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Crucial role of subsurface ocean variability in
tropical cyclone genesis

Cong Gao 1,12, Lei Zhou 1,2 , I.-I. Lin 3, Chunzai Wang 4,5,6,
Shoude Guan 7,8, Fei-Fei Jin 9 & Raghu Murtugudde 10,11

The upper ocean provides thermal energy to tropical cyclones. However, the
impacts of the subsurface ocean on tropical cyclogenesis have been largely
overlooked. Here, we show that the subsurface variabilities associatedwith the
variation in the 26 °C isothermal depth have pronounced impacts on tropical
cyclogenesis over global oceans. The sea surfacewind stress and its curl before
tropical cyclogenesis are large enough to perturb the ocean interior down to
more than one hundred meters due to entrainment and upwelling. The 26 °C
isothermal depth can fluctuate by tens of meters to significantly modify the
upper ocean heat content. Consequently, sea surface temperature anomalies
under nascent tropical cyclones are induced, and tropical cyclogenesis is
modulated. Our results substantiate an unexpected relation between ocean
interior variations and tropical cyclogenesis.

Tropical cyclones (TCs), producing damaging winds1, heavy rainfalls2,
storm surges3, and inland floods4, are among the deadliest natural
disasters worldwide5–7. During 1970–2019, TCs resulted in 779,324
fatalities and 1.4 trillion U.S. dollars in economic losses8. As coastal
cities continue to become more populated and developed, the need
for TC risk assessment and management becomes increasingly
critical4,9. The locations and frequencies of TC genesis modulate the
lifetime maximum intensities of TCs and exposure to hazards10–12.
Therefore, enhancing our understanding of TC genesis is crucial for
reducing TC-related risks and devastation13,14, which are expected to
worsen with continued global warming.

TC genesis is determined by many environmental properties,
such as the earth’s rotational effects, the atmospheric parameters of
low-level relative vorticity15, vertical wind shear16, mid-level relative
humidity17, and atmospheric instability18. Ocean is the energy source
for TCs19,20. The upper ocean heat content21 is also essential for TC

genesis, which was recognized long ago22. Based on observations,
the “ocean thermal energy”, representing the ocean heat content
above the depth of the 26 °C isotherm (D26; Fig. 1a), was adopted as
one of the six parameters in the first empirical model for TC genesis
(i.e., the TC genesis potential index established in ref. 22). However,
there has been disagreement on the influence of the upper ocean
heat content on TC genesis, and numerical simulations have drawn
different conclusions23. The controversy has grown because
satellite-observed sea surface temperatures (SSTs) do not capture
the subsurface conditions. In contrast, the impacts of upper ocean
heat content (or generally variabilities in the subsurface ocean) on
TC intensity, rather than on TC genesis, have been well
examined24–27. SST was replaced with the inclusion of subsurface
temperature information in the potential intensity index, yielding a
better representation of TC intensity and improving its forecast28.
Nevertheless, SSTs are assumed to play a dominant role in TC
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genesis in most studies13,19,23,29, which is different from the original
idea22.

The reason that the upper ocean heat content was largely over-
looked in TC genesismay be the fallacious assumption that the “weak”
winds during TC genesis could not induce pronounced variabilities in
the ocean interior. Consequently, the likelihood of the subsurface
ocean influence on TC genesis has generally been dismissed. Practi-
cally, the depth influenced by TC winds can serve as a proxy for the
depthof coldwater that is drawnup into theuppermixed layer andhas
impacts on ocean stratification, D26, and upper ocean heat content. In
fact, in-situ subsurface mooring observations demonstrated that the
immediate influence of Hurricane Frederic (1979) could extend from
the surfacedown to asdeep as 950m30,31, underscoring the importance
of TC-subsurface ocean interactions. A moderate TC with a maximum
wind speed of 20–40m s−1 deepened the ocean mixed layer by 90m

and led to a strong Ekman upwelling velocity of 2 × 10−3m s−1 (which
was equivalent to a vertical displacement of 86m in half a day)32. A
recent study revealed the negative role of the subsurface ocean in TC
genesis due to Ekman upwelling during El Niño, contrasting with the
positive role of SSTs33.

