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Poleward expansion of tropical cyclone latitudes
in warming climates

Joshua Studholme ®'™, Alexey V. Fedorov®'? Sergey K. Gulev3, Kerry Emanuel ®* and Kevin Hodges®

Tropical cyclones (TCs, also known as hurricanes and typhoons) generally form at low latitudes with access to the warm waters
of the tropical oceans, but far enough off the equator to allow planetary rotation to cause aggregating convection to spin up
into coherent vortices. Yet, current prognostic frameworks for TC latitudes make contradictory predictions for climate change.
Simulations of past warm climates, such as the Eocene and Pliocene, show that TCs can form and intensify at higher latitudes
than of those during pre-industrial conditions. Observations and model projections for the twenty-first century indicate that
TCs may again migrate poleward in response to anthropogenic greenhouse gas emissions, which poses profound risks to the
planet's most populous regions. Previous studies largely neglected the complex processes that occur at temporal and spatial
scales of individual storms as these are poorly resolved in numerical models. Here we review this mesoscale physics in the con-
text of responses to climate warming of the Hadley circulation, jet streams and Intertropical Convergence Zone. We conclude
that twenty-first century TCs will most probably occupy a broader range of latitudes than those of the past 3 million years as
low-latitude genesis will be supplemented with increasing mid-latitude TC favourability, although precise estimates for future

migration remain beyond current methodologies.

ual thunderstorms weakly rotating around a common axis.

The transition from disaggregated convection into a coherent
cyclone can occur over hours, days or weeks, as vorticity increases
by two orders of magnitude to produce surface winds of over 15ms!
(Extended Fig. 1)"% Once formed, TCs generally move westward
and poleward before they interact with mid-latitude westerlies and
weather systems, and in some cases transition into frontal systems
in the extratropics (Fig. 1). Locally, the physics of evaporation, fric-
tion, convection, entrainment, and radiation determine the vortex
lifecycle®’. Box 1 summarizes these core elements of TC formation,
intensification and propagation—the TC lifecycle. How local phys-
ics and equator-to-pole TC distribution relate to one another has
been discussed for at least a century” and yet fundamental disagree-
ment about how TC latitudes depend on climate persists®. In this
review, we synthesize recent advances and attempt to connect the
heuristic view above with a well-defined physical basis for TC lati-
tudinal distribution.

One of the central outcomes of this review is to establish the
fundamental roles that convective mesoscale processes play in link-
ing the climatological TC occurrence to large-scale atmospheric
dynamics in different climates. This emergent view is novel because
the lifecycle evolution of TCs, and its intrinsic mesoscale processes,
have historically been overlooked in TC climate studies. Instead, the
focus has been on whether or not TCs would emerge from a given
climatology of wind, temperature and humidity’ (see ‘Tropical cyclo-
genesis as a dynamical process’). This well-established framework is
underpinned by empirical ‘genesis potential indices’ (GPIs)—best
guesses at the functional forms and coefficients for controls on TC
formation that are calibrated against the observed TC distribution.
Often GPIs are used in tandem with simple TC models that pas-
sively propagate cyclones through environmental winds (Box 1)
neglecting their two-way interactions with the atmospheric envi-
ronment (known as ‘statistical downscaling’)®.

| ropical cyclones (TCs) start as O(10*) km? clusters of individ-

These diagnostic methods are adopted, in part, because cli-
mate simulations with general circulation models (GCMs)
struggle to resolve realistic TCs’. A contrasting approach nests
higher-resolution models within lower-resolution ones (known as
‘dynamical downscaling’). Both dynamical and statistical downscal-
ing approaches are used to enumerate how past, present and future
climates produce TCs (see ‘Past, present and potential latitudinal
migrations’). The problem is that these contrasting approaches
yield vastly different interpretations of twenty-first century climate
projections'™"?, which thus establishes the necessity for a prognos-
tic understanding of the relationship between TCs and climate®. In
this review, we conclude that a joint consideration of the convec-
tive mesoscale processes that occur within TCs and the large-scale
dynamics of the atmospheric Hadley circulation, Intertropical
Convergence Zone (ITCZ) and tropospheric jet streams enables a
new framework to understand the relationship of TCs to climate
(see ‘Linking mesoscale physics to large-scale climate dynamics’).
As discussed later, these links have implications for reducing uncer-
tainty in the projections of twenty-first century TCs.

Tropical cyclogenesis as a dynamical process

As a core methodology in modern TC-climate studies, GPIs repro-
duce the broad-brush characteristics of observed TC genesis, par-
ticularly at basin-averaged scales’. GPIs do substantially worse at
reproducing the characteristics of TC genesis simulated by GCMs”*.
We note that, although appropriate GPI formulations should only
use variables explicitly relevant to TC physics, they often use free
tropospheric relative humidity rather than water vapour saturation
deficit (or free tropospheric dryness relative to the boundary layer)
as the moisture variable, despite the established physical relevance
of the latter but not the former”. Although GPI variants perform
equally well in reproducing TC genesis patterns of current climate,
they diverge in describing future changes'. Moreover, the green-
house warming response of an individual state-of-the-art GPI,
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Fig. 1| Tropical cyclogenesis in weather and climate. a, Earth’s atmosphere

Weak zonal temperature gradient

on 22 July 2017 from NASA EOSDIS™*. This day exhibits the most

simultaneously existing TCs in the satellite record. Tropical Storms Roke (peak intensity 18 ms™), Sonca (18 ms™), Kulap (20 ms™) and Typhoon Noru
(49 ms™) are seen in the western subtropical North Pacific. In the eastern North Pacific, Hurricane Fernanda (65 ms™), Tropical Storm Greg (27 ms™),
Hurricane Hilary (49 ms™) and Hurricane Irwin (40 ms™) are seen at various development stages. b, Schematic of traditional and baroclinically enabled
tropical cyclogenesis embedded into the large-scale flow and atmospheric dynamics (see Extended Data Figs. 1and 2 for examples). The schematic style

of the tropical mean circulation follows that of Bony et al.**.

which uses the physically consistent moisture variable of saturation
deficit, has been shown to change sign when the empirical coeffi-
cient for that variable is modified without degrading the fit to obser-
vations''. More troubling still, the statistical relationship between

the time-mean environmental fields used to calculate GPIs and TC
distribution is not necessarily consistent between the observations
and models, and between models using different dynamical cores,
resolutions and physics'®".
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Box 1| Elemental controls

Potential intensity. PI theory'”, the only extant analytical frame-
work for TC’s environmental dependences, states that TC strength
is regulated by (1) the rate of oceanic heat extraction (mainly
through evaporation), (2) frictional dissipation at the ocean sur-
face and (3) thermodynamic efficiency, also called the Carnot
efficiency (the normalized difference between ocean surface and
TC outflow temperatures) (Methods). The Carnot efficiency con-
cept from classical thermodynamics is modified in the context
of TCs to incorporate additional heating due to frictional energy
dissipation. An upper bound on TC wind speeds can be inferred
from this framework and computed in various ways from gridded
climate data. PI theory predicted three decades ago that anthro-
pogenic warming would increase PI in warmer climates'’® and so
increase the occurrence of intense TCs (as opposed to more TCs
of all strengths). This expectation has now been validated in recent
observational data'”’.

