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Robust future projections of global spatial
distribution ofmajor tropical cyclones and
sea level pressure gradients
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Despite the profound societal impacts of intense tropical cyclones (TCs), prediction of future changes
in their regional occurrence remains challenging owing to climate model limitations and to the
infrequent occurrence of such TCs. Here we reveal projected changes in the frequency of major TC
occurrence (i.e., maximum sustained wind speed: ≥ 50m s−1) on the regional scale. Two independent
high-resolution climate models projected similar changes in major TC occurrence. Their spatial
patterns highlight an increase in the Central Pacific and a reduction in occurrence in the Southern
Hemisphere—likely attributable to anthropogenic climate change. Furthermore, this study suggests
thatmajor TCs canmodify large-scale sea-level pressure fields, potentially leading to the abrupt onset
of strong wind speeds even when the storm centers are thousands of kilometers away. This study
highlights the amplified risk of storm-related hazards, specifically in the Central Pacific, even when
major TCs are far from the populated regions.

Tropical cyclones (TCs) can cause substantial economic losses and high
numbers of fatalities and therefore changes in the frequency of TC occur-
rence are of great societal interest and importance. In the United States, 387
billion-dollar natural disaster events have been reported since 1980,
accounting for total economic losses of $2.74 trillion and 16,434 fatalities1.
Among them, TC-related natural disasters accounted for approximately
52% of the total economic losses and 42% of the total number of fatalities1.
Moreover, among the TC-related damages, approximately 84% of the
related economic losses and 91% of the related fatalities were caused by
major TCs1, defined asTCswith lifetimemaximumsustainedwind speedof
≥50m s−1, which is equivalent to Category 3–5 hurricanes according to the
Saffir-Simpson’s hurricane scale2. The substantial societal impact of major
TCs is also of global importance. For example, among the top five deadliest
worldwide natural disasters since 1970, three were major TC events:
Cyclone Bhola in 1970, Cyclone Gorky in 1991, and Cyclone Nargis in
20083. Given the substantial impact of major TCs on society, it is important
to identify the global regions where the occurrence of major TCs and the
scale of their impact might increase in the future owing to anthropogenic
climate change4–6.

Addressing possible future changes in the regional occurrence ofmajor
TCs remains a challenge for the science community for several reasons.

First, the horizontal resolution employed in most global dynamical models
is coarser than 50 km, which is insufficient to simulate and resolve major
TCs7,8. Second, it is difficult to isolate the effect of anthropogenic forcing
from internally generated noise, especially for major TCs because of the
rarity of such events9. Third, there are substantial variations in projections of
regional TC occurrence among climate models, which makes it difficult to
derive robust future projections10–12. Although recent studies reported that
some high-resolution dynamical global models could simulate major
TCs8,13–16, conducting multidecade simulations with multiple ensemble
members remains challenging owing to the limited availability of compu-
tational resources9. Moreover, even for climate models with the same high
level of horizontal resolution, different physical schemes could lead to
variation in future projections of TCs17, resulting in diverse results of
regional TC projections18–21.

To tackle those challenges, the High-Resolution Model Inter-
comparison Project (HighResMIP) was launched as part of the Coupled
Model Intercomparison Project Phase 622–24. This project evaluated and
compared simulations and projections of TCs among multiple high-
resolution climate models with horizontal resolution in the range
25–250 km22–24. Although the intercomparison project is useful in identi-
fying confidence and uncertainty in future projections, ref. 23. reported that
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only two HighResMIP models (i.e., the Centre National de Recherches
Météorologiques’s CNRM-CM6-1 model25 and the Euro-Mediterranean
Centre on Climate Change’s CMCC-CM2-VHR4 model26) could simulate
major TCs but with substantial biases. It is found that these two High-
ResMIP models markedly underestimate the global frequency of major TC
occurrence relative to observations (Supplementary Fig. 1), revealing that
assessment of regional changes in major TCs remains challenging, even in
the HighResMIP project.