In this study, we show that variabilities in the subsurface ocean
have detectable impacts on TC genesis by examining the genesis
stages of 2032 global TCs over the past 25 years from 1998 to 2022.
By definition34, the maximum wind speed is less than 35 knots
(18m s−1; 1 knot ≈ 0.51m s−1) during the pre-genesis stage. We show
that this wind is strong enough to displace D26 and thus modify the
upper ocean heat content. Consequently, SST variabilities due to
TC’s entrainment mixing and the Ekman effect by wind stress curl
beneath nascent TCs are prominent enough to influence TC genesis.
Our findings highlight the role of the subsurface ocean in TC
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Fig. 1 | Climatological sea surface and subsurface environments and positions
of pre-genesis tropical cyclones (TCs). a Climatological depth of the 26 °C iso-
therm (D26) from 1980 to 2022 (colour shading). The black contours denote the
climatological sea surface temperatures (SSTs) from 26 °C to 29 °C. b Positions of

pre-genesis TCs with observed SSTs. The positions where SSTs are observed by
microwave satellites are denoted with black dots. The positions observed by the
drifters are denoted with purple dots, and those observed by the Argo floats are
denoted with red dots.
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genesis. Considering the out-of-sync warming trends in the ocean
surface and subsurface under climate change27, it is essential to
explore the impacts of the subsurface ocean on TC genesis and their
evolution under future scenarios. These findings also demand
additional attention to model accuracy in winds, coupled air-sea
interactions, and particularly ocean model initialization to better
represent variabilities in D26 and ocean heat content in a warm-
ing world.

Significant disturbances in the ocean interior by pre-genesis TCs
According to the World Meteorological Organization, a TC is born
when its intensity reaches 35 knots (18m s−1) or, equivalently, T2.5
according to the Dvorak technique35. A TC is considered in the pre-
genesis stage (see Methods) when its intensity reaches 30 knots or
T2.0 in the Dvorak technique. The first day of the pre-genesis stage
is referred to as Day 0 and the negative (positive) days represent
the days before (after) Day 0 hereafter. The locations and inten-
sities of TCs are obtained from the best-track records (Methods). A
total of 2032 pre-genesis TCs are identified from 1998 to
2022 (Fig. 1b).

Temperature profiles are obtained from the Global Ocean Rea-
nalysis and Simulations (GLORYS) 12v1 product36. D26 is used to
quantify subsurface variabilities, specifically, the ocean heat content in
the upper layer7,33,37,38. The differences between the median D26 from
Days −10 to −4 and D26 on Day 0 (denoted as ΔD26 hereafter; Meth-
ods) are shown in Fig. 2a. The positive ΔD26 is attributable to the
vertical mixing (or so-called entrainment)39,40, which cools the surface
water and warms the subsurface water. A negative ΔD26 is induced by
Ekman upwelling39,41, which cools both the surface and the subsurface
water. It is also consistent with the results of ref. 42 that D26 can be
both shallowedbyTC-inducedupwelling anddeepenedbyTC-induced
downwelling, which combines the effect of vertical mixing. A max-
imum D26 deepening of 53m and a maximum D26 shoaling of 48m
are observed (Fig. 2a). The pre-genesis winds of 10% of the TCs induce
at least a 6-m increase or 10-m decrease in D26 (Fig. 2b). The ratios of
ΔD26 to the local standard deviation of the monthly D26 variabilities
are shown inFig. 2c. Thirty-twopercent ofpre-genesis TCsperturbD26
by more than 50% of monthly D26 variabilities (Fig. 2d). Specifically,
10% pre-genesis TCs-induced ΔD26 is larger than +50%, and 22% pre-
genesis TCs-induced ΔD26 is smaller than −50%.

