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Strengthening of favorable environments
for North Atlantic tropical cyclogenesis in
midlatitudes in a warmer climate
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A.Montoro-Mendoza1,2 , C. Calvo-Sancho3, J. J. González-Alemán4, J. Díaz-Fernández1,5, P. Bolgiani5 &
M. L. Martín1,6

Anthropogenic climate change is intensifying tropical cyclones, and some studies suggest that they
are now impacting regions farther from the equator, though uncertainties remain. This study examines
theNorth Atlantic (NATL) basin’s autumn climatology, focusing on environments conducive to tropical
transitions (TTs), as most cyclones affecting Europe that originate from TTs occur during this season.
Ten CMIP6 climatemodels under the historical, SSP2-4.5 and SSP5-8.5 scenarios are used, covering
the 1981–2100 period, with the ERA5 reanalysis employed as a reference to support the results. The
study introduces the Tropical Transition Favorability Index (TTFI), which is a novel metric that
integrates key parameters to quantify environmental favorability for TTs in theNATL. Findings indicate
a progressive tropicalization of the NATL basin under both SSP2-4.5 and SSP5-8.5, with a more
pronounced effect under the latter, driven by increased sea surface temperatures and humidity, while
dynamic constraints weaken. Although in some cases the magnitude of projected future changes is
comparable to existing CMIP6 models biases with respect to ERA5, the results suggest a higher
likelihood of TTs, increasing the risk from these destructive systems.

Patterns in TCs activity are highly important to society. The destructive
effects of TCs have posed significant challenges for the economies and
societies of the affected nations1–5. A TC is a synoptic low-pressure system
with a warm core and organized deep convection, characterized by a non-
frontal structure, which typically forms over tropical and subtropical
latitudes6. TCs commonly have a barotropic origin7. Nonetheless, when
favorable baroclinic atmospheric conditions are present, a series of pre-
cursor disturbances may contribute to the formation of TCs6,8. Tropical
transitions (TTs) in the North Atlantic (NATL) basin represent a critical
pathway for the development of TCs from extratropical or subtropical
disturbances under favorable conditions6,9. This process is historically
associated with a process of rapid cyclogenesis, where a midlatitude bar-
oclinic system transform into aTCas it interactswith favorable atmospheric
conditions, such as warm sea surface temperature (SST), decreased stability
and high lower-troposphere moisture content10,11, resulting in a decrease in
wind shear12 and redistribution of potential vorticity due to the large
quantity of latent heat released in the moments previous to a TT
occurrence7,8,10,12–14.

TTs development in the NATL basin is significantly influenced by
several atmospheric and oceanic parameters. Firstly, the SST plays a crucial
role in the intensity of TCs in the NATL basin15–17. Warm SST, typically
above 25.5 °C at mid-latitude regions18, provides the necessary heat and
moisture to fuel TCs, enabling their development and intensification.
During a TT, the pre-existing baroclinic systems rely on warm SST to
provide the latent heat necessary for the transition10. These conditions
encourage the development of a low-level warm-core structure, which is
essential for a system to be classified as tropical. Moreover, the above-
mentioned thresholdof 25.5 °Cnotonly supports the genesis ofTCsbut also
could enhance the efficiency of TTs by reducing thermal disequilibrium
between the ocean and atmosphere19. Studies such as Pérez-Alarcón et al.17

highlight that a warmer SST enhances atmospheric instability andmoisture
availability, as remarked by Knutson et al.20, who emphasize the critical role
of warmer SST in intensifying the hydrological cycle. Therefore, the
increasing moisture availability due to higher SST values enables the
transformation of mid-latitude cyclones or other disturbances into tropical
systems. The total column water (TCW) is a key indicator of the
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atmosphericmoisture availability, whichmust be sufficiently high (typically
30 - 40mm) to support deep convection and sustain TCs intensity10,14,17.

Moreover, the interaction between the Coupling Index (CI) and the
vertical wind shear (WSH) is key in determining the likelihood of TTs in the
NATL basin. A low CI, indicative of reduced tropospheric stability, facil-
itates the vertical transport of heat and moisture, reducing the inhibition of
upward motion and promoting the development of robust convective
systems7,16. Calvo-Sancho et al.10 expanded on these findings, confirming
that CI values drop below 22.5 °C during TTs, which is an upper limit
identified by McTaggart-Cowan et al.15 However, the impact of the CI is
affected by the WSH. High WSH values disrupts the vertical cyclone
structure, inhibiting deep convection7,21,22. Therefore, tropical cyclogenesis
and maintenance are favored under conditions of low CI andWSH values,
as reduced tropospheric stability favors deep convection while weak WSH
values prevent the tilting and disruption of the TC vortex, enabling the
development of a well-organized and symmetric warm-core system. It is
important to note that high WSH is indeed a necessary ingredient for TT,
butmainly in theprevious stages associatedwith extratropical or subtropical
disturbances7,10,20. Together, these parameters provide a framework for
understanding tropical cyclogenesis via mid-latitude dynamics in the
NATL basin.

The occurrence and intensity of TTs, alongwith the environments that
favor them, are increasingly of interest as these cyclones are now impacting
regions farther from the equator, potentially driven by Anthropogenic
Climate Change (ACC)11,23–27. Although several studies have reported a
poleward expansion of TC activity, linked to the tropicalization (the process
by which northern latitudes exhibit environmental conditions typical of
tropical regions) of higher latitudes in the NATL23,25,28, this pattern remains
uncertain and may not be uniform across basins or time periods. Recent
analyses even suggest a southward shift in NATL TC genesis over the past
decades29. While the frequency of TCs has increased, this trend is accom-
panied by a similar decrease of weaker TCs20,30. Debate persists due to
limitations in reanalysis data, such as the missing storms before the satellite
era5,31,32. Nonetheless, the eastern NATL coast has recently experienced the
effects of notable TCs formed through TTs, such as Ophelia in 2017 and
Leslie in 2018, which reached the coasts of Europe, a rare occurrence that
underscores the growing threat of intense TCs to traditionally unaffected
areas4,10,33,34. Therefore, as global warming continues to influence those
variables related to the TTs development11,35,36, understanding TT dynamics
and their changes in the NATL basin is essential, especially given the
potential for more intense TCs of TT origin to reach Europe and other
extratropical regions10,14.

