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Abstract: The design flood estimation should consider the regulation of upstream cascade reservoirs which has
significantly altered downstream hydrologic regime. The current flood regional composition (FRC) methods
do not consider the unfavorable reservoir operation conditions for flood prevention. In this paper, a novel
framework, the most unfavorable flood regional composition (MUFRC) method, was proposed based on the
flood risk analysis to estimate design flood in cascade reservoir operation period. The results of case study in
Yalong River basin indicated that: (1) The proposed MUFRC method would allocate more flood volume into
downstream uncontrolled sub-basin, and the precise definition of flood loss could make great difference on
MUEFRC method for rational estimation of design flood. (2) The 1000-year design flood peak, 3-day and 7-day
flood volume of the outlet section estimated by MUFRC method are 15400 m3/s, 3.91, and 8.42 billion m?
respectively, which are all greater than values estimated by other FRC methods; (3) The reduction of design
floods in reservoir operation period result the adjustment of flood control water level in downstream
reservoirs, which could additionally generate 460 million kW-h (+1.82%) hydropower during flood season.
Comparison study and sensitivity analysis further proves that the MUFRC method could rationally allocate
flood volume and meanwhile balance the flood prevention risk and comprehensive utilization benefits, which
is worth for further study and practical application.

Keywords: design flood; cascade reservoirs; flood regional composition; the most unfavorable
situation; flood volume allocation; Yalong River basin

1. Introduction

The operation of cascade reservoirs has altered the downstream hydrologic regime, and the flow
discharge hydrograph of flood has also significantly changed both temporally and spatially (Duan et
al., 2016; Vlopi et al., 2016). Traditionally, design flood is estimated under natural flood condition in
the reservoir planning and construction periods (MWR, 2006), which fails to adapt to the hydrological
alteration (Guo et al., 2018). Hence how to investigate the “design flood in cascade reservoir operation
period” becomes the hot research topic for effective utilization of flood water resources. Meanwhile,
reservoir operation should always consider and balance the flood hazard risk and comprehensive
benefits (Qi, 2017; Qi and Liu, 2018), which is well worth blending in the estimation of unfavorable
downstream design flood under the regulation of upstream reservoirs (Liu et al., 2015; Zhang et al.,
2019;).

There are two approaches widely applied to investigate the design flood considering the impact
of climate change and human activities (primarily reservoir regulation), namely non-stationary flood
frequency analysis (NFFA) method, and flood regional composition (FRC) method (Xiong et al., 2019;
Xiong et al., 2020; Xie et al., 2021; Jiang et al., 2021;). The former requires measured flood data series,
while the latter needs reconstructed natural flood data series. The NFFA method defines time-
varying covariates relevant to influence factors of design flood and fits a time-varying distribution
model (Rigby and Stasinopoulos, 2005). With the recent values of covariates input into the fitted
model, the characteristic feature of design flood in operation period could be derived (Lopez et al.,
2013). The selection of covariates would significantly influence the effect and rationality of NFFA
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method. For example, Reservoir Index (RI), defined with reservoir capacity and catchment area, has
been widely applied and successfully recognized the downward trend of downstream flood (Wang
et al., 2017). But RI indicator was unable to explain why and how the design flood is reduced and
which hydrological mechanism the RI-caused reduction in frequency analysis corresponded to, let
alone derivation of an hourly design flood hydrograph within flood control operation and channel
flow routing (Su and Chen, 2019; Xiong et al., 2020). Thus, NFFA method might be more suitable for
large and complex basins with massive reservoirs, where natural flood data series are very difficult
to be reconstructed.

The FRC method based on the mechanism of runoff generation and flow concentration process
that allocates downstream design flood to each sub-basin (Guo et al., 2018). With the allocated floods
controlled and regulated by hydraulic structures, design flood in operation period could be estimated
with reservoir outflow discharge, river channel flood routing and inter-basin inflow discharge
(MWR, 2006). In this way, the complicate operation rules and flood routing pattern could be
constrained, and the design flood in operation period influenced by cascade reservoirs would be
derived to the design section level by level. The FRC method has been widely applied in design flood
estimation in China (MWR, 2006), in which the key point is how to rationally allocate downstream
flood volume.

Ministry of Water Resources (MWR) of China has recommended some methods for downstream
design flood estimation, among which the equivalent frequency flood regional composition (EFFRC)
method was the most classic and practical one (MWR, 2006). The EFFRC method assumed that the
flood frequency of upstream reservoir or inter-basins was identical with that of downstream design
section. In other words, it implicitly suggested that the flood series in designative sub-basin and
design-section were fully related with correction coefficient equal to one, so their cumulative
distribution function (CDF) all responded to design frequency p. This basic assumption obviously
neglected the uneven rainfall distribution and randomness in flood magnitudes which limited the
EFFRC method to the highly correlated basins (Xiong et al., 2020). Besides, the number of EFFRC
schemes exponentially increased with the number of reservoirs, which also made the selection of
representative EFFRC scheme more difficult. Guo et al. (2018) proposed the most likely flood regional
composition method (MLFRC) with the maximum probability of flood allocation to investigate
downstream design flood, which was proved to be more reasonable and practical through statistical
experiments. The copula functions were also introduced into MLFRC method to describe the joint
distribution of flood volumes from various sub-basins. The application of EFFRC and MLFRC
methods suggested that the upstream reservoir regulation has significantly reduced the flood peak
and volume in the downstream section, and thus the flood control water level in reservoir operation
period might need a reevaluation owing to the differences between design flood hydrographs in
reservoir construction and operation period (Guo et al., 2018; Xiong et al., 2019).

