
npj | climate and atmospheric science Article
Published in partnership with CECCR at King Abdulaziz University

https://doi.org/10.1038/s41612-024-00655-9

Slower-decaying tropical cyclones
produce heavier precipitation over China
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The post-landfall decay of tropical cyclones (TC) is often closely linked to themagnitude of damage to
the environment, properties, and the loss of human lives. Despite growing interest in how climate
change affects TC decay, data uncertainties still prevent a consensus on changes in TC decay rates
and related precipitation. Here, after strict data-quality control, we show that the rate of decay of TCs
after making landfall in China has significantly slowed down by 45% from 1967 to 2018. We find that,
except thewarmer seasurface temperature, theeastward shift of TC landfall locations alsocontributes
to the slowdown of TC decay over China. That is TCs making landfall in eastern mainland China (EC)
decay slower than that in southern mainland China (SC), and the eastward shift of TCs landfall
locations causes more TCs landfalling in EC with slower decay rate. TCs making landfall in EC last
longer at sea, carry more moisture upon landfall, and have more favorable dynamic and
thermodynamic conditions sustaining them after landfall. Observational evidence shows that the
decay of TC-induced precipitation amount and intensity within 48 h of landfall is positively related to
the decay rate of landfalling TCs. The significant increase in TC-induced precipitation over the long
term, due to the slower decay of landfalling TCs, increases flood risks in China’s coastal areas. Our
results highlight evidence of a slowdown in TC decay rates at the regional scale. These findings
provide scientific support for the need for better flood management and adaptation strategies in
coastal areas under the threat of greater TC-induced precipitation.

Tropical cyclones (TCs) are accompanied by heavy precipitation,
storm surges, and strong winds, and often cause tremendous damage
and casualties in the landfalling and adjacent coastal areas1–4. Once
TC makes landfall, its intensity generally decays rapidly due to the
reduction of available moisture and the increase in friction2,5,6, and
thus its destruction tends to be confined to a period of several days
and to a limited areas inland. As the climate warms, the warmer air
contains more moisture, which allows TCs to reach a stronger
intensity and decay more slowly7–9. Since the damage caused by TCs
tends to increase with the maximum sustained wind speed (i.e., TC
intensity)10,11, TCs with a slower rate of decay can cause greater
potential damages to inland areas from strong winds and heavy
precipitation. Moreover, when a TC decays more slowly, it tends to
maintain its intensity (and destruction potential) for longer, and may
penetrate further inland, resulting in greater risk to regions further
inland12,13. Therefore, it is essential to understand the changes in the

decay of the intensity of landfalling TCs and the associated pre-
cipitation responses, hence enhancing the adaptation to these chan-
ges and mitigation of mitigate potential losses in coastal areas.

A significant slowdown In the decay of landfalling TCs in recent
decades has been reported in the North Atlantic7,14,15 and western North
Pacific (WNP)16.However,Chan et al.17,18 pointedout the largeuncertainties
in observedTCdecay, i.e., the trends in theTCdecay rate are highly sensitive
to the study area, research period, dataset, and method used. As for the
possible impact factors of the changes in TC decay, Li and Chakraborty7

attributed the slowdown of TC decay to the higher moisture stocked in
hurricanes due to the warmer sea surface temperatures (SST). In contrast,
Chan et al.17 proposed that, rather than the SSTs, it is the effective area of
moisture supply determined by the track upon landfall, which is more
important in affecting TC decay. Song et al.16 found that the changes in TC
decay timescale in theWNPwere closely correlated to the soilmoisture, low-
level vorticity, and high-level divergence.

A full list of affiliations appears at the end of the paper. e-mail: guxh@cug.edu.cn

npj Climate and Atmospheric Science |            (2024) 7:99 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-024-00655-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-024-00655-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-024-00655-9&domain=pdf
http://orcid.org/0000-0001-8557-9485
http://orcid.org/0000-0001-8557-9485
http://orcid.org/0000-0001-8557-9485
http://orcid.org/0000-0001-8557-9485
http://orcid.org/0000-0001-8557-9485
http://orcid.org/0000-0002-7414-5371
http://orcid.org/0000-0002-7414-5371
http://orcid.org/0000-0002-7414-5371
http://orcid.org/0000-0002-7414-5371
http://orcid.org/0000-0002-7414-5371
http://orcid.org/0000-0001-9416-488X
http://orcid.org/0000-0001-9416-488X
http://orcid.org/0000-0001-9416-488X
http://orcid.org/0000-0001-9416-488X
http://orcid.org/0000-0001-9416-488X
http://orcid.org/0000-0002-9288-3415
http://orcid.org/0000-0002-9288-3415
http://orcid.org/0000-0002-9288-3415
http://orcid.org/0000-0002-9288-3415
http://orcid.org/0000-0002-9288-3415
http://orcid.org/0000-0002-9462-2577
http://orcid.org/0000-0002-9462-2577
http://orcid.org/0000-0002-9462-2577
http://orcid.org/0000-0002-9462-2577
http://orcid.org/0000-0002-9462-2577
http://orcid.org/0000-0001-7783-5725
http://orcid.org/0000-0001-7783-5725
http://orcid.org/0000-0001-7783-5725
http://orcid.org/0000-0001-7783-5725
http://orcid.org/0000-0001-7783-5725
http://orcid.org/0000-0002-0048-6253
http://orcid.org/0000-0002-0048-6253
http://orcid.org/0000-0002-0048-6253
http://orcid.org/0000-0002-0048-6253
http://orcid.org/0000-0002-0048-6253
mailto:guxh@cug.edu.cn


TC-induced heavy precipitation often triggers destructive
flooding in coastal regions2,19–21. Previous studies have reported that
changes in TC activity, such as the intensification of maximum wind,
increasing TC rainfall rate22, and slower movement, can increase TC-
induced flood risk in coastal regions3,22–24. Comparatively, the rela-
tionship between TC-induced precipitation and the rate of TC decay
has received less attention. As a slower decay is closely related to the
higher moisture carried by TCs, which eventually falls as precipita-
tion, we expect that TC-induced precipitation should increase with a
slower TC decay25,26. Lu et al.27 found that the slower a TC decays, the
larger the number of rainstorm stations impacted over the Guangxi
province of China during 1981–2001. However, observational evi-
dence on the impacts of changes in the decay of landfalling TCs on
precipitation is still limited.