Convective aggregations. When PI is high enough and an aggrega-
tion of high entropy air has occurred, the necessary thermody-
namic conditions for TC genesis are satisfied’. High entropy, or
alternatively high moist static energy (MSE) (Methods), follows
from warm and moist air columns that are established by sur-
face evaporation and sensible heat transfer, radiative fluxes and
horizontal advection. These aggregations may originate from a
wide variety of synoptic and mesoscale disturbances with embed-
ded convective systems: easterly waves, barotropic breakdown of
the ITCZ, convectively coupled equatorial waves (CCEW), the
Madden-Julian Oscillation (MJO) or the remnants of baroclinic
activity in the mid-latitudes (Fig. 1b). Convective self-aggregation
may be another potentially important mechanism?>'%.

Large-scale winds. Environmental winds advect the developing
vortex, and thereby steer it, while interfering with its structure and
energetics. Vertical wind variations, or wind shear, are intrinsic to
all planetary atmospheres characterized by horizontal temperature
gradients, and lead to time-mean atmospheric features, such as
low-level subtropical anticyclonic flows (Fig. 2a) and upper-level
zonal jets (Figs. 1b and 2b). Vertical shear is the major dynamical
inhibitor of TC intensification as it acts against the formation of
the coherent deep columns of high entropy air required for gen-
esis. This shear dilutes entropy and thereby weakens convective
updrafts and slows the surface winds required to extract heat from
the ocean to fuel continued convection'”.

Planetary rotation. Two key scaling hypotheses exist for the depen-
dence of TCs on the planet’s rotation. Planetary rotation is manifest
as the Coriolis parameter f (=22sin¢, where ¢ is the latitude and
£ the rotation rate of the planet), also called planetary vorticity.
A first hypothesis predicts an fscaling, that is, all else ignored, TCs
should become more frequent towards the poles'*?. The Coriolis
parameter is zero at the equator and increases with latitude, which
sets a meridional vorticity gradient (Fig. 1b). This gradient, the
so-called the g effect, is also relevant:

Behind GPIs is the assumption that climatological tropical cyclo-
genesis, approximated as genesis potential, is a localized process.
This assumption therefore abstracts away the complex set of plan-
etary, synoptic, and mesoscale processes that give rise to the observa-
tional distributions against which GPIs are calibrated. The problem
is that processes resulting in cyclogenesis and intensification occur
over a wide range of overlapping spatial and temporal scales and can
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p = — = —cosp. (1)

Here a is the planetary radius. Opposite to f, f is largest at the
equator and zero at the poles. This gradient is what causes TC to
move poleward and westward (the process known as beta drift) by
establishing secondary ‘beta gyre circulations'® on either side of
the TC (Fig. 1b). Beta drift scales with the square root of 3 (ref. '*!).
Consequently, westward TC tracks rapidly curve poleward in the
tropics, but this effect diminishes at higher latitudes. # provides a
non-climatological (that is, dependent on planetary size and rota-
tion rate as opposed to mean climate) constraint on TC latitudes
by limiting the size of cyclonic disturbances and hence reducing
beta drift'*. If TC radii are to increase with climate warming, as
has been hypothesized'”, then we would expect stronger beta
drifts.

Climatological convection. The majority of TCs (~70%) are spun out
directly from climatological convection (Fig. 2a). The large-scale
structure of this convection, which includes the ITCZ, can be
deduced by combining two conceptual building blocks of tropi-
cal dynamics—convective quasi-equilibrium theory'®* and the
weak temperature gradient approximation'*—into a single frame-
work'®. This framework provides an explanation for the structure
of large-scale convective circulations that result from time-mean
spatial variations in MSE. Convective quasi-equilibrium theory
abstracts that the upward flow of MSE into the subcloud bound-
ary layer due to enthalpy fluxes (latent and sensible heat transfer
from the ocean surface) is balanced by a downward transfer of low
MSE air from the dry free troposphere through convective down-
drafts and large-scale subsidence (Fig. 1b). Employing this bal-
ance, Emanuel'®* provides the following zeroth order diagnostic
expression for controls on the strength of climatological convec-
tive updrafts in the ITCZ and Pacific Warm Pool:

SEF
AMSE’

M, x w+ ()

where M, is the average mass flux of the deep convective updrafts,
w the tropical average vertical velocity at the top of the boundary
layer, SEF the surface moist enthalpy fluxes, and AMSE the dif-
ference between the boundary layer MSE and free tropospheric
MSE (per unit volume). The corresponding convective updrafts
release local instabilities and transport MSE from the boundary
layer into the free troposphere. Equation (2) implies that the hori-
zonal distribution of updraft strength is constrained by horizo-
nal variations in the surface fluxes, boundary layer MSE and free
tropospheric MSE. As the atmospheric moisture content declines
rapidly with altitude and the effect of latent heat flux dominates
over that of sensible heat flux, the spatial distribution of climato-
logical convection largely reflects surface evaporative fluxes and
lower-level tropospheric moisture'®.

be dislocated from one another'®'®*" (see Extended Data Figs. 1 and
2 for examples). This issue probably gives rise to the aforementioned
apparent limitations of GPIs. Thus, to generate a fundamental under-
standing of the physical controls over TC distribution with robust
prognostic skill requires us to make explicit the links between the
synoptic and mesoscale processes inherent to TCs and the large-scale
dynamics within which they emerge, intensify and dissipate.
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Fig. 2 | Planetary-scale atmospheric circulation, precipitation and TC activity. a, Seasonal mean precipitation (green contours), lower-tropospheric winds
(arrows) and first recorded positions of disturbances that develop into TCs (blue/red dots). b, Upper tropospheric winds (arrows) and TC tracks (blue/red
curves). ¢, Normalized zonal-mean TC track density (Methods) during 2000-2019 (red) and 1980-1999 (blue). d, TC track density linear trend (shading)
over the period 1980-2019 (Methods), 1980-2019. The 6.5 mm day™ contour in a corresponds to the 90th percentile seasonal mean precipitation and
marks the region of tropical convection during the TC seasons. The underlying environmental fields from the Copernicus Climate Change Service'*® and
TC data are from Knapp et al.”’”. Seasonal averages are computed for the months of peak TC activity: July, August, September and October in the Northern
Hemisphere and January, February, and March in the Southern Hemisphere (Methods).

It is remarkable that the relationship between the convective published in 19797. This is all the more striking because much
mesoscale processes that underpin TCs and large-scale dynami- observed TC genesis is embedded within belts of climatological con-
cal structures has been largely ignored®"* since the first GPI was  vection that are very well studied: roughly 70% of the first recorded
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TC positions occur within the ITCZ (inside the green contour in
Fig. 2a). Idealized simulations, historical evidence, and palaeocli-
matological reconstructions** have all found strong relationships
between ITCZ characteristics and TC frequency.

Diversity in TC genesis mechanisms (Fig. 1) is part of this
problem and presents a challenge to deriving a simple prognostic
framework for TC genesis and intensification. Although TC gen-
esis typically occurs in non-baroclinic large-scale environments,
30% of genesis events do involve baroclinic influence®. Globally,
one in six TCs form via ‘tropical transition, whereby transient upper
tropospheric disturbances trigger deep convection and low-level
moisture convergence on coinciding with lower tropospheric lows”
(Fig. 1b and Extended Data Fig. 2). This process is possible over
much lower sea surface temperatures (SSTs, <17°C) and at higher
latitudes (>40°N) than canonical TC genesis*. These upper tro-
pospheric disturbances originate from anticyclonic wave break-
ing following planetary wave amplification and thus have a strong,
established sensitivity to planetary warming®. GPIs computed at a
higher frequency can capture some of these ‘non-traditional’ gen-
esis pathways, including polar lows and Mediterranean warm-core
cyclones® (Extended Data Fig. 3), but these routes are poorly cap-
tured by GPIs computed from monthly mean variables, as is done
nearly universally. Critically, genesis pathways that are marginal in
the present day may have been non-marginal in the past and may
become non-marginal again as the planet warms®'~*.

