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The climatological characteristics and interannual variations of tropical
cyclones (TCs) making landfall in mainland China during the peak TC
seasons (July—October) from 1980 to 2020 are examined using the China
Meteorological Administration (CMA) best-track dataset. There were 270 TCs
landfalling in mainland China during the study period, with 226 TCs landfalling in
South China (SC) and 44 TCs landfalling in East China (EC). During 1980-2020,
the number of TCs affecting mainland China gradually decreased, although the
trend is not significant. The number of TCs impacting SC is experiencing a
significant decrease, while the number of TC affecting EC is stable. Based on the
change-point analysis, the TC landfall frequency in mainland China and SC
incurred significant decreases in 1995/1996 and 1996/1997, respectively. The
significant reduction in the number of landfalling TCs over SC and the
insignificant reduction in the TC landfall frequency over mainland China are
mainly due to the great reduction in the TC formation frequency over the
western North Pacific (WNP). Meanwhile, the yearly mean of TCs' landfalling
latitudes is moving northward slightly, possibly linked to the slight poleward shift
of their genesis locations. A large area of negative anomalies in the lower-
tropospheric absolute vorticity and positive variations in the vertical wind shear
(VWS) over the tropical WNP are possibly responsible for the reduction in TC
genesis over the WNP. Moreover, the apparent opposite anomalies of the two
variables over the region north of 20°N and south of 20°N might contribute to
the slight poleward shift of genesis locations of landfalling TCs during the
41 years. The variations in the large-scale steering flow are favorable for more
TCs moving northwestward and making landfall in EC than before. Meanwhile,
the decrease in TC landfall frequency over mainland China is found to be
significantly correlated to the pronounced warming over the tropical Indian
Ocean.
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Introduction

(TCs)
devastation to people and property in coastal areas (Liu et al,,
2020; Wang and Toumi, 2021). China is one of the countries
most severely affected by TCs in the world, with an average of

Landfalling tropical cyclones bring enormous

9 TCs making landfall every year (Yin et al., 2010; Dong et al,
2015). The historical data for the 2005-2016 period show that
TCs affect 36.7 million people annually in China, leading to a
mean annual direct economic loss of 69.5 billion Yuan and
254 deaths (Wang et al, 2019). The socioeconomic losses
caused by TCs might become more and more pronounced
due to recent population growth and economic development
in the coastal region (Wu and Wang, 2004; Li et al, 2017).
Therefore, investigating the characteristics and variations in the
landfalling TCs’ activities and understanding the underlying
mechanisms are of great significance.

The frequency of TC landfall is considered to be an essential
measure of TC landfall activity in a region, and its changes in
China have received considerable attention (Liu and Chan, 2003;
Li and Duan, 2010; Chan et al., 2012; Zhang et al., 2012; Lu and
Zhao, 2013; Liu and Chan, 2017; Liu and Chan, 2020; Liu et al.,
2020). Liu et al. (2020) examined the variability of the number of
TCs landfalling over the entire mainland China and reported that
there was no apparent trend in the landfall frequency of TCs over
mainland China during 1980-2018. More studies have been
conducted on the variations of TC landfall frequency in
individual regions of China (Liu and Chan, 2003; Li and
Duan, 2010; Chan et al, 2012; Zhang et al, 2012; Lu and
Zhao, 2013; Liu and Chan, 2017; Liu and Chan, 2020). Liu
and Chan (2003) examined the TCs making landfall along the
SC coast from 1960 to 1999, and found a large annual variation in
the number of landfalling TCs. A strong El Nifio event tended to
reduce the number of landfalling TCs, while more TC landfalls
were found in years associated with La Nifa events (Liu and
Chan, 2003). Liu and Chan (2020) reanalyzed the interdecadal
variations in the frequency of TCs landfalling in SC during the
period 1975-2018 and reported that the annual frequency
showed a tendency to decrease in 1997 and tended to rise
again after 2008, which was closely related to the changes in
the number of TCs forming over the WNP and the SCS. Chan
et al. (2012) found that the frequency of TCs landing in EC
experienced significant variations, with periods ranging from
centennial to decadal from 1450 to 1949, which were apparently
related to the changes in the planetary-scale atmospheric
that
timescales. Liu and Chan (2017) investigated the changes in
TC landfalls in East Asia, and found the TC landfall number in
Zhejiang and the Korean Peninsula exhibited upward trends,

circulations went through oscillations on various

while the number in Guangdong showed a downward trend
during the period 1960-2013 (Liu and Chan, 2017). Previous
studies were mainly carried out in specific regions. However, few
of them focused on investigating the difference and relationship
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between changes in TC landfall frequency in the individual
regions of China (Li et al., 2017; Shan and Yu, 2021).

