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Sea surface temperatures (SSTs) in the tropical North Atlantic have historically served as reliable
predictors of early-season rainfall across the Caribbean. In particular, rainfall onset has been linked to
SSTs exceeding the convective threshold necessary to support deep convection. However, recent
warming trends appear to have altered this relationship. Here, we show that although SSTs routinely
exceed the convective threshold earlier in the season, early rainfall has not increased. This decoupling
reflects a shift in the atmospheric state, with enhanced stability, evidenced by reduced convective
available potential energy and increased convective inhibition, increasingly suppressing convection.
Reduced rainfall results in a more persistent Caribbean Low-Level Jet (CLLJ), further inhibiting rainfall
by promoting subsidence and dry air advection. Correlations indicate that dynamic atmospheric
variables now explain a larger share of rainfall variability than absolute SSTs. These findings signal a
regime shift in Caribbean rainfall dynamics and raise concerns about the declining utility of SST-based
predictors under continued climate warming. These results have significant implications for seasonal

forecasting and adaptation planning across Caribbean Small Island Developing States.

Seasonal rainfall in the Caribbean plays a vital role in agriculture, water
resource management, and socioeconomic stability. Historically, sea surface
temperatures (SSTs) have been reliable predictors of rainfall variability
across the region. However, ongoing climate change necessitates a reas-
sessment of this relationship. Global warming is altering traditional seasonal
indicators, such as SST, undermining the reliability of early warning systems
that depend on them and complicating planning across multiple sectors,
including water resources and disaster preparedness"”. The unprecedented
early formation of Category 4 Hurricane Beryl in June 2024 underscores the
urgent need for Caribbean nations to adapt to an increasingly unpredictable
climate regime. Therefore, understanding how global climate change is
reshaping Caribbean rainfall climatology is critical for enhancing regional
preparedness, adaptation, and resilience.

Caribbean rainfall climatology exhibits a distinct bimodal pattern,
with two prominent peaks: the early rainfall season from May to July
(MJ]) and the late rainfall season from September to November'™. These
are separated by a relatively dry period during July-August, commonly
known as the mid-summer drought (MSD). The MSD is particularly
pronounced in the northwestern Caribbean and coincides with the
summer peak of the Caribbean Low-Level Jet (CLLJ), defined as
enhanced low-level easterly wind flow at 925-hPa exceeding 14 ms™

across the central Caribbean”®. Notably, the mechanisms governing
rainfall onset differ between the two seasons™’.

Early-season rainfall has historically been strongly linked to SSTs in the
tropical North Atlantic (tNA). The seasonal onset of convection-inducing
SSTs greater than 27 °C is the result of the eastward progression of the
Atlantic Warm Pool (AWP, defined as SSTs >28.5 °C) from the Gulf of
Mexico and western Caribbean into the broader Atlantic (Fig. S1). A war-
mer environment increases low- to mid-level relative humidity'®'". This
increased moisture drives greater atmospheric instability, facilitates an
increase in northward flow over the Caribbean region that weakens the low-
level easterly flow and westward reach of the North Atlantic subtropical high
(NASH). With a weaker CLL], low-level southerly winds dominate the
mean flow and advect additional moisture into the Caribbean Basin from
the northward-displaced Pacific Intertropical Convergence Zone
(ITCZ)'". All of these factors promote large-scale convergence and
atmospheric instability, which trigger rainfall during the early season.

In contrast, during the late season, the AWP extent is at its maximum,
and SSTs across the Caribbean and the tNA exceed the convective range
(27 °C-29 °C). Generally, late-season SSTs may fall beyond the convective
range and reach as high as 30 °C. At this range, the SST-rainfall relationship
weakens as SSTs homogenize across the region. With little sensitivity to
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SSTs, late-season convection is mostly driven by the large-scale atmospheric
circulation and regions of ascent and descent'*"*. Additionally, regional
ITCZs begin to shift southward, suppressing convergence and stifling the
supply of moisture to the Caribbean region. Consequently, the CLLJ begins
to strengthen, ending the late-season rainfall”'"'***. With late-season SSTs
exceeding 29 °C, other factors driven predominantly by interannual and
multidecadal variability, such as vertical wind shear or relative SSTs (i.e., the
deviation of local SST's from the tropical mean), play a more decisive role in
rainfall variability’. The role of El Nifio Southern Oscillation (ENSO) in
driving vertical wind shear within the Caribbean and wider tNA has been
well researched*™. El Nifio conditions strengthen vertical wind shear
across the region and suppress rainfall; La Nifia conditions weaken vertical
wind shear and promote low-level convergence and convection. Notably,
relative SST is a robust predictor of tropical atmospheric stability and rainfall
variability”' .

