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Risk analysis of dynamic water level setting of reservoir in flood season based on multi-index 

 

Zhenyu Mu1, Xueshan Ai1, 2, Jie Ding1, Kui Huang3, Senlin Chen1, Jiajun Guo1, Zuo Dong1 

 

Abstract The long-term operation of the reservoir at the flood limit water level in the flood season 

is not conducive to the exertion of the comprehensive benefits of the reservoir, especially in the 

flood free period, the operation of the reservoir at the flood limit water level will cause a certain 

waste of resources. On the one hand, with the continuous improvement of the forecast accuracy, the 

effective forecast period of flood forecast will continue to extend, when there is excess water in the 

flood free period, the water level can be raised instead of abandoning the water to increase the 

benefit of power generation. If there is a flood, it can be discharged within the effective forecast 

period of flood forecast to make the water level drop back to the flood limit level, so as to ensure 

the safety of flood control; On the other hand, affected by the forecast uncertainty and other factors, 

the higher the operating water level in the flood free period, the greater the risk that the water level 

can return to the flood limit water level through discharge, and the decision-making based only on 

the power generation benefit and risk rate is difficult to deal with the possible large-scale flood 

events in the future. This study proposes a dynamic water level decision-making system in flood 

free period. The system considers three factors: power generation benefit, discharge in the effective 

forecast period of flood forecast and risk rate. It can provide decision-makers with a variety of 

decision-making schemes and screen the optimal scheme, thus improving the operational benefit of 
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hydropower station in flood season and reducing flood control risk. Firstly, historical data and 

various flood season staging methods are used to divide the flood season into multiple sub-seasons, 

and then the maximum inflow process in the effective forecast period of flood forecast in each sub-

season is selected. According to this inflow process, the upper limit of operating water level in the 

flood free period of each sub-season is determined based on the reservoir discharge capacity, and 

the operating water level points and discharge ratio are discretized, Then the multi-order Monte 

Carlo Markov chain (MCMC) and Monte Carlo method are used to calculate the risk rate. Then, the 

scheme set is established by the three variables of power generation benefit, discharge ratio and risk 

rate. Finally, the weighted Topsis method is used to determine the optimal scheme. In the practical 

application, the influence of each risk factor on the risk rate and the influence of weight on the final 

decision are also compared and analyzed. This method has been verified in Youjiang reservoir in 

Yujiang River Basin. The main conclusions are as follows: (1) Combined with the discharge in the 

forecast period, the reservoir operating water level has a certain lifting space in the flood free period, 

which can effectively reduce the waste of resources. (2) In the discharge process in the forecast 

period, runoff forecast error and discharge error are the two factors that have the greatest impact on 

the risk rate, and the multi-order MCMC method effectively reflects the relationship between the 

adjacent periods of runoff forecast error, and its simulation process is closer to the reality. (3) Topsis 

with the combination of AHP and entropy weight method can fully consider the characteristics of 

power generation benefit, discharge ratio and risk rate, and it is effective to select the optimal 

solution from the set of non-inferior schemes. This method provides a new idea for determining the 

operating water level of the reservoir in the flood season. 

 

Keywords Flood free period; Flood season segmentation; Multi-order MCMC; Discharge; Power 

generation benefit; Risk rate. 

 



 

 

1 Introduction 

Hydropower is the most reliable, mature, stable and currently accounting for the largest proportion 

of clean energy and its development can help relieve the environmental problems caused by the 

shortage of traditional fossil energy and fuel consumption, and achieve carbon neutrality (Yüksel 

2010; Liu et al. 2022; Moser et al. 2021). At the same time, due to the problem of low operation and 

management level in reservoir regulation, the efficient utilization of hydropower station and the 

development of key technologies play an important role in urgent research fields, and the selection 

of flood season operation decision and risk research is a significant research direction. On the one 

hand, with the continuous improvement of the forecast accuracy, the effective forecast period of 

flood forecast will continue to extend, when there is excess water in the flood free period, the water 

level can be raised instead of abandoning the water to increase the benefit of power generation. If 

there is a flood, it can be discharged within the effective forecast period to make the water level 

drop back to the flood limit water level (FLWL) so as to ensure the safety of flood control; On the 

other hand, affected by the forecast uncertainty and other factors, the higher the operating water 

level in the flood free period, the greater the risk that the water level can return to FLWL through 

discharge. At the same time, climate change is causing more extreme flood events (Reichstein et al. 

2021), decisions made only based on power generation benefits and the risk rate calculated based on 

historical data are difficult to deal with large-scale flood events that may occur in the future. Under 

the trend of high-efficiency utilization of water energy, based on runoff forecast, it is of great 

research significance and value to formulate a dynamic water level setting method of reservoir in 

flood season, which can improve operation efficiency and avoid high risk, and take the possible 

extreme floods into account in the future. 

 Hydrological forecast has the characteristics of hourly rolling and dynamic updating: in each 

period, The forecast model is used to forecast the runoff in a certain forecast period H in the future 

based on the known hydrological information such as water storage capacity, rainfall observation 



 

 

and rainfall forecast; In the subsequent period, the runoff forecast will be dynamically updated in 

combination with the updated hydrological information (Zhao 2013). At the same time, due to the 

influence of factors such as model parameter error, the prediction error in each period of runoff 

prediction has a certain correlation. In order to describe this correlation, Copula function (Xu et al. 

