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Abstract: Coastal areas are vulnerable to floods caused by rainstorms and typhoons. It is necessary to
ascertain the risk of floods caused by both of these extreme weather events. A conceptual risk model
is proposed to evaluate the rainstorm risk, typhoon surge risk, and the compound risk in the coastal
areas of Jiangsu Province during the period of 1960-2012. The results of the model show that the
typhoon surge risk in the study region is greater than the rainstorm risk. Three Archimedean copulas
were used to fit the joint probability distributions of the compound events. The Frank copula and the
Gumbel copula proved to be the best-fitting joint distribution function for the Huaibei plain district
and the Lixiahe district, respectively. The probability of the extreme compound events not happening
is less than 90% in the study region. This means that the flood risk is mainly subject to the encounter
of a low-level rainstorm and a low-level typhoon surge. The study shows that the northern region of
Jiangsu Province is more vulnerable to the compound risk, and that we should pay more attention to
the floods caused by the compound events of rainstorm and typhoon surge.

Keywords: rainstorm; typhoon surge; joint probability analysis; copula; return period; coastal areas

1. Introduction

Violent tropical cyclones that develop in the western of North Pacific Ocean and move towards
the west or northwest, landing in Japan, Korea, and the southwestern coast of China, are usually
called typhoons. A strong typhoon often generates winds and rainfall [1]. The coastal areas are more
vulnerable to specific hazards due to the development of the national economy [2], as an overwhelming
part of the population is concentrated along or near the coasts, facing a high risk of coastal floods [3].
China is a country subject to frequent natural hazards and their impacts, including lives lost and
property damaged. Among such hazards, floods are the most serious disasters [4]. Typhoon-related
coastal floods are mainly caused by heavy rainfall and high sea levels due to a combination of
rainstorms and typhoon surges [5]. When a typhoon approaches China, its strong winds and low
atmospheric pressure often generate rainfalls and typhoon surges, which can lead to floods in coastal
areas [6]. According to the typhoon track data from the China Meteorological Administration (CMA),
China suffers an average of seven or eight typhoons annually. Most typhoons hit China between
June and October every year. During the period of 1983-2006, seven typhoons made landfall over
mainland China and Hainan Island, leading to a direct economic loss of 28.7 billion yuan (CNY) and
killing 472 people annually based on the Department of Civil Affairs of China’s statistical data [7].
Consequently, it is important to analyze the flood risk in coastal areas to reduce the damage, especially
when a typhoon encounters a rainstorm.
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As widely studied hydrological extreme events, floods are characterized by flood peak flow,
flood volume, and flood duration. For most flood frequency analyses, considering one variable
provides limited information [8,9] because univariate probability analysis cannot provide a perfect
evaluation of the occurrence of extreme events, which are characterized by a series of associated
random variables [10]. In fact, the correlation between environmental variables of extreme weather is
usually important, considering that the characteristics of variables and their possible interdependence
are the foundation of the design and safety assessment of coastal flood control projects [11]. Therefore,
the analysis and evaluation of flood risk in the coastal area has become a very important topic
nowadays. Rainstorms and typhoons are the main disaster-causing factors of floods in the coastal
areas. It is meaningful work to determine the correlation between rainstorms and typhoons in flood
risk, especially for floods caused by compound events of rainstorms and typhoons. The copula theory,
first introduced by Sklar [12], provides an ideal function to represent the multivariate joint distribution
from univariate margins based on the random variables” multivariate dependence structures [13],
and it has been extensively used in insurance and finance. A detailed and comprehensive copula
theory was introduced by Nelsen [14]. The Archimedean copulas, which include Clayton, Frank, and
Gumbel copula, are widely used in hydrology analysis, and they have been applied to model the
dependence when the hydrologic variables have positive or negative correlations [15]. Hu et al. [16]
used the Gumbel copula function to analyze the encounter frequency of typhoon and plum rain in
Taihu Lake Basin. Shiau et al. [17] used the copula function to describe the joint distribution of depth
and duration of rainfall, ultimately deriving a depth-duration-frequency model. Tao et al. [18] selected
the Poisson bivariate compound maximum entropy distribution to establish the joint distribution of
extreme water level and wave height in a typhoon period. Wahl et al. [19] ascertained the likelihood of
compound events of storm surge and heavy precipitation for the coastal areas of the United States (US),
and the results showed that the flood risk from compound events was higher in the Atlantic/Gulf
coast. Kwon et al. [20] analyzed the correlation between annual maximum wind speed and rainfall
by using the copula function in the typhoon danger zone. A new bivariate compound extreme value
distribution was proposed by Dong [21] to describe the probability distribution of annual extreme
wind speed and maximum rainfall intensity in the coastal areas that are affected by typhoons.