The current study aims to examine the climatology of the NATL
environments conducive to TTs, focusing on how the ACC might impact
these patterns, specifically during the autumnmonths (September,October,
November; SON), when TTs are most likely to develop in the NATL
basin7,10,37. Several climate models from the Coupled Model Inter-
comparison Project Phase 6 (CMIP6)38 repository are used to capture the
uncertainty associated, considering the historical, SSP2.4-5 and SSP5-
8.5 scenarios (Shared Socioeconomic Pathways)39. As CMIP6 models are
insufficient to examine TT events40, this study is restricted to environmental
fields, focusing on the large-scale environmental conditions that modulate
TT activity rather than individual storm events. For this purpose, the cli-
matology of those parameters related to TTs development (specified in the
Methods section) is analyzed for the SON season. Additionally, a novel
index indicative of environments conducive to TTs development over the
NATL is here defined, which consists of the ratio of thermodynamic factors
that enhance TTs to dynamic ones, which hinder TTs development. This
aims to provide a more precise assessment of the environmental conditions
that favor TTs development over the domain of study. The climatology of
such an index is then computed and analyzed in detail, allowing for the
identification of spatial and temporal patterns in TT-prone regions. Three
30-year periods sufficiently spaced in time are selected, which are the his-
torical (1981–2010), the near future (2021–2050), and the far future
(2071–2100) periods.

Results
Climatological behavior of individual parameters
To assess the similarity between themulti-model CMIP6 composite and the
ERA5 reanalysis, the differences are calculated as ERA5 minus the CMIP6
multi-model mean, and are shown in all panels labeled a) in the figures of
this study. The SST results indicate that the historical climatology derived
from the CMIP6 selectedmodel composite shows positive differences when
compared with ERA5 (Fig. 1a), i.e., the ERA5 reanalysis displays higher
values than the CMIP6 composite across most of the NATL basin. This
discrepancy is particularly pronounced in the region around 50°W-35°W
and 40°N-50°N, suggesting that CMIP6 models tend to underestimate SST
in this area. Figure 1b presents the historical climatology of the SST,where it
can be appreciated that warm SST dominates the tropical and subtropical
Atlantic, with most of the regions below 30°N exceeding 25.5 °C (striped
region), which is the threshold above-mentioned for TC formation18.

Figure 1c, d show SST positive anomaly values for the near and far
future periods, respectively, under the SSP2-4.5 scenario, being statis-
tically significant across almost the whole domain. In Fig. 1e, f the
increase when considering the SSP5-8.5 scenario is more accused, and
the statistically significant region is wider. The anomaly patterns
appreciated align with those of Fox-Kemper et al. (Fig. 9.3)35 and
Montoro–Mendoza et al.11 The absence of negative anomalies across
both projected periods suggests a widespread warming trend due to the
ACC when considering both the SSP2-4.5 and the SSP5-8.5 scenarios,
with warming intensifying in the late-century period. The anomalies
indicate that the threshold for TC formation (typically 25.5 °C) will be
met over a larger area. As warming shifts northward, it makes higher-
latitude regions more conducive to tropical cyclogenesis, expanding the
geographic range of tropical systems, which aligns with discussions of a
poleward shift in TC tracks20,23,25. It is critical to note, however, that
debate persists regarding the magnitude and drivers of this shift29. The
increase in SST due to the ACC35,41 may lead to more frequent TTs and
intensification of TCs17,42,43, expanding areas favorable for TTs devel-
opment and raising risks for coastal populations.

The TCW comparison between ERA5 and the CMIP6 multi-model
composite (Fig. 2a) shows a generally consistent representationof the spatial
distribution andmagnitude of TCW.However, some regional discrepancies
emerge. In the central-western tropical Atlantic and between 60°W-40°W
and 10°N-20°N, the CMIP6 models display negative differences, indicating
an overestimation of CMIP6 historical TCW, relative to ERA5 (Fig. 2a).
Conversely, positive differences are observed between 35°W-0°W and
10°N-25°N, where CMIP6 underestimates TCW compared to ERA5. This
east-west contrast suggests that while the models broadly capture the TCW
climatological pattern, they misrepresent the intensity and distribution of
moisture in some regions. The highest values of historical TCW
(50–60mm) are concentrated in the tropics (Fig. 2b), particularly between
0°N and 20°N, associated with the warm, moist air of the tropical regions.
Lower TCW values (10–30mm) are observed over higher latitudes
reflecting cooler, drier air typically found in extratropical regions. Figure
2c–f displays positive and statistically significant TCW anomalies across
most of the domain, except for Fig. 2c, which shows some not statistically
significant regions. This indicates enhanced atmospheric moisture content
due to rising SST, among other factors, since it promotes increased eva-
poration and latent heat flux17,19, alongside the higher capacity of air to hold
more humidity as it warms. Anomalies intensify markedly in the far future
period for both emission scenarios (Fig. 2d, f), with stronger signals under
SSP5-8.5 (Fig. 2f) and the largest increases concentrated between 0°N
and 30°N.

Although a historical global reduction in TC frequency is observed,
considering the July to October months according to Zhao et al.44, the SST
andTCWanomalies shown in Figs. 1, 2 suggest that TCsmay becomemore
intense and could potentially develop further poleward, as northern regions
acquire characteristics typical of environments conducive to TC
intensification43,45. These conditions are more pronounced under SSP5-8.5
but are also evident in SSP2-4.5. The behavior of these two variables is
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Fig. 1 | SON historical climatology, SSP2-4.5 and SSP5-8.5 projections of SST in
the NATL for the XXI century. a SON ERA5 historical climatology differences of
SST (°C) with respect to the multi-model CMIP6 composite. b SON historical
climatology values from the multi-model CMIP6 composite of SST (°C) and MSLP
(hPa; black contours). SON anomaly values with respect to b of SST (°C) for the
c near future period and d far future period considering the SSP2-4.5 scenario; with

respect to b of SST (°C) for e near future period and f far future period considering
the SSP5-8.5 scenario. Black dots indicate statistically significant anomalies based on
theMann–Whitney U test (α = 0.05). Stripped regions in (b) indicate where the SST
value is higher or equal to 25.5 °C; in (c–f) indicate where the SST value is higher or
equal to 25.5 °C, adding the anomaly value to the b field.
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Fig. 2 | SONhistorical climatology, SSP2-4.5 and SSP5-8.5 projections of TCWin
the NATL for the XXI century. a SON ERA5 historical climatology differences of
TCW (mm) with respect to the multi-model CMIP6 composite. b SON historical
climatology values from the multi-model CMIP6 composite of TCW (mm) and
MSLP (hPa; black contours. SONanomaly valueswith respect tob of TCW(mm) for

the c near future period and d far future period considering the SSP2-4.5 scenario;
with respect to b of TCW (mm) for the e near future period and f far future period
considering the SSP5-8.5 scenario. Black dots indicate statistically significant
anomalies based on the Mann–Whitney U test (α = 0.05).
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consistent with previous studies11,25,28, supporting the possibility of a pole-
ward migration of TC activity in the NATL basin.