Regarding the background reason for the TCs’ landfall frequency
changes in different regions of China, Li et al. (2017) reported a
noticeable enhancement in TC landfall frequency over EC during the
period 1975-2014, which was due to the significant changes in the
large-scale steering flow, characterized by a prominent cyclonic
circulation centered over southeast China. In contrast, the changes
in the landfall frequency of TCs making landfall in SC were less
apparent (Li et al, 2017). Shan and Yu (2021) confirmed the
increasing trend in landfall frequency of TCs over EC in recent
decades, but reported a decreasing trend in the annual TC landfalls in
SC. The opposite variations of TC landfalls in the two adjacent regions
were further reported to be phenomenally independent (Shan and Yu,
2021). They attributed the variations to the significant changes in the
TC genesis induced by the decreased relative vorticity and increased
vertical wind shear over the WNP (Shan and Yu, 2021). However, for
two adjacent coastal regions in China, it is hard for the variations in
TCs landfalls in EC and SC to be independent. The above studies
mainly focus on the changes in the number of TCs making landfall in
various regions of China, and rarely on the variations of their landfall
positions. Several studies have revealed a poleward shift in TC activity
over the WNP in recent decades, including genesis position and
location of lifetime maximum intensity. Therefore, it is worth
investigating if there is a similar northward migration in TC
landfall positions over mainland China.

In addition, much attention has been placed on how climate
change affects WNP TC activity (Liu and Chan, 2003; Goh and
Chan, 2010; Chan et al., 2012; Liu and Chan, 2013; Mei et al,,
2015). Many studies have shown the remote effects of sea surface
temperature (SST) variability in the tropical Indian Ocean (TIO)
on WNP TC frequency through changes in the East Asian-WNP
monsoon circulation and associated atmospheric factors (Du
et al., 2011; Zhan et al.,, 2011; Zhan et al., 2014; Gao et al., 2020).
Several recent studies claimed the dominant contribution of
tropical North Atlantic (TNA) SST to WNP TC frequency
(Gao et al, 2018; Zhang et al., 2018). Despite no connections
having been reported between WNP TC frequency and El
Nino-Southern Oscillation (ENSO), a strong modulation of
ENSO on TC genesis locations has been well documented,
with more (fewer) TCs generated in the southeast quadrant of
WNP in El Nifno (La Nina) years (Wang and Chan, 2002;
Camargo and Sobel, 2005). The Pacific decadal oscillation
(PDO) has also been shown to be responsible for WNP TC
formation (Liu and Chan, 2013). However, few studies have
thoroughly explored the comprehensive relationships between
the global SST changes, environmental factors, and variations of
the TC landfall frequency over mainland China.

Therefore, this study aims to achieve an overview of the
characteristics and changes in the landfalling TCs in China.
Furthermore, environmental conditions are investigated to
explore the reasons contributing to the observed changes in
the TCs’ landfalls. The factors include SST, potential intensity
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(PI), vertical wind shear (VWS), low-level absolute vorticity,
mid-tropospheric moisture, and large-scale steering flow, which
are considered to be essential conditions influencing TC activity
(Gray, 1975; Chan and Gray, 1982; Holland, 1983; Chan, 1985;
Emanuel and Nolan, 2004; Camargo et al., 2007; Korty et al.,
2012; Yanase et al., 2012; Murakami et al., 2013; Ling et al., 2016;
Torn et al.,, 2018).

The rest of the article is organized as follows. The second section
introduces the datasets and methods employed in the study. The third
section reveals the characteristics of landfalling TCs over mainland
China. The fourth section investigates the changes in the activities of
landfalling TCs. The fifth and sixth sections discuss the possible
environmental factors and global SST variations contributing to such
changes. A summary is given in the final section.

Data and methods

Data

TCs that made landfall over mainland China, including
Hainan Island, are investigated in this study. The TC best-track
data for these TCs are obtained from the China Meteorological
Administration (CMA) (Ying et al., 2014), which includes the
latitude and longitude of the TC center, and TC intensity in terms
of the maximum sustained wind (MSW) near the TC center over a
period of 2 minutes. For the climatic studies related to TCs
landfalling in China, the CMA database may be more accurate
and complete than other datasets from different administrations,
as there are many more in situ observations available in CMA
(Yingetal,, 2014; Shan and Yu, 2021). Genesis is defined as the first
position for a particular TC that attains the intensity of tropical
depression. The TC’s landfall position is defined as the intersection
of the TC’s tracks with the coastlines, similar to the study of
Fudeyasu et al. (2018). Following previous studies (Kim et al., 2008;
Lietal, 2017), the territory of China is subdivided into SC and EC
by an artificial boundary line along 25°N. As TCs data are
considered more reliable since the introduction of geostationary
meteorological satellites in the mid to late 1970s (Kossin et al,
2014), this study focuses on the TCs formed during the peak TC
season (July-October) from 1980 to 2020.

The monthly mean reanalysis data of ECMWEF Reanalysis v5
(ERA5) at the horizontal resolution of 0.25°x 0.25° from the
European Centre for Medium-Range Weather Forecasts
(ECMWEF) during the period 1980-2020 are used to investigate
the large-scale environmental factors surrounding TCs and
explore their contributions to the changes in TC activities in
this study (Hersbach et al, 2020). The 600-hPa relative
humidity is used to represent the mid-tropospheric relative
humidity. The sea surface temperature, sea level pressure,
temperature, and humidity profiles of the atmosphere are
employed to analyze the potential intensity. The wind field is
used to calculate the vertical wind shear, absolute vorticity, and
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background steering flow. The PDO index, the leading PC of
monthly SST anomalies in the North Pacific Ocean, is obtained
from https://psl.noaa.gov/data/climateindices/list/.

