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Abstract. The construction of large reservoirs results in the formation of tributary 8 

bays, and tributary bays are inevitably influenced by backwater jacking and intrusions 9 

from the main reservoir. In this paper, a typical tributary bay (Tangxi River) of the 10 

Three Gorges Reservoir (TGR) was selected to study the hydrodynamic and 11 

environmental characteristics of a tributary bay influenced by the jacking and 12 

intrusions from the main reservoir. The flow field, water temperature and water 13 

quality of the Tangxi River were simulated using the hydrodynamic and water quality 14 

model CE-QUAL-W2, and the eutrophication status of the tributary bay was also 15 

evaluated. The results showed that the main reservoir had different effects on its 16 

tributary bay in each month. The tributary bay was mainly affected by backwater 17 

jacking from the main reservoir when the water level of the main reservoir dropped 18 

and by intrusions from the main reservoir when the water level of the main reservoir 19 

rose. An obvious water quality concentration boundary existed in the tributary bay, 20 

which was consistent with the regional boundary in the flow field. The flow field and 21 
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water quality on both sides of the boundary were quite different. The results of this 22 

study can help us figure out how the backwater jacking and intrusions from the main 23 

reservoir influence the hydrodynamic and water environment characteristics of the 24 

tributary bay and provide guidance for water environment protection in tributary bays. 25 

Keywords: tributary bay, main reservoir, backwater jacking, intrusion, hydrodynamic 26 

conditions, environmental factors 27 

1 Introduction 28 

The functions of water conservancy and hydropower projects include power 29 

generation, flood control, irrigation and shipping, which play an important role in 30 

human social life (Deng and Bai, 2016; Zhang, 2014; Peng, 2014). In recent years, a 31 

large number of high dams, with heights of even 300 m, have been planned or 32 

completed in the middle and upper reaches of the Yangtze River to meet the 33 

increasing energy demand (Zhou et al., 2013). These dams block fish migration routes 34 

between upstream and downstream regions (Oldani and Claudio, 2002; Ziv et al., 35 

2012) and change the fish communities (Gao et al., 2010). In the flood season, flood 36 

discharge produces water that is supersaturated in dissolved gas in the downstream 37 

river channel (Feng et al., 2014; Lu et al., 2011; Wang et al., 2011; McGrath, 2006). In 38 

the reservoir area, the elevated water level produces a much slower water velocity, 39 

which results in sediment deposition, eutrophication, and stratification in terms of 40 

water temperature and water quality (Zhu, 2017; Wu, 2013; Zhang et al., 2011). 41 

Backwater extends to some tributaries after the construction of dammed-river 42 
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reservoirs, which causes the water depth to increase and the water velocity to slow in 43 

these tributaries, thus forming water areas similar to lakes known as a tributary bay 44 

(Yu et al., 2013). Backwater areas represent the connection between different habitats 45 

in the main stream and the tributary and are also an important location for physical, 46 

chemical and biological exchanges between adjacent habitats (Zhang et al., 2010). 47 

After the impoundment of a reservoir, the hydrodynamic conditions and the 48 

environmental factors (water temperature, water quality, etc.) of the tributaries in the 49 

reservoir area are affected by the main stream and exhibit complex distribution 50 

characteristics (Xiong et al., 2013). Backwater jacking occurs in tributaries when 51 

dams or other obstructions raise the surface of the water upstream from them. 52 

Intrusion is the process by which water from the mainstream intrudes into the 53 

tributary. A tributary bay is always influenced by backwater jacking and intrusions 54 

under fluctuations of the water level of the main reservoir because such changes 55 

induce changes in the hydrodynamic conditions in the tributary bay (Ji et al., 2010; 56 

Wang et al., 2014). The horizontal flow velocity near the confluence becomes uneven 57 

in the tributary bay, and the flow field distribution tends to gradually change with 58 

increasing distance from the confluence (Hu et al., 2013; Yin et al., 2013). The water 59 

level of a reservoir changes constantly to meet multiple requirements, which results in 60 

changes in water temperature and water environment in tributary bays (Fu et al., 2010; 61 

Holbach et al., 2013; Yang et al., 2013). Existing studies have shown that water level 62 

fluctuation has become a major cause of recent eutrophication and pollution problems 63 
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in the Three Gorges Reservoir (TGR), particularly within its tributary backwaters 64 

(Holbach et al., 2015). After the impoundment of reservoirs, eutrophication and 65 

eutrophication-related problems often occur in tributary bays due to changes in 66 

nutrient patterns (Yang et al., 2010; Liu et al., 2012; Ran et al., 2019). Therefore, 67 

exploring the distribution and evolution of the hydrodynamic and water environment 68 

characteristics of tributary bays in response to backwater jacking and intrusions from 69 

the main reservoir is a key to solving eutrophication problems.  70 

Many recent studies have paid attention to the deterioration of the water 71 

environment in tributary bays. In response to the operation of cascade reservoirs, a 72 

series of profound geological, morphological, ecological, and biogeochemical 73 

responses will appear in the estuary, delta, and coastal sea of the Yangtze River 74 

subaqueous delta (Hu et al., 2009). Some scholars have found that the water quality of 75 

the TGR was relatively stable before and after impoundment but that the water quality 76 

of tributary bays deteriorated, resulting in frequent algal blooms (Liu et al., 2016; Zou 77 

and Zhai, 2016; Cai and Hu, 2006). Changes in the vertical mixing of layers driven by 78 

stratified density currents were the key factor in the formation of algal blooms (Tang 79 

et al., 2016; Zhang et al., 2015). Through isotopic measurements in the Xiangxi River 80 

or other tributaries of the TGR, it has been found that the nutrients in tributary bays 81 

did not originate solely in the tributary basins but instead were mainly from the main 82 

stream of the Yangtze River and that the nutrient levels were affected by constantly 83 

changing hydrodynamic conditions across seasons (Holbach et al., 2014; Yang et al, 84 
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2018; Zheng et al., 2016). A rise in the water level may lead to a rise or decline in the 85 

chlorophyll content depending on the water cycle mode in the tributary (Ji et al., 86 

