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Abstract

Intense tropical cyclones (TCs), which pose significant threats to human life and property, often
occur within a short period of time each year, known as the intense TC season. Changes in the
lengths of intense TC seasons under climate change are critical scientific and socioeconomic issues.
While recent research has investigated trends in overall TC seasons, the response of intense TC
seasons to climate change remains underexplored. Here, we discover that intense TC seasons have
been lengthening globally since 1980, with significant increasing trends ranging from 8.5-14.2
days/decade across all basins, equivalent to 6.5-21.2% increase in intense TC season lengths per
decade. This is primarily driven by the enhancing thermodynamic disequilibrium between ocean
and atmosphere due to recent oceanic warming, which raises the maximum potential intensity of
TCs outside the traditional intense TC seasons. Meanwhile, changes in atmospheric circulation play
a minor role. As a result, off-season TCs are more likely to develop into intense TCs. The findings in
this study indicate an increasing exposure of human societies to intense TC risks outside historical
seasonal norms. This suggests the urgent need for preparation and mitigation measures for the

potential risks of intense TCs under future climate change.
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Main Text

Intense tropical cyclones (TCs), or Category 4-5 storms that have lifetime maximum intensities
(LMI) exceeding 113 knots, are responsible for the majority of TC-related disasters each year,
causing extensive damage and loss of life due to their strong winds, heavy rainfall, and storm surges
-3, These intense TCs require substantial potential energy from the atmosphere and ocean,
typically occurring during a relatively short period, known as the intense TC season. Despite their
infrequent occurrence, the consequences of intense TCs for human society and the environment
are significant. For instance, in 2024, the recent record-breaking Hurricane Beryl in the North
Atlantic (NA) and Cyclone Chido in the South Indian Ocean (SI) caused substantial destruction .
Given the huge impact of intense TCs, it is crucial to study how climate change may influence their

activity %7,

Over the past decades, anthropogenic warming has significantly altered the seasonal cycle of
the climate system. Research indicates that the length of summer has been extended, whereas
winter has shortened, owing to the altered timing of seasonal transitions under greenhouse
warming &1, Furthermore, the seasonality of sea surface temperature (SST) and oceanic warm
pool has also been affected %12, Notably, anthropogenic forcing has been found to enhance the
amplitude of the global SST seasonal cycle by 3.9+1.6% from 1983-2022 3. These changes in
Earth’s seasonal cycle are hypothesized to influence the activity of weather systems and extreme
events that are seasonally dependent 14728, In particular, the shift in the seasonal distribution of
atmospheric and oceanic conditions favorable for TC development may modulate the likelihood of

TCs occurring during specific months and seasons, hence influencing the behavior of TC seasons.

The above hypothesis is evident in numerous studies 12, especially those documenting the
effects of climate change on the onset and withdrawal timing 2125, as well as the lengths 2926728 of
overall TC seasons (see Methods for definitions). However, long-term changes in intense TC
activities may differ from those of overall TC seasons because of their different evolution patterns
and controlling factors, especially the substantial energy required for the development of intense
TCs. Research has reported that anthropogenic forcings have resulted in atmospheric and oceanic
environments more favorable to TC rapid intensification, which has consequently led to a higher
occurrence of intense TCs globally over the past four decades 2°-33. Climate simulations also
indicate a significant increase in the frequency of intense TCs over much of the global ocean 34736,
In particular, a recent study has identified a shift in the peak occurrence of global intense TCs from

autumn to summer and attributed it to the seasonal heterogeneity of oceanic warming *’.

Given the profound risks associated with intense TC disasters, even minor changes in the
timing of intense TC seasons can have substantial consequences. However, to date, while plenty of
works have discussed the impacts of climate change on the seasonality of TC activity, very few have

put their focus on that of intense TCs 3’. It remains unclear to what extent the altering atmospheric
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and oceanic seasonal cycles have influenced the lengths of intense TC seasons under past

anthropogenic warming.