Methods

The PI is a function of environmental conditions that influence
the thermodynamic atmosphere-ocean disequilibrium and the TC
thermodynamic efficiency, primary sea surface temperatures, and
the TC outflow temperatures, and it is the theoretical upper limit of
the wind speed of a TC under the current environmental
thermodynamic conditions (Emanuel, 1986; Bister and Emanuel,
2002; Gilford et al,, 2017). This study explores PI to analyze the
thermodynamic environmental reasons for the changes in the TCs’
landfall. According to Bister and Emanuel (2002), the computing
equation for PI is expressed as follows (equation 1):

T
PI = oc\j—s G [CAPE* — CAPE] (1)

TO CD

where T’ is SST; T is the outflow temperature; Cy, is the exchange
coefficient for enthalpy; Cp is the drag coefficient; CAPE" is the
saturation moist static energy at the sea surface; and CAPE is the
moist static energy of the free troposphere.

It is well known that some dynamic factors, such as VWS, play
an essential role in TC formation and development (Emanuel, 2000;
Wang, 2012; Liu and Chan, 2020). This study estimates the VWS by
the vector difference of the horizontal winds between 200 hPa and
850 hPa (Gray, 1968). TC movement is primarily determined by the
large-scale environmental steering flow (Holland, 1983; Chen et al,,
2011). Following Wu and Wang (2004), this study calculates the
steering flow as averaged flow between 850 and 300 hPa.

Student’s t test is applied to estimate the significance of linear
trends in TC activity during 1980-2020 and the difference in the
environmental variables and TC genesis region between different
periods (Park et al, 2014; Liu and Chan, 2020). To detect a
regime shift in climate series, the change-point detection method
following Pettitt (1979) is employed. The trends and regime shifts
with p-values less than 0.1 are considered significant. In addition,
the correlation between two variables is computed by the Pearson
correlation coefficient (Wilks, 2006).

Climatological characteristics of
landfalling TCs

During the TC peak seasons of 1980-2020, 270 TCs made
landfall in mainland China, of which 171 (63.3%) originated in
the WNP, and the rest originated in the South China Sea (SCS).
Among the 270 landfalling TCs, 226 TCs (83.7%) affected SC,
while 44 TCs (16.3%) hit EC. SC suffered five times as many TCs
as EC over the study period. Figures 1A and B show the spatial
distribution of the annual mean occurrence frequency of TCs
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FIGURE 1

Frequency distribution of (A,B) annual mean TC occurrence, (C,D) TC formation, and (E,F) TC landfall over a grid of 2.5°x 2.5° during the TC
peak season (Jul-Oct) from 1980 to 2020. The thick dashed curves with arrows in (A,B) schematically denote the mean regression trajectories of
landfalling TCs, and the markers "." in (C,D) indicate TC genesis locations. The left column is for TCs landfalling in SC and the right column is for TCs

landfalling in EC.

affecting SC and EC during 1980-2020. The frequency is counted
at each 2.5°x 2.5° grid box. As shown in the figure, most of the
landfalling TCs in SC originated over the WNP, passed through
the Luzon Strait, entered the SCS, and landed on the southern
coast of China. The prevailing track of westward-moving TCs is
shown in Figure 1A. For the TCs making landfall over the eastern
coast of China, the high frequency of occurrence extended from
the WNP to east of Taiwan Island and made landfall in EC,
indicating a primary northwestward track (Figure 1B).

The TC genesis locations over SC and EC for the
1980-2020 period are depicted in Figures 1C and D. For the
TCs making landfall in SC, approximately half of them (43.8%)
formed in the northern part of the SCS, and the rest were
generated over the WNP (Figure 1C). As shown, most of the
observed genesis locations occur in the tropical belt, between 5°N
and 20°N. Their frequency distribution exhibits two major
centers, in the northern SCS and east of the Philippines. The
spatial pattern of the formation frequency (Figure 1C) is similar
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to that of the occurrence frequency (Figure 1A). During the study
period, the average genesis location of the TCs landfalling in SCis
14.7°N, 126.6°E. In comparison, all TCs landfalling in EC
originated in the WNP, and most of them formed in the
region of 10°N — 30°N, 120°E — 160°E with a mean value of
18.5°N, 137.2°E (Figure 1D). The mean genesis location of TCs
landfalling EC is further north and east than that of TCs
landfalling SC. The formation distribution of TCs landfalling
in SC (Figure 1C) is more concentrated than that of TCs
landfalling in EC (Figure 1D).

The spatial distribution of the TCs’ landfall frequency over SC
and EC during these 41 years is depicted in Figures 1E and F,
respectively. The figures show that the TCs’ landfalling locations are
distributed unevenly along the China coast. The highest landfalling
frequency occurs at the grid with the latitude of 20 — 22.5°N and
longitude of 110 — 112.5°E (denoted simply as: at the grid 21.25°E,
111.25°E; similar expressions are used hereafter). During the study
period, 59 TCs landed at this grid. In SC, the lowest landfalling
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The time series and the linear regression fit of the TCs' landfalling frequency over (A) mainland China and (B) SC and EC from 1980 to 2020. The
solid (dashed) trend lines represent significant (insignificant) trends at the 90% confidence level by Student's t test. Linear trend lines are shown with
their 95% two-sided confidence intervals (shaded). The dotted lines indicate the mean landfall frequency over different periods.

TABLE 1 The linear trends and corresponding p values for the annual
landfall frequency of TCs over mainland China, SC, and EC from
1980 to 2020.

