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Basin-wide and coastal modes of north
tropical Atlantic variability have distinct
impacts on hurricanes
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Yi Liu 1, Michael J. McPhaden 1 , Wenju Cai2,3,4,5, Yu Zhang 2,3 , Jiuwei Zhao 6,
Hyacinth C. Nnamchi 7, Xiaopei Lin 2,3, Ziguang Li2,3 & Jun-Chao Yang2,3

Warm sea surface temperature anomalies in the north tropical Atlantic are conducive to increased
intensity and frequency of Atlantic hurricanes. The period 2023-2024 saw two consecutive warm
events but with distinct anomaly patterns. Here we use observations andmodel outputs over the past
several decades to determine whether there exists inherent diversity in north tropical Atlantic surface
temperature spatial structures and impacts. We find two distinctive modes of variability: a basin-wide
mode and a coastal mode, underpinned by differing relationships between air-sea heat flux and sea
surface temperature anomalies. The basin-wide mode has a stronger influence on Atlantic hurricane
activity due to its more westward and persistent anomaly pattern. Since the 1990s, the well-known
impact from El Niño-Southern Oscillation on the north tropical Atlantic is felt through its influence on
the basin-widemode. Our results highlight the importance of distinguishing the two distinctivemodes
in assessing and predicting their impacts.

North tropical Atlantic climate variability, referred to as the NTA mode,
features spatially-coherent sea surface temperature (SST) anomalies that
typically span from the equator to about 20°N and peak in boreal spring1,2.
The NTA mode is mainly driven by anomalous northeasterly trade wind
and anomalous latent heat flux3–6, a consequence of localized air-sea
interaction and remote forcing fromElNiño-SouthernOscillation (ENSO)1
,7–14. A positive NTA (pNTA) event, characterized by warm SST anomalies,
exerts a profound impact to Atlantic-rim continental regions. Coupledwith
anorthward swingof theAtlantic IntertropicalConvergenceZone (ITCZ), a
pNTA event favors droughts and subsequent wildfires in the Amazon basin
andNortheastBrazil15–18.Although theNTAmodematures inboreal spring,
it still has considerable strength in the Atlantic hurricane seasonwhich runs
June to November, as a strong pNTA is often associated with an active
hurricane season with stronger and more frequent hurricanes striking the
Caribbean and Gulf of Mexico19,20.

Observational records reveal several remarkable pNTA events, such as
in 2005 and 2010, with exceptional warming and consequential impacts21–24.
An unusual sequence of two-consecutive pNTA events occurred in

2023–2024. In the boreal spring of 2023, an SSTwarming pattern developed
off the West African coast while the tropical Pacific was still in a La Niña
condition (Fig. 1b). The anomalous warming then decayed but reappeared
when a strongElNiño began todevelop inboreal summer.After theElNiño
peaked in the late 2023, large-scale warming spread over the north tropical
Atlantic in 2024 with an unprecedented amplitude (Fig. 1a). The 2024
pNTA event ranks as the second highest NTAwarm anomaly following the
previous record in 2010 after the mean warming trend is removed.

The extremely warm north tropical Atlantic during 2023-2024 was
followed by two consecutive above-normal hurricane seasons. As the
fourth-most active Atlantic hurricane season on record, the 2023 hurricane
season produced 7 hurricanes with accumulated cyclone energy reaching
139 104knots2 25. The 2024 hurricane season even saw more high-impact
hurricanes with accumulated cyclone energy reaching 162 104knots2. In
early July 2024, the earliest-formed Category-5 hurricane on record (Beryl)
hit Texas and caused at least 68 fatalities26. In late September and early
October, two consecutive major hurricanes (Helene and Milton) made
landfall in Florida, claiming at least 250 lives resulting in an estimated loss of
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$250 billion to the southeastern United States27. The massive loss makes
them both the deadliest and costliest hurricanes to the mainland U.S. since
Katrina in 200528.

The 2023 and 2024 pNTAanomaliesmanifested as consecutive events,
but here we show that substantial differences exist in their preconditions,
spatial patterns, and impacts. In contrast to a confinedwarming off the west
coast ofAfrica in 2023, the 2024 event, fueled by the 2023/24 strongElNiño,
saw a basin-wide warming, leading to more destructive landfalling hurri-
canes. To date, theNTAmode has been considered as a single SST anomaly
pattern, but the differences in the 2023 and2024pNTAevents highlight that
substantial diversity exists in its dynamics and impacts. Here we show that
there are two distinctive flavors of the NTA mode with substantially

different dynamical preconditioning, spatial patterns, and impacts on
Atlantic hurricane activity.