40°S

20°S

0°

20°N

40°N

60°E 120°E 180° 120°W 60°W

(m)

−20 −10 0 10 20

Change of D26a

0

100

200

300

0

5

10

15

−20 −10 0 10 20
Change of D26 (m)

N
u

m
b

er
 (

#)

P
er

ce
n

ta
g

e 
(%

)

b

40°S

20°S

0°

20°N

40°N

60°E 120°E 180° 120°W 60°W

(#)

−1.0 −0.5 0.0 0.5 1.0

Ratio of D26 change to its standard deviationc

0

100

200

300

0

5

10

15

−2 −1 0 1 2
Ratio of D26 change (#)

N
u

m
b

er
 (

#)

P
er

ce
n

ta
g

e 
(%

)

d

Fig. 2 | Responses of subsurface ocean to pre-genesis tropical cyclones (TCs).
a Changes in depth of the 26 °C isotherm (D26) due to pre-genesis TCs.
b Histogram of D26 changes. The dotted lines represent the 10th and 90th per-
centiles, respectively. c, Same as a but for the ratios of D26 change to the standard
deviation of D26. d Same as b but for the ratios in c. The dotted lines represent

ratios of −0.5 and 0.5, respectively. The D26 changes are obtained from the daily
GLORYS12v1 product. The standard deviation ofD26 is obtained by deriving it from
the monthly GLORYS12v1 product and applying a 1-year high-pass filter to remove
interannual and decadal variabilities. For each grid, the standard deviation is cal-
culated using the monthly D26 data from 1993 to 2022.
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Dynamics of the deep penetration of wind forcing during
pre-genesis of TCs
The wind speeds during the pre-genesis stage of a TC are much lower
than those during its mature stage. Thus, it has traditionally been
presumed that weak winds during pre-genesis cannot have significant
impacts on the subsurface ocean. However, in nature, the wind speeds
are already greater than 15m s−1 during TCpre-genesis, which canbe as
much as Force 8 on the Beaufort scale. The associated sea state codes

are usually 6–7, whichmeans a probablewave height of approximately
6m, and the maximum wave height can reach 7.5m. Thus, the winds
during TC pre-genesis are not weak at all. In addition, the wind stress
curl is very efficient in driving the ocean via Ekman pumping and
suction43–46. The climatological near-surface wind stress curl is on the
order of 10−7kgm−2 s−2 (Supplementary Fig. 1a), and its standard
deviation is on the same order (Supplementary Fig. 1b). Such a wind
stress curl leads to pronounced upwelling in the California Current
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Fig. 3 | Comparisons between Ekman layer depth and depth of the 26 °C
isotherm (D26). a, Coloured thick lines are the Ekman layer depths estimated with
various empirical formulas (seeMethods). Each black dot represents theD26 under

a pre-genesis tropical cyclone (TC) case. The black line is the mean D26 of all pre-
genesis TCs. b Ratios of the estimated Ekman layer depth to the D26 under pre-
genesis TCs. The shaded areas represent the 95% confidence intervals.
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system in the Pacific47 and off Northwest Africa in the Atlantic48. In
contrast, the wind stress curl during pre-genesis TCs is greater by one
order or even two orders of magnitude (Supplementary Fig. 2), which
is strong enough to drive surface-subsurface interactions and produce
changes in SST.

Quantitatively, according to the classical Ekman theory, the
Ekman depth is given by DE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2Az=f
� �

q

,where Az is the vertical
momentum diffusivity and f is the Coriolis parameter. There are few
observations for Az ; hence, the Ekman depth is typically estimated by
empirical formulas. The Ekman depths estimated with four widely
applied empirical formulas (Supplementary Table 1) and D26 under
each pre-genesis TC are shown in Fig. 3a. Before the TC genesis, D26 is
mostly shallower than 121m (black dots in Fig. 3a). In the deep tropics
(5–10° latitude), the mean D26 is approximately 69m. It increases
towards the mid-latitudes (20–30° latitude), which is consistent with
the spatial distribution of climatological D26. In the four empirical
formulas, DE is inversely proportional to sin ϕ or

