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Abstract

Extreme surges and rainfall represent major driving factors for compound flooding in estuary regions along the Chinese
coast. The combined effect of extreme surges and rainfall (that is, compound floods) might lead to greater impacts than if
the drivers occurred in isolation. Hence, understanding the frequency and severity of compound flooding is important for
improving flood hazard assessment and compound flood resilience in coastal cities. In this study, we examined the dependence
between extreme surges and corresponding rainfall events in 26 catchments along the Chinese coastline during typhoon and
non-typhoon seasons using copula functions, to identify where the two drivers more often occur together and the implication
for flood management in these locations. We found that the interaction between flood drivers is statistically significant in 10
catchments located around Hainan Island (south) and Shanghai, where surge peaks occur mainly during the typhoon season
and around the Bohai Sea (north), where surge peaks occur mainly during the non-typhoon season. We further applied the
copula-based framework to model the dependence between surge peaks and associated rainfall and estimate their joint and
conditional probability in two specific locations—Hainan Island and the Bohai Sea, where the correlation between flood
drivers is statistically significant. We observed that in Hainan Island where most of the surge peaks occur during the typhoon
season, extreme rainfall events during the typhoon season are generally more intense compared to annual maxima rainfall.
In contrast, around the Bohai Sea where surge peaks occur mainly outside the typhoon season, rainfall is less intense than
annual maxima rainfall. These results show that the interaction between extreme surges and rainfall can provide valuable
insight when designing coastal and urban infrastructure, especially in highly populated urban areas prone to both coastal
and pluvial flooding, such as many Chinese coastal cities.

Keywords China - Coastal catchments - Compound flooding - Copula function - Extreme surge - Optimal threshold

1 Introduction

Around 70% of the Chinese coastline is lower than 3 m
above sea level (a.s.l.), making it extremely sensitive to
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coastal flooding (Shi et al. 2020). In estuary regions, the
interactions of multiple flood drivers, such as local rainfall,
wave effects, tidal amplitude, and surge-tide interactions can
exacerbate the probability of flooding, causing great eco-
nomic losses and casualties (Saleh et al. 2017; Vousdoukas
et al. 2018; Fang, Wahl, Fang et al. 2021). In the literature,
flood events generated by the interaction between multiple
physical drivers, which might not be extremes if consid-
ered in isolation, are referred to as compound flood events
(Couasnon et al. 2020).

In China, high storm surges and extreme rainfall during
the typhoon season are the major driving factors of flooding
along the coast (Wu et al. 2021; Liu et al. 2022). Typhoons
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may produce strong onshore winds and an inverse baromet-
ric effect, which result in extreme surges, while simultane-
ously produce large quantities of rainfall over land, generat-
ing surface runoff. Moreover, high sea levels can prevent the
normal discharge of surface runoff due to rainfall excesses,
potentially leading to backwater effects along rivers and
increasing the probability of compound flooding (Kossin
2018; Ward et al. 2018).

China is one of the few countries in the world that are
affected not only by tropical but also extra-tropical surges
(Shi et al. 2015). Typhoon surges usually hit the South China
Sea and the East China Sea coast with the characteristics of
strong wind speeds, low atmospheric pressure, intense rain-
fall, large waves and storm surges, and thus strong destruc-
tive power (Day et al. 2018; Xiang et al. 2021). Many storms
in the Yellow Sea and the Bohai Sea coast usually occur in
the spring and autumn (Fang et al. 2016). For example, the
combined effect of rainfall and storm tides during Typhoon
Winnie (TC9711) in southeastern China killed 342 people
and caused a direct economic loss of USD 4.3 billion (State
Oceanic Administration 1998). Also, severe flooding due to
the combination of surge and rainfall during super typhoon
Hato killed at least 12 people in Macau in 2017 (Wang et al.
2019). These examples emphasize the importance of study-
ing the combination of surge and rainfall in estuaries and
coastal regions (Zheng et al. 2013; Wahl et al. 2015) to avoid
misrepresentations of the flood hazard and improve the resil-
ience of coastal systems (Wahl et al. 2015; Ghanbari et al.
2021).

