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Abstract: A tropical cyclone dataset is an important data source for tropical cyclone disaster research,
and the evaluation of its applicability is a necessary prerequisite. The Global Synthetic Tropical
Cyclone Hazard (GSTCH) dataset is a dataset of global tropical cyclone activity for 10,000 years
from 2018, and has become accepted as a major data source for the study of global tropical cyclone
hazards. On the basis of the authoritative Tropical Cyclone Best Track (TCBT) dataset proposed
by the China Meteorological Administration, this study evaluated the applicability of the GSTCH
dataset in relation to two regions: the Northwest Pacific and China’s coastal provinces. For the
Northwest Pacific, the results show no significant differences in the means and standard deviations
of landfall wind speed, landfall pressure, and annual occurrence number between the two datasets at
the 95% confidence level. They also show the cumulative distributions of central minimum pressure
and central maximum wind speed along the track passed the Kolmogorov—Smirnov (K-S) test at
the 95% confidence level, thereby verifying that the GSTCH dataset is consistent with the TCBT
dataset at sea-area scale. For China’s coastal provinces, the results show that the means or standard
deviations of tropical cyclone characteristics between the two datasets were not significantly different
in provinces other than Guangdong and Hainan, and further analysis revealed that the cumulative
distributions of the tropical cyclone characteristics in Guangdong and Hainan provinces passed the
K-S test at the 95% confidence level, thereby verifying that the GSTCH dataset is consistent with the
TCBT dataset at province scale. The applicability evaluation revealed that no significant differences
exist between most of the tropical cyclone characteristics in the TCBT and GSTCH datasets, and that
the GSTCH dataset is an available and reliable data source for tropical cyclone hazard studies in
China’s coastal areas.

Keywords: Global Synthetic Tropical Cyclone Hazard (GSTCH) dataset; Tropical Cyclone Best Track
(TCBT) dataset; tropical cyclone; applicability evaluation; coastal China

1. Introduction

Tropical cyclones (TCs), also referred to as typhoons, are one of the most severe
types of natural disasters [1], and usually manifest as strong destructive winds and heavy
precipitation that can severely impact people, economies and the environment in coastal
areas when they make landfall [2,3]. The damage caused by TCs includes wind-induced
damage and storm surges risk due to rising water levels [4]. Storm surges, which are the
main secondary disaster hazard triggered by TCs, present high disaster intensity [5], and are
often the greatest threat to life and property [6,7]. With rising sea levels and rapid economic
development in coastal areas, the losses caused by TCs have dramatically increased and
will pose an increasing and extreme hazard around the globe [8,9]. It is therefore crucial to
study TC hazards for TC risk assessments and corresponding TC risk management.
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A reliable TC dataset is of great importance both for TC hazards research and for
sustainable development in coastal areas [10-12]. Currently, the most commonly used
TC dataset resources include the China Meteorological Administration (CMA) dataset,
the Japan Meteorology Agency (JMA) dataset, and the Joint Typhoon Warning Center
(JTWC) dataset [13]. According to TC records, approximately 90 (£10) TCs per year are
formed globally [14], of which 16, on average, make landfall with wind speeds greater
than 33 m/s [15]. It is thus clear that the amount of TC data available for regional hazard
research is limited, and that this problem must be addressed by the establishment of
suitable datasets.

To expand the TC data resource, many studies have used historical tropical cyclone
data (HTCD) to generate a large amount of synthetic tropical cyclone data (STCD) using
various methods. One method is to create STCD through statistical resampling and the
modeling of historical TC tracks and intensities of meteorological datasets from climate
patterns [16-21]. This method, which has been explored widely, has been used by Bloemen-
daal et al. to create the Global Synthetic Tropical Cyclone Hazard (GSTCH) dataset [2]. The
GSTCH dataset, which includes information on TC track, intensity, and size, is particularly
useful for TC risk assessment because it serves as input for storm surge and wave impact
modeling and has characteristics that are important for wind damage assessment [22]. At
the same time, the dataset length of 10,000 years enables it to perform proper statistical
analysis of the return periods of various landfalling TCs.

Before a dataset can be applied to a specific area and a specific research purpose, its
availability and reliability must be evaluated. Many previous studies have shown that
the mean, standard deviation, frequency distribution and cumulative distribution of the
TC features can be used to assess the consistency of STCD with HTCD. Bloemendaal
et al. compared the means and standard deviations of TC features, believing that a mean
value within the standard deviation verified the consistency of STCD with HTCD [2].
Vickery et al. performed a T-test on the mean and an F-test on the standard deviation of
each TC feature to evaluate whether statistically significant differences existed between
STCD and HTCD. Then, for those TC features whose mean or standard deviation values
did not pass the test, a Chi-squared test was used to examine the frequency distribution [16].
Similarly, Nakajo et al. [23] and Lee et al. [24] also compared the frequency distribution and
the cumulative distribution of TC features in STCD and HTCD to evaluate the performance
of STCD. Additionally, the degree of consistency between STCD and HTCD was analyzed
for specific study areas by applying the path assessment method to the paths of TCs in both
datasets [2,13,23,24]. In summary, the mean, standard deviation, frequency distribution,
cumulative distribution, and corresponding hypothesis tests have primarily been used to
evaluate the degree of consistency between STCD and HTCD.

