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ABSTRACT ARTICLE HISTORY
Typhoon storm surge disasters have garnered much attention Received 11 January 2021
because of their catastrophic damages. We investigated spatiotem- ~ Accepted 20 August 2021

poral patterns of typhoon storm surge disasters based on their trop-
ical cyclone track clusters to support disaster mitigation in China.
We aggregated 172 typhoon storm surge disasters in the entire disaster; spatiotemporal
cluster. Then, we used the extended Finite-Mixture-Model to cat- pattern;; tropical cyclone
egorize these 172 disasters into three clusters according to their tracks; track clustering;
track clusters (westward, northward, and westward shift at the mitigation measures
coastline). In general, not all temporal distributions of the frequency

and damage showed significant trends in the entire cluster and

three clusters from 1983-2018. Between 1983-2000 and 2001-2018,

the average annual frequency increased, and average annual direct

economic loss and average annual fatalities decreased in the entire

cluster. Although most temporal patterns in the three clusters were

similar to those in the entire cluster, a positive growth ratio in the

average annual direct economic loss was apparent between

1983-2000 and 2001-2018 in Cluster 3. For spatial patterns, south-

ern and eastern regions were more affected by typhoon storm

surge disasters than northern regions. In northern regions, Cluster 2

recorded the most disaster occurrences, direct economic losses, and

fatalities. Track characteristics and mitigation measures were intro-

duced to help understand disaster spatiotemporal patterns in the

entire cluster and three clusters.

KEYWORDS
Typhoon storm surge

1. Introduction

A typhoon storm surge (i.e., tropical storm surge or hurricane surge) is an abnormal
rise in the seawater level caused by strong winds and sudden pressure changes
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typically associated with tropical cyclones (Grinsted et al. 2013; Needham et al. 2013).
Coupled with an astronomical tide and wave, a typhoon storm surge disaster (TSSD)
may occur (State Oceanic Administration of China 2017) and can severely impact
(e.g., coastal flooding) coastal areas (Cheung et al. 2003; Rodrigo et al. 2018).
According to the Bulletin of China Marine Disaster (1989-2018), TSSDs are the most
destructive marine disasters in China, causing losses higher than the total direct eco-
nomic losses from all other marine disasters. In 2018, direct economic losses from
TSSDs accounted for approximately 90% of total marine disaster losses in China.
Furthermore, 14 administrative coastal regions at the province level in China have
been affected by TSSDs. A sea-level rise (Overpeck et al. 2006; Rahmstorf 2007) and
possibly more intense tropical cyclones (Knutson et al. 2010) under climate change
are likely to increase the TSSD risk (Dasgupta et al. 2009; Hallegatte et al. 2013;
Lloyd et al. 2016). According to the MNRC (2019), China’s coastal sea level will rise
by 68-166 mm in the next 30years. Most TSSDs in China have been caused by trop-
ical cyclones generated in the northwest Pacific (Ling et al. 2011). Yasuda et al.
(2014) predicted that the intensity of tropical cyclones would likely increase in the
northwest Pacific in the future. Additionally, the coastal population and economy are
growing (Neumann et al. 2015; Gao and Wang 2020; Winther et al. 2020), making
the coastal areas more vulnerable to TSSDs (Helderop and Grubesic 2019). National
Bureau of Statistics (2019) reports that the coastal population in mainland China rose
by 17% from 2000 to 2018. Hence, a better understanding of TSSD spatiotemporal
patterns is vital for disaster mitigation in China.

Previous studies have examined TSSDs’ spatiotemporal patterns and related factors
in China. Sun et al. (2013) investigated spatiotemporal patterns of TSSDs in Guangxi,
a coastal province in China; the present study investigated contributors to them, such
as tropical cyclone tracks, harbour terrains, and atmospheric and gulf resonances.
Gan et al. (2012) focused on spatiotemporal patterns of TSSDs in three of China’s
southern coastal regions and highlighted relevant factors, such as tropical cyclone
tracks, intensities, typhoon storm surges combining with astronomical high tides, and
terrains. Some researchers have analyzed spatiotemporal patterns in 11 coastal regions
of mainland China and detailed mitigation measures, while discussion of other related
factors has been restricted because of limited data on a large spatial scale for these
coastal regions in China (Shi et al. 2015; Fang et al. 2017; Wang, Liu, et at. 2021;
Wang, Yang, et al. 2021).