Mainland China  SC EC
Landfall frequency Trend -0.049 —-0.054* 0.005
p value 0.115 0.045 0.760

Values in boldface with an asterisk denote trends that are statistically significant at the
90% confidence level by Student’s # test.

frequency is at the grid 21.25°N, 108.75°E, with 2 TCs landfalling
during the 41 years. For TCs landfalling in EC, the highest
landfalling frequency occurs at the grid 28.75°N, 121.25°E, with
19 TCs landfalling during the study period. In EC, no TC is found
landfalling over three grids, which are [ 36.25°N, 118.75°E | [
38.7°N, 118.75°E ], and [ 38.75°N, 121.25°E ], respectively.

Changes in the TC activities
TC landfall

The long-term changes in landfall frequency of TCs in mainland
China over the 41-year period are depicted in Figure 2 and Table 1.
From 1980 to 2020, the annual number of TCs making landfall in
mainland China (including SC and EC) presents an annual mean of
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6.6, and its time series show a slight downward trend (Figure 2A and
Table 1). Out of them, the number of landfalling TCs in EC is stable,
while that in SC presents a significant decreasing trend with a rate of
-0.054 per year (Figure 2B and Table 1). The annual frequency of TCs
making landfall in SC has reduced by 33.8% over the 41 years, which is
the main contribution to the decrease of landfalling TCs in mainland
China. These results are somewhat different from several previous
conclusions (Li et al, 2017; Shan and Yu, 2021), which suggested an
increased frequency of TCs making landfall along the eastern coast of
China in recent decades. The possible causes for the divergence in
TCs’ landfall frequency analysis might be the different study periods
and the boundary division line for SC and EC used in these studies.

Based on the Pettitt’s test results, as presented in Figure 2,
it is clearly shown that the frequencies of TC landfall in
mainland China and SC were very likely to change
significantly in 1995/1996 and 1996/1997, respectively (with
a confidence level of 90%). The mean frequency of TC
landfalls over mainland China from 1980 to 1995 is 7.8,
whereas the mean frequency from 1996 to 2020 is 5.8. That
is, the average number of TC landfalls decreased by
approximately 2 after 1995. For TCs landfalling over SC,
the average numbers for the periods 1980-1996 and
1997-2020 are 6.6 and 4.8, respectively. The difference
between the two periods is 2.2. The apparent drop suggests
that large-scale climate factors may have a climate regime shift
in the late 1990s, which significantly affects the TC activity in
China.
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FIGURE 3

The time series and the linear regression fits for (A) the annual mean of TCs' landfalling latitudes and (B) the standard deviation of the yearly TCs'
landfalling latitudes over mainland China from 1980 to 2020. The latitudinal distribution of TCs landfalling over mainland China for the periods: (C)
1980-1989, (D) 1990-1999, (E) 2000-2009, and (F) 2010-2020. The medians of the decadal TCs' landfall latitudes are also shown in the

corresponding figures.

TABLE 2 The same as Table 1, but for the mean and standard deviation
of landfall latitude of TCs over mainland China from 1980 to 2020.

Mean Standard deviation
Landfall latitude Trend 0.021 —0.001
p value 0.240 0.957

This study further investigates the variation of TCs’ landfall
locations in terms of the yearly mean of TCs’ landfalling latitudes
(Figure 3A), the standard deviation (Std) of the yearly TCs
landfalling latitudes (Figure 3B), and the decadal distribution of
the TCs’ landfalling latitudes over mainland China (Figures 3C-F)
from 1980 to 2020. The analysis results are also shown in Table 2.
During the study period, the TCs’ landfalling latitudes slightly
increase (Figure 3A and Table 2), which should be due to the
combination of the significant decrease of TC landfalls over SC and
unchanged number of TCs affecting EC. As shown in Figures
3B-F, although no obvious changes can be observed in the Std of
TCs’ landfalling latitude, the latitude range exhibits a decadal
decrease during the 41-yr period. The latitudes range for the
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period of 1980-1989 is from 18.2 °N to 39.7 °N, while the
latitudes range for the period of 2010-2020 is from 182 °N to
34.6 °N. Furthermore, the medians of the TCs’ landfall latitudes
during the 4 decades (Figures 3C-F) also show a tendency to move
northward slightly.

TC genesis

Since a TC landfall is generally considered to be directly
relevant to its genesis (Wu and Wang, 2004; Camargo and
Sobel, 2005; Park et al., 2013; Shan and Yu, 2021), this study
investigates the long-term changes in the formation frequency
and location of the landfalling TC from 1980 to 2020 (Figures 4
and 5). The trends and the corresponding p values are
calculated, and the results are tabulated in Table 3. As
shown in Figures 4A and B, for the TCs making landfall
over mainland China, the annual number of TCs forming in
both the WNP and the SCS changed slightly during these
41 years. As discussed in the previous subsection, all the
landfalling TCs over EC form in the WNP, and the total
number has no trend over the 41-year period (Figures 4C
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The same as Figure 2, but for the annual number of the TCs generated in the WNP (A,C) and SCS (B,D) and made landfall in mainland China, SC,

and EC.

and D and Table 3). As mentioned earlier, nearly half of the
landfalling TCs over SC come from the WNP, and the rest
generate over the SCS. The former show a significant decrease
during 1980-2020, with a mean rate of -0.043 per year
(Figure 4C and Table 3). The annual genesis number has
decreased by 50% over the 41 years (Figure 4C). The latter
shows no apparent changes (Figure 4D and Table 3). Thus, the
significant reduction in the total number of landfalling TCs over
SC during the 41 years results from the corresponding apparent
decrease in the number of TCs formed in the WNP. The
correlation coefficient between them is 0.76, and this
highly (p<0.1). The slight
reduction in TC genesis over the WNP (Figure 4A) might

correlation is significant
also help explain the decrease in the frequency of TC
landfalls over mainland China (Figure 2A), although the
decline of TC landfall frequency in mainland China is less
apparent than those of TCs over SC.

