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Abstract. As tropical cyclones migrate toward mid-latitudes,
they can transform into extratropical cyclones, a process
known as extratropical transition. In the North Atlantic
Basin, nearly half of hurricanes undergo this transition. Af-
ter transitioning, these storms can reintensify, posing signifi-
cant threats to populations and infrastructure along the east-
ern coast of North America. While the impacts of climate
change on hurricanes have been extensively studied, there
remain uncertainties about its effects on extratropical tran-
sitions. This study aims to assess how climate change affects
the frequency, location, intensity, and duration of these tran-
sitions. To achieve this, high-resolution regional simulations
from an atmospheric regional climate model, based on the
Representative Concentration Pathways 8.5 (RCP8.5) emis-
sions scenario, were used to compare two 30-year periods:
the present (1990–2019) and the end of the century (2071–
2100). The results indicate a projected decrease in the num-
ber of tropical hurricanes, with no significant change in extra-
tropical transition rates. September and October continue to
be the primary months for extratropical transitions. However,
the season’s peak appears to have shifted from September
to October, suggesting that large-scale environmental condi-
tions may become more favourable for extratropical transi-
tions in October in the future. Although a poleward shift in
the maximum intensity of tropical hurricanes is detected, the
average latitude of the transitions does not change. Our find-

ings suggest that transitioning storms will be more intense
in the future, despite a less baroclinic atmosphere, due to a
stronger contribution from latent heat transfer. However, the
risk of reintensification after transition is not expected to in-
crease.

1 Introduction

Tropical cyclones can transform into extratropical cyclones
through a process called extratropical transition (ET), in par-
ticular when they encounter a baroclinic environment and ex-
perience cooler sea surface temperatures. These transitions
occur rather frequently in the North Atlantic Basin, with ap-
proximately 50 % of hurricanes undergoing an ET (Bieli et
al., 2019; Hart and Evans, 2001). Moreover, about 50 % of
tropical cyclones that made landfall during this period were
in the process of transitioning (Hart and Evans, 2001). Some
of these cyclones can intensify after transitioning, resulting
in significant harm to human lives and damage to infrastruc-
tures, as seen with Hurricane Floyd (1999) and Hurricane
Sandy (2012). More recently, Hurricane Fiona in 2023 has
set a new record for the lowest pressure ever recorded in
Canada (Chedabucto Bay). The northeastern coast of the US
and the Canadian Maritimes, which typically experience one
to two of these storms per year, as well as western Europe,
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which faces them once every 2 years, are particularly vulner-
able to these risks (Hart and Evans, 2001). Given the substan-
tial financial losses these events can cause, there are growing
concerns among economic stakeholders about the potential
impact of climate change on the frequency and severity of
these transitions.

The atmospheric mechanisms underlying extratropical
transitions have been extensively studied in recent years.
As a tropical cyclone moves poleward, it encounters sev-
eral environmental changes, such as low sea surface tem-
perature (SST), increased SST gradients, enhanced vertical
wind shear, and a stronger Coriolis force (Jones et al., 2003).
These changes may remarkably affect the tropical cyclone,
resulting in a loss of intensity, a breakdown of its warm-core
structure, and a loss of its axisymmetric structure (Jones et
al., 2003). When a tropical cyclone encounters an existing
extratropical system, typically a mid-tropospheric trough, the
process of extratropical transition may be initiated (Arnott
et al., 2004; Hart et al., 2006; Jones et al., 2003; Klein et
al., 2000; Wood and Ritchie, 2014). The mid-tropospheric
trough favours the advection of angular momentum – rather
than heat advection – which drives the conversion of the cy-
clone’s warm-core structure into a cold-core structure (Hart
et al., 2006). This advection of angular momentum disturbs
the classic structure of a tropical cyclone (TC), character-
ized by a decrease in wind strength with height and a warm
core, thereby disturbing the thermal wind balance. To restore
thermal wind balance, a secondary circulation is established:
above the maximum of angular momentum advection, adi-
abatic descent causes warming, while below the maximum,
adiabatic ascent leads to cooling, resulting in frontogenesis
(Harr and Elsberry, 2000; Hart et al., 2006). During this tran-
sition, the storm’s wind field expands and becomes asymmet-
ric, shifting the location of maximum wind speeds (Evans
and Hart, 2008). The timing of the transition from a warm-
core to an asymmetric structure appears to be basin depen-
dent: in the North Atlantic Basin, TCs seem to first acquire an
asymmetric structure while maintaining a warm-core struc-
ture, whereas, in the eastern North Pacific, they first lose their
warm-core structure while retaining their symmetry (Bieli et
al., 2019; Wood and Ritchie, 2014).

Hence, the mid-latitude environment and weather systems
play an essential role in a tropical cyclone’s transition pro-
cess. During and after the extratropical transition, the addi-
tion of baroclinic energy (Evans et al., 2017) and diabatic
heating (Rantanen et al., 2020) may cause an intensification
of post-transition tropical cyclones. The structure of the trop-
ical cyclone may play a role in the reintensification process
after ET (Arnott et al., 2004) as well as the presence of at-
mospheric rivers, which may speed up the process (Baatsen
et al., 2015).

While the impact of climate change on tropical cyclones
has been largely addressed in recent years, only a few stud-
ies have focused on the effects of a warmer climate on ex-
tratropical transition events. Regarding tropical cyclones, it

is expected that their global frequency may decrease in a
warmer environment, although the proportion of very in-
tense hurricanes (especially Category 4 and 5 events) is
likely to increase (Bender et al., 2010; Hill and Lackmann,
2011; Knutson et al., 2020; Mallard et al., 2013). Addition-
ally, there may be a poleward expansion of tropical cyclone
genesis (Garner et al., 2021) along with a poleward migra-
tion of the maximum intensity of tropical cyclones (Lee et
al., 2020) due to higher SSTs and reduced wind shear at
mid-latitudes. However, there remain uncertainties around
this latter point (Knutson et al., 2020). In the mid-latitude
environment, a decrease in vertical wind shear (Kossin et
al., 2014) and a reduction in the frequency of extratropical
systems during the summer season in the Northern Hemi-
sphere (Lehmann et al., 2014) are anticipated. Consequently,
storms might become more intense during extratropical tran-
sition due to the projected increase in the intensity of tropi-
cal cyclones. Furthermore, extratropical transitions may oc-
cur farther north. Warmer SSTs could enable tropical cy-
clones to maintain their tropical characteristics and strength
further north, thereby increasing the likelihood of encoun-
tering a baroclinic zone necessary for extratropical transition
(Hart and Evans, 2001). However, the potential projected de-
crease in extratropical systems during summer (Lehmann et
al., 2014), along with the reduction in baroclinicity in the low
troposphere, may hinder extratropical transitions.