Tropical cyclones are crucial in TSSD generation; they contribute via tracks, inten-
sities, forward speeds, and sizes (Resio and Westerink 2008). Colle et al. (2010) pre-
sented two aspects of cyclones concerning storm surge events: (1) evolution of the
wind speed and direction around New York City for storm surge events with varying
intensities, and (2) types of cyclone positions and tracks favouring storm surge events
in the New York City area. A few studies have outlined the relationship between
tropical cyclone tracks and storm surge events. Haigh et al. (2016) distinguished
storm tracks that generated extreme sea level events around the coastline of the UK.
Bromirski et al. (2017) analyzed the intensities and tracks of storms causing surges
along the Pacific coast of North America. Du et al. (2020) investigated the impact of
three typhoon track types on storm surges in Zhejiang, one coastal region in China.
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Such explorations are essential to improving the understanding of spatiotemporal pat-
terns regarding TSSDs. Although some studies depicted TSSD spatiotemporal patterns
and classified tracks of tropical cyclones causing these TSSDs in China (e.g., Hou et
al. 2011), little attention has been paid to understanding TSSD spatiotemporal pat-
terns based on their tropical cyclone tracks. Tropical cyclone tracks near the coastline
are necessary to identify coastal regions that may be affected (Colle et al. 2010; Booth
et al. 2016; Bromirski et al. 2017). Consequently, this study extends the literature to
explore spatiotemporal patterns of TSSDs based on tropical cyclone track types
in China.

Many methods have been introduced to cluster tropical cyclone tracks. Some stud-
ies qualitatively classified tropical cyclone tracks (e.g., Meng et al. 2005), while others
proposed a quantitative classification of the results of specific parameters. Liu et al.
(2018) grouped typhoons making landfall in China into three types utilizing arctan-
gents of zonal and meridional velocities calculated by average post-landfall movement
velocities. Numerous studies have clustered tropical cyclone tracks using different
algorithms as well. Nakamura et al. (2009) used a two-moment clustering method
derived from the K-means method. Others (Elsner 2003; Corporal-Lodangco et al.
2014) conducted clustering by modifying the method of Nakamura et al. (2009).
Multiple researchers introduced methods based on fuzzy c-means (Kim et al. 2011)
and self-organizing maps (Kim and Seo 2016) to cluster tropical cyclone tracks.
However, methods based on K-means, fuzzy c-means, and self-organizing maps
employ a fixed number of vector lengths, which may lead to a loss of tempo-spatial
information. Tracks of various lengths are accommodated by an extension of the
Finite-Mixture-Model (FMM), which uses regression mixture models to cluster tracks
(Gaffney and Smyth 1999; Gaftney et al. 2007). Some researchers have also conducted
tropical track clustering in the Western North Pacific Ocean and the Western Indian
Ocean via this extended FMM (Camargo et al. 2007a, 2007b; Ramsay et al. 2012;
Grinsted et al. 2013; Geng et al. 2016). Since tropical cyclone tracks inducing TSSDs
were usually of different lengths, we preferred the extended FMM to cluster the
surge-producing tropical cyclone tracks in China.

Although many factors of tropical cyclones can contribute to TSSDs, this study
focused on exploring spatiotemporal patterns of TSSDs from the perspective of the
tropical cyclone track. The main contribution of this study is that it assigned TSSDs
into different clusters according to their surge-producing tropical cyclone tracks using
the extended FMM, and it explored spatiotemporal patterns of TSSDs in the entire
cluster (EC) and separate clusters. The remainder of this paper is organized as fol-
lows: Section 2 defines the materials and methods used, and Section 3 reveals spatio-
temporal patterns of TSSDs in the EC and different clusters. Sections 4 and 5 present
the discussion and conclusions, respectively.

2. Materials and methods

In this section, we introduce the study area and describe the data collection.
Subsequently, the extended FMM is explained and employed to cluster surge-produc-
ing tropical cyclone tracks. The corresponding TSSDs are assigned to different
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Figure 1. The 11 coastal regions as the study area.

clusters according to the cluster result of their surge-producing tropical cyclone
tracks. Finally, we present the calculation equations used in this study.

2.1. Study area and data collection

Although TSSDs impacted 14 coastal regions at the province level in China, 11 of
them (Figure 1) were selected as the study area because no disaster data were avail-
able for Hong Kong, Macao, or Taiwan from our data sources. In 2018, both the
population and gross regional product in the chosen regions account for approxi-
mately 50% of the total values in mainland China, according to the National Bureau
of Statistics (2019). As illustrated in Figure 1, these regions were specified as southern
(Hainan, Guangxi, and Guangdong), eastern (Fujian, Zhejiang, Shanghai, and
Jiangsu), and northern regions (Shandong, Hebei, Tianjin, and Liaoning) to interpret
spatial patterns easily.