2017). Previous studies have paid considerable attention to changes in hydrodynamic 87 

characteristics and the deterioration of the water environment in the tributaries but 88 

have not considered the influence of the main reservoir (Zhao, 2017; Long et al., 89 

2019). There are few systematic studies on the variation in the hydrodynamic and 90 

water environment characteristics of tributary bays influenced by backwater jacking 91 

and intrusions from the main reservoir. There are many open questions regarding the 92 

functions of these types of systems: How does the operation of the main reservoir 93 

affect tributary bays? How do hydrodynamic forces and the water environment of 94 

tributary bays respond to backwater jacking and the intrusion of water from the main 95 

reservoir? What controls the water environment of tributary bays? These questions 96 

have not yet been resolved. 97 

The Tangxi River is a typical tributary bay of the TGR, and it has been severely 98 

influenced by backwater jacking and intrusions in recent years. This phenomenon 99 

accelerates the deterioration of the water environment of Tangxi River. Thus, the 100 

Tangxi River was selected as the focus of this study. Based on the collection and 101 

analysis of basic data, we simulated the flow field, water temperature, and water 102 

quality of the Tangxi River using the hydrodynamic and water quality model 103 

CE-QUAL-W2. This model performs well in computing the velocity, the intrusion 104 

layer at the plunge point, and the travel distance of the density-driven current (Long et 105 
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al., 2019), and many scholars have obtained good results using this model to simulate 106 

the hydrodynamics, water temperature and water quality of reservoirs and lakes 107 

(Bowen and Hieronymus, 2003; Lung and Nice, 2007; Berger and Wells, 2008; 108 

Debele et al., 2008; Noori, 2015; Long et al., 2018). We also evaluated the 109 

eutrophication status of the tributary bay and systematically identified the influence of 110 

backwater jacking and intrusions from the main reservoir on the tributary bay. The 111 

results of this study can help us to figure out how the backwater jacking and 112 

intrusions from the main reservoir influenced the hydrodynamic and water 113 

environment characteristics of the tributary bay and provide guidance for water 114 

environment protection in tributary bays. 115 

2 Materials and methods 116 

2.1 Research area 117 

The main stream of the Yangtze River has a total length of approximately 6300 km 118 

and a drainage area of approximately 1.8 million km2. The reach between Yichang 119 

City and Hubei Yibin City in Sichuan is considered the upper reaches of the Yangtze 120 

River, which has a length of 1045 km and a natural drop of 220 m. The drainage area 121 

of the upper Yangtze River is 527000 km2, and the average annual flow at the location 122 

of Three Gorges Dam is 14300 m3/s (Fan, 2007). 123 

The Tangxi River is a first-order tributary of the upper Yangtze River and has a 124 

total length of 104 km, a drainage area of 1707 km2 and an average annual flow of 125 

57.2 m3/s. After the completion of the TGR, the Tangxi River became a tributary bay 126 
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of the TGR. In this paper, the 42.6 km long reach of the Tangxi River affected by the 127 

backwater jacking and intrusions from the TGR was selected as the study area (Fig.1). 128 

 129 

Fig. 1. Research area and hydrologic system of the Tangxi River Basin. (a) Location 130 

of the research area relative to China; (b) Location of the research area relative to 131 

Chongqing; (c) Hydrologic system of the research area. 132 

2.2 Numerical simulation of hydrodynamic and environmental factors in the 133 

tributary bay 134 

2.2.1 Mathematical model 135 

The vertical two-dimensional model CE-QUAL-W2 solves the width averaged 136 

equations and is appropriate for simulating flow in long narrow water bodies. This 137 

model was adopted for the calculation of the hydrodynamic conditions, water 138 
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temperature and water quality in the tributary bay (Thomas and Scott, 2008). The 139 

model is solved by coupling the governing equations, a transport equation and a 140 

surface heat exchange equation. The computational domain was divided into 107 × 38 141 

(longitudinal × vertical) rectangular cell grids with a longitudinal dimension of 400 m 142 

and vertical dimension of 2 m (Fig. 2). 143 

 144 

Fig. 2. Grid structure of the research area. 145 

The governing equations of the model are as follows. 146 

The continuity equation: 147 

𝜕𝑈𝐵

𝜕𝑥
+

𝜕𝑊𝐵

𝜕𝑧
= 𝑞𝐵                                                     (1) 148 

The x-momentum equation: 149 

𝜕𝑈𝐵

𝜕𝑡
+

𝜕𝑈𝑈𝐵

𝜕𝑥
+

𝜕𝑊𝑈𝐵

𝜕𝑧
= 𝑔𝐵 𝑠𝑖𝑛 𝛼 −

𝐵

𝜌

𝜕𝑃

𝜕𝑥
+

1

𝜌

𝜕𝐵𝜏𝑥𝑥

𝜕𝑥
+

1

𝜌

𝜕𝐵𝜏𝑥𝑧

𝜕𝑧
                    (2) 150 

The z-momentum equation: 151 

1

𝜌

𝜕𝑃

𝜕𝑧
= −𝑔 𝑐𝑜𝑠 𝛼                                                     (3) 152 

The free water surface equation: 153 
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𝐵𝜂
𝜕𝜂