Regarding extratropical transitions in a warmer environ-
ment, they are expected to be more intense, last longer, and
be associated with heavier precipitation (Jung and Lack-
mann, 2019, 2021, 2023; Michaelis and Lackmann, 2019,
2021). However, post-transition storms are expected to be
less intense (Jung and Lackmann, 2021, 2023). An increase
in the frequency of extratropical transition events is antici-
pated in the central and eastern North Atlantic Basin (Baker
et al., 2022; Liu et al., 2017), consistent with the projected
poleward and eastward expansion of tropical cyclone genesis
regions. This shift in the genesis location may likely lead to
more storms hitting western Europe (Baatsen et al., 2015;
Haarsma et al., 2013). However, there is still uncertainty
about how extratropical transition events will evolve in a
warmer environment.

Our study aims to determine the impacts of climate change
on the frequency, location, duration, and intensity of extrat-
ropical transitions in the North Atlantic Basin by using high-
resolution simulations from a regional atmospheric climate
model that span two 30-year periods: 1990–2019 for present-
day simulations and 2071–2100 for simulations of the future.
Simulations of future climate are based on the Representative
Concentration Pathways 8.5 (RCP8.5) scenario. The focus of
the study is particularly on highly populated areas (US north-
eastern coast and Canadian Maritimes), where casualties and
infrastructure damages can be significant.

This paper is organized as follows. Section 2 describes the
data and methodology used to track tropical cyclones and ex-
tratropical transition events, as well as the key metrics used
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to assess the change in extratropical transitions. Section 3
presents the key findings on how climate change impacts the
frequency, location, and intensity of ETs. Section 4 discusses
these findings and provides conclusions.

2 Experiments and methods

2.1 Data experiments and model description

The two 30-year experiments used for this study are part
of the set of simulations used in Ingrosso and Pausata
(2024). These experiments encompass the present-day sce-
nario (1990–2019) and the RCP8.5 future scenario (2071–
2100). We chose to focus on the most extreme scenario to
determine whether any significant impacts emerge, as sce-
narios with lower greenhouse gas emissions are less likely to
produce a discernible signal.

These experiments were performed with the developmen-
tal version of the Canadian Regional Climate Model/Global
Environmental Multiscale (CRCM5/GEM4.8) at a horizon-
tal grid spacing of 0.12° and 57 vertical levels. The regional
model, CRCM5, was driven using the data from the global
simulations performed with GEM4.8 at 0.55° horizontal res-
olution and 73 vertical levels (further details can be found in
Ingrosso and Pausata, 2024).

To evaluate the model’s performance, the regional model
was compared with observations from the Tropical Rainfall
Measuring Mission (TRMM), the Climate Research Unit,
and one reanalysis product (ERA5), focusing on the mean
precipitation distribution from 2000 to 2019 (Ingrosso and
Pausata, 2024). The regional model demonstrated its ability
to align with the observations despite a persistent dry bias
in the median and lower percentiles. Additionally, the re-
gional model has shown good performance in reproducing
the general diurnal cycle, although rainfall was underesti-
mated compared to satellite observations. The precipitation
comparison is a general evaluation of the model and indeed
does not provide meaningful information in terms of the abil-
ity of the model to represent TC and ET climatology, which
is discussed later in Sect. 2.8 and in Appendix A.

The regional area covered by the simulations extends from
3° S to 48° N and from 81° W to 52° E.

2.2 Storm-tracking algorithm

In this study, we employ a storm-tracking algorithm designed
to detect both tropical cyclones (including tropical storms)
and transitioning tropical cyclones. This algorithm is based
on the methodology used in Dandoy et al. (2021) and follows
a three-step procedure: storm identification, storm tracking,
and storm lifetime, in line with previous studies (Gualdi et
al., 2008; Scoccimarro et al., 2017). The algorithm uses 3 h
outputs of the model for the period from June to December.

2.2.1 Storm identification

A storm is identified when several criteria are met. One of
the key strengths of this algorithm is the double-filtering ap-
proach that prevents us from double-counting a tropical cy-
clone (TC) when there is a temporary decrease in intensity,
followed by a restrengthening. Specifically, each storm cen-
ter is categorized as either a weak center (if it meets only
loose criteria) or a strong center (if it also meets strict crite-
ria). The criteria used are as follows:

– Surface pressure. The center’s surface pressure must
be lower than 1013 hPa (1005 hPa to be classified as a
strong center) and represent a minimum within a 250 km
radius. Additionally, the center must be a closed low-
pressure system, with the minimum pressure difference
between the center and a circle of grid points in small
(400 km) and large (800 km) radii around the center ex-
ceeding 1 and 2 hPa, respectively (4 and 6 hPa to be con-
sidered a strong center).

– Vorticity at 850 hPa. The maximum 850 hPa vorticity
within a 200 km radius around the center must exceed
10−5 s−1 (10−4 s−1 to be considered a strong center).

– Wind at 10 m. The maximum wind speed at 10 m within
a 100 km radius around the center must exceed 8 m s−1

(17.5 m s−1 to be considered a strong center).

In this study, the criterion based on temperature anoma-
lies was not used to reject centers, thus allowing for the de-
tection of warm-core storms, such as transitioning tropical
storms. However, the algorithm still applies a strict criterion
for identifying strong centers. Specifically, this criterion re-
quires that the sum of the temperature anomalies at 250, 500,
and 700 hPa, defined as the difference between the maximum
temperature and the mean temperature within a 200 km ra-
dius around the center, must exceed 2 °C.

2.2.2 Storm tracking

The purpose of this step is to assign each identified center to
an existing storm or, if no existing storm can be linked to the
detected center, to regard it as the origin of a new storm. Ini-
tially, centers that are more than 250 km apart are treated sep-
arately. If two centers are within this distance, only the center
with the strongest vorticity is retained. Storms are tracked us-
ing the nearest-neighbour method, a technique also employed
in various studies (Blender et al., 1997; Blender and Schu-
bert, 2000; Schubert et al., 1998). For each existing storm,
the algorithm predicts the potential location of the next center
based on the historical trajectory of the previous two centers.
A new center is then assigned to the storm whose predicted
location is closest, with preference given to the nearest cen-
ter.
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2.2.3 Storm lifetime

For each determined track, the following final conditions
must be met:

– The lifetime of the storm must exceed 36 h.

