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ABSTRACT. Research on water environment capacity is an important part of watershed water environment management. Based on the 

basic theory of water environment capacity, this study obtained and analyzed the dynamic water environment capacity in Fenghuangshan 

drinking water source area, Three Gorges Reservoir. In this study, eight water indicators were taken as the indicator object, and the dy- 

namic water environment capacity change range from 2012 to 2017 was permanganate index, biochemical oxygen demand, ferrum, am- 

monia nitrogen, total phosphorus, anionic surfactant, hexavalent chromium and cuprum, in descending order. The the dynamic water 

environment capacity of anionic surfactant would increase mainly in pre-flood stage and after storage stage and the other indicators 

would increase mainly in the end of the flood stage and storage stage. Besides, when the difference between inflow and outflow was pos- 

itive, the dynamic water environment capacity of anionic surfactant would be reduced and other indicators would be increased. Moreover, 

the results of time-series analysis introduced showed that this method could be used to predict the change trend of dynamic water environ- 

ment capacity. Overall, the research in this paper could be a new reference for scientists and decision makers in analyzing, predicting 

and control the change trend of water environment.  
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1. Introduction 

With the acceleration of economic development and ur- 

banization, China’s water environment problems have become 

more and more serious (Zhou et al., 2017). Research and calcu- 

lation of water environment carrying capacity is one of the 

foundations of water environment management (Liu et al., 2012a; 

Chen et al., 2014; Wang et al., 2015). The specific concept of 

water environment carrying capacity has not yet reached con- 

sensus in academia and the understanding of water environment 

carrying capacity is mainly divided into two types currently. 

Broadly speaking, water environment carrying capacity is the 

ability to support human activities in a certain time and state 

(Arrow et al., 1996; Wei et al., 2019). Lu et al. (2017) evaluated 

the water environment carrying capacity of Huaihe River Basin 

by using the method of analytic hierarchy process and found 

the significant influencing factors on the water environment car- 

rying capacity was social factors. In a narrow sense, water envi- 

ronment carrying capacity could be defined as the amount of pol- 

lutants that the water environment can hold under the specified 

environmental goals (Cairns, 1998). This paper had adopted the  
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narrow concept of water environment carrying capacity and 

applied in the drinking water source area of Three Gorges Res- 

ervoir (TGR). In this situation, water environment capacity could 

be understood as the sum of dilution capacity and self-purifica- 

tion capacity.  

In recent years, many researchers have been studied and 

analyzed the capacity of water environment in different water 

areas. Applying different methods to analyze water environment 

capacity would be simple and effective ways. To determine the 

capacity of water environmental for metal species, Pesavento 

et al. (2009) analyzed and summarized several methods, such 

as separation techniques based on ion exchange (Gerlo et al., 

1997) and complexing resins (Pesavento et al., 2003), as well as 

Donnan membrane technique (Lao et al., 2018). Besides, intro- 

ducing numerical model has been a common method to calcu- 

late water environment capacity. Yan et al. (2011) analyzed the 

water environment capacity of the Poyang Lake by using statis- 

tical models and the results showed that the flooding-proof sys- 

tem of the region is relatively low. Liu et al. (2012b) calculated 

the water environment capacity values of total phosphorus (TP) 

in the Baixi watershed area by using the method of Monte Carlo. 

Moreover, adjusting parameters in water quality model is also 

an effective way to analyze water environment capacity. Li et al. 

(2015) determined the water environment capacity of nitrogen 

and phosphorus in Jiaozhou Bay using a developed 3D water 

quality model. This model could reproduce the spatiotemporal 
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changes of nutrient concentration effectively. By discussing the 

methods of how to determine the design flow and degradation 

coefficient, Li et al. (2010) calculated the water environment 

capacity of Zhangweinan Canal Sub-basin with 1D water quali- 

ty model. Overall, along with research continuous, more and 

more methods and developed models have been introduced in 

the study of water environment carrying capacity quantification 

and analysis. However, most studies focus on the calculation 

and impact of water environment capacity but ignored its dy- 

namic changes. Dynamic water environment capacity can ob- 

jecttively reflect the water environment capacity and its dy- 

namic change characteristics in the actual state and provide ref- 

erence for the rational utilization of water environment capa- 

city and water quality assurance. 