The simultaneous encounter of rainstorm and typhoon is more likely to cause severe floods in
the coastal areas and often leads to huge catastrophic consequences [22]. In particular, the rise in
sea level caused by typhoon surge has gradually become the main factor for the amplification of
flood risk [23]. During the period of a rainstorm, the sluice gates need to open to drain floodwater,
but during the period of a typhoon, the sluice gates need to close to prevent seawater intrusion.
The main purpose of this work is to implement a copula-based methodology to analyze the frequency
of the simultaneous encounter of rainstorms and typhoon surges. The primary objectives of this
research can be summarized as follows: (1) to understand the causes and the implications of statistical
features between rainstorms and typhoon surges in the research areas; (2) to identify the key risk
factors of the compound events; (3) to investigate the relationship between rainstorms and typhoon
surges, and to build a proper bivariate copula function for the simultaneous encounter of rainstorms
and typhoon surges.

The rest of this paper is structured as follows: Section 2 provides the foundation of the case
study, introducing the theory of copulas used in this study. Section 3 analyzes the characteristics of
rainstorms, typhoons, and typhoon surges in the research areas. Section 4 discusses the marginal
distribution and the return period of compound events of rainstorms and typhoon surges. Finally,
Section 5 concludes the paper.
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2. Materials and Methods

2.1. Study Area and Data

The study area (as shown in Figure 1) for this research is located in the east coastal areas of Jiangsu
Province, China, from 116°18’ E to 121°57’ E and from 30°45’ N to 35°20’ N. It has a coastline of 954 km
along the Yellow Sea. The Yangtze River passes through the southern part of Jiangsu Province, and the
Huaihe River passes through the northern part. According to the geographical and hydrological
conditions, the coastal areas of Jiangsu are usually divided into four districts: the Ganyu district,
the Huaibei plain district, the Lixiahe district, and the Tongnan district.
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Figure 1. Location of the research areas.

The Huaihe River basin has always been a key area of flood risk research in China [24].
The Huaibei plain district, with fewer interfering factors, and the Lixiahe district, with a long coastline,
are the two main research areas in this study. The total drainage area of the two regions is 4150 km?
and 21,497 km?; the Yanwei station is located at the main coastal port of the Huaibei plain district,
and the Xinyang station is the main tidal station of the Lixiahe district. Both stations are strongly
representative of these research areas due to their location, which are at the mouths of the main rivers.

The rainfall data and the typhoon track data [25] were provided by the National Meteorological
Information Center of China Meteorological Administration (http://data.cma.cn,tcdata.typhoon.org.cn);
The duration of the rainfall data is from the establishment of the station until 2012. The tidal data,
provided by the State Oceanic Administration (http://ocean.cnss.com.cn/), has a time span from
1960 to 2012. In order to maintain the consistency of data with respect to time scale, the study period
was established as 1960-2012. There are 191 rainfall stations that fall into the study period, and the
area rainfall (average precipitation) of each research region was calculated with the Thiessen polygon
method based on the selected stations. The intensity of typhoon surges depends on the level of typhoon,
different from astronomical tides which have a periodic character of rising and falling. The typhoon
surge deviation H(t) at time ¢ can be expressed as the difference between the measured sea water level
y(t) and the estimated astronomical tide level Y (t) [26], i.e.:

H(t) = y(t) = Y(t) @


http://data.cma.cn, tcdata.typhoon.org.cn
http://ocean.cnss.com.cn/
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2.2. Marginal Distribution

The Pearson distribution is a family of continuous probability distributions, first published by
Karl Pearson in 1895. The log—Pearson type III distribution curve method is recommended by the
Water Resources Council of the United States, and it was fitted to the sample hydrological data by
using the mean, standard deviation, and skewness coefficient of the logarithms [27,28]. This method
is also widely used in the frequency analysis of extreme hydrology events in China [29,30]. In this
study, we chose the Pearson type III (P-III) distribution curve to model the marginal distribution of
rainstorms and typhoon surges, using Simpson’s Rule to reduce the error. The P-III probability density
function can be expressed as:

f(x) = F[z:i) (x — oco)“fle*ﬁ(’““") xa>0,>0 )

where I'(«) is the Gamma distribution of &, a is the shape parameter, 8 is the scale parameter, and «y is
the minimum value of the «.

2.3. Copula Functions

The copulas link the univariate distribution functions of random variables to construct
multivariate distribution functions, in which the domain is [0,1]. However, when two random variables
are considered, based on Sklar’s theorem, if there is a two-dimensional joint cumulative distribution
function Fx y(x,y), and Fx(x) and Fy(y) are the marginal distribution functions of X and Y, then there
exists a bivariate copula C, which can be written as the formula:

Fxy(x,y) = C(Fx(x),Fy(y)) x,y € R 3)

The mapping function C : [0,1]> — |0,1] is the copula function for two independent uniform
distributions u, v in the domain of [0,1], and c is the density function of C, which can be defined as:
c(u,v) = 9°C(n,0) 4)
" 0u0y
In this study, we selected three widely used Archimedean copulas (Clayton, Frank,
and Gumbel-Hougaard) as the candidate functions for modeling the joint probability distribution of
compound events. The three Archimedean copula functions are defined in Table 1.

Table 1. Function expressions of Archimedean copulas.

Family Expression Generator ¢ (t) Parameter Space  Relationship between T and «
Clayton (1,[_“4»’0_“71)71/“ %(t*"‘ -1) >0 T=u/(a+2)
—au—1Y (p—av—1 —at)—1 .
Frank ~ (14 e ) - ln(ixx%(<_i))_1 ) x>0 T=1-401- 1" Lot
Gumbel exp(—[(—lnu)a+(—lnv)a}l/a) (*ll’Uf)ﬂt a>1 T=1-1/«a

2.4. Parameter Estimations

The optimal copula function is determined by the appropriate parameters. Sadegh et al. [31]
put forward a newly invented Multivariate Copula Analysis Toolbox, which employs the Bayesian
framework to describe dependence and uncertainty of fitted copulas; it has been proved that it can
be used to find the best copula family among 26 families. In addition, there are many methods to
confirm the correlation between random variables: Pearson correlation coefficient p, Kendall rank
correlation coefficient T, Spearman rank correlation coefficient ps, and tail correlation coefficient A.
Other optimal criteria of the copula function, such as the least root-mean-square error (RMSE),
Kolmogorov-Smirnov (K-S) test [32], Anderson-Darling (A-D) test [33], Jarque—Bera (J-B) test [34],
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Cramer—von Mises tests [35], Akaike information criterion (AIC) [36], ordinary least squares (OLS),
and Bayesian information criterion (BIC), are usually used to estimate the goodness-of-fit (GOF) of
copula families.

The nonparametric estimation method used to estimate the copula parameters in this study was
put forward by Genest and Rivest [37]. It mainly depends on the relationships between the Kendall
rank correlation 7 and the corresponding copula parameter «. Kendall’s tau 7, which is used to
determine the relevance of random variables, can be expressed as:

_ 2(ne —ng)

n(n—1) ©)

where 1, is the number of concordant pairs, 7, is the number of discordant pairs (concordant: ordered
in the same way; discordant: ordered differently).