– The storm must have at least 12 strong centers.

– The minimum travel distance must be at least 10° of
combined latitude and longitude.

– The number of strong centers must account for at least
77 % of the core trajectory, which is defined as the path
between the first and the last strong center.

2.3 Detection of extratropical transitions (ETs)

The removal of the warm-core loose criterion enables the al-
gorithm to detect both warm-core and cold-core centers. Si-
multaneously, the use of the warm-core strict criterion en-
sures that only storms that have experienced a tropical cy-
clone phase are detected.

ET events are identified using the cyclone phase space
(CPS) methodology developed by Hart (2003) and have been
widely employed in previous studies focusing on ETs (Baker
et al., 2022; Hart et al., 2006; Jung and Lackmann, 2019,
2021, 2023; Liu et al., 2017). This methodology involves
three parameters: the lower-tropospheric thermal axisymme-
try of the cyclone (B), the lower-tropospheric (−V L

T ) ther-
mal wind, and the upper-tropospheric (−V U

T ) thermal wind.
These three parameters describe and differentiate the struc-
ture of tropical cyclones, characterized by a warm-core and
vertically stacked structure, from that of extratropical cy-
clones, characterized by a cold-core and tilted structure.

The use of high-resolution data ensures reliable CPS diag-
nostics (Hart, 2003).

2.3.1 Cyclone thermal symmetry (B)

This parameter allows for identifying the frontal nature of
the cyclone or the absence thereof. It is defined as the storm-
motion-relative 900–600 hPa thickness asymmetry within a
500 km radius (Hart, 2003). For the Northern Hemisphere, B
is defined as

B =
(
Z600 hPa−Z900 hPa|R− Z600 hPa−Z900 hPa|L

)
, (1)

where Z represents the geopotential height, R and L indi-
cate the right and left sides of storm motions, and the over-
bar denotes the mean area over a semicircle with a radius of
500 km.

Very low values of B are associated with non-frontal
storms such as TCs, while high values of B are associ-
ated with frontal storms such as extratropical cyclones. Hart
(2003) suggests that a threshold of 10 m is appropriate for
distinguishing non-frontal storms from frontal storms. This
threshold has been widely utilized in other studies focusing

on ET (Baker et al., 2022; Hart et al., 2006; Jung and Lack-
mann, 2019, 2021, 2023; Liu et al., 2017). However, Zarzy-
cki et al. (2017) indicate that a threshold of 15 m is more
appropriate when using high resolution.

To calculate the average speed of the 900–600 hPa layer,
we considered four sub-layers: 900–850, 850–800, 800–700,
and 700–600 hPa. The mean zonal and meridional speeds for
each layer were computed as follows:

ui =
∑
j∈D

ui,j , (2)

where D represents the 500 km radius circle around the cen-
ter.

Then, the total mean zonal and meridional speeds are de-
fined as the weighted average of the mean speeds calculated
for each sub-layer:

u=
∑
i=1,4

uiωi, (3)

where ωi represents the weight of the layer i. The weight of
each layer is calculated as the ratio of the difference between
the upper-bound pressure and the lower-bound pressure of
the layer to the difference between the upper-bound pressure
and the lower-bound pressure of the entire column.

The left layer comprises the points that satisfy the follow-
ing criteria:

π

180
R
(
lati,j − lati0,j0

)
>

π

180
R
v

u
cos

( π

180
lati,j

)
, (4)

and the thickness of the layer is thus defined as

thickness=
1
NL

(
NL∑
k=1

GZ600,k −GZ900,k

)
, (5)

where NL is the number of points within the layer.
The same methodology is also applied to the right layer,

which is defined as

π

180
R
(
lati,j − lati0,j0

)
<

π

180
R
v

u
cos

( π

180
lati,j

)
. (6)

2.3.2 Lower and upper thermal winds

Tropical cyclones are characterized by a decrease in height
perturbation with increasing altitude. In contrast, for ex-
tratropical cyclones, the height perturbation decreases with
height.

In this study, the height perturbation 1Z is calculated as
the difference between the maximum geopotential height and
the minimum geopotential height within a 500 km radius cir-
cle (1Z=Zmax−Zmin) and is proportional to the magnitude
of the geostrophic wind (Vg) (Hart, 2003):

1Z =
dg
∣∣Vg
∣∣

f
, (7)
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where d represents the distance between the two geopotential
extrema, f is the Coriolis parameter, and g is the gravity
constant.

Scaled thermal winds can be defined as (Hart, 2003)

−V L
T =

∂1Z

∂ ln(p)

∣∣∣∣600 hPa

900 hPa
(8)

and

−V U
T =

∂1Z

∂ ln(p)

∣∣∣∣300 hPa

600 hPa
. (9)

The lower troposphere corresponds to the 900–600 hPa layer,
while the upper troposphere corresponds to the 600–300 hPa
layer.

A positive value of−V L
T (i.e.−V U

T > 0) indicates a warm-
core structure in the lower (i.e. upper) troposphere, while a
negative value of −V L

T (i.e. −V U
T < 0) indicates a cold-core

structure in the lower (i.e. upper) troposphere. During ET, the
signs of −V L

T and −V U
T may differ.

As recommended by Hart (2003), we conducted a linear
regression on the vertical profile of 1Z to estimate the ther-
mal wind parameters. The levels used for these regressions
are 900, 850, 800, 700, 600, 500, 400, and 300 hPa.

2.3.3 Detection of ET events

To mitigate the variability in parameters caused by numeri-
cal noise, a 12 h smoothing window is applied, following the
recommendations of Michaelis and Lackmann (2019), who
employed a 24 h smoothing window. Additionally, a filtering
algorithm was employed to exclude highly chaotic trajecto-
ries characterized by multiple transitions. The core principles
of this algorithm are the following:

– ET events occurring below 20° are excluded as ET
events rarely occur below this threshold (Hart and
Evans, 2001).

– When multiple transitions occur, only the final transi-
tion is considered, provided that no reverse transition
follows.

For this study, the onset of ET is detected when (Liu et
al., 2017; Michaelis and Lackmann, 2019)

– B̃ > 15 m or −Ṽ L
T < 0.

Therefore, all TCs that have started an ET are included in
our study, including instantly warm seclusions (Sarro and
Evans, 2022), as well as transitioning storms that have not
completed their transition within the regional domain. Addi-
tionally, the completion of ET is detected when both criteria
are simultaneously met.