This study collected data regarding TSSDs, surge-producing tropical cyclone tracks,
and economic data. To explore temporal (interannual and monthly) and spatial pat-
terns of the frequency and damage (i.e., the direct economic loss and number of fatal-
ities), the collected TSSD data included disaster ID number, disaster occurrence time
(years and months), total damages, affected coastal regions, and damages in the
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individual coastal region. Data were gathered from three sources, namely the Bulletin
of China Marine Disaster (State Oceanic Administration of China 1989-2018),
Collection of Storm Surge Disaster Historical Data in China 1949-2009 (Yu et al.
2015), and the Bulletin of Guangxi Marine Ecological Environment Status (Oceanic
Administration of Guangxi 2008-2009). During the TSSD data collection, we followed
two rules to obtain accurate and consistent data from the three data sources. The first
rule was that if one TSSD was reported by more than one data source, data from the
Bulletin of China Marine Disaster were used. The second rule was that if the damage
data from one TSSD were insufficient in one data source, the consistency of the total
damage data had to be affirmed before supplementing the damage data from other
sources. Details concerning 172 TSSDs occurring between 1983-2018 were thus col-
lected for this study. Then, we collected surge-producing tropical cyclone tracks of
these 172 TSSDs from the Best Track Database (Ying et al. 2014; Lu et al. 2021),
which is publicly accessible (STI 2020). Data of tracks included their ID numbers and
track points (latitudes and longitudes). The disaster ID number of a TSSD is the
same as the ID number of its surge-producing tropical cyclone. For example, the
“1409” tropical cyclone caused the “1409” typhoon storm surge disaster. Finally, we
obtained the Consumer Price Index (CPI) for 1983-2018 from the China Economic
and Social Big Data Research Platform (CESD 2020) to normalize direct economic
losses from TSSDs.

2.2. Analysis methods

For the standard FMM framework, the probability density function (PDF) is given by
(Gaftney et al. 2007)

K
p(x10) = oupilx| 0) (1)
k

in which x is a d-dimensional vector, oy is the nonnegative weight for the kth compo-
nent and the sum of oy is one, pi is the density of the kth component regarding the
parameter 0.

The description for the data clustering through the FMM is as follows (Gaffney et
al. 2007). For an observed data set x = {x1,x,,..., X,}, each vector x; is generated
by one of the K clusters. The Expectation-Maximization algorithm can be used to
estimate parameters for the PDF. Given the probability that the kth cluster generated
x can be calculated by the Bayes rule based on the estimated parameters, x can be
assigned to the cluster that has the highest posterior probability. Gaffney (2004b)
developed regression mixture models based on the FMM to cluster tracks. In this
extended FMM framework, each track (x) is a multiple-order polynomial regression
function for modelling the track’s latitudinal and longitudinal positions versus time
(Camargo et al. 2007a); the track can be clustered according to FMM procedures.
Gaffney (2004a) generated the clustering algorithms of the extended FMM into a
MATLAB toolbox, called the curve clustering toolbox (CCToolbox)—the specifica-
tions of clustering algorithms refer to Gaffney (2004b).
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Figure 2. Log-likelihood scores for (a) clusters and (b) orders.

We employed the CCToolbox to cluster 172 tropical cyclone tracks, and we used
the criterion of cross-validated log-likelihood scores in the study of Huang (2018) to
choose the order of the polynomial regression function and the number of clusters
(K). We tested 72 combinations for orders and Ks, and the findings are displayed in
Figure 2. As evident from Figure 2(a), most log-likelihood values increased as the
number of orders and clusters increased, but returns of improvement diminished
beyond order = 5, indicating that the possible orders were between three and five.
For K =3, the log-likelihood values increased and did not fluctuate until the number
of orders was six (Figure 2b). Likewise, for K=4 and K=5, fluctuations occurred
after order = 2 and order = 3 (Figure 2b). Subsequently, the order and K can be
chosen from three combinations: order = 6 and K=3; order = 2 and K=4; and
order = 3 and K=5.

The average annual number of TSSDs in each cluster should be more than one to
show the TSSD frequency over time. According to Table 1, only one combination,
order = 6 and K =3, was qualified. Hence, we categorized 172 tropical cyclone tracks
into three clusters. Correspondingly, all 172 TSSDs were aggregated in the EC, and
these TSSDs were assigned to the corresponding cluster according to the cluster result
of their surge-producing tropical cyclone tracks. The EC and the three clusters
included data of TSSDs and tracks of tropical cyclones with corresponding ID num-
bers. Based on TSSDs in different clusters, we explored their spatiotemporal patterns.

The collected damage data included direct economic loss and fatality records. We
used the inflation ratio (i.e., CPI) to normalize direct economic losses into values in
2018, which is the same normalization method used in a study showing the direct
economic loss trend of TSSDs during 1983-2018 in China (Wang, Yang, et al. 2021).

In this study, we analyzed the temporal patterns of the frequency and damage
using the average annual value before and after 2000. The reason we divided our
study period is explained in Section 3.2. The average annual value (AAV) was calcu-
lated by the total value (TV) and the number of years (N), as given by

TVi9s3-

AVV 19833000 = o200 (2)
N1983-2000
TV001-

AVV 0012018 = —— 2018 (3)

Naoo1-2018
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Table 1. The number of typhoons in each cluster regarding different numbers of clusters.