Results
Two flavors of the NTA mode
The difference in the SST anomaly center between the 2023 and 2024 pNTA
events indicates that at least two indices are required to depict them. We
apply an empirical orthogonal function (EOF) analysis of March-May
(MAM) SST anomalies in the north tropical Atlantic Ocean (80°W-10°W,
5°N-20°N) to extract two modes of the NTA (see ‘Definition of two NTA
flavors’ in Methods). The first EOF mode (EOF1), used to represent the
traditional NTA mode29, accounts for 67.6% of the total SST variance. Its

Fig. 1 | Distinct spatial patterns of the 2023 and 2024 pNTA events and two
flavors of the NTA mode. Spatial anomaly patterns of SST (shadings) and surface
wind (vectors) over the north tropical Atlantic in (a) MAM-averaged 2024 and (b)
MAM-averaged 2023. Spatial patterns of regression coefficients for anom-
alous MAM-averaged SST (shadings) and surface wind (vectors) regressed onto (c)
the first principal component (PC1) extracted from the first EOF mode (EOF1) and
(d) the second principal component (PC2) extracted from the second EOF mode
(EOF2). Only regression coefficients that exceed the 90% confidence level according
to the Student’s t-test are shown. Same as (c-d), but for (e) BNTA index and (f)

CNTA index, constructed by the combination of PC1 and PC2 (see ‘Definition of
two NTA flavors’ in Methods). Values in parentheses in (c)-(f) indicate the pro-
portion of variance explained by the corresponding EOF mode. Time series of (g)
traditional NTA index (normalized), calculated as MAM-averaged SST anomalies
over 57°W-15°W, 5°N-23°N (see ‘Definitions of other climate indices’ in Methods),
and (f) BNTA (red curve) andCNTA (green curve) index. The 2023 and 2024 pNTA
events aremarked out as green and red dots, respectively. TheNTAmode consists of
two differentflavors with distinct spatial patterns as seen in the 2023 and 2024 pNTA
events.
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positive phase depicts an overall SSTwarming over the entire north tropical
Atlantic Ocean but with a concentrated warming in the coastal east, asso-
ciatedwith southwesterly anomalies against the climatological tradewinds30

(Fig. 1c). The secondEOFmode (EOF2) features a zonal dipole-like pattern,
with an anomalous cooling in the West African coastal upwelling area and
warming in theAtlanticwarmpool region, accounting for 10.8%of the total
SST variance (Fig. 1d). The EOF2 is significantly separated from neigh-
boring modes according to the North test31.

The EOF1 captures the averaged spatial pattern of all NTA events over
time, and the EOF2 modifies the EOF1 SST anomaly to produce an inter-
event difference in the spatial pattern. As such, we can construct two indices
of two NTA flavors by a combination of EOF1 and EOF2. A basin-wide
warming event, as seen in 2024, can be described by the warm anomaly in
the northwestern tropical Atlantic in EOF2 superimposed on the overall
warm anomaly in EOF1 making the SST anomaly center located in the
central basin (Fig. 1e). By contrast, a coastal warming event, as seen in 2023,
can be described by the opposite sign of EOF2 superimposed onto EOF1
making the SST anomaly center in the West African coast, but with the
absence of warming in the northwestern tropical Atlantic (Fig. 1f).

Accordingly, we define the two indices for the basin-wide NTAmode
(BNTA) and the coastal NTA mode (CNTA) by a combination of the
associated first and second principal component (PC1 and PC2), as
BNTA ¼ ðPC1þ PC2Þ=p2 andCNTA ¼ ðPC1� PC2Þ=p2, respectively
(see ‘Definition of two NTA flavors’ in Methods). The two indices are
orthogonal and therefore capture SST variability of two different flavors of
the NTA mode. As such, the 2024 pNTA is a strong positive BNTA event
while the 2023 pNTA is a strong CNTA event (Fig. 1h), a distinct feature of
two consecutive warming events (Fig. 1g). We also select 6 years when
BNTA > 1 s.d. and 6 years when CNTA> 1 s.d. to construct composites of
their spatial patterns, which accord with the respective spatial patterns
defined by EOF approach (Supplementary Fig. 1).