The shift in TCs’ genesis locations also has a significant
impact on the TCs’ landfall activity in the East Asia region
(Yonekura et al, 2014; Liu and Chan, 2017). This study
further explores the zonal and meridional changes in the TC
formation locations. Figures 5A-D are the time series of the
annually averaged genesis latitude and longitude of TCs making
landfall in mainland China, SC, and EC from 1980 to 2020. The
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trends and the corresponding p values for these changes are
recorded in Table 4.

Landfalling TCs over mainland China show a slight
increment and reduction in their mean genesis latitude and
longitude over the 41 years (Figures 5A and B and Table 4). It
seems plausible that the increase in genesis latitude of
landfalling TCs (Figure 5A) may be one of the reasons for
the poleward shift of their landfall positions (Figure 3A). The
correlation coefficient between the latitude anomalies of TC
landfall and that of TC genesis is 0.6 (p <0.1). From them, the
mean genesis latitude of landfalling TCs over SC shows a
significant increasing trend, with a rate of 0.041° per year
(Figure 5C and Table 4). As shown in Figure 1C, most of
the landfalling TCs over SC form in the tropical belt south of
20°N. It indicates that the TC genesis region has a trend away
from the equator. Such poleward TC migration is consistent
with Studholme et al. (2022), who suggest that more WNP TCs
tend to form at higher latitudes, take north-turning tracks, and
then occupy a broader range of latitudes. On the other hand, the
mean genesis longitude decreases significantly, and the decline
rate is -0.133° per year (Figure 5D and Table 4). It suggests that
there has been a markedly poleward and westward shift in the
genesis region of TCs making landfall over SC during the past
41 years (Figures 5C and D). This might be induced by the
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The same as Figure 2, but for the annual mean genesis (A,C) latitude and (B,D) longitude for the landfalling TCs over mainland China, SC, and EC.
The difference in the genesis frequency for TCs landfalling over (E) SC and (F) EC between 1980-1995 and 1996-2020. The marks '+’ indicate where
the difference between the two periods is significant at a confidence level of 90%.

TABLE 3 The same as Table 1, but for the number of TCs generated in
the SCS and WNP and made landfall over mainland China, SC, and
EC from 1980 to 2020.

TABLE 4 The same as Table 1, but for the genesis latitude and genesis
longitude of TCs over mainland China, SC, and EC from 1980 to
2020.

Mainland China SC EC Mainland China SC EC
SCS TCs Trend -0.011 -0.011 nan Genesis latitude Trend 0.022 0.041* -0.156*
p value 0.523 0.523 nan pvalue  0.383 0.082 0.070
WNP TCs Trend -0.037 -0.043* 0.005 Genesis longitude ~ Trend -0.083 -0.133*  0.022
p value 0.131 0.044 0.760 p value 0.171 0.082 0.908

Values in boldface with an asterisk denote trends that are statistically significant at the
90% confidence level by Student’s t test.

significant reduction in the number of TCs forming in the WNP
(Figure 4C) and almost no change in the number of TCs
forming in the SCS (Figure 4D). In addition, the TCs
making landfall in EC tend to generate at a lower latitude
significantly (Figure 5C and Table 4), and therefore, these TCs
are more likely to land in EC at a lower latitude than before
(Figures 3C-F).
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Values in boldface with an asterisk denote trends that are statistically significant at the
90% confidence level by Student’s t test.

As shown in Figure 2, the TC landfall frequency over mainland
China experienced a climate shift between 1995 and 1996. We then
explore the spatial difference in the TC formation frequency
between the two periods: period 1 (1980-1995) and period 2
(1996-2020) (Figures 5E and F). Figure 5E shows that more area
(20 grids over the total 26 grids) over the northern SCS experiences
an increase in the TCs” genesis frequency. For the genesis region
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over the WNP south of 20°N, the number of the increasing points
(in red) and that of the decreasing points (in blue) are almost the
same. However, among those grids for TCs genesis over the WNP
(Figure 5E), six points show significant decreasing trends while
only one point shows a significant increasing trend. Compared
with the anomalies in the SCS, the WNP tends to generate fewer
TCs than before. At the same time, a slight increment in the
formation frequency of landfalling TCs over EC is observed in the
tropical WNP around 10°N (Figure 5F). It indicates that more TCs
forming in the tropical zone have opportunities to threaten EC.
These results also agree with their long-term temporal changes
(Figures 5C and D). Thus, the variation of the TCs’ landfalling over
mainland China in recent decades is mainly related to the changes
in the TCs genesis. Next, we will discuss the environmental
reasons for these variations in detail in the following section.