Other parameters may also help to analyze the environments con-
ducive to TTs development, like WSH and CI, which play vital roles in
cyclone dynamics7,16,19. When comparing the seasonal maximum value
(max) of the WSH, considering the 850 - 250 hPa layer ðWSH850;250Þ,
historical field of ERA5 with the multi-model CMIP6 composite, the dif-
ferences reveal some discrepancies (Fig. 3a). Positive differences are present
over the western tropical Atlantic (90°W-70°W, 0°-25°N), the eastern tro-
pical Atlantic (50°W-0°W, 10°-20°N), and at latitudes greater than ~50°N.
This suggests that CMIP6 models may systematically underestimate max
WSH850;250 in these regions, relative to the ERA5 reanalysis. Conversely, a
localized pocket of negative anomalies is observed around 50°W, 35°N,
indicating an area where CMIP6 exhibits stronger max WSH850;250 than
ERA5. Elsewhere across the basin, no differences are evident, which implies
general agreement between ERA5 and the multi-model composite outside
of the highlighted regions. Figure 3b shows the historical climatology of the
max WSH850;250, where it can be appreciated that the maximum value is
reached over the East Coast area of the United States, which aligns with
Aiyyer and Thorncroft21 and Michaelis and Lackmann46.

Future projections reveal contrasting responses depending on the
emissions pathway.Under SSP2-4.5 (Fig. 3c, d), both the near and far future
periods project positive anomalies of max WSH850;250 across the tropical
Atlantic (5°-15°N) and the central-western Atlantic (10°-35°N; 90°-40°W).
These anomalies strengthen toward the end of the century, consistent with
Vecchi and Soden47, who reported statistically significant increases inWSH
over the same region in theNATLbasinunder the IPCCAR4midrangeA1B
scenario. Accordingly, under SSP2-4.5, the tropical and central-western
Atlantic are projected to experience persistently elevated max WSH850;250,
which would suppress TT development by hindering vertical alignment1,48.
However, it is noteworthy that in both future periods (Fig. 3c, d), negative
anomalies appear over parts of the central subtropics and the northern
NATL (north of ~40°N). These regions of reduced WSH suggest localized
environments more favorable for TT development, as lower values of
WSH850;250 allow TCs to maintain their vertical warm structure20. When
considering the SSP5-8.5 scenario, the near-future period anomaly (Fig. 3e)
presents weak negative anomalies across approximately the southern half of
the domain, mostly between 20°N and 40°N, which suggests a slightlymore
favorable environment for TTs development andmaintenance. Contrary to
Vecchi and Soden47, Michaelis and Lackmann46, who use GCM simulations
under the IPCC AR5 RCP8.5 emissions scenario, reported a reduction in
WSHover the tropical Atlantic and increases across the northern part of the
NATL, which coincides with the results shown in Fig. 3e, f. It should be
noted that the statistically non-significant anomalies over large areas of the
NATL for the near future period (Fig. 3e) indicate a limited impact during
this period. Figure 3f shows stronger negative values of themaxWSH850;250
anomalies across a larger region, mostly between 10°N and 50°N, where the
historical climatology maxima are observed (Fig. 3b), indicating the exis-
tence of environmental conditions more prone to TTs. It should be noted
that there is a region that presents highly statistically significant positive
anomaly values of the maxWSH850;250 over the Caribbean area for the far
future period (Fig. 3f). Unlike SSP2-4.5, where the max WSH850;250
strengthens across the entire tropical Atlantic (possibly as a response to
positive ENSO events)47, here the positive anomalies are more spatially
confined, which could be due to the western AtlanticWSH response during
positive ENSO phases21. This spatially heterogeneous pattern suggests that
under extreme warming, ENSO influences can remain strong but act more
regionally, with WSH intensification centered in the western tropical
Atlantic and Caribbean, while the central and eastern tropical Atlantic
experience reduced WSH. This dipole structure is consistent with the
findings of Gray42, who linked eastern Pacificwarmingwith enhanced shear
over the western Atlantic but not uniformly across the basin.

In Fig. 4a, differences between the minimum seasonal value (min) of
theCI historicalfield of ERA5 and themulti-modelCMIP6 composite show
notable discrepancies primarily poleward of ~ 45°N, where positive

differences are found, indicating strongermin CI values in ERA5 relative to
CMIP6. In contrast, certain tropical regions andparts of northeasternAfrica
display negative differences, suggesting localized overestimation of min CI
by the CMIP6 models. The central NATL exhibits no relevant differences
between the datasets. This low discrepancy is particularly interesting, as the
central basin constitutes our primary area of interest for TTs genesis and
development10. In Fig. 4b, the min CI historical climatology can be seen,
where the low values over the tropical Atlantic region indicate areas of weak
atmospheric stability and favorable conditions for convection. Regions with
min CI values below 22.5 °C (striped region; Fig. 4b) suggest environments
conducive to deep convection and TT development7, overlapping with low
maxWSH850;250 regions (Fig. 3b).

For thenear future period inboth emission scenarios considered (Fig.
4c, e), negativeminCI anomalies dominatemost of the NATL basin, with
reductions up to 4–8 °C. Figure 4d, f show the far future anomaly values,
and it can be noted that they intensify across much of the NATL, with a
reduction reaching up to−12 °C in some points of the northern domain.
This substantial decrease highlights amore unstable atmosphere, favoring
deeper convection and strengthening TTs, expanding the area below the
22.5 °C upper limit10,15 for TTs development in both the near and the far
future periods (Fig. 4c–f). The central-subtropical region presents statis-
tically significant positive anomaly values when considering the SSP2-4.5
scenario (Fig. 4c, d), which is more intense for the far future period (Fig.
4d). This enhancement can be linked to the positive anomalies of max
WSH850;250 shown in Fig. 3c, d. The increase in max WSH850;250 in this
area may contribute to a greater atmospheric destabilization, which is
reflected in the min CI field. Stronger WSH can modify the upper- and
lower-level flow interactions, enhancing vertical gradients of momentum
and potentially influencing the development or suppression of convective
activity7,10,22. Therefore, this behavior suggests a dynamical linkage
between WSH changes and the regional CI environment, reinforcing the
physical consistency of the projected patterns. In Fig. 4e, f the positive
anomalies in the central-subtropical region are not statistically significant,
which is also in line with the appreciated in Fig. 3e, f, where the max
WSH850;250 anomalies are negative over the area, and can contribute to the
stabilization of the atmosphere. Nevertheless, this different behavior in
that specific region may be affected by other factors beyond the max
WSH850;250, such as the strong influence of local processes like theAfrican
Easterly Jet or the possible expansion of the Azores High over the area
because of the ACC49,50. However, a deep analysis of these processes is
beyond the scope of this study.