Meanwhile, an increased occurrence of major TCs in a specific region
candirectly cause hazards suchas strongwinds, heavy rainfall,flooding, and
storm surges, but also indirectly influence remote hydroclimatological
processes via the advection ofmoist air, even though the storm centermight
be located far from the affected regions27. However, the full extent of the
remote effects of major TCs, beyond that of heavy rainfall associated with
moisture advection, requires a more comprehensive understanding. For
example, Lahaina, located leeward of the mountains on Maui Island in
Hawaii, experienced a catastrophic wildfire in August 2023. This wildfire
occurred because of the abrupt onset of strong, dry easterly winds that
developed rapidly within a period of several hours on August 8, 2023. The
scientific community argued that abrupt intensification of the surface
pressure gradientwas themain reason for the suddendevelopment of strong
winds28. The concurrent occurrence of a high-pressure system to the north
of Maui and the low-pressure system to the south of Maui associated with
Hurricane Dora, which propagated westward approximately 1100 miles
south of Maui at Category 4 intensity (maximum sustained wind speed:
≥58m s–1), generated an abrupt rise in the meridional surface pressure
gradient centered around Maui28. Although the strength of the pressure
gradient appeared largely associated with the low-pressure system of Hur-
ricane Dora, it is unclear to what extent Hurricane Dora contributed to the
development of the high-pressure system to the north of Lahaina.

Based on this background, this study aims to identify future changes in
the regional frequency of major TC occurrence using two independent
dynamical models that have been illustrated in this study to accurately
reproduce major TCs in present-day climate simulations (Supplementary
Fig. 1)13,29,30. Another objective is to quantify the extent to whichmajor TCs
can influence large-scale pressure fields and potentially trigger the abrupt
onset of strong winds remotely. This study reveals a consistent spatial
pattern of future changes in the frequency of major TC occurrences across
the models, notably showing marked increases in the Central Pacific,
includingHawaii.Moreover, this study finds thatmajor TCs can alter large-
scale sea level pressure fields, leading to sudden changes in sea level pressure
gradient and potentially causing strong winds to occur abruptly, even
though the stormcenter is far fromthe affected areas.With theprojected rise
in major TC occurrences near Hawaii, wildfire disasters similar to the one
associated with Hurricane Dora in 2023 are expected to escalate in the
future. Detailed results are elaborated in the subsequent sections.

Results
Robust future changes in major tropical cyclones
Despite the challenges in simulating major TCs using global dynamical
models, two other independent high-resolution global models can reason-
ably simulate the frequency of major TC occurrence globally (Supple-
mentary Fig. 1). These models are the high-resolution version of the
Seamless System for Prediction and Earth System Research
(SPEAR_HI)9,29,30 developed at the National Oceanic and Atmospheric
Administration (NOAA)Geophysical FluidDynamics Laboratory (GFDL),
and the high-resolution Meteorological Research Institute (MRI, Japan)
atmospheric general circulation model (AGCM) version 3.2 (MRI-
AGCM3.2S)13,31,32 (see Methods).

After conducting consecutive historical and future projections, the
two independent models project robust spatial patterns of the changes in
the frequency of major TC occurrence globally (Fig. 1, see “Methods”
section). Specifically, they consistently project an increase in major TC
occurrence in the Central Pacific region near Hawaii and the eastern/
northern North Atlantic and a reduction in major TC occurrence in the

Southern Hemisphere, the westernmost portion of the tropical western
North Pacific, Gulf of Mexico, and Caribbean Sea. Although regional
change varies slightly between the two models, they generally project an
increase in the occurrence of major TC near California, Northeast Asia
(e.g., Japan, Korea, and Northeast China), the northeast coast of Canada,
and East Africa near Mozambique. Additionally, they generally project
poleward shifts in the spatial extent of major TC occurrence in both
hemispheres, albeit with a smaller shift in the Southern Hemisphere than
in the Northern Hemisphere.

Figure 2 displays the simulated and observed temporal evolution of the
number of major TCs and major storm days (see “Methods” section). The
simulations with SPEAR_HI, including expected changes in anthropogenic
forcing such as greenhouse gases and aerosols (SPEAR_HI_ALL, red curves),
show a statistically significant reduction in the global number of major TCs
toward the end of the 21st century. Themagnitude of the projected reduction
is approximately 13.6% during 2021–2061 and 23.1% during 2061–2100,
relative to the climatology during 1981–2020 (Fig. 2a). Although the change
projected by MRI-AGCM3.2S (purple curves) is smaller than that projected
by SPEAR_HI, MRI-AGCM3.2S also projects a statistically significant
reduction in the global number of major TCs by approximately 9.5% by the
end of the 21st century. Specifically, both models project a greater reduction
in the Southern Hemisphere (Fig. 2c) than in the Northern Hemisphere
(Fig. 2b). Moreover, both models robustly project a statistically significant
increase in the number of major TCs in the central Pacific (0°–90°N,
140°–180°W) by approximately 130%–180% by the end of the 21st century
(Fig. 2d). There are no statistically significant changes evident in the
SPEAR_HI experiments in which changes in anthropogenic forcing are not
considered (SPEAR_HI_NAT, blue curves), indicating the marked influence
of anthropogenic forcing on the projected changes inmajor TCs. It should be
noted that SPEAR_HI_ALL projects statistically significant changes in the
number of major TCs even during the near-future period (2021–2060),
whereas MRI-AGCM3.2S does not (Fig. 2a–d). This discrepancy could arise
because MRI-AGCM3.2S employs only a single member such that internal
variability obscures the effect of anthropogenic forcing on the changes in
major TCs, whereas SPEAR_HI_ALL employs a 10-member ensemble that
effectively filters out the effect of internal variability.