In other studies (Hart, 2003; Hart et al., 2006; Jung and
Lackmann, 2021), the onset of ET was detected when B ex-
ceeded the threshold. However, Liu et al. (2017) argued that

this methodology might be inadequate for capturing TCs that
transition to cold-core systems before developing an asym-
metric structure. Furthermore, this methodology may also
lead to negative ET durations, as highlighted in Kitabatake
(2011).

2.4 The Eady growth rate: an indicator of baroclinicity

The Eady growth rate (EGR) is a widely used indicator of the
baroclinicity of the environment (Eady, 1949). ETs are more
likely to occur in zones associated with high values of EGRs.
It is defined as follows (Lindzen and Farrell, 1980):

σ = 0.31
|f |

N

∣∣∣∣dVdz
∣∣∣∣ , (10)

where f is the Coriolis parameter, dV
dz is the vertical wind

shear, and N is the Brunt–Väisälä frequency:

N =

√
g

θ

∂θ

∂z
, (11)

where θ is the virtual potential temperature, and g is the grav-
ity constant.

In this study, we mainly focused on mid-troposphere baro-
clinicity and, therefore, computed the EGR at 500 hPa with
a forward difference scheme using geopotential heights, hu-
midity, meridional and zonal wind speeds, and temperatures
at 400 and 500 hPa.

To assess the baroclinicity in the upper troposphere, we
computed the EGR at 200 hPa with a backward difference
scheme using the 300 and 200 hPa values. A forward scheme
in this case would have required using the 100 hPa values, in-
troducing stratospheric influences, which we aimed to avoid.

2.5 Integrated kinetic energy: an indicator of storm
intensity

The concept of integrated kinetic energy (IKE) was first
introduced by Powell and Reinhold (2007), who demon-
strated that this indicator might better assess a hurricane’s de-
structive potential than the maximum sustained surface wind
speed, as it accounts for storm size.

IKE is the integration of the 10 m kinetic energy per
unit volume over a domain volume (V ) centered around the
storm’s center. IKE is given by

IKE=
∫
V

1
2
ρU2dV, (12)

where ρ is the air density, and U is the 10 m wind velocity.
Assuming an air density value of 1 kg m−3 and a volume

height of 1 m, the expression can be simplified as follows
(Cheung and Chu, 2023):

IKE=
∫
A

1
2
U2dA. (13)
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In this study, the area considered is a circle with a 500 km
radius, centered around the TC center.

2.6 Minimal theoretical pressure of a TC

The minimal theoretical pressure allows us to estimate the
minimum pressure a TC center can reach, based on the SST
and the atmospheric profile (Bister and Emanuel, 2002). This
critical pressure pc is given by the following equation:

RdTs ln
(
pa

pc

)
=

1
2

(
Ts

T0

Ck

CD

(
CAPE∗−CAPEenv

)∣∣
RMW

)
+ CAPEenv|RMW, (14)

where pa is the environmental pressure, Ts is the SST, T0 is
the outflow layer temperature, Ck and CD are the enthalpy
and momentum surface exchange coefficients, and Rd is the
ideal gas constant for dry air. CAPE∗

∣∣
RMW is the convec-

tive available potential energy of a saturated air parcel, and
CAPEenv|RMW is the environmental convective available po-
tential energy.

The minimum theoretical pressure was calculated with the
pyPI package from Python (Gilford, 2021).

2.7 Statistical analysis

For the statistical assessment of the differences, the Mann–
Whitney–Wilcoxon test was used to compare the distribu-
tions. This test is recommended when the normality assump-
tion cannot be made.

A significance level of 10 % was considered.

2.8 Validation

The annual ET ratio, defined as the ratio of the yearly number
of ET events to the yearly number of tropical cyclones, was
computed for the 1990–2019 period of the present-day ex-
periment. This frequency was then compared with observa-
tional data from the International Best Track Archive for Cli-
mate Stewardship (IBTrACS; Knapp et al., 2010) and with
the ECMWF reanalysis data (ERA5; Hersbach et al., 2020),
to which the tracking algorithm was applied within the same
spatial domain as the present-day experiment.

The results demonstrate the current experiment’s strong
ability to reproduce the mean annual ET ratio despite exhibit-
ing a lower distribution variability than ERA5 and IBTrACS
(Fig. 1).

Several studies have explored the topic of ET ratio simula-
tion in different basins over the past few years using the CPS
methodology with different models, resolutions, or reanaly-
ses.

Bieli et al. (2019) used JRA-55 and ERA-Interim, whereas
Zarzycki et al. (2017) used two reanalysis products, ERA-
Interim and CFSR, combined with two climate models,

CAM-55 and CAM-28. This latter study highlights the im-
portance of the resolution used, with a 9 % increase in
the mean annual ET ratio with a higher resolution. Liu et
al. (2017) used two reanalysis products, CFSR and JRA-55,
combined with two climate models, FLOR and FLOR-FA,
for which the SSTs are artificially corrected through flux ad-
justment. This correction leads to a better representation of
the ET ratio. Studholme et al. (2015) found a very high mean
annual ET ratio (68 %), with this finding being explained by
the simulation of longer tracks, enabling the ET to occur.

Table 1 lists the mean annual ET ratios from previous stud-
ies. In our study, the ET ratio found in the present-day sim-
ulation is 42.7 %, placing it at the lower end of the range.
However, this value accounts for the adjustments made to
the CPS method, as detailed in Sect. 2.3. Indeed, we noticed
that for certain tracks, some storms could begin to acquire
extratropical characteristics (asymmetry or a cold core) be-
fore reverting to tropical cyclones. These “false” transitions
were therefore excluded from the transitions. It is important
to point out that if another transition occurs, the storm will be
considered among the transitioning storms. Before correcting
this, the transition rate was at 68.5 % (close to the findings of
Studholme et al., 2015).

ET in IBTrACS is determined subjectively by various fore-
casters based on real-time observational data. In addition, IB-
TrACS phase transition occurs at an instantaneous point in
space and time and provides no information about the path of
ET (Zarzycki et al., 2017). To assess the ability of the model
to spatially reproduce ET, we compare the latitude and the
longitude of ET onset with the results of Bieli et al. (2019) in
Table 2. The comparison shows a northward shift in our sim-
ulated ET onset latitude compared to Bieli et al. (2019). This
difference may be explained by our methodology, which, in
the case of multiple transitions, considers only the final tran-
sition.