As SSTs across the Caribbean and tNA continue to rise due to global
warming, with regions of the Caribbean exceeding the convective range
earlier in the year, emerging evidence suggests that long-held assumptions
about the drivers of early-season Caribbean rainfall may be shifting. This
shift could render current prediction frameworks that rely on static SST
thresholds unreliable. The implications for Caribbean Small Island Devel-
oping States (SIDS) are significant, affecting their capacity to anticipate
rainfall variability and respond effectively to climate extremes.

In this paper, we highlight this emerging concern by examining recent
trends in the SST convective threshold in the tNA region and evaluating
their implications for the timing and mechanisms of early-season rainfall

onset. We show that with global warming, Caribbean early rainfall season
SSTs exceed the convective range earlier in the year, contributing to the
weakening of the traditional SST-rainfall relationship. We further suggest
that relative SSTs and, consequently, the CLL] may become more reliable
indicators of rainfall onset in the region. Our aim is to encourage further
investigation into this critical transition. “Results” outlines the study
domain, datasets, and methods. “Discussion” presents the results of the
analysis, and “Methods” offers a summary and concluding discussion.

Results

Is the SST-rainfall relationship breaking down for the early rainfall
season?

The evolving relationship between Caribbean sea surface temperatures
(SSTcar) and precipitation is illustrated in Fig. 1a. The top panel illustrates
the monthly Caribbean rainfall rates versus the absolute SSTs from 1979 to
2024. During the dry season (indicated by the gray oval), both SST and
rainfall were relatively low. In contrast, the early rainfall season (May-]July;
green oval) displayed a robust linear relationship, with higher SSTs in this
regime associated with greater rainfall. This is consistent with the notion
that early season rainfall is sensitive to SSTs surpassing the convective
threshold required for sustained atmospheric instability'""*. Variability in
ocean surface temperatures around this threshold, for example, due to
changes in the eastern extent of the Atlantic Warm Pool, modulates the
intensity of African easterly waves and other forms of convective activity
within the Caribbean™, beginning in May and June. However, the late
rainfall season (September-November) behaves differently. In the presence

Fig. 1 | The Caribbean rainfall-SST relationship

" CARIBBEAN Rainfall-SST Relationship

from 1979-2024. a Schematic of the rainfall-SST a
relationship and an approximate categorization of 104 September-November
the relationship for the wet (early and late seasons) La;g&f/‘zaci?vlizﬁzgeu?;g Sg‘cl'seiilat;e
and dry seasons for the Caribbean region. Monthly . 91 suppress rainfall by driving stronger
observations between 1979 and 2024 are shown in T s May-July surface winds and vertical shear.
the gray scatterplot. The solid black line indicates the = Early season rainfall is
. . . . © ] triggered by SSTs within
nonlinear fit. b The kernel density estimation (KDE) £ 7 the convective range.
distributions of monthly data for Caribbean early E -
season (May-]July) rainfall for 22-year t.ime periods 5 December-April
1979-2001 and 2002-2024, are shaded in orange 2 B9 con \siier thar the convective
and blue, respectively. As in the top panel, the black = range stabilize the atmosphere
solid line indicates the same nonlinear fit of the S 4 and suppress rainfall.
monthly data, and the red solid line indicates the '% 34
linear fit. Thick dashed lines illustrate the rainfall- s
SST linear relationship for each climate norm. The 21 Dry Season
slope of each line is given in the bottom right corner; 14
the bold font indicates statistical significance at the
95% confidence level. Thin dotted lines indicate the 0 d ; y . T
static convective threshold defined as 27.6 °C in SST 1 b ; )
and 3.5 mm day-" in rainfall == Monthly non-linear fit MJJ 1979-2001
: Y : 101 —— Monthly linear fit == MJ| 2002-2024
9. i
T
S, 87
3
7 4
1S
E 6
)
g
5 4
&
=
T 37
o
2 m=1.79 mm day!°C~!, R?=0.67
11 m=0.47 mm day~'°C~%, R?=0.05
0 . . ; . '
25 26 27 28 29 30