The goodness-of-fit tests were mainly used to calculate the “distance” between data and
distribution and compare the “distance” to the threshold value [38]. Various fitness tests are available
for copula functions, and there was little difference between the results of different GOF tests due
to the limited number of samples that were considered in this study. The fundamental purpose of
this study is to determine whether the copula function can be used to describe the distribution of
compound events of rainstorm and typhoon surge in these study areas. Therefore, several commonly
used evaluation criteria met the needs of this study for selecting the optimal copula functions, such as
the K-S test (Equation (6)), RMSE (Equation (7)), and AIC (Equation (8)).

ml-fl i

m
Fo(xi,yi) — ”

Fo(xi,]/i)— ’

D= max{

}(1<i<n) (6)

where (x;,y;) (i=1,2,---,n) is the observation sample, Fy(x;, ;) is the joint distribution of sample
estimates, m; is the number of observed samples that satisfy the conditions of x < x;, y < y;, n is the
total number of observed samples.

1 )
RMSE = E;(Pel - P) )
AIC = nlIn( ! f (Pe; — P;)?) +2m 8)
- n—m - 1 1

where Pe; and P; are empirical frequency and theoretical frequency of the i-th compound sample,
respectively, m is the number of the joint distribution function parameters, 7 is the number of samples.

3. Statistical Features of Historical Typical Hydrological Events in the Study Areas during the
Period of 1960-2012

3.1. Rainstorms

The rainstorms in the coastal areas of Jiangsu Province mainly consist of three types: plum rain,
heavy convective rainfall, and typhoon rain. The research regions are located in the lower-middle
research area of the Yangtze River. Plum rain easily forms in late June and early July. Figure 2 shows
a significantly positive correlation between precipitation level and duration of the plum rain season.
With the annual plum rain statistical calendar from 1960 to 2012, it is shown that the season’s earliest
plum rain started on 2 June (1972, 1995, 2000) and the season’s latest plum rain ended on 27 July (1987).
The shortest plum rain only lasted 3 days in 1978, while the longest plum rain lasted 48 days in 1996.
The average duration of the plum rain season was 24 days.
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Figure 2. Plum rain in the coastal areas of Jiangsu Province.
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In addition to the rainy season of the Jiangsu coastal areas, convective weather systems, shear line

weather regimes, and strong convective weather systems can cause heavy rainstorms. The heavy
convective rainfall pattern is usually more intense with a shorter duration compared to plum rain.
The average duration of the convective rainfall every year was 1-2 days for the study period (Figure 3).

The average value of maximum 1-day area rainfall in the coastal areas of Jiangsu was 54.8 mm for the

period of 1960-2012.
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Figure 3. Heavy convective rainfall in the coastal areas of Jiangsu Province.

Monthly distribution of convective rainfall shows that it mainly concentrates in the flood season,
which is between May and September. Convective rain is most likely to occur in August, after the
plum rain season. Convective rainfall occurred in August 32 times during the study period (Figure 4).
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Figure 4. The total numbers for monthly convective rainfall in the coastal areas of Jiangsu from 1960
to 2012.

Typhoons can also bring heavy rain to the coastal areas of Jiangsu, but the duration of typhoon rain
is usually short due to the rapid movement of a typhoon. According to the schedule of when typhoons
made landfall, there was a total of 22 occurrences of typhoon rain in the two districts (Figure 5). Due to
the geographical specificity of the research areas, most typhoons landed in south-central Jiangsu
coastal areas; therefore, the area rainfall of typhoon rain in the Lixiahe district was greater than in the
Huaibei plain district, in most cases.