The number of tropical cyclones in The average number of typhoons
The K and the order each cluster per year in each cluster (1983-2018)
K=3 and order = 6 Cluster 1: 74 Cluster 1: 2.06
Cluster 2: 54 Cluster 2: 1.50
Cluster 3: 44 Cluster 3: 1.22
K=4 and order = 2 Cluster 4-1: 52 Cluster 4-1: 1.44
Cluster 4-2: 30 Cluster 4-2: 0.83
Cluster 4-3: 35 Cluster 4-3: 0.97
Cluster 4-4: 55 Cluster 4-4: 1.53
K=5 and order = 3 Cluster 5-1: 32 Cluster 5-1: 0.89
Cluster 5-2: 33 Cluster 5-2: 0.92
Cluster 5-3: 42 Cluster 5-3: 1.17
Cluster 5-4: 29 Cluster 5-4: 0.81
Cluster 5-5: 36 Cluster 5-5: 1.00

The growth ratio of the average annual value (GR) between 1983-2000 and
2001-2018 was given by

_ AVV001-2018—AV V19832000
AVV 198322000

GR (4)

3. Results
3.1. Clustering results

We aggregated 172 TSSDs in the EC. As demonstrated in Section 2.2, 172 tracks of
tropical cyclones (Figure 3a) in the EC were clustered into three clusters through the
CCToolbox (Figure 3). Cluster 1 (C1) constituted 74 tracks (Figure 3b), and most of
the tracks moved westward towards the coastal regions. For the 54 tracks in Cluster 2
(C2), nearly all had a northward shift along the coastline (Figure 3c). Altogether, 44
tracks in Cluster 3 (C3) had a westward shift similar to CI, but genesis positions in
C1 and C3 showed apparent differences (Figure 3b and d). These three track catego-
ries were consistent with the clustering results of Geng et al. (2016), in which landfall
tropical cyclone tracks from 1951-2012 in China were clustered into three clusters
via the CCToolbox. Notably, segments of tropical cyclones near the coastline are pri-
marily responsible for TSSDs, especially landfall sites (Bromirski et al. 2017). Tropical
cyclone track segments alongside the coastline are influenced by many factors, includ-
ing genesis locations (Colbert et al. 2015) and previous movement patterns (Dvorak
1975; Kovordanyi and Roy 2009; Roy and Kovordanyi 2012). Therefore, we catego-
rized whole tracks into clusters instead of utilizing track segments near the coastline
to analyze the spatiotemporal patterns of TSSDs. Also, some studies exploring TSSD
spatiotemporal patterns have used the whole track categorization to investigate track
types (Hou et al. 2011; Gan et al. 2012; Sun et al. 2013; Wang et al. 2014). Based on the
tropical cyclone track cluster result, the corresponding TSSD was assigned to each cluster.
Spatiotemporal patterns of TSSDs in the EC and each cluster are explored as follows.
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Figure 3. Tropical cyclone tracks in the (a) EC, (b) C1, (c) C2, and (d) C3.

3.2. Temporal patterns of TSSDs

In the EC, C1, and C2, an increasing trend in the annual frequency was witnessed
between 1983 and 2018 (Figure 4). However, there was no significant trend in the
TSSD frequency (at 0.05 significance) in C3 during 1983-2018. As Fang et al. (2017)
noted, there has been an increase in the frequency of storm surge disasters since
2000. In this study, we used the year 2000 to divide the study period to further ana-
lyze the growth ratio of the average annual frequency (AAF) before and after 2000 in
the EC and three clusters (Table 2).

In Table 2, the AAF in the EC after 2000 (6.4) was more than twice before 2000
(3.1). Similarly, the AAFs in all three clusters increased after 2000 (Table 2). In Table
2, we can see that growth ratios in C1 (115%) and C2 (175%) were greater than those
in the EC (106%), and the growth ratio in C3 was the lowest (40%). The years report-
ing the highest annual frequency (Table 2) are those after 2000 as well. However,
there is an inconsistency in years with the highest annual frequency between the EC
(in 2013) and the three clusters.

The monthly distribution of the TSSD frequency is shown in Figure 5, and all col-
lected TSSDs in the EC were recorded from April to November. The number of
TSSD occurrences between July and September accounted for about 80% (Table 3) of
the total numbers in 12months in the EC and three clusters. Although August
revealed a peak occurrence of TSSDs in EC, Cl, and C2, September denoted the
highest number of TSSDs in C3. In C2, the earliest TSSD was in April, which was
also the earliest occurrence month record among all 172 TSSDs. Conversely, the latest
month of occurrence in a given year was November in C3.

Annual direct economic losses from TSSDs are displayed in Figure 6a. There were
no significant trends (at 0.05 significance) in direct economic losses from 1983 to
2018 in the EC and three clusters. A decrease in direct economic losses after 2000
compared to before 2000 was observed in the EC, C1, and C2, while the opposite pat-
tern was found in C3 (Table 4). In the EC, the average annual direct economic loss
(ADCL) after 2000 (134) was lower than before (178). Table 4 also shows a decrease
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Figure 4. Number of TSSDs per year in the EC, C1, C2, and C3 (black lines indicate linear trends at
0.05 significance).