In this study, we first examine the long-term trend and temporal
evolution (i.e., differences between subperiods) of decay timescale
based on 141 landfalling TCs over China during 1967–2018. Here,
the TC best track data since the satellite era (i.e., 1967 onwards) is
used to avoid data inhomogeneity28,29. The relationship between
changing TC decay and possible impact factors such as SST and TC
characteristics (e.g., intensity, translation speed, longitude, and lati-
tude of landfall) are evaluated. The impact of changes in the rate of
TC decay on TC-induced precipitation is examined based on
3-hourly precipitation data during 1979–2018. We find that the decay
rate of landfalling TCs in China has significantly slowed during
1967–2018. The TC decay rate is slower over eastern mainland China
than over southern mainland China, which together with the east-
ward shift of TC landfall locations leads to the slowdown of TC decay
over China. Moreover, the slowdown of TC decay increases the
probability of precipitation with higher intensities and larger total
amounts, and thus leads to greater flood risk in China’s coastal
regions.

Results
Temporal changes in decay timescale of landfalling TCs
A total of 148 landfalling TC events during 1967–2018 over China were
selected based on the selection criteria (see “Methods” section). The decay
timescale τ, a parameter used to characterize the decay rate of TC intensity
(i.e., greater τ values indicate a slower decay after landfall), was calculated for
each landfalling TC event7,18. To prevent the influence of outliers, 7 land-
falling TC events with exceptionally large τ values (greater than twice the
standard deviation above the mean) were excluded, and finally 141 land-
fallingTCswere used to analyze the changes in decay timescale in this study.
The tracks and τ values of 141 landfalling TCs are shown in Fig. 1a, b,
respectively, for the two half periods (1967–1992 and 1993–2018). Spatially,
TCswith greater τ value aremore likely to appear in easternmainlandChina
(EC) where, for example, the number of TCswith τ value larger than 40 h is
16,which is three times thenumber (i.e., 5) in southernmainlandChina (SC;
Fig. 1b). The probability density functions (PDFs) of τ during 1967–1992
and1993–2018 showthat thePDFofτ in the secondperiod (i.e., 1993–2018)
is significantly shifted towardhigher values compared to thefirst period (i.e.,
1967–1992), indicating a greater probability for τ reaching higher values in
1993–2018 than in 1967–1992 (Fig. 1c).

We average the τ value of landfalling events for each year and apply a
double 3-year smoothing7 to this time series to investigate the variations of τ
at an interannual scale. The decay timescale τ shows a significant increasing
trend of 1.6 h∙decade−1 (p < 0.01), and has increased by 45% from 1967 to
2018 (Fig. 1d). When employing no smoothing (using the original time
series) or including the outliers, the increasing trend in the decay timescale τ
is still significant with a slope of 1.9 h∙decade−1 (p < 0.1), and 2.3 h∙decade−1

(p < 0.01), respectively (Supplementary fig. 1). The significant increase in τ
values indicates the slowdown of landfalling TC decay during 1967–2018
over China. The TC intensity 24 h after landfall was 34% of the intensity
upon landfall in 1967, and increased to 47% in 2018. These results indicate
that, compared to 50 years ago, TCs at present are more able to maintain

Fig. 1 | Features of the decay of landfalling TCs over China during 1967–2018.
Panel a shows the tracks of 141 landfalling TCs originating from the WNP over
1967–1992 (blue) and 1993–2018 (red), and a dotted box (TC pre-landfall region)
bounded by 15°N, 30°N, 110°E, and 130°E. Panel b shows the spatial distribution of
the 141 landfall events over China. Each circle represents the TC center 24 h after
landfall over 1967–1992 (blue) or 1993–2018 (red), with its size proportional to the
decay timescale τ of the event. Panel c shows the histograms and probability density
functions (PDFs) of τ during the two periods of 1967–1992 (blue) and 1993–2018
(red), respectively. The difference between the two PDFs in Panel c is tested by

Kolmogorov-Smirnov (K-S) test (see the p value). The error bars in histograms
correspond to ±1 standard deviation in each bin, which are calculated based on
bootstrap sampling method (randomly resampled with replacement in each time
series). Panel d shows the time series of τ during 1967–2018. In panel d, the moving
black line shows temporal change in τ; the straight black line is the corresponding
linear regression line derived from ordinary least squares and the dotted black line is
the 95% confidence band about the regression line. The error bars correspond to
±1 s.e.m (standard error of mean) of all events in the 5-year window centered on a
given year (because the double 3-year smoothing was applied).
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their intensity after landfall, and thus have stronger and longer-lasting
destructive potential on human society and the environment.

Possible factors affecting the decay timescale of landfalling TCs
over China
As mentioned in the Introduction, SST has been reported as an essential
factor influencing the decay timescale of landfalling TCs30–32. Besides SSTs,
TC track characteristics, such as landfall location, intensity, and translation
speed, are also to be potential factors influencing TC decay. First, TC tracks
are changing systematically under globalwarming.This change in trackshas
been noted in, for example, the poleward shift in the latitude of TC
tracks33–36, anddifferentmotion characteristics (such as translation speed) in
different regions37,38. Second, τ is calculated based on the TC intensity past
the point of landfall, andTCs landfallingwith different intensitiesmay show
differences in rateof decay39. Third, lower translation speedofTCs over land
may allow moisture supply from the ocean for a longer time, which could
enhance the storm moisture and thus promote slower decay of landfalling
TCs7. We therefore investigate the relationship between SST/TC track
characteristics and the decay timescale of landfalling TCs over China.

SST. We compute the seasonal-mean (i.e., June–September, the season
withmost of TC occurrences) SST during 1967–2018 over three different
oceanic regions, i.e., the TC pre-landfall region, the development region,
and the genesis region (Fig. 1a and Supplementary fig. 2a, c, e). Then, we
smooth the SST time series in the same way as the τ time series, and
superpose them and the τ time series. The SSTs in the three regions show
consistent inter-annual fluctuation features with τ, and are significantly
(p < 0.01) correlated with τ (Fig. 2a and Supplementary fig. 2b, d, f). The
correlations are 0.38, 0.33, and 0.37 for TC pre-landfall, TC development,
and TC genesis regions, respectively (Supplementary fig. 2). In TC pre-
landfall region, the SSTs show a significant (p < 0.01) upward trend at a
rate of 0.13 K∙decade−1 during 1967–2018 (Supplementary fig. 3a), and
the correlation is the highest with 0.38 among the three regions. This

suggests that increasing SSTs over adjacent oceanic areas play an
important role in TC decay after landfall over mainland China. These
results are consistent with previous studies7, who found significant cor-
relation between τ and SST over the TC pre-landfall, development, and
genesis regions of theNorthAtlantic. They also proved the important role
of moisture in modulating TC decay by means of idealized simulation.
Our analysis of the connection between SST, moisture, and TC decay
shows significant correlation between SST, integrated water vapor, and τ,
which further supports the impacts of warmer SST and higher moisture
on slower TC decay based on long-term observations (Supplementary
fig. 4).