Climatological behavior of the Tropical Transition
Favorability Index
After analyzing all the parameters that potentially influence tropical
cyclogenesis viamid-latitude dynamics in the NATL, the tropical transition
favorability index (TTFI) evolution throughout theXXI century is presented
in Fig. 5. The ERA5 historical TTFI results display higher values over the
central NATL when compared with the CMIP6 multi-models composite,
particularly in its eastern-central sector, where positive differences of
approximately 1.5 TTFI units are observed (Fig. 5a). This discrepancy is
likely attributable to the higher SST values above mentioned (Fig. 1a)
combinedwith the lowermaxWSH850;250 inERA5(Fig. 3a), as SSTandmax
WSH850;250 represent the parameters with the largest deviations from the
ERA5 dataset in that region. Figure 5b shows that the maximum values are
reached over the central andwestern part of theNATLbasin, indicating that
this region is particularly conducive to TTs development during SON. The
TTFI calculated from the real TT cases during the 1981 – 2010 period
presents values ranging from an approximate minimum of 4 TTFI units at
the outer edges of the TTs composite to an approximate maximum of 26
TTFI units near the center of the systems composite (Fig. S1a). Given this
threshold, areas in Fig. 5bwhere theTTFImeets or exceeds 4TTFIUnits are
markedwith stripes, indicating regions where theminimumTTFI observed
in real TT events is reached. This approach helps delineate zones that align
with the most favorable TT environments.
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Fig. 3 | SON historical climatology, SSP2-4.5 and SSP5-8.5 projections of max
WSH850,250 in the NATL for the XXI century. a SON ERA5 historical climatology
differences of max WSH850;250ðms�1Þ with respect to the multi-model CMIP6
composite. b SON historical climatology values from the multi-model CMIP6
composite of max WSH850;250ðms�1Þ and MSLP (hPa; black contours). SON

anomaly values with respect to b of maxWSH850;250ðms�1Þ for c near future period
and d far future period considering the SSP2-4.5 scenario; with respect to b of max
WSH850;250ðms�1Þ for e near future period and f far future period considering the
SSP5-8.5 scenario. Black dots indicate statistically significant anomalies based on the
Mann–Whitney U test (α = 0.05).

https://doi.org/10.1038/s41612-025-01317-0 Article

npj Climate and Atmospheric Science |            (2026) 9:45 6

www.nature.com/npjclimatsci


Fig. 4 | SON historical climatology, SSP2-4.5 and SSP5-8.5 projections of min CI
in theNATL for theXXI century. a SONERA5 historical climatology differences of
min CI (°C) with respect to the multi-model CMIP6 composite. b SON historical
climatology values from the multi-model CMIP6 composite of min CI (°C) and
MSLP (hPa; black contours). SON anomaly values with respect to b of min CI (°C)
for c near future period and d far future period considering the SSP2-4.5 scenario;

with respect to b of min CI (°C) for e near future period and f far future period
considering the SSP5-8.5 scenario. Black dots indicate statistically significant
anomalies based on the Mann–Whitney U test (α = 0.05). Stripped regions in (b)
indicate where the min CI value is lower or equal to 22.5 °C; in (c–f) indicate where
the min CI value is lower than or equal to 22.5 °C, adding the anomaly value to
the b field.
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Fig. 5 | SON historical climatology, SSP2-4.5 and SSP5-8.5 projections of the
TTFI in the NATL for the XXI century. a SON ERA5 historical climatology dif-
ferences of the TTFI (TTFI Units) with respect to the multi-model CMIP6 com-
posite. b SONhistorical climatology values from themulti-model CMIP6 composite
of the TTFI (TTFI Units). SON anomaly values with respect to b for c near future
period and d far future period considering the SSP2-4.5 scenario; with respect to

b for e near future period and f far future period considering the SSP5-8.5 scenario.
Black dots indicate statistically significant anomalies based on theMann–WhitneyU
test (α = 0.05). Striped regions in (b) indicate where the TTFI value is higher or equal
to 4 TTFI Units; in (c–f) indicate where the TTFI value is higher or equal to 4 TTFI
Units, adding the anomaly value to the b field.
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Figure 5c, d reveal statistically significant positive anomaly values
across the whole domain, with the most pronounced increases over the
central-western NATL, especially in the far future period (Fig. 5d). This
pattern is consistentwith the results obtained from the analyzed parameters,
all of which suggest an intensified tropicalization of the NATL. The higher
TTFI values in the central-westernNATL, appreciated in Fig. 5b, compared
to the eastern part aligns with findings from Galarneau et al.51 and Calvo-
Sancho et al.10, since they prove that the environmental conditions for TTs
development have historically been less favorable in the eastern region. The
observedNATLTT cases (from theHURDATdatabase) from1981 to 2010
do not exactly coincide with the regions ofmaximumERA5 historical TTFI
values (Fig. S2a), which may be because the TTFI is a synoptic-scale index
that does not account for mesoscale processes, which can locally influence
TT cyclogenesis.Moreover, uncertainties associatedwith the representation
of the Gulf Stream and the Labrador Current52 may further contribute to
these spatial differences. Nevertheless, the overall distribution of observed
TTs development closely matches the areas of elevated values in the his-
torical ERA5 TTFI climatology (Fig. S2a, black contours). This consistency
indicates that the TTFI serves as a reliable metric for identifying regions
favorable for TT development.

