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Abstract: The hydrological regimes of downstream reservoirs have been significantly 8 

altered due to the operation and regulation of upstream cascade reservoirs. The 9 

original design flood quantiles, namely “design flood in construction period”, do not 10 

consider anthropogenic impacts in reservoir operation period, and have led to 11 

enormous conflicts between flood control and conservation. In this study, the “design 12 

flood and flood limited water level in operation period” are defined for practical 13 

application. We establish a general framework to measure the spatiotemporal pattern 14 

of streamflow and to estimate design floods of cascade reservoirs in operation period. 15 

The multivariate t-copula and a genetic algorithm strategy are proposed to solve the 16 

curse of dimensionality encountered in the derivation of most likely regional 17 

composition. The Jinsha River and Yalong River cascade reservoir system in China, 18 

which consists of 13 large reservoirs with the total storage capacity of 74.06 billion 19 

m3 and hydropower capacity of 71.47GW, is selected as a case study. Results indicate 20 

that: (1) The curse of dimensionality can be well addressed by applying multivariate 21 

t-copula to build high dimensional joint distribution and using the genetic algorithm to 22 

achieve the most likely regional composition. (2) Compared with the design floods in 23 
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construction period, the design floods of downstream reservoirs in operation period 24 

have been significantly reduced due to the upstream reservoir regulation. The 25 

1000-year design peak flood discharge, 3-day, 7-day and 30-day flood volumes of 26 

Xiangjiaba reservoir decrease by 38.7%, 37.4%, 34.2% and 13.8%, respectively. (3) 27 

The flood limited water level of these reservoirs can be raised without increasing 28 

flood control risks in operation period. The cascade reservoirs in the Jinsha River and 29 

Yalong River can generate 3.28 billion kW·h more hydropower (or increase 4.3%) 30 

annually during flood season. 31 

Key words: Cascade reservoirs; Design flood; Most likely regional composition; 32 

Flood limited water level; Multivariate t-copula; Genetic Algorithm 33 

1 Introduction 34 

Reservoirs are one of the most efficient infrastructure components for integrated 35 

water resources management (Guo et al., 2004; Liu et al., 2015). In recent decades, 36 

more and more reservoirs have been built for flood control and hydropower 37 

generation purposes and to meet the social economic development, forming a large 38 

quantity of cascade reservoir systems throughout the world (Zhao et al. 2016; Liu et al. 39 

2016; Yazdi and Moridi, 2018). The function of reservoirs, in terms of flood water 40 

utilization, has become increasingly important (Li et al., 2010; Ouyang et al., 2015).  41 

Reservoirs have significant impact on hydrological characteristics, especially the 42 

temporal variation of maximum stream flows (Gao et al., 2019). With the formation of 43 
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substantial numbers of cascade reservoir systems, the hydrological regimes of 44 

downstream section have been significantly altered. The statistical properties (e.g. 45 

mean, variance, skewness) of the extreme flood series of downstream reservoir in 46 

operation period are considerably different from the annual maximum data series 47 

adopted for “design flood in construction period” (Liang et al., 2018). Therefore, the 48 

investigation on “design flood in operation period” is of great significance in terms of 49 

scientific reservoir management. 50 

The flood limited water level (FLWL) in construction period, which is 51 

determined by the reservoir regulation of the annual design flood hydrographs for 52 

given return period, serves as the most vital parameter of tradeoff between flood 53 

control and conservation (Yun and Singh, 2008; Li et al., 2010). During the flood 54 

season, the reservoir water level is not allowed to exceed the FLWL in order to offer 55 

adequate storage for possible incidences of large floods (Liu et al., 2015). The FLWL 56 

in construction period gives too much priority to low probability floods, which makes 57 

it a great challenge for reservoirs to produce the level of benefits that provides the 58 

economic justification for their development (Liu et al. 2015). With the formation of 59 

cascade reservoir systems, the application of FLWL in construction period has led to 60 

greater conflicts between flood control and water resources utilization. For example, 61 

the downstream reservoirs in a cascade reservoir system are often unable to refill to 62 

the normal water level by the end of refilling period under circumstances where all 63 

cascade reservoirs compete to impound water (Zhou et al., 2015), which largely limits 64 
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the comprehensive benefits of these reservoirs. Therefore, it is valuable to find the 65 

appropriate “FLWL in operation period” for raising water resources comprehensive 66 

utilization rate. 67 

Recognizing the drawbacks of “design flood and FLWL in construction period”, 68 

the “design flood and FLWL in operation period” are defined for practical application 69 

in this study. Yet only a handful of studies made preliminary attempts to study the 70 

reservoir impacts on downstream design floods which can be classified into three 71 

categories. The first option is based on the non-stationary flood frequency analysis 72 

framework with the “Reservoir Index” to represent the impacts of reservoir (López 73 

and Francés, 2013; Zhang et al., 2015; Wang et al., 2017). The Reservoir Index can be 74 

taken into account in a generalized addictive model as an effective covariate to study 75 

the reservoir impacts. Nevertheless, all the variables in a Reservoir Index series are 76 

constants in a specific period regardless of reservoir regulation strategies (Su and 77 

Chen, 2019). Therefore, the Reservoir Index may not be capable of accounting for the 78 

complex joint operation strategies of a cascade reservoir system. The second option is 79 

to derive flood frequency distributions resulting from reservoir impacts by applying 80 

linear and nonlinear reservoir models (Gao et al., 2019). However, the linear and 81 

nonlinear models are both the simplification of reservoir operation rules (Basha, 1994) 82 

and thus remain non-ignorable biases from actual situation (Kim and Georgakakos, 83 

2014). These differences could be further significantly amplified due to the 84 

high-dimensional and nonlinear features of cascade reservoir system. The third option 85 
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is to study the reservoir impacts based on the flood regional composition (FRC) 86 

framework (Guo et al., 2018). The FRC framework aims at analyzing the flood 87 

generation mechanism of the investigated reservoir. The inflow of the investigated 88 

downstream reservoir comprises the inflow of upstream reservoir and all intermediate 89 

basin inflows between reservoirs. The upstream reservoir inflow can be transformed 90 

into outflow according to man-made reservoir operation rules. The design flood of the 91 

investigated downstream reservoir in operation period is influenced by: (1) the 92 

characteristics of upstream reservoirs (flood control storage, operation rules etc.); (2) 93 

the FRC of the reservoir. Therefore, the methods based on the FRC framework aim to 94 

seek an appropriate FRC from all possible compositions that satisfy water balance 95 

equation. Guo et al. (2018) derived theoretical formula to achieve the most likely 96 

regional composition (MLRC) method for triple cascade reservoirs and evaluated the 97 

reservoir operation impacts based on the MLRC results. The MLRC assumes that 98 

FRCs may differ in terms of their probabilities of occurrence, which can be measured 99 

by the value of joint probability density function of floods occurring at all sub-basins, 100 

and the FRC with the largest occurrence probability should be selected. Based on this 101 

assumption, Guo et al. (2018) adopted the asymmetric Archimedean copula to build 102 

the joint distribution of floods occurring at all sub-basins and used the Newton 103 

iteration method to seek for the optimal solution of the MLRC. Guo’s method with 104 

strong statistical basis is likely to be implemented for practical use, but the barriers are 105 

twofold for derivation of MLRC as the number of cascade reservoirs increases: (1) the 106 



https://doi.org/10.1016/j.jhydrol.2019.124003 
 

6 

 

asymmetric Archimedean copula adopted to build the joint distributions in Guo’s 107 

study will bring large modelling errors triggered by the uncertainty of nesting 108 

structure and inability to be fully nested in high dimension (Serinaldi and Grimaldi, 109 