We further assessed the projected changes in major TC days
(Fig. 2e–h). The variable of major TC days considers the number of major
TCs and the duration of TCs at major TC intensity, representing the
summation of Fig. 1within a specific domain. Unlike the notable reductions
observed in the global number of major TCs (Fig. 2a), the number of global
major TC days does not show a statistically significant reduction in either
model (Fig. 2e). The discrepancy in the degree of future changes between the
number of major TCs and the number of major TC days is more pro-
nounced in the Northern Hemisphere than in the Southern Hemisphere
(Fig. 2b–g). Moreover, both models robustly project statistically significant
increases in the number of major TC days in the central Pacific at the end
of the 21st century (Fig. 2h). These results underscore the substantial
increase in the risk of major TCs and associated hazards near Hawaii in the
future.

Despite a decrease in major TC genesis frequency, increases or per-
sistence in major storm days can be attributed to projected increases in the
mean duration of storms at major TC intensity. Supplementary Fig. 2
illustrates projected increases inmean duration atmajor TC intensity across
all ocean basins. Additionally, we conducted a principal component
analysis33 to quantify each factor (i.e., genesis, tracks, and the nonlinear
combinations) to the total changes in the major TC days projected by the
SPEAR_HI for each domain, as depicted in Supplementary Fig. 3. The
results reveal that in the global, Northern Hemisphere, and Southern
Hemisphere regions, decreases in TC genesis largely contribute to the
reductions in major TC days. However, these reductions are offset by the
track effect, which represents increases in the mean duration of storms at
major TC intensity. The Central Pacific is the only region where both
increases in TC genesis and longer storm durations at major TC intensity
contribute to the increase in major TC storm days.
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Abrupt increase in sea level pressure gradient by major TCs
To better understand the potential effect of Hurricane Dora on the gen-
eration of the surface pressure gradient nearMaui, we developed composite
maps by averaging the simulated storm events where simulated major TCs
were positioned approximately 1000 km south of Maui, to mimic the
relative positions of major hurricanes after Hurricane Dora. Figure 3a–c
displays simulated mean composites of 6-hourly sea level pressure (SLP)
anomalies basedon the locations ofmajor TCs simulated by SPEAR_HI.To
remove the background influence, the anomaly in 6-hourly SLP was com-
puted by subtracting the climatological multiyear 6-hourly mean derived
from the preceding 20 years relative to the target time (see “Methods”
section). When the centers of simulated major TCs are positioned south of
Lahaina (0°–15°N, 160°–155°W; Fig. 3b; Supplementary Fig. 4 provides a
close-up of the area near Hawaii), a notable reduction in SLP is observed to
the south, as expected, corresponding to the minimum SLP associated with
the simulated major TCs. More importantly, positive SLP anomalies of
approximately 0.5 hPa are evident to the north and northeast of the Hawaii
Islands. Previous case studies have reported that the generation of positive
SLP anomalies north of a TC center can be caused by the advection of lower
potential vorticity from lower latitudes via the primary TC circulation34,35.
Such a pair of negative and positive SLP anomalies could cause a strong
meridional SLP gradient aroundHawaii, leading to abrupt intensification of
easterly winds, such as that associated with Hurricane Dora.

To confirm that major TCs can generate a pair of SLP anomalies, we
producedsimilar composites formajorTCs indifferent locations (Fig. 3a, c),
which consistently showpairs of SLP anomalies aroundmajor TCs. Because

MRI-AGCM3.2S cannotprovide anadequate sample size ofmajorTCsnear
Hawaii owing to it being a single-member ensemble, we developed com-
posites for all TCs regardless of intensity and obtained a similar pair of SLP
anomalies (Fig. 3d–f). It should be noted that the composite wind structure
is not axisymmetric but is rather elongated in the meridional direction
(shadings in Fig. 3).Although the strong SLPgradients aremostly attributed
to the lower SLP anomalies associated with major TCs, the generation of
positive SLP anomalies also plays a crucial role in enhancing the strong SLP
gradient.