To test the robustness of the two different flavors of theNTAmode, we
apply the same EOF analysis on reanalysis products beyond the satellite era
(see ‘Datasets’ inMethods). The nature of two flavors is a consistent feature
across different datasets and time periods (Supplementary Fig. 2). Fur-
thermore, we conduct the same EOF analysis on outputs of historical
simulations from 48 state-of-the-art climate models that participated in the
CoupledModel Intercomparison Project Phase 6 (CMIP6, see ‘Datasets’ in
Methods)32. All theCMIP6models simulate the twoflavors, with reasonable
spatial patterns for the multi-model ensemble mean that distinguish the
BNTA and CNTA mode in a similar way to the observations (Supple-
mentary Fig. 3; Supplementary Table 1). The consistency between models
and the observation, across reanalysis products and models, suggests that
diversity of the NTA mode is a real feature of the climate system.

Different heat flux response generates the two flavors
The two flavors of the NTA mode differ in their spatial pattern, evolution
anddynamics. To compare their evolution,we conduct a lead-lag regression
of monthly fields onto the BNTA and CNTA index, respectively. For a
positive BNTA, a prominent weakening of the North Atlantic Subtropical
High in boreal winter drives basin-scale southwesterly anomalies and initial
SST warm anomalies. The southwesterly and warm anomalies reinforce
each other through a positivewind-evaporation-SST (WES) feedback33 over
the central basin, reaching a peak in boreal spring but persisting into early
summer (Supplementary Fig. 4). For a positive CNTA, however, SST
warming is confined to the coast zone of west Africa, driven by more
localizedalongshorewindanomalies (Supplementary Fig. 5).Different from
a basin-widewarming, the coastal warming peaks in early boreal spring and
decays from late spring (Supplementary Fig. 5).

The different evolution between BNTA and CNTA suggests different
dynamics in generating the twoflavors. Previous studies have found that the
WES feedback dominates large-scale SST variability over the north tropical
Atlantic3,5.Amixed-layerheat budget analysis further reveals that latentheat
flux dominates the evolution of both NTA modes (Supplementary Fig. 6a-
b). In addition to the presence of coastal upwelling, which plays a part in

coastal SST variability34, the most distinctive difference between the two
modes is the relationship of SST to latent heat flux anomalies. For a positive
BNTA, anomalous downward latent heat flux acts as a positive feedback to
southwesterly winds and SST warm anomalies over the central basin from
boreal winter to early summer, driving growth of SST warm anomalies into
summer (Fig. 2a; Supplementary Fig. 6a). For a positive CNTA, however,
latentheatfluxfirstly acts as positive feedback to alongshore southerlywinds
and SST warm anomalies, but then switches to negative feedback to damp
the warming in the east coast (Fig. 2b; Supplementary Fig. 6b).

Such a different response is mainly due to a difference in the back-
ground mixed-layer depth between central basin and east coast (Supple-
mentary Fig. 7), as the strong coastal upwelling leads to a shallower mixed
layer off the West African coast compared with central basin of the north
tropical Atlantic. A thicker mixed layer over the central basin indicates a
great capacity of heat storage such that a positive BNTA warms slowly,
which in turn favors persistent warming from latent heatflux. By contrast, a
shallower mixed layer near the West African coast enables a more rapid
warming in the coastal zone than in the central basin, and the faster
warming in turn leads to a fast thermal damping that curtails further SST
warming. To illustrate the difference, we decompose the latent heat flux
anomalies into components arising from WES feedback and Newtonian
damping (see ‘Decomposition of latent heat flux’ in Methods)35–37. For a
positive BNTA, the WES feedback is greater than the Newtonian damping
in the central basin, favoring SST warming towards early summer (Sup-
plementaryFig. 8a). But for apositiveCNTA, theNewtoniandamping starts
to overcome WES feedback beginning in late spring, curtailing CNTA
warming. This leads to a weaker warming than for the BNTA, such that the
seasonal cycle can trigger a demise in the CNTA more easily (Supplemen-
tary Fig. 8b).

