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Abstract: The inconsistency between water consumption and the annual rainfall 28 

distribution makes it important to make full use of the flood water resource. The 29 

adjustment of the flood limited water level (FLWL) is an effective way to improve the 30 

flood water utilization, where the staged control of the FLWL plays an important role. 31 

Flood season segmentation is the basis for determining the FLWL and tapping the 32 

utilization potential of flood resources. The circular distribution method is used to 33 

segment, and the relative frequency method is used to verify. Maintaining the balance 34 

between benefit and flood control safety is the key work for the FLWL decision. The 35 

performances of water supply and hydropower generation are selected to be benefit 36 

index, and the extreme risk rate is risk index. Based on the game theory, the 37 

multi-objective cooperative decision-making model is established. Nash negotiation 38 

solution of staged FLWL is obtained by Nash negotiation theorem. The optimal 39 

scheme is determined according to the fuzzy pattern recognition theory. A reservoir is 40 

taken as an example, firstly, considering that the risk and benefit are equally valued, 41 

the FLWL of the optimal scheme in the pre-flood season is 129.0m, and the post-flood 42 

season is 128.5m. By adjusting the preference value for risk and benefit, the optimal 43 

FLWL scheme under different preferences for risk and benefit in each stage is 44 

determined. 45 

Keywords: flood season segmentation; extreme risk rate; multi-objective cooperative 46 

decision; Nash negotiation; adjustment of flood limited water level   47 
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1  Introduction  48 

Reservoir is significant for comprehensive development and management of 49 

water resources. It plays an important role in meeting social water demand (Chen et 50 

al., 2013; Jiang et al., 2015; Zhou et al., 2014). Reservoir operation is an effective 51 

measure to realize the optimal allocation of water resources. Rainfall in China is 52 

unevenly distributed throughout the year, and most of the annual runoff is 53 

concentrated in the flood season. The control of flood limited water level (FLWL) is a 54 

significantly resultful method of reservoir operation. (Li et al., 2010; Liu et al., 2015). 55 

Flood season segmentation is a fundamental prerequisite for adjusting the FLWL and 56 

tapping the utilization potential of flood resources. It is an important subject to 57 

alleviate the contradiction between flood control and utilization benefit. 58 

The study of flood season segmentation (Chen et al., 2015; Jiang et al., 2019) has 59 

gone through a process of in-depth research from qualitative to quantitative, from 60 

single index to multiple indexes. Advances primarily involve the techniques of 61 

mathematical statistics method, genesis analysis method, fuzzy clustering method, 62 

fractal theory, relative frequency and directional statistics method, and so on. The 63 

mathematical statistics and genesis analysis methods (Black A and Werritty, 1997; 64 

Singh et al., 2005) needed a large number of flow data and hydrometeorological 65 

analysis. They had high requirements for data and can be time-consuming. Besides, 66 

the results involved subjectivity in deciding the segmentation. The fuzzy clustering 67 

method (Ju et al., 2020) made use of soft decisions through the use of membership 68 

functions, It determined the staging results according to the selected threshold value, 69 

which is subjective. The results of fractal theory (Qian et al., 2018) were relatively 70 

objective, but the workload of analysis and calculation was heavy. The directional 71 

statistics method (Cunderlik et al., 2004a; Cunderlik et al., 2004b) convert the 72 
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occurrence time of each sample into radians and draw the vector statistical graph to 73 

determine the segmentation. It only considered the occurrence time of flood, and its 74 

results are mainly judged visually according to the distribution density of data points 75 

in the vector graph, which is subjective. The circular distribution method (Fang, et al., 76 

2007) had the characteristics of simple and convenient calculation and flexible 77 

analysis. It comprehensively considered the concentration degree and concentration 78 

period of flood occurrence. It also takes the flood magnitude into account. To a certain 79 

extent, the circular distribution method reduced the influence of subjectivity. Based on 80 

the analysis of the daily discharge data in 62 years, the circular distribution method 81 

will be implemented to segment the flood season in this study, and the relative 82 

frequency method will be used to verify. 83 

For the control of FLWL of a single reservoir, on the premise of meeting the 84 

downstream flood control safety, the utilization of flood resources will be improved 85 

by the adjustment of the FLWL (Huang et al., 2017). The benefits of hydropower 86 

generation and water supply can be added. However, adjusting the FLWL will not 87 

only improve the utilization efficiency, but also increase the flood control risk (Zhou 88 

et al., 2015). There have been many studies on how to realize the effective control of 89 

the FLWL. The staged control of FLWL is proved to be a more helpful measure. The 90 

widely used methods (Jiang et al., 2015a) mainly include fuzzy set analysis method 91 

(Yun et al., 2008) and multi-objective optimization method (Chen et al., 2020; Ma et 92 

al., 2020; Xie et al., 2018; Ouyang et al., 2015), etc. Zhou et al. (2009) taking Biliuhe 93 

reservoir as an example, for the purpose of determining the FLWL in the post-flood 94 

season, they divided the general objectives of FLWL control into flood control and 95 

benefit. They established an index set, considered each index layer by layer, and 96 

analyzed it by using multi-layer and multi-objective fuzzy optimization theory. Finally, 97 
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the optimal membership degree of each FLWL scheme was obtained. Liu et al. (2019) 98 

considered the comprehensive needs of flood control and hydropower generation. 99 