In this paper, we thoroughly address this particular issue by estimating changes in intense TC
seasons over the NA, eastern North Pacific (ENP), western North Pacific (WNP), SI, and South Pacific
(SP) basins, as well as quantitively examining the main underlying drivers. Our results indicate
significant lengthening trends of intense TC seasons globally, despite the relatively stable overall
TC seasons. This is primarily attributed to the increased efficiency of off-season TCs developing into
intense TCs, driven by the enhancing environmental maximum potential intensity (MPI) induced
by oceanic warming. The findings imply that intense TCs have become more common during
periods traditionally considered off-season, potentially leading to a higher risk of intense TC-

related disasters and associated societal and economic consequences.

Results
Lengthening Intense TC Seasons

Intense TC seasons, defined as the period in which 90% of intense TCs occur in a year (see
Methods), typically last for a short period, covering 34-82% of the overall TC seasons.
Climatologically, the globally average intense TC season length is 96.3 days, with the shortest
observed in the NA (42.2 days) and the longest in the WNP (172.7 days). For most basins, the
intense TC seasons generally occur in late summer and early autumn (Supplementary Text S1, Figs.
S1-52, Table S1), when the ocean and atmosphere accumulate sufficient potential energy to allow

a TC to intensify to a Category 4-5 storms.

As the seasonality of the climate system changes under global warming &'213, the climatology
of intense TC seasons is also affected. Based on historical TC observations, we find that the
durations of intense seasons have increased significantly for both hemispheres and all basins since
1980. Specifically, from 1980-2023, the intense TC seasons in the Northern Hemisphere (NH) and
Southern Hemisphere (SH) significantly lengthened by 6.3 (Figs. 1a,1d) and 9.1 (Figs. 1b,1e)
days/decade, respectively. For specific basins, in the NH, the lengths of intense TC seasons in the
NA, ENP, and WNP increased by 8.9 (Fig. 1f), 10.9 (Fig. 1g), and 11.2 (Fig. 1h) days/decade,
respectively. Meanwhile, in the SH, the intense TC season lengths in the Sl and SP increased by 8.5

(Fig. 1i) and 14.2 (Fig. 1j) days/decade, respectively.

We further find that the lengthening patterns of intense TC seasons are basin-dependent (Fig.
1c). Three types of lengthening patterns are recognized. (1) The first type of lengthening (TYPE 1) is
characterized by an earlier start of the intense TC season, but without significant change in the
season end date. The lengthening trends of SI, SP, and ENP intense TC seasons belong to TYPE |
(Figs. 2c, 2g, 2i). (2) TYPE Il lengthening is also primarily due to an earlier start of the intense TC

season, but is partly offset by the earlier shift of the end of the season. The lengthening intense TC
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season in the WNP belongs to TYPE Il (Fig. 2e). (3) TYPE Il lengthening, in contrast, is characterized
by a later end of intense TC season. The lengthening NA intense TC season belongs to this type (Fig.
2a). This suggests the complexity of the changes in the intense TC seasons across different basins

(Supplementary Text S2, Fig. S3, Table S2).

The above results indicate that the intense TC seasons have become 1-2 weeks longer every
10 years, equivalent to a relative change of 6.5-21.2%/decade. These lengthening trends of intense
TC seasons are insensitive to the definitions of intense TC seasons (Fig. 2, Supplementary Fig. S4

and Table S3), confirming the robustness of the above conclusions (Supplementary Text S3).
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Fig. 1 | Lengthening trends of intense TC seasons from 1980-2023. a—b, Upper panel: Statistical distributions of
intense TC occurrence (bars, 5 days interval) during 1980-2001 (blue) and 2002—-2023 (red) in the NH (a) and SH
(b), where the dashed curves represent the Gaussian fit curves. The top-right panel is the same, except with a
log-scale y-axis. Lower panel: Similar to the upper panel, but the Gaussian fitting is applied to data for every 9
years. The green, blue, and red vertical dashed lines denote the average start and end dates of the intense TC
seasons during 1980-2023, 1980-2001, and 2002—-2023, respectively. ¢, Temporal coverage of intense TC seasons
(blue for 1980-2001, red for 2002—2023) and overall TC seasons (grey for 1980-2001, black for 2002—-2023) over
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the five basins. d—j, Lengths (unit: day) of intense TC seasons (red) and overall TC seasons (black) over the NH (d),
SH (e), NA (f), ENP (g), WNP (h), SI (i), SP (j), respectively. Dashed lines denote the linear trends of time series.
Shading denotes the 95% confidence interval. Results are based on intense TC records in the IBTrACS from 1980—
2023. Results show that the intense TC season lengths of all basins have been increasing significantly from 1980—

2023.