The different heat flux response is associated with a nonlinearity
between the two flavors of the NTA mode, that is, the two PC time series
display a quadratic relationship of PC2 tð Þ ¼ α PC1ðtÞ½ �2 þ βPC1 tð Þ þ γ
(Fig. 2c). The value of α is−0.34, which significantly differs from zero above
the 99% confidence level. Such nonlinearity between the two EOF modes
indicates that strong pNTA events, as seen in 2024, locate in the quadrant
where both PC1 and PC2 are positive, as is the case for other strong pNTA
events in 1983, 2005, and 2010 (red dots in Fig. 2c). On the other hand, a
moderatepNTAevent tends toappear in thequadrantwherePC1 is positive
but PC2 is negative, leading to the warming centered in the east coast as a
positive CNTA event, as seen in 2023 (green dot in Fig. 2c).

Distinct impact on Atlantic hurricane activity
A strong NTA warming reduces vertical wind shear to weaken atmo-
spheric stability, as well as increases low-level vorticity and mid-level
humidity over the main development region of Atlantic hurricanes
(80°W-20°W, 10°N-20°N, box in Supplementary Fig. 9a-b), leading to a
more active Atlantic hurricane season22,38–40. In addition, an NTA
warming during boreal spring can trigger a Gill-type subtropical tele-
connection to cool the equatorial Pacific and result in La Niña devel-
opment in the following months41,42. A joint impact of both a warm NTA
and a developing La Niña phase further reduces vertical wind shear to
favor more frequent and intense hurricanes43–45.

We examine the diverse impacts of the two NTA flavors on
hurricane-related atmospheric conditions during June-September (JJAS)
when springtime NTA warming still has a lagged effect (Supplementary
Fig. 10a-b). Compared to CNTA, the SST warm anomaly center asso-
ciated with BNTA is more superimposed on the Atlantic warm pool
where the background SST is higher than in the coastal zone of west
Africa46. The BNTA warm anomaly also persists more into the hurricane
season than the CNTA warm anomaly (Fig. 2a) and is more effective in
triggering an early-stage La Niña than CNTA due to its stronger per-
sistence and more westward anomaly center (Supplementary Fig. 9a-b).
Due to this joint impact, a positive BNTA leads to a greater increase in
low-level vorticity and mid-level humidity (Supplementary Fig. 9c-d;
10c-d), as well as a greater decrease in vertical wind shear and increase in
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anomalous ascending motion (Supplementary Fig. 9e-f; 10e-f; see
‘Definitions of hurricane metrics’ in Methods) over the main develop-
ment region for hurricanes, favoring their genesis and development.

We select 6 years when BNTA> 1 s.d. and 6 years whenCNTA> 1 s.d.
to construct composites and compare the spatial pattern and magnitude of
Atlantic hurricane activity. We focus on tropical cyclone genesis frequency
(TCGF), track density (TCTD), and accumulated cyclone energy (ACE)
during JJAS,which are commonmetrics used tomeasure the general activity
of tropical cyclones (see ‘Definitions of hurricane metrics’ in Methods). A
positive BNTA tends to be followed by more cyclone geneses over the
Caribbean Sea and Gulf of Mexico (Fig. 3a), whereas a positive CNTA is
followed by more geneses in the coastal zone of West Africa (Fig. 3b).
Consistent with the contrast, there are more westward-shifted tropical
cyclone tracks following a positive BNTA (Fig. 3c), but more eastward-
shifted tropical cyclone tracks following a positive CNTA (Fig. 3d). Thus,
probability of landfalling tropical cyclones with devasting impacts to Car-
ibbean and U.S. southeast coast43,47 is higher for a positive BNTA than for a
CNTA. The contrast is also reflected by a stronger anomalous ACEover the
Caribbean Sea and Gulf of Mexico following a positive BNTA (Fig. 3e),
whereas less cyclone energy is accumulated following a positive CNTA
(Fig. 3f). Therefore, a positive BNTA tends to favor stronger Atlantic hur-
ricane activitywithmore severe impacts toCaribbean andU.S. southeastern
coastal region than a positive CNTA.