This study would analyze the original principles of water 

environment capacity calculation and then obtain its dynamic 

change relationship. Namely, this study aims to develop a mod- 

el of dynamic water environment capacity (DWEC) and analyze 

the impact of water flow on DWEC. The Fenghuangshan drink- 

ing water source area in TGR was taken as the application ob- 

ject. Compared with the traditional method, this study can bet- 

ter reflect the dynamic relationship of water indicators and pro- 

vide an important scientific basis for water environment. Be- 

sides, this study introduced the method of time-series analysis 

(Huppert et al., 2009; Das et al., 2020) to predict the dynamic 

change trend. The results of this research provide a new scien- 

tific and reasonable way to analyze, predict and control water 

environment capacity of drinking water source area for relevant 

researchers and government decision makers. 

2. Materials and Methods 

2.1. Dynamic Water Environment Capacity Model  

In this research, dilution capacity is the amount of pollu- 

tants that can be reached the water quality target in the drinking 

water source area. Self-purification capacity is the amount of 

pollutants that self-cleaning in the water body. The basic prin- 

ciples and equations of water environment capacity model can 

be described as follows (Yang et al., 2018): 
 

0 = ( ) ( )s eW C C Q C V   (1) 

 

0( ) =eC KC  (2) 

 

where, W is the water environment capacity of the drinking wa- 

ter source area, mg; Cs is the contaminant concentration under 

water quality target, mg/L; C0 is contaminant concentration in 

the drinking water source area, mg/L; Q is the water flow, m3/s; 

V is the volume of water body, m3; γ(Ce) is the self-net coeffi- 

cient of contaminant, K is the degradation coefficient of con- 

taminant, 1/s. 

The values of K were obtained according to the following 

Equation (General Administration of Quality Supervision, In- 

spection and Quarantine of the People’s Republic of China, 

2010): 

-0.49= 10.3K Q  (3) 

 

Analyzing Equation (1), the water environment capacity 

of unit river length could be derived. Meanwhile, considering 

the time, the change amount of water environment capacity in 

unit river length per time can be obtained as follows: 

 

0 = [( ) ( ) ]L sL L L e LW C C Q C V
t t


 

 
 

 (4) 

 

where, WL is the water environment capacity of unit river length, 

mg; CsL is the the contaminant concentration under water quali- 

ty target in unit river length, mg/L; C0L is contaminant concen- 

tration in the drinking water source area per river length, mg/L; 

QL is the water flow in unit river length, m3/s; VL is the volume 

of water body in unit river length, m3. 

Time integral calculation for Equation (3), the DWEC change 

caused by increase in unit volume can be obtained: 

 

0 = ( ) + ( )L sL L L e LW C C Q C V     (5) 

 

In Equation (4), ΔWL represents DWEC, and it means that 

the water environmental capacity change caused by increase in 

unit volume. ΔQL represents the increased water flow in unit river 

length. ΔVL represents the increased volume of water body in unit 

river length. Besides, for the unit river length in unit time, ΔQL = 

ΔVL. 

 

2.2. Time-Series Analysis 

Time-series analysis is a method to forecast future data 

through analyzing historical data. This study used moving aver- 

age method to analyze the hydrological data and make predic- 

tion. For the observation sequence (y1, y2, …, yT), the calcula- 

tion Equation can be described as follows (Onishchenko, 1990): 

 

1 1

1
( )t t t t NM y y y

N
       (6) 

 

(2)

1 1

1
( )t t t t NM M M M

N
       (7) 

 

In Equation (6), Mt is the moving average at t; N is the 

number of items (N < T), it means the number of calculated se- 

quence (yt, yt - 1, …, yt - N + 1). In Equation (7), Mt
(2) is the second 

moving average. In data processing, triple centered moving ave- 

rage was used on the original data and this process can be im- 

plemented using SPSS. 

3. Case Study 

3.1. Study Area 

Fenghuangshan drinking water source area, Zigui County, 

Yichang City, Hubei Province, is located in the upstream of 

Three Gorges Dam (TGD). The geographic coordinates of wa- 
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Figure 1. The location (a) and the sectional (b) of Feng-huangshan drinking water source area. (Elevation base: 1985 national 

elevation benchmarks, China). 