Most non-canonical genesis pathways occur on the poleward
edge of the modern TC distribution. On the equatorward side,
convectively coupled equatorial waves (CCEWSs), easterly waves
and the Madden-]Julian Oscillation (M]JO) play a critical role in TC
genesis and intensification®. This further complicates the analysis of
climates’ TC favourability. These synoptic and mesoscale convec-
tive atmospheric phenomena can all trigger convective aggregation,
but also interact with each other in a number of ways™. CCEWs
are estimated to be involved in ~85% of North Atlantic and western
North Pacific TC genesis events*®*, and enable the necessary con-
vective organization for genesis**. However, this may simply deter-
mine the location and timing of genesis, not overall TC frequency™.
Indirectly, CCEWs can condition the atmosphere to either encour-
age or suppress TC genesis locally as their convective anomalies
modulate vorticity, temperature, moisture and wind shear at a range
of scales. They also induce remote responses*-*, such as far-field
suppression of TC potential intensity (PI (Box 1)) via upper tropo-
spheric temperature homogenization, which maintains weak hori-
zontal temperature gradients in the tropics (the weak temperature
gradient (Box 1)).

Past, present and potential latitudinal migrations

Palaeoclimate reconstructions and modelling. At geologic times-
cales, it is likely that the secular cooling throughout the Cenozoic
(the past 66 Ma) resulted in the contraction of latitudes with both
high genesis potential and PI towards the equator in both hemi-
spheres (Fig. 3)*. This would have been coincident with a con-
traction of the Hadley circulation and equatorward shifts in the
subtropical jet streams*. During the Early Eocene climate optimum
(53-51 million years ago (Ma))—the warmest prolonged climate
interval of the Cenozoic—palaeoproxies show atmospheric CO,
concentrations of around 1,400 ppm (with a very large uncertainty
range*). This may have resulted in the equator-to-pole temperature
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gradient being up to 10°C flatter than it is in the modern era**® and
summertime surface continental temperatures in the Arctic reach-
ing ~23°C (ref. “’). During the geologically brief Palaeocene-Eocene
Thermal Maximum (PETM, ~55 Ma), these differences were likely
even more exaggerated*>*.

Although the circulation dynamics associated with the Eocene
climate remain under debate*, the available reconstructions and
climate models forced by Eocene continental configuration and
CO, concentrations suggest increased extratropical humidity, pole-
ward jet stream shifts and Hadley circulation expansion relative to
the present*>*'=*, This implies a marked poleward expansion of
areas favourable to TC formation and intensification (Fig. 3 and
Extended Data Fig. 4). Eocene simulations show genesis potential
centred on the subtropics (~25° latitude) in both hemispheres in
contrast with that of the modern era, in which it dominates the deep
tropics (~10° latitude)**** (Fig. 3c). Moreover, a recent PETM simu-
lation using a 25km horizontal resolution atmospheric GCM shows
a very strong suppression of low-latitude TCs, and both hemi-
spheres’ mid-latitudes (30-60° latitude) producing many TCs* (Fig.
3b). These results agree with cloud-system resolving simulations of
an idealized Eocene-like climate™ (Fig. 5, yellow line).

Contemporary TC distributions were probably established
sometime towards the end of the warm Pliocene®** (2.6-5.3 Ma).
For most of this period, proxy-based reconstructions indicate atmo-
spheric CO, concentrations of 350-450 ppm (ref. *°), equator-to-pole
SST gradients up to 5°C flatter than the present one® and sur-
face westerlies weaker and possibly more poleward”. In addition,
Pliocene climate may have featured an expanded low-latitude warm
pool, reduced equatorial and coastal upwelling, weakened Hadley
circulation and TC activity enhanced and shifted poleward relative
to that of the present®****". During the late Pliocene, atmospheric
CO, decline, among other factors, led to the establishment of colder
climate patterns, which culminated with the onset of Northern
Hemisphere glaciation®'. This marked the start of a period, ending
in the present century, when latitudinal variations in TC occurance
became more muted and were primarily controlled by orbitally
driven insolation changes and the resultant glacial cycles, shorter
millennial climate variability and varying aerosol emissions.

GCMs forced with continental ice sheet reconstructions and
low atmospheric CO, concentrations (185ppm) indicate that the
planets TC distribution during the Last Glacial Maximum (21
thousand years ago (ka)) was not significantly different from that
of the present day, albeit mean TC intensity was probably lower®*-*.
These models, however, disagree over the large-scale atmospheric
circulation structure, specifically whether the Southern Hemisphere
subtropical jet was poleward or equatorward relative to the mod-
ern day and whether atmospheric convection in the western Pacific
was stronger or weaker®*. Since the Last Glacial Maximum,
multimillennial-scale TC variability was probably dominated by a
slow increase in the boreal summer equator-to-pole insolation gra-
dient until ~10ka, and the subsequent decline associated with orbital
precession”. The increased insolation gradient at the precession
minima (~10ka) may have caused amplified tropical convection and
strengthened mid-latitude jets®*”"". This seems to correspond with
the suppressed genesis potential of the most equatorward TCs®.

Orbitally driven variations were punctuated by millennial-scale
abrupt climate changes, including the cold Heinrich and Younger
Dryas events. The slowdown of the Atlantic meridional overturning

>
>

Fig. 3 | Changes in TC latitudinal distribution over geological timescales. a, Modern TC tracks, as in Fig. 2b—the blue curves correspond to the period
1980-1999 and red ones to 2000-2019. b, Simulated PETM TC tracks. ¢, Changes in simulated seasonal-mean genesis potential relative to pre-industrial
throughout the Cenozoic. In ¢, the yellow strips indicate shifts in the hemispheres’ maximum genesis potential latitudes and the green and blue columns
mark their upper and lower bounds, respectively (defined as latitudes of 25% drop-offs on either side of the maxima). The data in b and ¢ are based

on GCM simulations®*#3’8 and hold large uncertainties. Red circles in ¢ indicate the observed satellite era poleward TC migration of the modern era®.
Pre-industrial TC LM latitudes are 18° N and 16°S. Given the wide range in twenty-first century projections (see text), no future estimates are plotted.
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circulation™, typically associated with these events, cooled the to an intensification and equatorward shift of both the subtropical
North Atlantic, which suppressed PI. The increased meridional jet and Hadley cell”>”, and presumably suppressed higher latitude
temperature gradient in the Northern Hemisphere would have led  TC genesis and intensification®. Changes in large-scale climate over

a Modern tracks

60° N

30°N +

0° 4

30° S

60° S

T T T T
60° E 120°E 180° 120°W 60° W 0°

b Paleocene-Eocene thermal maximum tracks

30°N

0°

30° S

60° S

o]

+10° N

+5° N —

+0° —

Northern Hemisphere

+0°

+5° S

+10° S —

Southern Hemisphere

i
Palaeocene Eocene Oligocene Miocene Pliocene Pleistocene Holocene Pre-industrial Early twenty-first
(66-56 Ma)  (56-33.9Ma) (33.9-23Ma)  (28-5.3Ma)  (53-26Ma) (2.6-0.01 Ma)  (10-0.1 ka) (~1850 Ap) century
(~2015 AD)

Time period

NATURE GEOSCIENCE | www.nature.com/naturegeoscience


http://www.nature.com/naturegeoscience

NATURE GEOSCIENCE

the past 21,000 years (CO, ~180-280ppm) are probably small in
comparison to changes driven by atmospheric CO, since the Eocene
(CO, ~500-2000 ppm) and Pliocene (CO, ~300-500 ppm); in par-
ticular, mean ITCZ shifts since the Last Glacial Maximum were
probably less than 1° latitude™.