ffiffiffiffiffiffiffiffiffiffiffi

sin ϕ
p

, where ϕ is
the latitude. Thus, the estimated DE increases with the decrease in

latitude. In the deep tropics, all estimated values of DE are much
deeper than those of D26. Beyond 10° of latitude around the equator,
the estimated DE are still deeper than D26. The ratios of D26 to DE are
mostly greater than 2 (Fig. 3b) regardless of the empirical formula
used. Therefore, we show that thewinds and the associatedwind stress
curl during TC pre-genesis, which were traditionally assumed to be
weak, are in fact strong enough to significantly displace the local D26
in the ocean.

Feedback of subsurface variabilities onto TC genesis
Subsurface ocean perturbations (e.g., D26 variations) due to wind
stress and wind stress curl during TC pre-genesis can significantly
modify ocean temperatures, including local SSTs, which are essential
for consequent TC growth and intensification. Similar to the definition
of ΔD26, the differences between temperatures on Day 0 and the
undisturbed temperatures (i.e., the median temperatures from Days
−10 to −4) denote the changes during TC pre-genesis (Methods). The
pre-genesis TCsmodify the oceanpotential temperature profiles down
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Fig. 5 | Significant impacts of the subsurface ocean on the genesis of tropical
cyclones (TCs). a Relationship between the changes in the depth of the 26 °C
isotherm (D26) and the changes in sea surface temperatures (SSTs). The black line
represents the linear regression between the two changes. Grey shading represents
the 95% confidence interval. Yellow line is for the linear regressionwith the range of
D26 change from −25m to 25m. Red line is for the linear regression with the range
of D26 change from −10m to 10m. The purple dashed ellipse encloses 95% of all

points. b Relationship between the changes in SSTs and the rate of TC intensity
changes. Black dots represent the 90th percentiles of the TC intensity change rate.
The black error bars are the standard errors of the 90th percentile estimated by
bootstrapping with 10,000 replicates (Methods). Solid blue line represents the
90th quantile regression, and the regression equation with the p-value is shown on
the upper side of the panel. c Same asb but for relationship between the changes in
D26 and the rate of TC intensity change.
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to approximately 200m. Even at greater depths, their influence is still
noticeable, though weaker (Fig. 4a and Supplementary Fig. 3). More-
over, TC-induced temperature changes reach deeper in the context of
deep climatological D26 (Supplementary Fig. 4). The mixed layer is
characterized by nearly uniform temperature, salinity, and density.
Themixed layer depth is defined as thedepthwhere the temperature is
cooler than the temperature at 10m depth by 0.2°C, following ref. 49.
The ocean temperature at the mixed layer depth determines the heat
exchanges between the subsurface ocean and the upper ocean mixed
layer. Therefore, their changes during TC pre-genesis (Fig. 4b) can
have adirect impact on theoceanheat content in the upper ocean. As a
result, SSTs are modified significantly (Fig. 4c). The statistically sig-
nificant dependence of SST variabilities on D26 changes is shown in
Fig. 5a. An increase in D26 leads to ocean warming below the surface
due to Ekman pumping, while a decrease in D26 reduces ocean tem-
peratures due to the upwelling of cool waters, and wind stresses are
strong enough to entrain cold water into the mixed layer from the
ocean interior even during TC pre-genesis. Meanwhile, in addition to
the changes in D26, the propensity for SST changes is also subject to
the background state of D26 (colour shading in Fig. 1b).When the local
climatological D26 is shallow, the changes of SSTs are more sensitive
to changes in D26. (Supplementary Fig. 5a). When the climatological
D26 is deep, thewarmwater layer in the upper ocean is thick, and SSTs
are not easily perturbed. Thus, the SSTs are typically less sensitive to
D26 changes during the pre-genesis (Supplementary Fig. 5b). There-
fore, both local D26 changes and climatological D26 are important to
SST changes.