𝜕𝑡
=

𝜕

𝜕𝑥
∫ 𝑈𝐵 ⅆ𝑧

𝜂

ℎ
− ∫ 𝑞𝐵 ⅆ𝑧

𝜂

ℎ
                                        (4) 154 

The equation of state: 155 

𝜌 = 𝑓(𝑇𝑊, 𝛷𝑇𝐷𝑆, 𝛷𝐼𝑆𝑆)                                                (5) 156 

where x and z represent the horizontal distance and vertical elevation, respectively; 𝑈 157 

and 𝑊 are the temporal mean velocity components in the horizontal and vertical 158 

directions; 𝐵 is the channel width; q is the discharge; t denotes the time; g is the 159 

acceleration of gravity; 𝛼 is the angle of the riverbed with respect to the 160 

x-direction; 𝑃 represents pressure; 𝜏𝑥𝑥 and 𝜏𝑥𝑧 are the lateral average shear stress 161 

in the x-direction and z-direction, respectively; 𝜌 represents density; 𝜂 and h are the 162 

water surface and water depth, respectively; and 𝑓(𝑇𝑊, 𝛷𝑇𝐷𝑆, 𝛷𝐼𝑆𝑆) is a density 163 

function dependent upon temperature, total dissolved solids or salinity, and inorganic 164 

suspended solids. 165 

Accurate hydrodynamic calculations require accurate water densities. The 166 

following equation of state relating the density to the water temperature was used in 167 

the model: 168 

𝜌𝑇𝑤 = 999.845259 + 6.793952 × 10−2𝑇𝑤 − 9.19529 × 10−3𝑇𝑤
2 + 1.001685 ×169 

10−4𝑇𝑤
3 − 1.120083 × 10−6𝑇𝑤

4 + 6.536332 × 10−9𝑇𝑤
5                      (6) 170 

where 𝜌𝑇𝑤 denotes density and  𝑇𝑊 is the water temperature (C). 171 

The universal transport equation for scalar variables, such as temperature and 172 

chemical oxygen demand (COD), is as follows: 173 
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𝜕𝐵𝛷

𝜕𝑡
+

𝜕𝑈𝐵𝛷

𝜕𝑥
+

𝜕𝑊𝐵𝛷

𝜕𝑧
−

𝜕(𝐵𝐷𝑥
𝜕𝛷

𝜕𝑥
)

𝜕𝑥
−

(𝐵𝐷𝑧
𝜕𝛷

𝜕𝑧
)

−𝜕𝑧
= 𝑞𝛷𝐵 + 𝑆𝛷𝐵                     (7) 174 

where 𝛷 is the laterally averaged constituent concentration; 𝐷𝑥  and 𝐷𝑧  are the 175 

temperature and constituent dispersion coefficient in the horizontal and vertical 176 

directions, respectively; 𝑞𝛷 represents the lateral inflow or outflow mass flow rate of 177 

the constituent per unit volume; and 𝑆𝛷 denotes the laterally averaged source/sink 178 

term. 179 

Heat exchange at the water surface includes net solar shortwave radiation, net 180 

longwave radiation, evaporation and conduction. The surface heat exchange is 181 

computed as follows: 182 

𝐻𝑛 = 𝐻𝑠 + 𝐻𝑎 + 𝐻𝑒 + 𝐻𝑐 − (𝐻𝑠𝑟 + 𝐻𝑎𝑟 + 𝐻𝑏𝑟)                           (8) 183 

where 𝐻𝑛  is the net rate of heat exchange across the water surface; 𝐻𝑠  is the 184 

incident shortwave solar radiation; 𝐻𝑎 represents the incident longwave radiation; 185 

𝐻𝑠𝑟  and 𝐻𝑎𝑟  represent the reflected solar radiation of shortwave and longwave 186 

radiation, respectively; 𝐻𝑏𝑟 is the back radiation from the water surface; 𝐻𝑒 is the 187 

evaporative heat loss; and 𝐻𝑐 represents the heat conduction. 188 

The shortwave absorption model we used was based on Bears Law (Thomas and 189 

Scott, 2008). The attenuation coefficients in the model include the fraction absorbed at 190 

the water surface and the extinction coefficient, which were 0.45 and 0.45 m-1, 191 

respectively. Most of the shortwave radiation was absorbed by the water, and the other 192 

small part of shortwave radiation reaching the bottom was considered as being 193 

reflected back into the water column. 194 
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2.2.2 Model validation 195 

The water quality at the Tangxi River Bridge was monitored in 2017, and the data was 196 

used to verify the model and the degradation coefficient of each water quality 197 

parameter. Average simulated values at 0-5 m depth were used to compare with the 198 

measured values. The Tangxi River Bridge is 18 km from the confluence. Due to the 199 

low water level of the main reservoir, the backwater did not reach the Tangxi River 200 

Bridge from June to August. Therefore, only the data from January to May and from 201 

September to December were selected to verify the simulated results of water 202 

temperature (T), ammonia nitrogen (NH3-N), total phosphorus (TP), and total 203 

nitrogen (TN). COD values were not measured. The degradation coefficients of COD， 204 

NH3-N, TP and TN are 0.0032 d-1, 0.0032 d-1, 0.0018 d-1, and 0.0018 d-1 respectively . 205 