Atmospheric aerosols provide an additional control over TC
occurrence on shorter timescales. They were suppressed during
the ‘green Sahara period centred on the mid-Holocene™” (6ka),
but sporadically increased after volcanic eruptions®’®. Mineral
dust has hemispherically asymmetric impacts on temperature, and
consequentially ITCZ location” and TC latitudes”. Further north,
reductions in dust increases the SSTs, which results in PI increases
and poleward jet shifts that expand regions of TC favourability*>>"".
Moreover, these North Atlantic TCs were probably shifted poleward
relative to those at present, as the Sahara greening caused a pole-
ward displacement of easterly waves’®”’.

Genesis potential and PI based on model simulations show
no secular trends over the 2,000 years prior to the Industrial
Revolution”*®. Integrated Atlantic palaeotempestological records
(16-32°N), however, suggest a persistent poleward migration of
eastern tropical Atlantic TCs over the last 450 years in concert
with ITCZ poleward migration®. Other records show that TC
activity shifted from the Caribbean and Gulf of Mexico towards
the Bahamas and New England around Ap 1400, correlated with
warm central tropical Atlantic SSTs prior to this shift and a relatively
warmer western North Atlantic afterwards®. This would have been
coincident with high basin-integrated TC activity in the Medieval
Warm Period (MWP, Ap ~900-1450) followed by a lull during the
Little Ice Age® (LIA, AD ~1450-1850). Palaeoreconstructions and
historical evidence imply poleward western North Pacific TC and
ITCZ shifts during the MWP and equatorward shifts during the
LIA***. The North Atlantic poleward and western North Pacific
equatorward TC shifts across the MWP-LIA transition occurred,
presumably, with Pacific warm pool cooling, Pacific Walker circu-
lation weakening, East Asian summer monsoon weakening and a
narrowing and southward shift in the ITCZ**. Finally, tree rings
suggest a secular twentieth century TC poleward migration in the
western North Pacific (33-45°N)®.

TC activity may also fluctuate with changes in the El Nifo-
Southern Oscillation (ENSO), Atlantic Multidecadal Variability
(AMV) and Pacific Decadal Oscillation (PDO) over centennial
and millennial timescales®>®. The MWP-LIA transition arguably
marked an increase in ENSO amplitude, a change from a predomi-
nately negative to a predominately positive AMV and change from
a persistent negative PDO state to a muted PDO signal (Hernandez
et al.* review these modes throughout the Holocene). Most casual
interpretations of TC latitudinal variability in the palaeorecords
over centennial-to-millennial timescales are understood via
connections to the ITCZ, often mediated by ENSO variability**5"%.
Further, TC coupling to large-scale stationary circulation features,
such as the subtropical highs, is also recognized®*"*.

We stress that reconstructions of TCs throughout Earth’s history
suffer large uncertainties. Model biases and uncertainties in boundary
conditions and radiative forcing diminish the utility of climate simu-
lations and their genesis potential estimates—to which the aforemen-
tioned limitations in GPIs also apply. There is even a continued debate
over how TCs are identified and tracked in these numerical simula-
tions"’. Conversely, proxy-based TC reconstructions only record local
storm transits and are biased towards intense events near coastlines”,
whereas centennial variability in individual palaeorecords of intense
TCs may be random and not reflective of large-scale climate dynam-
ics”. Thus, synthesizing palaeohurricane records is important, yet
complicated by very strong spatial undersampling”.

Poleward TC migration in recent observations. Subtle but robust
poleward trends of 53+43 and 62+48km per decade™ in TC

NATURE GEOSCIENCE | www.nature.com/naturegeoscience

REVIEW ARTICLE

seasonal-mean lifetime maximum intensity (LMI) latitudes are
detectable in observations of the Northern and Southern hemi-
spheres, respectively (1982 to 2012). Although these estimates are
largely drawn from analyses of the International Best Track Archive
for Climate Stewardship (IBTrACS) archive, which aggregates mul-
tiple records, such a poleward migration is found across different
datasets and also for genesis latitudes”*°. The magnitudes of these
trends depend on the period and TC intensity considered’. LMI
is used as it does not rely on absolute intensity magnitudes, which
are inconsistently recorded and poorly represented in reanalysis™®".
Dynamical reanalysis data reproduce TC LMI latitudes mostly within
a few degrees of the observations”. However, simulated TCs tend to
persist too long into high latitudes, where they expand radially and
become better resolved, and thus achieve higher intensities there and
distort higher latitude (>30°) LMI estimates”’. Thus, satellite-based
records provide the most reliable source for trends in TC latitudes.

Over half of the recently observed poleward migration trend is
explained by interbasin frequency changes (Fig. 2d). This follows
from the North Atlantic (average LMI 2,800km from the equator
versus hemispheric mean of 2,150 km) and South Pacific (1,990km
versus 1,900km) increasingly producing more cyclones relative to
other basins in their respective hemispheres’. Poleward migration
is also not uniform over LMI latitude percentiles’®—one of the most
equatorward hurricanes on record occurred in 2016 (Hurricane
Pali, ~2.3°N). These present-day trends appear to be associated
with changes in both the ocean (SST patterns; Fig. 4a) and atmo-
spheric thermodynamics (PI; Fig. 4b), and dynamics (vertical shear,
large-scale tropospheric winds)”**>*”. Additionally, genesis poten-
tial has increased during this period (Fig. 4e). Twentieth-century
global-mean SST increases may have forced increases in storm radii
in the western North Pacific TCs'”. These larger TCs tend to propa-
gate further poleward following an increased beta drift (Box 1)
and interaction with the subtropical highs and tropical upper tro-
pospheric troughs'®'. The latitudinal displacement of western North
Pacific TCs in particular has been associated with suppressed
genesis during the late TC season linked to the Pacific Walker
Circulation'®”. These poleward migration trends are coincident with
the increased rates of observed extratropical transition'®.

In addition to the observed gradual poleward migration of the
present day, pronounced transient zonal and meridional TC migra-
tions occur in response to the ENSO, PDO and AMV cycles'™.
During negative PDO phases (warmer SSTs in the western and cen-
tral subtropical Pacific), maximum PI latitudes extend poleward,
which encourages higher latitude Pacific TC genesis'®. The pole-
ward migration of North Atlantic TCs associated with ENSO occurs
after both dynamic and thermodynamic suppression of low-latitude
TCs. During El Nifio, Pacific Walker circulation weakening
intensifies the upper-tropospheric westerlies over the North
Atlantic, which amplifies the vertical wind shear over the Caribbean
and eastern Northern Pacific'*®'””. Meanwhile CCEWs originating
in the Pacific triggered by the anomalously warm temperatures there
push the tropical North Atlantic atmosphere out of thermodynamic
equilibrium with its underlying SSTs to suppress TC genesis*'.