Positive and negative SLP anomalies associated with TCs can occur
globally (Supplementary Figs. 5 and 6), and it should be noted that positive
SLPanomalies canbeobserved to the south or southeast of theTCcenters in
the Southern Hemisphere owing to the clockwise direction of the primary
circulationof suchTCs (Supplementary Fig. 6).Moreover, the occurrence of
positive SLPanomalies is not only specific to themodel simulations. Still, it is
evident in reanalysis datasets (Supplementary Figs. 5c, d, 6c, d).

Future changes in extreme rises in sea level pressure gradient
Considering the projected increase in the frequency of occurrence of major
TC near Hawaii (Fig. 2h), a corresponding increase in the frequency of
extreme rises in the SLP gradient is also expected. To quantify the increase,
the tendency of the SLP meridional gradient (TSLPG; see “Methods” sec-
tion) was computed. A larger value of the TSLPG indicates abrupt devel-
opment of the SLP meridional gradient within 24 h. Focusing on the
frequency of extremeTSLPG events nearHawaii, TSLPGwas computed for
every 6 h during summer (July–October), and extreme events were

Fig. 1 | Projected future changes in the frequency
of major TC occurrence. a SPEAR_HI. bMRI-
AGCM3.2S.Differences in the ensemblemean of the
future (2061–2100) relative to the present-day
(1981–2020) are shown in (a), In (b), differences in
the mean of 2061–2099 relative to the mean of
1981–2020 are shown based on the available simu-
lation outputs that end in 2099 for MRI-AGCM3.2S
(see “Methods” section). A white dot (cross mark)
indicates that the future change over the grid cell is
statistically significant at the 99% (95%) level
according to a bootstrap significance test (units:
number per year per 5° × 5° grid box).
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identified by collecting those events exceeding various percentile thresholds
(e.g., 90th, 95th, 99th, 99.5th, 99.9th, 99.95th, and 99.99th percentiles; see
“Methods” section).

Figure 4 displays the average frequency of extreme TSLPG events for
each 40-year period for each percentile threshold. SPEAR_HI projects
statistically significant increases in extreme events from the 90th to the
99.9th percentile thresholds for both the near-future period (2021–2060)
and the end of the 21st century (2061–2100). Additionally, SPEAR_HI
projects a statistically significant increase in the rate of 99.95th percentile
events for the end of the 21st century, relative to present-day decades
(1981–2020) (Fig. 4a). AlthoughMRI-AGCM3.2S generally projects similar

changes, it does not project statistically significant increases in the near-
future period, probably because of internal variability. Overall, the robust
increases in extreme TSLPG events near Hawaii suggest a heightened
occurrence of sudden onset of strong wind speeds and associated increases
in the occurrence of TC-related hazards, such as thewildfire associatedwith
Hurricane Dora in 2023.

We extended the TSLPG analysis to the global domain by applying
calculations similar to those used for Hawaii to each grid cell globally (see
Methods). Theprojected changes in the frequencyof extremeTSLPGevents
at the 99.95th percentile threshold by SPEAR_HI and by MRI-AGCM3.2S
are presented in Supplementary Fig. 7a, b, respectively. Bothmodels project

Fig. 2 | Time series of simulated and observedmajor TC number and storm days.
a Number of global major TCs (unit: number per year) observed (black), simulated
by the SPEAR_HI_ALL large-ensemble experiments (red), SPEAR_HI_NAT large-
ensemble experiments (blue), and MRI-AGCM3.2S (purple). Shading indicates the
minimum and maximum ranges among the ensemble members by SPEAR_HI.
Numbers in the panel denote fractional changes for 2021–2060 and 2061–2100
(2061–2099 for MRI-AGCM3.2S) relative to the mean of 1981–2020. Based on a
bootstrap significance test, the triple, double, and single hashes indicate that the