The results showed that the simulated values of T, TP and TN fit well with the 206 

measured values. The difference in T between the simulated value and the measured 207 

value was 0.6 - 4.7 ºC, and the root mean squared error was 1.8 ºC. The difference in 208 

TP between the simulated value and the measured value was 0.004 - 0.03 mg/L, and 209 

the root mean squared error was 0.01 mg/L. The difference in TN between the 210 

simulated value and the measured value was 0.02 - 0.26 mg/L, and root mean squared 211 

error was 0.16 mg/L. For NH3-N, the difference between the simulated value and the 212 

measured value was 0.03 - 0.08 mg/L, the root mean squared error was 0.06 mg/L, 213 

and the relative error was greater than 30%. The degradation process of NH3-N 214 

usually exhibits complex characteristics, and many factors affect the degradation 215 
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coefficient of NH3-N, such as the water microbial properties, hydrodynamic 216 

conditions, water pollution degree, suspended solids and pH (Bockelmann et al., 2004; 217 

Wang et al., 2016; Pan et al., 2020), which resulted in a higher simulation error 218 

compared with the other values. 219 

 220 

Fig. 3. Comparison between the average simulated values at 0-5 m depth and 221 

measured values at the Tangxi River Bridge in each month. (a) Comparison of water 222 

temperature; (b) Comparison of ammonia nitrogen; (c) Comparison of total 223 

phosphorus; (d) Comparison of total nitrogen. 224 

2.2.3 Boundary conditions 225 

The boundary conditions of the calculation included the meteorology, water 226 

temperature of the inflow, discharge flow, water quality and water level of the TGR. 227 

The daily average multi-year meteorological data (2011-2018) were obtained from 228 
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Yunyang County weather station, which is 19.7 km away from the tributary bay (Fig. 229 

4). The pollution loads of point and non-point sources were calculated and included as 230 

inputs to the numerical simulations (Table 1). The daily average multi-year data on 231 

the boundary conditions of flow, water level, water temperature and water quality 232 

were also considered (Fig. 5). The diurnal cycle of the simulation lasted three years. 233 

 234 

Fig. 4. Meteorological conditions. (a) Daily average multi-year values of air 235 

temperature, humidity and cloudiness and (b) daily average multi-year values of wind 236 

conditions and shortwave radiation. Arrows in (b) indicate the wind direction, and the 237 

arrow upward is defined as the direction of due north. 238 

Table 1. 239 

Statistics of pollution load in the Tangxi River research area. 240 

Factors 
COD (t/a) NH3-N (t/a) TP (t/a) TN(t/a) 

Point Non-point Point Non-point Point Non-point Point Non-point 

Pollution Load  2093.58 1537.35 354.21 154.46 35.08 23.90 2093.58 1537.35 
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 241 

Fig. 5. Simulation boundary conditions. (a) Daily water temperatures of the main 242 

reservoir and tail of the tributary bay; (b) Water level of the main reservoir, (c) Daily 243 

inflow of the tributary bay; (d) Daily inflow of the main reservoir; (e) - (h) Monthly 244 

water quality (COD, NH3-N, TP and TN) of the main reservoir and tributary bay, 245 

respectively. 246 

2.3 Simulation of eutrophication 247 

The comprehensive nutrition index (TLI (∑)) method (Carlson, 1977) was used to 248 

evaluate the nutritional status of the tributary bay. Lakes and reservoirs can be 249 

classified into different nutritional statuses based on their TLI (∑) values: 250 
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TLI (∑) < 30, oligotrophic 251 

30 ≤ TLI (∑) ≤ 50, mesotrophic 252 

TLI (∑) > 50, eutrophic 253 

50 < TLI (∑) ≤ 60, slightly eutrophic 254 

60 < TLI (∑) ≤ 70, moderately eutrophic 255 

TLI (∑) > 70, severely eutrophic 256 

The formula for calculating the TLI (∑) is as follows: 257 

TLI (∑)= ∑ 𝑊𝑗 · 𝑇𝐿𝐼(𝑗)𝑚
𝑗=1                                             (9) 258 

where TLI (∑) is the comprehensive nutrition index; 𝑊𝑗 represents the correlation 259 

weight of the nutrition state index of the j-th parameter; and TLI (j) denotes the 260 

nutritional status index of the j-th parameter. 261 

Considering chlorophyll-a (chla) as the reference parameter, the normalized 262 

correlation weight formula of the j-th parameter is as follows: 263 

𝑊𝑗 =
𝑟𝑖𝑗

2

∑ 𝑟𝑖𝑗
2𝑚

𝑗=1

                                                       (10) 264 

where 𝑟𝑖𝑗 is the correlation coefficient between the j-th parameter and the reference 265 

parameter chla and m represents the number of evaluation parameters. 266 

The correlation coefficients 𝑟𝑖𝑗 and 𝑟𝑖𝑗
2 between chla and other parameters are 267 

shown in Table 2 (Li and Zhang, 1993). 268 

Table 2 269 

The correlation coefficients 𝑟𝑖𝑗 and 𝑟𝑖𝑗
2 between chla and other parameters. 270 
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Parameter TP TN SD CODMn 

ijr
 0.84 0.82 -0.83 0.83 

2

ij
r

 0.7056 0.6724 0.6889 0.6889 

The calculation formula of the nutritional status index of each parameter is shown 271 

as follows: 272 

𝑇𝐿𝐼(𝑇𝑃) = 10(9.436 + 1.624 ln 𝑇𝑃)                                   (11) 273 

𝑇𝐿𝐼(𝑇𝑁) = 10(5.453 + 1.694 ln 𝑇𝑁)                                  (12) 274 

𝑇𝐿𝐼(𝑆𝐷) = 10(5.118 + 1.94 ln 𝑆𝐷)                                    (13) 275 

𝑇𝐿𝐼(𝐶𝑂𝐷𝑀𝑛) = 10(0.109 + 2.661 ln 𝐶𝑂𝐷𝑀𝑛)                            (14) 276 

where TP is total phosphorus; TN represents the total nitrogen; SD represents the 277 