2021; Li et al. 2022; Dodangeh et al. 2020), Bayesian network (Lu et al. 2020), Monte Carlo 

Markov chain (Hadfield 2010) and other methods have been applied to runoff simulation in recent 

years, theoretically, when the forecast period is long enough, inputting the hourly updated 

hydrological forecast into the operation model can update the operation decision hourly, so as to 

make full use of the hydrological forecast information and improve the benefits of the reservoir 

system (Zhao et al. 2011). At the same time, combined with the simulation of uncertain factors such 

as runoff forecast error, the possible risks of operational decision can be better analyzed, providing 

clear guidance for reservoir operation. 

 There is an interactive and competitive relationship between risk and power generation benefit, 

and its competition intensity will change with the change of sub-seasons (Yao, 2019). In order to 

describe the competition relationship between risk and benefit, it is necessary to divide the flood 

season into multiple sub-seasons, and adopt multiple FLWLs instead of a single constant value in 

the whole flood season (Fang et al. 2007; Yun and Singh, 2008). After analyzing and improving the 

existing research results, segmentation methods can be mainly divided into six categories: fractal, 

cluster analysis, change point analysis, fuzzy set analysis, projection pursuit and Fisher the optimal 

break up. For example, Liu et al (2011) used directional statistics (DS) method to divide the flood 

season of the Three Gorges, Pan (2018) et al proposed a quantitative measurement method - 

Seasonal exceedance probability (SEP) to evaluate the flood season staging scheme. The above 

method can effectively carry out reliable flood season staging according to runoff, rainfall, flood 

information and other factors.  

 In order to make a decision by integrating risk and power generation benefit, many decision-

making solutions have been applied. For example, Chen (2021) combined entropy weight method 



 

 

with Topsis method to evaluate flood risk and loss in southern China, making up for the lack of 

research on the comparison of flood risk and benefit loss; Li et al (2021) determined the benefit and 

risk index set of phased control of FLWL, and established a risk-benefit multi-objective 

collaborative decision-making model to solve the optimal decision-making, so as to effectively 

combine the benefit and risk; Xu et al (2020) established a two-stage stochastic optimization model 

to find a balance between water shortage and flood risk. The above methods effectively consider the 

risk and benefit factors. However, due to the particularity of risk indicators, it is difficult to measure 

their weight by objective methods, so it is necessary to add subjective factors in decision-making in 

order to find a better scheduling method. 

 The research shows that with the continuous improvement of forecast accuracy, short-term 

runoff forecast has been used in water resources management and other fields (Carpenter and 

Georgakakos 2001; Alizadeh et al. 2017), and the results of flood season segmentation method are 

also very fruitful, which provides a basis for the effective combination of risk and benefit in the 

process of reservoir operation. However, The existing results are still difficult to solve three major 

problems: Firstly, the existing studies often focus on flood risk, only coordinating benefits and risks 

by changing FLWL, but ignoring the waste of resources when the reservoir is maintained at FLWL 

in the flood free period; Secondly, affected by climate change the frequency of extreme weather is 

increasing, and the existing research lacks effective response measures for possible catastrophic 

floods in the future; Thirdly, the particularity of risk rate and other indicators is ignored when using 

objective methods for decision selection, which makes the final decision unreasonable. 

 To bridge the knowledge gaps, this paper proposes a decision-making system of optimal water 

level in flood season. The system considers three factors: power generation benefit, discharge in the 

effective forecast period of flood forecast and risk rate. It can provide decision-makers with a 

variety of decision-making schemes and screen the optimal scheme so as to improve the operating 

benefit of hydropower station in flood season and avoid flood control risk. In this method, we firstly 

use historical data and various flood season staging methods to divide the flood season into multiple 



 

 

sub-seasons, and then the maximum inflow process in the effective forecast period of flood forecast 

in each sub-season is selected. According to this inflow process, the upper limit of operating water 

level in the flood free period of each sub-season is determined based on the reservoir discharge 

capacity, and the operating water level points and discharge ratio are discretized, Then the multi-

order Monte Carlo Markov chain (MCMC) and Monte Carlo method are used to calculate the risk 

rate, finally the weighted Topsis method is used to determine the best scheme. The influence of each 

risk factor on the risk rate and the effect of weight on the final decision are also compared and 

analyzed. 

The remainder of this paper is organized as follows. Section 2 explains the establishment 

process and solution method of the optimal water level decision system in flood season. Section 3 

describes the application of the method to the Youjiang reservoir in Yujiang River Basin. Section 4 

presents the main results and analysis. Section 5 presents the conclusions.  

 

2 Methodology 

Affected by the uncertainty of flood in the flood season, in order to reduce the flood control risk of 

the reservoir itself and downstream, the water level is usually maintained near the FLWL in the 

flood season. On the one hand, in order to ensure the completion of flood control tasks, the FLWL 

of the reservoir is usually low and the water head available for power generation is less, so that the 

reservoir cannot give full play to its power generation capacity in the flood season, especially in the 

period without flood. On the other hand, Due to the limitation of reservoir discharge capacity and 

downstream flood control safety, the higher the operating water level in the flood free period, the 

more difficult it is to reduce the water level back to the FLWL in the effective forecast period, and 

the higher the risk. At the same time, in order to cope with the increasingly frequent extreme 

weather and extreme flood events, a certain space should be reserved on the basis of maximum safe 

discharge. Based on the above characteristics, this paper establishes an optimal water level 



 

 

decision-making system and optimal scheme determination method in flood free period in flood 

season. The details are given as follows. 