3 Results

3.1 Tropical cyclones in present-day simulations and
future climate simulations

The annual average number of TCs, including tropical
storms, is significantly lower (−3.7) in the future climate
simulation (14.3) than in the present-day simulation (18).
The season’s peak remains in September for the future cli-
mate simulation (Fig. 2). These results are consistent with
those of other studies indicating an overall decrease in TC
frequency (Bender et al., 2010; Knutson et al., 2020; Mallard
et al., 2013).

For each tracked TC, the maximum intensity – defined
here as the minimum pressure reached by the cyclone along
its trajectory – was determined. Therefore, the latitude of the
minimum pressure is not inherently dependent on ET: it can
occur either before or after transition.
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Figure 1. Box plot of the ET ratio for the present-day simulation (blue), ERA5 (red), and IBTrACS (green). The box represents the interquar-
tile range (IQR) containing 50 % of the data; the upper edge of the box represents the 75th percentile (upper quartile – UQ), while the lower
edge is the 25th percentile (lower quartile – LQ). The horizontal line within the box indicates the median, while the green triangle indicates
the mean. The whiskers extend to the smallest and largest data points within 1.5 times the IQR from the quartiles. Points beyond the whiskers
are considered outliers.

Table 1. Summary of mean annual ET ratio from previous studies.

Author(s) Mean ET fraction Method and data for tracking ETs

Hart and Evans (2001) 46 % National Hurricane Center best track labels
Studholme et al. (2015) 68 % CPS and k-means clustering, storms tracked in ECMWF operational analysis
Zarzycki et al. (2017) – 1 55 % CPS, storms tracked in ERA-Interim
Zarzycki et al. (2017) – 2 50 % CPS, storms tracked in CFSR
Zarzycki et al. (2017) – 3 49 % CPS, storms tracked in CAM-28
Zarzycki et al. (2017) – 4 40 % CPS, storms tracked in CAM-55
Liu et al. (2017) – 1 56 % CPS, storms tracked in CFSR
Liu et al. (2017) – 2 50 % CPS, storms tracked in JRA-55
Liu et al. (2017) – 3 57 % CPS, storms tracked in FLOR-FA
Liu et al. (2017) – 4 31 % CPS, storms tracked in FLOR
Bieli et al. (2019) – 1 47 % CPS, storms tracked in JRA-55
Bieli et al. (2019) – 2 54 % CPS, storms tracked in ERA-Interim

Figure 2. Average number of monthly TCs for the present-day
(blue) and the future climate simulations (red) from June to De-
cember.

Table 2. ET onset mean latitude and longitude.

Simulation Mean Mean
latitude longitude

ET onset ET onset

GEM4.8/CRMC5 35.5 −52.4
JRA-55 (Bieli et al., 2019) 33.2 −58.4
ERA5 – Interim (Bieli et al., 2019) 28.9 −56.2

Consistent with previous studies (Hill and Lackmann,
2011; Knutson et al., 2020; Kossin et al., 2020), we found
that there are more extreme events in the future climate sim-
ulation than in the present-day simulation (Fig. 3) and that
the mean storm minimum pressure is deeper in the future cli-
mate simulation (−3 hPa).
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Figure 3. Distribution of the maximum intensity for the present-
day (blue) and the future climate simulations (red). The maximum
intensity is defined as the minimum pressure reached at the TC cen-
ter during its lifetime. The hatched bars correspond to the intensity
ranges with a significant difference.

Consistent with other studies (Lee et al., 2020; Studholme
et al., 2022), the median TC maximum intensity is slightly
shifted northward of about 1.2° latitude (Fig. 4a) in a warmer
climate because of higher SSTs that help TCs sustain their
intensity at higher latitudes.

3.2 Change in atmospheric baroclinicity

As expected, the Eady growth rate in the future climate simu-
lation is weaker than in the present-day simulation (Fig. 5a).
This can be attributed to Arctic polar amplification, which
reduces the thermal gradient between the high and tropi-
cal latitudes, resulting in a weaker baroclinic zone (Barnes
and Polvani, 2015; Francis and Vavrus, 2012; Serreze et
al., 2009). The difference is particularly pronounced at the
mid-latitudes and on the western side of the North Atlantic
Ocean, where most transitions usually occur.

Conversely, the upper-tropospheric Eady growth rate is
slightly higher in the future climate simulation than in the
present-day simulation (Fig. 5b). This is consistent with the
tropical upper-troposphere warming effect, which increases
the upper-tropospheric thermal gradient (Barnes and Polvani,
2015; Harvey et al., 2014; Lorenz and DeWeaver, 2007).

3.3 ET events and ET ratios

The mean annual number of ET events simulated in the fu-
ture climate simulation (6.1) is significantly lower than that
in the present-day simulation (7.6) (Table 3). The ET ratio,
defined as the ratio of the number of ET events to the num-
ber of TCs, is almost identical in the future climate simula-
tion (42.7 %) to that in the present-day simulation (42.6 %)
(Table 3). Our results are consistent with Bieli et al. (2020),
which did not reveal any statistically significant change in the
ET rate in the North Atlantic. However, our findings contrast
with the studies by Liu et al. (2017), Michaelis and Lack-

Table 3. Mean annual ET numbers and mean annual ET ratio for
present-day and future climate simulations.

Simulation Mean annual number Mean ET
of ET events ratio

Present day 7.6 42.6 %
Future climate 6.1 42.7 %

mann (2019), and Baker et al. (2022), which reported a slight
increase in ET frequency in the North Atlantic Basin.

Hart and Evans (2001) highlighted that ET events are more
likely to occur if TCs maintain a minimum level of intensity
when they encounter a relatively strong baroclinic zone, en-
abling them to release the available potential energy of the
atmosphere. This minimum intensity level generally corre-
sponds to a theoretical minimum pressure of 960 hPa (Bister
and Emanuel, 1998; Hart and Evans, 2001). Our findings in-
dicate that the northward shift of the baroclinic zone (Fig. 6a)
is balanced by a corresponding northward shift in the 960 hPa
theoretical minimum pressure (Fig. 6b), thereby maintaining
the relative position of this minimum intensity level with re-
spect to the favourable baroclinic regions. As a result, these
factors may help to partially explain why the probabilities of
ET do not show significant differences.

3.4 ET seasonal cycle in future climate

To assess changes in the seasonality of ET events, the mean
annual contribution of each month to the mean annual ET
ratio was calculated. This indicator is calculated as follows:
for each year, the ET ratio is the number of ET events di-
vided by the total number of TCs and is then averaged over
30 years. This approach highlights the months when ET is
most likely to occur, accounting for both the probability of
TC occurrence and the conditional probability of ET.