Secchi depth, a measure of transparency; and CODMn is the chemical oxygen demand.  278 

Among the parameters listed above, TP and TN are pivotal, and a limitation of TP 279 

or TN can limit algae blooms (Bennett et al., 2017; Morgenstern et al., 2015; Lewis et 280 

al., 2011). The nutrient status of the surface water in the Tangxi River tributary bay in 281 

different months was evaluated in this study according to the TLI (∑) method. The 282 

influence of water temperature was also considered during the nutrient status 283 

evaluation. 284 

3 Results and discussion 285 

3.1 Hydrological situation 286 

The temporal variations in confluence flow and water level are shown in Fig. 6a. 287 

During July and from August to October, the flow value at the confluence was 288 
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negative, which indicated that the tributary bay was mainly affected by backwater 289 

intrusions from the main reservoir. In contrast, the tributary bay was mainly affected 290 

by backwater jacking from the main reservoir in other months (January - June and 291 

November - December). The backwater intrusion weakened when the water level of 292 

the main reservoir dropped, and it became obvious when the water level of the main 293 

reservoir rose.  294 

Periods of intrusions occurring in other tributaries were investigated in previous 295 

studies. Backwater intrusions were mainly concentrated during low water level 296 

operation and impoundment periods in the Daning River (Zhao, 2017). The water of 297 

the mainstream of TGR flowed backward into the Xiangxi Bay in the density current 298 

at different plunging depths during the process of TGR impoundment at the end of the 299 

flood season in autumn, and the intrusion was weak when the water level fell (Ji et al., 300 

2010; Yang et al., 2018). The results of this study and previous studies indicated that 301 

the backwater intrusions showed obvious seasonal changes and the intrusion time was 302 

almost the same. 303 

The temporal variation in confluence flow and the length of backwater are shown 304 

in Fig. 6b. With the change in the flow at the confluence, the length of the backwater 305 

also changed. During January to April and October to December, the water level of 306 

the main reservoir was between 160 and 175 m and the backwater reached distances 307 

of 39.8 - 42.6 km from the confluence simultaneously. During May to September, the 308 

water level of the main reservoir remained at 145 - 160 m, and the backwater reached 309 
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distances of 12.6 - 23.8 km from the confluence. 310 

The water level and the length of backwater had a negative correlation with the 311 

confluence flow. When the water level dropped, the value of the confluence flow was 312 

positive, and the length of backwater decreased. The tributary bay was mainly 313 

affected by the jacking of the main reservoir during this period. Conversely, when the 314 

water level rose, the water flow at the confluence was negative, and the length of the 315 

backwater increased. The tributary bay was mainly affected by backwater intrusions 316 

at this time. 317 

 318 

Fig. 6. Relationships among water level, length of backwater and confluence flow. (a) 319 

Daily variations in confluence flow and water level and (b) daily variations in 320 

confluence flow and length of backwater. 321 

3.2 Hydrodynamics 322 

The distribution of the flow field in each month is shown in Fig. 7. In each month, the 323 

upstream water flowed along the surface of the tributary bay or sank to the bottom. 324 

The backwater from the main reservoir entered the confluence at different depths 325 

simultaneously, forming one or two flow circulations in the tributary bay. A similar 326 

flow field distribution occurred in other tributary bays of the TGR (Ji et al., 2017). 327 
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In response to the jacking of the main reservoir in January, the water from the tail 328 

of the tributary bay first flowed along the surface and then sank to the bottom. Under 329 

the influence of geography, the backwater from the main reservoir formed a large 330 

counterclockwise circulation in the tributary bay. The water level gradually decreased 331 

from February to March, and the backwater effect of the main reservoir also gradually 332 

weakened. The water from the tail formed one circulation (February) or two 333 

circulations (March) in the tributary bay. From April to June, as the upstream water of 334 

the tributary bay joined the surface layer, the circulation zone disappeared. The 335 

upstream water gradually sank as it neared the confluence, and at the same time, the 336 

backwater from the main reservoir entered the tributary bay in the upper middle layers 337 

and formed a small counterclockwise circulation. From July to August, the upstream 338 

water of the tributary bay directly flowed to the confluence along the surface layer, 339 

and the backwater from the main reservoir entered the tributary bay in the middle and 340 

lower layers, forming one circulation in August and two circulations in July. In 341 

September, the upstream water first flowed through the surface layer and then sank to 342 

the middle of the tributary bay. The backwater from the main reservoir inclined 343 

upward from the lower layer and formed two circulations. The upper circulation was a 344 

smaller clockwise circulation, while the lower circulation was a larger 345 

counterclockwise circulation. The water level increased significantly from October to 346 

December, and the influence of the backwater increased simultaneously. The upstream 347 

water of the tributary bay flowed along the surface layer and then sank to the bottom. 348 
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 349 