There are three types of rainstorms that occur at different times and are closely related to different
meteorological conditions. Plum rain occurs in late June and early July, typhoon rain tends to occur
in August and September of the typhoon period, and convective rainfall occurs when the earth’s
surface is within a conditionally unstable or humid atmosphere that is hotter than the surrounding
environment. Because of the different mechanisms of the three types of rainstorms, their durations are
dissimilar. Plum rain has the longest duration—up to 20-30 days—nevertheless, the average daily
rainfall caused by the typhoon is the highest (Table 2).

Table 2. Statistical results of the three types of rainstorms in the coastal areas of Jiangsu Province from

1960 to 2012.
Type Plum Rain = Typhoon Rain  Convective Rain
Number of occurrences 62 22 105
Duration (days) 20-30 14 1-2

Average area rainfall (mm) 231.4 104.1 54.8
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Figure 5. The typhoon rain series according to the order of occurrence over time.

3.2. Typhoons and Typhoon Surges

The study areas are affected by typhoons frequently, about three times per year (Figure 6).
The earliest typhoon hits Jiangsu in May, the latest hits in November. According to the Best Track
Dataset of typhoons from 1949 to 2012 [25], there are mainly two paths of typhoons that occur in the
study areas: (1) the typhoon that lands at the Yangtze River mouth, moving to the northwest; (2) the
typhoon that arrives at 35 degrees north latitude of the Jiangsu coastline, then changes its path to the
northeast, and lands at North Korea. The typhoon following the second path occurs the most in the
coastal areas of Jiangsu, accounting for about 62%.

B Typhoon events

Occurrence number

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
Year

Figure 6. The number of typhoons landing on the coastal areas of Jiangsu every year.
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The coastal areas of Jiangsu are mainly controlled by two tidal wave systems: the East China Sea
forward wave and the South Yellow Sea rotating wave. Observation of the tidal characteristics along
the nearshore coast of the research areas reveals that the tides of the two tidal wave systems in the north
and south basically intersect in the vicinity of Dongtai port. In order to distinguish the influence factors
of tidal level change in these areas, we checked the typhoon track data and analyzed the tide levels
of two stations. The results show that 148 typhoons affected the study areas: 88 were accompanied
by rainfall in the Huaibei plain district, and 95 were accompanied by rainfall in the Lixiahe district.
The minimum levels of typhoon surges at Yanwei station and Xinyang station were 32 cm and 31 cm,
and the maximum typhoon surges at the two stations were 243 cm and 240 cm, respectively.

4. Results and Discussion

4.1. Marginal Distributions of Compound Events

According to the design standard of flood control projects along Jiangsu coastal cities, it is typical
that when the typhoon surge is higher than 200 cm in the absence of rain, the city river discharge is
affected. Daily average rainfall over 50 mm is treated as a rainstorm in China. However, when the
rainstorm encounters a typhoon surge, the coastal areas are more prone to flooding. Based on the
rainstorm features and typhoon surge features of these geographically distinctive areas, the criteria
used to select the samples from the compound events were an area rainfall of a rainstorm greater than
30 mm and a typhoon surge greater than 100 cm. The results show that 44 of 88 compound events
conformed to the sample criteria in the Huaibei plain district, and 38 of 95 compound events conformed
to the sample criteria in the Lixiahe district during the study period (Figure 7). The rainstorm sample
is recorded as x;, the typhoon surge sample is recorded as y;, and the real-number pair (x;, ;) is the
i-th compound event that meets the sample criteria.

300
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Figure 7. The distribution of the compound events in the research areas: (a) Huaibei plain district;
(b) Lixiahe district.

The P-III marginal distributions of rainstorms and typhoon surges with different Cs in the two
research areas are shown in Figures 8 and 9. The optimal parameters (Cv and Cs) of the P-III marginal
distribution based on the joint samples (x;, ;) in the Huaibei plain district and the Lixiahe district are
shown in Table 3.
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Figure 8. The marginal distributions of rainstorms and typhoon surges in the Huaibei plain district:
(a) the probability curve of rainstorms during the typhoon period; (b) the probability curve of typhoon
surges at the Yanwei tidal station.
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Figure 9. The marginal distributions of rainstorms and typhoon surges in the Lixiahe district: (a) the
probability curve of rainstorms during typhoon period; (b) the probability curve of typhoon surges at
the Xinyang tidal station.