Environmental factors contributing to
changes in TCs' landfalls

The activities of TCs are influenced by several dynamic and
thermodynamic parameters, including moist static stability and
planetary vorticity (Gray, 1975; Emanuel and Nolan, 2004;
Camargo et al.,, 2007; Korty et al., 2012; Yanase et al., 2012;
Murakami et al., 2013). For TCs’ genesis, the low-level vorticity,
relative humidity, the magnitude of VWS between 850 and
250 hPa, and PI are reported to be essential (Gray, 1975;
Emanuel and Nolan, 2004; Camargo et al., 2007; Korty et al.,
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2012). Large low-level vorticity, weak VWS, high PI, and high
mid-tropospheric humidity are favorable for TC formation
(Camargo et al, 2007; Yanase et al, 2012). To examine the
reasons for the recent changes in TCs’ genesis, the mean and
difference of the large-scale environments surrounding TCs
between 1980-1995 and 1996-2020 are analyzed.

PIis a thermodynamic factor considering the influences of
both the SST and moist static instability (Bister and Emanuel,
20025 Yanase et al.,, 2012). Several studies point out that the
changes in SST are strongly similar to that of PI over the WNP
in recent years (Park et al., 2013; Zhan and Wang, 2017). So,
the variations of SST are not discussed independently in this
study, although it is a well-known important thermodynamic
factor related to TC genesis and development (Emanuel, 1986;
Korty etal., 2012). Figures 6A and B present the climatological
mean PI for the 41 years and the difference in the mean PI
between 1980-1995 and 1996-2020. It is found that the PI
gradually increases with the decrease of latitude, and it
achieves the highest value in the deep tropics, where the
water temperature is also the highest (Figure 6A). As
shown in Figures 1C and D, the genesis locations of TCs
landfalling in SC are distributed over the region closer to the
tropics than those of TCs landfalling in EC. In general, higher
PI provides more favorable conditions for TC formation
(Yanase et al,, 2012). It can partly explain that there are
more TCs making landfall in SC than those in EC. As
shown in Figure 6B, PI increases significantly over the
region south of 35°N, covering all the genesis locations of
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TCs making landfall in mainland China (Figures 1C and D).
However, the spatial pattern of PI changes (Figure 6B) cannot
explain the decline of TC occurrence over the WNP and the
difference in frequency between TCs making landfall in SC
and EC (Figures 5E and F).

Usually, high relative humidity (RH) in the middle troposphere
is favorable for TC genesis by reducing the detrimental effects of
convective downdrafts (Gray, 1975; Korty et al., 2012). Figure 6C
shows the mean RH at 600 hPa from 1980 to 2020. Similar to the
pattern of PI, the middle troposphere RH in the tropical region is
generally greater than that in the subtropical region, and it reaches a
maximum of 75% in the deep tropics. It may also explain the long-
term difference in the frequencies of TCs making landfall in SC and
EC. In Figure 6D, a significant increase in the middle troposphere
RH is observed over the region of 10°N — 30°N, 120°E — 160°E,
covering almost all the genesis regions for TCs affecting EC
(Figure 1D). Moreover, the midlevel RH decreases slightly over
the northern part of the SCS and increases significantly over the area
east of the Philippines, which are the two genesis regions for TCs
hitting SC (Figure 1C). However, the changing pattern of the
midlevel RH cannot explain the genesis changes for TCs making
landfall in SC from 1980 to 2020 (Figure 5E), which are relative
stability in the TCs genesis number over the SCS and a significant
in the WNP. the
thermodynamic factors, PI and midlevel RH, do not contribute

reduction In summary, variations  of
clearly to the changes in the genesis of landfalling TCs over
mainland China.

Besides thermodynamic factors, TC genesis is also related to

dynamic conditions, such as the lower-tropospheric absolute
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vorticity and VWS. Many studies stated that the low-level
absolute vorticity is necessary for TC genesis, as TCs rarely
form within a few degrees of the equator (Gray, 1975; Tippett
etal., 2011). Furthermore, most of the cyclogeneses tend to occur
around the positive anomaly of absolute vorticity (Gray, 1975;
Yanase et al., 2012). Figures 7A and B show the mean absolute
vorticity at 850 hPa during the 41 years and the mean absolute
vorticity differences between 1980-1995 and 1996-2020.
Figure 7A shows that the climatological mean absolute
vorticity increases with the latitude, while both RH and PI
decrease with the latitude (Figures 6A and C). On average, the
largest absolute vorticity values can be found at high latitudes,
where few TCs form due to the low SST (Tippett et al., 2011).

To the north of 15°N, the absolute vorticity appears to have
slight positive anomalies over the northern part of the SCS
(Figure 7B), where approximately half of landfalling TCs in
SC form (Figure 1C). According to Gray (1975) and Yanase
etal. (2012), these positive changes are conducive to TCs’ genesis.
It possibly contributes to the increase in the TC genesis frequency
over the SCS north of 15°N (Figure 5E). The absolute vorticity
over the waters east of Taiwan Island between 20°N and 30°N
displays an increasing change, and some sporadic regions west of
145°E increase significantly (Figure 7B). As shown in Figure 1D,
a minority of landfalling TCs in EC form in this region, which
could provide favorable vorticity conditions. In comparison, a
large area of negative anomalies over the tropical WNP and
significant decline over the waters southwest of the Mariana
Islands with the longitude range of 140°E — 145°F are observed,
indicating lower absolute vorticity in these areas. These changes
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The stippling indicates the regression exceeding the 90% confidence level.

affect the main region of genesis for TCs landfalling over
mainland China (Figures 1C and D, Figures 5E and F) and
are possibly responsible for the overall decrease in the formation
frequency of TCs over the WNP.

