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Abstract: The interplay of multi-reservoirs is critical in reservoir joint disposal and water conservancy
projects. As the flood risk of upstream hydrological stations could be transferred and unevenly
distributed to downstream tributary stations, flood risk transfer through multi-reservoirs warrants
further investigation. This study proposed a copula simulation approach to develop a joint flood
risk distribution of multi-reservoirs (spanning Xianyang, Huaxian County, and Zhangjiashan) in a
drainage tributary of the Weihe River. Pair-copulas of each reservoir pair were constructed to analyse
the correlations between the reservoir sites. The approach was then used to create a joint flood risk
distribution for the reservoirs. The flood risk and corresponding flood volume of Zhangjiashan were
calculated based on the flood risk levels of Xianyang and Huaxian County. The results indicate that
the flood risks of Huaxian County would be transferred to Xianyang and Zhangjiashan to some
extent, and Xianyang could mitigate more flood risks from Huaxian County than from Zhangjiashan.
The findings have significance for informed decision-making regarding the Zhangjiashan reservoir
construction project.

Keywords: copula method; joint distribution; multi-reservoir operation; flood risk; risk control;
Weihe River

1. Introduction

Floods are one of the most common natural hazards that frequently endanger both
human life and the environment. Reservoirs are the most crucial infrastructure to ensure
safety in a drainage tributary during floods. The simultaneous construction and disposal
of reservoirs have essential significance for complex water conservancy projects. Flood
risk also plays an essential role in the joint disposal and construction of reservoirs. Risk
analysis of floods is one of the most critical requirements in reservoir design. According
to drainage basin and sub-basin scales, flood risk is mainly attributable to rainfall and
sub-basin relationships. It is difficult to forecast flash floods owing to their dynamic and
complex nature [1-5]. In addition, comprehensive hydrological data can be challenging
to obtain as these involve complex variables [6]. Moreover, the reservoirs of adjacent
tributaries exhibit significant correlations [7-9]. Therefore, joint flood risk studies are a
priority for reservoir construction and the disposal of adjacent tributaries.

Studies on joint flood risks for multi-reservoirs systems are challenging. Various
approaches have been proposed and developed for flood risk and streamflow studies.
Prairie et al. [10] introduced a stochastic nonparametric technique for the spatiotemporal
disaggregation of streamflows. Hao and Singh [11] developed a modelling approach for
multisite streamflow dependence based on the maximum entropy copula. Chen et al. [12]
introduced a copula-based method for multisite monthly and daily streamflow simulations.
The copula-based method provides a new tool for multisite stochastic simulations and
flood risk studies.
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Research on flood risk transfer in multi-reservoirs has been relatively sparse. In most
traditional studies, multivariate problems of joint flood risks are mainly translated into
bivariate cases. Krstanovic and Singh [13] used a bivariate distribution to obtain a joint
distribution of flood peaks and volumes. They reported that a bivariate distribution could
describe some features of floods. Yue [14] introduced a bivariate lognormal distribution
to model a multivariate flood episode. Escalante-Sandoval [15] applied a bivariate ex-
treme value distribution for flood frequency analysis in northwestern Mexico. Trivariate
distributions have rarely been used for flood frequency and risk analysis. Sandoval and
Raynal-Villasefior [16] used a trivariate generalised extreme value distribution for flood
frequency analysis. Therefore, an effective method of high-dimensional joint distribution
has unique advantages in risk studies for the flood risk transfer of multi-reservoirs.

The copula method is one of the most effective methods for determining joint distribu-
tions. High-dimensional copula functions have been applied to hydrological datasets to
perform rainfall frequency and flood frequency analyses, respectively [17,18]. Recently, cop-
ulas have been applied to stochastic simulations of hydrological data. Copulas have many
advantages in hydrology, such as flexibility in the choice of arbitrary marginal distributions,
extending to multivariables and permitting separate analysis of marginal distributions
and dependence structure. Pinya et al. [19] applied a copula model to assess flooding
risks in a tidal sluice-regulated catchment. Copulas are flexible joint distributions that can
handle mixed marginal distributions [20-23]. Bardossy and Pegram [24] used the copula
method for multisite daily precipitation simulations. The copula function can describe
the dependence between random input variables and apply these to arbitrary marginal
distribution types of random variables with no linear dependence constraints. Therefore, it
is an effective tool for joint flood risk studies.

