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Key Points:

e Landfalling tropical cyclone track
density (LTD) shows a basin-wide
decline, with an increase along the
coastal East China (CEC)

® A clear seasonal contrast is observed in
the CEC LTD trend, with an increase
from August to October and a decline
from May to July

o The LTDrise in late season is driven by
northward diabatic heating, while the
decline in early season by heating
confined to the tropics

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

J. Zhao and R. Zhan,
jiuwei @nuist.edu.cn;
zhanrf @fudan.edu.cn

Citation:

Wang, F., Zhao, J., Zhan, R., Yuan, C.,
Feng, X., & Tan, Y. (2025). Seasonal
contrasts in the trends of landfalling
tropical cyclone track density in China
(1949-2023). Geophysical Research
Letters, 52, €2024GL114482. https://doi.
org/10.1029/2024GL114482

Received 7 JAN 2025
Accepted 25 APR 2025

Author Contributions:

Conceptualization: Jiuwei Zhao,
Ruifen Zhan

Formal analysis: Fang Wang,

Jiuwei Zhao

Funding acquisition: Xiangbo Feng,
Yaheng Tan

Investigation: Fang Wang
Methodology: Jiuwei Zhao

Resources: Fang Wang, Jiuwei Zhao
Supervision: Jiuwei Zhao, Ruifen Zhan
Writing — original draft: Fang Wang,
Jiuwei Zhao, Ruifen Zhan

Writing - review & editing: Jiuwei Zhao,
Xiangbo Feng, Yaheng Tan

© 2025. The Author(s).

This is an open access article under the
terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
License, which permits use and
distribution in any medium, provided the
original work is properly cited, the use is
non-commercial and no modifications or
adaptations are made.

'.) Check for updates

A n . l ADVANCING
nu EARTH AND

-~ SPACE SCIENCES

'

Seasonal Contrasts in the Trends of Landfalling Tropical
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Abstract The landfalling tropical cyclone track density (LTD) in China has shown an overall decreasing
trend over the western North Pacific (WNP) while revealing an increase along the coastal East China (CEC) in
the past several decades. This study further elucidates that the long-term LTD trend in the CEC exhibits a
pronounced seasonal contrast that there is a significant increase from August to October, whereas a decline is
observed from May to July. This seasonal reversal in the CEC LTD trend is attributed to the northward
migration of an intensified diabatic heating source from May to October under global warming. This result is
supported by a linear baroclinic model that incorporates realistic precipitation trends to parameterize diabatic
heating over the WNP. Our finding underscores the critical role of local warming in modulating LTD trends,
emphasizing its seasonal dependence rather than relying solely on sea surface temperature changes.

Plain Language Summary Tropical cyclones (TCs) can cause a significant natural hazard in China,
and their landfall patterns in different seasons have changed over the past seven decades. This study investigates
the seasonal trends in the landfalling TC track density (LTD) along the coastal East China (CEC) region from
1949 to 2023. The seasonal patterns in the CEC LTD reveal an interesting contrast that, from May to July (M1J),
the LTD in CEC has declined, but from August to October (ASO), there has been a noticeable increase. This
seasonal reversal is linked to changes in atmospheric heating patterns due to global warming. During ASO,
diabatic heating migrated northward, supporting more frequent TC landfalls along the CEC coast. In contrast,
during MJJ, heating was more confined to the tropics, leading to fewer TCs making landfall. These findings
highlight the seasonal dependence of TC landfall trends and suggest that local warming, rather than just sea
surface temperatures, plays a significant role in shaping these patterns.

1. Introduction

Tropical cyclones (TCs) pose great threats to coastal regions. Upon landfall, TCs bring strong winds, heavy
rainfall, and storm surges (Feng & Tsimplis, 2014; Shi et al., 2024), which often result in severe natural disasters
that endanger lives and property (Emanuel, 2005; L. Liu et al., 2020; Park et al., 2014; Pielke et al., 2008; Zhang
etal., 2009). Under global warming, both TC intensity and trajectory are shifting (Walsh et al., 2016; Zhao, Zhan,
& Wang, 2018; Zhao et al., 2020), presenting new challenges for future climate predictions and disaster risk
management. Therefore, expanding research on landfalling tropical cyclones(LTCs) is crucial for informing
policymakers in the development of effective disaster prevention and mitigation policies.