The relationship between rainfall and surge in estuary
regions can have a substantial impact on coastal flood man-
agement, despite being challenging to detect from observa-
tions as the correlation between observed variables may not
be significant (Sadegh et al. 2018; Bevacqua et al. 2020).
Most of the available studies on compound flooding inves-
tigate locations in the United States and Europe, where tide
gauges are densely distributed and provide more than 50
years of observed data (Wahl et al. 2015; Bevacqua et al.
2017; Bevacqua et al. 2019). For example, Wahl et al. (2015)
examined the dependence between precipitation and storm
surge and reported an increase in compound flood risk dur-
ing the past decades along the east coast of the United States.
According to Zheng et al. (2013), precipitation and storm
surge are significantly correlated in the coastal regions of
Australia.

Although studies on compound coastal flooding in estu-
ary locations across China are still scarce, recent work by
Fang, Wahl, Fang et al. (2021) showed that there is a posi-
tive dependence between rainfall and storm surge, espe-
cially during the typhoon season, calling for a more in-depth
investigation of compound flooding. The current studies
have limitations, such as small sample sizes of observa-
tions, for example, the 23-year sample in Fang, Wahl, Fang
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et al. (2021), and potential biases in the selection of rainfall
gauges. In fact, the rainfall gauges selected are the ones clos-
est to the tidal gauge without a check on whether the rainfall
gauge falls within the drainage basin discharging into the sea
and interacting with the tidal gauge (Zheng et al. 2013; Fang,
Wahl, Fang et al. 2021).

Hence, this study aimed to improve the current modeling
of compound flooding in estuary regions along the Chinese
coastline. This is done by analyzing longer records of rainfall
(around 36 years) and to carefully select the rainfall gauges
to be representative of the inland water received by drain-
age basins discharging directly into the sea. Moreover, this
study aimed to propose guidelines to derive design values
for coastal infrastructure in relation to the season in which
most of the pairs of surge and corresponding rainfall occur.

Specifically, in this study we first developed a copula-
based framework to model the dependence between surge
and rainfall, in which rainfall was used as a proxy of the
amount of inland water discharged into the sea. Then, we
implemented such a framework to derive information on
expected rainfall as a function of the magnitude of the surge
event in cases where the interaction between surge and rain-
fall cannot be neglected, that is, where statistically signifi-
cant correlation exists. Finally, we discuss the implication of
this approach for reducing the risk of urban pluvial flooding
and increase urban flood resilience in the season in which
most of the surge peaks in a specific estuary region occur.
The rest of the article is structured as follows. Section 2
provides details of the dataset and study region. Section 3
presents the copula-based framework. Section 4 contains the
results of the analysis. Section 5 discusses the advantages
and limitations of this work. Finally, Sect. 6 provides a sum-
mary of the study.

2 Data and Study Area

In this study, we are interested in estuary regions along the
Chinese coast and prone to compound flooding generated
by the interaction between rainfall and storm surge. For this
reason, the following datasets are selected:

(1) Catchment Shapefiles. HydroSHEDS database devel-
oped by the WWF-US (Fig. 1) (Lehner et al. 2008) to
retrieve catchment boundaries.

(2) Rainfall. Daily rainfall (24h cumulative rainfall) time
series gauges managed by the China Meteorologi-
cal Administration (CMA)' and covering the period
between 1979 and 2014.

! http://data.cma.cn
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Fig. 1 Location and area of 26 catchments along the Chinese coast-
line (blue dots represent tide gauges and yellow dots represent rainfall
gauges). Label A refers to the region in southern China with a latitude
of lower than 21.5°. Catchments labeled as B are located on the east-

ern coast of China, with latitudes ranging from 30 to 37°. Catchments
labeled as C are located to the south of the Bohai Sea, with latitudes
ranging from 37 to 38°. Finally, catchments labeled as D are located
in northern China, with latitudes higher than 38°
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(3) Storm Surge. Surge reanalysis data from the Global
Tide and Surge Reanalysis (GTSR)? dataset. The GTSR
dataset is the first global reanalysis dataset of surges
and extreme sea levels, and it is based on hydrodynamic
modeling (Muis et al. 2016). The GTSR covers the
entire world’s coastline and provides near-coast time
series of surges and tides from the Dynamic Interac-
tive Vulnerability Assessment model in 1979-2014.
The surge was simulated by forcing the global tide and
surge model with wind and pressure fields from ERA-
Interim. Numerical simulations were carried out at a
10-min temporal resolution. Regarding the application
of GTSR/ERA-Interim for surge during typhoon sea-
son, the GTSR produced sufficient surge results and is
widely used in the East Asian region (Mori et al. 2019).