The current FRC methods tended to derive a rational flood volume allocation scheme in view of
probability and statistic analysis, and neglected to consider flood prevention risk under unfavorable
situation. Hence, this paper proposed a novel FRC method, i.e., the most unfavorable flood regional
composition (MUFRC) method, which consider the flood occurrence probability and flood disaster
loss. The flood occurrence probability could be effectively estimated by copula functions which has
been confirmed in various hydrological analysis fields (Lee et al., 2018; Yin et al.; 2018), while the
flood disaster loss still required a reasonable definition. Since flood damage is tightly associated with
flood discharge and duration (Zhao et al., 2024; Zhang et al., 2023;), the additional suffered flood
volume was selected and used to symbolize the flood loss in this study, which was exactly the integral
and comprehensive reflection of the two damage factors.

The additional suffered flood volume was furtherly categorized as excessive flood volume from
the uncontrol inter-basins. Flow discharge from the sub-basin next to design section would not be
regulated by any reservoirs, which was nonnegligible but always ungagged. MWR (2006) has
suggested that flood volumes from these uncontrol basins were worth particular attention in FRC
method. Hence, this paper defined the uncontrolled flood loss with the part of flood volume above
designed controllable value. With quantified flood loss, MUFRC method would solve the maximum
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product of it and probability density, derive and then allocate the FRC scheme into each sub-basin
for design flood estimation.

The aim of this study was to propose a novel framework for the investigation of the most
unfavorable design flood in cascade reservoir operation period. The rest of the paper was organized
as follows: Section 2 briefly introduced the proposed MUFRC and other methods. In Section 3 the
cascade reservoirs in Yalong River basin were selected as the case study to demonstrate the
effectiveness of the proposed methods, and the most unfavorable design flood and corresponding
reservoir flood control water levels were derived, whose hydropower generation benefits were
reevaluated correspondingly. Section 4 further discussed and compared different methods under
different flood scenarios. Finally, the conclusions were given in Section 5.

2. Methodology

2.1. Copula Function

Assuming that there were random variables X1, X», ..., Xu, whose marginal distribution functions
could be respectively expressed as Fi(X1), F2(X2), ..., Fi(X»), and the joint distribution function was
expressed as H(x1, x2,..., xn). Then according to Sklar’s theorem, there was a function C satisfying the
following equation (Nelson, 2006):

H(x,,%y,...,%,) = C(E('xl)’FZ(XZ)”'“’Fn (xn)) (D

The function C was called Copula function. Represent F1(X1), F2(X2), ..., Fu(Xn) with u1, us, ..., un,
and let x=Fi'(ui), the Eq. (1) could be rewritten as (Salvadori and De Michele, 2004; Salvadori et al.,
2016):

Cluystysstt,) = H(F (), Fy (1), F, (1)) = H(x,,X,,..0,%,) )
Hence, the joint probability density function of H could be derived as:

_0"C(uy,u,,...,u,)
ox,0x,,...,0x,

F (X, %0000 X,) =C(u1,u2,---,un)ﬁﬂ, (x,) 3)

where ¢ denoted the mixed partial derivative of C. In flood frequency analysis, Archimedean copulas
were always applied to bivariate simulation, while t-copula and vine copula were more
recommended for high dimension systems (Xiong et al., 2019).

2.2. Flood Regional Composition (FRC) Method

Cascade reservoirs have significantly altered downstream hydrologic regime, and made a great
difference on the design flood hydrograph. FRC method could reallocate the original design flood in
construction period into each sub-basin according to representative flood volume rates. And with the
simulation of flood control and routing from upstream to downstream, design flood hydrograph in
operation period could finally be derived.

Sketch diagram of FRC method was shown in Figure 1. A cascade reservoir system composed
of n reservoirs divided the basin into n+1 sub-basin. As shown in Figure 1, A, Bi and C represented
the i-th upstream reservoir, the i-th inter-basin, and the design section respectively, whose inflows
were respectively represented as random variables Xi, Yi and Z with corresponding values x;, yi and
z.

do0i:10.20944/preprints202406.0942.v1
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Figure 1. Sketch diagram of flood regional composition framework.

2.3. Equivalent Frequency Flood Regional Composition (EFFRC) Method

Generally, the equivalent frequency floods are more likely to occur among highly correlated
adjacent sub-basins. EFFRC method recommended by the MWR (2006) has been widely used and
proved to be a convenient reference in practice. Take single reservoir system as an example for
illustration:

(1) If both the design floods in downstream section and upstream reservoir were equal in design
frequency p, and their flood volumes were represented as zpand x,. Then according to the principle
of water balance corresponding flood volume y at inter-basin B is given by zy-xp. So [xy, z»-xy] was one
of EFFRC schemes for single reservoir system.