Collapsing ENSO-CNTA teleconnection since 1990s
AnElNiño (LaNiña) in boreal winter can trigger a positive (negative) NTA
event in the following spring via atmospheric teleconnection and oceanic
Kelvin waves7–11, but this teleconnection has weakened since the 1990s48,49.
Herewe examine theENSO-NTA teleconnection in terms of theBNTAand
CNTAmodes separately by computing a 31-year running correlation from
1950 onward. The ENSO-BNTA teleconnection is robust and statistically

significant over the entire period (Fig. 4a). In contrast, although statistically
significant and comparable to that of the ENSO-BNTA teleconnection
before 1990s, the ENSO-CNTA teleconnection after 1990s weakens
(Fig. 4a). Hence, the observedweakening in the ENSO-NTA teleconnection
is primarily attributed to a collapsing ENSO-CNTA teleconnection.

The contrasting evolutionof ENSO teleconnectionwith theBNTAand
CNTAmodes coincideswith a phase transition of theAtlanticMultidecadal
Oscillation (AMO, Supplementary Fig. 10a)48,50. We compare the spatial
patterns of ENSO teleconnection over the north tropical Atlantic during a
negative phase (1965–1999, P1) and a positive phase (2000–2024, P2) of the
AMOand find that ENSO-forced SST variability features a traditionalNTA
pattern during P1 (Fig. 4b), but a BNTA-like pattern without an SST
anomaly center off the African coast during P2 (Fig. 4c). This change is
reflected in an ENSO-CNTA teleconnection that decreases from 0.53 (P1)
to−0.08 (P2), but anENSO-BNTA teleconnection increases from0.49 (P1)
to 0.71 (P2).

Such contrasting response is caused by AMO-related changes in both
mean state andENSOcharacteristics.Apositivephaseof theAMOleads to a
warmer northern hemisphere with a northward shift of Atlantic Inter-
tropical Convergence Zone51,52 (Supplementary Fig. 11b). As a result,
northerly trade winds weaken along the West African coast inhibited by
cross-equatorial southerly anomalies, but northeasterly trade winds
strengthen over the central basin at higher latitudes (Supplementary
Fig. 11b). A stronger (weaker)mean tradewind corresponds to amore (less)
intenseWES feedback33,35,53. In addition, a positive phase of theAMO favors
more frequent central Pacific ENSO events than eastern Pacific ENSO
events48,54,55, which leads to a more westward-shifted atmospheric tele-
connection pattern that less effectively weakens the North Atlantic Sub-
tropical High and thus trade wind anomalies in the West African
coastal region14,56,57 (Supplementary Figs. 12-14). This in turn results in
a weaker ENSO impact on coastal SST variability and a weaker CNTA
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Fig. 2 | Distinct evolution of heat flux feedback and consequential nonlinearity in
two flavors of the NTAmode.A longitude-time diagram of regressed monthly SST
(shadings), surface wind (vectors) and latent heat flux (dots) anomalies associated
with (a) BNTA and (b) CNTA, meridionally averaged over 5°N to 20°N. Purple
(blue) dots indicate anomalous downward (upward) latent heat fluxes, with different
sizes indicating their magnitudes. For SST and latent heat flux, only statistically
significant values above the 90% confidence level are shown; for surface wind, sig-
nificant (insignificant) signals above (below) the 90% confidence level are shown in

black (grey) vectors. c Nonlinear relationship between PC1 (x-axis) and PC2 (y-
axis). Red dots denote four strong positive BNTA events as in 1983, 2005, 2010 and
2024; green dots denote three strong positive CNTA events as in 2000, 2008 and
2023. α is the quadratic coefficient of the nonlinear fit
PC2 tð Þ ¼ α PC1ðtÞ½ �2 þ βPC1 tð Þ þ γ, which is statistically significant above the 99%
confidence level. Fitted quadratic function is shown in grey curve. The different heat
flux feedback generates the two NTA flavors.
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after 2000 (Supplementary Fig. 14). In contrast, SST variability in the cen-
tral basin associated with the BNTA is more responsive to ENSO tele-
connection forcing during the post-2000 period than during the pre-2000
period.

CNTA variability remains active and comparable to BNTA variability
despite a collapsed ENSO-CNTA teleconnection (Supplementary Fig. 15),
suggesting a strengthened local feedback that dominates CNTA variability,
making the CNTA mode less predictable from remote influences such as
ENSO. During the positive phase of the AMO, weakened northerly coastal
winds make it easier to generate southerly anomalies and establish local
convection. The importance of local forcing is highlighted in 2023, when a
strong positive CNTAoccurred following amulti-year LaNiña. However, a
despite an overall weakening in the ENSO-NTA teleconnection previously
found48,49, ENSO’s influence on the BNTA remained strong as did the
BNTA impact on Atlantic hurricanes.