The objective of this study was to implement the copula method to construct a multisite
joint flood risk distribution in a drainage tributary of the Weihe River. The Weihe River
is the largest tributary of the Wei River, which, in turn, is the largest tributary of the
Yellow River. This drainage tributary includes three reservoir sites: Xianyang, Huaxian
County, and Zhangjiashan. While reservoirs have already been constructed at Xianyang
and Huaxian County, the results of this study can provide constructive suggestions for
the Zhangjiashan reservoir construction project. Generated flow data can serve as useful
input for reservoir design, risk assessment, and the reliability of water resource systems.
Moreover, the flood risk distribution of multi-reservoirs using a copula-based approach
can provide new insights into reservoir joint disposal and reservoir risk control.

2. Materials and Methods

This section outlines the proposed copula method for constructing a joint flood risk
distribution of multi-reservoirs. This method aims to generate the flood risk level of the
primary reservoir, based on flood risk levels near other reservoir sites. Several hypotheses
were considered in this study. The marginal distributions are Pearson type 3. Copula
families do not cover all behaviours, especially for extreme dependencies. Extreme depen-
dencies are non-existent between each pair of the hydrometric station. The behaviours of
all pairs of hydrometric stations are not complicated in this study. Therefore, copulas were
deemed suitable for this study.

2.1. Copula Method

A copula is a joint distribution function of standard uniform random variables. It can
be represented as:
C:[0,1] —[0,1] 1

It must fulfil the following conditions:

C(1l,u) =C(u,1) =uand C(0,u) = C(u,0) =0 )
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C(u,up) + C(v1,v2) — C(u,v2) — C(v1,up) > 0if ug > vy, up > vy and uy, up, vy, v2 € [0,1] 3)

where, uq, up, uz and vy, vy, vs are the marginal distributions.
Subsequently, the n dimensional distribution function F can be written as:

F(x1,x2, ..., xn) = C(F(x1), F(x2), ..., F(xn)) 4)

where x1, xp, ..., X, are the variables, and F(x1), F(x2), ..., F(x,) are the marginal distribu-
tion functions.
The copula function C is unique and can be represented as follows:

Coau (1,14, .y utn) = F ' (uy) = inf{x € R[F(x) > we}, k=1,..,n (5)

where F;, B, ..., F,; are the marginal distribution functions.

Gaussian copula, t-copula, and Archimedean copula are widely applied classes of
copula functions [25-28]. Moreover, Pearson type III distribution can be used to structure
the marginal distribution.

2.2. Common Copula Functions

The bivariate copula form of Gaussian copula can be defined as [29]:

§2 —2pst + 12

o7l (w) 97l (v) .
CGﬂu (u, 'Z),p) = / / m eXp |: M:| dsdt (6)
where 1 and v are the marginal distributions, and p is the variance or scale parameter.
The bivariate copula form of t-copula can be defined as [29]:
—(k+1)/2

dsdt (7)

§% — 2pst + tz]

1) £ (o) 1
CH(u,v;0,k) = / / {1+
(M 00 ) 7 /71 _Pz 2(1 _pZ)

where 1 and v are the marginal distributions, and p is the variance or scale parameter.
Further, a bivariate Archimedean copula can be defined as [29]:

CA(u,0) = ¢ p(u), 9(v)] ®)

where u and v are the marginal distributions, and ¢ is the generating function.
The Gumbel copula, Clayton copula, and Frank copula can be defined as shown in
Table 1.

Table 1. Archimedean copula functions.

Generating

Copula Function CA“ (4,v) Par(e;né;eter
(@(0)=)
Gumbel copula (—Int)l/? Cu,v) = g*[(*lﬂu)wﬂflnv)l/e]e [1, 00)
Clayton copula =01 C(u,v) = (u*(’ +o 0 — 1)71/9 (0, o)
— —0u _ —0v _
Frank copula —In fjﬁ:} Clu,0) =—}In {1 + e ) el)e(fl s R

Note: where u and v are the marginal distributions, and ¢ is the generating function.
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2.3. Pair-Copula Method

According to the Sklar theorem [30-32], the joint distribution function of a multivariate
can be determined by:

C(y1,y2, - yn) = F(F7 ' (1), By ' (y2), - ' (yn)) ©)

where F,, F,, ..., F, are the continuous marginal distribution functions of random variables
X1, X2, ..., Xn, F(x1, X2, ..., x4 is the joint distribution function, and C(y1, 2, ..., ¥») is a suit-
able copula function for F(xy, X2, ..., X»).