Table 3. The P-III parameters of rainstorms and typhoons in the research areas.

Areas Event Mean Value R Coe.fﬁci1ent of Skew Factor C;
Variation C,
. . s Area rainfall 52.6 mm 0.41 3.0 Cy
Huaibei plain District Typhoon surge 145.2 cm 0.28 2.0 Cy
Lixiahe Distri Area rainfall 77.5 mm 0.67 3.0C,
baahe District Typhoon surge 153.8 cm 0.24 40GC,

4.2. Determination of the Disaster Risk Model

Flood risk caused by compound events can be calculated as Risk = Severity x Frequency [39],
where the severity of every compound event is determined by the severity of the rainstorm and
typhoon surge. We hypothesized that rainstorms and typhoon surges have the same effect on the flood
disaster. The distribution of the red selected sample in Figure 7 shows that the sample criteria are the
origin of the risk evaluation model. This differs from the Euclidean distance between the compound
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event and the origin point as a measure of severity. We use the area of r; and r; in Figure 10 to describe
the severity of the compound event. This can better distinguish the degree of influence of rainstorms
and typhoon surges for the severity of compound events. The calculation formula of 1 (rainstorm risk
r1) and r; (typhoon surge r7) is as follows:

.'X‘—XO

r(i) = 7ardar;(eﬁ) T (\/(xi —x0)” + (i — ]/0)2>2 o
(i) = (\/(xi —x0)* + (yi — ]/0)2)2 —r1(i)

(cm)
N N
N B
o o

1 1

ry

1. b (1)

Typhoon surge
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(o] o (]
o o o
1 | 1

ry S

140 - -
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1204 ./
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X

Figure 10. The damage evaluation model of compound events.

The frequency (P(i)) of the compound events are derived from the calculation results in Section 4.1
above. The disaster risk R; for this study is shown below:

R; = 11 (i) Py (i) + r2(i) Pa(i) (10)

where P (7) is the frequency of rainstorm and P (i) is the frequency of typhoon surge.

Due to the different extents of rainfall and typhoon, for a better comparative analysis, we used a
linear normalization method to convert the risk into the range of [0,1]. The risk maps of rainstorm and
typhoon surge in the Huaibei plain district and the Lixiahe district are shown in Figure 11. The results
show that the risks of typhoon surge in the two research areas are greater than the rainstorm risks.
The compound risks of rainstorm and typhoon surge are shown in Figure 12. The results show that the
Huaibei plain district faces a higher average compound risk of rainstorm and typhoon surge than the
Lixiahe district.
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Figure 11. The risk maps of rainstorm and typhoon surge in the two research areas: (a) rainstorm risk
in the Huaibei plain district; (b) typhoon surge risk in the Huaibei plain district; (c) rainstorm risk in
the Lixiahe district; (d) typhoon surge risk in the Lixiahe district.
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(a) (b)

Figure 12. The compound risks of rainstorm and typhoon surge in the two research areas: (a) Huaibei
plain district; (b) Lixiahe district.
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4.3. Selection of Copula Functions

The marginal distributions of two hazard contributing factors were calculated with the P-III
method described in Section 4.1. Kendall’s tau is —0.43 and 0.75 in Huaibei plain and Lixiahe,
respectively. The critical value of the K-S statistic in the Huaibei plain district and the Lixiahe
district is 0.2120 and 0.2360, respectively, with a statistical significance level of 0.05. In this study,
all the K-S values of the three copulas in the two areas conformed to the critical value. Based on the
minimum value criterion of RMSE and AIC, the two values of the Frank and Gumbel copulas have
little difference, but the Gumbel copula can only be used to describe the positive relationship of the
compound events. Therefore, the Frank copula was selected to be the best-fitting copula in the Huaibei
plain district. With the same criteria, the Gumbel copula is the best one for the Lixiahe district (the
detailed parameters of the candidate copulas are shown in Table 4). The empirical probabilities and
the theoretical probabilities (P-P) of the rainstorms and typhoon surges in the two areas are shown in
Figure 13. It shows that the estimated cumulative probability is consistent with the empirical results.