Fig. 7. Distribution of the flow field in each month. The flow field was divided into 350 

two areas (Zone 1 and Zone 2) according to the flow field characteristics. The black 351 

curve in the figure is the boundary between Zone 1 and Zone 2. 352 

According to the distribution of the flow field, the tributary bay was divided into 353 

two different areas. Zone 1 represented the area mainly affected by the water from the 354 

tail of the tributary bay, and Zone 2 was the area mainly affected by the backwater 355 

from the main reservoir. Due to the variations in water level and flow value, the 356 

ranges of Zone 1 and Zone 2 differed in each month. The proportions of Zone 1 and 357 

Zone 2 varied with the water level and time (Fig. 8). From January to April, the 358 

backwater reach was from the confluence to Jiangkou Town. With the decrease in the 359 

water levels, the proportion of Zone 1 increased, while the proportion of Zone 2 360 
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decreased. From May to September, the length of backwater decreased, and it only 361 

reached Nanxi Town. With the fluctuation in the water level in these months, the trend 362 

of the proportions of Zone 1 and Zone 2 became irregular. From October to November, 363 

with the rise in the water level, the proportion of Zone 1 decreased, while the 364 

proportion of Zone 2 increased. The opposite results were obtained from November to 365 

December when the water level gradually decreased. From October to December, the 366 

backwater again reached Jiangkou Town. These results suggested that the backwater 367 

had a greater impact on the tributary bay when the main reservoir was at a high water 368 

level and had a smaller impact when the main reservoir was at a low water level. 369 

 370 

Fig. 8. Proportions of Zone 1 and Zone 2 and the variation in water level. The orange 371 

bar represents Zone 2, and the blue bar represents Zone 1. The blue dashed line 372 

represents the variation in water level. 373 

3.3. Water temperature 374 

Previous studies showed that the water temperature between the main reservoir and 375 
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tributary bays were different, which led to the stratification of water temperature in 376 

the tributary bays (Ji et al., 2013). The water temperature distribution of the tributary 377 

bay in different months is shown in Fig. 9. From January to February, July to August, 378 

and October to December, the water temperatures in Zone 1 and Zone 2 were quite 379 

different. There was an obvious temperature boundary, which was mainly affected by 380 

the large difference between the upstream water temperature in the tributary bay and 381 

the backwater temperature from the main reservoir. From March to June and in 382 

September, the water temperature in Zone 1 was similar to that of Zone 2 due to the 383 

small difference between the water temperature at the tail of the tributary bay and the 384 

water temperature of the backwater from the main reservoir. 385 
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Fig. 9. Distribution of water temperature in different months. The black curve in the 387 

figure is the boundary between Zone 1 and Zone 2. The brown curves with arrows are 388 

streamlines. 389 

The surface water temperatures of the tributary bay in each month are shown in 390 

Fig. 10a. From March to June, due to the small difference between the upstream water 391 

temperature of the tributary bay and the backwater temperature of the main reservoir, 392 

the surface water temperature changed gently across the bay. The water temperature 393 

gradually decreased from the confluence to the tail of the tributary bay from July to 394 

August and gradually increased from September to October. The water temperature in 395 

the middle reaches was slightly lower than the temperature at the confluence and the 396 

tail of the tributary bay from January to February and from November to December. 397 

The vertical water temperature in the confluence is shown in Fig. 10b. Affected by 398 

solar radiation and air temperature, the water temperature at the surface was relatively 399 

higher than that at the bottom (Zeng et al., 2016; Carey et al., 2012). The temperature 400 

in the middle layers changed little. There was a small thermocline in the surface water 401 

from May to August, and sinking of cold water occurred in January, February, and 402 

September to December. 403 

The average water temperatures of Zone 1 and Zone 2 in different months are 404 

shown in Fig. 10c. The average water temperatures of Zone 1 and Zone 2 were similar 405 

from March to June and in September, while a difference of more than 1.5 ºC existed 406 

in other months. As the water of Zone 1 mainly came from the upstream of the 407 
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tributary bay, it was significantly affected by the air temperature (Mohseni and Stefan, 408 

1999). Zone 2 was mainly affected by the backwater from the main reservoir. 409 

Therefore, the average water temperature in Zone 1 was higher than that in Zone 2 in 410 

summer, and the average water temperature in Zone 1 was lower than that in Zone 2 411 

in winter. 412 

 413 

Fig. 10. Changes in water temperature. (a) Variation in surface water temperature in 414 

each month along the tributary bay; (b) Variation in the vertical water temperature at 415 

the confluence in each month. (c) Average water temperatures of Zone 1 and Zone 2 416 

in each month. The blue bar represents Zone 1, and the orange bar represents Zone 2 417 

in panel (c). 418 

3.4 Water quality 419 

The water exchange between the main reservoir and tributary bay was an important 420 

factor driving the variation of water quality distribution and nutrient structure in the 421 

tributary bay (Zhao et al., 2015; Han et al., 2020). As shown in Fig. 11, the COD 422 
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concentration in the tributary bay ranged from 0 - 13 mg/L. There was no significant 423 

difference in COD concentrations between the tail of the tributary bay and the 424 

backwater from the main reservoir, both of which had values between 8 and 11 mg/L. 425 

With a decreasing trend along the bay, the concentration of COD reached a minimum 426 

value at the intersection of Zone 1 and Zone 2. 427 

The NH3-N concentration in the tributary bay was in the range of 0 - 0.3 mg/L 428 

(Fig. 12). Since the concentration of NH3-N in the tail of the tributary bay was higher 429 

than that of the backwater from the main reservoir, the concentration of NH3-N in 430 

Zone 1 was higher than that in Zone 2 from January to March and July to December. 431 