Off-season storms are more likely to develop into intense TCs

The increasing trends in the lengths of intense TC seasons imply a higher probability of intense
TCs occurring outside of traditional intense TC seasons. However, it is important to note that the
number of TC genesis (TCG) does not necessarily increase during the pre-season and post-season
periods 2>3%39_ This is reflected in the inconsistent lengthening trends between intense TC season
and overall TC seasons (Fig. 1c), of which the latter is defined as the period when the majority of
TCs occur (see Methods). Using the same dataset and study period, we find that the trends in
overall TC season lengths across the WNP, SI, and SP are statistically insignificant (Figs. 1h—1j).
Meanwhile, although significant lengthening trends are observed in the overall TC seasons over
the NA (+5.4 days/decade; Fig. 1f) and ENP (+4.7 days/decade; Fig. 1g), these trends are much
smaller in magnitudes compared to those for intense TC seasons. As a whole, we observe a
reduction in the NH overall TC season length (-3.4 days/decade; Fig. 1d) and no significant change
in the SH. These observations contrast with the significant increase in intense TC season lengths,
suggesting that changes in off-season TCG may not be the main reason driving the lengthening of

intense TC seasons (Supplementary Text S4).

Instead, we find that the efficiency of TCs developing into intense TCs (a), which indicates how
likely a TC reaches Category 4-5, is the primary factor contributing to the lengthening of intense
TC seasons. By decomposing the trends in pre-season and post-season intense TC numbers (AN /At)
into changes in a (Aa/At) and TCG (ATCG/At), we can quantify to what extent Aa/At and
ATCG /At respectively contribute to the trends in intense TC season lengths (Eq. 2). For instance,
for TYPE | basins (ENP, SI, SP) which are featured with earlier starts of intense TC season, we find
that the rise in pre-season N is almost entirely attributed to the increase in a. In comparison,
ATCG /At contributes negligibly to the increase in pre-season N over the ENP and Sl, while the SP
even exhibits a decrease in pre-season TCG, offsetting the a increasing trend. Similarly, the earlier
start of intense TC season in TYPE Il basin (WNP) is also predominantly due to the increase in pre-
season a, accounting for 99.8%. For Type Il basins (NA), where the lengthening intense TC season
is due to a later end of the season, Aa/At and ATCG /At account for 74.2% and 40.4% of the

increase in post-season N, respectively (Fig. 2k, Supplementary Text S5).

The above results suggest that, under the past climate change, TCs are more likely to intensify
and become intense TCs during pre-season (for WNP, ENP, SI, and SP) and post-season (for NA)
periods. This is the primary reason leading to the lengthening of intense TC seasons over all basins.

No matter for which lengthening type, changes in the number of TCG play a minor role.
6
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Fig. 2 | Contributions of changes in a and TCG to the lengthening of intense TC seasons. a, Annual time series of
different percentiles of occurrence time of intense TCs over the NA, with smaller percentiles referring to TCs that
occur earlier in a year. b, Same as (a), except for all TCs with LMI greater than 34 knots. c—j, Same as (a—b), except
for the ENP (c—d), WNP (e—f), SI (g—h), and SP (i—j), respectively. The three black dashed lines denote the linear
trends of the 5t (start date), 50t (median), and 95t (end date) percentiles, respectively. Shadings denote the 95%
confidence interval. k, Trends in intense TC number (AN /At, Eq. 1, grey, unit: decade?), as well as the
contributions of changes in « (TCG x Aa/At, Eq. 2, red, unit: decade?), TCG (@ X ATCG /At, Eq. 2, blue, unit:
decade!), and their sum (TCG x i—‘: + @ X ATCG /At, Eq. 2, black, unit: decade™). Results are based on the
IBTrACS from 1980-2023. Results show that the lengthening trends of intense TC seasons are primarily attributed

to the increasing likelihood that off-season TCs develop into intense TCs, i.e., Aa/At.
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Minor roles of changes in TCG and environmental atmospheric circulation