Previous studies have shown that the intensity of LTCs in China has risen in recent decades (L. Liu &
Wang, 2020; Mei & Xie, 2016; Zhao, Zhan, Wang, & Xu, 2018), leading to increased destructiveness, especially
along coastal regions (R. C. Y. Lietal., 2017). This intensification can be partly attributed to the rise in sea surface
temperatures (SST), which triggers a climate shift in the western North Pacific (WNP) and fosters the devel-
opment of stronger LTCs affecting China (Gao et al., 2021). Some studies also have suggested a slowdown in TC
translation speed over the WNP and revealed a slower decay of LTCs in a warming world (L. Li & Chakra-
borty, 2020). This significantly increases the annual average overland duration of a TC (Chen et al., 2011), and the
frequency of extreme precipitation events induced by LTCs (Lai et al., 2024; K. S. Liu & Chan, 2020; L. Liu
et al., 2022), particularly in southeastern coastal China (L. Liu & Wang, 2020). Additionally, the tracks and
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distribution patterns of LTCs have exhibited shifts, with landfall locations moving further north (Feng, 2024;
Feng et al., 2021), more TCs affecting East China coastal areas and less cases moving into the South China Sea
(SCS; Huangfu et al., 2023; Kossin et al., 2014; Tang et al., 2024; Tu et al., 2009; Wu et al., 2005). These shifts are
closely linked to changes in the large-scale steering flow, which is associated with the westward expansion and
strengthening of the WNP subtropical high (Wu et al., 2005; Zhou et al., 2018).

Despite these advancements, current studies still face limitations. Especially, most previous studies have focused
on interannual or longer-term changes (Chan & Xu, 2009; R. C. Y. Li et al., 2017; Mei & Xie, 2016; Zhang
et al., 2013), often overlooking the impacts of seasonal variability (Shan et al., 2023; Song et al., 2021) and its
complex environmental factors in shaping LTC patterns. Under global warming, the seasonal variations of LTCs
and their underlying driving factors remain uncertain. This study aims to uncover the seasonal trends of LTCs in
China and their underlying mechanisms driving these changes under global warming. By enhancing our un-
derstanding of the climatic dynamics behind TC activity, this research provides valuable insights into the
observed long-term trend in landfall TC activities, contributing to improved knowledge for disaster prevention
and mitigation strategies in coastal regions.

2. Data and Methods
2.1. TC and Reanalysis Data Sets

This study uses TC records from 1949 to 2023, obtained from the Shanghai Typhoon Institute of China Mete-
orological Administration (CMA; Lu et al., 2021; Ying et al., 2014). These records are relatively reliable, as they
are derived from a network of meteorological observatories situated along the coastal regions of China. Over the
past 75 years, the CMA has documented 667 LTCs, with the majority occurring during June-September, ac-
counting for about 90% of the total LTCs. The LTC track density (LTD) is calculated using longitudinal and
latitudinal information at 6-hr intervals. The number of LTD was calculated within 5° ranges centered on each
grid point with a grid spacing of 1°. This approach can reduce uncertainty and bias in determining of LTD lo-
cations and also suppressing the noise in statistical analysis. The monthly precipitation and three-dimensional
wind data are derived from the fifth-generation European Centre for Medium-Range Weather Forecasts
(ECMWEF) reanalysis (ERAS) for the same period (Hersbach et al., 2020).

2.2. Decomposition of LTD

Following previous studies (Yokoi et al., 2013; Zhao et al., 2020), we decomposed the changes of TC tracks into
three components: the location shift of TC genesis, the length change of TC tracks, and nonlinear interactions
between genesis and tracks. The LTD in a 5° grid box can be written as follows:

T(A) = [ &(A)- (A, Ag)dA, (1

here, T(A) is the LTD in grid box A, g(A,) is the LTC genesis frequency in grid box Ay, and #(A, A,) stands for
the probability for a LTC formed in grid box A to travel into grid box A. The subscript c is the entire domain of
the WNP over which the integration is performed. For the period 1949-2023, the LTD anomalies (A) relative to
the climatological mean in grid box A are calculated as:

AT(A) = [[ Ag(Ao)- 1(A, Ag)dA + [[ A(Ag)- 8(A.Ag)dAg + [| Ag(Ag)-At(A, Ag)dA, 2

The first term quantifies the contribution of genesis location shift and frequency number change under global
warming by assuming the TC tracks unchanged; the second term evaluates the track length or duration time
contribution if the TC genesis information remains constant under warming and the third term indicates a
nonlinear contribution from changes of both genesis location (or frequency) and track length (or duration time).