SST (°C)

npj Climate and Atmospheric Science | (2026)9:52



www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-026-01325-8

Article

a SSTcar climatology

Jan
Dec 30.0
Nov - 29.5
Oct - 29.0
Sep1 & & @ (¥ ¢ Gres
Augd. 8 . W T N G, e 285
Jul 1 28.0 ¥
Jun 1 =
iy 27.5
Apr | —— 27.0
Mar 26.5
Feb 26.0
Jan — T T T T T T T ’
1980 1985 1990 1995 2000 2005 2010 2015 2020
7.6
6.8 —
6.0 |
52 8
44 €
i £
Mar{ Trend=0.003 mnths yr-!, t=0.09 2.8
Feb 2.0
Jan T T T T T T T T T !
1980 1985 1990 1995 2000 2005 2010 2015 2020

2
90°W 80°W 70°W 60°W 50°W 40°W 30°W

y I N>

T
—-0.016 —0.008 0.008 0.016

O.OIOO
(°Cyr 1)

Fig. 2 | Trends in early-season Caribbean SST and precipitation. The evolution of
the sea surface temperature (a, SSTcar) and precipitation rate (b, PRECIPcaR)
monthly climatologies averaged over 1979-2024. The dark blue contours in the top
panel highlight the 27.6 °C contour, indicating the general lower limit of the con-
vective range'***”’, while the 3.5 mm day ' contour is highlighted in the middle
panel. The red dashed lines indicate the linear trend of the onset of each threshold.
The linear trend and non-parametric Kendall-7 value are given in the lower left
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corner and highlighted in bold to indicate statistical significance at the 95% con-
fidence level. A positive trend indicates a later onset, whereas a negative trend
indicates an earlier onset. The Kendall-7 value indicates the strength of the mono-
tonic trend. ¢, d The linear trend in May-July SSTs and PRECIP at each grid point,
with hatched regions indicating statistical significance at the 95% confidence level.
Monthly SST and PRECIP data were sourced from ERSSTv5 and NOAA's GPCP,
respectively.

of uniformly high SST's, the SST-rainfall relationship weakens, and in some
instances, the warmest SSTs are associated with rainfall suppression™. This
decoupling reflects the diminished influence of absolute SSTs in the late
season and the modulation of convection by other factors such as
wind shear.

Figure 1b illustrates the SST-rainfall relationship during the dry,
early-rainfall, and late-rainfall seasons. In general, the linear relationship
between Caribbean SSTs and rainfall is strong, with a slope of
1.8mmday '°C™". The figure also highlights the difference in the
strength of the SST-rainfall relationship between two consecutive 23-year
periods: 1979-2001 and 2002-2024. The more recent 2002-2024 time
period shows a slightly weaker SST-rainfall association
(047 mmday '°C™") than the earlier 1979-2001 time period
(0.92 mm day ' °C™"). The later period also noticeably shifted to warmer
SSTs and had increased variance relative to the earlier period. The latter
period is characterized by a warm phase of the Atlantic Multidecadal
Oscillation (AMO) and stronger anthropogenic warming (see Fig. 2).

Recent findings by Hibbert et al.”” and He et al.” indicate that the AMO is
not the dominant contributor to the observed warming of Atlantic SST's
in recent decades; rather, there is an increasing influence of externally
forced climate change on regional ocean-atmosphere interactions.

The results suggest that when early-season SST's in the tNA and Car-
ibbean are predisposed to exceeding the convective range (27°-29°C), the
linear relationship between absolute SSTs and rainfall is weaker, as in the
earlier climatological period. However, recent warming associated with
global warming (Figure 2) may fundamentally alter the SST-rainfall rela-
tionship in the early season by ushering in an era of persistent exceedance of
the convective threshold, similar to the late season. The conventional
understanding is that the predictive power of absolute SSTs is largely con-
tingent on the environmental proximity to this threshold. If the tNA
remains persistently above this convective baseline, the utility of SST
magnitude as a predictor of early season rainfall in the climate change era
will be eroded. Such a regime shift would mark a profound change in the
hydroclimate of the region.
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Fig. 3 | Spatial trends in May-July thermodynamic variables across the Car-
ibbean. Trends in the May-July a convective available potential energy (CAPE),
b convective inhibition (CIN), ¢ 300-hPa air temperatures (T300), and d the ratio
between SSTyeng and T300ye,q from 1979 to 2024. Hatches indicate statistical sig-
nificance at the 95% confidence level. The red and white boxes highlight the CLLJ
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domain (13°-17°N, 80°-70°W), whereas the black contours indicate a ratio of 1,
indicating similar degrees of change between SST and T300 and thus no particular
change in stability. The variable fields used to generate this figure were sourced from
the ERAS5 reanalysis dataset.