Under the influence of ACC, the TTFI undergoes a statistically sig-
nificant increase, primarily in the central-westernNATL, but also extending
to northern and eastern parts of theNATLbasin. It is important to note that
the striped areas (TTFI ≥ 4 TTFI Units) expand substantially under the
influence of theACC inFig. 5c-f. The increase in the spatial extent of regions
exceeding the 4 TTFI Units threshold indicates a broader area becoming
conducive to TTs development. This expansion is particularly pronounced
in the far future period (Fig. 5d, f), where high TTFI values extend further
north-eastward, beingmore pronounced for the SSP5-8.5 scenario (Fig. 5f).
Such an intensification and expansion suggest that the eastern NATL,
including its coastal regions, could experience an enhanced influence from
TTs activity, potentially increasing the risk of TT-related impacts along the
eastern NATL coast under both scenarios considered, but more specifically
for the SSP5-8.5 one.As a result, theNATLbecomesmore conducive toTTs
formation, especially toward the latter part of the XXI century. It should be
noted that the anomaly values reach up to+12 TTFI Units in the far future
period of the most extreme scenario (Fig. 5f), which nearly double the
highest values obtained in the reference period (Fig. 5b). The TTFI behavior
observedhere is consistentwith the patterns shown inFigs. S1b, c andS2b, c,
which present the differences in TTs intensity and TTs density between the
1981–2023 and 1981–2010 periods, respectively. Figure S1b, c reveal an
intensification of TTFI values for TTs that developed between 2010 and
2023, with increases of approximately 6 TTFI units in the core of the sys-
tems. Figures S2b, c indicate thatTTs development in theNATLhas notably
increased over the central and western regions, with a clear eastward
expansion, over the last decade. This intensification is consistent with the
near-future TTFI projections shown in Fig. 5c, e, which also display sta-
tistically significant positive anomalies and an eastward extension of the
regions exhibiting high TTFI values.

The spatial mean of the TTFI 95th percentile (P95) evolution for the
historical, SSP2-4.5, and SSP5-8.5 scenarios is presented in Figure S3a, b, c,
respectively. All three cases display statistically significant positive trends
(p ≤ 0.05), with the rate of increase being more pronounced in the SSP2-
4.5 scenario compared to the historical period, and even stronger under
SSP5-8.5. A progressive enhancement of the trend is observed with
increasing TTFI percentiles, suggesting that higher values experience
stronger growth rates (not shown). The results indicate that extreme TTFI
values are increasing, which is consistent with the trend shown in Fig. 5c–f,
suggesting that ACC highly influences it. The higher slopes observed under
both future scenarios, particularly SSP5-8.5, further support the conclusion
that stronger forcing conditions are associatedwith amore rapid increase of
extreme TTFI magnitudes. These results suggest that both the frequency of
real TTs and the intensity of their TTFI value in theNATLhave increased in
recent decades, following a trend that is projected to continue under future
climate scenarios.

CMIP6 inter-model consistency analysis
In addition to themean parameters’ patterns and behavior described above,
an analysis of the CMIP6 inter-model consistency is carried out. The
examination of the signal-to-noise ratio (S/N), defined as the ensemble
mean dividedby the inter-model standard deviation, offers key insights into
inter-model consistency. For SST, low S/N values in the northwestern
NATL indicate strong uncertainty and modeling challenges that can be
related to the interaction between the Gulf Stream and the Labrador
Current52. However, S/N values exceeding unity across most of the basin
reflect high agreement among models in the historical and both future
anomalies’ projections under SSP2-4.5 and SSP5-8.5 (Fig. S4). Similar
consistency is observed for the TCW(Fig. S5) and themaxWSH850;250 (Fig.
S6), where S/N > 1 suggests reliable anomalies’ projections, despite some
localized regions with higher uncertainty for the maxWSH850;250. The min
CI (Fig. S7) shows larger inter-model discrepancies sinceS/N < 1 is observed
in the area of interest, whose reasons are interesting to analyze in future
research. Because of the lower min CI S/N values, the TTFI S/N (Fig. S8)
presents inter-model inconsistency in the southern half of the studied
domain. Nevertheless, when the S/N analysis is applied to the projected
fields themselves rather than to their anomalies (Fig. S10), a much higher
degree of consistency among models becomes evident. This suggests that,
despite differences in the magnitude of anomalies relative to the historical
climatology, the models generally converge on the large-scale spatial
structure of TTFI under future climate conditions. Such an agreement
reinforces confidence in the robustness of the underlying climatological
patterns, even though the amplitude of projected changes remains uncer-
tain. Overall, the probability density function (PDF; Fig. S9) analyses con-
firm that individual CMIP6 models and the multi-model ensemble display
statistically consistent distributions (mean p-values > 0.05) for all para-
meters considered. This coherence supports the robustness of the ensemble
in representing both historical and projected conditions across the North
Atlantic. For a more detailed discussion, consult the supplementary
material.

Discussion
The impact of ACC on tropical cyclogenesis has become a pressing concern
due to the destructive nature of these events1,2. Europe, a region unac-
customed to such phenomena, has already experienced their adverse
effects10,33. While projections suggest that these systems will continue to
affect areas traditionally spared from their influence17,25, large uncertainty
remains regarding the extent and timing of these changes29,53, highlighting
the need for further research and refined modeling efforts. For this reason,
this study researches the climatology of NATL environments favorable for
TTs, focusing on the influence of ACC during the autumn months, when
TTs are most frequent over the area of interest. Key parameters related to
TTs development are analyzed across three time periods: historical
(1981–2010), near future (2021–2050), and far future (2071–2100). The
analysis uses composite data from ten CMIP6 climate models under his-
torical, SSP2-4.5, and SSP5-8.5 scenarios.

The results highlight the critical role of rising SST in the intensification
and poleward migration of TCs through the TT mechanism in the NATL
basin. Historical SST data reveal temperatures above 25.5 °C dominate
tropical and subtropical regions, a threshold crucial for TC development18.
Projected SST anomalies for the near and far future indicate widespread
warming, with late-century scenarios showing a stronger SST increase over
the whole domain of study. These trends are accompanied by statistically
significant increases in atmospheric moisture. Additionally, the wind shear
and the atmospheric stability are analyzed, as both are key dynamic factors
that influence TT's development. High wind shear values weaken cyclones
by tilting their vertical structure, while low to moderate values support
cyclogenesis, particularly during interactions with midlatitude systems8,15.
Future projections of vertical wind shear reveal contrasting responses
between emission scenarios. Under the moderate SSP2-4.5 pathway, per-
sistently positive anomalies are projected across the tropical and central-
western Atlantic, intensifying toward the late century, consistent with
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Vecchi and Soden47, who reported similar increases under theA1B scenario.
Such strengthening would likely suppress tropical TT development by
disrupting vertical storm alignment1,48. In contrast, the high-emission SSP5-
8.5 scenario shows a near-future period with limited change, followed by
widespread and statistically significant negative WSH anomalies between
10°N and 50°N in the far future, suggesting a more favorable environment
for TT occurrence20,46. While SSP2-4.5 produces a relatively uniform
strengthening of WSH across the tropical Atlantic, SSP5-8.5 displays a
dipole structure with enhanced shear over the Caribbean and reduced shear
in the central and eastern basin, possibly linked to ENSO-related
variability21,42. Low values of atmospheric stability promote convection15,
and future projections reveal statistically significant atmospheric stability
reductions over most of the domain. This, combined with warming SST,
higher moisture content, and lower wind shear, indicates a future envir-
onment more conducive to TTs in a warming climate under the two
emission scenarios considered.

