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ABSTRACT. Evaluating the eutrophication risk in reservoir areas is very important for environmental protection. However, the periodic 

backflow of water in reservoir areas makes evaluating the eutrophication of tributaries in reservoir areas more difficult. In this study, 

based on the basic principle of the copula function, combined with the water environment simulation results of the Pengxi River, a tri- 

butary of the Three Gorges Reservoir, a new perspective for considering the interaction between water environment variables was pro- 

posed to evaluate the joint eutrophication risk probability. The results showed that the fluidity of the whole Pengxi River was poor, which 

was conducive to the deposition and enrichment of pollutants. The total nitrogen (TN) in Hanfeng Lake and the main stream of the Peng- 

xi River was always above the level of moderate eutrophication, while total phosphorus (TP) varied over a large range, from mesotrophic 

to hyper-eutrophic. In 2021, the joint risk probability of TP and TN was the highest, at 45%, when they were both hyper-eutrophic in 

Hanfeng Lake. When TP was slightly eutrophic and TN was moderately eutrophic, the joint risk probability was the highest in Pengxi 

River, at 42%. The relatively clean water of the Yangtze River flowing back into the Pengxi River reduces its eutrophication risk. The 

results of this study provide a scientific basis for the prevention and control of water eutrophication in the Three Gorges Reservoir. 
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1. Introduction 

Eutrophication in lakes and reservoirs is a serious prob- 

lem worldwide, including in the Erhai Lake in China (Lin et al., 

2021), the Great Lakes in the United States (Van Meter et al., 

2020), and Hearnes Lake in Australia (Conrad et al., 2019). Eu- 

trophication destroys the ecosystem balance and restricts water 

availability for drinking, irrigation, and leisure (Pernet-Coudrier 

et al., 2012; Xu et al., 2019; Strokal et al., 2020). Recently, the 

demand for domestic and industrial water, as well as water for 

power generation, have led to many reservoir projects being un- 

dertaken around the world, including the Three Gorges Reser- 

voir in China (Ran et al., 2019) and the Tenkiller Reservoir in 

the United States. The reservoir impoundment operation trans- 

forms a flowing river into a deep-water reservoir (Zajac et al., 

2017), extending the water retention time and making it easier 

for nutrients, such as total nitrogen (TN) and total phosphorus 

(TP), to accumulate in reservoirs than in natural rivers, thus in- 

creasing the eutrophication risk in the reservoir area (Liu et al.,  

 
* Corresponding author. Tel.: +86-10-68781733. 

E-mail address: huangwei@iwhr.com (W. Huang). 
* Corresponding author. Tel.: +86-10-68781892. 

E-mail address: hdzhou@iwhr.com (H. D. Zhou). 
 

ISSN: 2663-6859 print/2663-6867 online 

© 2024 ISEIS All rights reserved. doi:10.3808/jei.202400512. 

2012; He et al., 2018). In addition, the periodical fluctuation of 

the water level in the reservoir area may cause pollutants from 

the main stream to flow backwards into tributaries, thus aggra- 

vating the eutrophication risk (Ran et al., 2010). Therefore, eval- 

uating the eutrophication risk in reservoir areas is of great sig- 

nificance. 

The eutrophication evaluation of a water mainly uses the 

corresponding evaluation methods to determine the nutrition lev- 

el to explain the eutrophication degree of the water body (Zeng 

et al., 2016). Many scholars use the single factor index, princi- 

pal component analysis, and comprehensive water quality index 

identification methods to evaluate the eutrophication risk, but 

there is a lack of research on the joint risk probability of multi- 

ple eutrophication indicators (Liao et al., 2019; Zhang et al., 

2021; Zang et al., 2022). However, previous studies do not em- 

phasize the correlation between different water quality indica- 

tors (Vinçon-Leite and Casenave, 2019), and few studies have fo- 

cused on the joint risk probability of different indicators (Schu- 

mann, 2017), thus reducing the accuracy of their assessments. 

Therefore, it is necessary to consider the joint influence of mul- 

tiple water quality indicators to improve the accuracy of eutro- 

phication risk assessment. The copula model is a method used 

to study the probability of multivariate joint distribution. It does 

not limit the types of marginal probability and is easy to expand 

to multiple dimensions, allowing for the flexible construction 

of multi-dimensional joint distributions. Because of its diverse 
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forms and flexible use, it is widely used in hydrology, climatol- 

ogy, and flood risk analysis, and has great application potential 

in water quality risk analysis (Sadegh et al., 2017; AghaKouchak 

et al., 2020). In copula theory, the matching degree between the 

factual observation data and the selected marginal distribution 

function is vital for the accuracy of the copula joint probability 

distribution model (Lee, 2018). However, the monthly observa- 

tion data is usually insufficient, which reduces the model’s ac- 

curacy. Therefore, the annual simulation results of the mathe- 

matical model were used to better fit the marginal distribution 

in this study. 

As the largest reservoir project in China, the Three Gorg- 

es Reservoir has yielded significant benefits, such as flood con- 

trol, hydropower generation, and navigation (Li et al., 2021). 