In the present-day simulation, September and October are
the most significant contributors to the annual ET ratio, as
highlighted in Hart and Evans (2001). During these 2 months,
the number of TCs and the baroclinic energy remain rela-
tively high, providing favourable conditions for ET events.
In the future climate simulation, September and October re-
main the months with the highest baroclinic energy levels.
However, the ET season’s peak appears to have shifted from
September to October (Fig. 7). Indeed, in the future climate
experiment, the simulated decrease in the October ET event
mean number is less pronounced than the simulated decrease
in the October mean number of TCs, suggesting a greater ET
probability.

3.5 Location of ET onsets

In this section, we focus on the impacts of ET locations, par-
ticularly to assess the threats they may pose to the US and
Canada coastal populations.
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Figure 4. Box plot of the latitude of the minimum pressure for the present-day (blue) and the future climate (red) simulations (a) for all
TCs and (b) for transitioning TCs. The box represents the interquartile range (IQR) containing 50 % of the data; the upper edge of the box
represents the 75th percentile (upper quartile – UQ), while the lower edge is the 25th percentile (lower quartile – LQ). The horizontal line
within the box indicates the median, while the green triangle indicates the mean. The whiskers extend to the smallest and largest data points
within 1.5 times the IQR from the quartiles. Points beyond the whiskers are considered outliers.

Figure 5. (a) Relative difference in 500 hPa Eady growth rate between the future climate and the present-day simulations and (b) relative
difference in 200 hPa Eady growth rate between the future climate and the present-day simulations.

In both experiments, TCs that undergo ET reach their max-
imum intensity at higher latitudes compared to those that do
not undergo ET (Fig. 4a and b). Indeed, TCs that are most
likely to undergo ET need to sustain a minimum energy level
at middle latitudes (Hart and Evans, 2001). However, no sig-

nificant northward shift in the maximum intensity location
for TCs undergoing ET is simulated (Fig. 4b). This finding
partly explains why, despite the previously highlighted north-
ward shift in the baroclinic zone in future climate simulations
(Fig. 6a), transitions do not occur further north (Fig. 8a) in
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Figure 6. (a) Contours of mean Eady growth rate for the present-
day (blue) and the future climate (red) simulations. The solid lines
represent the 0.25 d−1 level, the dashed lines represent the 0.5 d−1

level, and the dotted lines represent the 0.75 d−1 level. (b) Contours
of the 960 hPa theoretical pressure for the present-day (dashed blue
line) and the future climate (solid red line) simulations.

Figure 7. Monthly contribution to mean annual ET ratio for the
present-day (blue) and the future climate (red) simulations from
June to December.

the future climate simulation. These observations indicate
that the mean meridional displacement between the maxi-
mum intensity and the ET onset locations does not signif-
icantly change under climate change. Additionally, the re-
sults show no significant change in the mean longitude of ET
onsets (Fig. 8b). Our results slightly contrast with those of
Bieli et al. (2020), which show an equatorward migration of
the ET onset latitude, with this shift being small in the North

Atlantic Basin. The differences in the ET-tracking method-
ologies might explain this difference.

The density map of ET onset, estimated with a Gaussian
kernel, shows some differences (Fig. 9), with more ET on-
sets occurring near the US northeastern coast around 35 and
40° N. This region corresponds to the zone where a pro-
nounced northward shift in the theoretical minimum pres-
sure is simulated in the future climate simulation compared
to the present-day experiment (Fig. 6b). This result does not
agree with that of previous studies (Baker et al., 2022; Bieli et
al., 2020; Liu et al., 2017; Michaelis and Lackmann, 2019),
which reported more storms undergoing ET in the central and
eastern North Atlantic, which leads to more storms with a
tropical origin hitting western Europe (Baatsen et al., 2015;
Haarsma et al., 2013).

The overall lack of change in the mean ET onset lati-
tude in the future climate simulation might be explained by
stronger tropical cyclones, which have a slightly deeper low
pressure (982 hPa compared to 986 hPa today) at the time
of ET onset, compensating for the weaker mid-tropospheric
baroclinic zone that drives energy release. Additionally, the
upper-tropospheric baroclinic zone becomes stronger, further
offsetting the mid-tropospheric weakening. As a result, these
factors balance out, preventing significant shifts in the aver-
age latitude of extratropical transition onset.

3.6 Duration of ET in future climate

Here we investigate a potential change in the duration of ET
events as high SSTs have been associated with slowly tran-
sitioning storms, which are generally stronger than quickly
transitioning storms (Hart et al., 2006). The ET duration is
defined as the time difference between the ET onset and ET
completion. For ET events that are not completed within the
regional domain, the ET completion time is defined as the
time when the storm reaches the upper boundary of the spa-
tial area. The performance of the CPS methodology in calcu-
lating the ET duration was discussed by Kofron et al. (2010).

The analysis shows no significant change in the ET du-
ration for the future climate simulation compared to the
present-day experiment (Fig. 10a). This conclusion also
holds for storms where the transition is completed within
the regional domain (Fig. 10b). This result contrasts with the
findings of Jung and Lackmann (2019), which revealed an
extended ET period. However, this conclusion applies only
to a specific storm, and the characteristics of its track may
influence the results. Our findings are, nevertheless, consis-
tent with the results of Michaelis and Lackmann (2021), who
found no statistically significant difference in the ET duration
time between present-day and future climate simulations.

3.7 Energetics of transitioning storms in future climate

This section explores the energetic changes in transition-
ing storms under future climate scenarios, focusing on how
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Figure 8. Box plot of the (a) latitude of ET onset for the present-day (blue) and the future climate (red) simulations and (b) longitude of ET
onset for the present-day (blue) and the future climate simulations (red). The box represents the interquartile range (IQR) containing 50 % of
the data; the upper edge of the box represents the 75th percentile (upper quartile – UQ), while the lower edge is the 25th percentile (lower
quartile – LQ). The horizontal line within the box indicates the median, while the green triangle indicates the mean. The whiskers extend to
the smallest and largest data points within 1.5 times the IQR from the quartiles. Points beyond the whiskers are considered outliers.

Figure 9. Difference in onset ET density between the future climate and the present-day simulations.

their destructive potential evolves and the factors contribut-
ing to these changes. The destructive potential of transition-
ing storms is notably higher (+20.5 %) in the future climate
simulation relative to the present-day simulation. This in-
crease is reflected in the cumulative IKE over the transition
period, which is significantly higher in future climate simula-
tions (Fig. 11). This increased destructive potential is partly
attributed to a significantly higher latent heat flux (+17 %,
Fig. 12a) in the future climate simulation during the transi-
tion, driven by higher SSTs. As expected, the Eady growth
rate is significantly weaker in the future climate simulation
(Fig. 12b), suggesting a reduction in baroclinic conversion.