It is known that weak VWS is a necessary dynamic condition for
tropical cyclogenesis because strong shear will break the warm core
structure of the TCs (Gray, 1975; Yanase et al,, 2012). The 41-years’
climatological mean and difference in the VWS between the two
periods are investigated and shown in Figures 7C and D. As depicted
in Figures 1C and D, most of the landfalling TCs tend to form in the
tropical WNP in the latitude range of 10°N — 25°N due to relatively
small VWS in this region (Figure 7C). However, the VWS increases
in the majority of this region and rises significantly in the east of the
Mariana Islands around [20°N, 160°E] after 1995 (Figure 7D).
Although the VWS over the northern SCS and the areas east of
Taiwan Island present significant decreasing trends, the upward
anomalies in VWS over the tropical WNP affect the main genesis
region of landfalling TCs and suppress the TCs’ formation there.

Comparing Figures 7B and D, the spatial distribution of
unfavorable changes in the VWS is similar to that of the decrease
in absolute vorticity in the lower troposphere. The reduction in
TCs’ genesis over the WNP is mainly due to the combination of
the increasing VWS and decreasing lower-tropospheric absolute
vorticity. Indeed, the thermodynamic factors (PI and RH) over
the WNP increased during the 41 years (Figures 6B and D), but
the frequency of TC genesis still declined. It means that the
dynamic factors are more effective than the thermodynamic
in formation when the

conditions influencing TCs’
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thermodynamic conditions are favorable for TCs’ genesis.
That is, the dynamic factors played a major role in TC genesis
in the WNP during the study period. These results are consistent
with the previous conclusions of Murakami et al. (2013), who
found that dynamic variables are of primary importance for
separating developing and non-developing disturbances for TC
formation in the present climate of the WNP.

To further identify the relative contributions of the
aforementioned environmental factors to the changes in TC
genesis latitude, the factors are regressed onto the mean genesis
latitude of landfalling TCs over mainland China during 1980-2020
(Figure 8). As shown in Figure 8A, the regression of the 850-hPa
absolute vorticity shows significant positive (negative) correlations at
the region north (south) of 20°N, which are favorable (unfavorable)
for TC genesis. It suggests that the increase in the mean latitude of
TC genesis (Figure 5A) may be related to the variations in the low-
level atmospheric absolute vorticity (Figure 7B). Such a result is
similar to that found by Wu et al. (2020), who found that the low-
level relative vorticity is mainly responsible for the observed
increasing variation of mean TC genesis latitude over the WNP.
Concurrently, a similar dipole structure can be observed in the
regression of VWS (Figure 8B), but the signals are not significant.
For the other two environmental conditions (Figures 8C and D), no
obvious difference is observed between their regressions at higher
and at lower latitudes, or the changes are unfavorable for the
poleward shift of TC genesis. In comparison, the low-level
atmospheric absolute vorticity and VWS possibly make a
relatively more significant contribution to the slight poleward
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shift in the TCs’ genesis locations than other factors. This also
confirms the major role of dynamic factors in the TC genesis over
the WNP during the study period.

After genesis, the landfall of a TC is determined by its
movement, which is mainly controlled by the large-scale
environmental steering flow and also affected by other factors,
such as beta shift (Chan and Gray, 1982; Holland, 1983; Chan,
1985; Ling et al., 2016; Torn et al., 2018). This section explores the
long-term mean background steering flow and the difference in
steering flow between the two periods (Figures 9A and B). It can be
seen that the higher the latitude, the stronger the mean steering flow.
The westward steering flow in the tropics leads most of the TCs
formed in the tropical WNP (including the SCS) to move westward
and then make landfall in SC. The remaining TCs formed at higher
latitudes hit EC under the strong westerly flow in the midlatitudes
(Figure 9A). After the TCs’ landfall in EC, they may reenter the sea at
an even higher latitude, controlled by the steering flow, if they do not
dissipate in the mainland (Figure 9A).

In Figure 9B, the large-scale steering flows over the Philippine
Sea are characterized by a cyclonic anomaly centered over the waters
east of Taiwan Island. This cyclonic anomaly presents an anomalous
westerly flow in the latitude band between 10°N and 20°N,
suppressing the movement of TCs from the Philippine Sea to the
SCS and reducing the chance of TCs making landfall along the SC
coast. That means, with the depression of TCs’ activity, the number
of TCs making landfall along the SC coast is, therefore, reduced.
Concurrently, the significant easterly anomaly dominates the
midlatitudes, enhancing the chance of a TC striking the EC
coast. In other words, the notable reduction in the eastward
component of the flow possibly prevents TCs from recurving or
moving northeastward to the Japan region. Moreover, Figure 9B
shows that the cyclonic anomaly along the EC coast tends to move in
a southwest direction at around 30°N, which may prevent those TCs
landfalling in EC from moving further north. This can explain why
the range of TCs’ landfalling latitudes tends to get smaller during the
41 years (Figures 3C-F).
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Global SST variations contributing to
changes in TCs' landfalls