However, the impounding reduces the flow velocity and self-

purification capabilities of the reservoir area, and algal blooms 

occur frequently in the backwater areas of some tributaries, 

which threaten the water environment safety of the reservoir ar- 

ea (Wang et al., 2012; Zhao et al., 2016; Long et al., 2020). Cur- 

rently, the research on eutrophication in the Three Gorges Res- 

ervoir mainly focuses on eutrophication status, evaluation, pre- 

diction, mechanisms, and control measures, as well as on algae 

community structure and nutrient concentrations (Huang et al., 

2016). For example, Liu et al. (2016) believed that the trigger- 

ing of algal blooms depends on the relationship between the 

mixing depth and euphotic depth; Zhou et al. (2011) analyzed 

the phytoplankton species composition and biomass in Xiangxi 

River through field investigation and obtained the relationship 

between algae growth and environmental factors; Lian et al. 

(2014) put forward algae control measures for ecological reser- 

voir operation through a hydrodynamic water quality model; 

and Wu et al. (2017) proposed a data-driven model based on 

semi-supervised classification to evaluate the degree of eutro- 

phication in the Three Gorges Reservoir. Few scholars have 

analyzed the risk probability of eutrophication in the Three 

Gorges Reservoir from the perspective of risk, so evaluating 

the eutrophication risk in the Three Gorges Reservoir is of great 

significance. 

The purpose of this study was to evaluate the eutrophica- 

tion risk in the Three Gorges Reservoir from a new perspective 

by considering the joint influence of multiple water quality in- 

dicators. In this study, the Pengxi River, a tributary of the Three 

Gorges Reservoir with a complex environment of “reservoir 

dam”, was taken as the research object and the hydrodynamic 

and water quality model was used to study the water environ- 

ment change characteristics of this unique river. By construct- 

ing a copula model, the joint eutrophication risk of the TN and 

TP indexes in the Pengxi River was studied. This study not only 

makes up for the deficiency of previous studies on eutrophica- 

tion risk probability in the Three Gorges Reservoir, but also 

helps to understand the water environment characteristics of 

water bodies with various morphological characteristics such 

as rivers, lakes, and backflow bays, and provides a scientific 

basis for the prevention and control of eutrophication in the 

Three Gorges Reservoir (Ji et al., 2017; Gao et al., 2018; Li et 

al., 2021). 

2. Materials and Methods 

2.1. Study Area  

The Pengxi River (107°56′ ~ 108°54′ E and 30°49′ ~ 31°42′ 

N), located at the eastern edge of Sichuan Basin, has a drainage 

area of 5,173 km2 and a total length of 182.4 km and is the 

largest tributary in the northern bank region of Three Gorges 

Reservoir. Following the completion of the Three Gorges Re- 

servoir, the total area of the Pengxi River water-level fluctua- 

tion zone is 65 km2, which is the largest water-level fluctuation 

zone in the middle reaches of the Three Gorges Reservoir, ac- 

counting for 19% of the total water-level fluctuation zone in the 

Three Gorges Reservoir (Zhu et al., 2020). In order to reduce 

the adverse impact of the water-level fluctuation belt, a water-

level regulating dam was built in the Wuyang, Kaixian County, 

forming a lake with an area of 14.8 km2, and the Hanfeng Lake 

Basin with the Wuyang water-level regulating dam as the con- 

trol node was formally formed (Johnson and Rainey, 2012; Li 

et al., 2021; Sun et al., 2021). The Wuyang regulating dam is 

the only dam in the three Gorges Reservoir, and it forms a min- 

iature model of the three Gorges reservoir. Therefore, the Peng- 

xi River has become a region with unique geographical condi- 

tions, the largest area of the fluctuating zone, and the most typ- 

ical hydrological conditions in the entire Three Gorges Reser- 

voir. It is of great academic value to study the water environ- 

ment of the Pengxi River backflow area (Sun et al., 2010, 2012). 

The study area is shown in Figure 1. 

 

2.2. Numerical Model 

Affected by the impoundment of the Three Gorges, the 

Pengxi River has a large surface area and uneven spatial distri- 

bution. Considering that the water quality of the Pengxi River 

is slightly different in different water depths, the initial condi- 

tions, boundary conditions and calibration data are the average 

values of the monitoring data of the upper, middle and lower 

layers. Therefore, from the point of view of reflecting the over- 

all change characteristics of water flow and water quality in the 

study area and meeting the actual demand, a two-dimensional 

mathematical equation based on the average water depth was 

adopted to describe the movement characteristics of the water 

flow and water quality. Based on the MIKE21 model (Jia et al., 

2018; Ahn et al., 2019), the hydrodynamic and water environ- 

ment models of the Pengxi River Basin were established in this 

study. 