2007; Hofert and Pham, 2013). (2) The Newton iteration method adopted in Guo’s 110 

study is not capable of obtaining the optimal solution of the formula in high 111 

dimension due to the local convergence of the method (Dembo et al., 1982; Pilanci 112 

and Wainwright, 2017; Bottou et al., 2018).  113 

Therefore, the curse of dimensionality has become the main problem to be 114 

addressed in the literature. It is essential to conduct in-depth research with state-of 115 

the-art techniques to conquer these challenges. In this study, we focus on overcoming 116 

the curse of dimensionality based on Guo’s method due to its ease of implementation 117 

and potentiality in practical application. The abovementioned two bottlenecks caused 118 

by high dimensionality in deriving MLRC are addressed by selecting the multivariate 119 

t-copula to build the joint distribution and by applying a genetic algorithm (GA) based 120 

method. The multivariate t-copula belongs to the meta-elliptical class and can be 121 

easier extended to higher dimension compared with Archimedean copulas (Serinaldi 122 

et al. 2009). Moreover, the empirical fit of the t-copula is often good and is almost 123 

always superior to that of the Gaussian copula (Mashal et al. 2003, Breymann et al. 124 

2003). The t-copula has been given more attention recently due to its favorable 125 

empirical fit and ease of implementation (e.g. Zhang et al., 2016; Rivieccio and Luca 126 

at al., 2016; Hao et al., 2017; He et al., 2017), and therefore is considered in this study. 127 
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The derivation of MLRC in higher dimension typically involves highly nonlinear and 128 

nonconvex problems. As opposed to the current formula-based technique adopted by 129 

Guo et al. (2018), we develop a GA-based method to obtain the robust solution of 130 

MLRC in higher dimension. The GA proposed by Holland (1975) has the ability to 131 

mimic processes observed in natural evolution and is prevalently utilized to address 132 

various optimization problems in hydrological practice (e.g. Yin et al., 2017; Ehteram 133 

et al., 2018; Zhou et al., 2019). Based on the derivation of MLRC in high dimension, 134 

we propose a general framework for deriving design floods for cascade reservoir 135 

system and determining the FLWL in operation period. To ensure that the results of 136 

MLRC are reasonable and can be adopted for practical use, the standard FRC method 137 

recommended by MWR (2006), i.e. equivalent frequency regional composition 138 

(EFRC) method is also applied and compared in this study. 139 

This study is therefore explored with three foci: (1) introducing the “design flood 140 

and FLWL in operation period” to practical application in hydrology and (2) 141 

addressing the curse of dimensionality encountered in the derivation of MLRC by 142 

applying the multivariate t-copula and a GA-based strategy (3) developing a general 143 

framework for determining the design flood of cascade reservoirs in operation period. 144 

The present paper is structured as follows. Section 2 describes the methodology used 145 

in this study. Section 3 briefly introduces the study area and the material. In Sections 4, 146 

a mix cascade reservoir system in the Jinsha River and Yalong River in China is 147 

selected as a case study. The impact of upstream reservoir regulation on design floods 148 
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as well as the FLWLs of downstream reservoirs are analyzed and discussed. The last 149 

two sections are devoted to the discussion and conclusion of this study, respectively. 150 

2. Methodology 151 

2.1 Design flood in operation period 152 

The similarities and differences between design flood in construction period and 153 

in operation period are compared in Table 1. The purpose of design flood in 154 

construction period is to provide vital information for the design of the reservoir 155 

storage, spillway size etc. While the design flood in operation period considers the 156 

impact of upstream reservoir operation and thus is capable of adapting to the variation 157 

of upstream hydrological regime, and its main purpose is to counterbalance the 158 

conflicts between flood control and conservation. In terms of property, the design 159 

flood in construction period and in operation period are both static values which are 160 

unchanged over time, and therefore can be easily implemented for practical use. By 161 

applying FLWL in construction period, the reservoir can regulate low frequency 162 

design floods, but the comprehensive benefits of reservoir storage cannot be fully 163 

utilized. By applying FLWL in operation period, the reservoir can withstand the same 164 

frequency floods regulated by upstream reservoirs and gain more comprehensive 165 

benefits during the flood season. To summarize, the main difference between the 166 

design flood in construction period and in operation period is that the latter considers 167 

the impact of upstream reservoir regulation and tends to be more rational than the 168 
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former in terms of flood water utilization.  169 

2.2 Derivation of design flood in operation period 170 

2.2.1 Framework 171 

The main goal of this study aims at exploring a general framework for estimating 172 

design flood for a cascade reservoir system in operation period, in which the curse of 173 

dimensionality is the main task to be addressed. The architecture of the proposed 174 

framework is shown in Fig. 1, which comprises three modules, namely: (1) design 175 

flood in construction period module; (2) flood regional composition (FRC) module, 176 

and (3) design flood in operation period module. The first module is responsible for 177 

calculating the design flood peak, volumes and design flood hydrographs in 178 

construction period for the second and third modules, respectively. In this study, the 179 

design floods both in operation and construction periods are analyzed for the given 180 

same return periods and flood prevention standards. The second module is responsible 181 

for obtaining the FRC of the investigated reservoir. In this module, the multivariate 182 

t-copula is proposed to build high dimensional joint distributions and a GA-based 183 

method is proposed to derive the MLRC. The EFRC method suggested by MWR 184 

(2006) is also applied in this module for comparative study. Finally, the design flood 185 

and FLWL in operation period is calculated in the last module based on the design 186 

flood hydrographs in construction period obtained in the first module and the FRC 187 

results obtained in the second module. By regulating the design flood hydrographs in 188 
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construction period with the consideration of the operation rules of upstream cascade 189 

reservoirs, the complex impact of reservoir regulation on downstream reservoir design 190 

flood can be numerically evaluated in this module. The main procedures and detailed 191 

explanations are given as follows. 192 

2.2.2 Design flood in construction period module 193 

The general methodology of estimating design flood in construction period is to 194 

fit the flow data, such as the annual maximum (AM) data using a theoretical 195 

probabilistic distribution and derive the exceedance probability based on the selected 196 

distribution (Xiong et al., 2018). The Pearson type 3 (P3) distribution and curve fitting 197 

estimation method is recommended by Ministry of Water Resources (MWR, 2006) as 198 

the standard hydrological frequency analysis procedure in China and thus is adopted 199 

in this study. Compared with commonly used methods, such as L-moments and 200 

maximum likelihood method, the curve fitting method can easily incorporate 201 

historical and paleo flood information while guarantee satisfactory statistical 202 

properties of the estimation results (Hu, 1987, Hua 1987). The Kolmogorov–Smirnov 203 

(KS) test and Anderson-Darling (AD) test are selected as the goodness-of-fit statistics 204 

to determine whether the candidate variables follow the P3 distribution (Zhang and 205 

Singh, 2007; Huang et al., 2018b). From the perspective of engineering safety, the 206 

flood which may lead to serious damage would be preferred when selecting typical 207 

flood hydrograph for reservoir design purpose (MWR, 2006, Xiong et al., 2019). 208 