2.1 Catchment Selection and Description

Since we are interested in estuary regions along the Chi-
nese coast prone to coastal flooding, we need to select estu-
ary locations for which catchment information, surge, and
rainfall data are available. Hence, we simultaneously looked
at the relative locations of catchment boundaries, rainfall
gauges, and surge data. Then, we selected catchments dis-
charging directly into the sea for which at least one rain
gauge within the catchment boundary and one surge station
in the vicinity of the catchment outlet could be found. Fol-
lowing this approach, we identified 26 hydrological catch-
ments across the entire Chinese coastline (Fig. 1).

The selected catchments across the coastline have lengths
up to 100 km and areas up to 1000 km?, except catchment
C5 that has a length of ~224 km and an area of ~2876 km?
(Fig. 2a and Fig. 2b). China’s coastline covers approximately
14,500 km and a range of climates. The average annual tem-
perature in the catchments ranges from 10.3 °C (north) to
24.8 °C (south) (Fig. 2¢). Figure 2d shows that annual rain-
fall across the 26 catchments ranges from 575.6 mm (north)
to 2183.5 mm (south). For those catchments containing
more than one rainfall gauge (8 among the 26 selected), the
weighted average of the station rainfall was considered. The
weight was estimated based on the distance to the catchment
outlet. More specifically, the closest gauge has the highest
weight. A small variability between rainfall peaks of stations
in the same catchments is observed.

2.2 Pairs of Surges and Rainfall

To develop the copula-based framework, we constructed a
dataset of pairs of surge peaks and corresponding rainfall
potentially leading to compound flooding. First, we sampled

surge peaks from the daily surge reanalysis data following

2 https://data.4tu.nl/
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the peak-over-threshold approach. To ensure independence
between peaks, only peaks spaced at least three days apart
were considered (Feng et al. 2018). Then, we ran a prelimi-
nary analysis on the correlation between surge peaks and
accumulated rainfall over a window of time ranging from
the day of the occurrence of the peak to seven days prior to
it to investigate the lead time in the response of the catch-
ments to a rainfall event.’ Based on this analysis, we selected
the daily rainfall recorded on the day of the occurrence of
the surge peak as the rainfall event, since this combination
of surge peak and corresponding rainfall gives the highest
correlation for most of the catchments. These pairs of surge
and corresponding rainfall were then used to determine a
copula-based framework for compound flooding.

3 Methods

A copula-based framework was used to model the depend-
ence between flood drivers. To quantify the probability of
the compound hazard generated by the interaction between
surge and rainfall, we first evaluated the marginal distribu-
tions of surge peaks and corresponding rainfall. Then, we
selected a copula function to evaluate the probability of
compound flooding. Finally, we estimated design values of
surge and rainfall via conditional probability.

3.1 Peaks Over a High Threshold

We selected surge peaks following the peak over thresh-
old (POT) approach. According to Pickands III (1975) and
Coles et al. (2001), given a random variable X, the excess
is X,, = x — u, defined above a large enough threshold u. In
order to ensure the independence of the excesses, a declus-
tering technique was also implemented to ensure the inde-
pendence of excesses (Antonini et al. 2019). The threshold
u was selected based on the empirical mean residual life
(MRL) and dispersion index (DI). The MRL provides a
visual diagnostic tool to select the threshold # in which the
average mean of X, is plotted as a function of u. A suitable
u was selected where the plot is approximately linear. On the
other hand, the DI, being the ratio between the variance and
the mean of the yearly occurrence of the peaks, was used to
check whether the peaks above a given threshold u are inde-
pendent and follow a Poisson distribution. The combination
of MRL and DI can provide an indication on a suitable u.