2.3. Linear Baroclinic Model (LBM) Experiment

To investigate the mechanism responsible for the season contrast of LTD trend, we employed a Linear Baroclinic
Model (LBM; Watanabe & Jin, 2003) to validate physical processes derived from observations and reanalysis. In
this study, we did not use the default idealized SST forcing structure based on an elliptical circle (Watanabe &

WANG ET AL.

2 of 10

U901 SUOWILLOD) BANIER.D) 3|eolddke ) Ad paURAOB 8.8 a1 YO ‘35N JO Sa|NJ 10} AReiq 1T BUIIUO AB]IA UO (SLO1HIPUOD-PUE-SLLLBIALI0D"AB | 1M ALR1c]|PUIIUO//SA1Y) SUOIIPUOD PUe SW 1 au) 885 *[SZ02/G0/ET] U AreiqiTauiiuo A|im 83 L Ad Z8vvTT 19v202/620T OT/I0p/LIcY A | 1w AreiqipuliuosgndnBe;/sdny wou pepeojumod ‘0T 'SZ02 ‘Z008r6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL114482

Jin, 2003). Instead, we parameterized the realistic precipitation (P, mm day ') to the diabatic heating (H,
K day™') based on their linear relationship:

SRR 107 [K day™'| 3)
Gy, x(p/g)

where all other variables are constant except H and P that p represents water density, L, is the latent heat constant,
C, stands for specific heat at constant pressure, p denotes mean surface pressure, and g is gravitational accel-
eration. Seasonal mean atmospheric fields from 1949 to 2023 are adopted as initial conditions for each experi-
ment, encompassing zonal wind, meridional wind, temperature, specific humidity, and surface pressure. Three
sets of sensitive experiments were conducted in this study. Each experiment is integrated for 200 days and we only
used results when the LBM reaches the quasi-steady state, which is around day 30.

Three sensitivity experiments are designed with the following forcing configurations: The June-July (JJ) run was
forced by the precipitation anomalies, derived from the linear trend of JJ averaged precipitation from 1949 to
2023. The initial conditions were based on the JJ averages. The August-September (AS) run used the precipitation
trend increments for August and September averaged from 1949 to 2023. We also tested an August-October run
forced by the contemporary precipitation trend and found that the results were consistent with those of the AS run.
An additional experiment, the AS-JJ run, was designed to capture the precipitation difference between the AS and
JJ trends, providing insights into the seasonal variations of LTD in China.

2.4. Landfalling TC Track Clustering Algorithm

The clustering algorithm employed in this study is the widely-used K-means clustering method (Camargo
et al., 2007; Gaffney et al., 2004, 2007; Jain, 2010). This unsupervised machine learning algorithm is capable of
learning features from data without external guidance. For this analysis, we used the Curve Cluster Toolbox to
extract the mean TC tracks and genesis locations across different periods, with the parameter K = 1.

3. Results

Over the past 75 years (1949-2023), a total 667 TCs have made landfall across mainland China and Taiwan, as
documented by the CMA data (Figure 1a). Some dissipated after landfall, while others turned after making
landfall. Consistent with previous studies (Chen et al., 2011), the time series of LTC annual frequency displays an
insignificant decreasing trend over this period, followed by notable decadal fluctuations (Figure 1b). It is worth
mentioning that, in this study, we excluded tropical depressions to reduce the data uncertainty, although our
additional analysis showed that the results are relatively consistent with and without their inclusion. Despite the
lack of significance in the overall LTC trend, a significant decreasing trend in LTD has been identified over both
the deep tropics and higher latitudes (Figure 1c). Notably, in contrast to the general decline in LTC frequency, an
increasing trend in LTD is evident along the coastal East China (CEC) region, although only some areas passed by
the 90% confidence level (Figure lc). It suggests that the spatial distribution of LTD trends exhibits distinct
regional characteristics.