Landfalling location. We examine the changes in landfall centroid
location (i.e., longitude and latitude) of TCs and their correlations with τ.
We find a significant increasing trend in the longitude centroid during
1967–2018 (0.23 degrees∙decade−1, p < 0.05; Supplementary fig. 3b) and a
significant positive correlation between τ and the longitude centroid
(r = 0.34, p < 0.05; Fig. 2b), i.e., the larger the longitude centroid, the
greater the τ. By contrast, the long-term trend in the latitude centroid, and
its correlation with τ are not statistically significant (Fig. 2c and sup-
plementary fig. 3c). Therefore, the slowdown of the TC decay rate in
China could related to the eastward shift of in TC landfall location. To
further investigate the impact of longitude on the decay timescale of
landfalling TCs, we divide the coastal region of China affected by land-
falling TCs into EC and SC (Fig. 1b), over which the average centroid
longitudes of TCs are 117.8°E and 111.8°E, respectively. As shown in
Table 1, the mean value of τ is significantly greater in EC than in SC
during 1967–2018, 1967–1992, and 1993–2018 (Fig. 1b and Table 1).
Compared to the first half period (i.e., 1967–1992), both the frequency
and proportion of TCs making landfall over EC during the second half
period (i.e., 1993–2018) have increased. The increases in relative fre-
quency of landfalling TCs in EC (which decay at a relatively slower rate)
could result in the slowdown of TC decay rate in China.

Fig. 2 | Association between various factors and
the decay timescale τ during 1967–2018. Panels
a–f show the relationship between τ and SST (units:
K), TC landfall longitude (units: °E), TC landfall
latitude (units: °N), landfall intensity (units: m∙s−1),
average translation speed over the first four inland
positions (vt; units: m∙s−1), and coastline-
perpendicular translation speed (vt sin α shown in
Supplementary fig. 5; units: m∙s−1), respectively. The
correlation (i.e., r and p values) is estimated using the
Spearman method. The thick black line is the cor-
responding linear regression line derived from
ordinary least squares, the dotted black line indicates
the 95% confidence band about the regression line,
and the error bars correspond to ±1 s.e.m (standard
error of mean) of all events in the 5-year window
centered on a given year (because the double 3-year
smoothing was applied). In panel a, SST is the
seasonal-mean (i.e., June–September) values over
the pre-landfall region shown in Fig. 1a.
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Landfall intensity. We note that there is a significant increasing trend in
the intensity of landfalling TCs during 1967–2018 over China
(0.40 m∙s−1∙decade−1, p < 0.05; Supplementary fig. 3d), and a weakly sig-
nificant positive correlation between τ and landfall intensity (r = 0.27,
p = 0.06; Fig. 2d). This result indicates that τ increases with the
enhancement of TC landfall intensity, which is consistent with previous
studies40,41 who indicated that TC decay rate is proportional to its land-
falling intensity. However, another some studies42 found a weak rela-
tionship between TC decay rate and the initial intensity of landfall.
Therefore, in the future, whether TC decay rate is significantly affected by
its landfall intensity should be future investigated (such as using
numerical modeling) with giving deep physical mechanisms.

Translation speed. We examine the relationship between the average
translation speed over the first four inland positions (vt hereafter)/the
vertical component of its coastline (i.e., coastline-perpendicular trans-
lation speed, vt sin α hereafter; Supplementary fig. 4) and τ of landfalling
TCs over China, and find no significant relation between them (Fig. 2e, f).
The trend analysis shows that neither the changes in vt or vt sin α are
statistically significant during 1967–2018 (Supplementary fig. 3e, f).
These results indicate that the TC translation speed (vt and vt sin α) likely
plays a minor role in the observed increase in τ over China (vt
and vt sin α).

Overall, the mean decay timescale τ over China’s coast has increased
from 29.11 h during 1967–1992 to 30.76 h during 1993–2018. The relative
contributions ofwarming SSTs, eastward landfall location of TCs, and other
factors (including the increasing landfall intensity) to this increasing τ are
estimated as 60.6%, and 37.0%, and 2.4% (see “Methods” section for esti-
mating these contributions), respectively.

Reasons for the difference in the decay timescale between
EC and SC
As shown inFig. 2b andTable 1,wefind a faster slowdown inTCdecay after
landfall in EC than in SC.We thus explore the causes of this difference in the
decay timescale between EC and SC. As discussed above, the landing
position of TCs, TC landfall intensity, and translation speed could affect the
variation in τ. Therefore, we first investigate the difference of TC track
characteristics between EC and SC.

Variation in the genesis position of a TC can affect the TC track at sea43

and its maximum intensity positions44, which can potentially lead to
changes in the location of landfalling TCs. We examine the variation in the
genesis position (i.e., the first position with TC intensity >10.8 m∙s−1,
including its longitude and latitude) and its correlationwith landfall position
(i.e., landfall longitude and latitude) for the selected 141 TCs. There are
significant (p < 0.05) increasing trends in genesis longitude (0.60

degrees∙decade−1; Supplementary fig. 6a), and an insignificant decreasing
trend in genesis latitude (−0.14 degrees∙decade−1; Supplementary fig. 6b),
indicating an eastward shift of TC genesis position. TCs move north-
westward due to the beta effect (i.e., a meridional vorticity gradient due to
Coriolis effect)34, thus the more easterly a TC genesis position is, the more
northerly it moves and makes landfall in EC. The correlation analysis also
shows that the landfall longitude and latitude of TCs are significantly
(p < 0.01) correlatedwith the TC genesis longitude, with correlations of 0.40
and 0.43 (Supplementary fig. 6a, b), respectively, while the correlations
between landfall position and genesis latitude (Supplementary fig. 6c, d) are
not significant. This further demonstrates that the more easterly the TC
genesis longitude is, the more easterly and northerly its landfall location
will be.