Based on dynamic control method, a multi-objective optimal operation model for 100 

dynamic control of FLWL of cascade reservoirs was constructed. Researchers have 101 

made extraordinary achievements in producing suitable operating methods, whereas 102 

most of the existing studies do not consider the FLWL of each stage in the flood 103 

season separately. Generally speaking, in order to ensure the flood control safety in 104 

the pre-flood season, the decision-makers often prefer risk, while in the post-flood 105 

season, in order to ensure the benefit, the decision-makers often prefer benefit. 106 

Therefore, the FLWL in different stages should be considered severally. The 107 

preference is adjusted to coordinate the relationship between benefit and risk. 108 

After staging the flood season, this paper has established the benefit index set 109 

and risk index set of FLWL control based on game theory. A multi-objective 110 

cooperative decision-making model of risk and benefit is set up. Taking a reservoir as 111 

an example, according to the flood control task and design flood hydrograph, the 112 

FLWL in the main flood season was chosen as the original design. The adjustment 113 

mainly focused on the pre-flood season and post-flood season. The extreme risk rate 114 

was selected as the risk index. In addition to the increased water supply benefit, the 115 

increased hydropower generation benefit was also selected as the benefit index. Using 116 

Nash negotiation theory, the nonlinear programming method was used to solve the 117 

model. On the basis of fuzzy pattern recognition theory, the membership degree of 118 

each scheme was calculated to determine the optimal scheme. Finally, considering the 119 

different preferences for risk and benefit in different sub-seasons, taking the current 120 

point as the base point of negotiation. The optimal scheme under different preferences 121 

was obtained by adjusting the current point. 122 
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2. The division of flood season 123 

2.1  Circular distribution method 124 

2.1.1 Concept  125 

Circular distribution method is a statistical method. It transforms the periodic 126 

data into linear through trigonometric function transformation. The circular 127 

distribution method regards the flood events as a vector, and then calculates the vector 128 

eigenvalues to determine the flood season segmentation (Chen et al., 2010). 129 

2.1.2 Computing method 130 

Suppose that the length of the calculation period is T. Meanwhile, the occurrence 131 

time of the flood peak of the i-th flood sample is Di, and the magnitude is qi. The 132 

equations of the coordinate value (xi, yi) of flood occurrence time without considering 133 

and considering the flood magnitude are as follows: 134 

  
 
 

 cos ,sin
,

c

    

     os , sin

i i

i i

i i i i

without considering the magnitude of flood

considering the magnitude
x y

of floodq q

 

 

 


  (1) 135 

  
1 1

, / , /
N N

i i

i i

x y x N y N
 

   
 
   (2) 136 

Where N is the sample size, and 𝛼𝑖 = 𝐷𝑖 2𝜋𝑇  is the occurrence time of the i-th 137 

flood. 138 

The concentration period �̅� and concentration r are respectively： 139 
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Where �̅� is the mean flow value of N samples, and the concentration day 142 
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corresponding to concentration period �̅� is 𝐷𝑖 = �̅� 𝑇2𝜋. 143 

Concentration r is a statistical indictor. It describes the central tendency of αi in 144 

the circular distribution, 0≤r≤1. The closer r is to 0, the more uniform the distribution 145 

of flood occurrence time is. When r is closer to 1, it means that the flood occurrence 146 

time is more concentrated in a certain area. s is the standard deviation of αi. The 147 

relationship between r and s is as follows: 148 

 2lns r   (5) 149 

Where s is an index indicating the discrete trend of the flood occurrence time. 150 

Then the starting and ending dates D1 and D2 of the main flood season in the 151 

calculation period are respectively: 152 
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2.2 Relative frequency method 155 

The entire flood season is divided into k periods, and the amount of the 156 

maximum flood in each period is counted. The equation for the relative frequency of 157 

each period is: 158 

 k
k

b
RF

n
  (8) 159 

Where RFk is the relative frequency of the k-th period. bk is the number of annual 160 

maximum floods in the k-th period, and n is the number of years of flow data. 161 

If the unit is ten days, since the length of each period is different, in order to 162 

make each period have the same length, it needs to be adjusted by multiplying the 163 

time coefficient. For the last ten-day of the big moon, the ten-day frequency should be 164 

multiplied by 10/11, and for the last ten-day frequency of February, it should be 165 

multiplied by the coefficient 10/8 (leap year multiplied by 10/9). When the algebraic 166 

sum s of the initial frequency RFk is not equal to the total of the adjusted RFk’ s’, 167 
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generally each RFk’ is multiplied by the coefficient s/s’, that is, the adjusted relative 168 

frequency is: 169 

 
'

'k k

s
RF RF

s
   (9) 170 

3. Analysis on Risk and Benefit  171 

The flood season staged operation is to adopt different FLWL control schemes. A 172 

higher FLWL will bring more benefits, but it will often increase the flood control risk 173 