A suitable copula function can be selected through a test of goodness-of-fit using
Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC). Model
selection varies according to the data distribution and fits into the statistical reasoning
framework. AIC is one of the most widely used methods for selecting the most suitable
approximation model [33-35]. As shown in Equations (10) and (11), the AIC method
is based on Kullback-Leibler divergence, which provides an asymptotically unbiased
estimator of the expected Kullback discrepancy between models. In contrast, the BIC
method is based on the Bayes factor. The AIC and BIC criteria make it possible to determine
whether the compared models should or should not be rejected.

AIC = 2In(f(y|6,)) — 2K (10)

BIC = 21n(f(y]6)) — Klog(n) (1)

where K is the number of parameters.

Next, the multivariate joint distribution function can be described using a high-
dimensional copula function. The pair-copula method with vine construction can then be
introduced based on the layer-by-layer merge technique and bivariate copula distribution.
This method is advantageous over the use of the common high-dimensional copula in that it
can elucidate the mutual dependence of two arbitrary random variables. Vine construction
can be described as follows:

1.  Step 1: The first layer pair-copula sequence is constructed using bivariate copula
functions of one random variable with other random variables as follows:

{er2(Fi(x1), By(x2)), o €1, (F (x1), F (x0)) } (12)

2. Step 2: The second layer pair-copula sequence is constructed from distribution func-
tions of Step 1 as new random variable sequences as follows:

{c2,3|1(1-"(x2’xl),F(lexl)),...,c2,n|1(F(x2’x1),F(xn

x1))} (13)

3.  Step 3: Step 2 is repeated until the last bivariate copula is obtained:

X1,X2) eees xn—Z)) (14)

Cn—l,n|1,2,...,n—2(F(xnfl‘xlr X2y ey xn—2)1F(xn

4. Finally, the joint density function of x7, x2, ... , x; can be described as:

fe,xo,0x) = TATTTI] Ciivili, jil(F(xj‘xl,xz, s Xj-1), F(xj31 | X1, X2, 0, Xj21))
j=1i=1
(15)

where f; is the probabilistic marginal distribution function of x;.

2.4. Correlation Analysis Method

In this study, Kendall’s plot (K-plot) and the chi-plot were introduced to analyse the
correlation between each pair-copula.
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2.4.1. Kendall’s (K-) Plots

K-plots can be considered as the bivariate pair-copula equivalent to QQ-plots. For
observations (i, u,i = 1...N), the K-plot considers two quantities H, = Fu1 A (1,3, 12,7)
and Wy, ;. H; is the ordered value of the empirical bivariate distribution function. Wy ; is
the expected value of the order statistics from a random sample of the random variable
W = C(U;, Uy) under the null hypothesis of independence between U and U,. Wy ; can
be calculated as: /
N-1

i—1

1
=N (7)) [ o) (ol 1= Kol 6
0

where Ko (t) = t — tlog(t) is the corresponding density function. If the points of a K-plot lie
approximately on the diagonal (v = x), U; and U, are approximately independent. Other-
wise, the points on the K-plot should be located above the diagonal line in case of positive
dependence and below the line for negative dependence. The degree of dependency is
stronger when the deviation from the diagonal is larger.

2.4.2. Chi-Plot

The chi-plot is based on chi-statistics (X;) and lambda-statistics (A;), which are de-
scribed as follows:

Fy o (uy,i,uz) — Fy(u1,i) F2 (ug,)

X; = (17)
\/Fl(ul,i)(l — F(u1,))F2(up,) (1 — F(up;))
A; = asgn(Ey(ur), B (uny)) * max(Fy (uy )%, B (1)) (18)

where uy ;,up;,i = 1...N are the observations; F1,2' F,, and F, are the empirical distribution
functions of Uy, Uy, and (Uj, Uy), respectively; ﬁl = F, — 0.5 and ﬁz = F, —0.5. A\; mea-
sures the distance of the data points (11 ;, 15 ;) to the centre of the bivariate data set, and
X; corresponds to the correlation coefficient between dichotomised values of U; and U,.
X; values close to zero indicate independence. The pairs (A;, X;) will be located above zero
for positively dependent margins and below zero for negatively dependent margins.