 Fig. 1 is the method frame diagram of this study. 

 

2.1 Flood season segmentation 

Under the condition of ensuring the dam safety and downstream flood control safety, the phased 

operation of the reservoir is not only an important measure to improve the benefits of the reservoir, 

but also the basic premise to determine and adjust the phased FLWL of the reservoir (Wang et al. 

2007; Dong et al. 2007). In this paper, the circular distribution method (Fang et al. 2007), fuzzy 

statistical test method (Chen et al. 2003) and fuzzy set analysis method (Wang et al. 2020) are 

selected to divide the flood season, and then the rationality of staging results was analyzed based on 

regional hydrological and climatic conditions and historical flood data, and the flood season staging 

scheme was determined.  

 

2.1.1 Circular distribution method 

Assuming that the total number of days in the calculation period is T, and the occurrence time and 

magnitude of the flood peak of the flood sample i are i
D  and i

Q , respectively coordinate value of 

flood time without considering and considering flood magnitude ( , )
i i

x y  is: 
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Where N is the sample size; 
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In which q  is the mean of N sample flood peaks. 

Concentration R in a circular distribution is a statistical index of describing concentration trend 

of 
i

 ,. 0 1r  , and the closer r is to 0, the more uniform the distribution of flood occurrence time 

is; The closer r is to 1, the higher the concentration of flood occurrence time in a certain area. The 

relationship between r and the standard deviation s of 
i

  is as follows: 

 2lns r    (5) 

s is an index indicating the discrete trend of flood occurrence time。The starting and ending 

days 1D  and 2D  of the main flood season in the calculation period are respectively: 

 1
2

s
D T
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2.1.2 Fuzzy statistical test method 

According to the daily average flow data samples over the years, take the average daily runoff of 

many years as the threshold, calculate the cumulative sum of the runoff exceeding the indicator 

threshold and the quotient of the indicator threshold in each year, divide by the total number of 

years, and obtain the corresponding indicator value of each date: 

 ,

1

[ ( ) / ] /
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t i t y y

i

D Q Q Q N


    (8) 



 

 

Where 
,i t

Q  is the average daily runoff on the day t of the year i; 
y

Q  is the multi-year daily average 

flow; N  is total years. 

Select an appropriate positive number as the membership threshold. If the membership reaches 

or exceeds the threshold at a certain time, it is the member of the flood season. Other times can be 

classified into corresponding sub-seasons according to the membership degree of the main flood 

season. 

 

2.1.3 Fuzzy set analysis method 

Select the N-year daily average runoff data as the sample, and take the multi-year average runoff 

T
Q  as the sample standard value. When the average daily runoff is greater than 

T
Q , it is considered 

to enter the flood season. Count the start and end time of the flood season each year, obtain the daily 

coverage times 
i

m , and calculate the membership degree (t)
A

U  of day t, and (t) m /
A i

U N , finally 

draw the empirical membership function curve in flood season. The threshold   is determined 

according to experience. When the empirical membership of the period is greater than  , it is 

considered that the period belongs to the main flood season. The start time 1a  and end time 2a  of 

the main flood season are determined in the figure. Then, the semi normal distribution function is 

used to fit the empirical membership function curve in flood season, fit the membership function 

curve and fitting parameters 1b ， 2b , and the calculation formula is: 
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Where 
0T  is the last time of flood season, and 

i
u  is the empirical membership in day i. 

Draw the curve of fitting membership function. Keep the threshold   unchanged and 

determine the main flood season ' ' '

1 2[ , ]A a a   in the figure. Where '

1a  and '

2a  are the starting and 

ending time of main flood season determined by the fitting curve of empirical membership function. 

The final main flood season can be obtained by taking A  and '
A  compromise values. 

 

2.2 Establishment of operating water level and discharge scheme 

2.2.1 Upper limit of relative safe water levels in sub-seasons 

According to the historical flood data in a certain sub-season of the reservoir, take the excess 

downstream safety discharge as the flood rising point, count the water inflow data in each period of 

the forecast period before the rising point, and select the group with the largest total water inflow as 

,1 ,2 ,3 ,T( , , ..., )
in in in in in

Q Q Q Q Q . 

Considering the downstream flood control safety and reservoir discharge capacity, the 

maximum discharge max

,( )out tQ  of each period in the forecast period is defined as 

 
max

, ,min( , )out t aq x tQ Q Q   (12) 

Where 
aq

Q  is safety discharge at the downstream flood control point, 
,x t

Q  is the reservoir maximum 

discharge in period t according to the discharge capacity, and 
, ,( )

x t zq t c
Q f Z , 

zq
f  is discharge 

capacity curve, 
,t c

Z  is the initial water level in period t. 

The water balance equation of each period is： 
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Where 
,t m

Z  and 
,t m

V  are the end water level and end storage in period t, 
,t c

V  is the initial storage in 



 

 

period t, 
,out t

Q  is outflow in period t, 
zv

f  is storage-capacity curve, 
d

T  is the unit time. 