(2) If design floods in downstream section and interval basin B were equal in frequency, then
similarly, flood volume X at upstream reservoir A site was given by x=zy-yp. And [z—yp, y»] was the
other EFFRC scheme for single reservoir system.

[xp, zo-xp] and [zr—yp, yp] served as the basic schemes for EFFRC method. And for the cascade
reservoir system, as the number of reservoirs (1) increased, the research basin could be divided into
n single reservoir sub-systems from downstream to upstream one by one, then the number of EFFRC
schemes (27) would increase dramatically based on the possible choice of basic schemes in each sub-
system.

2.4. Most Likely Flood Regional Composition (MLFRC) Method

Probability density of the FRC scheme (x1, y1, 12,..., y») was estimated by copula ,whose higher
value was considered more reasonable and representative in MLFRC method. Hence, the MLFRC
scheme could be obtained when copula-fitted joint distribution f(x1, y1, y2,..., y») was maximized
within the principle of water balance (Guo et al., 2018):

max f(xlayp"' ,y,,,l,y,,):C(ul,Vl,---,Vn,l,Vn)le (x1)H fy’ (y,')
i=1
" (4)
St. X, + Z yi=z,
i=1

where u1 and vi denoted the corresponding CDFs of x1 and y; fxi(x1) and fvi(yi) denoted the marginal
distributions of floods at upstream reservoir A1 and each inter-basin B;, respectively; c(-) denoted the
derivative of copula function. Xiong et al. (2019) recommended the genetic algorithm (GA) to solve
the MLFRC method for high-dimension cascade reservoir system with the flood volumes in each sub-
basin coded and optimized, in which the principle of water balance served as the constraint condition
to prevent unrealistic solutions.

2.5. Most Unfavorable Flood Regional Composition (MUFRC) Method

The EFFRC method searched the composition of flood volumes whose CDFs were equal to
design frequency, implicitly assuming that the flood data series in all sub-basins were completely
linearly correlated. The MLFRC method tended to search the scheme with the highest probability
density, which was able to fully consider the correlation of flood generation (Xiong et al., 2020). This
section proposed MUFRC method based on flood prevention risk analysis.

There were various mathematical definitions of risk R. The United Nations Department of
Humanitarian Affairs (1992), now reorganized as the United Nations Office for the Coordination of
Humanitarian Affairs, stated that risk was the product of hazard and vulnerability. Sun et al. (2017)
and Qi (2017) pointed out that for flood prevention risk, the hazard was usually described by the
probability of occurrence Pk, and the vulnerability was embodied as the disaster loss Dr. Hence, the
risk for a specific flood disaster event could be quantified as R=PrxDr.

The probability of occurrence Pr could be effectively estimated by Eq.(4), similar to above
MLERC method, while the disaster loss Dr was very difficult to be accurately estimated. Generally,

do0i:10.20944/preprints202406.0942.v1
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the flood disaster loss was tightly associated with the additional suffered flood at the downstream
flood control section. Since the essence of the FRC method was the rational allocation of flood
volumes, the flood vulnerability was set as the excessive flood volume from uncontrolled sub-basins
in this paper. As shown in Figure 1, the flood volumes X1, Y1, ..., Ys1 from upstream basins would
be regulated by cascade reservoirs, while Y directly threatened flood security of downstream section
(MWR, 2006). Hence the more the flood volume allocated in the uncontrolled sub-basins, the larger
uncontrolled flood loss was. Therefore, disaster loss Dr was defined as follows:

DR = Ayn

{yn—yf y, =y >0 )

Ay =
> 0 y,-»<0

n

where y, denoted the flood volume assigned to the n-th uncontrolled sub-basins in the EFFRC

method, which was exactly regarded as the designed controllable flood volume for downstream

section; Ay» denoted additional suffered uncontrolled flood volume. Then, the MUFRC scheme (x),
u u u . .

Yi, Y, ..., Y,) could be solved by the following equation:

max R=Ay, - f(x,95),)

n
st. X + Zy,. =z,
i=1

(6)

2.6. Design Flood Estimation in Cascade Reservoir Operation Period

Figure 2 represented the estimation procedure of the most unfavorable design flood in reservoir
operation period. Firstly, similar to traditional frequency analysis, the marginal distributions should
be fitted with P-III curves based on natural annual maximum flood (MWR, 2006); Then fit the joint
distributions with copula, and solve the MUFRC method; Allocate design flood with the MUFRC
scheme for each sub-basin and input into reservoir operation system; Finally, design flood in
reservoir operation period was estimated and the flood control water level could be derived.