(Apel et al., 2004; Wu et al., 2011; Zhou et al., 2014). On the contrary, a lower FLWL 174 

will improve the safety, but it will also result in less utilization benefits. How to raise 175 

the FLWL and improve the utilization benefits, and meanwhile ensure the safety of 176 

the water conservancy project itself and control flood for the downstream, the most 177 

important thing is to conduct a cooperative decision-making analysis on the risk and 178 

benefit. 179 

3.1. Risk Analysis 180 

During the operation, the events will be happened that are not conducive to the 181 

dam safety, threaten the flood control safety of downstream and affect the benefit of 182 

reservoir. The occurrence probability and loss of these events is called flood control 183 

risk. The flood control risk rate in the extreme state is referred to as the extreme risk 184 

rate. With the FLWL Z0 as the initial water level, the design flood hydrograph of each 185 

frequency is calculated for flood routing. Suppose that Zm is the highest water level of 186 

flood routing for the design flood hydrograph of a certain frequency. When Zm is 187 

exactly equal to a selected safe level, the frequency is the extreme risk rate Plim. The 188 

selected safe level takes the design flood level Zd. The extreme risk rate can be 189 

expressed by the following equation: 190 

  lim m dP P Z Z   (10) 191 

The procedure for calculating the extreme risk rate is as follows, first select the 192 
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typical flood hydrograph, and then obtain the design flood hydrograph of different 193 

frequencies Pl（l=1，2，…，k）by zooming in on the typical flood hydrograph. Started 194 

to regulate from different FLWL Zi(i=1，2，…，m，…，n), the highest water level Zml 195 

of each frequency is obtained. Finally, plot the different frequencies Pl against the 196 

highest water level Zml, that is, n different water levels can draw n empirical frequency 197 

curves. According to this empirical frequency curve family, the extreme risk rate of a 198 

certain FLWL can be found out. 199 

3.2  Benefit Analysis 200 

Under the premise of ensuring the flood control safety, the FLWL can be raised 201 

as much as possible. It can increase the water head of hydropower generation and 202 

water storage. Therefore, the utilization benefit of hydropower generation and water 203 

supply are improved accordingly. 204 

3.2.1  Water Supply Benefit 205 

Rainfall is mainly concentrated in the flood season. As the FLWL raises, the 206 

added water supply capacity mainly comes from the increased storage of abandoned 207 

water. In the dry years, there is no water to store after the flood season, the benefits of 208 

FLWL adjustment can be clearly reflected. On the contrary, in the wet years, the 209 

reservoir can be reserved to the normal water level even if the FLWL is not raised. 210 

Raising the FLWL at this time will only bring about the hydropower generation 211 

benefit caused by the increased water head, and will not improve the water supply 212 

benefit. Therefore, the multi-year average water supply that can be increased by 213 

raising the FLWL should be deducted from wet years. In wet years, regardless of the 214 

elevation of the FLWL, the water storage task can also be completed. The added water 215 

supply volume can be obtained as: 216 

  2 1 1V V       (11) 217 
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Where ∆V2 is the increased water supply storage. ∆V1 is the increased water 218 

storage capacity. According to the curve between water level and capacity, the 219 

increased water storage under different FLWL can be obtained. λ is the proportion of 220 

wet years that can also complete the water storage task with no raising the FLWL. 221 

The increased water supply benefit brought about by the adjustment of the FLWL 222 

is: 223 

 
2B V      (12) 224 

Where 𝐵Δ is the increased water supply benefit. 𝛿 is the water supply benefit 225 

of one cubic meter of water. 226 

3.2.2  Hydropower generation Benefit 227 

The improvement of hydropower generation benefit is caused by added water 228 

capacity and increased water head. The benefit brought by the increased water 229 

capacity is obtained by counting the total hydropower generation water consumption 230 

and total hydropower generation of the hydropower station in recent years. The 231 

average annual hydropower generation water consumption and annual average 232 

hydropower generation are calculated, so as to obtain the average water consumption 233 

rate of per unit electric energy. The additional electricity generated by the increased 234 

water capacity is expressed as: 235 

 
1 2 /E V    (13) 236 

Where E1 is the additional electricity generated by the increased water volume. 237 

∆V2 is the added water supply capacity, and 𝜑 is the average water consumption rate 238 

of per unit electricity. 239 

The benefit generated by increased water head is expressed by the following 240 

equation: 241 

 
2 9.81 TE Q H T      (14) 242 

Where E2 is the additional electricity generated by increased water head. η is the 243 
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efficiency of the hydropower station, η∈(0,1). QT is the maximum hydropower 244 

generation flow. ΔH is the increased height of water head caused by the adjustment of 245 

the FLWL, and ΔT is the calculation time length, here refers to the time length for 246 

benefit analysis. 247 

4  Construction of multi-objective cooperative decision-making model  248 

4.1  Establishment of multi-objective cooperative decision-making model 249 

In the comprehensive utilization of reservoirs, flood season operation mainly 250 

focuses on flood control operation, and takes into account the water storage to some 251 

extent. It is a typical multi-objective decision-making problem. Assuming that the 252 

decision-making system has n alternative schemes to choose from, the pros and cons 253 

of n schemes are judged according to the characteristic values of m indexes. Then the 254 

eigenvalue matrix of m indexes of each scheme is: 255 

  
11 12 1

21 22 2

1 2

=

m

m

ij

n n nm

x x x

x x x
X x

x x x

 
 
  
 
 
 

L

L

M M O M

L

 (15) 256 

Where xij is the eigenvalue of the j-th index of the i-th scheme, 1≤i≤n and 1≤j≤m. 257 

In the actual decision-making, indexes can be divided into three categories: one 258 

is benefit index, that is, the larger the index value, the better. The second is the risk 259 

index, that is, the smaller, the better. The third type is the intermediate index. Its 260 

membership function generally increases first and then decreases, and it reaches the 261 

maximum in the middle part or at a certain point. Due to the different measurement 262 

units among indexes, it is impossible to realize union calculation. Various 263 

measurement units must be unified quantization, that is, the data of each index must 264 

be normalized. 265 

For the benefit index, the equation of the relative membership degree of the 266 
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evaluation index is (Fang et al., 2019): 267 
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 (16) 268 