projected change is statistically significant at the 99%, 95%, and 90% levels,
respectively. b–dAs in (a), but for theNorthernHemisphere, SouthernHemisphere,
and Central Pacific (0°–90°N, 140°–180°W), respectively. e–h As in (a–d), respec-
tively, but for major TC storm days. Major TC numbers are calculated as the total
number of TCs with maximum sustained wind speed that exceeded 50 m s−1 as the
lifetimemaximum intensity, whereasmajor TC stormdays are calculated as the total
number of days on which TCs record major TC intensity (i.e., maximum sustained
wind speed: ≥50 m s−1).
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similar spatial patterns of changes except in the equatorial areas, showing
increases in the central Pacific, including the Hawaii region, and reductions
in the western portion of the western North Pacific, Gulf of Mexico, Car-
ibbean Sea, and broad open oceans in the Southern Hemisphere. Extreme
TSLPG events do not always accompany TC activity near the equator, mid-
latitudes, and high latitudes. To filter out the effect of non-TC events,
Fig. 5a, b show the same information as in Supplementary Fig. 7a, b,
respectively, but for extreme events at the 99.95th percentile threshold only
when anyTCs (maximumsustainedwind speeds:≥17.5m s–1) exist over the
grid cells during these extreme events. Both SPEAR_HI and MRI-
AGCM3.2S project robust spatial patterns of change in TC-related
extreme TSLPG events, revealing increasing occurrence in the Central
Pacific and diminishing occurrences in the Gulf of Mexico, Caribbean Sea,
and broad open oceans in the Southern Hemisphere (Fig. 5a, b). Similar
results were obtained for other percentile thresholds, e.g., the 99.5th per-
centile events (Supplementary Fig. 8). These spatial patterns resemble the
projected changes in the frequency of major TC occurrence (Fig. 1a, b),
underscoring the critical role of changes in major TCs occurrence in the
changes in extreme rises in the SLP gradient.

Overall, these findings underscore the far-reaching effects of TCs on
extreme weather phenomena such as intense winds and wildfires. It is
important to quantify both the local and remote effects associated with
changes in the frequency of major TC occurrence to estimate accurately the
projected changes in the potential risk of TC-related hazards.

Summary and discussion
Weshowed that the two independent high-resolution global climatemodels
can project robust future changes in the spatial patterns of the frequency of
majorTCoccurrence attributable to increased anthropogenic forcing.These
changes comprise increased frequency in the Central Pacific, including the

Hawaii region, northeastern Canada, and Northeast Asia, and reduced
frequency in the western quadrant of the tropical western North Pacific,
Gulf of Mexico, Caribbean Sea, and broad open oceans in the Southern
Hemisphere.Moreover, the twomodels also robustlyprojectpoleward shifts
in the spatial extent of major TC occurrence in both hemispheres. The
projected increase in the frequency ofmajor TC occurrence would also lead
to the increased frequency of extreme rises in the SLP meridional gradient
within 24 h. Specifically, the projected increase in frequency of major TC
occurrence near Hawaii would lead to more frequent extreme rises in SLP
meridional gradient there, potentially leading to increased frequency of
sudden onset of strong winds and possible wildfire events, as seen during
Hurricane Dora in 2023.

This study underscores that TC hazards can impact residential regions
even thoughamajorTC is thousands of kilometers away.Thishighlights the
importance of maintaining preparedness for potential damage from major
TCs, regardless of their distance from populated areas. This study projects
increases in abrupt rises in SLP gradients in certain coastal areas, which
could lead to more frequent sudden onset of strong winds and wildfires.
Moreover, these abrupt rises in SLP gradients may bring strong winds
accompaniedby substantialmoisture, resulting in the suddenonset of heavy
rainfall. Notably, a recent study has documented an increasing frequency of
extreme rainfall events over western Japan over the past 40 years, which
could be linked to more frequent occurrences of major TCs over the open
ocean southwest of Japan27.

Some caveats are noted in relation to the results. This study considered
only two models for the evaluation of future changes. Evaluation using
additional models will be important to enhance confidence in the reported
projections, although the availability of other global models capable of
producing reliable simulations of major TCs is currently limited. Generally,
previous model intercomparison projects reported variation in regional

Fig. 3 | Composite structure of SLP and wind anomalies. Composite of 6-hourly
anomalies of SLP and zonal and meridional wind components when the centers of
stormswithmajor TC intensity (i.e., maximum sustainedwind speed: ≥50 m s−1) are
located over (a) the southwest Hawaiian region 0°–15°N, 180°–170°W, b the
southern Hawaiian region 0°–15°N, 160°–155°W, and c the southeastern Hawaiian
region 0°–15°N, 145°–140°W using the 30-member SPEAR_HI_ALL large-
ensemble simulations over the period 1921–2100. Numbers represented in the title
of each panel denote the sample sizes used for the composites. d–f As in (a–c),