3 See supplementary material, Fig. S3 at https:/doi.org/10.4121/
d993eec7-82de-4771-b5ff-1cd7cfed611a.v1.
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Fig.2 Catchments investigated in this study. a Catchment length; b Catchment area; ¢ Annual mean temperature; d Annual mean rainfall

3.2 Copula Model

model the dependence between two (or more) random vari-
ables independently of their marginal distributions (Sklar

Copula functions have gained popularity in hydrological ~ 1973). Specifically, given two random variables X and Y
studies following the work of De Michele and Salvadori ~ with continuous marginal distributions F(x) and G(y), the
(2003). The advantage of copula functions is their ability to ~ joint distribution of X and Y is given by
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F(x,y) = C[F(x), G()] = C(u,v) 1)

where C is the copula function and u = F(x) and v = G(y)
are uniform margins.

In this study, we restricted our analysis to the most used
copulas, namely Gaussian, Clayton, Frank, and Gumbel, as
the candidate functions for modeling the joint probability
distributions of compound events. This is because they are
all one-parameter copulas that can cover different types of
dependence behavior, that is, symmetry in the data (Gauss-
ian and Frank copulas) or greater association between var-
iables at the tails, that is, Clayton can capture lower tail
dependence and Gumbel upper tail dependence. Moreover,
when the sample size of investigated pairs is small, more
complex copulas might not provide any advantage. The
parameters of each copula function were estimated based on
the maximum likelihood estimation (MLE) method (Haseeb
2013). In order to select the copula that best fits the data, the
following metrics were considered: the Akaike information
criterion (AIC), Bayesian information criterion (BIC), and
root mean square error (RMSE).

The AIC and BIC are defined as follows:

AIC = =2L(3|y) + 2K )

BIC = —2L(9]y) + Kin(n) (3)

where K is the number of estimated parameters in the model
including the intercept and L(81y) is the log-likelihood at its
maximum point of the estimated model; n is the sample size.
The smaller the AIC and BIC are, the better the fit (Burnham
and Anderson 2004).

The RMSE is defined as:

n

1 2
RMSE = 4| - Ce(u;v;) = C, (w5 v, 4
nlzzl( C(ut Vt) n(”tv)) )
where 7 is the number of pairs (1, v); C, is the theoretical
copula; and C, is the empirical copula. A low RMSE value
indicates that the simulated and observed data are close to

each other, showing a better accuracy.

3.3 Inferring Design Values via Conditional
Probability

A probabilistic dependence model, like copula function,
can be used to infer a design value based on the probability
of occurrence of the event of interest. When dealing with
dependent variables, the (statistical) occurrence of an event,
for example, a flood event, is defined in relation to the occur-
rence of its physical drivers, that is, X and Y (or U and V in
the copula domain).

@ Springer

In the bivariate case, the probability of occurrence of the
flood event of interest depends on whether both the physical
drivers exceed their respective thresholds u,; and v, (AND
scenario, Eq. 5) or whether either one or both physical driv-
ers exceed their respective thresholds (OR scenario, Eq. 6)
(Salvadori and De Michele 2004). The “AND” scenario is
frequently employed in the studies of compound flooding,
as flooding is often caused by a combination of excessive
runoff and high sea levels, rather than by either factor alone.

P((U>ud)ﬂ(V>vd))=1—ud—vd+C(ud,vd) (5)

P((U>uy) U(V>v,))=1+C(ugv,) (6)

For a fixed probability of exceedance, or return period,
the pair of variables (u,,v,) can be inferred following the
“most-likely method,” which selects the pair with the highest
density, hence the method’s name.

However, in some cases, one of the two physical drivers
is the most important from a design perspective. For exam-
ple, higher storm surges, which determine hydraulic loads
on coastal and offshore structures, often result from intense
typhoons in southeastern China. Higher sea water reduces
the discharge capabilities of inland drainage systems, poten-
tially causing pluvial flooding. In such a case, a dependent
model can be used to infer the design value of one physical
driver, for example, rainfall, when the other one, for exam-
ple, storm surge, is fixed via conditional probability.

d0C(u,v)
Ju

PV>vU=u)=1- 7

4 Results

In this section, we examine the dependence between extreme
surges and corresponding rainfall events in 26 catchments
along the Chinese coastline to identify where the two drivers
more often occur together. Our analysis revealed a signifi-
cant correlation between surge and rainfall in 10 catchments,
primarily located in southern and northern China. Then,
we implement a copula framework to model the observed
dependence and examine changes in the probability of rain-
fall when conditioned on specific value of storm surge.