Because of the global coverage and the large number of TCs, the GSTCH dataset is
also a crucial data source for TC hazard assessment and TC risk management in coastal
China. The objective of this study is to evaluate the applicability of the GSTCH dataset
for further research and application in coastal China. The standard dataset for the eval-
uation is the Tropical Cyclone Best Track (TCBT) dataset proposed by the CMA [25,26].
The TC characteristics used include the central maximum wind speed along the track,
central minimum pressure along the track, landfall wind speed, landfall pressure, annual
occurrence number, and annual landfall number. The Northwest Pacific is the sea area with
the highest frequency, strongest intensity, and greatest impact on China in terms of global
TCs [27,28]. Over one third of global TCs occurred in this area, and approximately nine
TCs made landfall in the coastal areas of China per year from 1950 to 2019 [29]. Therefore,
the applicability evaluation of the GSTCH dataset in this study is performed in relation to
two regions—the Northwest Pacific and the provinces of coastal China.
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2. Materials and Methods
2.1. The GSTCH Dataset

The GSTCH dataset on TC characteristics on a global scale was presented by Bloemen-
daal et al. using a newly developed synthetic resampling algorithm called the Synthetic
Tropical cyclOne geneRation Model (STORM). TC characteristics in the GSTCH dataset
comprise the time of occurrence (year and month), order of occurrence, longitude, latitude,
central minimum pressure, central maximum wind speed, radius of maximum wind speed,
whether landfall occurred and distance from land. These characteristics were extracted
from the global historical dataset International Best Track Archive for Climate Stewardship
(IBTrACS) for the time period 1980-2018 (38 years of data), and were statistically extended
to 10,000 years of TC activity under present climate conditions [2,30]. The IBTrACS dataset
was developed under the auspices of the World Data Center for Meteorology of the Na-
tional Oceanic and Atmospheric Administration by collecting and integrating TC datasets
from 12 national meteorological offices that included those of China, Japan, the United
States, and Australia [31,32]. Bloemendaal et al. validated the performance of the GSTCH
dataset by demonstrating that the mean values of various TC characteristics are within one
standard deviation from those found in the IBTrACS dataset and showed that this dataset
can be used by anyone interested in studying the different aspects of TCs and the wind and
storm surge hazards they trigger [2,22].

2.2. The TCBT Dataset

The TCBT dataset is a multi-source, multi-time-scale, multi-spatial-scale, and com-
prehensive TC database, and includes relevant features of all TCs that passed across the
Northwest Pacific during 1949-2021, e.g., the time of occurrence (year, month, day, and
hour), central longitude and latitude, central minimum pressure, and central maximum
wind speed of each TC [26,29]. The CMA overseen the compilation and release of the TCBT
dataset, and it has developed strict procedures and rules to ensure that the dataset incorpo-
rates long temporal coverage, wide spatial coverage, various observational elements, and
high accuracy [33]. The TCBT dataset has been passed through rigorous quality control and
has always been considered to be the most authoritative TC dataset for the coastal areas of
China [9]. Therefore, this study selects the TCBT dataset as the benchmark to evaluate the
GSTCH dataset’s applicability in coastal China.

This study considered a 32 year (1990-2021) TCBT dataset. For comparability, 10 dif-
ferent sets of 32 year periods were selected randomly from the GSTCH dataset, and the
statistical averages of the evaluation indicators of those 10 sets were taken as the evaluation
indicators of TC characteristics. Finally, for the Northwest Pacific, 7122 TCs were selected
from the GSTCH dataset, and 802 TCs were selected from the TCBT dataset. For coastal
China provinces, 2230 TCs were selected from the GSTCH dataset, and 234 TCs were
selected from the TCBT dataset.

2.3. TC Characteristics for Evaluation

TC intensity (peak intensity and landfall intensity), annual occurrence frequency, and
annual landfall frequency are key TC characteristics [23]. The central maximum wind
speed along the track and the central minimum pressure along the track represent the peak
intensity of a TC. The landfall wind speed and landfall pressure represent the intensity
of a TC when it makes landfall. The annual occurrence and landfall numbers represent
the annual occurrence frequency and annual landfall frequency, respectively. Therefore,
this study considered the central maximum wind speed along the track, central minimum
pressure along the track, landfall wind speed, landfall pressure, annual occurrence number,
and annual landfall number as typical TC characteristics for evaluation to verify the degree
of consistency between the GSTCH and TCBT datasets.
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2.4. Indicators for Evaluation

The degree of consistency between the GSTCH and TCBT datasets was evaluated
using the mean, standard deviation, frequency distribution, cumulative distribution, and
the corresponding T-test, F-test, Chi-squared test, and Kolmogorov-Smirnov (K-S) test. The
mean and standard deviation reflect the average level and fluctuation of the TC character-
istics of the GSTCH and TCBT datasets. The frequency distribution and the cumulative
distribution indicate the overall distribution of the TC characteristics. T-test, F-test, Chi-
squared test, and K-S test can determine whether statistically significant differences exist
between the mean, standard deviation, frequency distribution, and cumulative distribution
of the TC characteristics in the GSTCH and TCBT datasets.

The formulas for the calculation of the mean, standard deviation, T-test statistic, and
F-test statistic [16] are as follows:

— L Xa
. X;
% = L X2 ©
np
g _ Y (Xn — Yl)z 3
1= — ©)
2 (X —Xz)
S = \/ 1 (4)
;o X1 — X3 5)
\/(”11)5%+(”21)93 (L + L)
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where X; and X, are the means of the TC characteristics in the TCBT dataset and the
GSTCH dataset, respectively; S and S, are the standard deviations of the TC characteristics
in the TCBT dataset and the GSTCH dataset, respectively; t is the T-test statistic; f is the
F-test statistic; X;; and X;, are the values of the TC characteristics in the TCBT dataset
and the GSTCH dataset respectively, read directly from the two datasets; and n; and
ny are the numbers of TC characteristics included in the TCBT dataset and the GSTCH
dataset, respectively.