respectively, but for the MRI-AGCM3.2S experiment for 1950–2099 when simu-
lated TCs with named storm intensity (i.e., maximum sustained wind speed:
≥17.5 m s−1) are in each region. Contours denote SLP anomalies (hPa). Solid
(dashed) contours denote positive (negative) values of SLP anomalies. The contour
interval is 0.5 hPa for negative values and 0.2 hPa for positive values. Vectors denote
anomalies of wind vectors. Shadings denote anomalies of wind speed (unit: m s–1).
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projections of TCoccurrence among the different climatemodels10–12. These
intercomparisons, however, have not explicitly addressed the extent to
which underlying model biases might influence future projections. It is
important to stress that model biases in terms of the frequency of major TC
occurrence in the present-day climate can substantially impact future
projections19. For example, if a model critically underestimates the fre-
quency ofmajor TC occurrence in a specific region in a present-day climate
simulation, the model is unlikely to project a reduction in major TC
occurrence in that region because of the inherent lack of recognition of
major TC occurrence in that area. Therefore, before amultimodel ensemble
approach is adopted for future projections, selecting models based on their
performance in simulating the present-day climate is important19.

The findings of our study also highlight the importance of the two-way
interaction between TCs and their surrounding environment. One such
interaction that is commonly overlooked is the modified SLP anomaly
associated with the remote existence of a TC, which can be an important
element affecting TC hazards. Although several statistical-downscaling
studies have estimated TChazards and associated risk36–38, they havemainly
focused on the effect of large-scale environment on TCs and have not
considered the reciprocal effect of TCs on the environment, such as the
remote increase in SLP induced by the presence of TCs. Therefore, there is
potential for statistical–dynamical models to underestimate the full nature
of the effect of TCs on TC-related hazards.

It is also noted that the future emission scenarios considered in this
study represent a high-emission scenario (i.e., Shared Socioeconomic

Pathway 5–8.5 for SPEAR_HI and Representative Concentration Pathway
8.5 forMRI-AGCM3.2S). SPEAR_HI andMRI-AGCM3.2S project a rise in
global mean surface temperature of approximately 3.5 and 3.2 K, respec-
tively, by the end of the 21st century, relative to present-day decades. It is
expected that under different mitigated emission scenarios, the degree of
future changes in major TCs revealed in this study would be smaller. Our
findings, however, emphasize the distinct climatic changes in major TCs
under high-emission scenarios that differ substantially from SPEAR_HI_-
NAT, where fixed levels of anthropogenic forcing were assumed.

Overall, our study underscores the importance of identifying possible
regional changes in major TCs and their associated hazards. We recognize
the need for continued refinement of the resolution and physics of
numerical models to enhance our understanding of the complex interac-
tions between TCs and the environment and to elucidate their implications
regarding future TC-related hazards.

Methods
Observed datasets
We used 6-hourly surface wind speeds and SLP from the two reanalysis
datasets: the Japanese 55-year Reanalysis (JRA-55, 1.25° × 1.25°,
1958–2022)39 and NCEP Climate Forecast System (CFSR, 0.5° × 0.5°,
1979–2022)40.

For observed TCdata, we utilized the International Best TrackArchive
for Climate Stewardship version 4 (IBTrACS, 1981–2022)41. The positions
of major TCs were identified at 6-hourly intervals when TC intensity
exceeded the major TC threshold (i.e., maximum sustained wind speed:
≥50m s–1). We counted the frequency of major TC occurrence within each
5° × 5° grid box. The sum of the counts for each grid box was defined as the
frequency of major TC occurrence (or major TC density). We applied a
smoothing technique to the major TC density fields. The smoothing was
applied using a nine-point moving average in which the weights were
assignedbasedon the distance from the center of each grid box.Dividing the
total frequency of major TC occurrence by four provided the number of
major TC storm days.

Models
We utilized the Geophysical Fluid Dynamics Laboratory (GFDL) high-
resolution version of the Seamless System for Prediction and Earth System
Research, known as SPEAR_HI9,29,30. SPEAR with medium resolution
(SPEAR_MED)9,29 is a coupled atmosphere–ocean dynamical model used
for the experimental operational seasonal to decadal prediction model
developed at GFDL. SPEAR comprises a coupled atmospheric–oceanic
model consisting of the AM4-LM4 atmosphere and land-surfacemodel42,43,
the MOM6 ocean model (https://github.com/NOAA-GFDL/MOM6), and
the SIS2 sea ice model.

Whilst SPEAR_MED employs a 50-km mesh for the atmospheric
and land components and a 100-km mesh for the sea ice and oceanic
components, SPEAR_HI employs a 25-km mesh for atmospheric and
land components and the same resolution as that used for the sea ice and
oceanic components by SPEAR_MED. Additionally, SPEAR_HI incorpo-
rates specific model tuning parameters designed to optimize TC
simulations30.