 

ter intake range is 110°59′22.91′′ ~ 111°0′35.73′′E, 30°49′38.48′′ 

~ 31°50′22.91′′N, including 1000 m upstream of water intake, 

100 m downstream of water intake and the width of water source 

area is about 970 m. Figure 1 shows the specific location and the 

sectional view of study area. Fenghuangshan drinking water 

source area belongs to river water source and its flow pattern is 

generally laminar flow. As the main drinking water source of 

the Zigui County, the water source area supplies water to popu- 

lation of about 40,000 via floating pump boat. To the distance 

between the study area and the TGD is about 1.5 km, Feng- 

huangshan drinking water source area has the same hydrology 

situation with TGR. From 2012 to 2017, the average water lev- 

el of study area was 162.55 m, the peak of water level was 

174.98 m (November 2012), and the minimum value was 145.07 

m (June 2013). The average inflow of study area was 12,917 

m3/s and the average outflow was 12864 m3/s. The outflow and 

inflow of the study area were basically at the same levels. For 

the inflow, the maximum value was 68,175 m3/s (July 2012) 

and the minimum value was 3637 m3/s (February 2012). For 

the outflow, the maximum value was 45,675 m3/s (September 

2014) and the minimum value was 5,440 m3/s (December 2014). 

 

3.2. Data 

This study chose the permanganate index, TP, ammonia 

nitrogen (NH3-N), biochemical oxygen demand (BOD5), hexa-  
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Figure 2. Dynamic water environment capacity from 2012 to 2017. 
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Figure 3. Positive dynamic water environment capacity in each month. 

 

valent chromium (Cr6+), ferrum (Fe), cuprum (Cu) and anionic sur- 

factant as the water quality indicators. Monthly concentration from 

2012 to 2017 of those water quality indicators were collected 

from Maoping Hydrological Station, Yichang National Bureau 

of Statistics. Monthly water inflow and outflow process from 

2012 to 2017 were obtained from China Three Gorges Corpora- 

tion. The dynamic water environment capacity of Fenghuang- 

shan drinking water source area for each water quality index 

was obtained with consideration of K. Cs was reference the max- 

imum concentration of water quality index in level III from en- 

vironmental quality standards for surface water (GB 3838-2002). 

Values of parameters were shown in Table 1.  

 

Table 1. Values of Parameters (2012 ~ 2017) 

Water quality 

index 

Maximum 

value 

Minimum 

value 

Average 

value 
Cs  

(mg/L) (mg/L) (mg/L) (mg/L) 

Permanganate 

index 
3.2 0.80 1.7 6.0 

TP 0.24 0.010 0.11 0.20 

NH3-N 0.31 0.025 0.098 1.0 

BOD5 3.6 1.0 1.3 4.0 

Cr6+ 0.013 0.0020 0.0020 0.050 

Fe 0.33 0.015 0.020 0.30 

Cu 0.00050 0.00050 0.00050 1.0 

Anionic 

surfactant 
0.025 0.025 0.025 0.20 

4. Results and Discussion 

4.1. Dynamic Water Environment Capacity 

According to the Equation (5), the DWEC values in each 

month of permanganate index, BOD5, Cu, Cr6+, NH3-N, TP, Fe 

and anionic surfactant in Fenghuangshan drinking water source 

area from 2012 to 2017 were obtained. The results are shown 

in Figure 2. The negative value of DWEC indicated that the wa- 

ter environment capacity in the drinking water source area was 

reduced, and a positive DWEC indicated an increasing of water 

environment capacity. The permanganate index had the maxi- 

mum amplitude of change and the range value was [–5170.14, 

5979.43] × 106 tons. The trend of BOD5 was similar to the 

permanganate index and the former interval was [–7365.35, 

3126.97] × 106 tons. The DWEC of Cu was the most stable and 

the range was [–1.35, 1.58] ×106 tons. For Cr6+, the range value 

was [–7.11, 19.56] ×106 tons and the DWEC had a large change 

in 2012 and then became steady since 2013. The amplitude of 

change of NH3-N and TP was similar and their intervals were 

[–465.65, 421.27] × 106 and [–420.88, 361.08] × 106 tons, re- 

specttively. For anionic surfactant, the DWEC range was [–

78.17, 66.90] × 106 tons. The trend of Fe was [–868.06, 46.91] 

× 106 tons, it had an abnormal change in May 2014 as the con- 

centration of Fe was over 0.3 mg/L. However, the trend of Fe 

was similar to anionic surfactant when not considering the situ- 

ation in May 2014. 