The formulas for the calculation of the frequency distribution and the Chi-squared test
statistic [34] are as follows:

P, = %(i =1,2,......,m) 7)
P, = %(i =1,2,......,m) (8)
Xﬁf ; (fll ﬁlflz) (9)

where P; and P; are the frequency distributions of the TC characteristics in the TCBT
dataset and the GSTCH dataset, respectively; X3 7 is the Chi-squared test statistic; f;; and
fin are the frequencies of the different values of TC characteristics falling into each group i
(the groups are incremented according to the index 7) in the TCBT dataset and the GSTCH
dataset, respectively; and m is the statistical grouping of the values of TC characteristics
in the TCBT and GSTCH datasets into m groups. The m value is determined by the group
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spacings of the frequency distribution histograms and the magnitude of the values of TC
characteristics. The group spacings of the frequency distribution histograms of central
maximum wind speed along the track and landfall wind speed refer to the notice of the
CMA: “About the Implementation of the National Standard of Tropical Cyclone Rating”
GB/T 19201-2006 [35], and the group spacings of the frequency distribution histograms
of the central minimum pressure along the track and landfall pressure refer to the Saffir—
Simpson Hurricane Wind Scale [36]. The maximum and minimum values of the abscissa of
the frequency distribution histogram are determined from the maximum and minimum
values of the TC characteristics in the TCBT and GSTCH datasets.

The formulas for the calculation of the cumulative distribution and the K-S test statis-
tics [37] are as follows:

Fi(Xn) =P{Xq < X}(i=12,...... ,m) (10)
Fo(Xp) = P{Xp < X}(i=1,2,...... ,m) (11)
D = sup|F1(Xi1) — F2(Xp2)| (12)

where F1(X;1) and F»(Xj,) are the cumulative distributions of the TC characteristics in
the TCBT dataset and the GSTCH dataset, respectively. On the basis of the grouping of
the values of the TC characteristics in the TCBT and GSTCH datasets into m groups, the
cumulative distribution is the probability that Xj; is less than X in the TCBT dataset, and
that the X, is less than X in the GSTCH dataset. The groupings and maximum values
of the TC characteristics determine the X. The groupings of the central maximum wind
speed along the track and landfall wind speed are referred to in the notice of the CMA:
“About the Implementation of the National Standard of Tropical Cyclone Rating” GB/T
19201-2006 [35], and the groupings of the central minimum pressure along the track and
landfall pressure refer to the Saffir-Simpson Hurricane Wind Scale [36]. In Equation (12),
D is the K-S test statistic, and sup represents the upper-bound function. If set A of real
numbers exists such that no number in A exceeds a minimum real number M, then M is the
upper bound of set A. According to the definition of the upper bound function, the K-S test
statistic in this study took the absolute value of the maximum difference of the cumulative
distributions of the TCBT and GSTCH datasets.

The outcomes of the T-test, F-test, Chi-squared test, and K-S test are statistical hypoth-
esis tests. Their original hypotheses are that the means, standard deviations, frequency
distributions, and cumulative distributions of the TC characteristics in the GSTCH and
TCBT datasets are not statistically significantly different. In this study, the confidence level
of the hypothesis test is set at 95% (ox =1 — 95% = 0.05), indicating a 95% probability that
the original hypothesis is correct. SPSS software (version: v28.0.1.1) is used to obtain the
T-test statistics (and the corresponding p values), F-test statistics (and the corresponding p
values), and Chi-squared test statistics (and the corresponding p values). PyCharm software
(version: 2022.1.4) is used to obtain the K-S test statistics and the corresponding p values.
Comparison of p value and « value can reveal whether the original hypotheses of the T-test,
F-test, Chi-squared test, and K-S test are valid. The relationship between the p value and o
value is shown in Table 1.

Table 1. Relationship between the p value and o value.

p-Value  Whether the Original Hypothesis Is Established Statistical Significance

The evaluation indicators of TC characteristics in the TCBT

P> Established dataset and the GSTCH dataset do not show a
significant difference
p<o Not Established The evaluation indicators of TC characteristics in the TCBT

dataset and the GSTCH dataset show a significant difference
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2.5. Specific Process for Evaluation

The applicability evaluation of the GSTCH dataset in coastal China focuses on two re-
gions: the Northwest Pacific and China’s coastal provinces. The specific steps of the
research framework are shown in Figure 1. First, the means and standard deviations of the
TC characteristics in the GSTCH and TCBT datasets are calculated for the two study regions.
Then, T-tests and F-tests with 95% confidence intervals are performed on the means and
standard deviations, respectively. If the means are within the standard deviations of each
other, and if the means and standard deviations pass the T-tests and the F-tests, respectively,
the consistency between the GSTCH and TCBT datasets is considered verified for the
coastal areas of China. If the means of the TC characteristics in the GSTCH and TCBT
datasets are not within the standard deviations, and if the means or standard deviations
of the TC features are statistically significantly different, further analysis is performed
on their frequency and cumulative distributions. If the frequency distributions of the TC
characteristics pass the Chi-squared test at the 95% confidence level or if the cumulative
distributions pass the K-S test at the 95% confidence level, the consistency between the
GSTCH and TCBT datasets is considered verified for the coastal areas of China.

Applicability evaluation in the Northwest Pacific \

802 tropical
cyclones in
TCBT
dataset

Whether

TCBT

passing
hypothesis

Calculate standard
deviations

—DI Calculate means I——Ol T-test

H F-test

test

Extraction of
tropical cyclone

features

‘GSTCH and

are

consistent in the
Northwest
Pacific

7122 tropical
cyclone in
GSTCH
dataset

7
/ 234 landing tropical
cyclones in TCBT
dataset

Calculate cumulative distributions
and frequency distributions

passing
hypothesis
test

i

Applicability evaluation in Coastal China provinces | N

Calculate means

(each province) Lrtest GSTCH and
Extraction of tropical passing TCBT are
cyclone features for Coastal hypoth e consistent in
China provinces . ; Coastal China
P! Calculate standard test .
rovinces

2230 landing tropical
cyclones in GSTCH
dataset

o

deviations (each
province)

Whethd

passing

hypothesis 7
test /

Calculate cumulative
distributions (each
provinge)

Figure 1. The research framework of this study.