The displacement of the TC genesis location can lead to changes in the
TC tracks and affect the duration of TCs at sea45. Comparing the char-
acteristics of TCs making landfall in EC and SC, we observe that the mean
genesis location of TCs making landfall in EC (mean genesis location:
138.5°E, 15.9°N) is more northeasterly (p < 0.01) than that of TCs making
landfall inSC (meangenesis location: 131.5°E, 14.1°N; Fig. 3a, b).Meanwhile,
themean duration over sea of TCs landing inEC (i.e., 181.6 h) is longer than
in SC (i.e., 170.9 h; Fig. 3c), although this difference is insignificant. This
indicates that the eastward genesis location of TCs could make the TC path
more tortuous and lead to an increase in the duration of the TCs at sea. TCs
that lasts longer at seamay carrymoremoisture.Our analysis of the 500-hPa
specific humidity in EC and SC within the 6 h before and after the TC
landfalls shows that the specific humidity during TC landfalls in EC is
significantlyhigher than that in SC (Fig. 3f). This indicates that the increased
duration of TCs at sea potentially increases their moisture content. The
more moisture carried by the TC upon landfall, the slower the subsequent
rate of decay7. Therefore, the higher moisture content carried by TCs
landing in EC also contributes to their slower decay. However, we find that
coastline-perpendicular translation speed (vt sin α hereafter) and landfall
intensity do not explain the greater τ value in EC than in SC. The vt sin α of
TCs after landfall is significantly (p < 0.01) higher in EC than in SC (Fig. 3d),
which is not favorable for TCs bringingmoremoisture when landing in EC.
There is no significant difference in TC landfall intensity betweenEC (mean
values: 27m∙s−1) and SC (mean values: 26.9m∙s−1), suggesting that the
difference in the decay of landfalling TCs between EC and SC is not related
to the TC landfall intensity (Fig. 3e).

To investigate the dynamicmechanisms associated with the difference
in decay of landfalling TCs over EC and SC, we examine the environmental
variables during June-September of the 10 years with the largest longitude
(i.e., 1977, 1988, 1989, 1990, 2005, 2006, 2007, 2013, 2014, and 2015) and the
10 years with the smallest longitude (i.e., 1967, 1968, 1969, 1970, 1971, 1993,
1994, 2002, 2003, and2018) of theTC landing center during 1967–2018.We
find that favorable environmental conditions (including dynamic and
thermodynamic conditions) play a key role in slowing down the decay of
landfalling TCs. In EC, there is positive anomalous low-level relative vor-
ticity (Fig. 4a) and anomalous counterclockwise rotating airflow (Fig. 4d),
which are conducive to maintaining a strong counterclockwise rotating
cyclone after TC landfall. Meanwhile, the negative anomalous mid-level
vertical velocity (increase in upward motion; Fig. 4b) facilitates the main-
tenance of the central updraft after TC landfall. The abnormally weak
vertical wind shear (Fig. 4d) also favors the maintenance of the TC warm
structure.

Abnormally warmer SSTs in theWNP (Fig. 4e) provide greater energy
and moisture for TC formation and development. The relatively high mid-
level relative humidity (Fig. 4c) and the significant increase of integrated
water vapor (Fig. 4f) promote the release of latent heat from water vapor
condensation, thus maintaining the warm core structure of the TCs.
Additionally, the anomalously higher soil moisture (Fig. 4h) in EC is con-
ducive to higher thermal conductivity and thus longer-lasting latent heat
fluxes, which are conducive to the maintenance of TCs after landfall.
However, the favorable environmental conditionsmentioned above are not
available in SC, which may explain the faster decay in SC than in EC.

Table 1 | Comparison of decay timescale τ for landfalling TCs
over SC and EC

Period Region Number of
landfalling TCs

Proportion of
landfalling TCs

Mean value
of τ (h)

1967–2018 China 141 100.00% 30.00

SC 70 49.65% 25.90

EC 71 50.35% 34.04***

1967–1992 China 65 100.00% 29.11

SC 35 53.85% 25.53

EC 30 46.15% 33.29*

1993–2018 China 76 100.0% 30.76

SC 35 46.05% 26.27

EC 41 53.95% 34.58***

The symbols “***”, “**”, and “*” indicate the difference of decay timescale τ during the sameperiod
between SC and EC at 0.001, 0.01, and 0.1 significance level, respectively.
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During the 10 years with the largest landfall longitude of TCs, the
dynamic (positive anomalous low-level relative vorticity, negative anom-
alous mid-level vertical wind, and weaker vertical wind shear; Fig. 4a, b, d),
and thermodynamic (including high 600-hPa relative humidity, increasing
SST and integrated vapor transport; Fig. 4c, e, f) conditions favorable to TC
formation and development extend beyond China to the easternWNP.We
surmise these favorable conditions in the eastern WNP enabled more TC
genesis and growth in this area. To assess this hypothesis, we calculate the
Genesis potential Index (GPI, see “Methods” section) over WNP, and find
positive anomalies in the GPI in most of theWNP. Large values of GPI are
identified in areas with a longitude range of 120°E–150°E and latitude range
of 8°N–17°N.Themean genesis longitude and latitude of the 141 landfalling
TCs analyzed in this study is 135.0°E, and 15.0°N, respectively. Compara-
tively, the TC genesis potential during the 10 years with the largest landfall
longitude is more easterly and northerly. The eastward shift of TC genesis
location enables the TCs to last longer for β-drift (i.e., the process of TCs
moving poleward and westward) over the WNP34, resulting in the north-
westwardmovement of TCs. In addition, TCs preferentially land in EC due
to the northward steering flow over the range of 118°E-130°E and 18°N-
30°N (Fig. 4d). These analyses also explain the dynamical mechanisms
behind the more easterly genesis position of the TCs making landfall
in China.