Let max

, ,out t out tQ Q , and several water levels at the beginning of the forecast period are set for trial 

calculation until there is an initial water level so that the water level at the end of the forecast period 

,( )
T m

Z  is exactly the FLWL ( )
x

Z , that is, under the premise of considering the downstream flood 

control safety and reservoir discharge capacity, discharging from this water level at the beginning of 

the forecast period can make the operating water level fall back to the FLWL just at the end of the 

forecast period, so this water level is recorded as the Upper limit of relative safe water level maxZ . 

 

2.2.2 Discrete operating water level 

N  operating water level points are evenly dispersed based on the FLWL and the upper limit of 

relative safe water level in sub-seasons, which are recorded as: 1 2( , ,..., )
N

Z Z Z Z , and the upper 

and lower limits of each water level point are 

 maxx i
Z Z Z    (14) 

 

2.2.3 Discharge ratio setting 

In order to reserve a certain discharge space, the discharge can be reduced based on the maximum 

discharge max

,( )out tQ  in each sub-season, and the discharge ratio point is defined as 1 2( , ,..., )
M

    , 

whose upper and lower limit constraints are: 

 0 1
i

    (15) 

At this moment the discharge in each period is: 

 
max

, , ,min( , )out t i out t i aq x tQ Q Q Q      (16) 

Obviously 1
i

   in the calculation of maxZ . 

 



 

 

2.3 Risk analysis 

2.3.1 Risk factor identification 

Risk factors have an important impact on the occurrence of risk events, which are usually random. 

The identification of risk factors has an important impact on risk assessment (Jiang et al. 2018). 

Combined with the characteristics of reservoir flood control, this paper extracts three main risk 

factors and describes their probability distribution. 

(1) Runoff forecast error 

Runoff forecast error is a manifestation of the uncertainty of hydrological forecast. For the 

forecast and dispatching work, the early inflow runoff forecast work mostly forecasts the inflow in 

multiple subsequent periods at a fixed time and at a fixed interval, therefore, when simulating the 

runoff forecast error, the correlation between them at different forecast times in the prediction 

period should be considered (Zhang 2021). The forecast error in period j of forecast work i 
,( )

i j
e  is: 

 
, , , ,( ) / 100%y s s

i j i j i j i je Q Q Q     (17) 

Where 
,

y

i jQ  and 
,

s

i jQ  are the forecast flow and observed flow in period j of forecast work i. 

The Markov chain is a stochastic model that describes a sequence of possible events wherein 

the probability of each event depends only on the state attained in previous events (Xu et al, 2021). 

In this paper the runoff series is simulated based on multi-order MCMC and the normal distribution 

of error in each period, and steps are as follows: 

1) According to the forecast error samples, the error normal distribution in period j is fitted, and 

2~ ( , )j j je N    

2) The sample errors in each period are divided into different states. In this paper, the mean 

standard deviation classification method is used to divide the errors into five states, which are 

recorded as (1,2,3,4,5)S  , so the sample states in period j of sample i 
,( )

i j
S  are respectively: 
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3) Transition probability matrix calculation. The i-step transition matrix ( )
j

TM  is constructed 

by calculating the transition steps ( )

,

j

a bf  from one state a  (time j) to another state b  (time j + 1) in 

the sample sequences: 
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And 
j

TPM  can be estimated according to 
j

TM , as shown in Eq. (20) and (21): 
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4) There are T  periods in the effective forecast period of flood forecast. If the start period is j, 

a random number 1e  satisfying the normal distribution of errors in period j is generated, and 

2

1 ~ ( , )j je N   . Judge the state of 1e  according to Eq. (18), subsequently the states of the relative 

forecast errors ( )
m

S  are generated based on Monte Carlo method and state transition probability 

matrix, and 1 2( , , , , , ),
m t T t

S S S S S S S L L . We then obtain the simulation scenarios of the relative 

forecast errors processes 1 2( , , , , , )
m t T

e e e e e L L  based on uniform sampling within the error 



 

 

range of each state. 

5) Take 
in

Q  in section 2.2 as the forecast runoff series, and the observed runoff of each period 

*

,( )in tQ  is: 

 *

, , / (1 )in t in t tQ Q e    (22) 

(2) Delay time of operation 

Delay time of operation comes from the steps of flood forecast and approval of superior 

competent department before putting operations into force. Due to difficulties to obtain its 

probability distribution theoretically, we thus estimated it by triangular distribution, and the 

probability density function is: 
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Where a , b  and c  are the minimum, maximum and possible values of scheduling delay 

respectively. 

To ensure safety and generate electricity as much as possible before the release time ( z
t t , and 

z
t  is the simulation of delay time of operation), when the inflow flow is less than the maximum 

power generation flow, it shall be discharged by maximum generation flow 
,max( )

fd
Q , and if the 

inflow flow is greater than the maximum power generation flow, the minimum of the inflow 
,( )

in t
Q , 

safety discharge (
aq

Q ) and the reservoir maximum discharge (
,x t

Q ) shall be taken for discharge. 
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  (24) 

In order to make the risk calculation more in line with the actual operational situation, the 

discharge volume in delay time is not affected by the discharge ratio. 