Discussion
We find that the NTA mode exhibits diversity featuring two different fla-
vors, each with a distinct spatial pattern, dynamics, and climatic impact,
which we refer to as the BNTA and CNTA modes. The two flavors are
characterized by different SST anomaly centers, in the central basin for

BNTA and off the northwest coast of Africa for CNTA. A contrasting
backgroundmixed-layer depth, deep in the central basin but shallow off the
west African coast, results in a different response towind forcing and air-sea
latent heat fluxwithmore persistent SST anomalies for the BNTAmode but
faster decayingSSTanomalies for theCNTAmode.Due to amorewestward
and persistent warm SST anomaly pattern, a positive BNTA tends to pre-
condition a stronger Atlantic hurricane season than a positive CNTA, with
higher probability of landfalling hurricanes in the Caribbean and along the
U.S. southeast coast. Our finding explains the different spatial patterns and
dynamics as seen in 2023 and 2024, as well as different impacts on the
Atlantic hurricane season in historical NTA events. The diversity also
explains the post-1990s weakening in the ENSO-NTA teleconnection,
which we find is due to a weakening of the ENSO-CNTA teleconnection
likely driven by a negative-to-positive phase transition of the AMO, while
theENSO-BNTAremains stable.Consequently, since 1990s, ENSO impacts
on the north tropical Atlantic are conveyed mainly through the BNTA
mode. Our study highlights an inherent diversity that should be considered
for studies of the NTA variability, including its dynamics, interaction with
the tropical Pacific, and effects on Atlantic hurricane activity. Although
other factors beyond the NTA region, such as ENSO, should be considered
for hurricane prediction, our findings indicate that the NTA SST influence

Fig. 3 | Diverse impacts of the two NTA modes on Atlantic hurricane activity.
Spatial patterns of composite anomalies of JJAS TCGF for (a) six positive BNTA
events (as in 1983, 1995, 1998, 2005, 2010, 2024) and (b) six positive CNTA events
(as in 1987, 1997, 2000, 2008, 2020, 2023). Stippled areas indicate where composite

anomalies are statistically significant above the 90% confidence level according to the
two-tailed t-test. c, d Same as (a, b), but for TCTD. e, f Same as (a, b), but for ACE. A
positive BNTA event has an overall stronger impact on Atlantic hurricane activity
due to its more westward and persistent warm anomaly pattern.

https://doi.org/10.1038/s43247-025-02529-1 Article

Communications Earth & Environment |           (2025) 6:549 5

www.nature.com/commsenv


onAtlantic hurricane activity is more nuanced than previously thought due
to the existence of the two NTA modes.

Methods
Datasets
We use the monthly SST data from NOAA Optimum Interpolation SST
(OISST) Version 2 for the period of 1982-202458. Based on satellite products
and in situ data from ships and buoys, OISST is most accurate and truthful to
the observations, and therefore employed to conduct main results in this
study. To validate the results in OISST, we also use two sets of reanalysis SST
data for a common period of 1950–2024, they are Hadley Center Global Sea
Ice and Sea Surface Temperature (HadISST) Version 1.159 and NOAA
Extended Reconstructed Sea Surface TemperatureVersion 560. Particularly, we
use HadISST to study the evolution of ENSO teleconnection with the two
flavors of the NTA mode in recent decades. For atmospheric fields on both
surface layer and pressure level, we use the data from National Centers of
Environmental Predictions (NCEP-NCAR) Reanalysis 1 for the period of
1950–202461. Mixed layer depth data is obtained from NCEP Global Ocean
Data Assimilation System (GODAS) covering the period of 1980–202462.
Monthly anomalies are constructed with reference to a full-period climatology
of each dataset, and then linearly detrended to remove global warming signal.

To investigate the impactonAtlantic hurricane activities, we obtain the
best-track tropical cyclone (TC) data from the International Best Track
Archive for Climate Stewardship (iBTrACS)63, containing the locations
(longitude and latitude) and intensity (surface wind speed) of TC records at
a 6-hour temporal resolution. A TC genesis location is defined as where its
intensity is equal to or larger than 35 knot for the first time, and then a TC
track is calculated at 6-hour intervals.