Table 2. AAFs and years with the highest annual frequency in the EC and three clusters.
The Growth Ratio of

AAF during AAF during AAFbetween 1983-2000 and Years with the Highest
Cluster 1983-2000 2001-2018 2001-2018 Annual Frequency
EC 31 6.4 106% 2013 (11)
1 13 28 115% 2016 (6)
2012 (6)
Q2 0.8 2.2 175% 2018 (4)
2017 (4)
2008 (4)
a 1.0 1.4 40% 2010 (4)

in the ADCL before and after 2000 in C1 (-32%) and C2 (-42%). However, the posi-
tive growth ratio in C3 was notable at 24%. In C3, two years (2005 and 2008) with
the highest direct economic losses were observed after 2000, while the two years with
the highest direct economic losses in the EC, C1, and C2 were before 2000 (Table 4).

Figure 6b shows a significantly decreasing trend in the number of fatalities in the EC
from 1983 to 2018. Although similar decreasing trends were not observed (at 0.05 sig-
nificance) in all three clusters, a relatively significant decline in average annual fatalities
(AFs) after 2000 was observed in Table 4. In Table 4, we can see that AFs in C1 in the
second period (2001-2018) decreased sharply (-93% growth ratio) compared with the
first period (1983-2018). The year with the highest fatalities (Table 4) was 1994 for EC
and C1, 2006 for C2, and 1986 for C3; the highest annual fatality record in C1 (1216
fatalities) was far greater than that in C2 (326 fatalities) and C3 (211 fatalities).

3.3. Spatial patterns of TSSDs

Generally, southern and eastern regions sustained more damages than northern
regions in the EC and three clusters. The percentage of damages in four northern
regions in C2 was far greater than C1 and C3.
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Table 3. Some temporal patterns in the number of TSSDs per month.
The Ratio of the Occurrence
Number of TSSDs between Three Months with the
July and September to the Highest TSSD Occurrence Months with the
Total Number of TSSDs in Record in a Months with the Furthest
Cluster 12 Months Descending Order Earliest TSSD Record TSSD Record
EC 81% August April November
September
July
a 83% August May October
July
September
C2 80% August April October
July
September
a 80% September June November
August
July

In Figure 7(a-d) and Table 5, the spatial patterns in the EC and all three clusters
show that the southern and eastern regions experienced more TSSD occurrences than
the northern regions. In the EC (Figure 7a and Table 5), the three regions with the
highest TSSD occurrences included a southern region (Guangdong) and two eastern
regions (Fujian and Zhejiang). TSSD occurrences in the four northern regions

(Shandong, Hebei, Tianjin, and Liaoning) represented only 9% (30) of all occurrences
in the 11 coastal regions (324 occurrences). The three places with the highest TSSD

occurrences in the three clusters were in the southern and eastern coastal regions
(Figure 7b-d and Table 5). However, among the three clusters, differences in TSSD
occurrences in the four northern regions were quite significant. In C1 and C3 (Figure
7b and d), TSSD occurrences in the four northern regions both accounted for less
than 5% (6 and 3 occurrences, respectively) of the total occurrences in the 11 coastal
regions (133 and 79 occurrences, respectively). However, this percentage was more
than 18% (21 occurrences) in C2 (112 occurrences), as seen in Figure 7c, validating
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Figure 6. (a) Direct economic losses of TSSDs per year in the EC, C1, C2, and C3; (b) the number
of fatalities of TSSDs per year in the EC, C1, C2, and C3 (the black line indicates the linear trend at
0.05 significance).

Table 4. Some temporal patterns in damages from TSSDs per year.

Cluster EC (@] Q2 (6]

ADCL (100 million RMB) during 1983-2000 178 93 52 33

ADCL (100 million RMB) during 2001-2018 134 63 30 41

The Growth Ratio of ADCL between 1983-2000 —25% —32% —42% 24%
and 2001-2018

Three Years with Highest 1996 1997 1992 2005
Annual Direct Economic 1997 1996 1985 2008
Losses in a Descending Order 2005 1994 2000 1994

AFs during 1983-2000 257 162 67 29

AFs during 2001-2018 50 1" 31 7

The Growth Ratio of AFs between 1983-2000 —81% —93% —54% —76%
and 2001-2018

The Year with the Highest Annual Fatalities 1994 (1240) 1994 (1216) 2006 (326) 1986 (211)

that 70% of the total TSSD occurrences in the four northern regions were noted
in C2.