2.5. Verification Method

In this study, Kling-Gupta efficiency (KGE) which is always employed to evaluate
three statistical characteristics was used to test the results [36,37]. The KGE value varies
between 1 and —oo, and closer to 1 generally indicates high performance. In addition, it
represents a complete match when the KGE value is 1.

oy 2

KGE =1 — (r—1)2+(;£1—1)2+(f2— ) (19)
3 Wy

where r is Pearson’s correlation between the, 1, and /5 are the mean, and ¢, and o5 are the
standard deviation for the data of reservoirs 1 and 3, respectively. Reservoirs 1-3 represent
Zhangjiashan, Xianyang, and Huaxian County, respectively. KGE values of Zhangjiashan
and Huaxian County were calculated under various return periods at Xianyang.

3. Case Study
3.1. Overview of the Weihe River

The Weihe River is the largest tributary of the Yellow River, and the Jinghe River is the
largest tributary of the Weihe River. The Jinghe River originates from the Laolong Pond
of Jingyuan County in the Ningxia Hui Autonomous Region, located at the eastern foot
of the Liupan Mountain at an altitude of 2540 m. The Jinghe River flows from northwest
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to southeast through the Ningxia Hui Autonomous Region and the Gansu and Shaanxi
provinces. Subsequently, it joins the Weihe River in Chenjiantan of Gaoling County in
Shaanxi Province. The overall length of the mainstream is 455.10 km, and the drainage area
is 45,421 km?. In this study, three reservoir sites comprising a multi-reservoirs system in the
city of Weinan were considered: Xianyang, Huaxian County, and Zhangjiashan. The flood
control standard of the urban and agricultural sections of Weinan city is once-in-a-century
and once-in-half-a-century, respectively.

The Huaxian County reservoir has experienced 91 flood events with a daily flow rate
greater than 1500 m®/s during 1960-2010. The related data of these cases were obtained
through analyses of multiple representative reports on the regional watershed. The flood
volume capacity of the Huaxian County site has sharply decreased, and its flood level
has increased in recent years. This is primarily because the lower reaches of the Weihe
River experienced severe sediment accumulation, and the riverbed has risen continuously
since the construction of the Sanmenxia reservoir. For instance, the water level of the
Huaxian County site in 2000 (1890 m3/s) was 0.27 m higher than in 1981 (5380 m3/s).
At the Huaxian County site, the record level (occurring in 2003) was 0.15% higher than
its second-highest level (occurring in 1996). Further, the historic peak water levels of the
Xianyang and Huaxian County reservoirs were 5340 and 3570 m3/s, respectively. Therefore,
the flood control situation is dire.

The Zhangjiashan future reservoir site and the Xianyang reservoir are 58 and 39 km
away, respectively, from the Jinghe River estuary to the Weihe River. Therefore, flood risks
at Zhangjiashan and Xianyang have high correlations with those in Huaxian County. One
hydrological station has been established at each of the sites (Zhangjiashan, Xianyang,
and Huaxian). The locations of hydrological stations along the Weihe River are shown
in Figure 1.
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Figure 1. Location of hydrological stations in Weihe River.

3.2. Multi-Reservoir Joint Distribution and Data Collection

In this study, a joint flood risk distribution of the multi-reservoirs systems was con-
structed based on pair-copulas using vine construction. The related water conservancy data
of the reservoirs were obtained through analyses of several reports on key water-control
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projects of the Jinghe River. The first pair-copula was built between Zhangjiashan and
Xianyang. The interactive relationships among different components of the three reservoirs
in the study area are shown in Figure 2.

a0 L 1:2
|_copula 1 |
5 ””” P; alr
|_copula 3 |
””” P; é’ii””’}
._copula 2 | 3 2:3

Figure 2. Diagram of three reservoir pair-copulas with canonical-vine structure.

The flow data of the three sits are the foundation to establish the boundary function.
Hydrological data were obtained from historical hydrological reports and the hydrological
observation stations at Zhangjiashan, Xianyang, and Huaxian County. The flow data at
Xianyang from 1953 to 2004 were obtained from historical hydrological reports of the
Jinghe River, while 2005-2009 data were acquired from the aforementioned hydrological
observation station. The flow data of Huaxian County from 1951 to 2004 were obtained
from historical hydrological reports, while 2005-2012 data were from the hydrological
observation station. Finally, Zhangjiashan flow data from 1954 to 2004 were obtained from
historical hydrological reports, but 2005-2012 data were obtained from the hydrological
observation station. Figures 3-5 show the historical annual flood peak volume of the three
sites. The flood peak volume of each hydrological observation station was also used to test
the results.