For mature TCs, sea surface cooling is known to have a significant
negative feedback effect on TC intensification7,24,25,27,28,50. A similar
conclusion is found for pre-genesis TCs. As shown in Fig. 5b, there is a
statistically significant positive correlation between SST changes and
the 90th percentile of the TC intensity change rate fromDay 0 toDay 3
(a proxy for quantifying TC genesis). The changes in SSTs during TC
pre-genesis are determined using daily satellite data51, Argo data52, and
hourly drifter data53 (seeMethods). The sensitivity of TCgenesis to SST
changes is 8 knots day−1 °C−1 (Methods). Therefore, the SST changes
due toD26 variations during TCpre-genesis have important influences
on the increase in TC intensity. Furthermore, the role of D26 in TC
genesis is also supported by the direct relationship between the
changes in D26 and the rate of TC intensity change (Fig. 5c).

Discussion
The key atmospheric properties for TC genesis have long been
identified22, although there has been no general theory for TC
genesis54. For the ocean, SSTs are found to be important for the
entire TC life cycle since they adjust the air-sea heat fluxes. In this
study, we show that the subsurface ocean also plays a significant
role in TC genesis. The wind speeds and wind stress curls associated
with embryonic TCs are much greater than those associated with
background normal winds. Thus, they are strong enough to pull up
deeper isopycnic layers up to D26. As a result, the ocean tempera-
ture profiles can be significantly modified, leading to either warm
subsurface anomalies due to surface convergence and heat
buildup40 or cold subsurface anomalies due divergence along with
Ekman suction41. SST anomalies are produced either by the con-
vergence or divergence and detrainment or entrainment, which
then feeds back to the budding TCs. Here, we highlight that TC’s
entrainment mixing, as well as Ekman upwelling, can be significant
during the genesis stage, a notion largely overlooked in existing
literature. We demonstrate that, contrary to previous perceptions,
TC winds are not weak even during the genesis stage, and TC-
subsurface interactions are already occurring at this early stage.
Besides, previous studies55,56 have demonstrated that the TC-
induced near-inertial current corresponding to upwelling and
downwelling are evident in the recovery stage (after Day 0).

Our study does not deny the effects of other environmental fac-
tors (such as verticalwind shear) on TCgenesis. The TCgenesis issue is
complex, and there are many contributors. Genesis is the joint con-
tribution from all factors, but no single factor is the sole factor. D26
can also represent the ocean stratification to some extent, which is
determined by both temperature and salinity. Given compelling evi-
dence that salinity can influence TC intensification57–59, including its
ability to suppress cooling by up to 0.3°C57, the role of salinity in TC
genesis warrants greater attention and further investigation. For
example, in the eastern North Pacific, the thermocline and D26 are
relatively shallow, providing less energy for TC genesis. However, the
sea surface salinity is low, resulting in strong salinity-driven ocean
stratification, which reduces cooling during the TC genesis stage and
potentially promotes TC genesis.

The impacts of the subsurface ocean on TC genesis are captured
in state-of-the-art coupled climatemodels. The High ResolutionModel
Intercomparison Project (HighResMIP)models60 permit TCs. Although
the simulated TCs in HighResMIP are weaker than the observed TCs,
they show an improvement in reproducing the observed TC
frequency61. The role of the subsurface ocean in TC genesis is esti-
mated with outputs from a 1573-year hierarchy of HighResMIP model
simulations (Supplementary Table 2). A deeper D26 indicates a greater
tropical cyclogenesis number for both the Northern Hemisphere and
the Southern Hemisphere (Supplementary Fig. 6 and Supplementary
Fig. 7). It is still challenging to replicate the observed D26 trends in
HighResMIP coupled models (Supplementary Fig. 8 and Supplemen-
tary Table 3). The bias in D26 might persist in the future scenarios,
which potentially leads to a bias in TC genesis projection. This also
underscores the need to capture the wind responses to continued
warming and the associated vertical structures in the ocean to be able
to make reliable projections of TCs in the future.