A novel aspect of this study is the projected evolution throughout the
current century of a newly developed index, the TTFI, which is related to
environments favorable forTTs in themidlatitudes.This approachenables a
more precise understanding of the intricate dynamics and thermodynamics
aspects that drive tropical cyclogenesis via mid-latitude dynamics in the
NATL, as the index allows to determine whether enhancing thermo-
dynamic parameters behaviormay counterbalance or amplify the influence
of hindering dynamic parameters. The analysis reveals a statistically sig-
nificant increase in the TTFI across the NATL basin, particularly in the
central-western region, indicating a growing tendency toward tropicaliza-
tion. Notably, under both the SSP2-4.5 and the SSP5-8.5 scenarios, areas
exceeding the 4 TTFI unit threshold (observedminimum for TT formation
in the NATL) expand considerably (more pronounced for the SSP5-
8.5 scenario), suggesting a broader region becoming conducive to TTs
development. By the late part of the century, this expansion extends
northeastward, implying greater TTs activity and potential impacts along
the eastern NATL coast. These projected changes are summarized sche-
matically inFig. 6,whichprovides a conceptual overviewof thehistoricalTT
favorable region (red area) that intensifies and expands northeastwardly
(light purple shading) during the XXI century. The study also reveals a large
increase in the spatial mean of the TTFI P95 evolution, a trend that is more
pronounced under the high-emission SSP5-8.5 scenario. Moreover, this
projection is consistent with an observed increase in real TTs density in the

NATL and their TTFI values over the last decade. It is noteworthy to point
out that the region ofmaximumTTFI is located around 30°N and generally
equatorward of themidlatitude jet, implying thatmanyTT systems forming
within this band may eventually interact with the baroclinic zone and
undergo extratropical transition. During or after this process, some systems
can reintensify as they couple with upper-level troughs and gain baroclinic
energy34,54–56. This interaction often results in hybrid or post-tropical
cyclones capable of producing strong winds and heavy precipitation across
mid-latitude regions, includingWesternEurope4. These processes represent
additional determinants of risk that should be acknowledgedwhenassessing
future TT-related hazards.

It is important to continuemonitoring and improving themodeling of
TTs development in theNATL, particularly under high-emission scenarios,
since TCs forming via the TT pathway may become more frequent and
capable of impacting higher latitudes according to these study results. An
increased occurrence of TTs may have important socio-economic impli-
cations for the NATL coastal regions. However, these findings should be
interpreted with caution due to uncertainties inherent in the TTFI’s para-
meters, which can influence the robustness of the projections. In some cases,
the magnitude of the projected future changes is comparable to the existing
CMIP6models biases with respect to ERA5. This underscores the need for
further research to constrain these uncertainties while acknowledging the
serious implications for future economic losses, infrastructure damage, and
human casualties.

Methods
The main purpose of this study is to establish a forecasted relationship
between the ACC and the NATL environment tendency throughout the
XXI century of some specific parameters related to TTs (Table 1). The
analysis is carried out for SON, as most cyclones affecting Europe that
originate from TTs occur during this season10. Therefore, the domain stu-
died is 00°N-70°N,90°W-00°E since it covers the regionof interest, and the
period analyzed spans from 1980 to 2100. The SSP2-4.5 and SSP5-8.5
scenarios57 are used to compute the difference between the historical cli-
matology (1981–2010) and the climatologyof two future periods sufficiently
spaced in time so that they represent different situations: the near future
(2021–2050) and the far future (2071–2100) periods. On the one hand, the
SSP2-4.5 scenario represents an intermediate greenhouse gases emissions
pathway, often referred to as a “middle-of-the-road” scenario36. On the other

Fig. 6 | Scheme of the projected evolution of the
NATL TT favorable environment during SON in
the XXI century. Scheme of the projected evolution
of the NATL environment favorable for TTs during
SON in the XXI century under ACC. Red shading
indicates the historical favorable region, and light
purple shading marks the projected northeastward
expansion. Arrows depict the enhancement of
favorable conditions and the direction of expansion.
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hand, the SSP5-8.5 scenario is the most extreme one, which offers a robust
basis for assessing potential climate impacts and enables researchers to
investigate the upper limits of environmental changes, in agreement with
Guan et al.58 and Yaddanapudi et al.59 Therefore, considering these two
scenarios is valuable for capturing both the moderate and the far-reaching
consequences of future NATL environmental changes in the context of
tropical cyclogenesis via mid-latitude dynamics.

Parameters
Theparameters analyzed inMontoro-Mendoza et al.11 are studiedhereusing
a different methodology so that ten climate models from the CMIP6 repo-
sitory can be considered instead of just one. Montoro-Mendoza et al.11

employ an adapted version of the EC-Earth3 model due to the requirement
of some specific variables for themethodologyused there, like theθDT , which
enables more precise CI calculations. However, the current study makes an
approximation of those variables through some calculations (specified
hereafter in this section) touse a larger number of climatemodels. In order to
provide an adequate baseline for comparison, thehistorical climatology of all
analyzed parameters is computed using monthly data for the SON season
from the ERA5 reanalysis dataset60. This step is essential for evaluating the
consistency and biases of the CMIP6 multi-model composites (Table 2)
against observational data. This way, it is possible to assess the models’
performance in reproducing historical climate conditions, which provides
valuable insights into potential systematic biases, thereby contributing to a
more comprehensive understanding of the analyzed parameters.

Seasonal anomalies for SON in the near and far future, relative to the
historical SON baseline, are calculated, and their statistical significance is
evaluated using the Mann-Whitney U test61 with a significance level of
α = 0.05. Table 1 outlines the parameters employed in this analysis.
Regardless of the origin, TCs development, maintenance, and intensity are
highly influenced by the SST, TCW, andWSH (Eq. 1), according to several
previous studies such as Riehl45, DeMaria et al.43 and Calvo-Sancho et al.10.
Additionally, the CI (Eq. 2) is particularly relevant for studying TCs whose
origin is a TT10,15,16.