Natural flood .| Copula selection for Design flood
data series | joint distribution > hydrograph
in each sub-basin
A 4
\ 4 .
- Test goodness of fit Reservoir
Annual maximum for marginal and regulation
flood sampling joint distributions y
Most unfavorable flood in
3 { reservoir operation period
Flood frequency
analaysis Solve MUFRC scheme Flood control
- SUNNE standard
Marginal distribution flood volume l
v Fitted with P-IIT curve reallocation Flood control water level in
Design flood in y reservoir operation period
construction period

Figure 2. Flow chart of design flood estimated by MUFRC method in cascade reservoir operation
period.

3. Case Study

3.1. Cascade Reservoirs in the Yalong River Basin

The Yalong River is located in the east of the Qinghai-Tibet Plateau, China, with a geographical
location between 26° 32" and 33° 58’ N, 96° 52" and 102° 48" E. As the largest tributary of upper
Yangtze River, its entire basin is shaped like a north-south strip, with an average width of about 137
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km. The elevation varies from 5400 m to 980 m above sea level, which gathers 33.72 million kW
theoretical hydropower resources for development and utilization. And the Yalong River
Hydropower base ranks the third in the “China’s Thirteen Largest Hydropower Base Plan”. Figure 3
showed the location of seven reservoirs that have been built in the middle and low reaches of the
Yalong River along the mainstream, and Table 1 listed the basic information of them, namely,
Lianghekou (LHK), Yangfanggou (YFG), Jinping-1 (JP1), Jinping-2 (JP2), Guandi (GD), Ertan (ET),
and Tongzilin (TZL) (He et al.,, 2023). All of seven reservoirs are constructed for the purpose of
hydropower generation, among which LHK, JP1 and ET are the main controlled reservoirs
additionally designed for flood control. A total of 4.5 billion m? flood control storage capacity has
allocated as 2.0, 1.6, and 0.9 billion m? for LHK, JP1, ET, respectively.

In this section, flood volume of Yalong River basin could be distributed into the LHK reservoir,
L-] inter-basin, J-E inter-basin, and E-T inter-basin according to three controlled reservoir and
downstream outlet section TZL. The 1000-year design flood was estimated and compared with
original value, since these dams were designed and built for preventing 1000-year design floods in
reservoir construction period.

97°E 99°E 101°E 103°E 97°E 99°E 101°E 103°E

Z :II"ll]llll’l]]]]']f‘]']]]l'llllll Z -II'IIII'IIIl'IllllIIII'IIII'IIII'
2 MBS N
:_ A - Lianghekou A
Z Zt
[¢] - (o] o
ok 5. =
N &4 A e \ Yangfanggou
= =4 Control reservo 1
Z R o = Daliy reservoir
o | . o bk
oF - oF
= F Elevation (m) - b  and : | Jingpin-II
C 6105 3 anda use Jingpin-I O
5 ] N Arable land
Z B 1045 Z - Forest
% o Grassland
% : 0 120 240 Km % . Water .
o o) Buildup Guandi
- . Wasteland
Z | v Hydrological station ZF 0 120 240Km
o - o -
S F @ Precipitation station ~E Ertan  Tongzhilin

Figure 3. Sketch location map of cascade reservoirs in the Yalong River.

Table 1. Basic information of cascade reservoirs in the Yalong River.

Reservoir LHK YEG JP1 JP2 GD ET TZL
Drainage area (thousand km?) 65.72 80.88 102.56 102.66 110.12 116.49 127.67
Normal pool level (m) 2865 2094 1880 1646 1330 1200 1015
Flood limit water level (m) 2845.9 - 1859.0 - - 1190.0 -
Design flood water level (m) 2867 - 1880.5 - - 1200 1015
Total storage capacity

107.67 513 7.99 0.19 7.60 5.80 0.09
(Billion m?3)
Flood control storage

2.00 - 1.60 - - 0.90 -

(Billion m3)
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year

3.2. The Marginal Distribution of Flood Data Series

According to the characteristics of runoff and cascade reservoirs in the Yalong River basin, 7d
flood hydrograph deduced with 7d flood volume in TZL section was important for the flood control.
P-IIT curve was chosen to depict the marginal distribution of 7d flood volume series, which was
commonly used in China for design floods in construction period (MWR, 2006). The density function

of P-1II distribution is expressed as follows:

o

_B
f(x)—r(a)

(x_ao

)”'l e-ﬂ(x—“ 0)

(7

where a0, a and f§ are the location, shape and scale parameters of the P-III distribution, respectively.
For illustration only, the marginal CDF of 7d flood volumes for LHK, JP1, ET, TZL were plotted in

Figure 4, respectively.

1 -

0.8 r
a
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=
£
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0 1 1 1 1 J
5 10 15 20 25 30
7d flood volume (103m?3)
(a)LHK
1 r °
0.8 r 9
a
0 0.6 r
=
£
&0 L
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02 r £=0.126
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0 1 1 1 1 J
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=
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a
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(@TZL

Figure 4. Cumulative distribution of 7d flood volumes and flood peak fitted by P-III distributions at
four (LHK, JP, ET, TZL) cascade reservoirs. Pks denotes the result of Kolmogorov-Smirnov test.

