge from the Laokou hydro-project, the closer the approach to saturation, the slower the oxygen restoration rate in the river, leading to less restoration. When the DO concentration of releasing discharge from the Laokou hydro-project is 4.5 mg/L, the oxygen restoration distribution in the study region decreases as shown in Figure 7. It is clear that DO concentration increases from upstream to downstream, while reoxygenation in the river decreases from upstream to downstream. More reoxygenation results in the greater increase of DO concentration. Thus, DO concentration of the upper river has a greater increase when the releasing DO concentration increases. In this study region, a greater increase of DO concentration occurs in the control points of Laokou and Nanning, which are located on the upper river of Yongjiang.
[image: Figure 7]FIGURE 7 | Change process of reoxygenation in different releasing DO scenarios.
Effects of Releasing BOD Concentration
With the increase of releasing BOD from the Laokou hydro-project, BOD degradation requires more oxygen consumption, which results in the decrease of DO concentration. Meanwhile, the growth of DO concentration exhibits a decrease trend from upstream to downstream. When BOD concentration reaches a critical value, the oxygen consumption is greater than reoxygenation in the water environment, which causes DO concentration to exhibit a decreasing trend. As a result, the DO concentration is lower in the lower river.
In this study, the main sewage outlets are located in the upper and mid river, with the increase of releasing BOD, BOD concentration increases in the mid and lower river. However, the oxygen consumption is greater. When the reoxygenation remains constant, DO concentration decreases in the middle and lower river. As shown in Figure 8A, oxygen consumptions of BOD degradation are similar among the control points when BOD concentration is 0.8 mg/L; oxygen consumptions increase with the increase of BOD concentration, and Laokou exhibits the greatest amount of increase, increasing from 0.1 mg/L to 0.75 mg/L. The changing processes of BOD are shown in Figure 8B. It can be seen that the increases of reoxygenation are small, reoxygenation of the Laokou control point is 1.3 mg/L, which is the greatest value of reoxygenation. On the contrary, reoxygenation of Pumiao, located in the lower river, is the lowest for the flood impounding effect of the Yongning hydro-project.
[image: Figure 8]FIGURE 8 | Change process of BOD concentration, (A) oxygen consumption; (B) reoxygenation.
When releasing BOD concentration is less than 4 mg/L, reoxygenation is greater than oxygen consumption. DO concentration in the study region increases from upper to lower river, correspondingly. When releasing BOD concentration is more than 4 mg/L, reoxygenation is greater than oxygen consumption in the upper and middle river, DO concentration thus increases from upper stream to lower stream. This changing trend is reversed in the lower river, in which oxygen consumption is greater than reoxygenation. As a result, DO concentration decreases. Therefore, DO concentration in the downstream is lower than in the upper and middle river of Yongjiang.
Effects of Water Temperature
Reoxygenation and oxygen consumption are both influenced by water temperature. With the increasing of water temperature, the saturated dissolved oxygen decreases, and the reoxygenation effect in the river decreases accordingly. As shown in Figure 9A, the saturated DO concentrations at control points are almost equal, and display an obvious decreasing trend. In detail, the water temperature increases from 19°C to 29°C, and the correspondingly saturated DO decreases from 9.25 mg/L to 7.54 mg/L. However, reoxygenations at control points present a decreasing trend with the increase of water temperature. Reoxygenations in Laokou and Nanning are therefore greater, and the reoxygenation decreases in Laokou and Nanning are also greater than that at Baozitou and Pumiao, as shown in Figure 9B. Furthermore, the increase of water temperature enhances BOD degradation, as shown in Figure 9C. Thus, with the increase of water temperature, reoxygenation decreases at the control points, oxygen consumption increases, and DO concentration in study region decreases. Moreover, the decrease of BOD is greater in Nanning, Baozitou, and Pumiao, since water temperature enhances BOD degradation, the BOD can be quickly degraded when released into the river. With the increase of water temperature, oxygen consumption increases, reoxygenation is weaker in Nanning, Baozitou, and Pumiao, and thus the decrease of DO concentration is greater than that of Laokou. A negative relation occurs between water temperature and DO concentration. Especially in the downstream, the effect on DO concentration is more obvious.
[image: Figure 9]FIGURE 9 | Change process of temperature, (A) DO concentration; (B) reoxygenation; (C) BOD concentration.
CONCLUSION
With the influences of the Laokou hydro-project and Huning hydro-project, the hydrodynamic conditions in the study area has changed, which aggravates the decrease of DO concentration. A hydrodynamic and water quality mathematical model coupling one-dimensional and two-dimensional models is developed to simulate DO concentration in the river reach. Under different scenarios of releasing discharge of the Laokou hydro-project, DO concentration, BOD concentration, and water temperature are assessed. Then, the spatial trend of DO concentration in Yongjiang river are simulated, and the influence mechanisms of reoxygenation and oxygen consumption are discussed. The study provides a scientific support for ecology operation in the cascade river, and is expected to improve the water environment by reservoir regulation. The main findings are concluded as follows:
1) A negative relation exists between DO concentration in Yongjiang River and releasing discharge of the Laokou hydro-project. The increase of discharge enhances flow velocity, but the impounding effect of the Yongning hydro-project downstream increases the water level, and changes in water depth are more obvious than that of flow velocity. Thus, with the increase of releasing discharge, reoxygenation rate decreases, and DO concentration decreases correspondingly. Since reoxygenation is greater than oxygen consumption along the river, DO concentration increases from upstream to downstream.
2) DO concentration increases with the increase of releasing DO concentration, and the growth of DO concentration in the upper river is greater than in the lower river. DO concentration is influenced by releasing BOD concentration. When releasing BOD concentration is less than 4 mg/L, reoxygenation is greater than oxygen consumption in the upper and mid river, the growth of DO concentration in the upper river is greater than the lower river. Whereas, this changing trend is reversed in the lower river, DO concentration in the downstream is lower than in the upper and middle river of Yongjiang.
3) Reoxygenation and oxygen consumption are both influenced by water temperature. The increasing water temperature causes reoxygenation to increase and the oxygen consumption to decrease, DO concentration will decrease. Since the water temperature effects are more obvious in the mid and lower river of Yongjiang, the corresponding decline of DO concentration is greater than in the upper river.
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