Warming SSTs may be changing the conditions necessary for
triggering early season convection

Caribbean SSTs (SSTcar) show robust increases over the historical record
for the period 1979-2024 (Fig. 2a, ), with a marked acceleration in warming
from the late 1990s*>*’. The average warming rate of the early season
SSTcar was +0.012 °C yr " over the same period, consistent with previous
observations™. A consequence of this large-scale warming is the earlier onset
of temperatures akin to late-season conditions, as illustrated in Fig. 2a using
the static SST value (SST;,) of 27.6 °C, which corresponds roughly to the
lower limit of the Caribbean SST convective range'*”’. Other choices of
SST i within the convective range showed similar trends (Table S1). With
robust increases beyond the SST convective threshold, the early season
environment now attains SST's typical of the late season and is capable of
supporting intense convection. This was particularly evident with 2024 and
Hurricane Beryl, which became the earliest major hurricane (category 3 or
higher) in the Atlantic and the earliest category 4 hurricane in June.

However, in the early season, precipitation does not show any sig-
nificant change in its onset and in fact, shows an overall decline with a drying
rate of —0.008 mmday 'yr~' (Fig. 2b, d). This suggests that surface
warming trends are not the only factor to consider in the delayed onset of
early season rainfall. One likely explanation is increased atmospheric sta-
bility; that is, although SST's routinely exceed the convective threshold, a
more stable atmosphere may be emerging, which inhibits rainfall devel-
opment and weakens the SST-rainfall link.

To investigate this, we examine the early-season convective available
potential energy (CAPE), convective inhibition (CIN), and 300-hPa tem-
perature (T300) over the region (Fig. 3a—c). For rising air parcels, CAPE
indicates how favorable the environment is for convection by measuring the
amount of energy available, whereas CIN indicates the amount of energy
needed to initiate convection. These variables provide a general idea of the
state of atmospheric stability. Figures 3a, b suggest that the tropical North
Atlantic is trending towards increased atmospheric stability, with decreasing

CAPE and increasing CIN over the central and eastern Caribbean region.
The Gulf of Mexico shows an increasing trend in CAPE with no robust
change in CIN, suggesting greater instability in the northwestern North
Atlantic region. The increasing CAPE trends in the Gulf of Mexico are
somewhat consistent with the regions of increasing rainfall (and smaller
changes in CIN). Similar trends were observed for 700-hPa relative
humidity (Fig. S2). This spatial divergence in atmospheric stability could
lead to increased heterogeneity in rainfall responses across the Caribbean,
potentially complicating regional forecasting and seasonal climate predic-
tion efforts.

The stabilizing trends in CAPE and CIN across the Caribbean are
consistent with warming of the upper troposphere. Recent studies
have observed that warming aloft greatly determines stability trends
and, consequently, the convective threshold across the tropics”.
Figure 3c illustrates the trends in 300-hPa air temperatures and shows
that the upper atmosphere is warming at rates comparable to those at
the surface. However, there are notable spatial differences in warming
compared to the surface and aloft, resulting in contrasting trends in
atmospheric stability across the region (Fig. 3d). When the rate of
warming at the surface is contrasted with the rate of warming aloft, we
see that the Caribbean precipitation trend is led by the warming aloft,
consistent with greater stability, while regions to the northwest have
little to no change in their stability state (Fig. 3d). Increased atmo-
spheric stability over the eastern Caribbean may have implications for
regional climate dynamics, as the strongest trends occurred close to
the center of the CLLJ (Fig. 3d).

Indications of an increasingly stable atmosphere can also be observed
during the dry season, where changes in not only SSTs but upper-
tropospheric temperatures have been more pronounced and, to a lesser
extent, the late rainfall season (Fig. S2a, d, g, j). This trend is likely due to the
NASH’s intensification, which has extended further west since the late
1970s**"". The intensification of NASH promotes subtropical anticyclonic
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flow to the east of the US east coast that increases the geopotential height
over the basin (Fig. S2a), which extends into the central Caribbean. The
poleward-moving side of the anticyclone strengthens the northward
moisture flux over the Gulf of Mexico and western Caribbean (Fig. S4),
whereas the equatorward-moving arm of this anticyclonic flow suppresses
the usual northward influx of moisture over the eastern Caribbean (Fig. 4c).
This results in a moisture dipole™. Therefore, these changes in NASH result
in more persistent dry season conditions that currently sustain, if not
intensify, the CLL], which normally would have weakened by the early
season’s onset.