The sample points (blue point) fell within a narrow range of theoretical distribution curve (black
line), and all passed the Kolmogorov-Smirnov test within the 5% significance level (Pxs>0.05), both
of which confirmed that P-III distribution could fit the marginal distribution of flood series well.

3.3. The Joint Distribution of Flood Data Series
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Archimedean copula, t-copula and vine copula were sequentially applied to fit the joint
distributions of design flood at TZL section. The functions of Gumbel copula (Cc), Clayton copula
(Cc), Frank copula (Cr), and t-copula (Cr) are expressed by following equations, respectively:

1/6

CG(u,v)=exp{—[(—lnu)9+(—lnv)9} } T=1-1/6 (8)

Co(u,v) = +v°-D" 7=6/(0+2) )

__1 (™ =De”=D| _ 4Lt .
Cyp (u,v) = eln{1+ — } T 1+¢9{6’!exp(t)—ldt 1} (10)

Cr sty ZV) = T (T ), T (1), T (1) (11)

where 7 denoted Kendall’s tau coefficient, © denoted the parameter of copula function; Tv! and Tx!
denoted the inverse functions of t-distribution for univariate and multivariable, respectively; v
denoted the degree of freedom; = denoted correlation matrix. Vine copula could be expressed with
the topological connections among other basic copulas.

The primary criterion for evaluating the goodness of fit was the least value of Akaike
Information Criterion (AIC), which was defined as follows:

AIC =2k +2InRMSE (12)

where k denoted the count of copula parameters; RMSE denoted the rout mean square error
between empirical and theoretical frequencies.

As shown in Figure 5 vine copula described the joint distribution of 7d flood volume from each
sub-basin most accurately with minimum AIC. The P-P plot of the theoretical and empirical CDFs
shown in Figure 6 also indicated that the series conformed to the specified vine copula with the
scatters narrowed around the 1:1 line.

gumbel frank clayton t-copula vine copula
0 T T T T
-50 r
-100
O -150
< .00 | -164.0 -168.0 -155.4
-250
-300
350 -307.7

B -329.7

Figure 5. The AICs for 7d flood volume joint distribution fitted by Copula functions.
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Figure 6. The scatters of empirical frequency and theoretical frequency fitted by Copula functions.

3.4. Design Flood Estimated by Various FRC Methods

After selected the marginal and joint distributions, the GA algorithm was applied to solve the
FRC methods, whose parameters were set as follows: population size = 100, generation = 500,
crossover rate = 0.95 and mutation rate = 0.05. The EFFRC, MLFRC and MUFRC schemes at TZL
section were listed and compared in Figure 7. It is worth mentioning that Yalong River is located in
mountain region with high correlation between floods in adjacent sub-basins, whose Pearson
correlation were between 0.72 and 0.97. Therefore, significant difference should not be observed
among those FRC schemes. (Details about FRC difference and Pearson correlation will be discussed
in Section 4.3.)

160 [] LHK L-J [ J-E [JE-T

P,=3.31x108 Pr=5.95x108 Pp=3.61x108
o - 83 — 83 -
wa 120 + Ay,=2.67x10°m Ay,=0.09x10%m Ay,=0
= 20.77 18.19 18.10
e GPPIIIIIP
= A0
£ 80| o St
g
2
S 40 r
S 9
3118 32:01 36.70
O | 1 |
MUFRC MLFRC EFFRC

Figure 7. The 7d flood volumes of 1000-year design flood for various FRC schemes at TZL section. Pr
and Ayx denote the probability and flood loss indicators for corresponding schemes.

The EFFRC method implicitly assumed the Pearson correlation coefficient of flood series equals
to one for corresponding sub-basins, which was obviously not rational in real case. For Yalong River
basin, the EFFRC schemes tended to allocate more flood into upstream reservoir and less for
downstream inter-basin. Meanwhile, MLFRC fully considered the correlation and occurrence pattern
of floods in each sub-basin, and allocated more flood into J-E and E-T sub-basin. As defined in Eq.
(6), the MUFRC modified MLFRC method with the weight of additional suffered flood at
downstream section. Hence, the MUFRC scheme allocated more flood volume into E-T inter-basin
which is unfavorable for flood prevention.

By allocating the original design flood in construction period with the flood volume rates of
various FRC schemes to each sub-basin and inputting them into the cascade reservoir operation
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system in Yalong River basin, the design flood in reservoir operation period could be obtained. The
design flood hydrographs were shown in Table 2 and Figure 8. The results indicated that:

(1) The full utilization of flood control storage in upstream reservoirs has significantly changed
the flood characteristic features at downstream section. Compared with original designed values, the
annual maximum peak discharge Qmax, W1, W3, and W7 flood volumes estimated by MUFRC scheme
at TZL design section would decrease by 36.6%, 36.1%, 33.0% and 28.7%, respectively.