Impact of slower decay of landfalling TCs on precipitation
The slowing down of the decay of landfalling TCs implies that the affected
areas face longer-lasting and stronger storms, which may bring about
heavier rainfall. To examine the impact of the slower decay of landfalling
TCs on precipitation, we first calculate the change rate of precipitation over
the 24- and 48-hour periods after TC landfall. It should be noted that,
limited by the length of 3-hour precipitation data, we only analyzed the 104
landfalling TCs and associated precipitation during 1979–2018 in this
section. TC-induced precipitation is identified at every 3-hourly timestep
(seeMethods), and for each timestep, themean andmaximumprecipitation
amount of all grid points affected by TCs are defined as Pmean and Pmax,
respectively. On this basis, Pmean24, Pmax24, Pmean48, and Pmax48 are
the Pmean and Pmax values within 24- and 48-h after TC landfall,
respectively (Supplementary fig. 8). Then the change rate of Pmean24,

Pmax24, Pmean48, and Pmax48 are calculated as the ratio of the slope of
linear regression to the mean value (i.e., slope of linear regression/mean
valuex100%; see Supplementaryfig. 8r for anexample).The change rate can
be positive and negative: a positive change rate indicates an increase in
precipitation intensity over time, and vice versa. Then, we analyze how the
change rate of Pmean24, Pmax24, Pmean48, and Pmax48 vary with dif-
ferent τ ranges (i.e., 0-10th, 10-20th, 20-30th,…, 90-100th).

The change rates of Pmean24, Pmax24, Pmean48, and Pmax48 all
increase with increasing τ-quartile intervals (Fig. 5a–d). Only the change
rates of Pmean48 and Pmax48 show a significant (p < 0.01) positive cor-
relation with τ-quartile intervals, with correlation coefficients of 0.30 and
0.36, respectively (Fig. 5c, d). This indicates that the slower-decayingTCs are
more likely to slow down the decay/growth of precipitation intensity within
the 48 h period after landfall.

To further validate the impact of TC decay on the precipitation change
rate,we compare the change rate of precipitationover 24- and48-hours after
the landfall of slower- (i.e., >70th percentile of τ) and faster-decaying (i.e.,
<30th percentile of τ) TCs. Figure 5e–h shows the PDFs of change rate of
Pmean24, Pmax24, Pmean48, andPmax48 of slower- and faster-decayTCs,
respectively. The probability of the TC-induced precipitation change rate of
the slower-decaying TCs being positive (i.e., increase) is significantly
(p < 0.01) greater than that of the faster-decaying TCs, especially for pre-
cipitation occurring within 48 h of TC landfall (Fig. 5g, h). This further
evidence the finding that the slower-decaying TCs are more likely to
maintain or increase their precipitation intensity compared to the faster-
decaying TCs, with a more pronounced enhancement of precipitation over
48 h compared to 24 h.

In addition to the change rates inTC-induced precipitation, the impact
of theTCdecay timescale on the total precipitation amount over the 24- and
48-h are analyzed. Similarly, we compare the PDFs of grid-averaged total
amount of precipitation (PTmean hereafter) and the maximum total
amount of precipitation (PTmax hereafter) in all grids within 24- and 48-
hours, respectively. Compared to faster-decaying landfalling TCs, there is a
significant rightward shift in thePDFsof PTmean24, PTmax24, PTmean48,
and PTmax48 associated with slower-decaying TCs (Supplementary fig. 9),
demonstrating the higher probability of slower-decaying TCs to produce
higher total precipitation amounts.

Fig. 3 | Differences in track characteristics of the 141 TCs making landfall in EC
and SC during 1967–2018. Panels a–f show the boxplots of TC genesis longitude
(units: °E), TC genesis latitude (units: °N), over-sea TC duration (units: hours),
coastline-perpendicular translation speed (vt sinα; units: m∙s−1), TC landfall

intensity (units: m∙s−1), and mean 500-hPa specific humidity (units: kg∙kg−1) during
the 6 h before and after landfall in EC and SC, respectively. The black dot represents
the mean values of the corresponding categories. Student’s t-test is used to test the
difference (see p value) between EC and SC.
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Furthermore, we examine the time-varying characteristics in
PTmean24, PTmax24, PTmean48, and PTmax48 for the 104 landfalling
TCs during 1979–2018. We find that PTmean24, PTmax24, PTmean48,
and PTmax48 all show significant (p < 0.01 or p < 0.05) increasing trends
(Fig. 6a, c, e, g), with trends of 2.0mm∙decade−1, 23.0mm∙decade−1,
1.9mm∙decade−1, and 24.2mm∙decade−1, respectively. We presume that

these increasing trends in the total TC-induced precipitation amount may
be related to the slower decay of landfalling TCs. Thus, the correlations
between these precipitation indicators (PTmean24, PTmax24, PTmean48,
and PTmax48) and τ for the 104 landfalling TCs are tested, and all of them
show a significant (p < 0.01) positive correlation, with correlations of 0.64,
0.76, 0.67, and 0.70, respectively (Fig. 6b, d, f, h). The slower the decay of

Fig. 4 | Composite differences of environmental variables during June-
September between the 10 years with the largest longitude and the 10 years with
the smallest longitude of the TC landing center during 1967–2018. Panels a–h are
for 850-hPa relative vorticity (units: 10−6∙s−1), 500-hPa vertical wind (units: Pa∙s−1),
600-hPa relative humidity (units: %), vertical wind shear (units: m∙s−1) and steering
flow (units: m∙s−1), sea surface temperature (units: K), water vapor flux (units:

kg∙m−1∙s−1), genesis potential index, and soil moisture (units: m3∙m−3), respectively.
In panel d, colored shadings indicate vertical wind shear, and black vectors indicate
steering flow. In panel f, colored shadings indicate integrated water vapor, and black
vectors indicate vapor flux. In panels a–h, the areas with black/white dots indicate
significant anomalies at the 0.1 significance level, as tested by the Student’s t test, and
the red border indicates the EC and SC areas in China.
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landfalling TCs, the higher the mean and maximum total precipitation
amount within 24 and 48 h.

The above analysis is for the total TC-induced precipitation
amount in unrestricted areas, which consists of all grid points with
precipitation occurring in at least one timestep within the 24 (48) h
after TC landfall. The same analysis is conducted for the total pre-
cipitation amount within restricted areas, which only includes grid
points with precipitation occurring in all timesteps within the 24 h
after TC landfall. Based on the precipitation in the restricted areas,

the grid-averaged total precipitation amount, and the maximum total
precipitation amount within the 24 h after TC landfall are defined as
re-PTmean24, and re-PTmax24, respectively (see “Methods” section
and Supplementary fig. 8). Here we also find significant increases in
re-PTmean24 and re-PTmax24 of 13.1 mm∙decade−1 and 16.7 mm∙
decade−1 during 1979–2018, respectively (Supplementary fig. 10a, c).
Meanwhile, both re-PTmean24 and re-PTmax24 show significant
(p < 0.01) and strong positive correlations with τ (r of 0.69 and 0.82,
respectively; Supplementary fig. 10b, d). Overall, the result obtained

Fig. 5 | Effect of variation in τ on the rate of change of TC-induced precipitation
during 1979–2018. Panels a–d show the relationship between the change rate in
Pmean24, Pmax24, Pmean48, and Pmax48 and associated percentiles of τ. Panels
e–h show PDFs of the change rate in Pmean24, Pmax24, Pmean48, and Pmax48
associated with slower- (>70th percentile of τ; red) and faster-decaying (<30th

percentile of τ; blue) landfalling TCs, respectively. In panels a–d, the black dot
indicates the mean values of the corresponding boxplot, the red dashed line is the
linear regression line obtained by ordinary least squares, and the correlations are
estimated using the Spearman method. The K-S test is used to test the difference
between the two PDFs in panels e–h (see the inset p values).
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from the restricted area is consistent with the result from the
unrestricted area.