 

 

(3) Discharge error 

Discharge error mainly refers to the difference of discharge capacity caused by the error of 

discharge capacity curve and the operation of discharge facilities, which is simulated by normal 

distribution, and the random number   conforms to 2(1, )N  . Variance 
2  can be analyzed by the 

actual discharge data of the reservoir (Diao and Wang 2010), then the actual discharge of each 

period is:  

 *

, ,out t out tQ Q   (25) 

 

2.3.2 Risk analysis model 

Based on the pre-discharge scheme in section 1.2, considering the probability that the water level of 

the reservoir at the end of the effective forecast period exceeds the FLWL caused by three uncertain 

factors: runoff prediction error q , dispatching delay time 
z

t  and discharge capacity error x , the 

risk analysis model is as follows: 

 ( ) [ ( , , ) ]QT

z x
P Z P Z q t x Z    (26) 

Where 
QT

Z  is the water level in the end of  the effective forecast period, which is affected by q , z
t  

and x . 

 

2.3.3 Risk model solution 

According to the water balance equation in section 1.2.1, under the different conditions of operating 

water level point ( )
i

Z  and discharge ratio ( )
j

 , the water level in the end of forecast period after 

discharge according to the actual inflow *

,( )in tQ  and actual discharge *

,( )out tQ  in each period can be 

calculated, which is recorded as 
,

QT

i jZ . 

Monte Carlo method is used to conduct N simulations in the forecast period. At the same time, 

in order to reduce the impact of errors such as water level storage capacity curve on the calculation 



 

 

of risk rate, it is necessary to determine the upper and lower floating limits of FLWL 

,max ,min( )
x x

Z and Z   according to the data and actual operation, and calculate the risk rate 
,( )

i j
P  of 

operating water level point ( )
i

Z  under the condition of discharge ratio ( )
j

  with membership 

function, which is: 
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Where 
,( )QT

n i jZ  is membership of 
,

QT

i jZ  in simulation n. 

The risk rate calculation process is shown in Fig. 2. 

 

2.4 Determination of optimal scheme in flood free period 

The rise of water level in flood free period can bring two effects: firstly, the increase of water head 

and the increase of power generation benefit; Secondly, the risk of water level exceeding the flood 

limit water level at the end of pre-discharge period increases. At the same time, in order to deal with 

the increasingly frequent extreme flood events, this paper selects three indicators of power 

generation benefit, discharge ratio and risk rate to establish an index-set and uses the weighted 

Topsis method to solve. 

 

2.4.1 Index-set with power generation benefit, discharge ratio and risk rate  

The first step is to count the runoff of multi-year flood season. The period from the beginning of 

each sub-season of the flood season to the flood rising point is taken as the calculation period. If 

there is no flood in the sub-season, the whole sub-season is taken as the calculation period. The 

calculation method of enhanced power generation benefit ( )
i

E  corresponding to the operating 



 

 

water level point ( )
i

Z  is as follows: 

 
1
( ( , ) ( , )) /

Y

i i xn
E E Z n E Z n Y
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Where Y  is total years of data, ( , )
i

E Z n  and ( , )
x

E Z n  are total power generation calculated by the 

runoff series of year n based on 
i

Z  and 
x

Z . 

Thus, an index-set with power generation benefit, discharge ratio and risk rate can be 

established, which includes N M  group schemes. The relationship between the three is shown in 

Fig. 3. The solid lines in different colors in the left figure represent the monotonous relationship 

between risk rate and power generation benefit under different discharge ratios. The smaller the 

water discharge ratio, the higher the corresponding risk ratio under the same power generation 

benefit. In the right figure, red represents the high-risk area corresponding to the decision-making of 

power generation benefit and discharge ratio, and blue represents the low-risk area. 

In order to consider the flood control demand, the membership degree ( )
n x

Z  of FLWL is 

calculated according to the membership function in Section 2.3.3 and taken as the risk threshold. 

The schemes with risk rate higher than the risk threshold are screened out as inferior schemes. 

Assuming that screened-out schemes are m groups, the remaining scheme sets are 

, ( ) 3( )
x y N M m

A a    , which is: 

 

1,1 1,2 1,3

2,1 2,2 2,3

,1 ,2 ,3N M m N M m N M m

a a a

a a a
A

a a a     

 
 
 
 
 
 

M M M
  (30) 

 

2.4.2 Weighted Topsis method 

Topsis normalizes the decision matrix, then multiplies the value in the column by the relative 

weight to determine the best and worst value in each column, and defines them as the positive ideal 

solution (PIS) scheme and negative ideal solution (NIS) scheme respectively. Finally, calculate the 



 

 

relative proximity between each scheme and the ideal solution and rank them to select the optimal 

scheme (Singaraju et al, 2022). It is a simple, intuitive and reasonable decision-making method. 

After establishing the scheme set, firstly normalize each index in the index-set, which is 

 , min,

,

max, min,

x y y

x y

y y

a x
r

x x





  (31) 

Secondly, the weight of each decision-making type is determined by the combination of 

subjective and objective weighting method. Given 
y

  is the weight of index y, and 
1

1
n

y

y




 , we 

use the combination of analytic hierarchy process (AHP) and entropy weight method (Dong et al, 

2021) to obtain 
y

 , and the steps are as follows: 

(1) Construct the relative importance matrix B of each index type; 

(2) Solve the maximum eigenvalue of matrix B and the corresponding eigenvector, and 

transform each component of the eigenvector into the weight of each evaluation index under AHP, 

which is: 

 3

1

y

y

y

y
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(3) Calculate the entropy of each index: 
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(4) Calculation of entropy weight of each index according to: 
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(5) The final weight of each index is obtained by combining AHP and Entropy Weight Method: 
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Next, PIS and NIS are determined. Given a


 the most preferred scenarios and a


 is the least 

preferred scenarios, which are: 
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Finally calculate the closeness degree ( )
x

C
  between each scheme and PIS: 

 x
x

x x

D
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D D
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Where 
x

D
  and 

x
D

  are respectively the distance of scheme x from PIS and NIS. 