 

2.3. Risk Model 

Eutrophication is a comprehensive representation of water 

quality deterioration, and its evaluation index therefore usually 

consists of several key indicators. Therefore, the risk probabili- 

ty of water eutrophication should be different based on the com- 

bination of risk probabilities when the key indicators exceed 

the standard limits. In this study, the eutrophication risk of the 

Pengxi River was characterized by the joint probability value 

of the TN and TP indicators. In other words, the risk level of 

eutrophication was the joint probability when the TN concen- 

tration exceeded a certain value (> X1) and the TP concentration  
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Figure 1. Study area (water quality monitoring sites: PX1-Estuary, PX2-Shuangjiang Bridge, PX3-Huangshi, PX4-Gaoyang, 

PX5-Yanglu, PX6-Qukou, HF1-front of the dam, HF2-reservoir center, and HF3-reservoir tail). 

 

Table 1. Limiting Value of the Nutrient Level for the Water Quality Index of the Lake 

Index Oligotrophic Mesotrophic Slightly eutrophic Moderately eutrophic Hyper-eutrophic 

TP / (mg/L) ≤ 0.005 0.05 0.1 0.2 1.3 

TN / (mg/L) ≤ 0.050 0.50 0.8 2.0 14.0 

 

exceeded a certain value (> Y1). X1 and Y1 are the limits of the 

nutritional status grading standards corresponding to the TN 

and TP of lakes in China (Table 1). 

 

2.3.1. Marginal Probability Distributions 

According to the simulation results of the Pengxi River wa- 

ter environment model, the annual simulation sequences {xn | n 

= 1, 2, ..., N} of HF1 to HF3 and PX1 to PX4 points were ex- 

tracted, where n is the number of simulation sequences. For any 

sample value xm in the simulation sequence {xn}, if the number 

less than xm in the simulation sequence {xn} is Nm, then the cu- 

mulative percentage corresponding to xm can be expressed as: 

 

( ) ( ) m
m i m

N
P x P x x

N
=  =  (1) 

 

where xi is a water quality monitoring index; P(xm) is the fre- 

quency function of the event xi ≤ xm. The frequencies of all sam- 

ple values in the simulation sequence {xn} can be calculated to 

obtain the frequency marginal probability curve of the simula- 

tion sequence {xn}. 

 

2.3.2. Joint Probability Distribution 

Copula theory, as mentioned, was introduced to consider 

the correlation between TN concentration and TP concentration. 

Use of this theory can connect the edge distribution of many 

different variables into a joint probability distribution function 

(Daneshkhah et al., 2016). According to the Sklar theorem, for 

a two-dimensional joint distribution function H(x,y) with conti- 

nuous marginal probability functions U and V, there is a unique 

two-dimensional copula function C, so that H(x, y) = C(u, v). 

Assume that X and Y represent interrelated index sequen- 

ces in water eutrophication events, and their marginal distribu- 

tion functions are u and v, respectively. The expression of their 
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two-dimensional joint distribution probability is as follows: 
 

( ) ( ) ( ) ( ), , , ,
u v

UVF u v P X x Y y f u v dudv C u v
− −

=   = =   (2) 

 

When both indexes exceed their respective limits, their 

joint probability at this time is expressed as: 
 

( ) ( ) ( )
( ) ( )

, 1

                          , 1 ,

P X x Y y P X x P Y y

P X x Y y u v C u v

  = −  − 

+   = − − +  (3) 

 

There are many kinds of copula functions. The Archime- 

dean copula function is widely used in practice because of its 

simple construction method and good simulation effect (Liu et 

al., 2015; Wang et al., 2017). The most common Archimede- 

an copula functions are Gaussian copula, Clayton copula and 

Frank copula. Their function forms are: 
 

( ) ( ) ( )
1

, ; exp , 1GuC u v Inu Inv
   

   = − − + −   
  

 (4) 
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1
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−
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e e

C u v In
e

 








− −

−

 − −
 = − +

−  
 − −  (6) 

 

where α is a parameter describing the relationship between va- 

riables. 

As the marginal distribution is estimated using kernel den- 

sity method (Cranmer, 2001; Yang et al., 2019), there is no need 

to estimate the parameters in the marginal distribution. In this 

paper, the semi-parametric estimation method was used to esti- 

mate the parameters (α) of the copula function. The formula is 

as follows: 
 

( )
1

ˆ arg max , ;
n

i i

i

In c u v 
=

=     (7) 

 

where n is the number of samples, α is the unknown parameter 

in the copula function, and c(ui, vi; α) is a copula density func- 

tion. 

Finally, this work calculated the Euclidean distance (d) be- 

tween the theoretical copula value and the empirical copula val- 

ue, which could reflect the fitting of the binary copula function 

to the original data, thus evaluating the fitting effect of different 

copula functions. The formula of Euclidean distance is as fol- 

lows: 

 

( ) ( )
2

1

ˆ ( ), ( ) ,
n

n i n i

i

d C F x G y C u v
=

= −  (8) 

 

where Fn(x) and Gn(y) are the empirical distribution functions 

of samples X and Y, respectively, Ĉ (u,v) is the empirical copula 

of samples, ( ) ( )  ( ) 11ˆ( , ) n
F x u G y vi n i n i

n I IC u v  ==   and I[·] 

is the characteristic function. When Fn(x) ≤ u, I = 1; otherwise 

I = 0. 