Despite its negligible contributions to the off-season AN /At inthe ENP, SI, and SP, ATCG /At
acts as a minor factor influencing the lengths of intense TC season in the WNP and NA. In the
NA, the increasing number of TCG accounts for 40.4% of the delay in the end of intense TC season
(Fig. 2k). This post-season TCG trend, which is well indicated by the dynamic genesis potential index
4041 (DGPI, see Methods), is primarily attributed to a significant reduction in vertical wind shear
(Vshear) over the NA domain, accounting for 67.9% (Figs. 3a, 3c). This weakening Vspeqr is
associated with the slowdown in upper-tropospheric circulation of the region #? (Supplementary

Text S6 and Fig. S5). In contrast, other factors exhibit insignificant changes (Figs. 3e, 3g, 3i).

In the WNP, the negative ATCG /At leads to an earlier shift of the end of intense TC season,
which partially offsets the lengthening trend caused by pre-season Aa /At (Fig. 2k). In this case,
the enhancing background large-scale downdrafts and V., are the major causes of the
decrease in post-season TCG, which contributes 49.0% and 42.8%, respectively (Figs. 3b, 3d, 3h).
While the former is a result of the response of Walker circulation to global warming 4344, the latter
may be associated with interdecadal variability of monsoon transition and AMO 384>

(Supplementary Text S7 and Fig. S6).



196

197
198
199
200
201
202
203
204

205

206
207
208
209

Contribution by Contribution by
EEN AVJA mmm acoAt %
VI AU/at I AV,/Ats AU At AofAt+ AC/AL |

ADGPY/At TE AV A :
~y H 1
(I auy/at I AV/AU+ AU /AL Aa/AL+ AL /AL ¢

Contribution by
AV /At

-0.07/dec, p<0.05 x10'ms” +0.09/dec, p<0.01

1580 1990 2000 2010 2020
Year

1990 2000 2010 2020
Year

-0.02/dec, p=0.23 %10 °ms™ -0.01/dec, p=0.66

1980 1990 2000 2010 2020
ear

0.0+ T v
1980 1990 2000 2010 2020
Year

x10°Pas’’ +0.00/dec, p=0.90 g4 +0.51/dec, p<0.01

1§80 1990 2000 2010 2020
Year

1 9‘80 1990 2000 2010 2020
Year

+0.02/dec, p=0.19 -0.04/dec, p=0.14

1§80 1990 2000 2010 2020
Year

1990 24%090& 2010 2020
Fig. 3 | Factors driving the increase in DGPI and TCG. a-b, Spatial distribution of post-season DGPI trends
(ADGPI/At, Eq. 4, unit: deacde™?) from 1980-2023 (left panels) over the NA (a) and WNP (b), with black boxes
denoting the key areas where intense TCs formed and intensified (Supplementary Fig. S1). The meshed areas
denoting significant trends at the 95% confidence level. The right panels plot the domain-mean ADGPI/At
(grey, unit: deacde?), as well as the contributions of AV;/At (green, unit: deacde), AUy/At (yellow, unit:
deacde?), Aw/At (red, unit: deacde?), A&,/At (blue, unit: deacde?), and their sums (black, unit: deacde) (Eq.
5). c=d, Same as (a-b), except for spatial distribution of contributions of AV /At (left, unit: deacde) and time

series of domain-mean Vgpeq (right, unit: m s'1). e=f, Same as (c—d), except for spatial distribution of

dusop . . 2\ o
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contributions of AU, /At (left, unit: deacde!) and time series of domain-mean
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domain-mean wsgo (right, unit: Pa s). i—j, Same as (c—d), except for spatial distribution of contributions of
Aé, /At (left, unit: deacde?) and time series of domain-mean g5 (right, unit: s'1). Grey shading denotes the

95% confidence interval. Results show that the later end of NA intense TC season is caused by the weakening
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environmental Vpeqr; meanwhile, the earlier end of WNP intense TC season is the combined result of the

weakening Vpeqr and strengthening background downdraft circulation.