4.1 Peaks Selection and Dependence Quantification

We selected surge peaks greater than the thresh-
olds u based on the MRL and DI plots. The thresholds
(0.33-1.39 m) in all the catchments range between the
99th and 99.4th percentile of observed surges. The thresh-
old u around Hainan Island is generally lower than other



International Journal of Disaster Risk Science

275

Fig. 3 a Catchments investi-
gated; b Catchments in which a
significant dependence between
extreme surge and rainfall was
detected; ¢ The occurrence of
compound events in the typhoon
season and the non-typhoon
season. The catchments A2,
A3, A4, A5,B1,B2, B3, C4,
D3, and D4 exhibit significant
correlations between extreme
surge and rainfall. The levels
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stations because the western side of Hainan Island (South
China), and the mainland across the strait, are sheltered
by Hainan Island itself, reducing the surge (Zhang et al.
2017). In addition, the eastern side of Hainan Island has
a narrower continental shelf than the rest of the Chinese
coast. Surge is proportional to the width of the continen-
tal shelf over which the wind blows. In general, a narrow
continental shelf results in a smaller surge than a wider
shelf. The highest threshold obtained is around Shanghai,
at 1.3 m. A declustering time of three days is considered
(Feng et al. 2018) to ensure independence between events
selected. In the end, we obtained an average of 53 excesses
in the 26 catchments over a period of 36 years. The aver-
age amount of peaks/pairs is 1.5 per year for all catch-
ments. The maximum number of peaks/pairs is located in
catchment D7 and the minimum number of peaks/pairs is
in catchment A3. For each excess, we selected the total
daily rainfall recorded on the same day to form pairs of
surge and rainfall. We quantified the dependence between
entire excess pairs of surge peak and rainfall via Kendall’s
rank correlation coefficient 7 significance test (Hauke and
Kossowski 2011) (Fig. 3a). We detected a significant cor-
relation (with a level of significance @ = 0.05) in 10 of
the 26 catchments analyzed, especially in southern China

D7 D6 D5 D4 D3 D2 D1 C5 C4 C3 C2 C1 B8 B7 B6 B5 B4 B3 B2 B1

AB A5 A4 A3 A2 A1

(Fig. 3b). Catchments A2, A3, A4, AS (south), B1, B2,
B3 (center), C4, D3 and D4 (north) show a significant
correlation between surge and rainfall (with a level of sig-
nificance @ = 0.05). Eastern Hainan Island (catchment A2)
shows the highest correlation (z = 0.35). This is reason-
able since Hainan Island is highly affected by typhoons
and this implies that extreme surge conditions are often
accompanied by high rainfall during typhoon events. We
also find statistical dependence between rainfall and surge
in three catchments around the Bohai Sea (C4, D3, and
D4 gauges, Fig. 3b). Northern China is affected by extra-
tropical storms outside the typhoon season (mainly in the
late winter and early spring), which can often cause flood-
ing and damage.

To better understand the influence of seasonality, we
count the number of events in the typhoon season (July
to October) and the non-typhoon season (November to
June of the following year) separately. Figure 3c shows
the number of compound events in the typhoon season
and the non-typhoon season. After an analysis of the surge
peak events, we found that in the south, most of the com-
pound events occur in the typhoon season while in the
north, most of the compound events occur during the non-
typhoon season.
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Table 1 Performance measures

. Catchments Copulatype Max-likelihood Akaike informa-  Bayesian informa- Root mean
of thf? estimated copula tion criterion tion criterion (BIC) square error
functions (AIC) (RMSE)