3. Results
3.1. The Northwest Pacific
3.1.1. Means and Standard Deviations

Table 2 and Figure 2 compare the means and standard deviations of the central
maximum wind speed along the track, landfall wind speed, central minimum pressure
along the track, landfall pressure, annual occurrence number, and annual landfall number
of the TCs in the Northwest Pacific in the GSTCH and TCBT datasets. The differences
between the means and the standard deviations of the landfall pressure, landfall wind
speed, and annual occurrence number are small. The mean of the central minimum pressure
along the track in the GSTCH dataset is lower than that in the TCBT dataset, and the mean
of the central maximum wind speed along the track in the GSTCH dataset is higher than
that in the TCBT dataset. Nevertheless, all of these fall within the standard deviation of
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each other. Except for the annual landfall number, the means of TC characteristics in the
GSTCH and TCBT datasets are within the standard deviations of each other. In summary,
the GSTCH dataset successfully reproduces the intensity and annual occurrence frequency

of TCs in the Northwest Pacific.

Table 2. Means and standard deviations of TC characteristics in the Northwest Pacific.

TC Characteristics Dataset Mean t P@ Star'lde?rd f P ()
Deviation
Central maximum wind speed TCBT 37.315 14.149
along the track (m/s) GSTCH 42.805 —0.049 0.961 13.801 33.329 0
. TCBT 31.232 10.757
Landfall wind speed (m/s) GSTCH 30.972 0.312 0.755 9.135 6.732 0.1
Central minimum pressure TCBT 964.041 26.363
along the track (hpa) GSTCH 956.491 5.075 0.001 28.335 0.754 0.385
TCBT 974.518 18.691
Landfall pressure (hpa) GSTCH 972.096 1.523 0.128 19.03 1.545 0.214
Annual occurrence number TCBT 25.063 4.472
(item) GSTCH 22.256 1612 0.112 4424 0.256 0.614
. TCBT 7 2
Annual landfall number (item) GSTCH 11.335 —8.317 0 3135 1.89 0.174
A
60 1010
s5 | BTCBT 1000 DE(S:,I:EH
BGSTCH =]
% | 990
245 980
E Zom0
g4 = 960
2'35 I 2 950 1
g— a | l & 940
930
25}
920
20 r 910
15 900
Central maximum wind along the Landfall wind speed Central minimum pressure Landfall pressure
C track along the track
32
BTCBT
] BGSTCH
27
T2 l
A
£
=
z
12}
E ]' =
7
l
2

Annual occurrence number

Figure 2. Means and standard deviations of Tropical cyclone (TC) characteristics. (A) Central
maximum wind speed along the track, and Landfall wind speed. (B) Central minimum pressure
along the track, and Landfall pressure. (C) Annual occurrence number, and Annual landfall number)

Annual landfall number

in the Northwest Pacific.
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The T-tests and F-tests were performed to determine whether the means and standard
deviations of the TC characteristics in the GSTCH and TCBT datasets are equivalent. As
shown in Table 2, the means of the central minimum pressure along the track and the
annual landfall number failed the T-test at the 95% confidence level, and the standard
deviation of the central maximum wind speed along the track failed the F-test at the 95%
confidence level. Therefore, the frequency distributions and cumulative distributions of the
central maximum wind speed along the track, central minimum pressure along the track,
and annual landfall number of the TCs in the GSTCH and TCBT datasets were further
compared and analyzed.

3.1.2. Frequency Distributions and Cumulative Distributions

Figure 3 shows that the frequency distributions of the central maximum wind speed
along the track, central minimum pressure along the track, and annual landfall number
of the TCs in the GSTCH and TCBT datasets are not in good agreement. Comparison of
the cumulative distributions of the TC characteristics is another way to verify the degree
of consistency between the GSTCH and TCBT datasets. The cumulative distributions of
the central maximum wind speed and the central minimum pressure along the track of the
GSTCH and TCBT datasets are in good agreement. However, the cumulative distributions
of the annual landfall number are less consistent (Figure 3). The Chi-squared test results
on the frequency distributions and the K-S test results on the cumulative distributions are
listed in Table 3. The cumulative distributions of the central maximum wind speed along
the track and the central minimum pressure along the track in the GSTCH dataset pass the
K-S test at the 95% confidence level.

100 B 100 100
OFrequency s BFrequency 7 3
L . P {90 90 F . { 9
O Cumulative . @ Cumulative I/
distributions N 18 = 80 | distributions 7 % 18
» ¢ E
i 17 § 70 ; 17 £
Z. =} e i ¥=}
/% 160 32 < 60 ! {60 2
\ P /
15 2 250 ! {150 5
o a ! v
, 140 2 40 ; {40 =2
. s H ; k=
R 13 % 30 E 130 £
= / =
~ R EN {20 O 20 7 {20 &
\ l( I‘ {10 10 f | g , l— 110
\ 0 0 Ea / . Z 0

[18,24.5) [24.5,32.7) [32.7,41.5) [41.5,51)
Central maximum wind speed along the track (m/s)

[51, 79) 3.4 [4 6) [6,8 [8 10) [10, 12) [12, 20)

Annual landfall number (Item)

BFrequency

& Cumulative
distributions

[

-

'
”
-

100
1 9
1 80
1 70
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1 50
1 40
1 30

1 20

RO RN AR

Cumulative distributions /%

1 10

Hé ]
B

[852.3, 888) [888, 920)

[920, 945)

[945, 965)  [965, 980) [980, 1004)

Central minimum pressure along the track (hpa)

Figure 3. Frequency and cumulative distributions of the central maximum wind speed along the
track (A), the annual landfall number (B), and the central minimum pressure along the track (C) in
the Northwest Pacific (broken lines represent GSTCH data; bar charts represent TCBT data).
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Table 3. Results of the Chi-squared test and Kolmogorov-Smirnov (K-S) test in the Northwest Pacific.