We also utilized the 20-km-mesh Meteorological Research Institute
(MRI) atmospheric general circulation model, MRI-AGCM3.2S13,31,32,
which is an atmosphere-only model. A detailed description of this model
can be found in refs. 13,31,32. Note that the updated cumulus convection
scheme developed by ref. 44. substantially improved the model’s ability to
simulate major TCs and their global spatial distribution.

Large-ensemble experiments by SPEAR_HI
We conducted two types of multidecadal simulation using the SPEAR_HI
model: SPEAR_HI_ALL and SPEAR_HI_NAT. A summary of these
experiments is provided in Supplementary Table 1. It should be noted that
the same experiments were initially conducted using the SPEAR_MED
model9,29, and that this study extended these simulations to SPEAR_HI30.

Fig. 4 | Simulated frequency of extreme events of abrupt increases in SLP gradient
near Hawaii. Extreme TSLPG events were calculated for each percentile threshold (i.e.,
90th, 95th, 99th, 99.5th, 99.99th, 99.95th, and 99.99th percentiles). a SPEAR_HI_ALL.
bAs in (a), but forMRI-AGCM3.2S. Green, orange, and pink bars denote the simulated
frequency of extreme TSLPG events during the present-day decades (1981–2020), near-
future decades (2021–2060), and decades at the end of the 21st century (2061–2100 for
SPEAR_HI and 2061–2099 for MRI-AGCM3.2S), respectively. Error bars denote 95%
confidence intervals calculated using a bootstrap method. Based on a bootstrap sig-
nificance test, the triple, double, and single hashes indicate that the future change is
statistically significant at 99%, 95%, and90%confidence levels, respectively, relative to the
mean of present-day decades. The results for the 99.9th, 99.95th, and 99.99th cases are
rescaled in the embedded panels.
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For the SPEAR_HI_ALL experiments, the historical anthropogenic
forcing was prescribed over the historical period 1921–2014, whereas the
expected future anthropogenic forcing was prescribed over the period
2015–2100 under the high-emission scenario of Shared Socioeconomic
Pathway 5–8.5 (SSP5-85)45,46. In the future period, no volcanic events were
assumed.We performed ten ensemble simulations for the SPEAR_HI_ALL
experiments. The simulations were initiated from restart files derived from
20-year intervals in the long-term preindustrial control experiments such
that the simulated internal variability, e.g., the El Niño–Southern Oscilla-
tion, was out of phase among the ensemble members.

The experimental settings for SPEAR_HI_NAT were identical to
SPEAR_HI_ALL, except that the anthropogenic forcing such as greenhouse
gases, anthropogenic aerosols, and ozonewere fixed at their 1921 levels. The
primary difference between SPEAR_HI_ALL and SPEAR_HI_NAT was
the anthropogenic forcing. We conducted six ensemble simulations for
SPEAR_HI_NAT due to limited computational resource availability.

Historical and future experiments by MRI-AGCM3.2S
We used MRI-AGCM3.2S to conduct a long-term consecutive historical
and futureRepresentativeConcentrationPathway 8.5 (RCP8.5) experiment
from 1950–209932 (as outlined in Supplementary Table 1). Because MRI-
AGCM3.2S is an atmospheric model, reference sea surface temperatures
(SSTs) and sea ice concentrations (SICs) were prescribed as the lower
boundary conditions. During the historical period (1950–2014), observed
monthly mean SST and SIC data were prescribed from the Hadley Center
Global Sea Ice and Sea Surface Temperature (HadISST1) dataset47. For the
future period (2015–2099), projected changes in SSTs and SICs basedon the
ensemble mean of multiple CMIP5 models under the Representative

Concentration Pathway 8.5 (RCP8.5) scenario were added to the observed
climatological mean SSTs, following the HighResMIP experiment
protocol22,23. To retain thehistorical interannual variations of SSTandSIC in
the future period, detrended interannual variations in observed SSTs and
SICswere added to the futuremeanSSTs andSICs (for additional details, see
ref. 48). There was only a single-member experiment for MRI-AGCM3.2S.
Note that we ideally aim to include data for 2100, but the future projection
for MRI-AGCM3.2S ends in 2099.