For the risk index, the equation is: 269 
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For the intermediate index, the equation is 271 
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 (18) 272 

Where [𝑥𝑖′, 𝑥𝑖′′] is the best stable interval of xij. 273 

In equations (14) - (16), ximax and ximin are respectively the largest and smallest 274 

eigenvalues in the j-th (1≤j≤m) index set. 275 

Based on the above, after quantifying and normalizing the indexes in the 276 

eigenvalue matrix X, the relative superior membership degree matrix R is obtained. 277 
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 (19) 278 

Therefore, in the multi-objective decision-making problem of reservoir operation 279 

in flood season, m objectives can be divided into p benefit indexes and (m-p) risk 280 

indexes. Then the problem can be described as: 281 

 
    

 
1 2max ,

. . 0, 1,2, ,k

F u x u x

s t g x k T   L
 (20) 282 

Where F(x) is the objective function, and T is the number of constraint 283 

conditions. The multi-attribute utility function u1(x), u2(x) is expressed by the 284 

following equations: 285 

  1 1 1 2 2

j

j j p pju x r r r     L  (21) 286 
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      2 1 21 2

j

p p m mjp j p j
u x r r r       L  (22) 287 

The decision maker obtains the utility winning function by assigning weights to 288 

multiple indexes. Based on the above, a multi-objective cooperative decision-making 289 

model for reservoir operation in flood season is constructed.. 290 

4.2  Solution of multi-objective cooperative decision-making model 291 

When establishing a multi-objective cooperative decision-making model, the 292 

problem of cooperative decision-making of two index sets is considered. The two 293 

index sets are benefit index set DM1 and risk index set DM2. The cooperation of the 294 

two sets means negotiation and agreement can be reached. Let N={1,2} be the 295 

sequence number of index sets. For any i∈N, there are ki indexes in the i-th decision 296 

indexes set. 297 

         1 2 1 1 2 2 1 2 1 2, , , , , , ,i i i iki if x x f x x f x x f x x G L  (23) 298 

Where Gi⊂Rki is the reachable target set. xi∈Ωi⊂Rmi is the decision vector. Rki 299 

and Rki are ki-dimensional and mi-dimensional real vector spaces respectively. In the 300 

model, the winning function of the index set is represented by the utility function. The 301 

multi-attribute utility function of the i-th indicator set is: 302 

     1 2 1 2, ,i i iu x x u f x x  (24) 303 

According to the multi-attribute utility theory, ui(fi(x1,x2)) is a strictly monotonic 304 

increasing function of each component in fi ,that is, Ɐi,j=1,2,…,ki and i≠j, if fi(x1,x2)＞305 

fj(x1,x2), ui(fi(x1,x2))＞ui(fj(x1,x2)). 306 

A pair of utility functions are mapped into a subset E of the two-dimensional 307 

Euclidean space R2, and E⊂R2 represents the joint reachable utility set. The joint 308 

reachable utility set of the two index sets is: 309 

        2

1 1 2 2 1 2, , , , 1,2i i i iE u f u f R f x x G x i      (25) 310 

If E is a closed bounded convex set, d=(d1,d2)∈E is the current point, and it 311 
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exists u∈E，u＞d. The current point (d1,d2) represents the winning function value that 312 

can be accepted when the two index sets cannot reach an agreement. The relationship 313 

between E and d is called a multi-objective negotiation decision-making problem. If 314 

the decision maker assigns d1＞d2, it means that the index set DM1 has greater 315 

initiative in the process of negotiation, and the final negotiation result will also be 316 

biased towards the index set DM1 and vice versa. Suppose that h(E,d)∈E is the 317 

solution of (E,d), let h*(E,d)=u*, for all u∈E，u＞d and u≠u*, there are: 318 

      * *

1 1 2 2 1 1 2 2u d u d u d u d   ＞  (26) 319 

At this time, h*(E,d)=u* becomes the Nash negotiation solution to the 320 

multi-objective problem. 321 

If no feasible schemes is exactly the same as the Nash negotiation solution, the 322 

fuzzy pattern recognition theory is used to determine the closest, which is the optimal. 323 

5  Application 324 

5.1  Study site 325 

The reservoir is a large size (1) year regulating reservoir with a watershed area of 326 

1400km2. The main task of the reservoir is flood control, and the comprehensive 327 

utilization of water supply and hydropower generation are taken into account. The 328 

total storage capacity is 2.632 billion m³. The flood of 1 in 1 000 year’s frequency is 329 

the designed flood and the flood of 1 in 10000 year’s frequency is the checked flood. 330 

The designed flood control level is 139.10m, the corresponding storage capacity is 331 

2.228 billion m³, and the checked flood control level is 143.60m. The maximum 332 

hydropower generation flow of the power station is 200 m3/s. 333 

The flood season is from May 1st to October 1st, and the designed FLWL is 334 

125.0m. There is 500 million m³ of flood control capacity above 125.0m that is 335 

responsible for downstream flood control and peak reduction tasks. When the 336 
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reservoir water level exceeds 125.0m, the flood discharge tunnel is used for the 337 

hydrologic regime of mainstream of the Huai River. When the reservoir water level 338 

exceeds 132.60m, the tunnel is fully opened, with a maximum discharge volume of 339 

618m3/ s. 340 

5.2  Segmentation of flood season  341 

The restored daily flow during the flood season of years 1956 - 2017 was used as 342 

the basic data for calculation. That is, the sample size N=62 years, and the length of 343 

the calculation period T=154 days.  344 

5.2.1 Segmentation of flood season by the circular distribution method 345 

The samples were taken according to different time intervals t (t=1, 3, 5, 7, 10, 346 