Major roles of Aa /At and oceanic warming

As mentioned earlier, no matter for which basins, the lengthening trends of intense TC
seasons are primarily attributed to the increase in off-season a. Namely, a growing proportion of
TCs have been intensifying to Category 4-5 during pre-season periods for the ENP, WNP, S, and SP,
as well as post-season for the NA. A key question is, what is the underlying mechanism that favors

off-season storms developing into intense TCs more easily?

The likelihood of a TC developing into an intense TC is closely related to its MPI 303! (see
Methods). Results show significant increasing trends in the average pre-season MPI over the ENP
(1.55 m s* decade™?), WNP (2.60 m st decade™), SI (1.83 m s decade™?), and SP (2.67 m s™* decade"
1), as well as the post-season MPI over the NA (+1.87 m s decade™) from 1980-2023. These are

. . . . e A
consistent with the above-mentioned trends in the off-season TCG X A—‘:. MPI can be decomposed

into the thermodynamic efficiency term (n) and the thermodynamic disequilibrium between the
sea surface and troposphere (L) of the TC’s surrounding environment. While the former is more
sensitive to upper tropospheric temperature, the latter is generally governed by the SST variability
46-48 To investigate the cause of increasing off-season a, which leads to the lengthening of global
intense TC seasons, we quantitatively estimate the contributions of changes in n (An/At) and L

(AL/At) to trends in MPI (AMPI/At) (see Methods).

Results show that the increasing MPIs of off-season storms are predominantly driven by the
enhancing background thermodynamic disequilibrium (Fig. 4a). In Type | basins, where the pre-
season Aa/At is responsible for the lengthening of intense TC seasons, changes in L contribute
to pre-season AMPI /At basins by 75.4% for the ENP (Figs. 4b—4e), 67.7% for the SI (Figs. 4j—4m),
and 86.8% for the SP (Figs. 4n—4q), respectively. In the WNP (TYPE 1), where the lengthening
intense TC season is also attributed to the increase in pre-season a, AL/At accounts for 85.5% of
the pre-season MPI increase (Figs. 4f—4i). For the NA (TYPE Ill), where the post-season Aa/At
explains the extension of intense TC season duration, 66.3% of the post-season AMPI/At is
contributed by (AL/At) (Figs. 4r—4u). On the contrary, the increasing n has limited effects on the
rising trends of MPI, with contributions ranging from 13.1-33.1% (Fig. 4a) (Supplementary Text S8).

These findings suggest that the thermodynamic disequilibrium term plays a primary role in
causing more off-season TCs to develop into intense TCs, thereby increasing the off-season MPI
and extending the duration of intense TC seasons. Although various types of lengthening are
observed, our results indicate that AL/At is the key factor determining the changes in lengths of
intense TC seasons, independent of basin or lengthening types. This aligns with previous studies

that identified L as the main driver of MPI seasonality 6. Since L is typically controlled by the sea

10
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surface temperature %8, it is the warming sea surface that amplifies the gradient of saturation
moist static energy between the sea surface and the free troposphere, which then leads to the