To assess ensemble agreement, theProbabilityDensityFunction (PDF)
is calculated for each parameter and scenario used. The PDF of each indi-
vidual climate model is compared against the corresponding ensemble
mean PDF and, for the historical period, also against the ERA5 reanalysis
PDF, using the Mann–Whitney U test61. The arithmetic mean of the
resulting p-values is computed for each variable-scenario combination.
These mean p-values serve as measures of ensemble similarity: values
greater than 0.05 indicate that the models are statistically consistent, and
that both the ensemble mean and the ERA5 dataset (for the historical
period) provide robust representations. Additionally, to quantify the degree
of inter-model consensus and to identify the regions where the projected
changes can be interpreted with higher confidence, the signal-to-noise ratio
(S/N) is computed for each parameter, scenario, and period considered in
the TTFI calculation (Eq. 3). Firstly, the historical S/N is obtained by cal-
culating the standard deviation (std) of each parameter’s historical field
across the ten CMIP6 models. The multi-model CMIP6 composite of that
parameter is then dividedby the corresponding std.When the resulting S/N
value exceeds unity, it indicates a robust agreement among the historical
climatology of the selected CMIP6 models. In the second step, the same
procedure is applied to the anomaly fields. Specifically, the anomaly pattern
for each scenario-period-parameter combination is computed and divided
by the std derived from the ten CMIP6 models. Similarly, when the S/N
value is greater thanunity, the anomalies’projection is considered consistent
among models.

This study employs monthly mean data directly downloaded from the
CMIP6repository for all parameters.The composite data (by computing the
arithmetic average) from the tenmodels selected (Table 2) is considered for
each of the parameters analyzed to obtain a consistent representation of the
environment trends. Furthermore, the MetPy (metpy.calc) Python
package62 is used to derive additional variables, such as the θE and the
potential temperature (θ), both of which are essential for computing the CI
(Eq. 2).

The WSH, considering the vertical levels 250 hPa and 850 hPa, is
computed following Eq. 1.

WSH850;250 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u250 � u850
� �2 þ v250 � v850

� �2
q

ð1Þ

whereu250; u850 and v250; v850 are thewind components at 250 hPa and 850
hPa, respectively.

The CI expression is specified in Eq. 3 (Bosart and Lackman, 1995).

CI ¼ θDT � θE;850 ð2Þ

whereθE;850 is the equivalentpotential temperature at 850hPa andθDT is the
potential temperature at the dynamic tropopause, approximated by aver-
aging the potential temperature at 200 hPa and 300 hPa.

Table 1 | Parameters analyzed

Parameter Acronym Units

Sea Surface Temperature SST °C

Total Column Water TCW mm

Vertical Wind Shear
(800–250 hPa)

WSH850;250 ms�1

Coupling Index CI °C

Tropical Transition
Favorability Index

TTFI 10�3kgs2mm�2K�1 (TTFI Units)

Table 2 | CMIP6 models selected

Climatic model Horizontal resolution Vertical resolution Ensemble member Reference

IPSL-CM6A-LR 1.3 × 2.5° 79 levels r1i1p1f1 Boucher et al.67

INM-CM4-8 1.5° x 2° 21 levels r1i1p1f1 Volodin et al.68

MIROC6 1.4° x 1.4° 81 levels r1i1p1f1 Tatebe et al.69

HadGEM3-GC31-MM 0.83° x 0.56° 85 levels r1i1p1f3 Roberts et al.70

EC-Earth3 0.7° x 0.7° 91 levels r5i1p1f1 Döscher et al.71

MPI-ESM1-2-HR 0.93° x 0.93° 95 levels r1i1p1f1 Gutjahr et al.72

CESM2-WACCM 1.3° x 0.9° 70 levels r1i1p1f1 Danabasoglu73

MRI-ESM2-0 1.12° x 1.13° 80 levels r1i1p1f1 Yukimoto et al.74

NorESM2-MM 0.94° x 1.25° 32 levels r2i1p1f1 Seland et al.75

GISS-E2-1-G 2° x 2.5° 40 levels r2i1p3f1 Kelley et al.76
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It should be noted that mean values of the WSH850;250 and the CI
smooth the result and do not adequately contribute to the understanding of
the effect these parameters behavior can have on tropical cyclogenesis,
which is in line withMontoro-Mendoza et al.11 For this reason, the extreme
values of these parameters are emphasized in this study by computing the
maxWSH850;250 and min CI for each year, since highWSH850;250 impacts
the structural dynamics of TCs and reduced CI fosters atmospheric
instability and supports robust convection, enabling a smoother and more
effective TT process10,16.

Tropical Transition Favorability Index
A comprehensive evaluation of the combined effect of all parameters is
essential to determine whether certain factors may counterbalance or
amplify the influence of others. This approach allows for a more accurate
assessment of the complex interactions that govern tropical cyclogenesis via
mid-latitude dynamics in the NATL basin. Specifically, it is necessary to
research whether opposing forces might mitigate the expected impacts of
favorable conditions, thereby influencing the extent and likelihood of tro-
picalization of the NATL. Therefore, the TTFI is defined here (Eq. 3) to
jointly assess the effectiveness of the parameters that promote environments
conducive to TTs in the NATL basin:

TTFI ¼ TCW � SST
max WSH850;250

� � �minðCIÞ �M ð3Þ

where M represents a Gaussian probability density function that provides
latitudinal weights (Fig. S11) fixed to enhance the spatial accuracy of the
index, emphasizing regions historically prone toNATLTTs. This weighting
function refines the spatial distribution by accounting for the preferred
latitudinal zones of TT occurrence. Specifically, the mean (μ = 30.67°) and
standard deviation (σ = 5.33°) of M are calculated using the latitudinal
positions of cyclone tracks that transitioned into TCs within the NATL
between 1981 and 2010, following the TTs identification methodology of
Calvo-Sancho et al.10, excluding latitudes below 20°N to disregard the
influence of tropical waves63. Anchoring the M parameters to real TT cases
ensures that the TTFI accurately highlights the NATL extratropical regions
susceptible to TTs development while avoiding overemphasis on tropical
zoneswhere conventional TC formation dominates6. Additionally, to assess
the index response to potential future northern shifts in TCs occurrence, M
has been set to unity for areas located north of the calculated μ. This
modification accounts for projections from other studies14,28, suggesting a
potential northward migration of TCs in response to ACC, which ensures
that the TTFI remains a useful tool for evaluating future tropical
cyclogenesis patterns via mid-latitude dynamics. This approach provides
a more precise depiction of TT-prone regions in the NATL. Consequently,
the index serves as a valuable tool for assessing the evolving risk of TTs
development under changing climate scenarios.