5000 1 —&—Flood peak volume
4500 -
4000 -
3500 A
3000 A
2500 A
2000 A
1500 A

1000 A

Flood peak volume(m?3/s)

500 A

0

2002 1
2004 7
2006 1
2008

Figure 3. Annual flood peak volume of Xianyang from 1954 to 2008.
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Figure 4. Annual flood peak volume of Huaxian County from 1951 to 2012.

4000 1 —&— Flood peak volume
3500 A
3000 A
2500 A
2000 -
1500 A
1000 A

500 -

Flood peak volume(m?3/s)

0

Figure 5. Annual flood peak volume of Zhangjiashan from 1951 to 2012.

4. Results and Discussion

In this study, 1-day, 3-day, 5-day, 9-day, 12-day, and flood peak volumes were con-
sidered and calculated. The minimum AIC and BIC volumes of copulas selected for the
joint flood risk distribution are shown in Table 2. Reservoirs 1-3 represent Zhangjiashan,
Xianyang, and Huaxian County, respectively. For instance, a Gaussian copula was selected
for the 1-day volume of Zhangjiashan and Xianyang.

Figures 6-8 show the chi-plots of pair flood volume variables. By analysing the pair
dependency associations among the flood volumes of pair sites using graphical tools, such
as chi-plots and K-plots, nonlinear data behaviour can be better ascertained than from a
simple scatter plot. All points are random variables that obey the corresponding copula
distribution. The data points are located above zero for positively dependent margins and
below zero for negatively dependent margins.
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Table 2. Selected copulas for multi-reservoir joint flood risk distribution with minimum AIC and BIC.

Multi-Reservoirs Chosen Copula AIC BIC

1,2 Gaussian —4372.627 —4356.78
1-dav volume 2,3 Gaussian —13,322.1 —13,314.2
y 1,3:2 Clayton —40,068.585 —40,060.7
Full —10,036.55 —10,023.8

1,2 Gaussian —5542.449 —5526.6
3-dav volume 2,3 Clayton —13,780.09 —13,772.2
y 1,3:2 Gaussian —43,701.22 —43,693.3
Full —11,746.95 —11,734.2

1,2 Gaussian —6262.168 —6246.32
5-dav volume 2,3 Gaussian —14,147.22 —14,139.3
y 1,3:2 Rotated Gumbel —45,910.489 —45,902.6

Full —12,766.7 —12,754

1,2 Gaussian —7023.314 —7007.46
9-dav volume 2,3 Gaussian —14,858.63 —14,850.7

y 1,3:2 Frank —48,641.955 —48,634
Full —12,603.55 —12,590.8

1,2 Gaussian —7376.352 —7360.5
12-dav volume 2,3 Rotated Joe —15,311.32 —15,303.4
y 1,3:2 Frank —49,965.467 —49,957.5

Full —303,895.2 —303,883

1,2 Clayton —4372.627 —4356.78
Flood peak volume 2,3 Gaussian —13,322.1 —13,314.2
P 1,3:2 Clayton —40,068.585 —40,060.7
Full —3546.92 —3534.21

Gaussian chi-plot Clayton chi-plot Gaussian chi-plot

1.0
1.0

0.5
0.5
1

= 24 = 24 = 24
0 © 0
AN < <
o | e | e |
o T T T T T - T T T T T w T T T T T
-1.0 -0.5 0.0 05 1.0 -1.0 -0.5 0.0 05 1.0 -1.0 -05 0.0 05 10
A A A
Gaussian chi-plot Gaussian chi-plot
o e e
o | v | v |
o o o
= 24 = 24 = 24
0 ) 0
< < <
o | o | e |
v T T T T T v T T T T T W T T T T T
-1.0 -0.5 0.0 05 1.0 -1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 05 1.0
A s A

Figure 6. Chi-plots of pair flood volume variables of Zhangjiashan and Xianyang.
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Figure 7. Chi-plots of pair flood volume variables of Xianyang and Huaxian County.
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Figure 8. Chi-plots of pair flood volume variables of Zhangjiashan and Huaxian County.

Figure 6 shows the chi-plots of pair flood volume variables for Zhangjiashan and
Xianyang (multi-reservoirs for 2,3). Random variables of the 1-day, 3-day, 5-day, 9-day,
12-day, and peak flood volumes obey the Gaussian, Clayton, Gaussian, Gaussian, Rotated
Joe, and Gaussian distributions, respectively. It indicates that the 1-day, 3-day, 5-day, 9-day,
12-day, and flood peak volumes exhibit positive dependence.