15) to stage the flood season. Firstly, the maximum discharge qLt (L = 1, 2,..., n) of t 347 

days is selected from the L-th-year daily discharge in the flood season. Then, various 348 

indexes of flood situation are calculated by Eq.(1) - (7). Table 1 and Fig. 1 denote the 349 

results of segmentation of different sampling intervals.  350 

Table 1 The result of flood season segmentation by circular distribution method 351 

Sampling 

intervals 

t/天 

Whether to 

consider the 

flood level 

r α̅ D̅ 
Pre-flood 

season 

Main flood 

season 

Post-flood 

season 

1 
N 0.352 2.580 7/2 5/1-5/17 5/18-8/7 8/8-10/1 

Y 0.392 3.072 7/14 5/1-6/9 6/10-8/17 8/18-10/1 

3 
N 0.497 2.366 6/27 5/1-5/28 5/29-7/26 7/27-10/1 

Y 0.418 2.838 7/9 5/1-6/9 6/10-8/17 8/18-10/1 

5 
N 0.230 2.453 6/29 5/1-5/17 5/18-8/10 8/11-10/1 

Y 0.270 3.233 7/18 5/1-6/9 6/10-8/17 8/18-10/1 

7 
N 0.437 2.038 6/19 5/1-5/17 5/18-7/21 7/22-10/1 

Y 0.349 2.703 7/5 5/1-5/30 5/31-8/10 8/11-10/1 

10 
N 0.438 1.978 6/17 5/1-5/16 5/17-7/19 7/20-10/1 

Y 0.359 2.553 7/2 5/1-5/26 5/27-8/6 8/7-10/1 

15 
N 0.539 1.969 6/17 5/1-5/20 5/21-7/15 7/16-10/1 

Y 0.456 2.362 6/27 5/1-5/26 5/27-7/28 7/29-10/1 

 352 
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  353 

Fig.1 The result of Flood season segmentation by circular distribution method 354 

The segmentation is obtained mainly based on the results of the maximum t-day 355 

discharge (t = 1, 3, 5) considering the flood magnitude. Table 1 indicated that the 356 

calculated main flood season is from June 10 to August 17. Therefore, the main flood 357 

season of the reservoir can be obtained as June 10 - August 17. 358 

Fig. 1 shows the occurrence time of the maximum discharge which are expressed 359 

in angle. The distribution of data points considering and ignoring the magnitude of the 360 

flood which are expressed by the coordinate value of the occurrence time multiplied 361 

by the magnitude. Obviously, the points considering the magnitude are concentrated 362 

in the period from June 10th to August 17th. 363 

Based on the above, combining the actual situation of the reservoir, the 364 

segmentation considering the flood magnitude are selected. The main flood season of 365 

the reservoir is gained as June 10 - August 17. 366 

5.2.2 Segmentation of flood season by the relative frequency method 367 

Ten days is selected as the unit interval, the whole flood season is divided into 15 368 

periods (October 1 is classified as late September). In each period, the occurrence 369 

times of daily maximum discharge over the years 1956-2017 are counted to calculate 370 

the relative frequency. The results are shown in the following table. 371 
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Table 2 The result of flood season segmentation by relative frequency method  372 

Period Times 
Relative frequency 

RFk’ 

May. 

Early ten days 0 0.00% 

Middle ten days 0 0.00% 

Late ten days 0 0.00% 

Jun. 

Early ten days 7 11.41% 

Middle ten days 11 17.93% 

Late ten days 13 21.19% 

Jul. 

Early ten days 6 9.78% 

Middle ten days 3 4.89% 

Late ten days 7 10.37% 

Aug. 

Early ten days 8 13.04% 

Middle ten days 7 11.41% 

Late ten days 0 0.00% 

Sept. 

Early ten days 0 0.00% 

Middle ten days 0 0.00% 

Late ten days 0 0.00% 

It can be seen from the Table 2 and Fig. 2 that the relatively high frequency is 373 

mainly concentrated in the first ten days of June to the middle of August, which is 374 

consistent with the flood season segmentation results gotten by the circular 375 

distribution method. 376 

5.3  Analysis of Risk and Benefit  377 

5.3.1  Risk Analysis 378 

Several typical flood hydrographs are selected in the pre-flood season and 379 

post-flood season severally, and amplified at the same frequency according to flood 380 

peak and flood volume. The flood hydrographs with different design frequencies are 381 

deduced. Considering with the flood situation in the reservoir area, the values of 382 

frequency P are selected as 0.01%, 0.10%, 0.20%, 1%, 2%, 3.30%, 5%, 10% and 20% 383 

respectively. For the selection of the dynamic domain of FLWL, considering that the 384 

original FLWL of the reservoir is 125.0 m, and the normal water level is 130.0 m, the 385 
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FLWLs start at 125.0 m and increase at a step of 0.5 m to a maximum of 130.0 m. 386 

Then, taking Zi of each scheme as the starting water level, flood regulation is carried 387 

out according to the predetermined dispatching rules. The flood hydrograph that is 388 

most unfavorable for the reservoir flood control is selected, and the time interval is 3 389 

h. The relationship between the highest flood regulation water level Zm(Zi) and the 390 

corresponding frequency P(Zi), i=1，2，…，n is obtained. 391 

According to the design results of the reservoir, in the pre-flood season, the 392 

design flood peak is much smaller than that in the main flood season, but the flood 393 

volume is large and the peaks are dense. The flood in 1974 with peak discharge of 394 