The trends in the late-season environmental conditions are in stark
contrast to the dry and early rainfall seasons. In recent years, the late season
has been characterized by increasingly favorable conditions, consistent with
projected decreases in North Atlantic vertical wind shear with warming and
more intense convective activity’>*. Differential warming between the
central Caribbean SST's and temperatures aloft was much weaker than that
in the dry and early seasons. A suppressed late-season CLL] reduces vertical
wind shear and promotes increased rainfall. Additionally, the subtropical
anticyclonic flow was greatly reduced owing to the weakened and receding
NASH (Fig. S3¢), allowing for an increased eastward influx of moisture from
the equatorial Atlantic into the region (Fig. S3i). The trends indicate an
increasing contrast in Caribbean seasonal rainfall variability, with reduced

rainfall activity in the first half of the year but intensifying rainfall activity
towards the end.

Shifting dynamics

We further explored the influence of warming on regional climate dynamics
by examining changes in regional moisture flux and low-level wind speeds
and their impact on the CLLJ. Notably, the strongest early season trends in
atmospheric stability were observed near the core domain of the CLLJ
(13°-17°N, 80°-70°W; see again Fig. 3d), suggesting a potential link between
enhanced low-level winds and suppressed convection. The CLL]J typically
exhibits two seasonal peaks, in February and July, which coincide with the
Caribbean dry season and MSD, respectively”’. This seasonal behavior
influences moisture transport and vertical wind shear in the
Caribbean Basin.

Trends in North Atlantic 925-hPa zonal wind speeds are strongest and
most significant in the dry season and particularly in the subtropical North
Atlantic (Fig. S4). There are also indications of earlier intensification,
potentially beginning as early as April, although these trends are not yet
statistically robust (Fig. S4). A stronger CLL] suppresses early season rainfall
by enhancing subsidence and promoting the advection of dry air from the
subtropics®. These findings suggest that zonal wind patterns may now play a
more prominent role in modulating rainfall onset than SST alone.
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Fig. 5 | Changing correlations between low-level relative humidity and SSTs,
RSSTs and the CLLJ over time. Correlation maps between Caribbean the early-
season 700-hPa relative humidity field and May-July indices of a, b Caribbean sea

surface temperature (SSTc4r); ¢, d Caribbean SSTss relative to the equatorial eastern
Pacific (RSSTcar), and the CLLJ e, f for time periods 1979-2001 (left panels) and
2002-2024 (right panels).

As described initially, the northward flow during May-July advects
moisture from the deep tropical eastern Pacific into the Caribbean region
resulting in enhanced precipitation. However, trends in the northward
moisture flux show enhanced moisture flux over the western Caribbean but
reduced northward flux over the eastern Caribbean due to the increased
westward extension of the NASH and thus increased southward flow
(Fig. $4). The reduction in northward moisture flux suppresses early season
rainfall and promotes a longer dry season and, hence, a prolonged CLLJ over
the eastern Caribbean region.

These trends suggest that, for the Caribbean early rainfall season,
variability in the low-level easterlies is strengthening as a key indicator for
the onset of rainfall. In Fig. 5, we correlated the May-July mean indices of
SST car» RSST car, and the CLLJ to the May-July 700-hPa relative humidity
field at each grid point during the time periods of 1979-2001 and
2002-2024. Relative humidity is used here as a moisture indicator of the
early rainfall season onset'".

During 1979-2001, early-season Caribbean RH700 were mostly
positively correlated with SSTs in the central and eastern Caribbean
(~+0.3) and negatively correlated (~—0.4) with those in the western
Caribbean (Fig. 5a). RH700 correlations with RSST¢4r were negative
with little significance in the domain (Fig. 5¢), likely due to a weak
zonal gradient between the eastern Pacific and North Atlantic basins
relative to the more recent time period”. The CLL] was positively
correlated with RH700 (~+0.5) in the central Caribbean (Fig. 5e).
During 2002-2024, SST car correlations weaken (—0.3 in the western
Caribbean and +0.1 in the central/eastern Caribbean) relative to
RSSTcar and CLLJ (Fig. 5b, d, f). The RSSTcar correlations were
stronger and positive, consistent with strengthened zonal SST gra-
dients owing to warm Atlantic-cool Pacific SST trends”. Among the

three indices, the CLL] was the strongest predictor in both time per-
iods, but seemingly outstrips SSTcsr and RSST¢ar in the latter time
period.