TC Characteristics Xﬁf P (Xﬁf) D P (D)

Central maximum wind speed along the track (m/s) 18.41 0.001 0.1254 0.0789

Central minimum pressure along the track (hpa) 57.645 0 0.1237 0.0946
Annual landfall number (item) 51.463 0 0.5625 5.223 x 10~

In sum, the applicability evaluation results in the Northwest Pacific reveal that there
is no statistically significant difference between the means and standard deviations of
the landfall wind speed, landfall pressure, and annual occurrence number of the GSTCH
dataset and the TCBT dataset at the 95% confidence level. The cumulative distributions of
the central minimum pressure and central maximum wind speed along the track pass the
K-S test at the 95% confidence level, verifying that the GSTCH dataset is consistent with
the TCBT dataset at the sea-area scale.

3.2. China’s Coastal Provinces
3.2.1. Means and Standard Deviations

Figure 4 shows the number of TCs in the TCBT and GSTCH datasets that made landfall
in each province. The study period of the TCBT and GSTCH datasets is 32 years, with the
former ranging from 1990 to 2021 and the latter being the ensemble average of 10 different
sets of 32 year periods which are selected at random from the GSTCH dataset.

70

OTCBT
BGSTCH

[ 173 - n (=)
= = = > =
T T

Number of tropical cyclone (Item)

—
=

Fujian Guangdong Guangxi Hainan  Jiangsu Shandong Shanghai Taiwan Zhejiang
Province

Figure 4. Number of TCs that made landfall in China’s coastal provinces (item).

Figure 4 clearly shows that the trend of the number of TCs making landfall in each
province in the GSTCH and TCBT datasets is broadly consistent. The landfalling TCs
are concentrated mainly in Fujian, Guangdong, Hainan, Taiwan, and Zhejiang provinces,
accounting for approximately 97% of the total number of TCs making landfall along the
coast of China. In descending order, the provinces with the highest frequency of landfalling
TCs are Guangdong, Taiwan, Hainan, Zhejiang, and Fujian. The TCs making landfall in
the provinces of Guangdong, Taiwan, and Hainan, that are in the coastal area of southern
China, account for 60.4% of the total number of landfalling TCs annually. The TCs making
landfall in the provinces of Zhejiang and Fujian, in the coastal area of eastern China, account
for 37.5% of the total number of landfalling TCs annually.

Overall, the GSTCH dataset underestimates the number of TCs that make landfall
in Guangdong, Hainan and Taiwan provinces, and overestimates the number of TCs that
make landfall in Fujian and Zhejiang provinces. The TCBT dataset only includes TC data
for a period of 32 years, and some provinces have very few TCs, making it ineffective when
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comparing the number of TC landfalls within each province (Figure 4). Therefore, further
analysis of the annual number of landfalling TCs in the GSTCH and TCBT datasets was
performed in the provinces of Fujian, Guangdong, Hainan, Taiwan, and Zhejiang. On the
basis of the TCs that made landfall in the above provinces in the GSTCH and TCBT datasets,
the means and standard deviations of the TC characteristics relevant to each province are
listed in Table 4 and illustrated in Figure 5.

Table 4. Means and standard deviations of TC characteristics in China’s coastal provinces.

Province TC Characteristics Dataset Mean t P @) Star.ld;%rd f P (f)
Deviation
Central maximum wind speed TCBT 35.089 11.785
along the track (m/s) GSTCH 37.008 —0985 0352 9.958 0.667 0416
Central minimum pressure TCBT 968.089 20.886
along the track (hpa) GSTCH 958.223 2.484 0.014 22,657 0.574 045
Guangdong Landfall wind speed (m/s) GE%E(;?I:I ggggg 1.154 0.251 ?ggg 6.476 0.012
TCBT 977.063 16.337
Landfall pressure(hpa) GSTCH 978.351 —0.476 0.635 11.403 0.48 0.51
. TCBT 2.469 1.502
Annual landfall number (item) GSTCH 1469 3.183 0.002 0.95 6.221 0.015
Central maximum wind speed TCBT 32.271 14.822
along the track (m/s) GSTCH 30.277 0.653 0.516 9.765 264 0.108
Central minimum pressure TCBT 971.646 26.319
along the track (hpa) GSTCH 970.007 0.292 0.771 20127 0.65 0422
. . 9.9
Hainan Landfall wind speed (m/s) GTSCT%TH gi 222 0.991 0.325 5143 8.646 0.004
TCBT 980.896 16.782
Landfall pressure(hpa) GSTCH 981327 —0.129 0.898 9.249 0.64 0.45
. TCBT 15 1.016
Annual landfall number (item) GSTCH 0.967 2.143 0.036 0.967 1.117 0.295
Central maximum wind speed TCBT 42.053 14.043
along the track (m/s) GSTCH 40.901 0.468 0.641 11.157 1.913 0.17
Central minimum pressure TCBT 955.667 25.738
along the track (hpa) GSTCH 947.48 1.629 0106 26455 0.572 0.451
. TCBT 4, 11.
Taiwan Landfall wind speed (m/s) GS(%CH 33239%6 0.703 0.483 3 9876: 2.773 0.099
TCBT 969.421 20.842
Landfall pressure(hpa) GSTCH 967 371 0.535 0.593 18713 0.446 0.506
. TCBT 1.781 1.289
Annual landfall number (item) GSTCH 1.594 0.618 0.539 1132 0.516 0.475
Central maximum wind speed TCBT 45.105 10.619
along the track (m/s) GSTCH 43.498 0.538 0.593 10.031 0.07 0.792
Central minimum pressure TCBT 951.053 4.769
along the track (hpa) GSTCH 942.868 1.169 0.248 4,629 1.692 02
Zhejiang Landfall wind speed (m/s) e B 1825 0.074 S 0.155 0.696
TCBT 963.053 14.883
Landfall pressure(hpa) GSTCH 966,542 —0.604 0.549 2329 2.034 0.16
. TCBT 0.594 0.615
Annual landfall number (item) GSTCH 0.969 —-1.729 0.089 1.062 3.109 0.083
Central maximum wind speed TCBT 39 15.023
along the track (m/s) GSTCH 38512 0.137 0.891 9.266 2015 0.163
Central minimum pressure TCBT 961.55 29.552
along the track (hpa) GSTCH 955.756 0.779 0.44 21512 0.842 0-364
.. . TCBT 32.25 10.109
Fujian Landfall wind speed (m/s) GSTCH 3176 0.18 0.859 8.553 0.478 0.493
TCBT 974.2 16.379
Landfall pressure(hpa) GSTCH 971.937 0.034 0.855 18.199 0.439 0.662
. TCBT 0.625 1.07
Annual landfall number (item) GSTCH 0.844 0.852 0.36 0.847 —0.907 0.368
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Figure 5. (A—C) Means and standard deviations of the TC characteristics in China’s coastal provinces
(orange color represents the central maximum wind speed along the track; red color represents
landfall wind speed; purple color represents annual landfall number; blue color represents central
minimum pressure along the track; green color represents landfall pressure. Solid color fills represent
TCBT data; pattern fills represent GSTCH data).