Discussion
In this study, we find a significant slowdown in the decay rate of landfalling
TCs over the coast of China during 1967–2018. The existence of long-term
changes in the decay rate of landfalling TCs in recent decades and its causes
are still an on-going debate. The trends in the decay of landfalling TCs

reported in previous studies vary by regions, study periods, datasets, TC
selection criteria, and other factors7,15–18. TCs display large regional variation
in characteristics due to the different environments in which they are
embedded. For instance, the translation speed of TCs is relatively faster in the
midlatitudes than in the lower latitudes due to strongwesterlywinds from the
midlatitude jet37,38. TCs in different basins and making landfall by different
modes (e.g., hard-strike and lingering modes) also show discrepancies in
decay timescale17,18. Additionally, the decay of TC intensity is controlled by a

Fig. 6 | Effect of variation in τ on TC-induced precipitation during 1979–2018.
Panels a, b (c, d) show the time series of PTmean24 (PTmax24) and the relation
between PTmean24 (PTmax24) and τ, respectively. Panels e–h are the same as
Panels a–d, but for PTmean48 and PTmax48, respectively. In panels a, c, e, and
g, moving black line shows temporal change in TC-induced precipitation. In panels
b, d, f, and h, the correlations (see r and p values) are estimated using the Spearman

method. In panels a–h, the diagonal black line is the corresponding linear regression
line derived from ordinary least squares, the dashed black line is the 95% confidence
band about the regression line, and the error bars correspond to ±1 s.e.m (standard
error of mean) of all events in the 5-year window centered on a given year (because
the double 3-year smoothing was applied).
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complex interactionbetween internal and external factors46,47, and thus shows
significant individual differences. Since the sample size of landfalling TCs is
small, the statistical results arevery sensitive to thedataprocessingprocedures
(e.g., selection criteria). In our study, the threshold of minimum landfall
intensity was set at 24.5m∙s−1. By doing this, the number of selected land-
falling TCs is 141, with 2.7 landfalling TCs per year on average. The larger
sample size reduces the sensitivity of our results to individual landfalling TC
events. Furthermore, the slowdown in the rate of decay of landfalling TCs
over China is significant no matter whether we employ the double 3-year
smoothing method or not. The significant differences between the PDFs of
TC decay during 1967–1992 and 1993–2018 further confirm the higher
probability of slower-decaying TCs in the second period (1993–2018). This
evidence supports the robustness of our finding that the intensity of TCs after
landfalling in China has decayed more slowly in recent decades.

We notice that there is uncertainty in the TC intensity of the best
track data due to the changes in monitoring techniques28,48,49. For example,
the maximum intensity of TCs was likely to be underestimated because of
the inability to adequately monitor the intensities of TCs over the open
ocean28,50, and considerable number of weak and short-lived TCs might be
missed due to insufficient observational networks29,51. In our study, a series
of criteria are applied to select the TCs that used to analyze the decay rate.
First, only landfalling TCs are selected, and the decay rate of TC intensity
is calculated for the 24 h after the landfalls. Although that the TCs over the
open ocean might be missed or underestimated before or at the early stage
of satellite era, the intensity estimates of landfalling TCs that impacted
coast areas where people lived are more reliable. Second, only TCs landing
with intensity no less than 24.5m∙s−1 and survived more than 24 h after
landfalls are selected to analyze the decay rate. In that case, those weak or
short-lived TCs were excluded. By applying these two measures, the impact
of the uncertainty in TCs over the open ocean, weak and short-lived TCs
on our analysis could be substantially reduced. Even though, we suggest
more studies to further validate our findings by using both reanalysis
datasets and updated tropical cyclone simulation models.

The slower decay of landfalling TCs over China is resulted by multiple
factors including the increase in SSTs, the eastward shift of TC landfall
locations, and other factors such as enhanced landfall intensity. We find
significant increasing trends in SSTs at the point of TC genesis, develop-
ment, and in pre-landfall regions, with their fluctuations significantly cor-
related with the TC decay rate. Besides, the TC decay rate is mainly
determined by the moisture stocked by TCs and the dynamical and ther-
modynamic conditions. Here, we find that TCs landing in EC decay slower
than in SC, because 1) the easterly TC genesis and landfall locations prolong
the duration of the TCs over sea, which results in more moisture carried by
theTCs and thus a slowerdecay of the landfallingTCs, and 2) the dynamical
and thermodynamic conditions over EC are conducive to maintaining the
TCs after landfall. In that case, the eastward shift of TC genesis and landfall
locations causes more TCs making landfall in EC with slower decay rate,
which contributes to the slower decay of TCs over China.

SSTs are one of the most important factors affecting the formation,
development, and decay of TCs8,52,53. For example, changes in SST can
modulate TC frequency and distribution of TC tracks12,54,55. In addition, the
distribution of SST can alter the thermodynamic environment and thus
affect TC intensity56,57. In this study, we reveal the impact and contribution
of changes in SSTs, shift of TC landfall location, andother factors such asTC
intensity to the slowerdecay of landfallingTCs. But the interactions between
SST, TC landfall location, and intensity, and their impact on the decay of
TCs require further investigation.