Methods
TC data
The 6-hourly TC best-track datasets are the revised Hurricane Data-
base (HURDAT2)62 managed by the U.S. National Hurricane Center
(NHC) for the North Atlantic, Northeast and North Central Pacific and
the best-track archive provided by the Joint Typhoon Warning Center
(JTWC) for the other basins. Both NHC and JTWC report TC intensities
in terms of the 1-minute mean wind speeds.

We use the H*Wind analyses63 produced by the Hurricane
Research Division of the U.S. National Oceanic and Atmospheric
Administration (NOAA) to derive the surface wind stress curl for
pre-genesis TCs. The H*Wind software produces a gridded analysis
by interpolating and smoothing all available wind speed observa-
tions. H*Wind analyses provide more than 1500 snapshots of the TC
surface wind field, mainly from 1995 to 2013, over the North Atlantic
and North Pacific. The horizontal resolution of these snap-
shots is 6 km.

SST data
We use the daily Remote Sensing Systems (REMSS) SST data for 25
years from 1998 to 2022. The spatial resolution is 0.25° × 0.25°. The
product is generated by microwave radiometer measurements and an
optimum interpolationmethod64, which is designed to depict the SSTs
at a depth of approximately 1mwithout the diurnal warming. Thermal
infrared SST measurements have high spatial resolution (~9 km) but
only work in cloud-free atmospheres65. Passive microwave SST mea-
surements have relatively low spatial resolution (~25 km) but are not
affected by clouds or other atmospheric effects51. Due to the dense
cirrus clouds covering TCs, microwave SSTs have been widely used in
TC-related studies7,25,28,50,58,66–71. In December 1997, the Tropical Rainfall
MeasuringMissionMicrowave Imager tookmeasurements at 10.7 GHz,
which provided the first access to high-quality microwave SST data51.
Hourly SST data53 are obtained from surface drifting buoys deployed
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by the Global Drifter Program (GDP) funded by NOAA. Ocean tem-
peratures (including SSTs) are adopted from Argo profiles maintained
by the international Argo program52. Argo profiles are identified and
downloaded using an R package called argoFloats72. We compare the
SSTs from drifter, Argo and microwave (Supplementary Fig. 9) and
D26 from Argo and GLORYS12v1 (Supplementary Fig. 10), and they are
highly consistent.

Daily ocean temperature data
Daily and global ocean environmental variables are obtained from the
GLORYS12v1 product36. The product is eddy-resolving with a hor-
izontal resolution of 1/12°. There are 50 vertical levels. The GLOR-
YS12v1 output is largely based on the current real-time global
forecasting Copernicus Marine Environmental Monitoring Service
(CMEMS) system. GLORYS12v1 is generated by the Nucleus for Eur-
opeanModeling of the Ocean (NEMO) oceanmodel, which is forced at
the surface by the European Center for Medium-Range Weather
Forecasts (ECMWF) ERA-Interim and then the ERA5 reanalysis for
recent years. In addition, GLORYS12v1 jointly assimilates along-track
altimeter data, satellite-based SST, and in-situ temperature and salinity
vertical profiles.

Monthly ocean temperature data
Ocean Reanalysis System 5 (ORAS5) reanalysis monthly ocean tem-
peratures with a horizontal resolution of 1/4° are obtained from
ECMWF73. The EN4.2.2 analysis monthly ocean temperatures with a
horizontal resolution of 1° are obtained from the Met Office Hadley
Centre74. The Institute of Atmospheric Physics version 4 (IAPv4) global
ocean temperature gridded product at 1° horizontal resolution are
obtained from the IAP75.

Daily near-surface wind data
Daily near-surface winds are obtained from NCEP-National Center for
Atmospheric Research (NCAR) Reanalysis 176 with a horizontal reso-
lution of 2.5° × 2.5°.