The results show that the means of the TC characteristics all fall within the standard
deviations of each other within each province in the GSTCH and TCBT datasets. Moreover,
the mean deviations of all of the TC characteristics are small, i.e., the largest mean deviation
of the central maximum wind speed along the track, central minimum pressure along the
track, annual landfall number, landfall wind speed, and landfall pressure is 1.994 m/s,
9.866 hpa, 1 item, 4.959 m/s, and 3.489 hpa, respectively. Thus, the GSTCH dataset
successfully reproduces the intensity and annual landfall frequency of those TCs that made
landfall in each province.

As shown in Figure 5, the landfall wind speed of the TCs making landfall in Hainan
and Guangdong provinces is lower than that of the TCs making landfall in Zhejiang,
Taiwan, and Fujian provinces, which is consistent with the fact that TCs with low landfall
wind speed that make landfall in Guangdong and Hainan provinces are most numerous.
The relatively large standard deviations in the TC characteristics in both the GSTCH and
the TCBT datasets indicate that TC intensity has case-by-case differences, and that the
annual number of landfalling TCs has interannual variability. Standard statistical tests
(i.e., the T-tests and F-tests) were performed to verify that the means and the standard
deviations of the TC characteristics between the GSTCH and TCBT datasets are equivalent,
as presented in Table 4.

Table 4 clearly shows that TCs with characteristics that failed the T-test or the F-
test (i.e., central minimum pressure along the track, landfall wind speed, and annual
landfall number) are concentrated in Guangdong and Hainan provinces. The following
sections further investigate the cumulative distributions of the landfall wind speed and the
annual landfall number of TCs that made landfall in Guangdong and Hainan provinces,



J. Mar. Sci. Eng. 2024, 12,73 12 of 19

as well as the central minimum pressure along the track of TCs that made landfall in
Guangdong province.

3.2.2. Landfall Wind Speed

Figure 6A shows the cumulative distributions of the landfall wind speed of the TCs in
the GSTCH and TCBT datasets in Guangdong and Hainan provinces. In comparison with
the cumulative distribution of the landfall wind speed of the TCs in the TCBT dataset, the
cumulative distribution of the landfall wind speed of the TCs in the GSTCH dataset passes
the K-S test at the 95% confidence level, as presented in Table 5.

A B
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(12, 24.5) [24.5, 32.7) [32.7, 41.5) [415, 51) [51, 61) [17.2,245) [24.5327) [32.7415)  [41.551) [51,61)
Landfall wind speed (m/s) Landfall wind speed (m/s)
Figure 6. Cumulative distributions of the landfall wind speeds considering (A) and ignoring (B) trop-
ical depressions in Guangdong and Hainan provinces (broken lines represent GSTCH data; bar charts
represent TCBT data).
Table 5. Results of the K-S test of the cumulative distributions of the landfall wind speed and the
annual landfall number in Guangdong and Hainan provinces.
TC Characteristics Province D P (D)
Landfall wind speed (considering tropical depression) (m/s) 0.213 0.239
Landfall wind speed (ignoring tropical depression) (m/s) Guangdong 0.227 0.207
Annual landfall number (item) 0.255 0.093
Landfall wind speed (considering tropical depression) (m/s) 0.267 0.239
Landfall wind speed (ignoring tropical depression) (m/s) Hainan 0.182 0.465
Annual landfall number (item) 0.313 0.088

Figure 6A indicates that the landfall wind speed of TCs in Guangdong province in
the TCBT dataset is mainly within the range of [12, 41.5), i.e., approximately 85%, and
that the landfall wind speed probability of TCs in Guangdong province in the GSTCH
dataset within this range is approximately 95%. Overall, the landfall wind speed of TCs in
Guangdong and Hainan provinces is underestimated in the GSTCH dataset, which might
be related to the fact that the TCs in the GSTCH dataset include tropical depressions [2].
A tropical depression is the weakest category of TC, able to cause damage to vegetation
and unsecured mobile homes but posing no real threat to other structures [36]. Therefore,
verifying whether the landfall wind speeds in the GSTCH and TCBT datasets are reliable
without considering tropical depressions is appropriate.