3938.84 m3/s is selected as the typical. Table 3 presents the results of high water level 395 

of flood regulating in the pre-flood season.  396 

Table 3 High water level of flood regulating for different frequency flood under each scheme in 397 

the pre-flood season 398 

Scheme 
FLWL 

/m 

High water level of flood with different frequencies P/m 

0.01% 0.10% 0.20% 1.00% 2.00% 3.30% 5.00% 10.00% 20.00% 

1 125.0 138.887 136.918 136.347 135.124 134.616 134.247 133.898 133.941 133.051 

2 125.5 139.244 137.292 136.730 135.522 135.026 134.657 134.310 134.355 133.470 

3 126.0 139.610 137.671 137.116 135.924 135.427 135.070 134.726 134.772 133.894 

4 126.5 139.971 138.047 137.492 136.315 135.830 135.472 135.140 135.179 134.312 

5 127.0 140.326 138.420 137.875 136.709 136.230 135.881 135.549 135.588 134.736 

6 127.5 140.681 138.796 138.255 137.101 136.627 136.282 135.959 135.999 135.155 

7 128.0 140.912 139.178 138.640 137.494 137.029 136.687 136.360 136.403 135.573 

8 128.5 141.247 139.552 139.017 137.880 137.414 137.081 136.757 136.800 135.985 

9 129.0 141.584 139.932 139.398 138.270 137.810 137.477 137.160 137.201 136.393 

10 129.5 141.928 140.305 139.786 138.664 138.211 137.881 137.564 137.604 136.808 

11 130.0 142.306 140.689 140.177 139.072 138.619 138.290 137.981 138.019 137.228 

In the post-flood season, the design flood is lighter than that in the main flood 399 

season. While compared with the pre-flood season, it has high peak, large volume and 400 

many fluctuations, which can reach the standard of once-in-a-thousand-year flood. 401 

The flood in 2005 with peak discharge of 7942.69 m3/s is chosen as the typical. Table 402 

4 shows the results of high water level of flood regulating in the post-flood season. 403 

Table 4 High water level of flood regulating for different frequency flood under each scheme in 404 
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the post-flood season 405 

Scheme 

FLWL 

Zi 

/m 

High water level of flood with different frequencies P/m 

0.01% 0.10% 0.20% 1.00% 2.00% 3.30% 5.00% 10.00% 

1 125.0 138.186 136.426 135.893 134.661 134.182 133.796 133.479 133.030 

2 125.5 138.550 136.808 136.279 135.070 134.593 134.209 133.898 133.447 

3 126.0 138.915 137.191 136.664 135.473 135.008 134.624 134.315 133.870 

4 126.5 139.280 137.569 137.052 135.876 135.410 135.042 134.733 134.292 

5 127.0 139.649 137.953 137.437 136.274 135.819 135.450 135.151 134.715 

6 127.5 140.018 138.330 137.822 136.669 136.223 135.859 135.561 135.134 

7 128.0 140.383 138.714 138.208 137.070 136.627 136.268 135.980 135.553 

8 128.5 140.737 139.091 138.585 137.457 137.022 136.666 136.376 135.965 

9 129.0 141.094 139.472 138.975 137.854 137.420 137.072 136.783 136.374 

10 129.5 141.438 139.860 139.362 138.251 137.822 137.476 137.193 136.788 

11 130.0 141.788 140.249 139.762 138.658 138.233 137.891 137.608 137.209 

Taking the designed flood control level (139.10m) as the selected safe level, the 406 

curve of water level and frequency of each scheme is extended or interpolated. Then, 407 

the frequency when the flood regulation high water level starting from each FLWL is 408 

exactly equal to the selected safe level is obtained, which is named as extreme risk 409 

rate. The results of different schemes and corresponding extreme risk rates are 410 

displayed in Table 5. 411 

Table 5 Extreme risk rate under different flood limited water levels in the flood season 412 

Scheme 

Flood limited 

water level 

Zi/m 

Extreme risk rate Plim（%） 

Pre-flood season Post-flood season 

1 125.0 0.006 0.004 

2 125.5 0.009 0.007 

3 126.0 0.015 0.011 

4 126.5 0.025 0.019 

5 127.0 0.042 0.032 

6 127.5 0.071 0.056 

7 128.0 0.115 0.096 

8 128.5 0.195 0.167 

9 129.0 0.339 0.293 

10 129.5 0.602 0.523 

11 130.0 1.107 0.978 

As shown above, with the designed flood control level as the selected safe level, 413 

Fig. 2 presents the relationship curve between different FLWLs Zi and the 414 

corresponding extreme risk rate Plim. 415 
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 416 
Fig.2 Extreme risk rate under different flood limited water levels 417 

5.3.2  Benefit Analysis 418 

The reservoir is a large-scale reservoir. It has the functions of flood control, 419 

hydropower generation and water supply. With the adjustment of FLWL, its utilization 420 

benefits are mainly reflected in the increase of water supply and hydropower 421 

generation. The reservoir supplies water mainly including industrial water, 422 

agricultural water, domestic water and ecological water, where seventy percent is used 423 

for agricultural water. According to relevant research, the reservoir water supply 424 

benefit generated by every cubic water is 35.40 yuan (Zheng, 2020). The hydropower 425 

generation operation is subject to the flood control and irrigation operation. After the 426 

flood season every year, when the downstream irrigation needs water, the irrigation 427 

water is used for hydropower generation. According to the actual operation data of the 428 

hydropower station (Yu, 2010), the average annual water consumption for 429 

hydropower generation from 1991 to 2008 was 8091.0 million m3, the average annual 430 

hydropower generation was 8268 million kW∙h, and the average water consumption 431 

rate for unit electric energy was 9.786 m³. 432 

In the pre-flood season, in order to meet the arrival of flood, the reservoir hasn’t 433 

stored water in advance. The benefit of raising the FLWL only considers the 434 

hydropower generation, which positively influenced by the increase of average water 435 

head. Eq. (14) is used to calculate the increased hydropower generation benefit. Table 436 
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6 indicates the result in the pre-flood season.. 437 