There was no significant difference in NH3-N between the tail of the tributary bay and 432 

the backwater from the main reservoir in April to June. Additionally, with a 433 

decreasing trend along the bay, the concentration of NH3-N was lower at the 434 

intersection of Zones 1 and 2 than at the tail of the tributary bay or the confluence. 435 

The distributions of TP and TN proved that the nutrients in tributary bays did not 436 

originate solely in the tributary bays but instead were mainly from the main reservoir, 437 

and they also showed that the nutrient levels were different across seasons. The 438 

distributions of TP and TN in the tributary bay were almost the same. The 439 

concentration near the confluence was relatively high. With the mixing of the water 440 

from the tail of the tributary bay and the backwater from the main reservoir and with 441 

the degradation of water quality, the concentrations of TP and TN gradually decreased. 442 

In particular, the concentration of TP was in the range of 0.04 - 0.12 mg/L, and the 443 
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concentration of TN was in the range of 0.8 - 2.1 mg/L. The concentrations of TP and 444 

TN in Zone 2 were higher than those in Zone 1. There was an obvious quality 445 

concentration boundary in the tributary bay, which was consistent with the regional 446 

boundary of the flow field. Furthermore, there was an obvious transition zone near the 447 

quality boundary in January to May and September to December, while the transition 448 

zone in June to August was very weak. 449 

 450 

Fig. 11. Distribution of COD in each month. The black curve in the figure is the 451 

boundary between Zone 1 and Zone 2. The brown curves with arrows are streamlines. 452 
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 453 

Fig. 12. Distribution of NH3-N in each month. The black curve in the figure is the 454 

boundary between Zone 1 and Zone 2. The brown curves with arrows are streamlines. 455 
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 456 

Fig. 13. Distribution of TP in each month. The black curve in the figure is the 457 

boundary between Zone 1 and Zone 2. The brown curves with arrows are streamlines. 458 
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 459 

Fig. 14. Distribution of TN in each month. The black curve in the figure is the 460 

boundary between Zone 1 and Zone 2. The brown curves with arrows are streamlines. 461 

The COD, NH3-N, TP and TN in the surface water of the tributary bay in different 462 

months are shown in Fig. 15. The concentrations of COD and NH3-N were generally 463 

higher on the two sides and lower in the middle. The concentrations of TP and TN 464 

were higher in the confluence and lower in the tail of the tributary bay. 465 
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 466 

Fig. 15. Variation in surface water quality in different months along the tributary bay. 467 

(a) Variation in chemical oxygen demand; (b) Variation in ammonia nitrogen, (c) 468 

Variation in total phosphorus; (d) Variation in total nitrogen. 469 

The vertical changes in COD, NH3-N, TP and TN in different months at the 470 

confluence are shown in Fig. 16. There was no obvious regularity in the vertical water 471 

quality distributions of COD and NH3-N. The average vertical variation in COD was 472 

4.6 mg/L over 12 months. The largest change appeared in December, with a value of 473 

7.0 mg/L, and the smallest change appeared in June, with a value of 1.6 mg/L. The 474 

average vertical variation in NH3-N was 0.06 mg/L. The largest change appeared in 475 

January, with a value of 0.02 mg/L, and the smallest change appeared in July, with a 476 

value of 0.12 mg/L. 477 

The concentrations of TP and TN were higher in the surface water and lower in 478 

the bottom in January to March and September to December, which was contrary to 479 

that in July and August. From April to June, the concentrations of TP and TN first 480 
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increased and then decreased from the surface to the bottom. The concentration 481 

gradient in the upper 10 m surface layer was relatively large. 482 

 483 

Fig. 16. Vertical variation in the water quality in different months at the section that 484 

was 6 km away from the confluence. (a) Variation in chemical oxygen demand; (b) 485 

Variation in ammonia nitrogen; (c) Variation in total phosphorus; (d) Variation in total 486 

nitrogen. 487 

The average concentrations of COD, NH3-N, TP and TN in Zone 1 and Zone 2 are 488 

shown in Fig. 17. The COD concentration in Zone 2 was higher than that in Zone 1 in 489 

all months except September. The concentration of NH3-N in Zone 1 was generally 490 

higher than that in Zone 2 due to the higher concentration of NH3-N in the water from 491 

the tail of the tributary bay. For TP and TN, the concentrations in Zone 2 were higher 492 

than those in Zone 1. 493 
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 494 

Fig. 17. Average water quality changes in Zone 1 and Zone 2. (a) Variation in 495 

chemical oxygen demand; (b) Variation in ammonia nitrogen; (c) Variation in total 496 

phosphorus; (d) Variation in total nitrogen. The blue bar represents Zone 1, and the 497 

orange bar represents Zone 2. 498 

3.5 Water eutrophication 499 

The distribution of the TLI (∑) values in the surface water of the tributary bay in 500 

different months is shown in Fig. 18. The TLI (∑) within 0.5 km of the confluence 501 

was relatively higher than in other areas throughout the year, reaching the level of 502 

light eutrophication. Additionally, the reach with high TLI (∑) values in February and 503 

in September to December had a long range. From January to March and September 504 

to December, the reach approximately 25 km from the confluence had low TLI (∑) 505 

values, reaching oligotrophic status. In the rest of the time and area, the TLI (∑) 506 

values correspond to a medium nutrient level. Additionally, the water temperature 507 

near the confluence was less than 20 ºC, and the light conditions were poor in January 508 
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to April and November to December. Temperature and light conditions are important 509 

factors in the occurrence of eutrophication, and neither low temperatures nor poor 510 

light conditions are conducive to the growth of algae (Singh and Singh, 2015; 511 