3. Results 

3.1. Water Environment Modeling 

3.1.1. Calibration of the Model 

The hydrodynamic parameters were verified by the month- 

ly measured water depth data in the center of Hanfeng Lake in 

2021 (Figure 2). The water quality parameters were verified by 

the monthly measured water quality data in the HF2 and PX6 

sections (Figure 3). The relative error (RE) and Nash efficiency 

coefficient (NE) were used to verify the model. The model was 

confirmed to be stable and reliable when the relative error was 

less than 20% and the Nash efficiency coefficient was more 

than 80%. The water depth process and water quality process 

simulated by the model was in good agreement with the mea- 

sured value, which demonstrated that the water environment 

model adequately reflected the changing water quality dynam- 

ics of the Pengxi River. 

 

 
 

Figure 2. Comparison of the simulated and measured water 

depths in the middle of Hanfeng Lake. 

 

3.1.2. Hydrodynamic Characteristics 

The overall velocity of Hanfeng Lake was low, with an av- 

erage velocity of 0.023 m/s, and the velocity of the Hanfeng 

Lake area showed the order of the reservoir tail > reservoir cen- 

ter > dam front (Figure 4). The velocity was higher from June 

to October, with an average velocity of 0.042 m/s, and the ve- 

locity was lower from November to May, with an average ve- 

locity of 0.01 m/s. The velocity of PX5 in the main stream of 

Pengxi River was the highest, and that of PX6 was slightly 

lower due to the discharge under the regulating dam. Affected 

by the impoundment of the Three Gorges, the reach above Gao- 

yang (PX4) showed typical river characteristics in the flood 

season, and the flow velocity changed greatly. Gaoyang and its 

lower reaches are permanent backflow areas of Three Gorges 

Reservoir, and the average velocity along the section was at a 

low level, less than 0.1 m/s, even reaching the millimeter level. 
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Figure 3. Comparison between the simulated and measured water quality values at the HF2 and PX6 points. 

 

The flow velocity at the estuary increased slightly due to the 

fluctuation of the Three Gorges water level, showing typical 

characteristics of reservoirs. The overall flow mobility of the 

Pengxi River was very poor, which is conducive to the deposi- 

tion and enrichment of pollutants. In the long run, it is possible 

to form a eutrophic reservoir area similar to a eutrophic lake, 

which mainly releases endogenous pollutants. 

 

 
 

Figure 4. Diurnal variation of the flow velocity in Hanfeng 

Lake and the main stream of the Pengxi River. 

 

The change process of the daily flow direction in the Han- 

feng Lake area and the main stream of the Pengxi River is shown 

in Figure 5. The flow field in the Hanfeng Lake area was main- 

ly affected by the gravity of the water flow and flowed from 

west to east. Most of the backflow of Hanfeng Lake occurred 

in January, and the backflow occurred seven times, each lasting 

one day. After the implementation of new regulations in Septem- 

ber 2021, the Three Gorges impounded water for the first time, 

and the backflow was advanced from the previous October to 

September. The backflow occurred three times, each lasting 1 

~ 2 days. The velocity before the backflow was between 0.002 

and 0.030 m/s, with an average value of 0.010 m/s, and the ve- 

locity during backflow was between 0.002 and 0.023 m/s, with 

an average value of 0.013 m/s. Relative to the normal situation, 

the flow pattern in the Hanfeng lake area changed slightly and 

the velocity increased slightly; however, overall, the velocity 

was low and could largely be ignored. The reach above Gao- 

yang (PX4) in the main stream of the Pengxi River exhibited 

typical river characteristics, and the flow direction was basical- 

ly one-way except for backflow in part of the water storage pe- 

riod. However, the following reach of Gaoyang was greatly af- 

fected by the change in the water level of the main stream, the 

water flow often reversed, and the backflow lasted for a long 

time. In particular, at the mouth of the Pengxi River, the flow 

was greatly affected by the fluctuation of the water level of the 

Yangtze River and was in a reflux state in the rising and falling 

periods of the water level. 

During the backflow period, part of the water in the main 

stream of the Pengxi River entered the Puli River and the other 

part entered Hanfeng Lake (Figure 6). The coordinate system 

shown in Figure 6 is the projection coordinate, and the units of 

the X and Y axes are meters. Compared with the western terrain, 

the northern terrain of Hanfeng Lake is higher, the water of the 

Toudao River directly enters the Nan River, and a small amount 

of water entered the Dong River during the backflow period 

that only entered the upper reaches of the Dong River estuary. 

Most of the backflow flowed into the Nan River, and its veloc- 

ity could be traced to the point where the Taoxi River flows into 

the Nan River estuary, which has a wide influence range. Due 

to the backflow congestion, some of the water from the Nanhe 

River entered the Taoxi River. 