3
2

,

1

[ ( )]x y x y y

y

D a a 



   and 

3
2

,

1

[ ( )]x y x y y

y

D a a 



  . 

Sort the schemes according to the size of closeness degree, and the scheme with the largest 

posting schedule is the best one. 

 

3 Case study 

3.1 Overview of the study area and data 

Yujiang River is the largest tributary of the West River system in the Pearl River Basin, originating 

in Guangnan County, Yunnan Province. Youjiang reservoir is not only the multi-year regulating 

reservoir but the important flood control project in the whole Yujiang River Basin. Therefore, 

Youjiang reservoir was selected as a case study in this paper. The main characteristic parameters are 

shown in Table 1. Youjiang reservoir has relatively complete rainfall forecasting, runoff forecasting 

system and real-time operation system, in which runoff forecasting adopts rolling forecasting mode: 

Once a day, hour by hour for the next seven days., and runoff forecasting accuracy within one day 

meets the requirements of use and can be used as the effective forecast period of flood forecast. 

 



 

 

3.2 Result of flood season segmentation 

Rainstorm generally occurs in June-August in the Yujiang River Basin, and the largest floods in past 

years mainly occur in July-August. The beginning and ending time of flood season are May 20 and 

September 30 respectively. The study divides flood season according to circular distribution method, 

fuzzy statistical test method and fuzzy set analysis method, and results of each method are shown in 

Fig. 4-6. 

The orange dots in Fig. 4 is the time distribution of each historical flood when considering the 

peak and the blue dot is the time distribution of each historical flood when the peak is not 

considered. In Fig. 5, the black line is the membership function, the red line is the selected 

membership threshold, and the red dot is the intersection of the threshold and the membership 

function, representing the segmentation node. In Fig. 6, the black line is the empirical membership 

function, the blue line is the fitted membership function and the red line is the selected membership 

threshold. 

Based on the rainfall data of the control area of Youjiang Station in Yujiang River Basin, it is 

considered that the result of fuzzy statistical test method is more practical. Therefore, the 

segmentation is determined on the basis of fuzzy statistical test method result in ten days. The 

results of each method and the final segmentation are shown in Table 2. 

 

3.3 Calculation of operating water level in flood free period 

Flood season of Youjiang station is divided into 4 sub-seasons. According to the design flood data 

and the actual operation of Youjiang station, FLWL in each sub-season and the safe discharge are 

determined, and the upper limit of operating water level in sub-season can be obtained and 

discretized according to the calculation formula of Section 1.2. FLWL, safe discharge, upper limit 

of operating water level and the discrete accuracy of each sub-season are shown in Table 3. 

FLWL in the fourth sub-season is equal to the normal water level, so it is not considered to raise 

the operating water level during the fourth sub-season. 



 

 

 

3.4 Risk factor identification 

The normal distribution curves of errors in each period are fitted according to the forecast data and 

observed data. The normal distribution frequency curves at 0h, 6h, 12h and 18h are shown in Fig. 7. 

The grey bar chart shows the probability distribution density of error samples in each range, and the 

red line is a fitting normal distribution density curve. 

The forecast runoff, observed runoff and time-interval error distribution selected in each period 

are shown in Fig. 8. Fig. 8a, 8b and 8b belong to the first, second and third sub-season respectively. 

The black line is the observed runoff and the blue line is the forecast runoff. The color box diagram 

represents the normal distribution of errors in each period. The absolute relative error value of the 

total water volume of the third period forecast data is less than 20%, therefore these can be used as 

calculation samples of risk rates for each sub-season. 

According to the operation data of the power station, the discharge error approximately meets 

2~ (1,0.05 )N . Youjiang reservoir has sound regulation and forecast system, and the minimum, 

most likely and maximum values of delay time of operation are determined as 0h, 0h and 1h 

respectively according to the experience of operation experts. The trigonometric distribution 

function is: 

 
2(1 ), 0 1

( )
0, 0, 1

t t
f t

t t

  
   

  

      

   

 

3.5 Calculation of risk rate and determination of optimal scheme 

Set discharge ratio (0.1,0.2,...,1)  , at the same time, according to the error of water level storage 

capacity curve of Youjiang River, wind and waves and other factors, the fluctuation range of FLWL 

in each period is set as ( 0.1, 0.1)
x x

Z Z  , and the maximum number of Monte Carlo simulation is 

5000. Based on the risk rate calculation method in Section 2.3, the risk rate of each operating water 



 

 

level point in each period under different discharge ratio is calculated. According to the calculation 

method of power generation benefit in section 2.4.1, the operating water level is transformed into 

power generation benefit. The results of each period are shown in Fig. 9, in which P is the risk rate, 

E is the power generation benefit and   is the discharge ratio. It can be seen from the figure that 

the risk rate is in direct proportion to the benefit and in inverse proportion to the discharge ratio. 

Combined with the membership function of water level, the risk threshold of each sub-season is 

0.5, therefore the index-set of each sub-season is established and solved by Section 2.4 weighted 

Topsis method after the schemes at risk rate of more than 50% are screened. The weight calculation 

and optimal scheme of each sub-season are shown in Table 4 and 5. H represents the lifting head 

corresponding to power generation benefit E. 