A2 Gaussian 214.8 —427.6 —425.6 0.1615
Clayton 192.7 —3834 —381.4 0.2395
Frank 223.5 —445.1 —443.1 0.1381
Gumbel 217.5 —433.1 —431.1 0.1537
C4 Gaussian 202.5 —403.1 —401.1 0.1468
Clayton 196.3 —390.6 —388.6 0.1654
Frank 206.3 —410.6 —408.6 0.1365
Gumbel 210.5 —419.1 -417.1 0.1258
Fig.4 Isolines of extreme ‘ 2001
paired data based on the Frank 800 (@) (b)
and Gumbel copulas. a Catch- N
ment A2; b Catchment C4. 200'}\
The yellow squares show the 6005 N\ 150 M“'\\
design values under different _ “f’y’\\'\ \ _ '\\.V\ \\"\
joint return periods between the B e N £ sl T~
i i g ’ \ N N\ E [T N\
extreme surge and rainfall using = g, N N\ = 50y SN L.
the most-likely method £ 400 \\\ e~ e £ 109 e, X \
‘S e N X '3 e 2 [
& 8 ] & \
% ‘\ \\ \\_ L \ \ \\
od °° LU N\ N\ s\
200 = \ \ N 501 \
: NN ° \
[ i e
o0 ° o\ \ E : ® o ° \’ X& \
@ \ & \ |
° e \ X o’o. ° \ | \
0 [ ) L \ [ ¢ il 0 - e e [ ] I
0.4 0.6 0.8 1 1.2 1 1.5 2
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4.2 Selecting the Copula Model associated with a fixed return period. The processes of simu-
lating samples from the fitted copulas, estimating the relative
likelihood along the isolines, and extracting the most-likely
event, was then repeated to determine the three design events
associated with the 50, 100, and 200 year return periods.
The most extreme observed compound event with rainfall
of 123.8 mm and a surge peak of 1.4 m (close to 200 year
return period) in Fig. 4b was during typhoon Meari (June
2011). This typhoon caused floods in 17 counties of three
provinces on the east coast of China.

To further analyze the dependence between surge and rain-
fall and the implication of such dependence on infrastructure
design, we focus the following analysis on two locations:
Hainan Island (catchment A2) and the Bohai Sea (catch-
ment C4). These locations show positive and significant
correlations between storm surge and rainfall. However, in
catchment A2 (7 = 0.35) the highest number of surge peaks
(46) were observed during typhoon season, while in catch-
ment C4 (7 = 0.24) the highest number of surge peaks were
observed during the non-typhoon season (36). Based on the
results in terms of AIC, BIC, and RMSE (Table 1), the copu-
las that best fit the observations are Frank for catchment A2
and Gumbel for catchment C4. Here, empirical margins are
assumed.

Following the most-likely approach and based on the
“AND” hazard scenario, that is, both rainfall and surge
should be above their respective thresholds, Fig. 4 shows
the pairs of surge and rainfall corresponding to return peri-
ods of 50, 100, and 200 years. The design events (yellow
squares in Fig. 4) are given by the point of maximum rela-
tive probability density (most-likely method) on the isoline

4.3 Conditional Design Value of Rainfall

In coastal areas, coastal flooding is driven by sea water level,
which depends on both storm surge and astronomical tide.
However, sea level might also affect pluvial flooding, since
high sea level might prevent inland water discharge by grav-
ity. Hence, we used the dependence model obtained above
to assess changes in rainfall probability distribution when
information of storm surge is known in relation to the prob-
ability distribution of annual maximum rainfall.

From the dependence model (Frank copula for catch-
ment A2 and Gumbel copula for catchment C4) we
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randomly sampled 10,000 dependent surge and rainfall
pairs (red dots in Fig. 5). Then, we selected pairs for which
the surge level is close to the 50 year return period event
in the univariate case, that is, 0.86 m (0.835-0.885 m) for
catchment A2 and 1.45 m (1.425-1.475 m) for catchment
C4 (Fig. 5), to obtain the distribution of rainfall condi-
tioned on the 50 year return period surge event.

Figure 6a shows that for catchment A2 (eastern Hainan
Island, South China), where the majority of surge peaks
occurred during typhoon season, we observe a shift in
the rainfall median when rainfall is conditioned on storm
surge. Specifically, the median of the rainfall condition
on the 50 year return period storm event (258.76 mm/day)
is about 40.8% higher than the median of annual maxima
rainfall (183.69 mm/day). This result implies that extreme
rainfall events during typhoon season are generally more
intense compared to most annual maxima events, requiring
extra attention when developing a flood protection inter-
vention. For catchment C4 (the Bohai Sea, North China),
where the majority of surge peaks occurred outside the
typhoon season, we observe the opposite behavior: the
median rainfall event conditioned on the 50 year return
period surge event (49.43 mm/day) is smaller than the
median of the annual maxima rainfall event (88.15 mm/
day).