Figure 7 shows the chi-plots of pair flood volume variables for Xianyang and Huaxian
County (multi-reservoirs for 1,2). Random variables of the 1-day, 3-day, 5-day, 9-day, 12-day,
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02 04 06 08 10

0.0

04 06 08

0.2
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Gaussian K-plot

and peak flood volumes obey the Gaussian, Gaussian, Gaussian, Gaussian, Gaussian, and
Clayton distributions, respectively. The 1-day, 3-day, 5-day, 9-day, 12-day, and flood peak
volumes also exhibit positive dependence. In addition, the peak flood volume shows a
weakly positive dependence.

Finally, Figure 8 shows the chi-plots of pair flood volume variables for Zhangjiashan
and Huaxian County (multi-reservoirs for 1,3:2). Random variables of the 1-day, 3-day,
5-day, 9-day, 12-day, and peak flood volumes obey the Clayton, Gaussian, Rotated Gumbel,
Frank, Frank, and Clayton distributions, respectively. It indicates that the 1-day, 3-day, and
flood peak flood volumes are independent. However, the 5-day, 9-day, and 12-day flood
volumes exhibit weak negative dependence.

Figures 9-11 present the K-plots of pair flood volume variables. All points are also
random variables that obey the corresponding copula distribution. Figure 9 shows the
K-plots of pair flood volume variables for Zhangjiashan and Xianyang (multi-reservoirs
for 2,3). Random variables of the 1-day, 3-day, 5-day, 9-day, 12-day, and peak flood volumes
obey the Gaussian, Clayton, Gaussian, Gaussian, Rotated Joe, and Gaussian distributions,
respectively. A deviation is observed from the centre of the main diagonal, indicating a
positive association between the two sites. Figure 10 shows a positive association between
Xianyang and Huaxian County (multi-reservoirs for 1,2). Random variables of the 1-day,
3-day, 5-day, 9-day, 12-day, and peak flood volumes obey the Gaussian, Gaussian, Gaussian,
Gaussian, Gaussian, and Clayton distributions, respectively. Random variables of the
1-day, 3-day, 5-day, 9-day, 12-day, and flood peak volumes exhibit positive dependence.
From Figure 11, the K-plots of pair flood volume variables for Zhangjiashan and Huaxian
County (multi-reservoirs for 1,3:2) indicate that the 1-day, 3-day, and flood peak volumes
(Clayton, Gaussian, Rotated Gumbel, Frank, Frank, and Clayton distributions, respectively)
are independent. However, the 5-day, 9-day, and 12-day flood volumes exhibit negative
dependence. These results demonstrate that some risks from Huaxian County would
transfer to Xianyang and Zhangjiashan. Therefore, Xianyang shares more risks with
Huaxian County than Zhangjiashan.
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Figure 9. K-plots of pair flood volume variables of Zhangjiashan and Xianyang.
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Figure 10. K-plots of pair flood volume variables of Xianyang and Huaxian County.
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Figure 11. K-plots of pair flood volume variables of Zhangjiashan and Huaxian County.
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The KGE value of Zhangjiashan and Huaxian County under various return periods at
Xianyang are shown in Table 3. They suggest that the imitative effects are satisfactory for
validation. The flood risk and corresponding flood volume of Zhangjiashan were calculated
for various flood risk levels of Xianyang and Huaxian County using the joint flood risk
distribution. Tables 4 and 5 present the calculated flood volume of Zhangjiashan, while
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Figure 12 shows the calculated flood probability for Zhangjiashan. The flood probability of
Zhangjiashan increased with the flood risk of Huaxian County, reducing the 10-year return
period of Xianyang. For instance, the flood probability of Zhangjiashan was 0.11%, 0.26%,
0.7%, 2.1%, 3.4%, 5.9%, 8.8%, and 8.8% in the 50-year, 40-year, 30-year, 20-year, 16-year,
11-year, 5-year, and 3-year return periods, respectively, at Huaxian County, showing a
progressive decrease from 50-year to 3-year return periods. These results indicate that the
flood risk of Zhangjiashan would decrease along with that of Huaxian County under a
small return period at Xianyang. Moreover, Zhangjiashan would assume a high flood risk
from Huaxian County to maintain the low flood risk of Xianyang.