To further investigate, we examined the seasonal distributions of LTC frequency with different intensity cate-
gories (Figure 1d). Most landfalls occur during May-October, with minimal activity during other months. Among
them, the typhoon intensity category occurs most frequently, followed by severe tropical storm intensity, with the
least occurring at the super typhoon intensity category. The former peaks in July and August, while the latter
reaches the maximum in September. This distinct seasonality prompted an in-depth analysis of monthly LTD
trends (Figure S1 in Supporting Information S1). In May, the LTD exhibits a nearly basin-wide decreasing trend,
with the SCS LTD showing statistically significant reductions (Figure Sla in Supporting Information S1). From
June to July (J), a slightly increasing trend of LTD is observed near the Philippines, and the northern SCS shifted
to a significant increase, while a decreasing trend is apparent over the CEC and east of Taiwan, as marked by a red
box (Figures S1b and S1c in Supporting Information S1). Intriguingly, during August-October (ASO), the LTD
trends are reversed: significant decreases are seen from the SCS to the east of the Philippines during August-
September, while increases are witnessed over the CEC, especially significant in August and October (Figures
S1d-S1f in Supporting Information S1).
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Figure 1. Statistics of landfalling tropical cyclones (LTCs). (a) LTC tracks during 1949-2023; (b) the time series of annual
LTC frequency (yellow line) with the linear trend (dashed gray line) and 11-year running mean (green line); (c) the linear
trend of annually averaged track density from 1949 to 2023; and (d) seasonal distribution of LTC with different Tropical
cyclone intensity categories. The yellow dots in (c) represent regions at 90% confidence level using the student's 7-test.

This seasonal contrast is represented by the LTD trends based on the MJJ and ASO seasons (Figures 2a and 2e).
To explore the possible mechanisms of this seasonal contrast marked in the red box, we decomposed the LTD
change in MJJ and ASO into contributions from genesis frequency, track, and a nonlinear term, following the
decomposition method introduced earlier (Figures 2b—2d and 2f-2h). The slight increase in LTD over the
Philippines in MJJ (Figure 2a) is mainly contributed by an increasing trend in TC genesis term while keeping the
TC track length unchanged under global warming (TCGF; Figure 2b). The track term isolates the effects of track
length or duration change when keeping TC genesis (numbers and location) unchanged (Figure 2c). The nonlinear
term captures the combined effect of changes in both genesis and track under global warming. However, the
increase of LTD in SCS in JJ due to the genesis term (Figure 2b) is offset by the decrease in both track term
(Figure 2¢) and nonlinear term (Figure 2d), leading to an insignificant increase of LTD (Figure 2a). Conversely,
the decreasing LTD trend over the CEC region in MJJ is primarily attributed to reductions in TC track term and
nonlinear term (Figures 2¢ and 2d). In ASO, the increasing LTD trend over the CEC (Figure 2e) is dominantly
attributed to changes in track probability and nonlinear term (Figures 2g and 2h), with minimal contributions from
genesis frequency (Figure 2f). Similarly, the decreasing LTD trend over the Philippines (Figure 2e) is closely
associated with changes in nonlinear term (Figure 2h). When both factors—decreasing TC genesis and increasing
TC track length—are considered together, their joint effect amplifies the LTD increase in the nonlinear term
(Figure 2h), leading to the observed trend. It strongly indicates that the seasonal reversal of LTD trends over the
CEC between MJJ and ASO is primarily driven by changes in track probability and the nonlinear processes.