As shown in Figure 6B, the cumulative distributions of the landfall wind speed of
TCs in the GSTCH and TCBT datasets are consistent when neglecting tropical depressions.
In comparison with the cumulative distribution of the landfall wind speed of TCs in the
TCBT dataset, the cumulative distributions of the landfall wind speed of TCs in the GSTCH
dataset pass the K-S test at the 95% confidence level, as listed in Table 5.
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3.2.3. Annual Landfall Number

Changes in the annual landfall number of TCs directly affect the mean and standard
deviation of the annual landfall number. Figure 7 shows the number of TCs that made
landfall in Guangdong and Hainan provinces annually during 1990-2021.
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Figure 7. Annual landfall number of TCs in Guangdong and Hainan provinces during 1990-2021.

Figure 7 clearly shows that the annual landfall number reflects long-term change in
Guangdong and Hainan provinces, affecting the mean and standard deviation of the annual
landfall number. Therefore, in addition to the mean and standard deviation, consideration
of the cumulative distribution is important when verifying the degree of consistency be-
tween the annual landfall numbers of Guangdong and Hainan provinces in the GSTCH and
TCBT datasets. The cumulative distributions of the annual landfall numbers of Guangdong
and Hainan provinces in the GSTCH and TCBT datasets are shown in Figure 8.

E3TCBT
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[0,2) 12,4) 4
Annual landfall number in Guangdong (Item)
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Cumulative distribution/%
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Figure 8. Cumulative distributions of the annual landfall number of TCs in Guangdong (A) and

Hainan (B) provinces.

Figure 8 shows that the annual landfall numbers of Guangdong province is mainly
concentrated in the range [0, 3]. In this range, the probability for Guangdong province in
the GSTCH dataset is up to 96.88%, while the probability in the TCBT dataset is 86.21%.
The annual landfall numbers of Hainan province are mainly concentrated in the range
[0, 2], and the probability in the GSTCH dataset is up to 90.63%, while the probability in
the TCBT dataset is 84.38%. In comparison with the cumulative distributions of the annual
landfall numbers in Guangdong and Hainan provinces in the TCBT dataset, the cumulative
distributions of the annual landfall numbers in Guangdong and Hainan provinces in the
GSTCH dataset pass the K-S test at the 95% confidence level, as presented in Table 5.
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3.2.4. Central Minimum Pressure along the Track

The cumulative distributions of the central minimum pressure along the track of TCs
that made landfall in Guangdong province in the TCBT and GSTCH datasets are shown in
Figure 9. It can be seen that the GSTCH dataset overestimates the ratio of TCs that made
landfall in Guangdong province with the central minimum pressure along the track in the
range [905, 980). Moreover, the p value of the K-S test statistic of the cumulative distribution
in Guangdong province is 0.002, i.e., much lower than 0.05. Thus, the central minimum
pressure of TCs in Guangdong province in the GSTCH dataset does not pass the K-S test at
the 95% confidence level, and there is a significant difference between the two datasets.
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[905,920) [920,945) [945,965) [965,980)  [980,997.1)
Central minimum pressure along the track (hpa)

Figure 9. Cumulative distributions of central minimum pressure along the track of TCs in Guang-
dong province.

Guangdong is the province with the most frequent occurrence of TCs making landfall
along the coast of China, and the landfall period is concentrated mainly between June and
October. Differences in sea level pressure and sea surface temperature at different times
affect the magnitude of the central minimum pressure along the track, and the central
minimum pressure along the track in the GSTCH dataset considers environmental condi-
tions (i.e., monthly mean sea level pressure and monthly mean sea surface temperature) [2].
Therefore, this study verifies the degree of consistency between the central minimum pres-
sure along the track of TCs that made landfall in Guangdong province during June-October
in the GSTCH and TCBT datasets.

As shown in Figure 10, during June—October, the mean differences in the central
minimum pressure along the track of TCs that made landfall in Guangdong province are
very small and within the range of standard deviation of each other. The GSTCH dataset
overestimates the mean central minimum pressure along the track in September, and the
standard deviation of the central minimum pressure along the track in the GSTCH dataset
does not pass the F-test at the 95% confidence level (Table 6). The cumulative distributions
of the central minimum pressure along the track of TCs that made landfall in Guangdong
province in September in the GSTCH and TCBT datasets are shown in Figure 11.
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Figure 10. Means and standard deviations of the central minimum pressure along the track of TCs in
Guangdong province from June to October.

Table 6. Results of the T-test of means and the F-test of standard deviations of the central minimum

pressure along the track of TCs in Guangdong province from June to October.

Month t P (@) f P (f)
6 0.589 0.561 0.374 0.546
7 0.645 0.523 3.1 0.087
8 0.854 0.397 2.577 0.115
9 —1.581 0.123 7.737 0.009
10 —0.319 0.758 0.169 0.692
100
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Figure 11. Cumulative distributions of central minimum pressure along the track of TCs in Guang-
dong province in September.

Figure 11 clearly shows that the cumulative distributions of the central minimum
pressure along the track of TCs that made landfall in Guangdong province in September
are consistent between the GSTCH and TCBT datasets. The p value of the K-S test statistic
of the cumulative probability distribution is 0.68, which is greater than 0.05, indicating
that it passes the K-S test at the 95% confidence level. The results reveal no statistically
significant difference between the GSTCH and TCBT datasets in terms of the number of
TCs within each value range of the central minimum pressure along the track that made
landfall in Guangdong province in September.
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4. Discussion
4.1. Usage of the GSTCH Dataset in Coastal China

TCs usually induce other hazards, such as strong wind, huge waves, heavy precipi-
tation, and storm surges [38—40]. They can substantially damage housing, infrastructure
and ecosystems both in coastal areas and far inland. Research by Bloemendaal et al. [2,22]
demonstrates that the GSTCH dataset with 10,000 years of TC activity can be used in
studying the different aspects of TC hazards, including TCs and other induced hazards risk
analysis over the open ocean and in coastal areas, coastal modeling, food risk assessments,
and wind return periods estimation and damage assessments. In particular, the GSTCH
dataset is also applicable to global small islands. Because of its global coverage and the
large number of TCs, there are also enough TCs to perform the risk assessment in the
aforementioned regions.