From 2012 to 2017, the DWEC values of those water qual- 

ity indicators were positive for 25 months except anionic sur- 

factant and the latter was for 46 months. Figure 3 shows the po- 

sitive DWEC in each month and its proportion. For anionic sur- 

factant, the positive value would appear throughout the year ex- 

cept September and October, besides the positive value main- 

ly appeared from January to June and December, and the whole 

percentage was 85%. The other indicators had the same pattern 

and the positive value mainly appeared in September and Octo- 

ber (the sum of percentage was 48%), then was July (the per- 

centage was 20%). As shown in the Figure 3, the DWEC value 

of anionic surfactant was increasing mainly in pre-flood stage 

and after storage stage of the TGR, which in stage the drainage 

of TGR would be increased and the water level of Fenghuang- 

shan drinking water source area would be declined to 145 m 

gradually. On the contrary, the DWEC value of the other indi- 

cators was increasing mainly in the end of the flood stage and 

storage stage, which in stage drainage of TGR would be de- 

creased and the water level would be increased to 175 m. 

 

4.2. Impact of Water Flow 

Figure 4 shows the relationship between the obtained DW- 

EC of water indicators and water flow in Fenghuangshan drink- 

ing water source area from 2012 to 2017. In this study, water 

flow was divided into inflow and outflow, and the difference 

between inflow and outflow was ΔQ. This study obtained two 
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kinds of trend pattern of DWEC which were anionic surfactant 

and permanganate index represented the other water indicators, 

therefore, this section only discussed two situations. As shown 

in the Figure 4, the values of inflow were essentially the same 

with outflow. The two kinds of trend pattern of DWEC were 

affected by water flow. For permanganate index, the DWEC 

would be changed with water flow genernally. Moreover, the 

DWEC would be reduced when the outflow was bigger than 

the inflow, and the value of DWEC would be increased when 

the inflow was bigger than the outflow. For anionic surfactant, 

the DWEC of this water indicator has a similar change law with 

the water flow periodic changed. Furthermore, when the value 

of outflow was bigger than the value of inflow, the DWEC in 

the study area would be increased, and the value of DWEC 

would be reduced while inflow was more than outflow. 

 

 
 

Figure 4. Impact of water flow. 

 

For example, the inflow was smaller than the outflow from 

January 2017 to May 2017, and the DWEC of permanganate 

index would be reduced in this period (the value of DWEC 

changed from –1,576.41 × 106 to –2,639.32 × 106 tons), while 

the DWEC of anionic surfactant would be increased (the value 

of DWEC changed from 24.63 × 106 to 50.75 × 106 tons). The 

inflow would be bigger than the outflow from June 2017 to Sep- 

tember 2017 and in this period the DWEC of permanganate 

index would be increased and the final value would reach 

4,051.18 × 106 tons. In the meantime, the DWEC of anionic sur- 

factant reduced from 1.90 × 106 tons to –56.26 × 106 tons. Then 

the difference between the inflow and outflow would be de- 

creased, the DWEC of permanganate index began to be reduc- 

ed again and the DWEC of anionic surfactant increased again 

since October 2017. 

4.3. Time-Series Analysis Prediction 

The method of time-series analysis was used to predict the 

change trend of DWEC in the drinking water source area. The 

values of DWEC were obtained according to the Equation (5) 

based on measured water flow and measured concentration of 

water indicators. Besides, the method of time-series analysis 

could not be applied to predict the values of DWEC directly. 

Therefore, in this study, the change trend of DWEC was obtain- 

ed by forecasting the future values of water flow and concentra- 

tion through time-series analysis method. Figure 5 shows the 

predicted results of water flow and concentration. The predict- 

ed results of water flow and concentration were obtained from 

the original data through the triple centered moving average. 

The predicted values of water flow were fit for the measured 

values overall, and the larger error mainly appeared in 2012. 