Previous studies have attributed the increasing trend of LTD over the CEC to the local (Mei et al., 2015) or global
(Zhao et al., 2020) SST warming. However, few studies have addressed the seasonal contrast in LTD trends
between MJJ and ASO over the WNP and its underlying causes. A question arises as to whether this seasonal
contrast is driven by local circulation changes or is connected to the remote forcings under global warming. To
address this question, we divided the precipitation and low-level winds at 850 hPa into two periods: the prior
period (1949-1985) and the post period (1986-2023), and compared their differences during the active
TC months (JJ vs. AS). Note that we also tested different seasonal averages, such as August and October (AO),
and August to October (ASO; Figure S2 in Supporting Information S1), with consistent results. Considering the
seasonal evolution of the mean state, we select JJ and AS seasons to avoid potential discontinuity in the mean
state.
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Figure 2. Composite differences of track density for May-July (MJJ; left) and August-October (ASO; right) and their
decomposition between the post and prior periods. (a, ) Composite differences of (a) MJJ-summed and (e) ASO-summed
LTDs; (b-h) the contributions from (b, f) tropical cyclone (TC) genesis, (c, g) TC track probability, and (d, h) the nonlinear
process to the (left) MJJ and (right) ASO landfalling tropical cyclone track changes. The yellow dots represent regions at 90%
confidence level using the student's #-test.
Figure S3 in Supporting Information S1 shows the mean states of vorticity and low-level winds (left two panels),
as well as precipitation and steering flow (right two panels), in prior and post periods. During JJ, the monsoon
trough remains weak and is confined to the west of 140°E in both periods (Figures S3a and S3b in Supporting
Information S1), limiting TC genesis and tracks over the SCS and east of the Philippines (Figures S4a and S4b in
Supporting Information S1). Their differences in 850-hPa winds and vorticity between post and prior periods
during JJ (Figure 3a) show a clear anomalous cyclonic circulation south of 25°N and an anomalous anticyclonic
circulation north of 25°N. It is tightly corresponded to positive precipitation anomalies (Figure 3b), contributing
to a weak increase in LTD near the Philippines (Figure 2a). However, the anticyclonic circulation anomalies in
Figure 3a could contribute to the decrease in LTC genesis term (Figure 2b) over the CEC. The eastward steering
flow anomalies over the CEC (Figure 3b) result in the decrease in LTD in Figure 2c. The jointly low-level
circulation and steering flow change (Figures 3a and 3b) could induce the decrease in LTD over the CEC in JJ
reflected by the nonlinear term (Figure 2d). During AS, the monsoon trough intensifies, extending eastward and
shifting northward in response to radiative forcing in both periods (Figures S3e and S3f in Supporting Infor-
mation S1), leading to the seasonal northward shift of LTD (Figures S4d—S4f in Supporting Information S1).
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Figure 3. Seasonal differences of 850-hPa winds (m s7h, vorticity (107357, steering flow (m s™") and precipitation (mm
d™!) between post and prior periods. (a) June-July (JJ) difference of vorticity (shaded) and 850-hPa winds (vector) between
for post (1986-2023) and prior (1949-1985) periods; (b) same as (a) but for JJ precipitation (shaded) and steering flow
(vector) averaged from 850 to 200 hPa; (c) August-September (AS) difference of vorticity (shaded) and 850-hPa winds
(vector) between for post (1986-2023) and prior (1949-1985) periods; (d) same as (c) but for the AS precipitation and
steering flow; (e) the difference between AS (c) and JJ (a) seasons; and (f) the difference between (d) and (b). Scatter points
and black vectors indicate areas above 90% confidence level based on Student's #-test.

Comparing AS with JJ, cyclonic circulation anomalies (Figure 3c) and positive precipitation anomalies
(Figure 3d) shift northeastward. The westerly steering flow anomalies over the tropics (Figure 3d) leads to the
decrease in LTD east of Philippines meanwhile the easterly steering flow anomalies lead to the increase in LTD
toward the CEC (Figure 2e). Lastly, easterly wind anomalies over the Indian Ocean and westerly wind anomalies
over the equatorial Pacific induce the downward motion near the SCS (Figure 3f), potentially suppressing LTD in
this region (Figures 2e—2h and Figure S4f in Supporting Information S1).

Compared the prior and post periods, we observe an intensified precipitation anomaly between AS and JJ in the
post period (Figures S3k vs. S31 in Supporting Information S1). The intensified regional precipitation results in
stronger cyclonic circulation anomalies over the CEC during the post period compared to the prior period
(Figure 3f). Another prominent feature is that the precipitation anomaly over the WNP shows a poleward
migration as time, with the center of positive diabatic heating located east of Taiwan, while negative precipitation
anomalies dominated over the SCS and east of Philippines (Figure 3f). Consequently, the LTD significantly
increases over the CEC and decreases over the Philippines in AS, while the opposite trend is observed in JJ
(Figures 2a and 2e).