(2) Traditionally, flood control standard defined the highest water level during the simulating
operation of design flood as design flood water level, which started from flood limit water level. Since
the downstream flood control pressure has been alleviated by upper cascade reservoirs, the original
flood limit water level might fail to adapt to these alterations and could be redesigned for more
benefits. Through flood control estimation, the water levels of downstream controlled reservoirs like
JP1 and ET could be appropriately derived as 1862.39 m and 1192.59 m for MUFRC scheme within
the unchanged flood control standard and security requirement, which increased by 3.39 m and 2.59
m compared with original flood limit water level.

(3) The raise of flood control water level would correspondingly increase the net head of
hydropower generator units, and was also helpful for irrigation, shipping and hydro-ecology. Input
the raised water levels as boundary constrains, and simulate long-term cascade reservoir operation
with runoff data series during the flood season, then the power generation output of the cascade
reservoir system could be assessed. The redesigned water level could increase the total of
hydropower generation (HG) in Yalong River basin from 45.58 to 46.22 billion kW h (+1.82%) during
the flood season, indicating a significant raise of economic benefits.

Table 2. Comparison of 1000-year design floods of TZL section estimated by different FRC methods.

Design flood Original value MUFRC MLFRC EFFRC
Qmax (m?/s) 24300 15400 (-36.6%) 15200 (-37.5%) 14800 (-39.3%)
Wi (108m3) 20.66 13.20 (-36.1%) 13.20 (-36.6%) 12.69 (-38.7%)
W (105m?) 58.39 39.14 (-33.0%) 38.93 (-33.3%) 37.65 (-35.5%)
W7 (108m3) 118.23 84.22 (-28.7%) 83.06 (-29.7%) 81.20 (-31.3%)

25000 1
original design flood
MUFRC
@ 22000 1
g
& 19000 -
g
S
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Figure 8. 1000-year design flood hydrographs of TZL section derived by different FRC methods.
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The flood allocation of EFFRC method would make full use of upstream reservoir storage for
flood control, so its design flood and flood risk were the least. The minimum flood peak indicated
that EFFRC method was unsuitable for unfavorable conditions. As shown in Figure 7, the flood risk
in MLERC scheme was also insignificant with small value of Ay, and its probability density was not
so much greater than other FRC schemes, which still failed to meet the security requirement of design
flood. As its definition, MUFRC schemes would result in the greatest flood hazard risk and allocated
the largest 7d flood volume into E-T sub-basin, whose R=PrxAy» was almost 17 times than MLFRC
results. Since MUFRC-estimated volumes for LHK, L-J and E-T sub-basins were respectively similar
to those in MLFRC, MLFRC, and EFFRC as shown in Figure 7, where the design flood were similarly
regulated by the upstream reservoirs. Therefore, the additional flood volume in E-T inter-basin made
the difference on those FRC schemes. Meanwhile, the probability density remained acceptable which
was just slightly less than EFFRC method. Hence, the MUFRC scheme was preferred for the
estimation of design flood in cascade reservoir operation period.

4. Discussion and Comparison

4.1. Influence of Flood Loss

The flood loss Dr distinguished MUFRC method from MLFRC method. An unsensitive
definition of Dr would make MUFRC scheme similar to MLFRC. On the contrary, violently
fluctuating Dr would lead to unrealistic results. This section aimed to investigate how flood loss D«
and relevant definition indicator i, would influence results of MUFRC method.

As shown in Figure 9, controllable flood volume y, made a great difference in the MUFRC
method. If yf <1.5 billion m3, little fluctuation could be recognized for different MUFRC schemes,
and their probability densities approximated to that of MLFRC, which indicated that the probability
dominated the quantification of uncontrolled flood risk rather than the magnitude of uncontrolled
flood. On the contrary, if yf >2.0 billion m?, the steep decreases of allocated flood for LHK reservoir
and occurrence probability suggested an unsatisfying MUFRC results, which came to worse if y, >2.9
billion m? that the downstream J-E and E-T sub-basins carved up more than 80% flood volume.
Stringent flood security requirement might lead to high v,, indicating that the downstream section
could suffer more flood. Then flood hazard event and flood loss of downstream section would be less
likely to occur (f/fmrrre <0.2), so the MUFRC schemes tended to extreme solutions that allocated most
flood for J-E and E-T inter-basin and especially less for LHK reservoir whose flood volume would be
controlled and reduced by all three cascade reservoirs. And if 1.5 billion m3< y, <2.0 billion m?, the
flood volumes were divided just slightly more for E-T and less for other upstream basins, which were
more acceptable with the 0.3~0.8 f/furrrc as the flood were highly correlated in Yalong River basin.
Anyway, the practical y,=1.81 billion m? in case study, and MUFRC scheme differed from MLFRC
and presented a reasonable possibility (f/fucerc = 0.55), so the case study remained rational and

applicative.
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Figure 9. Influence of controllable flood volume on 7d flood volume allocation in MUFRC method.
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4.2. Sensitivity Analysis

The Bootstrap method was applied for sensitivity analysis of FRC methods: Firstly, generate the
flood series based on the fitted distributions for Yalong River basin; Then, reassess the marginal and
joint distributions with generated sample series and derive the corresponding FRC schemes; Finally,
repeat above two steps for sufficient times and analyze the statistic features of all FRC results.