Table 4. The parameters of the candidate copulas.

Areas Copula Parameter K-S RMSE AIC
Clayton —0.362 0.1065 0.0365 —322.65
Huaibei plain District Frank 2.263 0.1454 0.0309 —369.14
Gumbel 0.930 0.1597 0.0321 —365.06
Clayton 4.50 0.1935 0.0332 —323.40
Lixiahe District Frank 6.42 0.1791 0.0354 —338.73
Gumbel 3.31 0.1224 0.0323 —336.69
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Figure 13. The probability-probability plot of the compound events in the two research areas:
(a) Huaibei plain district; (b) Lixiahe district.

4.4. Joint Probability Distribution of Compound Events and Their Return Period

Through the disaster risk model that is proposed in this study, we know that the compound risk
is positively correlated with rainstorm and typhoon surge. Based on the marginal distributions of
compound events and the parameters of the selected copula functions above, we constructed a joint
probability distribution for compound events. The X-axis indicates the value of typhoon surge, the
Y-axis indicates the value of area rainfall, and the Z-axis indicates the probability that the compound
events do not happen. The results of the two copula functions are shown in Figure 14 as an intuitive
visual. The joint probability of a 200 mm level rainstorm and 200 cm level typhoon surge is 10% in the
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Huaibei plain district, and the probability of 200 mm level rainstorm and 200 cm level typhoon surge
is 24% in the Lixiahe district.
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Figure 14. The joint probability distribution of compound events not occurring in the two research
areas: (a) Huaibei plain district; (b) Lixiahe district.

The return periods of the compound events in the two areas are plotted as contour lines in
Figure 15, the intersection points of the curve with the X and Y axes are the surge value (typhoon
surge: x;) and rainfall value (rainfall: y;) of the compound events, and the value of the curve is
the return period of the compound event. For instance, the return period of compound events that
are characterized by a 40 mm rainfall and a 112 cm typhoon surge is 1.1 years in the Huaibei plain
district. We used the copula model to evaluate two historic floods (Dafeng flood on 19 August 1965,
and Huaibei flood on 30 August 2000) in Jiangsu Province. The results are consistent with the historical
assessment of the two floods.
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Figure 15. Joint co-occurrence return period of the best-selected copula based on the number of

occurrences: (a) Huaibei plain district; (b) Lixiahe district.

The encounter probabilities of different levels of rainstorms and typhoon surges are listed in
Table 5; the results show that a 50 cm level typhoon surge encounter with a 50 cm level rainstorm
has a probability of 70% in the Huaibei plain district and a probability of 55% in the Lixiahe district,
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which means that the Huaibei plain district is more sensitive to rainstorms in the case of a 50 cm
typhoon surge.

Table 5. The encounter probability of different levels of rainstorms and typhoon surges.

Surge
. 50 cm 100cm 150 cm 200 cm 250 cm
Rainstorm

o 50 mm 70% 60% 30% 20% 9%
Huaibei 100 mm 35% 25% 25% 20% 8%
Plain 150 mm 20% 15% 15% 10% 6%
District 200 mm 10% 7% 7% 5% 3%
50 mm 55% 30% 15% 8%
. 100 mm 50% 30% 15% 8%
Lixiahe 150 mm 40% 30% 15% 8%
District 200 mm 30% 15% 10% 6%
250 mm 12% 10% 6% 5%