The contrast differences between LTD over the Philippines and CEC are predominantly influenced by the sea-
sonal movement of the mean state. From JJ to AS, the mean-state warm SST moves northward, leading to the
northward migration of cyclonic circulation anomalies between 10°N and 30°N during both the prior and post
periods (Figures S3i and S3j in Supporting Information S1). In JJ, cyclonic circulation anomalies over the SCS

WANG ET AL.

6 of 10

35USD|7 SLOLUWOD BAIEB.ID 3|qed! dde au) Aq pausenob a.e 3 ile YO ‘N JO S3IN1 10J Aeud173U1UO AB]1M UO (SUOIPUOD-pUB-SWLBIW0Y"AB | 1M Ase1q 1 BUUO//SANY) SUORIPUOD Pue SWIB L 8U}1 39S *[G202/S0/ET] Lo Al auliuo AB|IM ‘831 AQ 28/TT 19¥202/620T 0T/10p/wod Ao im Areiq1putiuo'sgndnBe//sdny wo.y papeojumod ‘0T ‘Ge0g ‘2L008776T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL114482

a J) Pre anomaly d )) —> 0.5m/s

| m—1949-1985
= 1986-2023

@ 1949-1985
1986-2023

[ ] 30°N A

P

v v

FAA® v o o«
AAA R - . ¥

£ :
53 4 -
m«« -
benb:
L] F.
" < '4&\\4 <« <

° 150°E 180°

180° 90°E

—> 0.5m/s

AS

V}éﬁfr”j T — 104971985

g * ¥ Y—— 1986-2023

A <« % X R
440
s Al
Y > > >TIVA
A AT,
e R
oy A

@ 1949-1985
@® 1986-2023 30°N 4

180°

180°

T

-25 -15 -05 0.0 05 15 25 -0.08 -0.05 -0.02 0 0.02 0.05 0.08

Figure 4. Diabatic heating sources and circulation responses in the Linear Baroclinic Model. (a, b) precipitation anomalies
during (a) June-July (JJ) and (b) August-September (AS) between the post and prior periods, parameterized as a heating
source in the LBM; (c) difference in precipitation anomalies between AS and JJ; (d, e) 850-hPa vorticity responses to the
(d) JJ and (e) AS precipitation anomalies; (f) difference in 850-hPa vorticity responses between AS and JJ. The blue
(magenta) dots represent the average genesis points of landfalling tropical cyclones (LTCs) for the prior (post) periods, while
the blue (magenta) lines indicate the average tracks of LTCs for the prior (post) periods.

lead to a slight local increase in LTD (Figure 2a), while anticyclonic circulation anomalies (Figure 3e) and
westerly steering flow anomalies (Figure S4c in Supporting Information S1) over the CEC result in a local
decrease in LTD. As the low-level cyclonic circulation migrates northward (Figure 3f), it enhances LTD over the
CEC in AS (Figure 2e; Figures S3g—S3i in Supporting Information S1) while suppressing LTD in deep tropics
due to westward steering flow (Figure 3f).

We further verified our results through LBM experiments. The JJ precipitation anomaly between the post and
prior periods over the WNP (90°E-180°; 10°S—40°N) was parameterized as the heating source in the model (JJ
Run), with the initial condition based on the JJ climatological circulations, including sea level pressure, multi-
level winds, temperature, and humidity on T42 spectral grids (Figure 4a). The JJ Run shows a significant
cyclonic circulation accompanied by upward motion over the SCS and east of Philippines, while easterly wind
anomalies dominate the tropics east of 150°E. This anomalous circulation closely assembles the reanalysis dif-
ferences in JJ between the post and prior period (Figure 3a), leading to a decreasing trend of LTD east of the
Philippines and over the CEC, but a slightly increasing trend over the Philippines (Figures 2a and 2b). The AS
Run, forced by the heating source parameterized from the climatological AS precipitation anomaly between the
post and prior periods (Figure 4b), revealing a significantly northward-shifted positive precipitation anomaly
compared to the JJ season. This shows a strong cyclonic circulation anomaly with the center east of Taiwan
(Figure 4e). However, the tropics south of 10°N are dominated by downward motion. As a result, LTD decreases
significantly in the tropics but increases over the CEC (Figure 2e and Figure S4f in Supporting Information S1).
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Lastly, the AS-JJ precipitation difference between the post and prior periods was used as the forcing in a separate
experiment (Figure 4c). The resulting dipole precipitation anomalies (Figure 4c) induce cyclonic circulation
anomalies east of Taiwan and downward motion over the SCS and east of the Philippines (Figure 4f). This
configuration is favorable for more LTD over the CEC in AS while suppressing LTD over the Philippines,
reversing the trends observed in JJ.