4 Discussion 

4.1 Significance of optimal scheme 

According to the weighted Topsis solution method, the benefit, discharge and risk rate caused by 

water level rise are comprehensively considered in the optimal scheme, which means that this 

scheme not only reduces water abandonment, but also improves the operational benefit of the power 

station, and avoids the high risk caused by water level rise. Based on the flood season operation 

rules of Youjiang River, the runoff of Youjiang River in the flood season from 2013 to 2017 are 

used for inspection. Compared with the way of maintaining water level at FLWL, the benefit 

increased and waste water reduced in each year by the optimal scheme is shown in Table 6. 

 The operation process in flood season in 2017 is shown in Fig. 10, in which the black line 

represents the water level process, the green line represents the inflow process, the blue line 

represents the outflow process, the red dotted line represents FLWLs, and the purple dotted line 

represents the raised water level. There are three floods in flood season, of which the first needs 

pre-discharge, and risk rate and other indicators are shown in Table 7. 

The above results show that compared with the operational scheme of maintaining FLWL, the 



 

 

power generation benefit of this method is increased by 1.57% and the operation waste water is 

reduced by 5.42% in 2017. When there is a flood in the flood season, this method can effectively 

pre-discharge, and the risk rate is only increased by 5%, which is far lower than risk threshold. If 

there is no flood, there is no need to discharge, which can facilitate the operation of reservoir water 

storage after the flood season. 

 

4.2 Impact of risk factors on risk rate 

In section 2.4.2, the risk rate is comprehensively affected by three risk factors. Now multiple 

combinations of risk factors are set to study the impact on the change of risk rate when the 

discharge ratio is 1, which is shown in Fig. 11. 

The basic laws analyzed from the above diagram are as follows: 

(1) When the risk rate is low, the integration risk rate is higher than the combined risk rate of 

various factors, and the impact of discharge error on the risk rate is higher than that caused by delay 

time of operation. 

(2) When the risk rate is high, the integration risk rate is lower than the single factor risk rate 

of runoff prediction error and the combined risk rate of runoff forecast error and delay time of 

operation. This is because when the discharge error is simulated with normal distribution, the water 

level storage capacity curve usually has convexity, and the discharge error makes the range of water 

level decrease at the end of the forecast period larger than the range of rise.’ 

Fig. 12 is a schematic diagram of the impact of discharge error subject to normal distribution 

on the water level at the end of the forecast period. Where, m
V   is the reservoir capacity at the end 

of the forecast period without considering the discharge error, 
,minm

V  and 
,maxm

V  are the minimum 

and maximum capacity at the end of the forecast period when considering the discharge error 

respectively. Since the discharge error meets the normal distribution, the absolute value of the 

difference between 
,minm

V and m
V  and the difference between 

,maxm
V  and m

V  is equal when the 



 

 

number of simulation time is large enough. However, because the water level storage capacity curve 

is convex, the deviation of the water level at the end caused by the initial water level rise 
1( )Z   is 

less than that caused by the water level decrease 
2( )Z , which is reflected in the risk rate and the 

discharge error will reduce the risk rate at high risk. 

 

4.3 Influence of weight on scheme selection 

The weight is calculated according to the AHP method in section 2.4. The relatively important 

weight matrix, weight calculation results and optimal scheme of indexes in each sub-season are as 

follows: 
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The weight determined by AHP and the optimal scheme are shown in table 8 and 9, and the 

weight determined by entropy weight method and the optimal scheme are shown in table 10 and 11. 

The above results show that: 

(1) In the first sub-season, the AHP method takes too much account of the impact of benefits, 

and since the entropy weight method determines the index from the confusion between the index 

values, it is hard to represent the characteristics of the risk rate and discharge ratio index itself. In 

the scheme selection of the third sub-season, the discharge ratio index is excessively considered, 

and the risk rate of the selected scheme is improved, which is not conducive to the flood control. In 



 

 

comparison, the combination of AHP and entropy weight method is more conducive to the selection 

of the optimal scheme. 

(2) In Topsis decision-making, the increase of a certain weight does not always mean that the 

optimal scheme is biased towards this index, which is also related to the normalization method. 

 

5 Conclusions 

In order to effectively coordinate the benefits and risks of reservoir operation, the benefits of power 

generation, the discharge in the forecast period and the risk rate of exceeding FLWL at the end of 

the forecast period should be fully considered. This study proposes a dynamic water level decision-

making system in flood free period. Firstly, historical data and various flood season staging methods 

are used to divide the flood season into multiple sub-seasons, and then the maximum inflow process 

in the effective forecast period of flood forecast in each sub-season is selected. According to this 

inflow process, the upper limit of operating water level in the flood free period of each sub-season 

is determined based on the reservoir discharge capacity, and the operating water level points and 

discharge ratio are discretized, Then the multi-order Monte Carlo Markov chain (MCMC) and 

Monte Carlo method are used to calculate the risk rate. Then, the scheme set is established by the 

three variables of power generation benefit, discharge ratio and risk rate. Finally, the weighted 

Topsis method is used to determine the optimal scheme. The method is applied to Youjiang 

reservoir in Yujiang River Basin, and the following conclusions are drawn: 

(1) Combined with the discharge in the forecast period, the reservoir operating water level has a 

certain lifting space in the flood free period, which can effectively reduce the waste of resources. 