Table 3. KGE values of Zhangjiashan and Huaxian County under various return periods at Xianyang.

Return Period of Xianyang Site
50 40 30 20 16 11 5 3

Flood peak volume 0242 0265 0315 0351 0235 0138 0175 0.108
1-day flood volumes ~ 0.012  0.090 0359 0321 0283 0168 0.051 0.012
3-day flood volumes ~ 0.059 0.164 0253 0278 0130 0.059 0.095 0.021
5-day flood volumes ~ 0.012  0.090 0359 0321 0283 0.168 0.051 0.012
9-day flood volumes ~ 0.169  0.106  0.042 0.029 0.016 0.010 0.029  0.042

12-day flood volumes  0.160  0.097  0.033  0.021  0.008 0.002 0.021  0.033

Table 4. Flood peak volume of Zhangjiashan under different return periods of Xianyang and Huax-

ian County.
Return Period Flood Peak Volume (m3/s)
Xianyang Huaxian County Zhangjiashan
50 4915
40 4325
30 3641
20 2909
10 16 2536
11 2144
5 1856
3 1856
50 3211
40 3110
30 3066
20 3066
>0 16 3066
11 3066
5 3066
3 3066
50 3583
40 3558
30 3547
20 3540
100 16 3540
11 3540
5 3540

3 3540
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Table 5. Flood volume of Zhangjiashan under different return periods of Xianyang and Huax-

ian County.

Return Period Flood Volume (m?3)

Xianyang Huaxian County Zhangjiashan Site
50 15,080 17,710 25,200 29,910 35,970
40 14,330 17,200 25,200 29,910 35,970
30 12,930 16,514 24,484 29,910 35,970
10 20 12,930 15,410 23,027 29,910 35,970
16 12,930 14,756 21,530 29,910 35,970
11 10,807 13,410 18,390 29,910 35,970
5 8,200 11,230 17,746 29,910 24,176
3 8,200 10,364 15,727 29,910 24176
50 29,190 30,000 35,300 38,124 49,598
40 25,710 29,250 32,388 37,124 49,307
30 23,835 26,353 30,260 36,208 49,307
50 20 23,835 25,684 28,480 35,290 49,307
16 23,835 25,684 28,480 35,290 49,307
11 23,835 25,684 28,480 35,290 49,307
5 23,835 25,684 28,480 35,290 49,307
3 23,835 25,684 28,480 35,290 49,307

10 1~ .

B Flood probability
9 4

ENN [©) RN BN ]

Flood probability (%)

(=]

Return period of Xianyang site and Huaxian County site

Figure 12. Flood probability of Zhangjiashan under different return periods of Xianyang and Huax-
ian County.

In contrast, the flood risk of Zhangjiashan would not change with decreases in flood
risk within Huaxian County under 50-year flooding (i.e., flooding with a 50-year return
period) in Xianyang. For instance, the flood probability of Zhangjiashan was stable for
the 50-year return period at Xianyang with the flood probability at Zhangjiashan being
1.2%, 1.3%, 1.5%, 1.6%, 1.6%, 1.6%, 1.6%, and 1.6% in the 50-year, 40-year, 30-year, 20-year,
16-year, 11-year, 5-year, and 3-year return periods, respectively, at Huaxian County. These
results demonstrate that the most dynamic flood risks in Huaxian County were observed at
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Zhangjiashan. Therefore, Zhangjiashan would continue to exhibit a high flood risk because
of the large flood risk at the other two sites. Moreover, the flood probability at Zhangjiashan
exhibited stability for the 100-year return period at Xianyang. Thus, Zhangjiashan retained
a high flood risk because of Xianyang.

The flood volume of Zhangjiashan was calculated based on its flood probability.
Figure 13 shows the calculated flood peak volume of Zhangjiashan under various return
periods in Xianyang and Huaxian County. The flood volume of Zhangjiashan corresponded
to its flood risk levels, with the flood peak volume being 4915, 4325, 3541, 2909, 2536, 2144,
1856, and 1856 m?/s in the 50-year, 40-year, 30-year, 20-year, 16-year, 11-year, 5-year, and
3-year return periods, respectively, in Huaxian County. Therefore, Zhangjiashan would
face high flood risks from Huaxian County to maintain the low flood risk of Xianyang.
Moreover, a small probability event at Zhangjiashan could occur when Xianyang has a low
flood risk. However, Huaxian County was found to be at a high flood risk. Zhangjiashan
would only have a low flood risk when Xianyang and Huaxian Country also show low
flood risks.