Figure 4 also compares the JJ and AS seasons between the prior and post periods using a clustering analysis
algorithm. In the post period, the average track in JJ shifts southward compared to the prior period (Figure 4d),
while the average track in AS moves northward (Figure 4e). These results further corroborate the phenomenon of
seasonal reversal in LTD.

4. Summary and Discussion

In this study, we explored the long-term trends in landfalling TC in China from 1949 to 2023, uncovering
notable spatial and seasonal variations. While the overall trend shows a nearly basin-wide decrease in LTD
over the WNP, an exception is observed over the coastal region of East China (CEC), where a localized
increasing trend is evident. This finding aligns with previous studies (R. C. Y. Li et al., 2017), but we
extended the analysis to reveal a striking seasonal dependence. Specifically, during May-July (MJJ), the
LTD trend decreases significantly over the CEC while showing a slight increase near the Philippines. From
August to October (ASO), the trend undergoes a reversal, increasing over the CEC and decreasing from the
SCS to the east of the Philippines.

This seasonally dependent reversal in LTD trends is primarily attributed to the northward migration of
intensified precipitation anomalies driven by global warming. In MIJJ, equatorial positive precipitation
anomalies generate an anomalous cyclonic circulation over the Philippines, promoting local TC (TC) genesis
and tracks. However, the easterly wind anomalies on the northern and eastern flanks of this cyclonic cir-
culation suppress LTD over the CEC. As the climate warms and precipitation anomalies shift northward in
ASO, the associated cyclonic circulation anomalies follow suit. This shift favors increased LTD over the
CEC, while LTD near the Philippines is reduced due to anomalous downward motion during ASO
(Figures 4d and 4e).

We focused on the effects of local WNP warming. However, we acknowledge that remote forcing linked to SST
warming patterns could also contribute to a northward shift in precipitation. We also tested the WNP circulation
response to diabatic forcing over the Indian Ocean and the entire tropics excluding the WNP using the LBM
(Figure S5 in Supporting Information S1). We find that neither experiment can reproduce the realistic cyclonic
circulation anomalies over the WNP, which indicates that the local WNP forcing plays a dominant role. In
addition, we observed distinct spatial constraints on circulation anomalies. In MJJ and ASO, cyclonic circulation
anomalies are confined to the western WNP, while the eastern WNP remains dominated by easterly wind
anomalies. By October and November, the easterly wind anomalies extend across the entire WNP (Figure S6 in
Supporting Information S1), consistent with previous studies (Zhao et al., 2020). Last, we observed that the LTC
frequency (Figure 1b) also shows decadal fluctuation, which may also reflect the decadal variability in TC tracks
over the WNP. Previous studies have suggested that decadal climate variability, such as the Pacific Decadal
Oscillation (PDO; Chan, 2007; Wang et al., 2010) and the Interdecadal Pacific Oscillation (IPO; K. S. Liu &
Chan, 2008; Zhao et al., 2020), can modulate the genesis location and track density, thereby influencing their
landfall probability in East Asia.

Data Availability Statement

The LBM model data used in this study can be downloaded from https://ccsr.aori.u-tokyo.ac.jp/~lbm/sub/lbm_1.
html. The IBTrACS data (Gahtan et al., 2024) is downloaded from https://doi.org/10.25921/82ty-9¢16. The
monthly precipitation and three-dimensional wind data are derived from the ERAS reanalysis data set (Hersbach
et al., 2023), which can be downloaded from https://cds.climate.copernicus.eu/. The Clustering Toolbox can be
accessed at http://www.datalab.uci.edu/resources/CCT/. Calculations and Figures were made with Python
v3.9.12 (Van Rossum & Drake, 2009) available at https://www.anaconda.com.
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