The boxplot in Figure 10 presented the flood volumes in each sub-basin for three FRC methods.
Overall, the result of Bootstrap method still followed the pattern of case study. EFFRC method
preferred to allocate more flood to upstream, MLFRC method tended to derive proportionate results,
and MUFRC method focused more on downstream sub-basins. Meanwhile the Inter-Quartile Ranges
(IQRs) were also proportional to the magnitude of floods from the inter-basins except LHK. The
upper and lower edges of LHK boxes were even close to the feasible region (1~5 billion m?) set in GA
algorithm, since the principle of water balance constraint x1=zy-1-)2-y3 mathematically led to higher
statistical variance.

60 1
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Flood volume (10%m?)

0 T T T T T T

60 sample size = 62
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"
8 ++¥ + L

20 A

Flood volume (10%8m?3)

10 A1

0 T T T T T T T T T T T 1

60 7 sample size = 100

50 1

L o

20 1

Flood volume (10%m?)
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MUFRC MLFRC EFFRC

Figure 10. Sensitivity analysis of 7d flood volume regional composition schemes with different
sample sizes.

The sample sizes were set as 30, 62 and 100, which respectively symbolized the minimum series
length requirement (MWR, 2006), the actual value in case study and an abundant sample size.
Obviously, the larger the sample size, the narrower the box, especially for J-E and E-T inter-basins in
Figure 10. And EFFRC method suggested less dependency on abundant sample size as its flood
volume distribution were centralized with the least IQR, which was contributed to the concise
mathematical definition of EFFRC method only concerned with marginal distributions except copula-
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fitted joint distribution and complex flood loss. The simple calculation procedure could make EFFRC
method a convenient way for rough but steady design flood estimation.

The MLFRC and MUFRC method were highly sensitive to the uncertainty from copula function.
In the sample size of case study shown in Figure 10 (b), IQR of E-T inter-basin was 0.20, 0.53 and 0.18
billion m? respectively for MUFRC, MLFRC and EFFRC methods. The difference of joint distributions
in Bootstrap loops directly influenced the MLFRC results, whose variable amplitude was nearly three
times more than EFFRC. However, MUFRC method presented better results as its flood loss in Eq.
(5) constrained flood volume in E-T inter-basin and made it strictly greater than y,. Therefore, its
lower edge and lower quartile were both close to 1.81 billion m?. In other words, the uncontrolled
flood risk narrowed the feasible region of MUFRC method for GA algorithm, the uncertainty of
MUERC was relatively smaller.

The relative error RE is used to assess the accuracy of Bootstrap results, which is expressed as
follow:

1 xl/xl +z yt/yl
. (13)

n+1

where x1 and yi were FRC schemes derived in case study; %, and J, were FRC schemes estimated

in each loop of Bootstrap. The average of RE in MUFRC, MLFRC and EFFRC methods were
respectively 0.20, 0.23 and 0.07 with sample size = 62, so the instability of copula fit also led to great
RE in MUFRC and MLFRC methods. And meanwhile, the risk definition helped MUFRC present
better accuracy than MLERC. Furtherly, estimate the design floods with all generated FRC schemes
as shown in Figure 11. The average Euclidean distances between Bootstrap results and case study
results were 6350 m3/s, 7500 m3/s, and 2070 m?/s for the three FRC methods. Besides, higher discharge
corresponded to wider fluctuation range especially around flood peak. The range of MUFRC method
was always narrower than that of MLFRC method, and their overlap during flood reduction period
(T>50x3h) in Figure 11(d) indicated consistent reservoir flood control operation at the end of flood
events.

In summary, though EFFRC method presented optimal stability, its allocation scheme made full
use of upstream reservoir capacities and derived minimum design flood, which failed to fit the
unfavorable security requirement. MLFRC method allocated flood with the correlation, but its
probability density was the highest together with instability. MUFRC method reasonably focused on
uncontrolled basin and led to the most threatening flood risk, meanwhile it overcame the incorrect
assumption in EFFRC and reduced the fluctuation from copulas like MLFRC to some extent. Thus,
the MUFRC was more suitable for the reference of design flood estimation.
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Figure 11. Design floods estimated using Bootstrap method. The filled areas in Figure 11(a~c) present
the range of results in all Bootstrap loops and the solid lines present results in Yalong River case study.
The ranges in Figure 11(d) are calculated with the difference between the upper and lower boundaries

of filled areas in Figure 11 (a~c).

4.3. Theoretical Derivation

In order to discuss the reasonableness of the flood risk in MUFRC, the theoretical derivation
compared the analytical solutions of EFFRC, MLFRC and MUFRC methods. A two-dimensional case
was taken as an example for simplification, assuming that there were floods from reservoir X and
design section Z, which both obeyed normal distribution respectively, while their joint density
function obeyed bivariate normal distribution (Xiong et al., 2020):

_ 1 _G-uw)
f('x)_o_xﬂexp{ 20_2 :|

X

f(z)= ! exp {——(Z — uzz y }

oN2rx 20

z

enﬁ}z(l {@—ZQZ_2%x—uJ&—u)+(z—?f}}

2
1-r%) o 0.0, o

f(x,2)= -
270,0N1-1’

ﬁ

(14)

where ux, 1z and ox, 0: denoted the average and standard deviation of X and Z, respectively; r denoted
the Pearson correlation coefficient between X and Z.