Severe floods occurred in both the mainstream and main tributaries of Jinsha River in 209 
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1966 flood season. Therefore, the 1966 flood hydrograph is selected as the typical 210 

flood hydrograph in this study. 211 

2.2.3 Flood regional composition module 212 

2.2.3.1 Flood regional composition for cascade reservoirs 213 

The flood regional composition (FRC) has been recommended by MWR (2006) 214 

to solve a wide range of problems for the following reasons: (1) Methods based on the 215 

FRC are easy to implement (Lu et al., 2012). (2) Methods based on FRC can provide 216 

numerical solutions even for highly complex problems such as calculating the flood 217 

control effects of reservoir on downstream section and analyzing the joint operation 218 

strategies of cascade reservoirs or reservoir group, which is essential for the 219 

engineering practice (Guo et al., 2018). 220 

The sketch diagram of cascade reservoirs is given in Fig. 2. In general, a more 221 

complex hybrid reservoir group can be decomposed into several cascade reservoirs 222 

based on large scale system theories (Chen et al., 2017). Let A (A1, A2, …, An), B (B1, 223 

B2, …, Bn) and C denote the reservoirs, intermediate basins and downstream reservoir 224 

site of interest, respectively, and let random variables X1, X2, …, Xn, Y1, Y2, …, Yn and 225 

Z represent the natural flood volumes of reservoirs A1, A2, …, An, intermediate basins 226 

B1, B2, …, Bn and downstream reservoir C with the corresponding values x1, x2, …, xn, 227 

y1, y2, …, yn and z, respectively.  228 

We focus on the A1-A2 sub-system to further demonstrate the FRC concept. The 229 
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design flood of downstream reservoir A2 is impacted by the regulation of upstream 230 

reservoir A1. The inflow of downstream reservoir A2 is composed of inflow of 231 

upstream reservoir A1 and intermediate basin inflow B1. Thus (x1, y1) is the FRC of x2, 232 

in which x1 can be transformed into outflow based on the operation rules of A1. 233 

Therefore, the statistical behavior of design flood of downstream reservoir A2 in 234 

operation period is deterministically related to the FRC of A2, i.e. (x1, y1).  235 

For the cascade reservoir system, according to the principle of water balance 236 

equation, all the FRC (x1, y1, y2, … yn, z) should be subjected to the following 237 

equations: 238 

1 1 2

1 1 2 3

1 1 2

...

... n

x y x

x y y x

x y y y z

 

  

    

                            (1) 239 

Due to the inherent stochastic nature of flood generation mechanism, there are 240 

countless compositions of (x1, y1, y2, … yn, z) aligning with the principle of water 241 

balance. In order to search for a representative FRC which is consistent with the 242 

spatiotemporal pattern of streamflow, two FRC methods based on different 243 

assumptions are considered in this study and are introduced hereafter. 244 

2.2.3.2 Equivalent Frequency Regional Composition (EFRC) method 245 

The EFRC method assumes that the return period of flood occurring at one of the 246 

subareas (reservoir or the intermediate basin) is the same as the downstream reservoir. 247 

Though easy to implement, the EFRC suffers from two main drawbacks (Guo et al., 248 
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2018): (1) It assumes perfect correlation between floods occur at one sub-basin and 249 

downstream site, which does not always conform to the reality; (2) For the 250 

composition of cascade reservoirs, the number of EFRCs (2n-1) increases 251 

exponentially with the increase of the number of cascade reservoirs (n). In this study, 252 

only one representative EFRC for cascade reservoirs, namely EFRC-1 is considered 253 

for the purpose of comparison. For a given return period, the floods occurring at all 254 

reservoirs x1, x2, …, xn, z can be determined by their respective fitted distributions. 255 

The floods occurring at all intermediate basins y1, y2, …, yn can be calculated using 256 

the water balance equation. EFRC (x1, y1, y2, …, yn) can thus be determined. Readers 257 

can refer to Liang et al. (2017) and Guo et al. (2018) for more details about the EFRC 258 

method. 259 

2.2.3.3 Most Likely Regional Composition (MLRC) method 260 

To overcome the drawbacks of EFRC, Guo et al. (2018) proposed the MLRC 261 

based on copulas. They indicated that: (1) The MLRC method with stronger statistical 262 

basis can better capture the actual spatial correlation of flood events occurring at 263 

different sub-basins; (2) The composition of MLRC method is unique, and thus is 264 

easy to implement for large cascade reservoir system. The MLRC method assumes 265 

that FRCs may differ in terms of their probability of occurrence, which can be 266 

measured by the value of joint probability density function of random variables X1, 267 

X2, …Xn, Z, i.e. f(x1, x2, …, xn, z). According to Sklar’s theorem (Nelsen, 2006), the 268 

joint probability density function can be expressed in terms of its marginal 269 
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distributions and the associated dependence function, i.e. copula function as follows 270 

(Salvadori et al., 2004, 2016) 271 

11 2 1 2 1

1

, , , , = ( , , ..., , ) ( ) ( )( , ) ,
in

n

n n n X i Z

i

x c u u u u f x f zf x x x z v
 



        (2) 272 

where c is the PDF of copula function and u1, u2, …, un, v are the corresponding 273 

empirical frequencies of x1, x2, …, xn, z. ( )
iX i

f x  (i=1, 2, …, n) and ( )
Z

f z  are the 274 

marginal distributions of floods occurring at reservoirs A1, A2… An and downstream 275 

reservoir C, respectively. 276 

The composition (x1, x2, …, xn, z) is more likely to occur when the value of density 277 

function f(x1, x2, …, xn, z) increases (Salvadori et al., 2011). In order to search for the 278 

MLRC, the f(x1, x2, …, xn, z) is maximized by subjecting water balance constraint in 279 

Equation (1) for the given Z = zp 280 
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    (3) 281 

where zp is the design flood volume for a given return period of the investigated 282 

reservoir obtained from the design flood in construction period module.  283 

The joint probability density f(x1, x2,…, xn, z) is maximized when its first order 284 

derivative equals zero and the following equation should be satisfied 285 

app:ds:maximum
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              (4) 286 

After the composition (x1, x2, …, xn, z) is derived from Equation (4), MLRC (x1, 287 

y1, y2, …, yn) can be determined using the water balance equation. 288 

As indicated previously, Guo’s method suffers from curse of dimensionality as 289 

the number of cascade reservoirs increase. In this study, the curse of dimensionality is 290 

addressed by the following flow chart as shown in Fig 3, and the main procedures are 291 

described as follows: 292 

(1) Determine the marginal distributions and joint distribution according to the 293 

sampled AM data series; 294 

The vine-copula and meta-elliptical copula are often used to establish a higher 295 

dimensional joint distribution. The vine copula embraces a large quantity of 296 

pair-copula decompositions for high-dimensional variables, which makes the selection 297 

of suitable vine composition considerably complex (Aas et al., 2009). On the other 298 

hand, the meta-elliptical copula can model arbitrary pairwise dependence structures 299 

through a correlation matrix and is easy to implement (Huang et al., 2018a). 300 

Considering the advantage of meta-elliptical copula and the drawback of vine copula, 301 

the meta-elliptical copula is selected in this paper. Gaussian copula and t-copula are 302 
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the commonly used meta-elliptical copulas. Mashal et al. (2003) and Breymann et al. 303 