Over the past three-to-four decades, the west-east equatorial
SST gradient across the tropical Pacific has strengthened, with the
eastern equatorial Pacific becoming colder and the western Pacific
warmer, and correspondingly the Walker circulation has intensi-
fied'**-'*. This intensification may reflect a negative PDO phase with
possible contributions from aerosol effects and a thermostat-like
response to greenhouse gas forcing''’. Transition to a positive AMV
circa AD 2000''"" and greater interbasin temperature contrasts'®
have also been invoked to explain this strengthening of the Walker
circulation. Regardless of the cause, the stronger Pacific Walker
circulation has intensified vertical wind shear over the equatorial
central Pacific and the deep tropical North Atlantic, and so has con-
tributed to the observed recent TC poleward migration®!".
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In contrast, by the century’s end, a relaxation of the SST gradi-
ent across the Pacific, with a pronounced eastern equatorial Pacific
warming and corresponding weakening of the Walker circulation,
is projected in nearly all Climate Model Intercomparison Project
Phase 6 (CMIP6) models'"’. All else being equal, this would corre-
spond to lower vertical wind shear over the equatorial central Pacific
and equatorial North Atlantic, and an equatorward ITCZ shift that
would encourage low-latitude TC formation and intensification.

Simulated climate change. Idealized aquaplanet TC simulations
(no continents (reviewed by Merlis and Held*)) have been con-
ducted with atmospheric models and fixed SSTs or with a simpli-
fied ‘slab-ocean’ representation of fixed oceanic heat transport (via
the ‘g flux’ abstraction). These simulations generally neglect zonal
climate asymmetries and the seasonal cycle, and have other limita-
tions. For example, only models with a dynamic oceanic heat trans-
port can provide a strong negative feedback on ITCZ displacements.
Consequentially, changes in the ITCZ position and strength under
variable climatic forcing differ dramatically between aquaplanet
and fully coupled simulations—in the former, the ITCZ can move
poleward by 10-20° latitude, whereas in the latter the ITCZ inten-
sity changes, but its shifts do not exceed ~1° (ref. ''?). In addition,
aquaplanet ITCZs are sensitive to model resolution and convective
parameterization'".

Nevertheless, aquaplanet simulations with imposed atmo-
spheric cross-equatorial heat transport variations suggest a TC
genesis scaling of a 40% increase in global TC frequency per
degree of latitude of poleward ITCZ shift'*. However, increases in
TC genesis can occur on warming aquaplanets even with an equa-
torward ITCZ shift as changes in the subtropical jet and reduc-
tions in mid-latitude baroclinicity increase the likelihood of TC
genesis (Fig. 5). Aquaplanet TC activity appears to be correlated
with atmospheric static stability, but it is only sensitive to vertical
shear above a certain threshold value (~5ms™ (ref. '**)). The cli-
matological relationship of TC latitudes with PI seems to be weak
and non-monotonic’*>'">. Rather, poleward migrations reflect
the aerial expansion of high (>70ms™) PI values. These poleward
migrations follow tropical expansion, but not simply the concur-
rent dilation of the Hadley circulation®.

Full continent slab-ocean statistical downscaling experiments
with large CO, increases (x8 and x32 pre-industrial concentra-
tions) show LMI poleward migration (1.6 and 7.4°, respectively)
and prolonged TC lifecycles®. The overall maximum PI does not
increase with these hyperexaggerated warmings (consistent with
Walsh et al.'*®). This statistical downscaling method involves insert-
ing O(10°) artificial random weak vorticity anomalies (referred to
as TC ‘seeds’) over the global ocean in an effort to simulate real-
istic pre-TC disturbances, which—as we stress above—may come
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from a number of spatially and temporally variable processes,
potentially poorly resolved in GCMs (Fig. 1 and Box 1). Most of
these artificial vorticity anomalies decay rapidly, but a few survive
and are then passively advected by the large-scale winds and beta
drift. Computing the thermodynamics of these vortices yields the
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corresponding TC lifecycle (that is, the progression through genesis,
intensification and cyclolysis; this methodology does not represent
extratropical transition). The results from this approach depend on
the number of seeds used and thus this method requires calibration
to reproduce a realistic TC frequency''°.
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Some coupled X2 and x4 CO, experiments with dynamically
simulated TCs exhibit small poleward shifts of several degrees
latitude in the Northern Hemisphere'”, but other coupled x2 CO,
experiments found zonal, but not poleward, TC migration'®. Vecchi
et al.'® found that in these experiments the pre-TC synoptic and
convective mesoscale disturbances, defined as the seasonal vari-
ance in 3-10 day bandpassed 850hPa vorticity, are the principle
atmospheric drivers of TC frequency responses in increasing atmo-
spheric CO, simulations. Such TC source disturbances are found
to be highly concentrated within climatological convection (the
ITCZ and Pacific Warm Pool) with potential links between their
frequency and time-mean local tropospheric pressure velocity, @
(ref. '). This approach contrasts with that of statistical downscaling
methods, which assume a constant number of TC seeds (the artifi-
cially inserted pre-TC source disturbances), but does not invalidate
the random seeding approach as long as the seeds are sufficiently
weak and numerous.

Attribution work using coupled models found that recent TC
distribution changes are very probably anthropogenically forced''.
However, CMIP5 models and various regional downscaling experi-
ments project a range of twenty-first century TC migration scenar-
ios from no further migration to poleward LMI migration of a few
degrees (but less than the 5° latitude implied by a continuation of
the 0.5° per decade trend**) and zonal migration of Pacific TCs''*'%.
Early analysis of CMIP6 has found no consensus on twenty-first
century distribution changes in explicitly resolved TCs", but sta-
tistical downscaling shows a poleward migration in the Northern
Hemisphere, particularly in the North Atlantic''. Climate models’
dynamically resolved TC activity is projected to be globally sup-
pressed by greenhouse gases; however, statistical downscaling pre-
dicts increases in line with monthly-mean GPI values that reflect
increasing PI and decreasing wind shear tempered against increas-
ing mid-tropospheric relative dryness''>'?!,

Some broad patterns in end-of-century TC predictions are
established, although the statistical reliability of these find-
ings depends on the selection of climate models studied. In the
Northern Hemisphere, TC poleward shifts of a few degrees in the
North Atlantic and both sides of the North Pacific alongside the
suppression of the most western of the Pacific TCs are found in
some but not all studies'*>'?>'*, This is accompanied by a shift in
Pacific TC activity towards the central Pacific'** and increasing
recurvature of the western North Pacific TC tracks'*'*. Southern
Hemisphere projections show no clear deviation in TC genesis
latitudes between the current and future climate'"'*’. However,
statistical downscaling of CMIP6 models shows a significant
poleward expansion of TC activity both in the North Atlantic
and the South Indian oceans''. All these projections of increased
high-latitude TC activity under greenhouse warming are con-
sistent with other projections of increased rates and intensity of
extratropical transition in the western North Pacific and North
Atlantic’**'?%, Additionally, TC translation speed is projected
to decrease over the twenty-first century, following poleward
shifts in the mid-latitude westerlies, which would increase the
mid-latitude TC track density'.

Although GCMs do reproduce modern TC climatologies rea-
sonably well, strong errors persist, particularly at the distribution
edges'*'?". Models overestimate the historical genesis rates in the
central North Pacific and the Southern Hemisphere, but underesti-
mate eastern North Pacific and North Atlantic TCs'"'*'*°. Although
SST patterns are considered the principal cause behind spreads in
projected TC climatologies'>', this implicates a complex set of pro-
cesses, such as the slowdown of the Atlantic meridional overturning
circulation and radiative feedbacks. Moreover, intermodel spread in
projected SSTs cannot account entirely for the lack of inter-model
consensus and another likely factor is differences in models’ repre-
sentations of atmospheric deep convection"""*".