lengthening of intense TC seasons under climate change.
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Fig. 4 | The role of thermal disequilibrium term in increasing MPI and a. a, the domain-mean AMPI /At (grey,
unit: m s deacde?), as well as the contributions of AL/At (blue, unit: m s deacde’), An/At (red, unit: m s
deacde?), and their sums (black, unit: m st deacde™?) (Eqg. 7). b—d, Spatial distribution of pre-season AMPI/At
(b), as well as those of contributions by AL/At (c), An/At (d), from 1980-2023 over the ENP. The meshed
areas denote significant trends at the 95% confidence level. The black boxes denote the key areas where intense
TCs formed and intensified (Supplementary Fig. S1). e, Annual-mean series (unit: m s1) of the domain-mean MPI
(black), MPI, (blue, Eq. 8), and MPI, (red, Eq. 9) over the ENP, where the latter two indicate MPI variability
caused by AL/At and An/At, respectively (Eq. 8). Shadings denote the 95% confidence interval. f-u, Same as
(b—e), but for pre-season WNP (f-i), pre-season Sl (j-m), pre-season SP (n—q), and post-season NA (r-u),
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respectively. Results show that the thermal disequilibrium term (L) plays the dominant role in increasing the

likelihood that a TC develops into an intense TC, hence leading to the global lengthening of intense TC seasons.

Discussion

The lengths of intense TC seasons directly influence the number of days human society is exposed
to the potential threat of Category 4-5 storms. In this study, we discover that, since 1980, the
lengths of intense TC seasons have been extending across all basins, with significant trends ranging
from 8.5—14.2 days/decade. This corresponds to 6.5-21.2% increase in intense TC season lengths
per decade. The lengthening trends are mainly characterized by an early onset of season (for the

ENP, WNP, SI, and SP), whereas the NA exhibits a late withdrawal of season.

Analyses indicate that oceanic warming is the primary driver for this trend, as it enhances the
thermodynamic disequilibrium between the sea surface and the troposphere, thereby increasing
the likelihood of off-season TCs developing into intense TCs. This conclusion aligns with previous
research indicating that oceanic warming leads to an earlier shift in TC activity?>?%37. While
previous studies claimed that rapid intensification contributes to the variability in intense TC
activity, further analyses will be needed to examine its roles in the observed lengthening of intense

TC seasons.

While the response of overall TC seasons to climate change may vary and even contrast across
basins 2383 our findings indicate a consistent lengthening of intense TC seasons on a global scale
due to past anthropogenic warming. This suggests a higher probability of intense TC disasters
occurring outside traditional intense TC seasons. The more frequent off-season intense TCs further
imply a greater chance of human society facing compound extreme weather events resulting from
the intersection of intense TCs with other weather systems during off-seasons, such as winter
extratropical cyclones. This could lead to more extreme rainfall and flooding, resulting in more
severe infrastructure damage and heightened risks to public safety during periods traditionally
considered safe from intense TC threats 374%°0, Therefore, this study emphasizes the urgent need
to reevaluate and strengthen disaster resilience and recovery strategies and risk mitigation efforts
to address the increasing risks associated with these rarely occurring weather patterns under

future climate scenarios.
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Methods
Data

All TC data utilized in this study were obtained from version 4 of the International Best Track
Archive for Climate Stewardship (IBTrACS v4r01) 3. The IBTrACS collects historical TC observation
records from official meteorological agencies, which provides more reliable data sources of intense
TCs than other available datasets °2. It is noted that the standards of measurement vary across
regions. In this study, for TCs over all basins, we use the 10-minute maximum sustained wind speed
records reported by the National Oceanic and Atmospheric Administration (NOAA) (Windysa), to

ensure a consistent global standard.

The SST data analyzed in this study were provided by the NOAA High-resolution Blended
Analysis of Daily SST (OISSTv2) with a 0.25°x0.25° grid 3. The data of atmospheric variables
analyzed were obtained from the NOAA NCEP/DOE Reanalysis 2 (NCEP2) >4, which provides data of
vertical velocity, u and v components of horizontal wind speed, and air temperature, with a
horizontal resolution of 2.5°x2.5°. Note that because the OISSTv2 only provides data since
September 1981, the analyses in this study that involved these data were limited to the period of

1982-2023. Nevertheless, this does not affect the conclusions of this study.

Identification of intense TCs

In this study, a TC is defined if its LMI is larger than 34 knots. And, a TC is considered intense
when its LMI exceeds 113 knots, which is equivalent to Category 4-5 hurricanes in the Saffir-
Simpson Hurricane Wind Scale. The occurrence time of a TC is taken as the time when the TC first
reaches its LMI. As in previous studies3”2, only intense TCs in the NA, EP, WP, SI, and SP were

analyzed in the study.