The spatial distribution of direct economic losses from TSSDs is outlined in Figure
7(e-h). In the EC and all three clusters, direct economic losses in the southern and
eastern regions were far greater than in the four northern regions, where Shandong
and Liaoning reported more direct economic losses than Hebei and Tianjin (Table 5).
Besides, direct economic losses in Guangdong, Fujian, and Zhejiang accounted for
approximately 78% (435.2 billion RMB) of the total losses (561 billion RMB) in the
EC (Figure 7e). However, direct economic losses in the four northern regions
accounted for only 8% (47.3 billion RMB) of the total in the EC. Three places with
the highest direct economic losses in the three clusters were reported in southern and
eastern regions (Figure 7f-h and Table 5), similar to spatial patterns in the EC.
Despite four places in the northern region accounting for 8% of the total losses in
the EC, the percentage in C2 (148 billion RMB) reached nearly 21% (30.3 billion
RMB) and was slightly over 3% (9.7 billion RMB) and 5% (7.2 billion RMB) in C1
(279.8 billion RMB) and C3 (133.2 billion RMB), respectively. Moreover, direct eco-
nomic losses in the northern regions of C2 represented nearly 65% of the total direct
economic losses in the four northern regions.

Figure 7(i-1) exemplifies the spatial patterns of the number of fatalities from
TSSDs. Most fatalities were recorded in the southern and eastern regions of the EC
and three clusters. The number of fatalities in Zhejiang, Guangdong, and Fujian
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Figure 7. TSSD occurrences per coastal region during 1983-2018 in the (a) EC, (b) C1, (c) C2, and
(d) C3; direct economic losses (100 million RMB) from TSSDs per coastal region during 1983-2018
in the (e) EC, (f) C1, (9) C2, and (h) C3; fatalities from TSSDs per coastal region during 1983-2018
in the (i) EC, (j) C1, (k) C2, and () C3. Note: colours from dark to light indicate representative num-
bers from large to small in each figure.

accounted for more than 80% (4452) of the total number of fatalities (5528) in the
EC, whereas the number of fatalities in the four northern regions accounted for only
9% (486). In the three clusters, the number of fatalities in the southern and eastern
regions was over 80% of the total number of fatalities. The number of fatalities in C2
in the four northern regions accounted for nearly 65% (312) of the total fatalities in
the four northern regions of the EC. Additionally, the number of fatalities in four
northern regions equaled nearly 18% of the total number of fatalities in C2 (1759),
far more than those in C1 (5%) and C3 (2%).

4. Discussion

During 1983-2018, spatiotemporal distributions of TSSDs in the EC were consistent
with the TSSD distribution of Wang, Yang, et al. 2021. However, distributions in the
three clusters were not completely consistent with those in the EC, highlighting spe-
cific patterns in different clusters.

The monthly frequency patterns of TSSDs in different clusters were interesting. In
C2, the earliest TSSD record (disaster ID number: 0801) during 1983-2018 was
reported in April. The “0801” surge-producing track had a northeastward direction
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Table 5. TSSD occurrences and damages of 11 coastal regions in descending order.

Direct Economic Losses in 11 Number of fatalities in 11
TSSD Occurrences in 11 Coastal Coastal Regions Coastal Regions
Cluster Regions (Descending Order) (Descending Order) (Descending Order)
EC 1 Guangdong 2 Fujian 1 Guangdong 2 Zhejiang 1 Zhejiang 2 Guangdong
3 Zhejiang 4 Guangxi 3 Fujian 4 Hainan 3 Fujian 4 Shandong
5 Jiangsu 6 Hainan 5 Shandong 6 Jiangsu 5 Hainan 6 Jiangsu
7 Shanghai 8 Shandong 7 Guangxi 8 Liaoning 7 Liaoning 8 Guangxi
9 Liaoning 10 Hebei 9 Shanghai 10 Hebei 9 Shanghai 10 Tianjin
11 Tianjin 11 Tianjin 11 Hebei
a 1 Guangdong 2 Guangxi 1 Guangdong 2 Zhejiang 1 Zhejiang 2 Guangdong
3 Fujian 4 Zhejiang 3 Fujian 4 Guangxi 3 Fujian 4 Shandong
5 Hainan 6 Jiangsu 5 Hainan 6 Shandong 5 Guangxi 6 Hainan
7 Shanghai 8 Hebei 7 Jiangsu 8 Hebei 7 Jiangsu 8 Shanghai
9 Shandong 10 Liaoning 9 Shanghai 10 Liaoning 9 Liaoning 10 Tianjin
11 Tianjin 11 Tianjin 11 Hebei
Q 1 Zhejiang 2 Fujian 1 Zhejiang 2 Fujian 1 Zhejiang 2 Fujian
3 Jiangsu 4 Shanghai 3 Guangdong 4 Shandong 3 Shandong 4 Guangdong
5 Guangdong 6 Shandong 5 Jiangsu 6 Shanghai 5 Jiangsu 6 Liaoning
7 Liaoning 8 Hebei 7 Liaoning 8 Tianjin 7 Shanghai 8 Tianjin
9 Tianjin 10 Guangxi 9 Hebei 10 Hainan 9 Hebei 10 Guangxi
11 Hainan 11 Guangxi 11 Hainan
a 1 Guangdong 2 Fujian 1 Guangdong 2 Hainan 1 Guangdong 2 Hainan
3 Hainan 4 Guangxi 3 Fujian 4 Zhejiang 3 Fujian 4 Shandong
5 Zhejiang 6 Jiangsu 5 Liaoning 6 Guangxi 5 Guangxi 6 Jiangsu
7 Shanghai 8 Shandong 7 Shandong 8 Shanghai 7 Zhejiang 8 Shanghai
9 Liaoning 10 Tianjin 9 Jiangsu 10 Tianjin 9 Liaoning 10 Tianjin
11 Hebei 11 Hebei 11 Hebei