(2003) have shown that the goodness-of-fit of the t-copula is almost always superior 304 

to that of the Gaussian copula. Serinaldi et al. (2009) and Chen et al. (2016) also 305 

indicated that t-copula is adequate to construct high dimensional joint distribution. 306 

Hence, the t-copula is employed to establish the joint distribution of the flood 307 

volumes of different sub-basins in this study. 308 

The maximum likelihood method is adopted to estimate parameters of t-copula 309 

(Huang et al., 2018a). The goodness-of-fit of t-copula is assessed with the KS test and 310 

Cramer-von Mises (CM) test (Genest et al., 2008, 2009). The degree of freedom of 311 

t-copula is selected under the criteria of the Root Mean Square Error (RMSE) and 312 

Akaike Information Criterion (AIC) (Xiong et al., 2018b; Zhong et al., 2018). The 313 

smaller RMSE and AIC represents the better performance of the candidate model. 314 

(2) In order to find the optimal composition of flood volumes [x1
*, x2

*, …, xn
*] 315 

that maximizes the joint probability density function, the negative value of joint 316 

probability density is set as the fitness function, and the flood volumes of the 317 

upstream reservoirs [x1, x2, …, xn] is set as the parameters to be optimized. 318 

Considering the water balance equations should always be satisfied in FRC, the water 319 

balance equations are employed as constraints to determine the initial value and 320 

threshold of the parameters. The fitness function and constraints are expressed as 321 

follows 322 
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   (5) 323 

where the corresponding empirical frequencies [u1, u2, …, un] can be expressed with 324 

respect to their marginal distributions. 325 

The formula-based derivation of MLRC for an n-dimensional cascade reservoir 326 

system adopted by Guo et al. (2018) is substantially equivalent to solving a set of 327 

n-dimensional nonlinear and nonconvex equations, and the optimal solution can be 328 

hard to achieve by the Newton iteration method due to its inherent drawbacks of local 329 

convergence and susceptibility to initial solution. The GA-based method in this study, 330 

however, can effectively achieve the computational complexity reduction by 331 

transforming the derivation process into an optimization process. The GA technique 332 

has proved to be capable of coping with highly complex optimization problems 333 

(Chang et al., 2003, 2005; Ghareb et al., 2016). Attaining the MLRC of n-dimensional 334 

cascade reservoir system corresponds to an optimization problem with n parameters to 335 

be optimized, and currently the number of reservoirs n is usually less than 20. 336 

Moreover, different initial conditions have been considered to test whether the optimal 337 

solution is robust. Results indicate that when using different initial seeds, the obtained 338 

optimal solutions show no significant difference. Therefore, the GA-based method can 339 

be effectively applied to existing cascade reservoir systems. 340 
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2.2.3.4 Comparison of EFRC and MLRC 341 

The basic cascade reservoir system (see sub-system A1-A2) with synthetic 342 

inflow time series are used to compare the EFRC and MLRC methods. Since both 343 

EFRC and MLRC methods focus on the analysis of AM data series, we adopt the 344 

following procedures to generate AM flood series of A1 and A2 with different 345 

correlations for comparison. Firstly, the margins of A1 and A2 are assumed to be P3 346 

distribution and the location, scale, shape parameters of P3 distribution for A1 (A2) 347 

reservoir are assumed to be 30 (50), 7.5 (12.5) and 4 (4), respectively. Secondly, two 348 

sets of uniform variables over (0, 1) are randomly generated from a bivariate t-copula 349 

with sample size M=60 using R package “Copula” (Demarta and McNeil, 2005; Yan, 350 

2007), which are considered as the empirical frequencies of the AM flood series of the 351 

two reservoirs. And the correlation coefficients between the two sets of uniform 352 

variables are set to be 0.01, 0.3, 0.6 and 0.99 respectively to demonstrate AM flood 353 

series with different correlations. Finally, the AM flood series of the two reservoirs 354 

can be generated by applying the predetermined P3 quantile functions to the obtained 355 

uniform variables with the consideration of noise term. The EFRC and MLRC 356 

methods are used to analyze the FRC of 1000-year design flood of A2 inflow and 357 

results are summarized in Table 2. It can be seen from Table 2 that when the 358 

correlation coefficient between the AM floods of A1 and A2 is extremely high (0.99), 359 

the results obtained by MLRC and EFRC are nearly the same. However, when the 360 

correlation is very weak (0.01), the differences between results of MLRC and EFRC 361 
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are significant, i.e. the “equivalent frequency assumption” adopted by EFRC is 362 

unreasonable for weak correlated floods (MWR 2006). Thus, the MLRC method 363 

enabling to consider the actual correlation between AM floods may offer more 364 

reasonable results compared with EFRC. 365 

2.2.4 Design flood in operation period module 366 

The main procedures of this module are described as follows: 367 

(1) Derive the corresponding design flood hydrographs of each sub-basin using 368 

the peak and volume amplitude (PVA) method (Zhong et al., 2017; Yin et al., 2018) 369 

based on the FRC results and design flood hydrographs in construction period. The 370 

advantage of PVA method is that it ensures that both the flood peak and volume are 371 

equal to the assigned values without modifying flood duration (Yin et al., 2018). 372 

(2) Obtain the design flood hydrograph at the downstream site C based on river 373 

channel flood routing and reservoir flood regulation. The commonly used Muskingum 374 

model is considered for the river channel flood routing (Franchini et al., 2011; Guo et 375 

al., 2018). Then the design peak flood discharge and volumes are directly determined 376 

from the design flood hydrograph in operation period to offer a numerical estimation 377 

of design flood. 378 

(3) Determine the FLWL in operation period using the iterative calculation 379 

method (Xiao et al., 2009; Zhou et al., 2015) according to the derived design flood 380 

hydrograph and the reservoir operation rules. The flood prevention standard cannot be 381 

lowered down under the iterative calculation approach (Zhou et al., 2015). 382 
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3. Study area and materials 383 

Jinsha River is the upper reach of Yangtze River and has a total length of 3481 384 

km with a drainage area of 502,000 km2, accounting for 26% of the drainage area of 385 

the Yangtze River. The Jinsha River is divided into upper, middle and lower reaches 386 

with respective lengths of 965 km, 1220 km and 1296 km. Yalong River is the largest 387 

tributary of Jinsha River with a drainage area of 136,000 km2. During the past decades, 388 

a series of dams have been built along the main Jinsha River and Yalong River for the 389 

purpose of flood control and hydropower generation. Among them the Liyuan (LY), 390 

Ahai (AH), Jinanqiao (JAQ), Longkaikou (LKK), Ludila (LDL) and Guanyinyan 391 

(GYY) reservoirs are located in the midstream Jinsha River; while the Wudongde 392 

(WDD), Baihetan (BHT), Xiluodu (XLD) and Xiangjiaba (XJB) reservoirs are located 393 

in the downstream Jinsha River. Along the Yalong River, there are Lianghekou 394 

(LHK)-Jinping (JP)-Ertan (ET) cascade reservoirs. The investigated area and sketch 395 

map of cascade reservoirs in the Jinsha River and Yalong River are shown in Fig. 4. 396 