The slowdown of the TC decay is not monotonous, but shows large
inter-annual variations (e.g., the τ reached a peak in the 1990s). This implies
that the changes in TC decay are affected by natural climate variability. The
factors such as El Niño Southern Oscillation (ENSO), Pacific Decadal
Oscillation (PDO), and the monsoon system can modulate the large-scale
circulations, leading to changes in ocean and atmosphere conditions, and
thus influencing the inter-annual variations of TC activity over the western
NorthPacific58–60. For example, inElNiñoyears and strongmonsoon trough

years with monsoon trough extending eastward, there are more TCs gen-
erated in east and TCs tend to be more intense and longer-lived due to the
favorable dynamic and thermodynamic environment, which is consistent
with our findings that TCs generated in east would stay longer over ocean,
and decay slower after landfall.

As for the long-term trends, even though previous work has attrib-
uted the changes in TC characteristics such as the intensification of
maximum intensity61,62, poleward shift of TC tracks34,63, and the slower
translation speed to anthropogenic climate change3,37,38, our under-
standing of the impact of anthropogenic climate change on TC char-
acteristics is still limited, with low confidence in the detected
anthropogenic signal. This is because TCs are complex weather systems
with high variability. The observations of TCs suffer from issues of data
homogeneity28, while the climate models still need to be improved to
extract TC activity accurately and efficiently64. Therefore, the question of
whether the slowdown in the decay of landfalling TCsoverChina detected
in this study is caused by anthropogenic or natural climate change is not
discussed in this study, and requires separate investigation.

We analyze the effect of the slower decay of landfalling TCs on TC-
induced precipitation, and find that slowly-decaying TCs are more likely to
decelerate the decay of precipitation intensity and induce higher total pre-
cipitation amounts within 24 and 48 h of landfall. This result can also be
inferred from the longer TC translation duration and the enhanced rainfall
rate of TCs9,22. The slowdown of TC translation speed could enhance the
impact of slower decay rate on precipitation. As a TC with a slower decay
rate can maintain its intensity for a longer duration, this longer-lasting and
stronger TCwill be stalled over a region for longer duration if its translation
speed is slower, which thus causes the higher TC-induced total precipitation
amounts at this region3. Additionally, the increasing rainfall rate of TCs,
which is more pronounce in theWNP, and for strong TCs (i.e., categories 4
and 5 according to the Saffir-Simpson scale), has been evidenced in previous
studies based on model simulations and observations9,22. Guzman and
Jiang22 have linked the enhancing TC rainfall rate to the increases in SSTs
and total precipitablewater in theTC environment, which is consistentwith
our analysis: the greater the moisture carried by TCs (thus the slower the
decay), the more precipitation they produce. Our results suggest that the
slowdown of TC decay should be taken into account when assessing socio-
economic impacts of landfalling TCs, since it can increase associated
hazards such as flooding.

Methods
TC best-track data
The TC best track dataset is provided by the International Best Track
Archive for Climate Stewardship (IBTrACS) version 4.065. Multiple TC
datasets from different institutions, such as the China Meteorological
Administration (CMA), Joint Typhoon Warning Center (JTWC) and
Japan Meteorological Agency (JMA), are merged by IBTrACS into one
global TC database via collation and correction. Currently, the IBTrACS
dataset is widely used in TC-related research24,37,38,66,67. In this study, we
adopt 2-minute maximum sustained wind (TC intensity; CMA data
merged in IBTrACS), and the latitude and longitude (IBTrACS) of the TC
center at 3-h intervals.

When analyzing the decay of landfalling TCs, we use the TC dataset
with record interval of 6 h during 1967–2018, which belongs to the post-
satellite era and tend to be homogeneous and reliable28,29,68–70. In this period,
we study all the landfall events thatmeet four criteria7: 1) TC intensity at the
last position before landfall need to beno less than 24.5 m∙s−1 (theminimum
intensity for ‘severe tropical storm’ according to CMA); 2) TCs survived
more than 24 h after landfall, meaning that there are at least 4 consecutive
6-hour inlandposition records after landfall; 3)TC intensity cannot increase
past landfall; 4) TCs have not undergone an extratropical transition (i.e.,
evolving into extratropical storm systems) during the first day after landfall.
When analyzing the TC-induced precipitation, the TCdataset with a record
interval of 3 h during 1979–2018 corresponding to the 3-hourly precipita-
tion data is used.
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Gridded precipitation data
The gridded precipitation data with a time resolution of 3 h and a spatial
resolution of 0.1°×0.1° during 1979–2018 is derived from the China
Meteorological Forcing dataset (CMFD), National Tibetan Plateau Data
Center. This dataset, made through fusion of remote sensing products,
reanalysis datasets and in-situ station data71,72, is one of themostwidely used
climate datasets in China owing to its successive period and stable
quality73–78.

Reanalysis data
Monthly and hourly large-scale environmental variables (such as sea
surface temperature, wind field, and specific humidity) with a spatial
resolution of 0:25°during 1967–2018 are collected from the European
Centre for Medium-Range Weather Forecasts (ECMWF) fifth gen-
eration atmospheric reanalysis dataset (ERA5). In this study, vertical
wind shear (VWS) is derived by calculating the difference between
the wind field at 200 hPa and 850 hPa79, and the 500-hPa wind field is
selected as the steering flow80–82.

Decay timescale of landfalling TCs
Most of the damage tends to occur within 24 h past TC landfall, therefore,
for eachTC, the intensity (IðtÞ)within 24 hpast landfall (t ¼ t1; t2; t3; t4) is
computed. IðtÞ shows an exponential decay as IðtÞ ¼ Ið0Þe�t=τ83,84, where t is
the time after landfall and τ is thedecay timescale. The larger the value of τ is,
the slower the TC decays. Within the 24 h after landfall, IðtÞ can be repre-
sented well by the exponential model with only one parameter τ7. However,
this one parameter exponential model is not appropriate for IðtÞ of period
more than 24 h.

The time series of τ is computed by employing a double 3-year
smoothing method to reduce random noise. The corresponding
±1 s.e.m (i.e., standard error of mean) of all events in the 5-year
window centered on a given year is shown as an error bar, since we
applied the double 3-year smoothing method to the time series. So,
the s.e.m is computed as ðstandard deviation=

ffiffiffiffi

N
p Þ, where N is the

number of all events in the 5-year window. The trend in τ is esti-
mated using linear regression based on the ordinary least squares
method. The original time series without any smoothing show con-
sistent results (Supplementary fig. 1).