Start and end dates of intense TC seasons and overall TC seasons

The start and end dates of intense TC seasons and overall TC seasons are estimated for each
hemisphere and each basin based on the TC occurrence time2%>>, based on the IBTrACS data at
00/06/12/18 UTC. In our calculations, we first determine the occurrence time of each detected
intense TC, which is defined as the first time when the TC reaches its LMI. Then, for each year, the
start and end dates are defined as the 5™ and 95 percentile values of the intense TC occurrence
time within a 3-year period. The use of 3-year data points helps reduce uncertainties caused by the
small number of intense TC cases each year 2°. Note that because of the opposite seasonal cycle
between the NH and SH, we set a year of the NH and SH beginning on 16 February and 16 August,
respectively. Following the same procedure, the start and end dates of the overall TC season are
defined as the 5th and 95th percentiles of the occurrence time of all TCs with LMI greater than 34

knots within a 3-year window.
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In the main text, in order to explain variations in the lengths of intense TC seasons, we analyze
changes in TC activity during the pre-season and post-season periods. Technically, the pre-season
period for a basin is defined as the 30-day period prior to the start date of the intense TC season
for that basin. Similarly, the post-season period is defined as the 30-day period following the end

date of the intense TC season.

It is noted that different percentile values have been used to define TC seasons?®?3. Although
some studies may adopt stricter definitions, the definition employed in this study is the least
sensitive to outlier data points, which ensures more reliable and robust results in the time series
analysis of intense TC season lengths. Additional analyses have confirmed that the conclusions of

this study are not affected by the choice of definitions (more details in Supplementary Text S3).

Efficiency of a TC developing into an intense TC

Changes in intense TC season duration can be regarded as changes in intense TC numbers over the
pre-season and post-season periods. The number of intense TCs (N) is determined by the number
of TCs formed (i.e., TCG) and the proportion of TCs that develop into intense TCs (a).

Mathematically, this can be simply expressed as:
N=TCG X «a (1)

According to Eq. 1, changes in either TCG or « can affect N, and hence lead to changes in the
length of intense TC season. In particular, a indicates how likely a TC will develop into an intense
TC. In this study, in order to examine the reason for the lengthening of intense TC season, we
guantitatively estimate the contribution of changes in TCG or « to that in N, respectively. This can

be simply done by the product rule of calculus:

>
=

=== _ Aa  _ _ ATCG
=TCGX—+aXxX——
t At At

(2)

>

where the operator AAt denotes the long-term linear trend, and the bar denotes the long-term
average. On the right-hand side of Eq. (2), the first term (TCG X AA—Z) indicates the contribution of

. . - _ _ATCG, . . .
changes in a to that in N. Similarly, the second term (& X A—t) indicates the contribution of

changes in TCG. By comparing the signs and magnitudes of the two terms, one can quantitatively

identify the major factor affecting the intense TC season length of each basin.

Dynamical genesis potential index
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The dynamical genesis potential index (DGPI), which can better capture the long-term variability
of TCG #°#1, was used to analyze the changes in post-season TCGs in the WNP and NA. According

to previous studies, the DGPI can be expressed as a combination of four factors 4041

DGPI = Ve x Uy X w X {g X e7118 — 1.0 (3)

2.3
DGPI = (2.0 + 0.1 X Vyppqr) ™27 (5.5 — 105 x dZ—;‘m) (5.0 — 20 X wsge)34(5.5 +

1105 X {gso)?**e™11% — 1.0 (4)

where V; = (2.0 + 0.1 X Vgpeqr) ™™ denotes the vertical wind shear (Vgpeqr) term, U,

dusog
dy

2.3
(5.5 —10° x dZ—;OO) denotes the meridional gradient of 500-hPa zonal wind ( ) term, w =

(5.0 — 20 X wsg)3* denotes the 500-hPa vertical wind (wsq) term, ¢, = (5.5 + |10° X

{gs0])?* denotes the 850-hPa absolute vorticity ({gso) term, respectively.