The basic information of these reservoirs is listed in Table 3. To promote water 397 

resources utilization and hydropower generation, these 13 mega cascade reservoirs 398 

have been jointly operated to achieve a total reservoir storage of 74.06 billion m3 399 

(21.82 billion m3 for flood control) and a total installed hydropower capacity of 71.47 400 

GW. The current operation rules (standard operation policy) of these reservoirs are 401 

provided by the Changjiang (Yangtze River) Water Resources Commission (CWRC), 402 

Ministry of Water Resource (CWRC, 2018). The data sets used in this study are 403 
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natural daily streamflow data of the investigated dam sites with record lengths all 404 

longer than 50 years. The data sets are provided by the CWRC and have been widely 405 

used for the design and management of these reservoirs. 406 

4. Result analysis 407 

4.1 The design flood in construction period 408 

According to the regulation characteristics of cascade reservoirs in the Jinsha 409 

River and Yalong River, annual maximum 7-day and 30-day (denoted as AM 7d and 410 

AM 30d) flood volume series are selected for flood frequency analysis. The P-values 411 

of KS and AD tests of each variable are calculated. For both of the tests, when 412 

P-value is larger than 0.05, the assumption that the AM series follows the P3 413 

distribution cannot be rejected at a 5% significance level. For illustration only, the 414 

cumulative distributions of AM 7d flood volumes series fitted by P3 distributions for 415 

AH, LKK, GYY, ET. BHT and XJB reservoirs are plotted in Fig. 5. The figure shows 416 

a good correspondence between empirical and theoretical frequencies and the 417 

assumption that the variables follow the P3 distribution cannot be rejected.  418 

4.2 Design flood of cascade reservoirs in the midstream Jinsha River and Yalong 419 

River 420 

4.2.1 Flood regional composition 421 

There are no intermediate inflows from tributaries between cascade reservoirs in 422 

the midstream Jinsha River and Yalong River (Fig. 4) and the FRC for these reservoirs 423 
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can be directly analyzed by the general form (Fig. 2). The FRC of AM 7d and 30d 424 

flood volumes of each reservoir in the midstream Jinsha River and Yalong River are 425 

analyzed. Taking the FRC of GYY reservoir as an example, the flood volume of GYY 426 

reservoir (X6) is decomposed to: LY reservoir (X1), L-A inter-basin (Y1), A-J 427 

inter-basin (Y2), J-L inter-basin (Y3), L-L inter-basin (Y4), and L-G inter-basin (Y5). 428 

Taking the establishment of joint distribution for the MLRC of GYY reservoir as 429 

an illustration, the P-values of KS and CM tests, RMSE and AIC values of t-copulas 430 

with different degrees of freedom are calculated and listed in Table 4. It can be seen 431 

that all P-values are greater than 0.05, indicating that the variables following t-copula 432 

cannot be rejected at a 5% significance level. Table 4 indicates that the t-copula with 433 

v=3 degrees of freedom exhibits the smallest RMSE and AIC, and thus should be 434 

selected. The adequacy of the t-copula is further evaluated with the P-P plots by 435 

plotting the empirical copula against theoretical copula (Van et al., 2018). For 436 

illustration only, Fig. 6 shows the P-P plots of joint distributions for the MLRC 437 

method of AH, LKK, GYY and ET reservoirs, respectively. The P-values obtained 438 

from KS and CM tests are also shown. It can be seen from Fig. 6 that all P values of 439 

all t-copulas are greater than 0.05, and no strong departure from the expected 440 

distribution can be observed from the P-P plots. Therefore, the t-copula can be 441 

effectively implemented for establishing joint distributions in high dimension. 442 

Following the procedures described in Section 2.2.3, the EFRC and MLRC 443 

methods of AM 7d and 30d flood volumes of cascade reservoirs are obtained. Taking 444 



https://doi.org/10.1016/j.jhydrol.2019.124003 
 

23 

 

the FRC of AM 7d flood volumes of GYY reservoir as an example, it can be observed 445 

from Table 5 that the results obtained by the EFRC and MLRC methods show no 446 

significant difference in this case study. The similarity between the results of EFRC 447 

and MLRC is due to the fact that there exist strongly positive correlations between the 448 

flood volumes of downstream reservoir and its upstream reservoirs, and this will be 449 

further discussed in Section 5.1. 450 

Regarding the curse of dimensionality, Guo’s method is compared with the 451 

proposed method for deriving MLRC with different numbers of cascade reservoirs, 452 

taking the derivation of MLRC of AH (2 reservoirs) and LDL reservoirs (5 reservoirs) 453 

as illustrations. The MLRC derived by Guo’s method and the proposed method are 454 

compared in Table 6. As for the derivation of MLRC for AH reservoir, the results 455 

obtained by the two methods are nearly the same. This indicates that the solutions of 456 

the proposed method are reliable. As for the derivation of MLRC for LDL reservoir, 457 

Guo’s method cannot obtain the solution of MLRC, while the proposed method can 458 

effectively achieve the MLRC of LDL reservoir. This demonstrates that Guo’s method 459 

can be subject to the curse of dimensionality as the number of cascade reservoirs 460 

increases, which can be well addressed by the proposed method. 461 

4.2.2 Reservoir design flood in operation period  462 

The impact of upstream reservoir operation can be analyzed following the 463 

procedures described in Section 2.2.4. The original design flood frequencies of 464 

cascade reservoirs in the midstream Jinsha River and Yalong River are 0.2% (return 465 
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period is 500-year) and 0.1% (return period is 1000-year), respectively. The design 466 

frequency floods in construction period and in operation period are compared in Table 467 

7. Results indicate that:  468 

(1) The estimated design peak flood discharge (Qmax), 3-day (W3), 7-day (W7) 469 

and 30-day (W30) flood volumes of downstream reservoirs decrease due to the 470 

upstream reservoir operation. For instance, the estimated Qmax, W3, W7 and W30 of 471 

GYY reservoir in operation period decrease by 11.5%, 9.7%, 7.3% and 0.4%, 472 

respectively compared with the design values in construction period.  473 

(2) The reduction rates of downstream reservoirs are greater than that of the 474 

upstream reservoirs. This is as expected that when the available flood control storage 475 

is larger, the flood can be better regulated.  476 

(3) The FLWL of downstream reservoirs in operation period is higher than that of 477 

the designed values in construction period. The FLWLs of AH, JAQ, LKK, LDL, 478 

GYY, JP and ET reservoirs in operation period (in construction period) are 1493.7 479 

(1493.3) m, 1410.8 (1410) m, 1290.3 (1289) m, 1212.8 (1212) m, 1123.5 (1122.3) m, 480 

1862.4 (1859) m and 1191.6 (1190) m respectively. The less required flood control 481 

storage accounts for the raise of FLWLs in operation period.  482 

(4) Under the FLWL scheme in operation period, the AH, JAQ, LKK, LDL, GYY, 483 

JP and ET reservoirs increase the hydropower generation by 0.45%, 0.72%, 2%, 1.1%, 484 

1.2%, 1.6% and 0.6%, respectively. It can be summarized from Table 7 that the 485 

cascade reservoirs in the midstream Jinsha River and Yalong River can increase 486 
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annual hydropower generation (HG) by 126 million kW·h in flood season in operation 487 

period. 488 

4.3 Design flood of cascade reservoirs in the downstream Jinsha River  489 

4.3.1 Flood regional composition 490 

The inflows of cascade reservoirs in the downstream Jinsha River are impacted 491 

by both the cascade reservoirs in the midstream Jinsha River and Yalong River (see 492 