 

3.1.3. Water Quality Characteristics 

The temporal and spatial changes of TP in the Pengxi Ri- 

ver are shown in Figure 7. The TP concentration in the upper 

reaches of the Pengxi River was notably higher than that in the 

lower reaches, while the TP concentration in the main stream 

of the Yangtze River was the lowest. The annual average TP in 

Hanfeng Lake was 0.27 mg/L, and the water quality was infe- 

rior to the standard of Lake Class V (Chinese Water Standard, 

0.2 mg/L). There was a difference in the year: the water quality 

in August was the worst, followed by that in June, and the water 

quality in October met the Class III (Chinese Water Standard, 

0.05 mg/L) water quality standard of lakes; the difference in 

other months was not significant. The results showed that the  
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Figure 5. Diurnal variation of the flow direction in Hanfeng Lake and the main stream of the Pengxi River. 

 

 
 

Figure 6. Flow field distribution of Hanfeng Lake in the backflow period. 



C. G. Xiang et al. / Journal of Environmental Informatics 43(2) 92-104 (2024) 

98 

 
 

Figure 7. Temporal variation of TP in the Pengxi River. 

 

 
 

Figure 8. Temporal variation of TN in the Pengxi River. 

 

poor TP water quality in the wet season was mainly due to non-

point source pollution. The average concentrations of TP before 

and after the backflow in Hanfeng Lake were 0.28 and 0.27 

mg/L, respectively. The backflow slightly decreased the TP con- 

centration in Hanfeng Lake, which had little effect on Hanfeng 

Lake. 

The TP concentration in the main stream of the Pengxi Ri- 

ver was slightly lower than that in Hanfeng Lake, with an annu- 

al average concentration of 0.107 mg/L. The PX1-PX4 reach is 

in the form of a lake year-round, and only some points in March 

and December met the Class III water quality standard of the 

lake. The reaches of PX5 and PX6 are lakes from October to 

March and did not meet the Class III water quality standard of 

lakes. From April to September, the main stream of the Pengxi 

River is in a river form, and except for the poor water quality 

in May and July, and the rest of the months met the Class III 

(Chinese Water Standard, 0.2 mg/L) water quality standard of 

rivers. The main stream of the Pengxi River is mainly affected 

by pollutants from upstream runoff in the wet season, and the 

TP concentration was high. In the dry season, fewer pollutants 

are imported from the upstream region, and the dilution of the 

backwater of the Yangtze River led to a decrease in the TP con- 

centration in the dry season. 

The temporal and spatial changes in TN in the Pengxi Ri- 

ver are shown in Figure 8. The TN concentration in the Pengxi 

River was the highest in the upper reaches, followed by the 

lower and middle reaches. The TN concentration in the Nanhe 

River and the Taoxi River, tributaries of Hanfeng Lake, was 

high, resulting in poor water quality in the upper reaches. The 

lower reaches of the Pengxi River were mainly affected by the 

backflow of the Three Gorges Reservoir; the concentration of 

TN in the main stream of the Yangtze River was high, and the 

backflow caused the concentration in the lower reaches of the 

Pengxi River to rise. The average TN concentration of Hanfeng 

Lake was 2.06 mg/L, which was worse than the water quality 

standard of Class V (Chinese Water Standard, 2 mg/L). The TN 

in Hanfeng Lake also showed differences during the year, with 

the highest concentration in May, followed by that in August, 

and the difference was not significant in other months. The re- 

sults also showed that the TN concentration was high in the wet 

season, and the water quality of Hanfeng Lake was mainly af-

fected by non-point source pollution. The average concentra- 

tions of TN before and after the backflow in Hanfeng Lake were 

1.66 and 1.64 mg/L, respectively. The backflow decreased the 

TN concentration in Hanfeng Lake. The annual average TN con- 

centration of the main stream of Pengxi River was 1.63 mg/L, 
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which is the water quality of Class V. The concentration of TN 

in the PX5 and PX6 reaches of the Pengxi River was high in 

the wet season, which is greatly affected by non-point source 

pollution, and lower in the dry season. The PX1-PX4 reach is 

affected by the backflow of the Three Gorges Reservoir, and 

TN was always at a stable and high concentration. 

 

3.2. Eutrophication Risk Analysis 

3.2.1. Marginal Probability Distribution and Joint Probability 

Distribution 

Through the established water eutrophication model, the 

sequences of TP and TN were simulated, and the empirical fre- 

quency distribution of the simulated sequences of the water eu- 

trophication indicators was obtained. The KS density function 

in MATLAB was used to estimate the kernel density, which 

could directly fit the marginal probability distribution accord- 

ing to the simulation data without estimating the parameters in 

the marginal distribution. The results of dependency measure- 

ment showed that the correlation between the TP and TN con- 

centrations was close and positive (Hanfeng Lake: Kendall’s τ 

= 0.90, Spearman’s ρ = 0.98; Pengxi River: Kendall’s τ = 0.52, 

Spearman’s ρ = 0.63), and the copula function could be used to 

construct the joint probability distribution of TP and TN. The  

 

fitting of the empirical frequency distribution and kernel distri- 

bution of TP and TN is shown in Figure 9, respectively. As 

shown in the figure, the shapes of the kernel distribution esti- 

mation curve and the empirical distribution function curve were 

roughly the same, and the fitting effect was good. 