Translation speed
We compute the annual-mean TC translation speed (vt) and coastline-
perpendicular translation speed (vt sin α), and investigate the relation
between them and the decay of landfalling TCs. α is the angle between the
local 200-km coastline and the incident direction vector (computed using
the coordinates of the first two inland locations; Supplementary fig. 5). The
translation speed is calculated using the distance between two neighboring
TC centers divided by the record interval (i.e., 6 h). For each TC, we only
consider the average translation speed over the first four inland positions.
The component of translation speed perpendicular to the coastline is
defined as coastline-perpendicular translation speed (vt sin α). An example
of calculating the vt sin α of Typhoon Mangkhut (2018) is given in Sup-
plementary fig. 5.

Genesis potential index
Genesis potential index (GPI) developed by Emanuel and Nolan83 is widely
used to study the impact of environmental field changes on TC activity
under global warming and it is expressed as follows:

GPI ¼ 105η
�

�

�

�

3
2 × RH=50

� �3 × Vpot=70
� �3

× 1þ 0:1Vshear

� ��2 ð1Þ

where η is the 850-hPa absolute vorticity (units: 10�5 � s�1), RH is the 600-
hPa relative humidity (units: %), Vpot is the TC maximum potential
intensity (units: m � s�1), and Vshear is the magnitude of the wind shear
between 850 hPa and 200 hPa (units: m � s�1). The formulation of Vpot

defined by Bister and Emanuel84 is calculated as follows:

Vpot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ck

Cd

Ts

To
CAPE� � CAPEb
� �

s

ð2Þ

where Ck is the exchange coefficient of enthalpy, Cd is the drag coefficient,
Ts is the SST, To is the outflow layer temperature, CAPE� is the convective
availablepotential energyof saturatedair over the ocean surface, andCAPEb

is that of boundary layer air.

Calculation of the relative contribution
The relative contributions of increasing SST, eastward shift of TC landfall
locations and other factors (including enhancing TC landfall intensity) to
the increase in decay timescale τ between two periods are calculated fol-
lowing Li and Chakraborty7. The landfall events are categorized into two
periods of equal length (1967–1992 and 1993–2018) and two regions (EC
and SC). During 1967–1992 (1993–2018), the mean τ for EC and SC are
33.29 (34.58) h and 25.53 (26.27) h, respectively, and the proportion of
landfalling TCs for EC and SC are 46.15% (53.95%) and 53.85% (46.05%),
respectively. Meanwhile, the mean τ in China during 1967–1992
(1993–2018) is 29.11 (30.76) hours, with an increase of 1.65 h in the latter
period.

If the proportion of landfalling TCs remained unchanged during
1993–2018, the mean τ in China is 30.11 h (46.15% × 34.58+ 53.85% ×
26.27 = 30.11), with the increase in SST leading to an increase in τ of 1 h
(30.11 - 29.11 = 1 h), so the relative contribution of SST to τ is 60.6% (1/
1.65 = 60.6%); If the SST remained unchanged during 1993–2018, themean
τ in China is 29.72 h (53.95% × 33.29+ 46.05% × 25.53 = 29.72 h), and the
increment of τ due to the change in positions of landfalling TCs is 0.61 h
(29.72-29.11 = 0.61 h), so the relative contribution of eastward landing to τ
is 37.0% (0.61/1.65 = 37.0%). Thus, the relative contribution of other factors
such as the enhanced TC landfall intensity to τ is 2.4% (100% - 60.6% -
37.0% = 2.4%).

Identification of TC-induced precipitation
A number of previous studies assumed TC-induced precipitation can be
estimated as the precipitation within a fixed radius (e.g. 500 km) from the
TC center at a given timewindows (e.g. ±1 day)85–88.However, this approach
is not entirely appropriate, as TC-induced precipitation is not uniformly
distributed with the TC center but varies irregularly with time89. To solve
these problems, Ren et al.89,90 proposed the objective synoptic analysis
technique (OSAT) to isolate TC-induced precipitation from daily pre-
cipitation by imitating the process which weather forecasters use to
manually analyze a synopticmap. TheOSATmethod is nowwidely used to
identify TC-induced precipitation91–95. There are two key steps about this
method, including dividing the daily precipitation into several individual
rainbelts and distinguishing TC rainbelts based on the distance function
between the TC center and the rainbands distribution.

In this study, the OSAT method is adopted to identify the TC-
induced precipitation. For each landfalling TC during 1979–2018, we
identify TC-induced precipitation in every 3-hourly timestep within
48 h after landfall, and define eight precipitation indices. For each
3-hourly timestep, the mean, and maximum precipitation amount of
all grid points affected by TCs are calculated and defined as Pmean
and Pmax, respectively. On this basis, Pmean24, Pmax24, Pmean48,
and Pmax48 are Pmean and Pmax values within 24- and 48-h after
TC landfalls, respectively. Then the change rate of Pmean24,
Pmax24, Pmean48, and Pmax48 are calculated as the ratio of the
slope of linear regression to the mean value (i.e., slope of linear
regression/mean value x 100%). The change rate can be positive and
negative. A positive change rate indicates the increasing precipitation
over time, and vice versa. To examine the impact of TC decay
timescale on the total precipitation amount, we calculate the cumu-
lated precipitation amount of each grid within 24 and 48 h, then
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define the mean and maximum values as PTmean24, PTmax24,
PTmean 48, and PTmax48, respectively. Taking the precipitation
events induced by TC Ken (1989) as an example, we show the spatial
distribution of TC Ken-induced precipitation at each 3-hourly
moment within 48 h after landfall (Supplementary fig. 8a–q) and
the change in precipitation intensity over time (Supplementary fig.
8r), respectively. The black-dotted areas in Supplementary fig. 8a–i
indicate the restricted precipitation areas that consist of only grid
points with precipitation occurring in all timesteps within 24 h after
TC landfall. Based on the precipitation occurring within 24 h of TC
landfall in the restricted area, the corresponding mean and maximum
total precipitation amount (i.e., re-PTmean24 and re-PTmax24) are
then calculated.

Data availability
The tropical cyclone best track dataset is obtained from the International
Best TrackArchive for Climate Stewardship Version 4.0 available at https://
www.ncdc.noaa.gov/ibtracs/. The China meteorological forcing dataset is
collected from National Tibetan Plateau Data Center available at https://
data.tpdc.ac.cn/en/data/8028b944-daaa-4511-8769-965612652c49/. The
ERA5 reanalysis data are available at https://www.ecmwf.int/en/forecasts/
datasets/reanalysis-datasets/era5.

Code availability
The R (version 4.1.2) codes used in this study are available from the cor-
responding author (X.G.) upon reasonable request.
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