B Flood peak volume

50]|40(30]20(16|11| 5 | 3 |50|40)|30(20]|16|11| 5| 3 [50]40(30]|20(16|11| 5|3

10 50 100

Return period of Xianyang site and Huaxian County site

Figure 13. Flood peak volume of Zhangjiashan under different return periods of Xianyang and
Huaxian County.

The flood peak volume of Zhangjiashan was stable for the 50-year return period at
Xianyang. The flood volume of Zhangjiashan was 3211, 3110, 3066, 3066, 3066, 3066, 3066,
and 3066 m> /s in the 50-year, 40-year, 30-year, 20-year, 16-year, 11-year, 5-year, and 3-year
return periods, respectively, at Huaxian County. This result indicates that Zhangjiashan
would not share risks when the flood risk of Xianyang is lower than the low flood risk of
Huaxian County. Therefore, the flood risk of Xianyang has little influence on the flood risk
of Zhangjiashan. For example, the flood peak volume of Zhangjiashan was 2909, 3066, and
3540 m3/s for the 20-year return period at Huaxian County in the 10-year, 50-year, and
10-year return periods, respectively, at Xianyang. These results correspond to the relative
geographic positions of Xianyang and Zhangjiashan.
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Figure 14 presents the 1-day, 3-day, 5-day, 9-day, and 12-day flood volumes of Zhangji-
ashan under various return periods at Xianyang and Huaxian County. The 1-day flood
volume of Zhangjiashan corresponded to its flood risk levels with the flood peak volume
at 1.30 x 10?,1.24 x 10, 1.12 x 107, 1.12 x 107, 1.12 x 107, 0.93 x 107, 0.71 x 10%, and
0.71 x 10° m® in the 50-year, 40-year, 30-year, 20-year, 16-year, 11-year, 5-year, and 3-year
return periods, respectively, at Huaxian County. Moreover, the 1-day, 3-day, and 5-day
flood volumes would be similar to the flood peak volume of Zhangjiashan. In contrast,
the 9-day and 12-day flood volumes showed fewer variations with different risk levels at
the Huaxian County site. Therefore, the long-term cumulative flood volume was strongly
related to other regions that shared similar risks.

@ 1-day flood volume O 3-day flood volume O 5-day flood volume
450 - 09-day flood volume O 12-day flood volume

Flood volume (x10° m?)
2

1.00 A

o

W

S
1

s Ta 30 0 6l s]s]solalsololw]luls]s

10 50
Return period of Xianyang site and Huaxian County site

Figure 14. Flood volume of Zhangjiashan under different return periods of Xianyang and Huax-
ian County.

5. Conclusions

In conclusion, using a real-world case study, the flood risk transfer in a multi-reservoir
system was analysed. A copula-based approach was developed to construct the joint flood
risk distribution of multi-reservoirs. This approach provided a practical and straightfor-
ward scheme to structure high-dimensional probability functions from multivariate sample
flood volumes of hydrological stations. K-plots and chi-plots were generated to analyse
correlations between reservoirs. Further, multi-reservoirs in the Weihe River drainage
tributary included three reservoir sites: Xianyang, Huaxian County, and Zhangjiashan. It
was determined that the risks of Huaxian County would be transferred to Xianyang and
Zhangjiashan to some extent. Moreover, Xianyang would mitigate comparatively more
flood risks from Huaxian County than from Zhangjiashan.

The flood risk and corresponding flood volume of Zhangjiashan were calculated for
various flood risk levels in Xianyang and Huaxian County using joint flood risk distribution.
For example, the flood peak volume of Zhangjiashan was only 1856 m® during the 10-year
return period at Xianyang and the 5-year return period at Huaxian County. The complex
relationship among the flood volumes of the three reservoirs was also analysed. The study
results provide constructive suggestions for the Zhangjiashan reservoir construction project.
Furthermore, the flood risk distribution of multi-reservoirs using a copula-based approach
can provide new insights into reservoir joint disposal and risk control. However, there are
many factors and indicators that pertain to reservoir construction (e.g., sediment amount,



Water 2022, 14, 2676 17 of 18

regional rainfall). Integrating these factors and indicators into a copula-based approach
presents an interesting potential avenue for future research.
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