Previous studies have shown that global SST anomalies can
remotely influence WNP TC genesis (Du et al., 2011; Mei et al.,
2015; Gao et al., 2018; Zhao et al., 2018; Gao et al., 2020). We then
calculate the trends of global SST from 1980 to 2020
(Figure 10A), and the correlations between global SSTs and
the of TC landfalls
(Figure 10B). The results reveal that the TC landfall frequency
over mainland China is significantly negatively correlated to the
SSTs over the TIO, the tropical and high-latitude North Atlantic,
and the tropical central-eastern Pacific (Figure 10B). Figure 10A

number over mainland China

shows that the SST has increased significantly in TIO, consistent
with a pronounced warming trend over the ocean during the past
several decades (Hoerling et al., 2004; Du and Xie, 2008; Roxy
et al, 2014), which might be associated with the amplification
impact of global warming (Gao et al., 2020). The TIO warming
could induce atmospheric anomalies, including suppressed
convection and an anomalous surface anticyclone, and further
suppress WNP TC activity (Du et al., 2011). Significant negative
correlations between the TC landfall frequency and the SST's over
most areas of the TNA (Figure 10B), and significant SST increase
over the same ocean area (Figure 10A) can also be observed. This
is in line with Gao et al. (2018), who suggested that warm SST
anomalies in the TNA might suppress TC landfalls by regulating
TC genesis location and frequency associated with modulated
environmental conditions. Below-normal SSTs over the tropical
central and eastern Pacific may be optimal for above-normal TC
activity over the WNP (Figure 10B). However, the SST changes in
the tropical central and eastern Pacific are not significant from
1980 to 2020 (Figure 10A). In addition, the number of landfalling
TCs over mainland China may be linked to the PDO, as
suggested in previous studies (Goh and Chan, 2010; Mei
et al,, 2015). The correlation between the July-October PDO
index and the anomalous TC landfall frequency in mainland
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China from 1980 to 2020. The striping indicates that the trends and correlations are statistically significant at the 90% confidence level.

China is -0.04, and it is not significant during the 41 years. It
indicates that PDO has no apparent influence on the TCs’
landfall frequency over mainland China.

Overall, the SST increases in the TIO, the tropical and high-
latitude North Atlantic, and the tropical central and eastern
equatorial Pacific may suppress the TC landfalls over
mainland China from 1980 to 2020. During this period, the
suppressing influence from the TIO may be more significant than
the other ocean, due to its strong correlation with the TCs genesis
and the consistent and universal SST increase.

Summary

This study examines the characteristics and variability of TC
landfalls over mainland China from 1980 to 2020. Artificially,
China is divided into SC and EC by the latitude line of 25°N.
During the study period, 5.51 TCs land in SC, while 1.07 TCs land
in EC annually. The number of TCs impacting mainland China
decreases slightly from 1980 to 2020, the number of TCs
landfalling in SC experiences a significant decrease, and there is
no change in the number of TCs affecting EC. Based on the Pettitt’s
test results, the frequency of TCs’ landfall in mainland China and
SC appear to drop significantly in 1995/1996 and 1996/1997,
respectively. From 1980 to 1995 (1996), the mean number of
TCs landfalling over mainland China (SC) is 7.8 (6.6); from 1996
(1997) to 2020, the mean number of TCs landfalling over mainland
China (SC) is 5.8 (4.8). The yearly mean of the TCs’ landfalling
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latitudes moves northward slightly. Meanwhile, the maximum
TCs
southward slightly, leading to a slight decrease in the landfall

latitudes during the 4 decades are found to move

latitudes range during the study period. All these landfall location
shifts are not statistically significant. The significant reduction in
the number of landfalling TCs over SC is mainly due to the
apparent decrease in the frequency of TCs’ formation in the WNP,
which also indirectly leads to the markedly northwestward shift of
the TC genesis region. The slight northward trend of the yearly
mean TCs’ landfalling latitude over mainland China is mainly due
to the insignificant increase in their genesis latitudes.

The
thermodynamic factors of PI and the middle troposphere RH,

large-scale  environments  factors, including
and the dynamic factors of lower-tropospheric absolute vorticity,
VWS and steering flow, are investigated during the two periods,
1980-1995 and 1996-2020, to explore the environmental
background contributing to the observed changes in the
landfall and genesis of TCs influencing mainland China. It is
found that the dynamic factors play a major role in the TCs’
activity changes over the WNP in recent years. A large area of
negative anomalies in the lower-tropospheric absolute vorticity
and positive variations in the VWS over the tropical WNP,
covering the major of the genesis region for TCs landfalling in
China, suppresses TC formation over WNP. Concurrently, the
opposite changes in both the low-level absolute vorticity and
VWS over the northern region (north of 20°N) and southern
region (south of 20°N) might contribute to the slight poleward
shift of genesis locations of landfalling TCs during the 41 years.
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In addition, the variation in the steering flow tends to result in a
higher percentage of TCs making landfall along the eastern coast
rather than the southern coast than before, with a slight
southward shift in the maximum landfall latitudes for TCs.
Finally, the SST increases in several ocean basins, the TIO,
tropical and high-latitude North Atlantic, and the tropical
central-eastern Pacific are found to suppress the formations of
TCs that landfall in mainland China from 1980 to 2020. Among
these oceans, TIO’s influence is the greatest.
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