(2) In the discharge process in the forecast period, runoff forecast error and discharge error are 

the two factors that have the greatest impact on the risk rate, and the multi-order MCMC method 

effectively reflects the relationship between the adjacent periods of runoff forecast error, and its 

simulation process is closer to the reality. 



 

 

(3) Topsis with the combination of AHP and entropy weight method can fully consider the 

characteristics of power generation benefit, discharge ratio and risk rate, and it is effective to select 

the optimal solution from the set of non-inferior schemes. 

This study provides a new method for determining the operating water level in the flood free 

period of the reservoir in the flood season, and fully considers the influence of power generation 

benefit, discharge in the forecast period and risk rate. In the future research, a variety of 

normalization and weight methods can be used to solve the scheme so as to realize the rapid 

determination and application of the scheme under the different needs of decision makers. 
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Table 1: Main parameters for the Youjiang reservoir 

Items Unit Youjiang 

Normal Level m 228 

Dead Level m 203 

Installed Capacity MW 540 

Mean annual runoff m3/s 263 

Maximum generation flow m3/s 692 

Forecast period h 24 

 

Table 2: Segmentations of each method and final selection scheme 

Methods Node 1 Node 2 Node 3 

Circular distribution method 7/19 8/26 \ 

Fuzzy set analysis method 6/30 9/19 \ 

Fuzzy statistical test method 7/4 8/12 9/7 

Final scheme 7/10 8/10 9/1 

 

Table 3: FLWL, safe discharge, upper limit of operating water level and the discrete accuracy 

 Unit 1st 2nd 3th 4th 

Flood limited water level m 214 219.7 222.3 228 

Safety discharge m3/s 2000 

Operating-limited water level m 214.8 220 223 / 

Discretization precision m 0.1 0.05 0.1 / 

 

Table 4: Index weight of each sub-season 

 1st 2nd 3rd 

E 0.41 0.22 0.23 

  0.37 0.31 0.37 

P 0.22 0.47 0.50 

 

Table 5: Optimal scheme of each sub-season 

 Unit 1st 2nd 3rd 

E 10^8 kWh 0.15 0.04 0.06 

H m 0.4 0.1 0.2 

  / 0.9 0.9 0.9 

P % 20 6 4 

 

Table 6: Benefit increased and waste water reduced in flood season of each year 

 
Power generation benefit Waste water 

Original This Increase Percentage Original This Reduction Percentage 



 

 

method method amount increased method method amount reduction 

Year 10^8 kWh 10^8 kWh 10^8 kWh % 10^8 m3 10^8 m3 10^8 m3 % 

2013 4.20 4.29 0.09 2.14 0 0 0 0 

2014 7.75 7.86 0.11 1.42 1.22 1.13 0.09 7.38 

2015 8.43 8.68 0.25 2.97 4.17 3.43 0.74 17.75 

2016 4.48 4.57 0.09 2.01 0.03 0 0.03 100 

2017 8.91 9.05 0.14 1.57 7.38 6.98 0.40 5.42 

 

Table 7: Comparison of various indicators 

 Unit This method Original method 

Waste water 10^8 m3 6.98 7.38 

Power generation benefit 10^8 kWh 9.05 8.91 

Risk rate % 6 1 

 

Table 8: Weight of each index in each sub-season (AHP) 

 1st 2nd 3rd 

E 0.49 0.25 0.25 

  0.31 0.25 0.25 

P 0.20 0.50 0.50 

 

Table 9: Optimal scheme of each sub-season (AHP) 

 Unit 1st 2nd 3rd 

E 10^8 kWh 0.21 0.04 0.06 

H m 0.6 0.1 0.2 

  / 1 0.9 0.9 

P % 29 6 4 

 

Table 10: Weight of each index in each sub-season (Entropy weight method) 

 1st 2nd 3rd 

E 0.26 0.29 0.31 

  0.37 0.41 0.37 

P 0.37 0.30 0.32 

 

Table 11: Optimal scheme of each sub-season (Entropy weight method) 

 Unit 1st 2nd 3rd 

E 10^8 kWh 0.05 0.02 0.03 

H m 0.1 0.05 0.1 

  / 0.8 0.8 0.8 

P % 2 22 8 

 



 

 

 

 

Fig. 1: Method frame diagram 

 



 

 

                             

Fig. 2: Risk rate calculation flow chart 

 



 

 

  

Fig. 3: Power generation benefit-discharge ratio-risk rate relationship diagram 

 

 

Fig. 4: Circular distribution method 

 

Fig. 5: Fuzzy statistical test method 



 

 

 

Fig. 6: Fuzzy set analysis method 

 

  

  

 

Fig. 7: Sample probability distribution density curve and fitted normal distribution density curve 



 

 

 

Fig. 8a: Sample selection and period error distribution in the first sub-season 

 

Fig. 8b: Sample selection and period error distribution in the second sub-season 

 

Fig. 8c: Sample selection and period error distribution in the third sub-season 

Fig. 8: Samples selected in each sub-season and period error distribution 

 



 

 

   

   

Fig. 9: Relationship between power generation benefit, discharge ratio and risk rate of each sub-season 

 

 

Fig. 10: Operation process in flood season in 2017 

 

   

Fig 11: Diagram of relationship between lifting head and risk rate under different combinations 

 



 

 

 

Fig. 12: Influence of discharge error in accordance with normal distribution 

 