The results of the study confirm that the copula functions are feasible for coupling the risk of
compound events in the east coastal areas of Jiangsu Province. Rainstorm and typhoon surge have
a positive correlation with disaster risk. We used a conceptual model to evaluate the rainstorm risk,
typhoon surge risk, and compound event risk in the two regions. However, the impacts of rainstorms
and typhoon surges on compound risk are not consistent, so future research will focus on the impacts
of rainstorms and surges on different degrees of risk. The risk maps show that the Huaibei plain
district faces rainstorm risk, typhoon surge risk, and compound risk that are higher than these risks
in the Lixiahe district due to the special geographical features of the Huaibei plain region. The joint
probability distributions of the compound events show that high-risk compound events have a low
joint co-occurrence probability, while low-risk compound events have a high joint co-occurrence
probability in both areas. The Lixiahe district is more prone to heavy rainstorms than the Huaibei
plain. On the other side, the encounter probability of different levels of rainstorms and typhoon surges
shows that Huaibei plain is more easily faced with a high-level typhoon surge than the Lixiahe district.
The different return periods for different levels of compound events mean that the Huaibei plain is
more vulnerable to flooding caused by typhoon surges than southern Jiangsu, and we should use
different methods to control the flood risk in these two areas.

5. Conclusions

The flood hazards in coastal areas are mainly caused by rainstorms and typhoons, and any one
of these extreme weather events may lead to massive damages. Rainstorms increase the amount of
water in floods, while typhoon surges affect flood discharge. It is essential to analyze the frequency of
compound events of rainstorms and typhoon surges in the coastal areas, and it is also important to
assess the impact of compound events on flood risk. The joint probability distribution of the compound
events can be used to deduce the characteristics of the flood hazards and to predict the flood risk in
the future, which is very significant for the future development of flood control strategies. In order to
study the risk of floods caused by the compound events of rainstorm and typhoon surge in Jiangsu
Province, this study proposes a conceptual risk model for the floods caused by rainstorm and typhoon
surge, which was successfully used to evaluate the rainstorm risk, typhoon surge risk, and compound
event risk in the Huaibei plain district and the Lixiahe district. We carried out an encounter joint
probability analysis of rainstorms and typhoon surges in the two research areas using copula functions.
The main conclusions of this paper are as follows:

(1) A conceptual disaster risk model for evaluating the risk of compound events of rainstorm
and typhoon surge is proposed in the study, and it proved to be reasonable. We used the model to
calculate the rainstorm risk, typhoon surge risk, and compound event risk. The results show that the
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risk of typhoon surge in the Huaibei plain district and the Lixiahe district is greater than the rainstorm
risk, mainly because the coastal areas of Jiangsu are plain terrain and are prone to floods caused by
typhoon surges.

(2) The area rainfall of rainstorms and the water level deviation of typhoon surge were used as the
risk factors of compound events; these factors were used as inputs to the copula functions to establish
the joint probability distributions. Based on the optimal parameters and evaluation criteria, the Frank
copula proved to be the best-fitting joint distribution function for the Huaibei plain district, and the
Gumbel copula is the most suitable function for the Lixiahe district.

(3) The joint probability distribution of compound events shows that the low risk of low-level
rainfall and low-level surge compound events have a high frequency, while the high risk of high-level
rainfall and high-level surge compound events have a low frequency in the two regions. For the same
level of typhoon surge, lower intensity rainstorms happen more frequently in the Huaibei plain district
than in the Lixiahe district. Under the same rainfall conditions, the Huaibei plain district is more likely
to suffer from high-level typhoon surges.

(4) The co-occurrence return period of high-level rainstorms and high-level typhoon surges is
longer than low-level compound events. The results of this study are consistent with the disaster grade
after analyzing two typical flood disasters in the research areas. It turns out that the copula functions
that were used to analyze the joint probability distribution of encounter risk between rainstorms and
typhoon surges in the Jiangsu coastal areas are feasible. Furthermore, we should pay more attention to
floods caused by the low-level compound events.
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