Table 6 Hydropower generation benefit of different schemes in the pre-flood season 438 

Scheme 
Water level 

(m) 

Hydropower generation benefit 

(104 kW∙h) 

1 125.0 0 

2 125.5 96.052 

3 126.0 192.104 

4 126.5 288.157 

5 127.0 384.209 

6 127.5 480.261 

7 128.0 576.313 

8 128.5 672.365 

9 129.0 768.418 

10 129.5 864.470 

11 130.0 960.522 

In the post-flood season, the reservoir begins to store water to improve the 439 

utilization benefit. Therefore, the benefits brought by the adjustment of FLWL include 440 

not only the hydropower generation benefit caused by increased water head and 441 

volume, but also the water supply benefit. With different starting water levels, the 442 

improved water supply benefit can be calculated by Eq. (10). According to the 443 

measured hydrological data of the watershed over the years (Hu, 2015), the proportion 444 

of wet years that can meet the water supply needs without raising the FLWL is 25%. 445 

Deducting the proportion of these years, the actual increased water supply benefit by 446 

raising the FLWL can be obtained. Then Eq. (12) is used to calculate the water supply 447 

benefit. Table 7 indicates the benefit results in the pre-flood season. 448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 
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Table 7 Water supply benefit of different schemes in the post-flood season 456 

Water level 

(m) 

Storage 

capacity 

(108 m3) 

Incremental 

storage capacity 

(108 m3) 

Increased water 

supply 

(108 m3) 

Increased water 

supply benefit 

(108 yuan) 

125.0 12.272 0.000 0.000 0 

125.5 12.574 0.302 0.227 8.031 

126.0 12.879 0.607 0.455 16.129 

126.5 13.187 0.915 0.686 24.307 

127.0 13.499 1.227 0.920 32.577 

127.5 13.811 1.539 1.154 40.874 

128.0 14.126 1.854 1.391 49.237 

128.5 14.444 2.172 1.629 57.680 

129.0 14.766 2.494 1.871 66.229 

129.5 15.094 2.822 2.117 74.937 

130.0 15.431 3.159 2.369 83.879 

Next, Using Eq. (13) - (14), the hydropower generation benefit caused by 457 

increased water head and volume can be calculated. Table 8 presents the benefit 458 

results in the post-flood season. 459 

Table 8 Hydropower generation benefits of different schemes in the post-flood season 460 

Water level 

(m) 

Increased water 

supply benefit 

(108 yuan) 

Increased hydropower generation benefit 

Water volume benefit 

(104 kW∙h) 

Water head benefit 

(104 kW∙h) 

125.0 0.000 0.000 0.000 

125.5 8.031 231.839 87.675 

126.0. 16.129 465.593 175.350 

126.5 24.307 701.647 263.025 

127.0 32.577 940.384 350.700 

127.5 40.874 1179.886 438.375 

128.0 49.237 1421.305 526.051 

128.5 57.680 1665.023 613.726 

129.0 66.229 1911.807 701.401 

129.5 74.937 2163.189 789.076 

130.0 83.879 2421.315 876.751 

5.4  Nash negotiation solution 461 

Based on the above calculation results, the benefit index values and risk index 462 

values of each scheme in the pre-flood season and post-flood season are listed in 463 
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Table 9 respectively. 464 

Table 9 Benefit and risk index values of different schemes in the pre-flood season and post-flood 465 

season 466 

Limited 

water level 

(m) 

Pre-flood season  Post-flood season 

DM1 DM2  DM1 DM2 

Hydropower 

generation 

benefit 

(104 kW∙h) 

Limited 

risk rate 

(%) 

 

Water supply 

benefit 

(108 yuan) 

Hydropower 

generation 

benefit 

(104 kW∙h) 

Limited 

risk rate 

(%) 

125.0 0.000 0.006  0.000 0.000 0.004 

125.5 96.052 0.009  8.031 319.353 0.007 

126.0 192.104 0.015  16.129 640.622 0.011 

126.5 288.157 0.025  24.307 964.190 0.019 

127.0. 384.209 0.042  32.577 1290.440 0.032 

127.5 480.261 0.071  40.874 1617.457 0.056 

128.0 576.313 0.115  49.237 1946.390 0.096 

128.5 672.365 0.195  57.680 2277.623 0.167 

129.0 768.418 0.339  66.229 2611.921 0.293 

129.5 864.470 0.602  74.937 2950.817 0.523 

130.0 960.522 1.107  83.879 3296.458 0.978 

In order to facilitate comparison between each index, the value of each index 467 

necessarily need to be standardized. Eq. (16) is used for benefit index and Eq. (17) is 468 

used for risk index. On account of the two benefit indexes of water supply and 469 

hydropower generation, considering that the reservoir focus on flood control and 470 

water supply, supplemented by hydropower generation, the weight of the two indexes 471 

is (0.6, 0.4). The utility payoff function values u1 and u2 are calculated by Eq. (21) - 472 