Fig. 4), and it would not be possible to carry out FRC analysis without decomposition 493 

(Chen et al., 2017). The FRC of WDD, BHT, XLD and XJB reservoirs follows a 494 

three-step procedure described as below, taking the FRC of XJB reservoir as an 495 

illustration:  496 

Firstly, the flood volume of XJB (X13) is decomposed to: WDD reservoir (X10), 497 

W-B inter-basin (Y9), B-X inter-basin (Y10) and X-X inter-basin (Y11). Secondly, the 498 

flood volume of WDD reservoir (X10) is decomposed to: GYY reservoir (X6), ET 499 

reservoir (X9) and G-E-W inter-basin (Y8). Finally, the flood volume of GYY reservoir 500 

(X6) is decomposed to: LY reservoir (X1), L-A inter-basin (Y1), A-J inter-basin (Y2), J-L 501 

inter-basin (Y3), L-L inter-basin (Y4), and L-G inter-basin (Y5); and the flood volume 502 

of ET reservoir (X9) is decomposed to: LHK reservoir (X7), L-J inter-basin (Y6) and 503 

J-E inter-basin (Y7). The FRC of GYY and ET reservoirs has been achieved in Section 504 

4.2. 505 

The EFRC and MLRC are adopted to obtain the FRC of these reservoirs 506 

following the decomposition procedure. Fig. 7 shows the goodness-of-fit of the 507 
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selected t-copula. Table 8 lists the results of FRC, using the XJB reservoir as an 508 

example. Results from Fig. 7 and Table 8 reveal again that: (1) The t-copula can be 509 

effectively implemented to establish the joint distributions for MLRC of the 510 

investigated reservoir. (2) The MLRC method can be effectively implemented for the 511 

complex hybrid reservoir system.  512 

4.3.2 Design flood in operation period  513 

The design flood return periods of cascade reservoirs in the downstream Jinsha 514 

River are all 1000-year. The 1000-year design flood hydrographs of WDD, BHT, 515 

XLD and XJB reservoirs in construction period and in operation period are compared 516 

in Fig. 8. The statistics of the 1000-year design floods in construction period and the 517 

estimated design floods in operation period are summarized in Table 9. Results show 518 

that: 519 

(1) The 1000-year design flood hydrographs of the four reservoirs alter 520 

considerably in operation period with smaller flood peaks and gentler flood processes. 521 

(2) The 1000-year design Qmax, W3, W7 and W30 of the four reservoirs decrease 522 

significantly due to the upstream reservoir operation. For instance, the 1000-year 523 

design Qmax, W3, W7 and W30 of XJB reservoir decrease by 38.7%, 37.4%, 34.2%, 524 

13.8%, respectively in operation period. Compared with the cascade reservoirs in the 525 

midstream Jinsha River and Yalong River, greater significant reduction rates are 526 

observed. 527 

(3) Due to the significant decrease in design floods, the FLWL of the four 528 
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reservoirs in operation period can be largely raised. The FLWLs of WDD, BHT, XLD 529 

and XJB reservoirs in operation period (in construction period) are 958.01(952) m, 530 

793.6(785) m, 572.71(560) m and 372.09(370) m, respectively.  531 

(4) Under the FLWL scheme in operation period, the WDD, BHT, XLD and XJB 532 

reservoirs can increase the hydropower generation (HG) by 4.7%, 4.8%, 7.2%, and 533 

2.2%, respectively. It can be summarized from Table 9 that the cascade reservoirs in 534 

the downstream Jinsha River can increase annual hydropower generation by 3.15 535 

billion kW·h during flood season in reservoir operation period. 536 

5 Discussion 537 

5.1 Analysis of EFRC and MLRC results 538 

As can be seen from Table 5, the results of EFRC and MLRC of GYY reservoir 539 

are analogous in this case study. This is because the inflow discharges are highly 540 

correlated as demonstrated in Section 2.2.3.4. The Kendall’s tau correlation 541 

coefficients between the AM 7d flood volume series of cascade reservoirs in the 542 

midstream Jinsha River are calculated and listed in Table 10. It is indicated from Table 543 

10 that the correlations are considerably strong, with the Kendall’s tau correlation 544 

coefficients all greater than 0.7. The main reasons for the strong correlation are 545 

summarized as follows: (1) The drainage areas of these reservoirs are quite similar 546 

(Table 3) and there are no big tributaries between these reservoirs (Fig. 4). (2) They 547 

belong to the same rainfall zone and yield analogous climatic factors. Consequently, 548 
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the equivalent frequency floods at each reservoir site are likely to occur in this case 549 

study and the EFRC method can be adopted for such catchment with high-correlated 550 

inflows across all sub-basins. While the MLRC method which can be applied to both 551 

high and low correlated sub-basin inflows is more rational than the EFRC method. 552 

On the other hand, as noted before, different FRCs may differ in terms of their 553 

occurrence probabilities, which can be measured by the value of joint probability 554 

density function of floods occurring at all sub-basins (Guo et al., 2018). The larger 555 

joint probability density function denotes the greater occurrence probability of the 556 

FRC. In practical application, the FRC which is more likely to occur usually gains 557 

more attention. Therefore, the occurrence probabilities of EFRC and MLRC for 558 

design flood with different return periods are compared in Fig. 9. Taking the LKK and 559 

GYY reservoirs as an example, it can be seen that the occurrence probabilities of 560 

EFRC (MLRC) for design flood of LKK reservoir with return periods of 1000, 500 561 

and 100-year are 2.32 (5.64) ×10-7, 3.48 (12.6) ×10-7 and 9.42 (22.04) ×10-7, 562 

respectively; and the occurrence probabilities of EFRC (MLRC) for design flood of 563 

GYY reservoir with return periods of 1000, 500 and 100-year are 1.35 (4.17) ×10-8, 564 

2.76 (15.75) ×10-8 and 14.15 (56.6) ×10-8, respectively. When the floods with return 565 

periods of 1000, 500 and 100-year occur at the LKK (GYY) reservoir, the occurrence 566 

probabilities of MLRC are 2.43 (3.09), 3.62 (5.49) and 2.34 (4.0) times as large as 567 

that of EFRC, respectively. This explicitly implies that the MLRC offers a meaningful 568 

flood regional composition scheme with high occurrence probability. In terms of 569 
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occurrence probability, the MLRC performs much better than EFRC method. 570 

5.2 Relation between the reduction rates and available flood control storage 571 

The relation between the reduction rates of Qmax, W3, W7 and W30 and available 572 

flood control storage are investigated and plotted in Fig. 10 in recognition that the 573 

available flood control storage can largely influence the reduction rates. It can be 574 

observed from Fig. 10 that:  575 

(1) The Qmax and W30 are the most and least impacted by the available flood 576 

control storage, respectively. This is mainly because a reservoir will store water to 577 

reduce flood peak when a flood occurs, however not for a long period such as 30 days 578 

in flood season.  579 

(2) The reduction rates of designed Qmax, W3, W7 and W30 increase with the 580 

increase of available flood control storage, while the increasing rate shows a 581 

decreasing trend. The available flood control storages of the cascade reservoirs in the 582 

downstream Jinsha River are considerably larger than that in the midstream Jinsha 583 