Linking mesoscale physics to large-scale climate dynamics
An emergent hypothesis for explaining recent TC poleward migra-
tion relates it to the observed tropical expansion through the areal
expansion of low vertical wind shear and high PI regions of the
subtropics”™. This invokes changes in the latitudes of the descend-
ing branches of the Hadley circulation and mid-latitude jet
streams. PI has increased in recent decades (Fig. 4b) and model
simulations indicate that changes in TC distribution track the
aerial expansion of high PI values’®'*. Such an expansion, which
follows from local increases in modified Carnot efficiency and
lower TC outflow temperatures (Box 1), is present in the recent
record (Fig. 4d,f). These results broadly agree with the Eocene and
Pliocene model reconstructions, which show wider tropics dur-
ing those epochs coincident with a higher latitude TC activity.
However, assumptions of tropical expansion causally driving TC
poleward migration require careful examination®. As the limita-
tions of GPIs and existing frameworks have shown, the challenge
lies in integrating the sensitivity of convective mesoscale processes
to planetary temperature with the summertime mean circulation’s
broader sensitivities, which include jet stream shifts, Hadley cell
expansion and ITCZ changes'**'*%, each driven by their own dis-
tinct set of dynamics.

One major confounding aspect of process-based understand-
ing of the recent subtropical decrease in vertical wind shear and
increase in PI** is the link—or lack thereof—between changes in the
Hadley cells and the subtropical jet. A ~0.5° per decade poleward
expansion of the Hadley cells, normally shorthand for ‘the trop-
ics, can be identified in several metrics and datasets'”. However,
no robust trend has been found for the subtropical jet'*, despite
the expectation that they would covary because the subtropical jet
enables strong vertical wind shear and the Hadley cell terminates
where the shear is maximal'*. The much weaker poleward trend, if
any, in the subtropical jet implies that different aspects of tropical
expansion are only partially coupled'”".

The latitude of the Hadley cell edge is, however, negatively cor-
related on interannual timescales, at least in CMIP5 models, with
the strength (not latitude) of the subtropical jet'**. Furthermore, the
coherent mid-latitude jet stream in the time-mean zonal-mean cir-
culation represents the superposition of two distinct, yet dynami-
cally connected, features: the subtropical jet and the eddy-driven jet
at higher latitudes. The Hadley cell edge was shown to be positively
correlated with the latitude of the eddy-driven jet'*, but not of the
subtropical jet. Although mid-latitude baroclinicity associated with
the eddy-driven jet is relatively weak during TC seasons, it still pro-
duces consequential wind shear'*”. How this relationship between
the Hadley cell edge, eddy-driven jet latitude and subtropical jet
strength affects the synoptic and mesoscale processes of baroclini-
cally enabled TC genesis®, intensification, and extratropical transi-
tion (Fig. 1b) remains a pressing open research question. Indeed,
this type of TC genesis becomes common in the mid-latitudes of
idealized models simulating warm climates®~*, in particular when
the two jets split (Fig. 5 and Extended Data Fig. 5). In these simula-
tions, the summertime subtropical jet shifts equatorward, whereas
the eddy-driven jet shifts poleward.

A separate explanation for recent TC poleward migration
invokes suppressed genesis in the deep tropics caused by increased
dry static stability in the warming tropical atmosphere® (Fig. 4a).
However, the extent to which changes in the time-mean static stabil-
ity effect actual TC processes is unclear. We suggest that static sta-
bility is best viewed as a co-factor with PI because both are related
to atmospheric lapse rates. In fact, concurrent observations exhibit
long-term increases in higher-frequency CCEWs'*! and increases
in ITCZ precipitation (Extended Data Fig. 6), which contradicts
the assertion that increased time-mean static stability implies
less convective activity. Besides, SST increases in the deep trop-
ics also lead to both a greater mid-tropospheric ‘saturation deficit’
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(or tropospheric dryness relative to the boundary layer), a
well-established thermodynamic TC inhibitor''*'*?, and potentially
to poleward shifts in the mid-latitude westerlies'*, which would
most probably correspond to an aerial expansion of favourable TC
latitudes with a high PI and lower vertical shear.

Another core aspect in discussions of TCs and climate change
is ITCZ migration and dynamics, even though ITCZ responses
to warming may depend on the metric considered and have been
muted during recent climate change'””. Despite large intermodel
differences, overall precipitation responses in CMIP6 models
show a stronger, wider, and equatorward ITCZ by the end of the
twenty-first century (Fig. 6 and Extended Data Fig. 7), which fol-
lows changes in SST patterns and constraints from the Clausius—
Clapeyron relation (the ‘wet gets wetter’ paradigm'*). However,
unlike the precipitation-based metrics used here, circulation mea-
sures computed in the previous CMIP5 models showed only small
ITCZ latitudinal changes, with a muted narrowing and weaken-
ing'”. Reconciling these differences is critical to understanding
changes in low-latitude TCs in the twenty-first century.

Idealized simulations have confirmed that the further off-equator
the ITCZ is, more ambient vorticity is available for TC genesis"'*".
The wider and stronger it is by precipitation measures, the higher
the free tropospheric specific humidity is likely to be*. Lastly,
experiments with the moist shallow water equations indicate that a
more poleward ITCZ is more susceptible to barotropic instability'*.
All these factors would enhance TC genesis, but how these idealized
inferences of TC dynamics relate to more realistic ITCZs, and GCM
biases, is not yet fully examined.

Changes at both the tropical-extratropical margin and within the
ITCZ also raise questions about the degree of independence between
source disturbances for TCs and the mature vortices themselves.
For example, suppressing easterly waves in the North Atlantic, the
primary source of pre-TC disturbances there, may alter the location
and timing of genesis, but not overall TC frequency”. Moreover,
the stronger the ITCZ is by circulation measures, the more initial
disturbances may be available for TC genesis'"”. However, the ITCZ
is strong and well defined in the central North Pacific where TC
genesis is sparse (Fig. 2a), which confirms that the climatologies of
source disturbances and TC development can be dislocated since
this region can be a source of TC precursors.
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Indeed, convective organization is possible through multiple
pathways, such as CCEWs, the MJO, easterly waves, barotropic ITCZ
breakdown, convective self-aggregation and, in the Indian Ocean,
orographically induced vortices™>*"*¢ (Fig. 1b). Yet, investigat-
ing the resultant pre-TC disturbances with contemporary climate
GCMs is problematic because these models struggle to propagate
convective disturbances realistically due to their time-space mis-
match between the surface wind convergence and precipitation pat-
terns caused by convective parameterizations'”. As the realism of
model simulations improves, it will become possible to ask: What
is the best way to identify these pre-TC convective disturbances?
How strongly are these disturbances linked to CCEWs? What are
the climate sensitivities of these waves and disturbances? How are
they affected by changes in ITCZ latitude, width, and strength?