TC detection methods
For SPEAR_HI, model-simulated TCs were identified from 6-hourly out-
puts using the algorithm outlined in refs. 14,49. Briefly, this method applies
the flood fill algorithm to identify closed contours of magnitude of SLP
anomaly relative to the surrounded mean in conjunction with 3-K tem-
perature anomalies relative to the surroundedmean to detect thewarm core
of TCs. The storm detection criteria also require a wind speed criterion
(17.5m s−1). These conditions should persist for a minimum of 36 h to
eliminate short-lived storms.

For MRI-AGCM3.2S, model-simulated TCs were identified using the
approach described in ref. 9. Briefly, this method applies four criteria:
relative vorticity at 850 hPa (2.0 × 10–4 s−1), temperature anomaly in the
warm core region (2.0 K), maximumwind velocity at 850 hPa (17.0 m s−1),
and a minimum duration of 36 h.

Tendency of SLP meridional gradient (TSLPG)
To calculate the tendency of the SLP meridional gradient (TSLPG) near
Hawaii, we utilized the 6-hourly SLP anomalies and adopted the following
procedure.

Fig. 5 | Projected changes in the frequency of
extreme TSLPG events on a global scale.
a Projected changes in the mean frequency of
99.95th percentile of TSLPG events only when any
TCs (maximum sustained wind speed: ≥17.5 m s−1)
simultaneously exist over the grids during the
extreme events during 2061–2100 relative to that
during 1981–2020 by SPEAR_HI_ALL. b As in (a),
but for MRI-AGCM3.2S. Only peak TC seasons
(July–October for the Northern Hemisphere and
December–March for the Southern Hemisphere)
were considered. Black contours indicate bound-
aries of the areas of statistically significant changes at
the 95% confidence level determined using a boot-
strap method.
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Calculation of SLPG. The SLP meridional gradient (SLPG) was com-
puted as the difference in the mean SLP anomalies at two different lati-
tudes (15°N and 25°N) within a longitudinal range of 160–155°W:

SLPG ¼ SLP
25 °N
a160�155 ° W

� SLP
15 °N
a160�155 ° W

; ð1Þ

where SLPa represents the anomaly of 6-hourly SLP relative to the previous
20-year climatological mean. The overbar indicates themean at the defined
latitude within the longitudinal range. These calculations were conducted
using the outputs of SLP interpolated onto 0.5° × 0.5° grid cells.

TSLPG Calculation. The TSLPG was then calculated as the rate of
change of SLPG over time (t), as follows:

TSLPG ¼ SLPG tð Þ � SLPGðt � dtÞ
dt

; ð2Þ

where dt represents a time interval of 24 h.
We computed the TSLPG for all simulated 6-hourly data for July to

October, corresponding to the peak TC season in the central Pacific. Sub-
sequently, we determined threshold values for several percentiles (e.g., 90th,
95th, 99th, 99.5th, 99.9th, 99.95th, and99.99thpercentiles) using theTSLPG
data for the present-day period of 1981–2020 for reference. These percentile
thresholds were used to identify extreme TSLPG events defined when
TSLPG exceeded one of these thresholds at a specific time.

Calculations similar to those used for Hawaii were also applied to each
grid cell globally. For each grid cell, an area of 10°width latitudinally and a 5°
width longitudinally, centered on the grid cell, was applied to compute the
TSLPG. The sign of the TSLPG was reversed for grid cells in the Southern
Hemisphere, given the reversed spatial structure of the SLP anomalies
compared to that in the Northern Hemisphere. As for the Hawaii region,
percentile thresholds for each grid cell were calculated using the data of the
present-dayperiod (1981–2020). These calculationswere conducted for July
to October for the Northern Hemisphere and December to March for the
Southern Hemisphere to account for the peak TC season.

Statistical significance tests
To evaluate the statistical significance of differences between the mean
values of the present-day and the future climates, we utilized the bootstrap
method. Following ref. 9, we resampled the data 2000 times with replace-
ments. The same resamplingprocesswas employed to obtain the confidence
interval.

Data availability
The observed TC data (IBTrACS) are publicly available at https://www.
ncdc.noaa.gov/ibtracs/. The observed SST data (HadISST1.1) are available
at https://www.metoffice.gov.uk/hadobs/hadisst/. The reanalysis datasets
are available at https://climatedataguide.ucar.edu/climate-data/climate-
forecast-system-reanalysis-cfsr for CFSR and https://jra.kishou.go.jp/JRA-
55/index_en.html for JRA-55. The model outputs by MRI-AGCM3.2S are
available online at http://search.diasjp.net/en/dataset/GCM20_SOUSEI.
The datasets analyzed during the current study are available at https://doi.
org/10.7910/DVN/VAG7LT. These uploaded files are freely available.
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