The TTFI is designed to capture the environmental conditions favor-
able for TTs development by integrating the key parameters (Table 1) that
influence the process. The formulation considers the thermodynamic and
dynamic drivers of TTs, offering a comprehensive evaluation of the con-
tributing parameters. Namely, the TTFI is the ratio of thermodynamic
factors that enhance TTs to dynamic ones, which generally hinder TTs
development. It is important to note, however, that dynamic factors such as
moderateWSHmay initially aid the organizationof theprecursorbaroclinic
disturbance before becoming unfavorable to further tropical
intensification7,10,20. On the one hand, high values of SST andTCWenhance
the TTs development by providing the necessary heat and moisture. Con-
sequently, both parameters are placed in the numerator of the TTFI equa-
tion, promoting a rise in the index when favorable thermodynamic
conditions prevail. On the other hand, low values of maxWSH850;250 and
min CI facilitate TTs development10,15. Thus, these parameters serve as the
denominator in Equation 4, ensuring that unfavorable dynamic conditions
lead to a decrease in the TTFI. To establish a baseline, the TTFI historical
climatology for SON is calculated using ERA560 monthly data, essential for

assessing the selected CMIP6 models (Table 2) composite biases and con-
sistency against observations.

To examine regions of real NATL TTs development and assess their
correspondencewith high TTFI values, the developmentmap of real NATL
TT cases is compared against the historical TTFI ERA5 climatology (Fig.
S2a). Themethodology described in Calvo-Sancho et al.10 is used to identify
the real NATL TT cases, covering the 1981–2010 period across the entire
NATL basin, excluding latitudes below 20°N to disregard the influence of
tropical waves63, as above indicated. These comparisons serve to validate the
effectiveness of the TTFI in capturing the environmental conditions con-
ducive to TTs development and provide a basis for evaluating its reliability
in future climate scenarios. Furthermore, to assess the TTFI value in real TT
cases, the composite of the parameters listed in Table 1 for a set of observed
TT events in the NATL is obtained, downloading the necessary data from
the ERA5 global reanalysis dataset60. The TTFI is then calculated following
Eq. 4 (Fig. S1a). By following this approach, the TTFI climatological values
can be directly compared to the composite of the TTFI obtained from the
real NATL TTs. Additionally, to characterize recent trends, both the TTFI
intensity and the development density of real TTs (HURDAT database) are
computed for the 1981-2023 period (Fig. S1b, S2b, respectively) and com-
paredwith the 1981-2010 baseline, allowing to establish differences between
the historical and recent decades (Fig. S1c, S2c, respectively).

Finally, several TTFI percentiles are calculated (not shown) to examine
how the TTFI behaves across different intensity thresholds, covering from
1981 to 2100. Among them, the spatial mean of the TTFI P95 evolution
from the multi-model CMIP6 composite is presented for the historical,
SSP2-4.5, and SSP5-8.5 scenarios (Fig. S3a–c), since higher percentiles
exhibit a more pronounced increase over time, providing a clearer repre-
sentation of the intensification of extreme TTFI values over time under
future climate conditions.

CMIP6 models used
For this study, ten CMIP6 models are selected (Table 2), and each of them
contributes specific strengths. This broader multi-model approach is par-
ticularly relevant, according to studies such as Camargo et al.40, who high-
light that the climatology of TC-like storms in CMIP6 has improved
compared with CMIP5, mainly due to increased horizontal resolution
across the ensemble. However, important model-dependent factors still
introduce considerable variability and biases in TC representation40. It is
important to highlight that CMIP6 models are insufficient to examine
events and, therefore, analysis should be restricted to environmental fields.
Therefore, by expanding the analysis beyond a single model, the present
study aims to capture this inter-model consistency and provide a more
statistically robust perspective, even though the approximation of certain
variables may result in higher uncertainty, like the CI (Fig. S7).

TCs require ocean-atmosphere coupled models to accurately simulate
their intensity, development mechanisms, and interactions with large-scale
circulation19. The selected coupled models operate at the global scale with
different horizontal and vertical resolutions (Table 2), integrating atmo-
spheric, oceanic, land, and sea ice components. Their inclusion is supported
by strong results obtained in previous studies focused on the NATL64–66, as
well as the availability of the necessary variables in the CMIP6 repository
(Table 1). IPSL-CM6A-LR offers refined aerosol-cloud interactions and
carbon cycle feedbacks, enhancing its simulation of SST,AMOC, andArctic
Sea ice compared to its predecessors67. INM-CM4-8, although simpler in
structure andwith lower vertical resolution than someotherCMIP6models,
has proven capable of capturing large-scale ocean-atmosphere dynamics
that are essential for TC activity projections68. MIROC6 incorporates
improvements in cloud processes, radiation, and ocean circulation, parti-
cularly enhancing the simulation of tropical and midlatitude dynamics65,69.
HadGEM3-GC31-MM stands out for reducing surface biases in SST and
precipitation over the Atlantic, improving TC representation64,65,70. EC-
Earth3 integrates updated physics and coupling, improving variability and
feedback simulations across the atmosphere-ocean-sea ice system71.
Moreover, it successfully captures the behavior of northeast Atlantic surface
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winds under climate change scenarios, a critical factor influencing TCs
development66. MPI-ESM1-2-HR strengthens the representation of ENSO,
AMOC, and regional climate variability64,72. CESM2-WACCM extends the
standard CESM framework with an interactive stratosphere and meso-
sphere, enabling the assessment of stratosphere-troposphere coupling and
its implications for TC pathways73. MRI-ESM2-0 offers detailed ocean-
atmosphere coupling and has demonstrated skill in reproducing SST
variability relevant to the western Pacific and NATL74. NorESM2-MM
shares physical components with CESM but includes unique treatments of
aerosols and ocean biogeochemistry, making it valuable for studying the
influence of atmospheric composition on TC-relevant processes75. Finally,
GISS-E2-1-G features updated atmospheric physics and ocean coupling,
improving energy balance representation and enabling robust simulations
of TC-related climatology at coarse resolution76. These tenmodels provide a
complementary ensemble of CMIP6 coupled simulations, whose combined
use offers a robust framework for assessing future changes inNATL tropical
cyclogenesis under different forcing scenarios.

Data availability
The selected CMIP6 climate models data can be obtained from the Earth
SystemGrid Federation (ESGF) dataset, which is available online at: https://
aims2.llnl.gov/search. Observational data from the ERA5 reanalysis can be
obtained from the Copernicus Climate Data Store, available online at:
https://cds.climate.copernicus.eu/datasets. The code used for the calculation
of theTTFI in theNATLbasin covering from1981 to 2100, based on several
CMIP6 models and ERA5, and the composite of the TTFI for a set of
observedTTevents in theNATL for theperiod1981–2010, basedonERA5,
are available from the corresponding author upon reasonable request.
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