Based on the Gaussian copula, Clayton copula, and Frank 

copula functions, the joint distribution model of TP and TN was 

constructed. The parameters of three copula functions were es- 

timated using the semi-parametric estimation method, and the 

Euclidean distance (d) of the theoretical distribution and empi- 

rical distribution of the three copula functions was calculated. 

The Euclidean distances (d) of the theoretical distribution and 

empirical distribution of the three copula functions in Hanfeng 

Lake are 0.1971, 0.8012, and 0.091, respectively. and the Eucli- 

dean distances (d) of the three copula functions in the main 

stream of the Pengxi River are 0.0553, 0.0451, and 0.0537, re- 

spectively. The copula function with the smallest Euclidean 

distance (d) was selected as the joint distribution function, so 

the Frank copula function and Clayton copula function were se- 

lected for Hanfeng Lake and the main stream of the Pengxi 

River, respectively, to establish joint distribution models. The 

joint distribution functions of Hanfeng Lake and the main 

stream of the Pengxi River are shown in Figure 10. 

 
 

Figure 9. The fitting results of the empirical frequency and calculated frequency of Hanfeng Lake and Pengxi River. 
 

 
 

Figure 10. Joint probability distribution of the two-dimensional copula functions of TP and TN. 



C. G. Xiang et al. / Journal of Environmental Informatics 43(2) 92-104 (2024) 

100 

Table 2. Water Quantity (104 m3) and the TN (t) and TP (t) Fluxes of the Yangtze River Flowing Back into the Pengxi River and 

Hanfeng Lake 

Month Pengxi River Hanfeng Lake 

Past scenario Present scenario Past scenario Present scenario 

Water 

quantity 

TN TP Water 

quantity 

TN TP Water 

quantity 

TN TP Water 

quantity 

TN TP 

1 935 18 0.5 2,088 40 1.2 253 4 0.2 201 3 0.1 

2 563 11 0.4 122 2 0.1 0 0 0.0 0 0 0.0 

3 2,687 50 1.5 267 5 0.2 0 0 0.0 0 0 0.0 

4 0 0 0.0 0 0 0.0 0 0 0.0 0 0 0.0 

5 0 0 0.0 0 0 0.0 0 0 0.0 0 0 0.0 

6 0 0 0.0 0 0 0.0 0 0 0.0 0 0 0.0 

7 0 0 0.0 4,729 87 8.3 0 0 0.0 0 0 0.0 

8 0 0 0.0 4,387 77 3.4 0 0 0.0 0 0 0.0 

9 18,486 360 20.4 33,534 652 37.0 0 0 0.0 796 9 0.8 

10 12,946 236 12.7 3,670 67 3.6 240 3 0.2 0 0 0.0 

11 3,094 55 1.7 1,154 21 0.7 82 1 0.1 0 0 0.0 

12 516 9 0.2 199 4 0.1 13 0 0.0 0 0 0.0 

Total 39,226 738 37.4 50,150 955 54.5 588 8 0.5 996 12 1.0 

According to the joint probability distribution of the TP 

and TN concentrations in 2021 (Figure 10), when the TP con- 

centration was constant, the joint probability value increased 

with an increase in the TN concentration. When the TN concen- 

tration remained unchanged, the joint probability value increased 

with an increase in the TP concentration. There was a positive 

correlation between the TP and TN concentrations; that is, the 

change trends of TP and TN were similar. This may have been 

due to the developed economy and a large amount of pollution 

discharge in the basin. In addition, the periodic fluctuation in 

the water level in the Three Gorges Reservoir aggravates soil 

erosion, leading to nutrient loss and water quality deterioration 

(Wang et al., 2016). Previous studies of the Pengxi River have 

shown that an exogenous nutrient input intensified the prolif- 

eration of dominant algae in the Pengxi River (Shi et al., 2017). 

Ouyang et al. (2021) discovered that TP significantly affected 

the cyanobacteria community, while TN significantly affected 

the phytoplankton community. These conclusions are consis- 

tent with the current results. Therefore, the eutrophication risk 

of Pengxi River requires attention. 

 

3.2.2. Influence of Reflux on the Eutrophication Risk 

To study the influence of backwater on the eutrophication 

of tributaries in the reservoir area and keep the inlet boundary 

condition unchanged that is, only changing the outlet water lev- 

el boundary condition we analyzed the eutrophication risk of 

the Pengxi River under different water level operation condi- 

tions. Two different water level scenarios (the past scenario, cor- 

responding to the experimental impoundment period, and the 

present scenario, corresponding to the normal operation period) 

were assumed, and the fluxes of TN and TP flowing back into 

the Pengxi River were counted under the two scenarios (Table 

2). The amount of water and pollution flowing back into Han- 

feng Lake and Pengxi River in the present scenario was greater 

than that in the past scenario. Most of the pollutants from the 

Yangtze River flowing back remained in the main stream of the 

Pengxi River, while a small amount entered the tributaries. The 

main stream of the Pengxi River was greatly affected by the 

fluctuation of the Three Gorges water level, and pollutants from 

the Yangtze River flowed back into it in most months. Hanfeng 

Lake is affected by backflow during the high water level opera- 

tion of the Three Gorges. The largest months of pollutant input 

were September and October, when the Three Gorges began to 

store water and entered the rising water level period. It can be 

seen that during the suitable growth period of algae (September 

~ November) (Su et al., 2022; Yang et al., 2022), the quantity 

of TN and TP in the tributaries was readily affected by the back- 

flow of the main stream, which may affect algal bloom out- 

breaks in the tributaries. 