River and Yalong River, and thus the reduction rates are also larger. The decreasing 584 

trend in increasing rate is mainly because when the flood control storage is sufficient 585 

for the flood control purpose, the flood can be well regulated and the reduction rate 586 

will no longer increase with the increase of flood control storage. 587 

5.3 Practical application of FLWL in operation period 588 

In this study, it is shown that the formation of cascade reservoir system has 589 
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resulted in considerable attenuation effects on design floods of downstream reservoirs. 590 

With advancements in meteorological and hydrological forecasting capabilities, the 591 

operational efficiency of existing reservoir has been improved significantly, which 592 

creates the possibility for the practical application of FLWL in operation period. For 593 

example, on basis of real-time flood forecasting, a pre-release strategy can be adopted 594 

to bring substantial economic benefits without increasing flood control risks (Li et al., 595 

2010; Chou and Wu, 2013). Based on the application experience, a pre-release 596 

strategy combined with hydrological forecasts can be adopted for practical application 597 

of FLWL in operation period. When recent hydrological forecasts indicate that no 598 

extreme flood (e.g. return period greater than 100-year) will occur, the reservoir can 599 

be operated within the FLWL in operation period; when extreme floods are forecasted 600 

to occur within the forecast horizon, reservoir can pre-release flood water to operate 601 

within the FLWL in construction period to ensure the safety of dam as well as 602 

downstream sections. This pre-release strategy has been widely used to better 603 

compromise between flood control and conservation, and it will be quantitatively 604 

investigated for practical application of FLWL in operation period in future work. 605 

6 Conclusions 606 

In this study, the “design flood and FLWL in operation period” are defined for 607 

practical application. A general framework enabling to measure the spatiotemporal 608 

pattern of streamflow for deriving the design floods in operation period for cascade 609 
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reservoirs is established. The multivariate t-copula and GA-based strategy are applied 610 

to solve the curse of dimensionality involved in the derivation of MLRC. The hybrid 611 

reservoir system in Jinsha and Yalong River is selected as the case study. The main 612 

conclusions are summarized as follows: 613 

(1) The multivariate t-copula can be effectively implemented for establishing 614 

high dimensional joint distributions and the GA-based method can be adopted to 615 

achieve the MLRC in high dimension. The proposed framework can be effectively 616 

implemented for a complex cascade reservoir system. 617 

(2) Compared with the design floods in construction period, design floods of the 618 

downstream reservoirs in operation period have been reduced significantly due to the 619 

regulation of upstream reservoirs. When the available flood control storage is larger, 620 

the reduction rates of design floods are even greater. For instance, the 1000-year 621 

design Qmax, W3, W7 and W30 of XJB reservoir decrease by 38.7%, 37.4%, 34.2%, 622 

13.8%, respectively in operation period. Hence, the impact of upstream reservoir 623 

regulation on downstream reservoir cannot be ignored, and the investigated reservoir 624 

operation policy formulated based on the design flood in operation period should be 625 

adopted. 626 

(3) The FLWL in operation period can be raised compared with the design value 627 

in construction period. The FLWLs of AH, JAQ, LKK, LDL, GYY, JP, ET, WDD, 628 

BHT, XLD and XJB reservoirs in operation period (in construction period) are 629 

1493.7(1493.3) m, 1410.8(1410) m, 1290.3(1289) m, 1212.8(1212) m, 1123.5(1122.3) 630 
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m, 1862.4(1859) m, 1191.6(1190) m 958.01(952) m, 793.6(785) m, 572.71(560) m 631 

and 372.09(370) m, respectively. The economic benefits obtained from the new FLWL 632 

scheme are enormous. As can be summarized from Table 5 and Table 7, the 13 633 

reservoirs in the Jinsha River and Yalong River can increase the annual hydropower 634 

generation by 3.28 billion kW·h (or increase 4.3%) during flood season without 635 

increasing flood control risks. 636 
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Table 1 Similarities and differences between design flood in construction and 842 

operation periods. 843 

 
Construction period Operation period 

Purpose 

Provide vital information for the 

design of the reservoir storage, 

spillway size etc. 

Provide vital information for 

reservoir multi-objective operation 

Property A static value unchanged over time A static value unchanged over time 

Analysis 

method 

Statistical analysis (Flood 

frequency analysis) 

Statistical analysis combined with 

consideration of reservoir operation 

rules 

Application 

results 

(1) Determine FLWL in 

construction period 

(2) Reservoir can withstand the 

design frequency floods in 

construction period. 

(3) There exist enormous conflicts 

between flood control and 

conservation. 

(1) Determine FLWL in operation 

period.  

(2) Reservoir can withstand the same 

design frequency floods regulated by 

upstream reservoirs. 

(3) Tradeoff between flood control 

and conservation. 

 844 

Table 2 Comparison of EFRC and MLRC in terms of synthetic AM flood series with 845 

different correlation coefficients (R). 846 

R 
1000-year design 

inflow of A2 
Methods A1 inflow B1 inflow 

0.01 213.1 
MLRC 52.5 160.6 

EFRC 125.1 88 

0.3 213.7 
MLRC 99.2 114.5 

EFRC 126.7 87 

0.6 212.5 
MLRC 113.6 98.9 

EFRC 124.8 87.7 

0.99 214.1 
MLRC 127.8 86.3 

EFRC 127.9 86.2 
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 847 

Table 3 Basic information of cascade reservoirs in the Jinsha River and Yalong River  848 

Region Midstream Jinsha River Yalong River Downstream Jinsha River 

Reservoir LY AH JAQ LKK LDL GYY LHK JP ET WDD BHT XLD XJB 

Drainage area (thousand km2) 220 235.4 237.4 240 247.3 256.5 65.6 102.6 116.4 406.1 430.3 454.4 458.8 

Normal pool level (m) 1618 1504 1418 1298 1223 1134 2865 1880 1200 975 825 600 380 

Flood limited water level (m) 1605 1493 1410 1289 1212 1122.3 2845 1859 1190 952 785 560 370 

Design flood water level (m) 1618 1504 1418 1298 1223 1134 2865 1880.5 1200 979.38 827.71 604.23 380 

Flood control storage (billion m3) 0.17  0.22  0.16  0.13  0.56  0.54  2.00  1.61  0.94  2.44  7.50  4.65  0.90  

Total storage capacity (billion m3) 0.81  0.89  0.91  0.56  1.72  2.25  10.77  7.99  5.80  3.94  20.60  12.67  5.16  

Installed hydropower capacity (GW) 2.40  2.00  2.40  1.80  2.16  3.00  3.00  3.60  3.30  10.20  16.00  13.86  7.75  

Daily data record length 
1939- 

2007 

1939- 

2007 

1939- 

2007 

1939- 

2007 

1950- 

2007 

1950- 

2007 

1950- 

2007 

1950- 

2007 

1950- 

2007 

1950- 

2007 

1942- 

2007 

1950- 

2007 

1950- 

2007 

 849 
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 850 

Table 4 Goodness-of-fit statistics of t-copula for MLRC of GYY reservoir. 851 

 852 

Degrees of freedom KS (P-value) CM(P-value) RMSE AIC 

v=2 0.93 0.47 0.018 -392.24 

v=3 0.94 0.49 0.017 -393.73 

v=4 0.94 0.48 0.017 -393.69 

v=5 0.92 0.48 0.017 -393.60 

 853 

 854 

Table 5. Flood regional composition results at GYY reservoir site. 855 

Return 

period 

(year) 