Romarheim et al., 2015; Paerl et al., 2011; Reynolds, 2006). Physical dynamics play a 512 

critical role in estuarine biological production, material transport and water quality 513 

(Kasai et al., 2010). The results of this study showed that the tributary bay was mainly 514 

affected by backwater intrusions from the main reservoir in July and from August to 515 

October. During this time, the vertical mixing of water near the confluence was severe, 516 

which was also not conducive to the growth of algae (Gao et al., 2017; Lindim et al., 517 

2011; Huisman et al., 2006). In conclusion, considering the influence of 518 

hydrodynamics, water temperature and water quality, the risk of eutrophication in the 519 

tributary bay was highest in the section within 0.5 km of the confluence from May to 520 

June. Wu et al (2010) constantly monitored the eutrophication of the Daning River, a 521 

tributary bay of the TGR, and found that algal blooms frequently occurred in the area 522 

close to the confluence from March to June, which was similar to the results of the 523 

present study. 524 
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 525 

Fig. 18. Eutrophication results of surface water in the tributary bay. The nutrient 526 

status of the tributary bay is divided into three states (oligotrophic, mesotrophic and 527 

eutrophic) according to the comprehensive nutrient index. 528 

3.6 Sensitivity of the results to the model forcing factors 529 

The link between the main reservoir and its tributary bay is the hydrodynamic 530 

condition, and it is mostly affected by water level fluctuations (Sha et al., 2015). Thus, 531 

in previous chapters, we mainly discussed the effect of water level fluctuations in 532 

detail. Air temperature and winds conditions were also important factors affecting the 533 

results (Yu et al., 2013; Huang et al., 2016). Air temperature can affect the surface 534 

water temperature by promoting the formation of thermal stratification (Jin et al., 535 

2019). From July to August, air temperature was a dominant variable and the 536 

stratification of water temperature was obvious. A comparison of the distributions of 537 

the water temperature and water quality showed that air temperature had almost no 538 

effect on the water quality distribution, while the water level fluctuation was a 539 
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determining factor. The results were not sensitive to wind conditions because the wind 540 

varied little throughout the year and the wind speed was small (1 - 1.8 m/s) in the 541 

study area. 542 

4 Conclusions and future work 543 

In this paper, the effect of the backwater jacking and intrusions from the main 544 

reservoir on the hydrodynamics and water environment of the Tangxi River, a 545 

tributary bay of the TGR are studied. The following conclusions were reached as a 546 

result of this research: 547 

(1) The intrusion was weak when the water level of the main reservoir dropped, 548 

and the tributary bay was mainly affected by the backwater jacking of the main 549 

reservoir. The periods of intrusions in the tributary bay ranged from July to October. 550 

Conversely, when the water level of the main reservoir rose, the tributary bay was 551 

mainly affected by backwater intrusions from the main reservoir.  552 

(2) The water from the tail flowed along the surface of the tributary bay or sank to 553 

the bottom in each month. The backwater from the main reservoir entered the 554 

confluence at different depths simultaneously, forming one or two circulations in the 555 

tributary bay. The backwater had a greater impact on the tributary bay when the main 556 

reservoir was at high water level and had a smaller impact when the main reservoir 557 

was at a low water level. 558 

(3) The water temperature of the tributary bay was not greatly affected by the 559 

backwater from the main reservoir. The concentrations of COD and NH3-N in the 560 
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tributary bay were generally higher at the two ends of the bay and lower in the middle. 561 

For TP and TN, there was an obvious quality concentration boundary in the tributary 562 

bay, which was consistent with the regional boundary of the flow field. The 563 

concentrations of TP and TN were higher at the side near the confluence. 564 

(4) Nutrients in tributary bays were mainly from the main reservoir and the 565 

nutrient levels were affected by the constantly changing hydrodynamic conditions and 566 

environmental factors across seasons. The risk of eutrophication of the tributary bay 567 

was high within 0.5 km of the confluence in May and June. 568 

This paper only studied the influence of the main reservoir on the tributary bay in 569 

terms of hydrodynamics and water environment. The tributary bays may also 570 

influence the main reservoir. The influence of the tributary bay on the main reservoir 571 

and the interaction between the main reservoir and the tributary bay are still unclear. 572 

In the future, numerical simulation of the main reservoir’s hydrodynamics and water 573 

environment based on the results of this paper should be carried out to explore the 574 

interaction between the main reservoir and the tributary bay. 575 

Future work should also explore control measures to improve the water 576 

environment of the tributary bay based on its interaction with the main reservoir. At 577 

present, some scholars have proposed that preventing and controlling eutrophication 578 

in tributary bays can be achieved by the method of "double nutrient reduction", which 579 

involves the simultaneous control of the nutrient inputs from the main stream and the 580 

tributary (Liang et al., 2014). It is also possible to use ecological methods, such as 581 
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emergent plants, submerged plants, phytoplankton, benthic organisms and fish, to 582 

improve water eutrophication (Srivastava et al., 2017; Li et al., 2013; Soares et al., 583 

2011). In addition, the concept of improving the hydrodynamic conditions of the main 584 

stream and controlling the eutrophication of the water body through manually 585 

controlled operation has been widely accepted by many experts and scholars (Yao, 586 

2011; Zheng et al., 2011; Naselli-Flores and Barone, 2005). It is believed that such 587 

work mentioned above could help to propose better protection measures for the water 588 

environment of tributary bays. 589 
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