Definition of pre-genesis TCs
The Dvorak technique based on cloud patterns in satellite imagery
is the primary method and “gold standard” for estimating TC
intensities35. The Dvorak technique quantifies the TC intensity on a
scale of 1–8 (at 0.5 intervals) called T-Numbers. For example, T2.0
corresponds to 30 knots, and T2.5 corresponds to 35 knots. The
Dvorak technique yields estimates that are internally consistent but
biased depending on the intensity77. However, Dvorak technique-
based estimates have almost zero bias and are as accurate as in-situ
or airborne observations when the TC intensity is no more than 35
knots77. Thirty-five knots are typically used as the threshold for TC
genesis. The closest to and lower than the 35 knots threshold is 30
knots in the 6-hourly best-track datasets. Thus, the records that
reach 30 knots for the first time are defined as pre-genesis TCs.
Applying the criteria above, we identify 2209 pre-genesis TCs from
1998 to 2022. We use 2032 pre-genesis TCs after removing 177
cases since their genesis locations are less than 25 km away
from land.

Quantile regression and bootstrapping
Quantile regression models are used to estimate the percentiles of
the dependent variables, conditional on the values of the explana-
tory variables. Unlike linear regression models, estimating the
standard errors of the coefficients or the p-values of a quantile
regression model is difficult mathematically. Bootstrapping pro-
vides a good estimate of the standard error of any statistic by
approximating the shape of the sampling distribution78. In this
study, bootstrapping with 10,000 replicates is used to estimate the
p-values of quantile regressions.

TCs in the HighResMIP models
Based on 6-hourly model outputs, a tracking method named
“TRACK”79 is used to identify simulated TCs in the hierarchy of High-
ResMIP models (Supplementary Table 2). No tuning of the detection
parameters is used in the process of tracking (see ref. 61 for details).
Here, we use a hierarchy of HighResMIP models based on the Hadley
CentreGlobal EnvironmentModel in theGlobal Coupled configuration
3.1 (HadGEM3-GC3.1)80.

Data availability
All datasets used in this study are publicly available. HURDAT2 data
are available from the U.S. National Hurricane Center (https://www.
nhc.noaa.gov/data/); JTWC data are available from the Joint Typhoon
Warning Center (https://www.metoc.navy.mil/jtwc/jtwc.html?best-
tracks); H*Wind analyses are available from Risk Management Solu-
tions (https://www.rms.com/event-response/hwind/legacy-archive/
storms); REMSS microwave SST data are available from Remote
Sensing Systems (https://data.remss.com/SST/daily/mw/v05.1/);
Hourly drifter SST data are available from the Atlantic Oceano-
graphic andMeteorological Laboratory (https://www.aoml.noaa.gov/
phod/gdp/hourly_data.php); Argo profile data are available from the
Ifremer (https://erddap.ifremer.fr/erddap/tabledap/ArgoFloats.
html); ORAS5 data are available from the Copernicus Climate Data
Store (https://cds.climate.copernicus.eu/cdsapp#!/dataset/
reanalysis-oras5?tab=overview); EN4.2.2 data are available from the
Met Office Hadley Centre (https://www.metoffice.gov.uk/hadobs/
en4/download-en4-2-2.html); IAPv4 data are available from IAP;
NCEP-NCARReanalysis 1 data are available from the Physical Sciences
Laboratory (https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.
html); HighResMIP model outputs are available from the Earth Sys-
tem Grid Federation (ESGF; https://esgf-index1.ceda.ac.uk/search/
cmip6-ceda/); and GLORYS12v1 data are available from the Coper-
nicus Marine Service (https://data.marine.copernicus.eu/product/
GLOBAL_MULTIYEAR_PHY_001_030/description).

Code availability
The R package argoFloat is available from the Comprehensive R Archive
Network (https://cran.r-project.org/web/packages/argoFloats/). The
scripts for generating the figures are available at https://doi.org/10.5281/
zenodo.1464237081.
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