To validate the inherent diversity of the NTA mode as seen in obser-
vations, we further analyze outputs from 48 climate models participated in

the Coupled Model Intercomparison Project Phase 6 (CMIP6), forced
under historical anthropogenic andnatural forcings from1850 to 201432. To
be comparable with observational datasets, we focus on the period of
1950–2014 for model outputs. All variables in each model are re-gridded
into a common 1°× 1° resolution and then detrended prior to analysis.

Definition of two NTA flavors
Toextract the leadingmodes of SSTvariability in thenorth tropicalAtlantic,
we apply an EOF analysis64 to MAM-averaged SST anomalies over 80°W-
10°W, 5°N-20°N, yielding two leading modes each with a principal pattern
and a PC scaled to unity. We focus on the MAM season in which an NTA
event typically peaks. EOF1 exhibits an overall SST warming over the entire
basin with a concentratedwarming in the costal east (Fig. 1c), and is used to
represent a traditional NTA mode29. EOF2 showcases a dipole-like pattern
zonally, featuring as anomalous cooling along the west coast of Africa and
warming in the central basin (Fig. 1d). An EOF significance test31 indicates
that these two EOFs are robust and stable given the sample size of our data
set. We define indices for the two distinct flavors of NTA mode through a
linear combination of the two leading EOFs, namely ðPC1þ PC2Þ=p2 for
BNTAandand ðPC1� PC2Þ= ffiffiffi

2
p

forCNTA.This approachhas previously
been employed to distinguish two flavors of other prominent modes of
climate variability, such as ENSO65,66, the Indian Ocean Dipole67,68, and
Atlantic Niño/Niña69. The demoninator of p2 allows both BNTA and
CNTA index to be scaled to unity.

Definitions of other climate indices
The Niño3.4 index is calculated by DJF SST anomalies averaged within
120°W-170°W, 5°S-5°N. The NTA index is calculated by MAM SST
anomalies averaged within 57°W-15°W, 5°N-23°N70. To depict the var-
iance of eastern Pacific ENSO and central Pacific ENSO, we apply an
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Fig. 4 | Contrasting evolution of ENSO teleconnection to the two flavors of the
NTAmode in recent decades. aTime series of 31-year running correlation coefficient
between DJF-averaged Niño3.4 with subsequent MAM BNTA (red line) and CNTA
(blue line) index during the period of 1950–2024. The x-axis indicates the central year
of 31-year running window (for example, coefficient at year 2000 represents the
running correlation for the period of 1985–2015). Dots on each line indicate the

correlation coefficient is statistically significant above the 90% confidence level. Spatial
patterns of ENSO teleconnection to SST variability in the north tropical Atlantic
during two different periods, represented by regression coefficients of MAM-averaged
SST anomalies onto DJF-averaged Niño3.4 during the period of (b) 1965-1999 (P1)
and (c) 2000–2024 (P2). The ENSO-CNTA teleconnection has been weakening since
1990s whereas the ENSO-BNTA teleconnection remains robust and stable.
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EOF analysis to DJF SST anomalies over 140°E-80°W, 15°S-15°N,
yielding two leading modes each with a principal pattern and a PC scaled
to unity. The eastern Pacific ENSO index is calculated by E-index ¼
ðPC1� PC2Þ=p2 while the central Pacific ENSO index is calculated by
C-index ¼ ðPC1þ PC2Þ=p265,66.

Mixed-layer heat budget analysis
We diagnose the role of air-sea interactions and oceanic processes in the
development of the NTAmodes based on amixed layer heat budget analysis:

∂T
∂t

¼ Qnet

ρCpH
� u � ∇T � w

T � Td

H
þ R

where we focus on the mixed layer heat budget with all terms low pass
filtered to extract interannual variations. The variable T is the potential
temperature averaged over the mixed layer; u � ∇T is the horizontal
advection of temperature bymeridional and zonal ocean current u;H is the
climatological mixed layer depth; Td is the potential temperature at the
bottom of mixed layer; w is the entrainment velocity, calculated as w ¼
∂H
∂t þ ud