Inflow of 

GYY 

(108m3) 

Methods 

LY 

reservoir 

inflow 

(108m3) 

L-A 

inter-basin 

inflow 

(108m3) 

A-J 

inter-basin 

inflow 

(108m3) 

J-L 

inter-basin 

inflow 

(108m3) 

L-L 

inter-basin 

inflow 

(108m3) 

L-G 

inter-basin 

inflow 

(108m3) 

1000 86.49 
MLRC 66.97  7.95  1.02  1.36  3.78  5.41  

EFRC 67.64  7.62  1.01  1.32  3.85  5.05  

500 81.55 
MLRC 63.14  7.50  0.96  1.28  3.56  5.10  

EFRC 63.77  7.19  0.95  1.25  3.63  4.76  

100 69.74 
MLRC 54.00  6.41  0.82  1.10  3.05  4.36  

EFRC 54.54  6.14  0.82  1.06  3.10  4.08  

 856 

  857 
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Table 6 Comparison of Guo’s method and proposed method for deriving MLRC of AH and LDL reservoirs. 858 

Investigated 

reservoir 

1000-year design 

inflow(108m3) 
MLRC Guo’s method Proposed method 

AH reservoir 75.26 
LY reservoir inflow(108m3) 67.32 67.38 

L-A inter-basin inflow(108m3) 7.94 7.88 

LDL reservoir 81.44 

LY reservoir inflow(108m3) 

no solution 

67.26 

L-A inter-basin inflow(108m3) 7.84 

A-J inter-basin inflow(108m3) 1.05 

J-L inter-basin inflow(108m3) 1.32 

L-L inter-basin inflow(108m3) 3.97 

 859 

  860 
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 861 

 862 

Table 7 Comparison of design frequency floods in construction and operation periods for the cascade reservoirs in the midstream Jinsha River 863 

and Yalong River. 864 

 

Variable              Period LY AH JAQ LKK LDL GYY LHK JP ET 

 Return period (year)  500 500 500 500 500 500 1000 1000 1000 

Qmax (m3/s) 
construction 12200 14400 14700 15730 15900 16900 9700 13570 20620 

operation  12200 13590(-5.6%) 13625(-7.3%) 14550(-7.5%) 14634(-8%) 14957(-11.5%) 9700 11370(-16.2%) 16240(-21.2%) 

W3 (108m3) 
construction 30.1 35.4 36.1 38.8 39.1 41.2 24.9 34.8 52.9 

operation 30.1 34.1(-3.8%) 34.2(-5.4%) 36.7(-5.5%) 36.7(-6.1%) 37.2(-9.7%) 24.9 29.7(-14.7%) 42.4(-19.8%) 

W7 (108m3) 
construction 63.8 70.9 71.9 73.2 76.8 81.6 55.3 77.3 117.5 

operation 63.8 69.8(-1.6%) 69.9(-2.8%) 70.9(-3.2%) 74(-3.7%) 75.6(-7.3%) 55.3 70.6(-8.7%) 97.9(-16.7%) 

W30 (108m3) 
construction 228 268 273 292 300 306 161 225.8 343.2 

operation 228 268(-0%) 273(-0%) 292(-0%) 300(-0%) 304.7(-0.4%) 161 225.8(-0%) 340.6(-0.8%) 

FLWL(m) 
construction 1605 1493.3 1410 1289 1212 1122.3 2845 1859 1190 

operation  1605 1493.7 1410.8 1290.3 1212.8 1123.5 2845 1862.4 1191.6 

HG(108kW.h) 
construction 14.88 13.22 15.25 11.32 13.16 18.01 19.32 23.39 21.36 

operation  14.88 13.28(+0.45%) 15.36(+0.72%) 11.55(+2%) 13.3(+1.1%) 18.23(+1.2%) 19.32 23.76(+1.6%) 21.49(+0.6%) 
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 865 

Table 8. Flood regional composition results at XJB reservoir site. 866 

 867 

Return 

period 

(year) 

Inflow of 

XJB 

(108m3) 

Methods 

GYY 

reservoir 

inflow 

(108m3) 

ET 

reservoir 

inflow 

(108m3) 

G-E-W 

inter-basin 

inflow 

(108m3) 

W-B 

inter-basin 

inflow 

(108m3) 

B-X 

inter-basin 

inflow 

(108m3) 

X-X 

inter-basin 

inflow 

(108m3) 

1000 237 
MLRC 85.89 75.78 18.95 20.90 33.06 2.42 

EFRC 86.49 74.93 18.73 21.89 32.86 2.20 

500 223 
MLRC 81.08 71.44 17.86 19.64 30.64 2.34 

EFRC 81.55 70.41 17.60 20.61 30.54 2.07 

100 189 
MLRC 69.19 60.40 15.10 16.25 25.98 2.07 

EFRC 69.74 59.64 14.91 17.54 25.07 1.75 

  868 



https://doi.org/10.1016/j.jhydrol.2019.124003 
 

45 

 

 869 

 870 

Table 9 Comparison of 1000-year design floods in construction and operation periods 871 

for the cascade reservoirs in the downstream Jinsha River 872 

    Variable             Period 

 

WDD BHT XLD XJB 

Qmax(m3/s) 
construction 35800 38800 43300 43700 

operation 25450(-28.9%) 27134(-30%) 29149(-32.7%) 26807(-38.7%) 

W3(108m3) 
construction 87.4 95.2 106 108 

operation  66.7(-23.7%) 69.8(-26.7%) 72.1(-32%) 67.6(-37.4%) 

W7(108m3) 
construction 181 202 235 237 

operation  148.2(-18.1%) 160.8(-20.4%) 165.9(-29.4%) 155.9(-34.2%) 

W30(108m3) 
construction 542 682 752 759 

operation 521.9(-3.7%) 652.7(-4.3%) 694.1(-7.7%) 654.3(-13.8%) 

FLWL(m) 
construction 952 785 560 370 

operation 958.01 793.6 572.71 372.09 

HG(108kW.h) 
construction 133.1 197.7 190.5 97 

operation 139.3(+4.7%) 207.1(+4.8%) 204.3(+7.2%) 99.1(+2.2%) 

 873 

Table 10 Kendall’s tau correlation coefficients between AM 7d flood volumes of 874 

cascade reservoirs in the midstream Jinsha River 875 

Reservoir LY AH JAQ LKK LDL GYY 

LY 1 0.91 0.89 0.88 0.83 0.78 

AH 0.91 1 0.98 0.97 0.92 0.86 

JAQ 0.89 0.98 1 0.98 0.93 0.88 

LKK 0.88 0.97 0.98 1 0.94 0.89 

LDL 0.83 0.92 0.93 0.94 1 0.92 

GYY 0.78 0.86 0.88 0.89 0.92 1 

 876 

  877 
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(a) Design flood hydrographs in construction period 947 

 948 

(b) Design flood hydrographs in operation period 949 

Fig. 8 1000-year design flood hydrographs of cascade reservoirs in the downstream 950 

Jinsha River. 951 
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Fig. 9 Comparison of the occurrence probability of EFRC and MLRC of LKK and 957 

GYY reservoirs. 958 
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