The long coastline and low-lying terrain of China’s mainland coast (the area of land
below 5 m above sea level is approximately 143,900 km?) make it an area prone to frequent
TC disasters. Moreover, the extended continental shelf and shallow sea areas of coastal
China contribute to the development of storm surges associated with TCs that can cause
substantial economic losses and serious casualties. For example, in 2017, the storm surge
caused by Typhoon Hato caused direct economic losses of 5.154 billion yuan in coastal
areas of Guangdong province, with six people reported killed or missing. In 2018, Super
Typhoon Mangkhut caused total direct economic losses of 2.457 billion yuan in Guangdong,
Guangxi, and Fujian provinces. In 2019, owing to the combined influence of the storm
surge of Typhoon Lekima and nearshore waves, the direct economic losses of the eight
coastal provinces stretching from Fujian to Liaoning totaled 10.288 billion yuan. To sum up,
the coastal areas of China are frequently affected by TCs and their induced storm surges,
and the caused disaster losses are very serious.

Applicability evaluation of this study verifies that the GSTCH dataset provides a
critical data source for the relevant research on TCs and their induced hazards in the coastal
areas of China. It is hoped that this will contribute to disaster risk assessment, proposal of
disaster prevention and reduction actions, and disaster emergency response plan.

4.2. Some Limitations

In previous sections, this study has demonstrated that the GSTCH dataset is well
consistent with the TCBT dataset in China’s coastal areas. There are, however, some
limitations regarding the subsequent usage of this dataset, which are briefly reflected upon
here. In this section we shall also give future research directions.

First, the GSTCH dataset is based on average present-day climate conditions (1980-2017) [2],
and the TC activities represented by GSTCH may be biased by the phases of multi-
decadal variability contained in the 38 year period of record that was used to generate the
dataset [22]. Therefore, the GSTCH dataset cannot be used to assess the climate trends over
longer timescales.

Second, the TC characteristics in the TCBT dataset selected in this study are derived
from satellite observations, high-density ground observations, ground-based radar, weather
maps, and satellite cloud pattern recognition [25,26]. They are considered highly accurate.
However, the 32 year (1990-2021) TC data in the TCBT dataset represent only a limited
temporal range. Future research could extend the temporal scale of the available TC data by
e.g., collecting more historical TCs data and conducting data reanalysis. They may then be
applied to the accurate evaluation of new synthetic TC datasets and to the study of different
aspects of TC hazards. In addition, issues such as changes in observation methods, data
homogeneity, and data quality over time should also be addressed, to ensure the reliability
of the consistency analysis.

Last, landfall wind speed and landfall pressure in this study refer to the initial landfall
wind speed and landfall pressure of a TC, for which the value of the former is usually the
largest and the value of the latter is the lowest [25,26]. TCs might make landfall twice or
even three times. Nevertheless, after the first landfall, the intensity of a TC diminishes
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rapidly owing to the combined effects of ground friction and insufficient energy supply.
Therefore, the wind speed at the time of the first landfall is a better representation of the TC
intensity. For the period 1990-2021, the TCBT dataset includes 56 TCs with twice landfalls
and 16 TCs with thrice landfalls, but they have little supporting data. Therefore, the lack
of TC data available for the second and third landfalls means that verifying the degree of
consistency between the GSTCH and TCBT datasets is impossible in such a case. Future
research could extend the TC data for second and third landfalls by statistical resampling
or modeling.

5. Conclusions

This study evaluated the applicability of the GSTCH dataset in coastal China in relation
to two regions: the Northwest Pacific and China’s coastal provinces. The TC characteristics
for evaluation include central maximum wind speed along the track, central minimum
pressure along the track, landfall wind speed, landfall pressure, annual occurrence number,
and annual landfall number. The evaluation indicators are the mean, standard deviation,
frequency distribution, and cumulative distribution, together with their corresponding
hypothesis tests (T-test, F-test, Chi-squared test, and K-S test).

For the Northwest Pacific, the comparison results showed no significant differences in
the means and standard deviations of landfall wind speed, landfall pressure, and annual
occurrence number between the GSTCH and TCBT datasets at the 95% confidence level. In
addition, the cumulative distributions of central minimum pressure and central maximum
wind speed along the track passed the K-S test at the 95% confidence level. These verified
that the GSTCH dataset is consistent with the TCBT dataset at the sea-area scale.

For China’s coastal provinces, the comparison results show that the means or standard
deviations of TC characteristics between the two datasets were not significantly different in
provinces other than Guangdong and Hainan. Further analysis revealed that the cumulative
distributions of the TC characteristics in Guangdong and Hainan provinces passed the K-S
test at the 95% confidence level, verifying that the GSTCH dataset is consistent with the
TCBT dataset at the province scale.

In general, the TCBT dataset is considered to be the most authoritative TC dataset for
the coastal areas of China, and it can be used as a benchmark for evaluating the applicability
of the GSTCH dataset in coastal China. Therefore, the excellent agreement between the
GSTCH and TCBT datasets for the Northwest Pacific and China’s coastal provinces verifies
that the GSTCH dataset is an available and reliable data source for TC hazard studies in
China’s coastal areas.
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