∂H
∂x þ vd

∂H
∂y þ wd (ud , vd , wd are the zonal, meridional, vertical

ocean current velocities at the bottomofmixed layer);Qnet is the downward
net air-sea surface heat flux, which is the sum of latent heat flux (QLHF),
sensible heat flux, longwave radiation flux, and shortwave radiation flux
(QSWR); ρ is the seawater density (1025 kgm−3); Cp is the specific heat of
seawater at constant pressure (3986 J kg−1 °C−1); R is the residual term
includingmixing anddiffusionprocesses. Coordinates x and y represent the
zonal and meridional directions, and t represents time. Regardless of
residual term, themixed layer heat budget can be generally divided into four
parts: change in heat content ∂T∂t , surface heat flux

Qnet
ρCpH

, horizontal advection
�u � ∇T , and entrainment �w T�Td

H . The relative contributions of latent
heat flux and shortwave radiation flux can be calculated as QLHF

ρCpH
and QSWR

ρCpH
,

respectively.

Decomposition of latent heat flux
We decompose surface latent heat flux anomalies (Q0

E) on interannual time
scales into components arising from atmospheric forcing such as surface
wind changes, and oceanic response to SST changes35–37:

Q0
E ¼ Q0

N þ Q0
A

where Q0
N ¼ �QEαT is Newtonian damping, which is derived from New-

ton’s law of cooling, refers to thermodynamical relaxation of abnormal SST
back to a prescribed equilibrium SST at a rate proportional to its deviation
from that equilibrium state. α ¼ 1

qs

dqs
dT is a damping coefficient, with qs is the

saturated specific humidity following the Clausius-Clapeyron equation.We
neglect the surface air-sea temperature variations of relative humidity
because in the tropics, strong air-sea coupling allows for an almost
instantaneous near-surface atmospheric adjustment to SST variations,
maintaining a negligible air-sea temperature difference and small temporal
variations of relative humidity. We also examine that in the north tropical
Atlantic, effects of air-sea temperature difference and relative humidity are
insignificant and very weak compared with surface wind speed changes.
Then Q0

A ¼ �QE
U 0
�U is the WES effect and U is surface wind speed. Here

overbar denotes the climatology and prime denotes the anomaly,
respectively.We verify that the sumof different latent heatflux components
reproduces the total variation of actual latent heat flux.

Definitions of hurricane metrics
We utilize three common metrics, tropical cyclone genesis frequency
(TCGF), track density (TCTD), and accumulated cyclone energy (ACE), to
evaluate the general activity of Atlantic hurricanes. We apply an adjusted
kernel density method to define the TCGF (TCTD) on each grid was
counted as the number of TCs (≥35 knots) generated in (passed by) an area
of 20° zonally and 10° meridionally away from the center of the grid point,
with a 1°grid spacing71. Such approach transforms discrete genesis points

into spatial-continuous records and results in a stable spatial relationship
between the TCGF/TCTD and related environmental and oceanic factors.
We choose a 20° × 10° box because the synoptic waves (such as equatorial
Rossby waves, mixed Rossby–gravity waves, and easterly waves, or other
types of synoptic disturbances) triggering TC genesis generally have a zonal
scale of about 2,000 kmandameridional e-folded scale72–74.Wealso conduct
a sensitivity test by using a 30° × 15° and 10° × 5° box. Generally, the result
from a 30° × 15° box shows a similar correlation with that using a 20° × 10°
box, whereas the correlation contains much noise by using a 10° × 5° box.
Subtropical storms are excluded in our calculation. TheACE is calculated by
summing the squares of maximum sustained wind speed of TC at 6-hour
intervals after removing post-tropical stages75.

Data availability
All datasets used in this study are publicly accessible and canbe downloaded
from the following websites: OISST v2, https://psl.noaa.gov/data/gridded/
data.noaa.oisst.v2.html; HadISST v1.1, https://www.metoffice.gov.uk/
hadobs/hadisst/; ERSST v5, https://psl.noaa.gov/data/gridded/data.noaa.
ersst.v5.html; NCEP-NCAR Reanalysis 1, https://psl.noaa.gov/data/
gridded/data.ncep.reanalysis.html; GODAS, https://psl.noaa.gov/data/
gridded/data.godas.html; IBTrACS v4.01, https://doi.org/10.25921/82ty-
9e16; CMIP6 from https://aims2.llnl.gov/search/cmip6/. The post-
processed data of hurricane metrics (TCGF, TCTD, ACE) used in this
study are available at https://doi.org/10.5281/zenodo.15760345.

Code availability
The codes to calculate results associated with main figures in this study are
available at https://doi.org/10.5281/zenodo.15760345.
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