Assuming that the allocation schemes for EFFRC and MLFRC were (xf, y*) and (x%, y"),
respectively, then Xiong et al. (2020) derived the following equation :

= =, (15)

where t: denoted the normalization value of variable Z. Since design flood volume z,in the design
frequency p was far greater than the constant value uz, £->0. Then with principle of water balance,
Egs. (16~17) could be derived:

xf=u +0.60"
yi=z,-x" =z, —u -0.16" (16)

6" =1

x'=u +0.16"
yL:Zp_'xL::Zp_ux_o-xtsz (17)

6" =r

According to the definition of MUFRC method, the flood risk of MUFRC scheme (xY, y¥) reached
the maximum when its first derivative about x was equal to 0:
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Obviously f(x, z) was always greater than 0, so Eq.(19) could be derived by solving the univariate
quadratic equation about x! in Eq.(18):

' =u +0.t6"

U _ U_ U
yo=z,-x =z,-u —0ot0

(19)
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- 2

eU

For Egs. (18~19), the other solution failed to satisfy the constraint xU<z,-yF and was therefore
discarded. Since ux, ox and t: were all constants greater than 0, it could be deduced that MUFRC
always allocated the most flood into uncontrolled basin:

(=r) =JA=r) +4(1-r*) /7
2
6" -6 =r-1<0 (20)
= 0" <9" <o*

:>yU ZyL ZyE

6" —6-= <0

The relationship between the correlation coefficient » and the downstream uncontrolled flood
volume was further analyzed as shown in Figure 12 (Assuming that the average of flood volumes for
upstream reservoir and the design section were 5 and 10 billion m?, respectively, and the coefficients
of variation were both 0.25). The EFFRC method could not reflect the correlation of sub-basins with
the assumption that =1, so its uncontrolled flood would never alter with 7. The flood volume
allocated into uncontrolled basin with MLFRC linearly decreased with the increase of r. MUFRC
method allocated the most uncontrolled interval flood with a nonlinear decrease, and the greater r
was, the faster it decreased. Overall, the smaller r was, the larger the gap among different FRC
methods was; while =1 meant that X and Z were completely linearly correlated, and the FRC scheme
(xp, zp-xp) was uniquely determined with the known constant, design flood volume zp, which was not
related to the equal frequency, the probability density, the flood risk and any other factors.

In summary, MUFRC method allocated most flood volume to the downstream uncontrolled sub-
basin, followed by MLFRC method, and the least with EFFRC method, so the allocation of the
MUFRC brought the greatest risk to the downstream reservoir regulation and flood control.


https://doi.org/10.20944/preprints202406.0942.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 June 2024 d0i:10.20944/preprints202406.0942.v1

16

150
140 | X-N(50,12.5)
130 | -
el
S o [ .
Lol e
e
ol TS
30 l | l l l
0 0.2 0.4 " ) |

Figure 12. Comparison of flood volumes in uncontrolled sub-basin allocated by various FRC methods
under different correlation condition.

5. Conclusions

In this study, a novel FRC method, i.e., the most unfavorable flood regional composition
(MUFRC) method was proposed to estimate design floods in cascade reservoirs operation period.
The case study in Yalong River cascade reservoirs has clarified its practicality. The rationality of
proposed method was discussed and compared with different FRC methods. The main conclusions
were summarized as follows:

(1) The MUFRC method would further allocate design flood into each sub-basin with the
maximum flood prevention risk. The MUFRC method allocated more flood to the uncontrolled inter-
basin and presented acceptable stability in sensitivity analysis. Theoretical derivation further
confirmed its threat to downstream flood control.

(2) The flood loss would make great difference on MUFRC method. A great value of controllable
flood volume y, would indicate strong and stringent flood control security, and made MUFRC
method derive unrealistic results. Conversely, MUFRC scheme would not significantly differ from
MLFRC method with small ;.

(3) The most unfavorable design flood of Yalong River basin in cascade reservoir operation
period could be derived by MUFRC-allocated flood in sub-basins. Its peak discharge, maximum 1d,
3d and 7d flood volumes has decreased by 36.6%, 36.1%, 33.0% and 28.7%, respectively compared
with original designed values. The 4.5 billion m? flood control storage from upstream reservoir has
significantly flattened the design flood even under the most unfavorable condition.

(4) The decrease of design flood would lessen the downstream flood control pressure. Hence,
redesigned flood control water levels of JP1 and ET reservoirs could be raised from 1859 m, 1190 m
to 1862.39m, 1192.59m, respectively, under the condition of the original flood prevention standards
unchanged. The raise of water level led to increases of net head and hydropower generation during
the flood season, and could generate 640 million kW-h (+1.82%) more hydropower annually.
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