Although the previous paragraphs discuss the potential links
between convective mesoscale processes and large-scale atmo-
spheric circulation, changes in the thermodynamic contribution to
TC genesis and intensification favourability are also critical. These
are probably most strongly tied to SST changes with greenhouse
warming as PI increases in a pattern not dissimilar to that of tropical
SST changes (compare Fig. 4a,b), which may be related to the recent
time-mean enthalpy flux increase (Extended Data Fig. 8)'!!. At the
same time, as most atmospheric moisture is contained within the
lower troposphere and this content grows exponentially following
the Clausius-Clapeyron scaling, the lower levels gain more water
vapour with warming than the free troposphere does. The resul-
tant increase in the relative dryness of the free troposphere (with
respect to the boundary layer) discourages genesis''. This effect
could be the strongest thermodynamic control over TC formation
in a warming climate'’, but as moisture in the free troposphere is not
controlled by the weak temperature gradient, it can vary across lon-
gitudes and depends on the large-scale tropical circulation (Box 1).

This entire discussion is focused on how the synoptic and meso-
scale processes critical to the TC lifecycle respond to climate change
as manifested in the time-averaged planetary-scale fields. We have
neglected consideration of the feedbacks of TCs on the climate
itself. Three particular effects are noteworthy: the effect of TCs in
drying the free troposphere’, the role of TCs in upper ocean mix-
ing and oceanic heat transport******!, and low-cloud suppression
by TCs'*. These effects are not well handled by GCMs and may
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appreciably affect their responses to radiative forcing, especially in
the palaeocontext™'"".

Implications for twenty-first century warming

The contemporary distribution of TCs was probably established
during the late Pliocene around 3 Ma and has been slightly modu-
lated since then by glacial cycles on orbital timescales, abrupt cli-
mate changes on millennial timescales, gradual aerosol variations,
and volcanism on subdecadal timescales. The warm Pliocene (atmo-
spheric CO, ~400 ppm) and warmer Eocene (~1,000 ppm) epochs
probably produced TCs at substantially higher latitudes than those
of the pre-industrial climate (~280 ppm). However, recent studies
are divided as to whether twenty-first century levels of atmospheric
CO, (400-1,000 ppm) (ref. '**) will, indeed, result in a continuation
of the present poleward trend in TC activity, as implied by those
past warm climates.

Since at least the 1970s, the planet’s TC distribution has unam-
biguously altered, evidenced in a poleward migration in latitudes of
peak TC intensity at a rate of ~0.5° latitude per decade. This subtle
but robust poleward shift has occurred during an expansion of the
tropics at approximately the same rate, but during a period of stable
latitudes of the ITCZ and subtropical jet. During the twenty-first
century, in response to increasing atmospheric CO,, the global ITCZ
may become stronger but move closer to the equator (Fig. 6). The
effects of this change on low-latitude TCs are ambiguous because a
stronger ITCZ implies more convective mesoscale disturbances that
could form into TCs, as well as higher free tropospheric humidity
to fuel their intensification, but also implies less planetary vorticity
available for them to acquire rotation and axisymmetric structure.
Furthermore, these longitudinally averaged changes are dominated
by the Pacific, where the eastern equatorial Pacific warming pat-
tern is expected to emerge during the twenty-first century. This will
have the effect of drawing some of the TC genesis away from the
western and eastern Pacific towards the central Pacific. In the North
Atlantic, changes in the favourability of baroclinic non-traditional
TC genesis, vertical wind shear and ITCZ will be controlled by
polar-amplified ocean warming (favourable to a TC poleward shift),
possibly moderated by a weakening of the Atlantic meridional over-
turning circulation (generally favourable to a TC equatorward shift).

Further tropical expansion is likely, primarily driven by ampli-
fied warming in the tropical troposphere’s upper levels, but will
be constrained by the patterns of surface warming. Crucially, new
modelling of TCs at the changing tropical-extratropical mar-
gin suggests that genesis and intensification between 30 and 40°
latitudes could contribute materially to the TC climatology of the
twenty-first century. Meanwhile, deep-tropical TCs will remain a
critical feature of Earth’s climate, most clearly following the antici-
pated equatorward ITCZ shift. Thus, we conclude that TCs will
most probably occupy a broader range of latitudes by the end of the
twenty-first century than during the pre-industrial period and the
last three million years following equatorward ITCZ shifts and con-
tinued increasing mid-latitude favourability. We propose that the
bleeding-edge research questions critical to address uncertainties
in twenty-first century TCs are all centred around evaluating the
dynamical links between the convective mesoscale processes of TCs
and the better-understood large-scale warming sensitivities of the
atmosphere and ocean. Potential feedbacks from TCs to the climate
is another broad avenue for research.
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Methods

Tropical cyclone track density. Track density is computed from the IBTrACS
archive as the annual count of TC track points within 4° of each grid square (using
a0.25x%0.25° grid to match the European Centre for Medium-Range Weather
Forecasts (ECMWF) ERAS fields). The temporal resolution of the underlying track
data is 3 hourly. Note that North Indian Ocean tracks are masked as the TCs there
began to be recorded in the dataset only in recent years.

Climate diagnostics. The climate diagnostics shown in Figs. 4 and 6 and Extended
Data Fig. 7 are computed from ERA5 (ECMWF Reanalysis 5th Generation) data
using the following methods.

Tropical cyclone potential intensity. PI (ms™') calculations were done for ERA5 data
using Gilford’s pyPI algorithm'®, an implementation of the Bister and Emanuel
algorithm'*". This method is based on the following expression:

x (CAPE" — CAPE)| 3)

where C, and C;, are the exchange coefficients for enthalpy and momentum, T
and T, are the temperatures (K) at the sea surface and at the TC outflow branch in
the upper troposphere. CAPE* and CAPE are the convective available potential
energies of the saturated air lifted from the ocean surface to the outflow level and
of the boundary layer air, respectively, both evaluated at the radius of maximum
winds (RMW). An alternative, more conceptually intuitive, expression for PI can
be also used'™:

G T, — T,
PP = =k w @-T) K —k , (@)
C[) To N —

Air —sea thermodynamic disequilibrium
Modified Carnot efficiency

Exchange coefficients
where k; is the saturation moist enthalpy of air right at the ocean surface and k is
the moist enthalpy of air in the boundary layer overlying the surface. Equation (3)
is more accurate than equation (4) because the former better estimates the amount
of energy available for convection'®. PI can be then decomposed into the terms in
equation (4) with equation (3) used to compute thermodynamic disequilibrium as
aresidual.

Genesis potential. The genesis potential (GP) is calculated using the form'*:

3, —¢ _1 2 1\ 4
GP = |9’y smax[(PI—35ms ),0] <V5hea,+25ms ) s

where 7 is the absolute vorticity of the flow at 850 hPa, capped at the value of
5x107°s7!, PIis expressed as a flow speed, V., is the magnitude of wind shear
estimated as the wind speed difference (ms™') between 850 and 250 hPa. y is the
moist entropy deficit in the middle troposphere defined as

Sb — Sm

>
& — Sp

where s, s, and s are the moist entropies of the boundary layer and middle
troposphere, and the saturation moist entropy at the sea surface, respectively. Moist
entropy s is approximately defined as:

s = ¢pInT — Rylnp + % — rRyInH,

where T and p are temperature (K) and pressure, c, is the specific heat capacity
of air at a constant pressure, L, is the latent heat of vaporization, r is the water
vapour mixing ratio, Ry and R, are the gas constants for dry air and water vapour,
respectively, and H is the relative humidity.

MSE is defined here as:

h=cT+Lyr+gz
where g is gravitational acceleration and z is the height above the surface.