The errors between the predicted values and the measured va- 

lues were decreased from 2013 to 2017. For the inflow, the mean 

absolute error was 12.79% from 2012 to 2017 and 11.23% from 

2013 to 2017, respectively. For the outflow, the mean absolute 

error was 10.44% from 2012 to 2017 and 9.36% from 2013 to 

2017, respectively. In summary, the time-series analysis could 

be used in predicting the trend of water flow. As shown in the 

Figure 5, the predicted values of anionic surfactant concentra- 

tions were equal to the measured values, and the errors appear- 

ed in the permanganate index concentration prediction. The 

main reason for this phenomenon was that the concentrations 

of anionic surfactant was not changed and always below detec- 

tion limit, besides, the permanganate index concentrations chang- 

ed with the water period in TGR. For permanganate index, the 

mean absolute error between the measured values and predict- 

ed values was 16.44% from 2012 to 2017. Hence, the method 

of time-series analysis could be applied to forecast the concen- 

tration trend of water indicators. This section taken the DWEC 

prediction of permanganate index and anionic surfactant as ex- 

amples and the results were shown in Figure 6. The predicted 

values of DWEC were obtained by calculating the predicted wa- 

ter flow and concentration according to the Equation (5). The 

results showed that the predicting trends of DWEC was match- 

ed the actual observed trends basically, especially in the mid-

term of falling period, the end of flood season and storage stage. 

The mean absolute errors between the predicted values and actu- 

al calculated values were 15.29% and 15.28% for permanga- 

nate index and anionic surfactant in those water periods, respec- 

tively. Therefore, using the method of time-series analysis could 

predict the change trend of DWEC for those water indicators. 

5. Conclusions 

In this study, based on the concept of water environment 

capacity, a dynamic water environment capacity model was de- 

duced and applied to the Fenghuangshan drinking water source 

area where in the Yangtze River. Relying on huge historical data 

including water daily flow and monthly concentration from 2012 

to 2017, DWEC of eight water indicators such as permanganate 

index, TP, NH3-N, BOD5, Cr6+, Fe, Cu and anionic surfactant 

were obtained. Based on the deduced model of DWEC, results 

showed that permanganate index had the maximum change am- 
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Figure 5. Predicted results of (a) inflow, (b) outflow, (c) permanganate index concentrations and (d) anionic  

surfactant concentrations. 
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Figure 6. The DWEC trend prediction of (a) permanganate index and (b) anionic surfactant. 

 

plitude and Cu had the minimum change range. For the other 

water quality indicators, the change range order was BOD5, Fe, 

NH3-N, TP, anionic surfactant, and Cr6+. According to the re- 

sults in the study area, the DWEC change trends of water quali- 

ty indicators studied were identified, and there were two pat- 

terns approximately. One is the change trend of water quality 

indicators including permanganate index, TP, NH3-N, BOD5, Cr6+, 

Fe, and Cu, and in this pattern the DWEC would increase main- 

ly in the end of the flood stage and storage stage. The other 

change trend of DWEC was represented by anionic surfactant, 

and in this pattern the DWEC would increase mainly in pre-flood 

stage and after storage stage. Based on analysis of the impact 

of water flow on those water quality indicators, those two pat-

terns of DWEC change trend were related to the difference be- 

tween inflow and outflow. When the difference between inflow 

and outflow was positive, for the pattern of water indicator rep- 

resented by permanganate index, the DWEC would be increased, 

however, the DWEC of anionic surfactant would be reduced in 

this situation. Compared with previous studies, the results of 

this study showed that the change trend of dynamic water envi- 

ronment capacity is related to water flow. It can better reflect 

the dynamic change of water environment capacity and provide 

new ideas for decision makers.  

Moreover, to predict the change trend of dynamic water 

environment capacity, the method of time-series analysis was 

utilized. In the prediction, concentration of water indicators, wa- 

ter inflow and water outflow were predicted, and thence the pre- 

dicted DWEC values were obtained. Both mean absolute errors 

between the predicted values and actual calculated values or 

permanganate index and anionic surfactant were below 16% in 

the mid-term of falling period, the end of flood season and stor- 

age stage. In other words, the time-series analysis could be used 

to predict the change trend of DWEC, basically.  

In this study, through the analysis of water indicators, a dy- 

namic water environment capacity model was constructed, and 

the change trend of dynamic water environment capacity was 

predicted by the method of time-series analysis. The method of 

time-series analysis and the construction of dynamic water en- 

vironment capacity model can be applied to other research areas.  

The results in this study showed that the proposed method 

of calculate DWEC provides a new way for analyzing and fore- 

casting the change trend of water environment capacity in the 

drinking water source area of TGR. Meanwhile, the introduc- 

tion of time series methods has further confirmed the scientific 

rationality of trend prediction. In the time-series analysis pre- 

diction, this study ignored some forecast data with large errors, 

therefore, improving the prediction accuracy of time-series anal- 

ysis method and applying to the prediction of DWEC would be 

a key research direction in future research.  
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