(22). Table 10 shows the solution of payoff function values of each scheme. 473 

Table 10 DM1 and DM2 payoff function values of each scheme 474 

Payoff function 

value 
125.0 125.5 126.0 126.5 127.0 127.5 128.0 128.5 129.0 129.5 130.0 

Pre-flood 

season 

u1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

u2 1 0.997 0.991 0.982 0.967 0.941 0.901 0.828 0.697 0.459 0 

Post-flood 

season 

u1 0 0.096 0.193 0.291 0.390 0.489 0.588 0.689 0.791 0.894 1 

u2 1 0.997 0.992 0.984 0.970 0.946 0.903 0.829 0.695 0.459 0 

Firstly, it is assumed that the winning function values of the two index sets are 475 
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both 0, that is, the current point d =(0,0). In order to obtain the joint reachable utility 476 

set E of the two index sets, the winning function values (u1,u2) of each flood season 477 

are marked, as shown in Fig. 3 below. Then the problem of Nash negotiation is 478 

transformed into the following nonlinear programming problems. The corresponding 479 

constraints are the line of AB and BC in the following Fig. 3. 480 

For pre-flood season: 481 
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For post-flood season: 483 

1 2

1 2

1 2

1 2

max
. . 0 1,0 1

0.842 1.252
       1.493 1.683

u u
s t u u

u u
u u

   
 
 

 484 

 485 
Fig.3 Joint reachable utility set in pre-flood season and post-flood season 486 

Based on the above, the Nash negotiation solution u1 in the pre-flood season is 487 

0.918 and u2 is 0.669. In the post-flood season, u1 is 0.658 and u2 is 0.874. Since the two 488 

negotiation solutions are not equal to u1 and u2 of each scheme, it is necessary to 489 

adopt the fuzzy pattern recognition model and grid schedule theory to calculate the 490 

membership degree and decide the optimal scheme. Table 11 presents the 491 

membership degree of each scheme and then the optimal water level can be 492 

determined. 493 
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Table 11 Membership degree of each scheme in the pre-flood season and post-flood season 495 

Water level 

/m 
125.0 125.5 126.0 126.5 127.0 127.5 128.0 128.5 129.0 129.5 130.0 

Pre-flood 

season 
0.082 0.152 0.225 0.301 0.382 0.473 0.577 0.709 0.895 0.820 0.331 

Post-flood 

season 
0.342 0.424 0.509 0.597 0.690 0.791 0.908 0.956 0.777 0.528 0.126 

It can be seen from the table that the membership degree is the largest when the 496 

water level in the pre-flood season is 129.0m and in the post-flood season is 128.5m. 497 

That is, when the current point d = (0,0), the FLWL of the optimal scheme in the 498 

pre-flood season is 129.0m and in the post-flood season is 128.5m. 499 

The water level at different sub-seasons of the flood season should be considered 500 

according to the specific situation. That is to say, the flood control safety is mainly 501 

considered in the pre-flood season, so that the decision preference is risk. In the 502 

post-flood season, in order to ensure water supply, decision preference will focus on 503 

benefit. The decision-maker changes the preference by changing the current point. 504 

Increasing d2 means that decision-making biases risk, and the flood control safety is 505 

emphatically considered. Similarly, increasing d1 means that the decision is biased 506 

toward benefit, and the benefits of water supply and hydropower generation are 507 

mainly considered. Table 12 presents the specific results. It can be deduced from the 508 

table that the more d2 increases, the lower the FLWL, and the better the flood control 509 

safety can be guaranteed. On the contrary, the more d1 increases, the higher the FLWL, 510 

and the more utilization benefits can be improved. 511 

 512 

 513 

 514 

 515 

 516 

 517 

 518 

 519 

 520 

 521 
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Table 12 Optimal flood limited water level under different decision preference 522 

Decision 

preference 

Pre-flood season  Post-flood season 

Equally 

valued 
Risk-biased  

Equally 

valued 
Benefit-biased 

(d1,d2) (0,0) (0,0.1) (0,0.3) (0,0.5)  (0,0) (0.1,0) (0.3,0) (0.5,0) 

Flood 

limited 

water level 

129.0 129.0. 128.5 128.0  128.5 128.5 129.0 129.5 

6  Conclusions 523 

(1) The circular distribution method is used to calculate the concentration degree 524 

and concentration period of flood. According to whether the flood magnitude is 525 

considered, two situations are analyzed. The start and end date of the main flood 526 

season can be acquired. Combined with the results of flood season segmentation and 527 

the vector diagram of each flood occurrence time, the results considering the flood 528 

magnitude are selected. The results of circular distribution method are verified by 529 

relative frequency method, and the verification results are consistent.  530 

(2) The extreme risk rate is selected as the risk index, the water supply benefit 531 

and hydropower generation benefit are chosen as the benefit index, normalized, and 532 

each index is weighted according to expert experience. Nash negotiation theorem is 533 

used to solve the utility payoff function of two index sets. Then, based on the game 534 

theory, a multi-objective cooperative decision-making model is established. 535 

(3) Taking a reservoir as an example, based on the cooperative decision-making 536 

between risk and benefit, the optimal FLWL control scheme in pre-flood season and 537 

post-flood season are obtained. By adjusting the current point to reflect the 538 

decision-makers' preference, the decision-makers' expectations for risk and benefit in 539 

different sub-seasons can be realized. 540 
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