Our findings align with those of previous studies (Che-
ung and Chu, 2023; Jung and Lackmann, 2021, 2023), which
highlighted the increase in storm intensity during ET.

3.8 Reintensification during transition

Reintensification of storms during the ET phase is a criti-
cal aspect to evaluate as it influences the overall impact and
longevity of transitioning storms. Reintensification during
the transition phase is assessed using pressure differences
and changes in IKE. The analysis reveals that storms, on av-
erage, do not intensify during the transition, with no signifi-
cant difference in the pressure change (Fig. 13a). On average,
there is a slight increase in pressure for both experiments:
+3.5 hPa for the present-day simulation and +4.5 hPa for
the future climate simulation. Additionally, the relative dif-
ference in IKE also shows no significant variation between
the present-day and the future climate simulations (Fig. 13b).
Despite the increase in storm central pressure, there is a mod-
est rise in IKE during the transition for both climate states
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Figure 10. Box plot of the transition duration (in hours) for the present-day experiment (blue) and the future climate simulation (red) for
(a) all storms and (b) storms for which the transition is completed within the regional zone. The box represents the interquartile range (IQR)
containing 50 % of the data; the upper edge of the box is the 75th percentile (upper quartile – UQ), while the lower edge is the 25th percentile
(lower quartile – LQ). The horizontal line within the box indicates the median, while the green triangle indicates the mean. The whiskers
extend to the smallest and largest data points within 1.5 times the IQR from the quartiles. Points beyond the whiskers are considered outliers.

Figure 11. Box plot of cumulative integrated kinetic energy (in joules) during the transition for the present-day experiment (left) and the
future climate simulation (right). The box represents the interquartile range (IQR) containing 50 % of the data; the upper edge of the box
represents the 75th percentile (upper quartile – UQ), while the lower edge is the 25th percentile (lower quartile – LQ). The horizontal line
within the box indicates the median, while the green triangle indicates the mean. The whiskers extend to the smallest and largest data points
within 1.5 times the IQR from the quartiles. Points beyond the whiskers are considered outliers.

(+6.6 % for the present-day experiment and +7.5 % for the
future climate simulation), potentially driven by the increase
in storm size during the transition (Kozar and Misra, 2014).

The enhanced latent heat release has also been showed by
Jung and Lackmann (2019) in a case study of the projection
of Hurricane Irene (2011) in a warming environment. This
has been interpreted as the primary cause of the intensifica-
tion of the future transitioning storm Irene. Jung and Lack-
mann (2023) also highlighted a smaller risk of reintensifi-
cation linked to a reduced baroclinic conversion. However,
they focused on the post-ET intensification, while our study
investigates the intensification during ET.

4 Discussion and conclusions

This study investigates how extratropical transitions (ETs)
in the North Atlantic Basin might change by the end of
the century under the RCP8.5 climate scenario, using high-
resolution climate simulations. While we found no signifi-
cant difference in ET frequency, with the ET ratio (42.7 %)
in the future climate simulation being nearly identical to that
in the present-day simulation (42.6 %), our results indicate
that transitioning storms in the future have greater potential
destructiveness. Specifically, the integrated kinetic energy as-
sociated with transitioning storms is significantly higher in
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Figure 12. Box plot for the present-day experiment (blue) and the future climate simulation (red) for (a) the surface latent heat flux and
(b) the average 500 hPa Eady growth rate during the transition. The box represents the interquartile range (IQR) and contains 50 % of the
data; the upper edge of the box represents the 75th percentile (upper quartile – UQ), while the lower edge is the 25th percentile (lower
quartile – LQ). The horizontal line within the box indicates the median, while the green triangle indicates the mean. The whiskers extend to
the smallest and largest data points within 1.5 times the IQR from the quartiles. Points beyond the whiskers are considered outliers.

Figure 13. (a) Box plot showing the difference in pressure at the storm center during the transition for the present-day (blue) and the future
climate (red) simulations and (b) box plot showing the relative difference in integrated kinetic energy for present-day simulations (blue) and
future climate simulations (red) during the transition. The box represents the interquartile range (IQR) containing 50 % of the data; the upper
edge of the box represents the 75th percentile (upper quartile – UQ), while the lower edge is the 25th percentile (lower quartile – LQ). The
horizontal line within the box indicates the median, while the green triangle indicates the mean. The whiskers extend to the smallest and
largest data points within 1.5 times the IQR from the quartiles. Points beyond the whiskers are considered outliers.

the future climate simulation, driven largely by increased sur-
face latent flux rather than enhanced baroclinic energy. This
result aligns with the findings by Cheung and Chu (2023),
which also reported an increase in the potential destructive-
ness of ETs.

While our findings on ET frequency contrast with those of
Liu et al. (2017) and Baker et al. (2022), which reported a
slight increase in ET frequency in the North Atlantic Basin,
our results are consistent with those of Bieli et al. (2020),
which did not report any significant change in the ET fre-

quency, and with previous research indicating that TCs will
become less frequent but more intense in the future (Bender
et al., 2010; Knutson et al., 2020; Mallard et al., 2013). Our
simulations also confirm a poleward migration of the max-
imum intensity of TCs (Lee et al., 2020), aligning with the
expansion of TC cyclogenesis regions.

The findings indicate that the future climate simula-
tion shows a weakening and northward shift in the mid-
tropospheric baroclinic zone, driven by polar amplification,
along with a slight increase in the upper-tropospheric baro-
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clinic zone due to warming in the tropical upper troposphere.
This weakening of the baroclinic zone, along with the de-
crease in the number of TCs, explains the decrease in the
number of ET events, which ultimately leads to the stability
of the ET frequency.

Additionally, our results do not show a significant change
in ET seasonality, with September and October remaining the
primary months for ET events. However, the peak’s season
seems to have shifted from September to October, suggesting
that large-scale environmental conditions may become more
favourable for ET in October in the future climate simulation.

No significant shift in the latitude of ET onsets is simulated
in the future climate simulation, although there is a slight
increase in ET occurrences near the US northeastern coast.
This could be due to more intense TCs reaching favourable
baroclinic zones, which contrasts with Baker et al. (2022),
who reported a decrease in ET occurrences in this region,
mainly explained by the poleward and eastward expansion of
the cyclogenesis region. Our findings also contrast with those
of Bieli et al. (2020), who reported a slight equatorward shift.