from Hainan to Guangdong, ultimately disappearing in Guangdong. In C3, the fur-
thest record (disaster ID number: 1330) during 1983-2018 was observed in
November, and damages were reported in Guangxi. The distressed places highlighted
in these two records were all in the southern region, suggesting that southern govern-
ments should be active in protecting coastal areas against TSSDs.

ADCL during 2001-2018 was lower than that during 1983-2000 in CI and C2,
respectively, while the opposite pattern was observed in C3 (Table 4). We further
analyzed the characteristics of TSSDs in C3 and found severe disasters in 2005, 2008,
2013, and 2014, leading to high direct economic losses in these years. Table 6 eluci-
dates severe TSSDs in these four years, revealing that almost all those affected were
situated in the southern regions. Hence, the southern regions should pay particular
attention to tropical cyclone tracks in C3, as they may trigger severe TSSDs.

From 1983 to 2018, the fatality trend in the EC indicated a decrease, but no sig-
nificant decreasing trends were found in all three clusters. However, the significant
negative growth ratios of AFs between 1983-2000 and 2001-2018 were observed in
the EC and all three clusters (Table 4). Many studies have explicated the mitigation
measures adopted in China to discern the decline in damages after 2000 (Shi et al.
2015; Fang et al. 2017; Wang, Liu, et at. 2021; Wang, Yang, et al. 2021). The primary
mitigation measures are as follows. (1) Coastal governments have built many new
seawalls with high protection standards and reinforced the weaker sections of the old
seawalls (Luo et al. 2015). According to Ma et al. (2014), the ratio of seawall length
to mainland coastline length has reached approximately 60%. (2) Plantation of man-
groves has been encouraged in coastal regions to reduce storm surge water levels,
wave energy, and resist seawall erosion (Mcivor et al. 2012; Fan et al. 2013; Spalding
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Table 6. Severe TSSDs in C3 during 2005, 2008, 2013, and 2014.

Direct Economic Maximum Surge Most Affected Regions
Disaster ID Loss (100 million (cm) / according to Direct Economic
Year Number RMB, 2018 values) Observation Station Losses (Descending Order)
2005 0518 170.19 197 / Nandu Hainan, Guandong, Guangxi
2008 0814 165.33 270 / Beijin Guangdong, Guangxi, Hainan
2013 1319 71.06 201 / Haimen Guangdong, Fujian
2014 1409 86.69 392 / Nandu Guangdong, Guangxi, Hainan

et al. 2014). (3) The capacity of systems to observe, forecast, and warn about TSSDs
has been improved, and the warning information can be disseminated to the public
in many ways (China Ocean Yearbook Compilation Committee 1987-2017). (4)
Relevant guidelines have been released to manage TSSDs, such as “Technical
Guidelines for Risk Assessment and Zoning of Storm Surge Disasters” and
“Specification for Warning Water Level Determination (GB/T 17839-2011).” Such
documents can identify TSSD risk levels, supporting scientific spatial planning and
emergency plans in different coastal areas. The “Storm Surge Disaster Emergency
Response Plan” specifies standardized response procedures to enhance response effi-
ciency. Furthermore, a marine disaster risk census to better manage disasters has
been administered. (5) Many activities (e.g., emergency drills) have been executed to
raise public awareness. More rescue teams and marine emergency shelters can bolster
performance in response to TSSDs (Lixin et al. 2012).

The comprehensive demonstration community of marine disaster reduction has
developed an effective management system, including the measures mentioned above,
to significantly mitigate the impacts of such disasters (Zhang et al. 2013). The
Lianjiang (county) demonstration community, a pioneer, has been established with
progressive disaster management policies. Some prevention and mitigation measures
have been taken (Zeng 2018; Chen et al. 2019). In 2009, six observation stations were
involved in verifying the warning water level in Lianjiang. In 2011, the State Oceanic
Administration of China made a TSSD risk assessment, including a hazard assessment
of the typhoon storm surge, a vulnerability assessment of Lianjiang, an assessment of
potentially inundated areas, and a determination of evacuation routes. The signs of
the warning water level and disaster assessment results have been instituted to remind
people about the danger of TSSDs, and guide signs for shelters have been installed to
help people evacuate to safe places. The observation system and the disaster informa-
tion release system ensure real-time monitoring and early warning release. Regular
response training for all participants (e.g., government managers, residents, and res-
cue teams) under simulating TSSD scenarios can enhance the capacity of the whole
community against disasters. The Lianjiang demonstration community ensures a
seamless disaster information transfer at the county, township, and village levels. The
standardization workflow of the Lianjiang demonstration community can provide
TSSD management experiences for other coastal areas.