 

 
 

Figure 11. Probability of the different nutrient levels of TP 

and TN. 
 

Figure 11 shows the probability that the TP and TN in Han- 

feng Lake and the Pengxi River were at different levels under 

different scenarios. The TN in Hanfeng Lake and the main stream 

of the Pengxi River was always above the level of moderate eu- 

trophication, while the TP varied over a wide range, from me- 

sotrophic to hyper-eutrophic. It can be seen that the TN was less 

affected by external factors, and its concentration was always 

at a high level. The eutrophication level of the Pengxi River 

Basin was largely determined by TP, and the primary goal of pol- 



C. G. Xiang et al. / Journal of Environmental Informatics 43(2) 92-104 (2024) 

101 

lution control is to control the TP. Both the TP and TN in Han- 

feng Lake accounted for the largest proportion of hype-reutro- 

phic events, and an increase in backwater would cause the TP 

and TN concentrations in Hanfeng Lake to decrease more than 

that in the past. The probability of TP being at a hyper-eutro- 

phic level decreased from 59 to 52%, and the probability of TN 

being at a hypereutrophic level decreased from 58 to 45%. The 

slight eutrophic level of TP and moderately eutrophic level of 

TN accounted for the largest proportion in the Pengxi River. 

Compared with the past scenario, the TP concentration in Peng- 

xi River in the present scenario was lower than that in the past 

scenario, but the TN concentration was higher; the probability 

of TP being at a hyper-eutrophic level decreased from 14 to 

11%, while the probability of TN being at a hyper-eutrophic 

level increased from 4 to 10%. 

Table 3 shows the joint risk of the TP and TN concentra- 

tions. In Hanfeng Lake, the joint risk probability of TP and TN 

was the highest when they were both hyper-eutrophic, followed 

by TP and TN being both moderately eutrophic. With an in- 

crease in backwater under the present scenario, the probability 

that both TP and TN were hyper-eutrophic ranged from 56 to 

45%, and the probability that both TP and TN were moderately 

eutrophic increased from 37 to 43%. The joint probability of 

the other nutrient levels increased slightly. Most of the pollu- 

tion in the Pengxi River basin is distributed in the range of Han- 

feng Lake, and a large amount of pollution discharge leads to a 

high water quality concentration in Hanfeng Lake. During the 

water storage period (September ~ October), a considerable 

amount of backwater from the main stream of the Yangtze Riv- 

er is refluxed into Pengxi River, resulting in an increase in the 

water level, which pushes the low-concentration main stream 

water body into the waters of Hanfeng Lake. During the high 

water level period (November ~ January), the water level of the 

main stream is stable and greater than 170 m (when the water 

level is above 168.5 m, Hanfeng Lake is connected with the 

Pengxi River), which leads to the continuous exchange of back- 

flow water with the water of Hanfeng Lake, thus diluting the 

lake’s water. 

In the main stream of the Pengxi River, when TP is slightly 

eutrophic and TN is moderately eutrophic, the joint risk pro- 

bability is the highest, and the backwater of the Yangtze River 

reduces the risk probability from 52 to 42%. In the main stream 

of the Pengxi River, when TP is slightly eutrophic and TN is 

moderately eutrophic, the joint risk probability of TP and TN is 

the highest, and the risk probability decreases from 52 to 42% 

due to an increase in the backwater under the present scenario. 

When TN is in severe eutrophication, the joint risk probability 

of TP with different nutritional levels increases. The pollution 

discharge of the Pengxi River is small, but the TP concentration 

is still higher than that of the Yangtze River due to the influence 

of its upstream reaches, and the TN concentration is slightly 

lower than that of the Yangtze River. The frequent exchange 

between the Pengxi River and the Yangtze River causes the TP 

concentration in the Pengxi River to decrease and the TN con- 

centration to increase. Therefore, the TP concentration in the 

main stream of the Pengxi River gradually decreases from up- 

stream to downstream, while TN gradually increases from up- 

stream to downstream. 

 

Table 3. Two-Dimensional Joint Risk Probability of TP and TN 

Joint risk (Hanfeng Lake) TP (%) 
Mesotrophic Slightly eutrophic Moderately eutrophic Hyper-eutrophic 

Past scenario TN Moderately eutrophic 0.82 3.56 36.71 2.08 

Hyper-eutrophic 0.00 0.00 1.26 55.58 

Present scenario TN Moderately eutrophic 1.10 3.84 43.29 6.72 

Hyper-eutrophic 0.00 0.00 0.14 45.07 

Joint risk (Pengxi River) TP (%) 