Previous studies (Jung and Lackmann, 2019) have sug-
gested that the duration of ETs might be longer in the future
due to higher SSTs, an empirical indicator of slowly tran-
sitioning storms (Hart et al., 2006), and due to a reduced
meridional SST gradient, which inhibits baroclinic conver-
sion. However, despite an environment that is less baroclinic
during ET, no significant difference in duration is simulated,
as shown in Michaelis and Lackmann (2021). There could
be some biases in our findings as some storms have not com-
pleted their transition within the spatial domain, even though
no significant difference in ET has been found for storms that
have completed their transition. Indeed, Kitabatake (2011)
and Kofron et al. (2010) highlighted the limitations of the
cyclone phase space in the detection of ET duration. In ad-
dition, the inability of the cyclone phase space to resolve the
cyclone’s inner-core structure (Evans et al., 2017) may con-
tribute to this finding.

Within the spatial zone considered, our study suggests that
transitioning storms do not necessarily reintensify more in a
warming environment, consistent with the findings of Jung
and Lackmann (2023), due to a reduction in baroclinic con-
version. However, our study mainly focused on reintensifi-
cation during transition. Further work would be needed to
investigate the potential reintensification post-ET.

In conclusion, our study suggests that extratropical transi-
tions will pose a greater risk for populations in the US north-
eastern coast and the Canadian Maritimes. However, uncer-
tainties remain regarding the impact of global warming on
ET frequencies and the spatial and temporal distribution of
ET events. Further research is needed to address these uncer-
tainties.

Future studies should investigate the large-scale environ-
mental conditions affecting the Northern Hemisphere, in-
cluding the East Pacific and North America. Hart et al. (2006)
emphasized that storms are more likely to intensify after

interacting with a negatively tilted rather than a positively
tilted trough. Therefore, a better understanding of how cli-
mate change will impact the occurrence of negatively tilted
versus positively tilted troughs will be crucial for grasping
future ET dynamics.

Additionally, the structure of post-transition storms war-
rants further exploration. Hart et al. (2006) noted that warm-
seclusion cyclones, which are more likely to cause damage,
should be examined in the context of global warming. As-
sessing how global warming affects the post-transition struc-
tures of storms will enhance our understanding of future risks
associated with ETs.

Hart and Evans (2001) also mentioned that 50 % of
tropical cyclones making landfall between 1950 and 1996
were transitioning storms. Investigating the impact of global
warming on the spatial pattern of transitioning storms that
make landfall will be important for anticipating future dam-
ages.

Finally, the simulations used in our study were
atmospheric-only experiments with prescribed SST. Baker
et al. (2022) demonstrated that high-resolution fully cou-
pled simulations may yield different outcomes com-
pared to atmospheric-only simulations. For instance, while
atmospheric-only simulations showed an equatorward shift
in the completion latitude, fully coupled simulations detected
a poleward shift. Previous studies have highlighted the neces-
sity of considering the impact of the ocean’s negative feed-
back mechanism on tropical cyclones (Schade and Emanuel,
1999; Emanuel et al., 2004). The winds associated with trop-
ical cyclones induce upwelling of cold waters, which cools
the sea surface temperature and inhibits the intensification
of tropical cyclones (Schade and Emanuel, 1999; Emanuel
et al., 2004). The overestimation of the maximum wind can
reach up to 25 m s−1 (Emanuel et al., 2004). Scoccimarro
et al. (2017) demonstrated that a high coupling frequency
could significantly reduce this bias. In the context of climate
change, Huang et al. (2015) showed that this ocean feedback
is expected to strengthen due to the increased ocean strat-
ification, which could enhance the ocean’s negative effect
and reduce the expected intensification of tropical cyclones
in certain regions of the North Atlantic. Therefore, further
investigations using fully coupled models are needed to rec-
oncile these discrepancies and build a comprehensive under-
standing of the impacts of climate change on extratropical
transitions.

Appendix A: Comparison with IBTrACS

In this appendix, we further compare the model simulations
with IBTrACS. Our results indicate an overestimation (+2.2)
of the average yearly number of TCs compared to obser-
vations (Fig. A1). However, the distribution of storms per
month is only slightly affected, although there is an under-
estimation in September and an overestimation in November
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and December (Fig. A2). The definition of the different cat-
egories based on minimum pressure and the climatological
mean latitude of the minimum pressure is provided in Ta-
bles A1 and A2, respectively).

Figure A1. Average monthly number of TCs for IBTrACS (green)
and the present-day simulation (blue).

Figure A2. Monthly distribution of TCs for IBTrACS (green) and
the present-day simulation (blue).

Our results highlight challenges in accurately reproducing
the most intense cyclones (CAT4 and CAT5). Tropical storms
are also underestimated, while CAT1, CAT2, and CAT3 tend
to be overestimated (Fig. A3). The storm categories are based
on the minimum pressure, as detailed in Table A1.

Figure A3. Distribution of tropical storms per category for IB-
TrACS (green) and the present-day simulation (blue).

Table A1. Storm category definition per minimum pressure range.

Category Minimum pressure
(hPa)

TS > 1000
CAT1 [980–1000[
CAT2 [965–980[
CAT3 [945–965[
CAT4 [920–945[
CAT5 < 920

Table A2. Latitude of the minimum pressure for IBTrACS (1990–
2019).

Latitude of minimum
pressure (°)

TS 23.7
CAT1 29
CAT2 32.7
CAT3 31.7
CAT4 23.5
CAT5 22.09

A northward shift in the minimum pressure latitude is also
present. Indeed, the average latitude is 31.4° for the present-
day experiment and 27.4° for the observations (Fig A4). This
northward shift is mainly explained by the overestimation of
CAT1, CAT2, and CAT3, whose minimum pressure latitudes
are the highest (Table A2).

Figure A4. Latitude of the minimum pressure for IBTrACS (green)
and the present-day experiment (blue).

Overall, the model satisfactorily reproduces the TC den-
sity in the North Atlantic. However, some differences should
be noted (Fig. A5): the TC density is overestimated in the
western North Atlantic (around 55° W), while it is underes-
timated near the US East Coast and the Gulf of Mexico. Ad-
ditionally, TC density is underestimated in the central North
Atlantic between 10 and 15° N.
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Figure A5. TC density for IBTrACS and the present-day experiment. The TC density maps are estimated using a Gaussian kernel.
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