Rainfall (mm)

5 Discussion

Highly urbanized centers such as Chinese coastal cities
are prone to flooding from the combined occurrence of
surge peaks and high rainfall events. Hence, we investi-
gated the degree of dependence between surge peaks and
corresponding rainfall events and its implication in terms
of infrastructure design accounting for the seasonality of
the surge peak occurrence.

Even though the GTSR dataset used in this study might
underestimate surges during typhoon events (Muis et al.
2016; Muis et al. 2017), other studies proved that the use
of the GTSR dataset in East Asia is possible and the results
are plausible (Mori et al. 2019; Fang, Wahl, Zhang et al.
2021). Moreover, we showed that a probabilistic frame-
work for modeling the dependence between environmental
variables, such as the copula-based framework proposed
here, can provide valuable inputs to propose risk reduc-
tion strategies against floods. Specifically, we found that
around eastern Hainan Island, where the potential for com-
pound flooding is the highest during typhoon season, surge
events are associated with more severe rainfall events. For
example, the intensity of rainfall events is about 40.8%
higher than the median of annual maxima rainfall (Sun
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et al. 2021). We also found that in the Bohai Sea area
where the majority of extreme events occur during the
extra-tropical storm season, the intensity of rainfall events
associated with extreme surge conditions has a median
value smaller than the median of annual maxima events
(88 mm/day). This implies that the severity of the expected
rainfall event in case of a storm surge peak is smaller com-
pared to the expected severity inferred from the probability
distribution of annual maxima precipitation.

From a design perspective, such a result calls for a more
in-depth and case-specific understanding of the interac-
tion between surge and rainfall and an evaluation of which
strategy (dependent model versus independent model) for
assessing design values is the most appropriate to avoid
under-preparedness. For example, the sensitivity of the
river to backwater effects can lead to pluvial flooding even
for moderate rainfall events hence additional flood protec-
tion measures along riverbanks or within the city should
be considered. Moreover, the implementation of rainwater
storage and hydrograph peak reduction facilities (that is,
detention basins) can strengthen the coastal flood protection
system’s capabilities and enhance the safety of the city (Ke
et al. 2018; Najafi et al. 2021), especially when it is expected
that surges are associated with higher than expected rainfall,
such as along the southern coast of China. It is important,
however, to consider that effective water discharges are influ-
enced by several hydrological factors, including topography,
land use, soil type, and vegetation cover and neglecting such
factors might lead to a misrepresentation of flood risk. More
in-depth and case-specific investigations can, for example,
be performed via hydrodynamic models that explicitly
simulate the interaction between rainfall events and surge
conditions.

6 Conclusion

In this study, we proposed a copula-based framework to
quantify flood hazards in coastal regions that are exposed to
the combination of storm surge and pluvial flooding. This
can provide insights into adaptation strategies that account
for coastal and pluvial flooding protection infrastructure.
We observed that in southern China the highest number of
extreme surge events occur during typhoon seasons, while
in the northern part of the country the majority of the surge
peaks occur during the non-typhoon season. This is expected
because typhoons largely affect the southern region.

Our main results are that: (1) There is a positive and sig-
nificant correlation between surge peaks and rainfall in 10 of
the 26 catchments investigated; (2) The probability of rain-
fall conditional on a specific surge event can provide valu-
able information for the design of flood protection systems
in estuary regions; (3) In southern China (Hainan Island),

@ Springer

extreme rainfall events during the typhoon season are gener-
ally more intense compared to most annual maxima events.
The framework developed in this study can be applied to
other coastal cities or regions in East and Southeast Asia
and around the world.

One of the main limitations of this study is the relatively
small number of tide gauge sites and the 36 years of data
available, especially during typhoons. There is an urgent
need for longer datasets to be used in order to better assess
compound flood risk, especially for southeastern China
coasts, which are prone to typhoons. Therefore, monitoring
and prediction of rainfall, storm surge, and sea level rise
should be an important component of the development of
future adaptation and flood management.
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