Mesotrophic Slightly eutrophic Moderately eutrophic Hyper-eutrophic 

Past scenario TN Moderately eutrophic 4.52 52.08 24.00 12.05 

Hyper-eutrophic 0.05 1.11 2.05 4.15 

Present scenario TN Moderately eutrophic 4.52 42.13 24.74 7.12 

Hyper-eutrophic 0.18 3.63 7.12 10.59 

 

4. Discussion 

The impoundment of the Three Gorges Reservoir has led 

to the deterioration of the water environment in the reservoir 

area; therefore, evaluating the eutrophication risk in the Three 

Gorges Reservoir is of great significance (Zhang et al., 2020; 

Chen et al., 2021; Cheng et al., 2021). In this study, based on 

the simulation results of the water quality model, we used the 

copula function to analyze the joint risk probability of eutrophi- 

cation under different index combinations. We then predicted 

the probability of eutrophication under different combinations 

by adjusting the environmental factors that affect water eutro- 

phication. Correlation analysis showed that TP was closely re- 

lated to the TN index, and using the copula function to con- 

struct the joint probability distribution model was suitable. The 

joint probability distribution established in this study could bet- 

ter quantify the eutrophication risk of the Pengxi River. 

The results showed that there was a positive correlation 

between the TP and TN concentrations, and that the increasing 

and decreasing trends of TP and TN were basically the same 

due to the influence of external pollution. The TN in Hanfeng 

Lake and the main stream of the Pengxi River was always 

above the level of moderate eutrophication, while the TP varied 

over a large range, from mesotrophic to hyper-eutrophic. The 

joint risk probability of TP and TN was the highest when they 

were both hyper-eutrophic in Hanfeng Lake, and the joint risk 

probability was the highest when TP was slightly eutrophic and 

TN was moderately eutrophic in Pengxi River. The results of 
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this study were consistent with those of previous studies, which 

found that the eutrophication of the Three Gorges reservoir area 

was serious after impoundment and that TP was the limiting 

factor for eutrophication in the Three Gorges Reservoir (Sha et 

al., 2015; Zhang et al., 2016; Xu et al., 2022). 

The influence of the Three Gorges Reservoir backwater on 

the water quality of tributaries primarily depends on the back- 

ground concentration of the tributaries. Our results showed that 

the backwater of the Yangtze River reduced the eutrophication 

risk of the Pengxi River, which was inconsistent with other tri- 

butaries in the reservoir area. Yang et al. (2018) found that the 

backflow of the Yangtze River brought a large amount of nutri- 

ents into the Xiangxi River, which led to eutrophication. Zhao 

et al. (2016) found that the backflow of high concentration wa- 

ter from the Yangtze River led to an increase in the water qual- 

ity concentration in Daning River. The primary reason for this 

difference was that the utilization rate of urban land in the Xiang- 

xi River and Daning River was small, the loads of point sources 

and non-point sources were low, and the output risk probability 

was small (Shen et al., 2008). The water quality of the main 

stream of the Yangtze River was higher than that of the Xiangxi 

River and Daning River. Although the backwater of the main 

stream of the Yangtze River reduced the eutrophication risk of 

Pengxi River, the impact was not great, and the eutrophication 

of the Pengxi River cannot be ignored. 

Compared with previous studies, this study considered the 

joint risk probability of different indicators, which provided a 

scientific basis for the prevention and control of eutrophication 

in the Three Gorges Reservoir (Jimeno-Saez et al., 2020). Cop- 

ula functions can not only be used to construct the joint proba- 

bility distribution of two indicators, but can also be used to con- 

struct the joint probability distribution of three eutrophication 

indicators (Tahroudi et al., 2020). One limitation of our study 

was that only the Archimedean copula function was considered 

to construct the joint distribution model, and the Archimedean 

copula function was not necessarily the best fitting function. In 

the future, more types of copula functions should be considered 

to construct the joint probability distribution of three-dimen- 

sional eutrophication indicators. 

5. Conclusions 

This study quantified the eutrophication risk of typical tri- 

butaries in the Three Gorges Reservoir from a new perspective 

considering the joint effect of TP and TN concentrations. The 

corresponding joint probability distribution was introduced us- 

ing the copula theory. The optimal copula models used for Han- 

feng Lake and Pengxi River were the Frank copula and Clayton 

copula, respectively. Then, this study quantified the eutrophica- 

tion risk of the Pengxi River and demonstrated the joint risk 

probability of TP and TN with different nutritional levels. The 

findings also indicated that the water from the main stream 

flowing back into the tributaries due to the impoundment of the 

Three Gorges Reservoir would reduce the eutrophication risk 

of the Pengxi River. These findings can provide scientific sup- 

port for the eutrophication control of the Three Gorges Reser- 

voir. 

This study only considers the joint eutrophication risk of 

TP and TN indicators, although Chl-a is also an important in- 

dicator used to reflect the eutrophication level. Future research 

can consider the joint eutrophication risk of three water quality 

factors (such as TP, TN, and Chla). Moreover, more potential 

copula functions can be involved to optimize the joint probabi- 

lity distribution model of multiple variables. The comprehen- 

sive evaluation of the joint effect of multiple variables can bet- 

ter reveal the eutrophication risk in the reservoir area. 
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