The southern and eastern regions were more affected than the northern regions in
the EC and all three clusters. More tropical cyclone tracks were near the coastline of
the southern and eastern regions, which may contribute to higher TSSD occurrences.
In the northern regions, 70% of the total TSSD occurrences were reported in C2.
From the perspective of tracks, those near the coastline in C2 mostly moved
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Table 7. The differences concerning the spatial affected region scale in three clusters.

Average Number of Percentage of TSSDs
Coastal Regions Affected Affecting More than Two Number of TSSDs affecting
Cluster by Each TSSD Coastal Regions Northern Regions
@ 1.8 18% 2
(@] 2.07 26% 12
3 1.8 23% 2

northward, affecting the northern regions (Figure 3c). Also, tracks in C2 near the
coastline spanned more coastal regions than those in C1 and C2, leading to more
affected regions of a single disaster in C2 (Table 7). For instance, one TSSD (disaster
ID: 9216) with the largest affected spatial scale struck seven coastal regions—Fujian,
Zhejiang, Jiangsu, Shandong, Tianjin, Hebei, and Liaoning.

Similar to the spatial frequency distributions in the EC and three clusters, most
damages were observed in southern and eastern regions. More tropical cyclone tracks
near the coastline of the southern and eastern regions can harm these regions. In C2,
most tracks with a northward shift may be the factor causing more destruction in
northern regions than in southern and eastern regions.

5. Conclusions

In this study, we collected 172 TSSDs from 1983-2018 in 11 coastal regions of China,
and these TSSDs were aggregated in the EC. We clustered surge-producing tropical
cyclones of 172 TSSDs into three clusters, and then assigned 172 TSSDs to three clus-
ters according to their tracks. We explored spatiotemporal patterns of the frequency
and damage of TSSDs in the EC and three clusters. Although we discovered many
similarities in the spatiotemporal distributions, we also observed some inconsistencies
in the spatiotemporal distributions between the EC and three clusters. Compared
with spatiotemporal distributions in the three clusters, more valuable findings were
presented: (1) Among the three clusters, C1 contained the highest number of TSSDs.
(2) Between 1983-2000 and 2001-2018, there was an increase in the AAF and a
decrease in the ADCL and AFs in C1 and C2. In C3, similar growth ratios of the
AAF and AFs were observed during the same two periods, but a significant difference
(a positive growth ratio) was noticed regarding the ADCL. After 2000, almost all the
affected regions from severe TSSDs in C3 were located in the southern regions,
implying that these regions should prepare for possibly severe TSSDs in the future.
(3) Most TSSD occurrences were recorded between June and October in all three
clusters. August saw TSSD occurrence peaks between 1983 and 2018 in C1 and C2,
while September reported a peak in C3 during the same period. Furthermore, C3
recorded the latest TSSD occurrence month (November) in one southern region
among 172 TSSDs, and C2 recorded the earliest TSSD occurrence month (April) in
two southern regions among 172 TSSDs. These results emphasize that all coastal gov-
ernments should protect people and assets against TSSDs from June to October, while
southern region governments should be concerned about potential TSSDs in other
months (e.g., April). (4) More TSSD occurrences and damages were witnessed in
southern and eastern regions in all three clusters from 1983 to 2018. (5) For TSSD
occurrences and damages in the four northern regions between 1983 and 2018, 70%
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of TSSD occurrences and nearly 65% of damages were recorded in C2. Before TSSDs
strike, southern and eastern governments should observe all track types that may gen-
erate TSSDs, while northern governments should carefully monitor the northward
shift tracks in C2. This study also used track characteristics and introduced mitigation
measures to help understand the spatiotemporal distributions in the EC and three
clusters. These outcomes support the scientific and effective management of TSSDs
for different regional governments to reduce damages.

TSSDs are complex phenomena that comprise many factors, such as related haz-
ards (tropical cyclones, tides, and waves), vulnerability and mitigation measures of
coastal regions, and climate change. One limitation of this study is that it only
explored the spatiotemporal patterns of TSSDs based on different surge-producing
tropical cyclone track clusters. From the perspective of related factors included in
surge-producing tropical cyclones, other related factors, such as the intensity, forward
speed, size, and landfall site, should be investigated to understand TSSD spatiotempo-
ral patterns in future work.
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