ITCZ metrics. Three metrics for the ITCZ were computed in CMIP6 data,
all by standard methods (for example, Byrne et al.'*?), namely, intensity,
latitude and width:

o ITCZ intensity is defined as the maximum in zonal-mean seasonal-mean
precipitation.

o ITCZ latitude is defined as the latitude of the maximum in zonal-mean
seasonal-mean precipitation.

e ITCZ width is defined as the cartesian distance between latitudes of
zonal-mean seasonal-mean precipitation crossing the 5mmday' threshold on
either side of the ITCZ latitude.

All these metrics were computed from hemispheric zonal-mean precipitation
(mm day™) and averaged over the last three decades of each CMIP6 experiment
during the TC seasons for the respective hemisphere—July to October in the
Northern Hemisphere and January to March in the Southern Hemisphere. These
metrics are plotted in Fig. 6 and Extended Data Fig. 7 against the global maximum
in zonal-mean SST (°C) during the respective TC season.

Data availability

All the data used in this study is freely and publicly available in perpetuity.

The TC data for the contemporary period (Fig. 2 and Extended Data Fig. 4)

are plotted directly from IBTrACS'”. These data are freely available at https://
doi.org/10.25921/82ty-9el6. Version v04r00 was downloaded and the World
Meteorological Organisation’s homogenization was used. Contemporary
environment fields, used in Figs. 2 and 4 and in Extended Data Figs. 4, 6 and

8, were taken from ECMWF’s ERA5 reanalysis product'*. All the data were
downloaded at the native horizonal resolution (0.25 X 0.25°) as monthly means

for the years 1979 to 2020. These raw data are freely and publicly available for
download at https://doi.org/10.24381/cds.6860a573. The idealized cloud-resolving
modelling data is replotted from Fedorov et al.””. These data are freely available

in the Dryad repository https://doi.org/10.5061/dryad.8pkOp2np2. The PETM
modelling data (from Kiehl et al.**) are available at https://doi.org/10.1016/j.
palaeo.2021.110421. CMIP6 data for the ITCZ plotted in Fig. 6 and Extended
Data Fig. 7 were taken from 17 model centres that contributed to CMIP6. These
data are available from the Earth System Grid Federation. Our CMIP6 analysis
relies on subsets of the total model ensemble (+50 models). We used data from

the following models: ACCESS-CM2'**, ACCESS-ESM1-5'%*, BCC-CSM2-MR'®,
CAMS-CSM1-0'"', CESM2-WACCM'®, CIESM'®*, CanESM5'*, EC-Earth3-Veg'®,
GFDL-CM4'“°, GFDL-ESM4'%, INM-CM4-8'*, INM-CM5-0'%, IPSL-CM6A-LR""’,
MIROC6'”!, MPI-ESM1-2-HR'?, MRI-ESM2-0'"* and NorESM2-LM"".
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Extended Data Fig. 1| The development and intensification of Hurricane Goni (2020, peak intensity 87 ms™). Poorly organised convection over the
west Pacific warm pool aggregates over the course of three days between October 22" and 24" (a b ¢), and then acquires coherent rotation over the
subsequent three days (25" to 27, d e f) while propagating westward away from its seeding region. Between Oct 28" and 30, Goni developed into a
fully-fledged TC (g h i) and made the strongest recorded landfall event when reaching the Philippines on Oct 31, Data from ref. ',
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Extended Data Fig. 2 | The extratropical transition of Hurricane Paulette and the simultaneous tropical transition of Subtropical Storm Alpha. Hurricane
Paulette, which originally developed out of an easterly wave on Sept 7t", reached its peak intensity on Sept 14" (47 m s™) and then underwent extratropical
transition to become an extratropical cyclone on Sept 17%. It then moved south and underwent tropical transition to intensify as a tropical cyclone on

Sept 22. Subtropical Storm Alpha (peak intensity 22 m s™) was the first ever tropical cyclone to make landfall in Portugal and the eastern-most genesis
event in the North Atlantic record. At the same time as these events, a rare medicane developed, named Cyclone lanos (peak intensity 34 m s™), which
made landfall in Greece, seen in Extended Data Fig. 3. Data from ref. ™%,
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Extended Data Fig. 3 | The North Atlantic on September 16t, 2020. Hurricane Sally (peak intensity 47 m s™) can be seen making landfall over Alabama in
the US, while Hurricane Teddy (peak intensity 63 m s™) was intensifying over the tropical North Atlantic and to its northeast, Tropical Storm Vicky is being
weakened by strong environmental wind shear. Hurricane Paulette can be seen midway through its extratropical transition of the coast of Nova Scotia and
the extratropical cutoff low that became Subtropical Storm Alpha can be seen off the coast of Portugal. In the Mediterranean, the rare Medicane lanos

can be seen south of Italy. Tropical Storms Wilfred and Beta later developed out of the organising convection visible off equatorial Africa and in the Gulf of
Mexico respectively. Data from ref. >4,
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Extended Data Fig. 4 | Planetary-scale atmospheric circulation, precipitation, and TC activity during the simulated Paleocene-Eocene Thermal
Maximum (PETM) and the modern period. a, c First tracked positions and b, d TC tracks for PETM and modern climates. The green overlay inb and d
show the 6.5 mm/day climatological TC season precipitation contours. PETM data is replotted from simulations in ref. ** and modern data is from IBTrACs
(methods). Red and blue dots are as in Fig. 2, blue for 1980-1999 and red for 2000-2019. Note that the lysis definition marking the end of the tracks
between the PETM tracking and modern data are not easily reconcilable. The suppression of the low latitude TCs in the PETM is related to the splitting of
the summertime subtropical and eddy-driven jets (Extended Data Fig. 5 and Fig. 5).
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Extended Data Fig. 5 | Zonal-mean large-scale climate and north-south TC lifetime maximum intensity during the Paleocene-Eocene Thermal
Maximum (PETM, CO, 1590 ppm). Replotted from the ~0.25-degree resolution atmospheric GCM simulations of ref. 3. Note the strong agreement on
coincident jet split and TC activity in the midlatitude with the idealized cloud-system-resolving aquaplanet simulations of ref. > shown in Fig. 5 of the main

manuscript.
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Extended Data Fig. 6 | Surface precipitation, tropospheric winds and recent linear trends from ERAS. a, ¢, e The 1980-2019 precipitation, and upper
(300 hPa) and lower level (850 hPa) wind climatology for the tropical cyclone season (July through September for the northern hemisphere, January
through March for the southern hemisphere). b, d, f The linear trends in these climatologies over the same period. Only trends for which p values are <
0.05 are plotted. The contour lines in b, d, and f are used to visualise the ITCZ (6.5 mm day™), and the jet stream locations (5ms™ in the lower troposphere
ind and 20 ms™in the upper troposphere in ). Data from ERA5™®.
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Extended Data Fig. 7 | As in Fig. 6 but for the Southern Hemisphere during TC season there: January-February-March. Note the wide range in
projections for the atmosphere only (“amip’) simulations in blue, highlighting the important role of atmosphere-ocean coupling in tropical climate. The
largest contribution to this 'southern ITCZ' comes from the South Pacific Convergence Zone (SPCZ). Also note that these results may be affected by the
models’ double-ITCZ problem, which exaggerates the magnitude of the tropical convection to the south of the equator. Data from refs, 55174,
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Extended Data Fig. 8 | Surface enthalpy fluxes and recent linear trends from ERA5 (1980-2019). Plotted as in Extended Data Fig. 6. Climatology and

trends are for the tropical cyclone season (July through September for the northern hemisphere, January through March for the southern hemisphere).
Data from ERA5™.
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