In order to quantify the contribution of the change in each term in Eq. (4) to that in MPI, we
follow the same decomposition method as in Eq. (2), and apply the product rule to the first
derivative of Eq. (4). Hence, the long-term trend of DGPI can be approximated as:

ADGPI
At

— A, ————— Ay —————  Aw | ———
z(nya)xqaXE+V5xwx(axF+VS><Uy><§a><E+V5><Uy><w><

Ada) ,-11.8
e o

On the right-hand-side of Eq. (5), the first term indicates the contribution of changes in vertical
wind shear to that in MPI, the second term indicates the contribution of changes in 500-hPa zonal
wind, the third term indicates the contribution of changes in mid-tropospheric vertical motion, and

the last term indicates the contribution of changes in low-level vorticity.

Maximum potential intensity (MPI)

A TC can be considered as a Carnot engine, with its MPI primarily determined by its background
environment, namely the thermodynamic efficiency and thermodynamic disequilibrium. Based on

previous studies 47485657 the mathematical expression of a TC’s MPI (unit: m/s) can be written as:

MPI = \/&—TS‘“’ (hy—h)  (6)

Cp To

where C, is the surface enthalpy exchange coefficient, Cp is the drag coefficient, T is the sea
surface temperature (SST), T, is the outflow temperature of the TC, hy is the saturation moist

static energy (MSE) at the sea surface, and h* is the saturation MSE of the free troposphere.

In Eq. (6), g—" is usually taken as a constant, and is set as 0.9 in this study following Gilford>’. The
D

Ts—To

term indicates the thermodynamic efficiency (n), which increases as the temperature

0
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gradient between the sea surface and upper troposphere deepens. The hy — h* termis referred
to as the thermodynamic disequilibrium (L) between the ocean and atmosphere, which determines
the amount of energy that can be converted to TC’s kinetic energy through convective heating.
Larger magnitudes of L and n indicate that more energy can be potentially converted to a TC’s
kinetic energy from the surrounding environment. Following previous studies “¢°7:58, hg — h* is
calculated as a residual from Eq. (6). All MPI calculations in this study are carried out using the pyPI

(v1.3) Python package’.

In order to quantify the contributions of changes in n and L to that in MPI, we again apply the
product rule to the first derivative of Eq. (6).

AMPI 1 An _AL
At 2MPIcC) 2 ¢ At At) (7)
AMPI A AL . . —
where v A—Z, and : denote the long-term linear trends of MPI, n, and L, respectively. MPI,

7, and L denote the climatological average of MPI, n, and L, respectively. On the right-hand side

of Eq. (7), the first term %c (L —) indicates the contribution of changes in n to that in MPI.

1
2 MPI Cp

Similarly, the second term (77 A—t) indicates the contribution of changes in L.

In Fig. 4, we also explicitly derive the variation of MPI resulting solely from changes in L
(MPI,, Eq. 8) and n (MPI,, Eq. 9), respectively.

MPI, = %Lﬁ:\/gz“ hmr—hy  (g)

MPI, = C"L Gk (Ts~Toy

) (hg=h7)  (9)

0

Trend analysis and significance test

All trend values were calculated using linear regression. The statistical significance of all linear trends
presented in the analyses was tested by the Mann-Kendall test. The Student’s t-test was also employed
and yielded the same conclusions as those by the Mann-Kendall test. All trend values presented in the

main context are statistically significant at a confidence level of at least 90%, unless otherwise specified.

Data availability

The IBTrACS dataset is accessible through https://www.ncei.noaa.gov/products/international-best-

track-archive. The NCEP2 reanalysis is accessible through

https://www.psl.noaa.gov/data/gridded/data.ncep.reanalysis2.html. The OISSTv2 dataset is accessible

through https://www.psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html.
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Code availability

The Python package for MPI calculations is available at

https://github.com/dgilford/tcpyPl/releases/tag/v1.3. Other codes employed in this article are

available from the corresponding author on reasonable request.
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