Discussion

The early rainfall season in the Caribbean is vital for replenishing water
resources following the dry season and for supporting early agricultural
activities ahead of the mid-summer drought™. Historically, SST variability
in the Caribbean and tropical North Atlantic has served as a reliable pre-
dictor of early season rainfall, as it determines whether conditions exceed the
convective threshold (SST,,;) required to initiate deep convection. SSTs in
the tNA have increased significantly, particularly over the past few decades.
The findings presented in this study suggest that recent warming has caused
SST,i; to be reached earlier in the year, corresponding to a more expansive
AWP during MJJ. While this shift means that the early season can now
support intense convective events, as exemplified by Hurricane Berylin June
2024, it simultaneously weakens the historical SST-rainfall relationship and
raises concerns about the continued reliability of static SST-based rainfall
predictors during this period.

The findings of this study further show that the warming SSTs and
earlier attainment of SST,;, have not led to earlier or increased rainfall in
some regions of the Caribbean. Instead, the region exhibited increased
atmospheric stability, as evidenced by the declining CAPE and rising CIN.
This suggests that, on average, the atmosphere over the eastern Caribbean
and wider tNA is becoming less conducive to deep convection, even as
SS8Ts warm.

This apparent paradox—warmer SSTs coinciding with reduced rainfall
—can be explained by differential warming between the surface and the
upper troposphere. The upper troposphere warms at a faster rate than the
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surface, leading to an increase in static stability. This enhanced stability
suppresses vertical motion and delays the onset of convection, thereby
reducing rainfall. Additionally, warming trends over the historical period
have forced the NASH to intensify and extend further west, imposing an
anticyclonic flow over the Caribbean. This forced anticyclonic flow reduced
the northward moisture flux within the vicinity of the CLL], allowing the
easterlies and positive geopotential heights to persist over the region
during MJJ.

The above results are in line with projected drying within the Car-
ibbean under global warming. Under the worst-case warming scenarios,
Caribbean rainfall is substantially reduced by as much as 50% across the
entire region and in all seasons'>’~’. Projected El Nifio-like warming in the
equatorial Pacific increases the westward zonal flow and deep-layer vertical
wind shear; low-level relative humidity is reduced as more dry air is advected
into the region. These conditions ultimately result in the intensification and
increased persistence of the CLLJ.

However, the drying trend observed in recent years occurs despite the
progressively warmer Atlantic and cooler equatorial eastern Pacific back-
ground state”, the combination of which should produce regional-scale
ascentand rainfall'**. In this case, drying is driven by a different mechanism,
namely, the intensification and westward extension of the NASH, which
suppresses rainfall over the eastern Caribbean. Stronger suppression over the
region is likely kept at bay by the equatorial Pacific’s La Nifia-like cooling,
driving ascent over the western Caribbean™. Furthermore, current state-of-
the-art models still struggle to adequately capture equatorial Pacific cooling
under present warming conditions, further complicating the relationship
between SST variability and rainfall activity throughout the tNA™*'. Some
studies suggest that Pacific cooling is transient in nature'. In the case of a
switch to a more El Nifo-like background state, the western Caribbean and
Gulf of Mexico regions are likely to begin drying.

The above findings highlight the growing importance of dynamic and
thermodynamic variables—beyond absolute SSTs—in predicting early-
season rainfall. Research suggests relative SST's (local SSTs minus the tro-
pical mean) as a robust indicator of atmospheric instability”, accounting for
the broader warming context and being better correlated with convective
activity. Our results show that RSST 4 has become increasingly correlated
with early-season rainfall, even though the SST-rainfall relationship has
weakened (Fig. 4). However, trends in relative SST's during the early rainfall
season showed little to no increase, suggesting that the regional environment
was not becoming more favorable for convection despite rising
absolute SSTs.

The Caribbean appears to be entering a new era in which traditional
SST-based predictors of early season rainfall have become increasingly
unreliable. Although SSTs in the tropical North Atlantic continue to rise,
this warming no longer results in increased rainfall. Instead, enhanced
atmospheric stability, driven by upper tropospheric warming and an
intensifying NASH, and the persistence of dry-season conditions, including
the CLLJ, are emerging as key modulators of rainfall suppression.

The weakening correlation between absolute SSTs and early-season
rainfall underscores the need to reconsider the foundational assumptions of
seasonal prediction frameworks. Our findings show that relative SSTs and
dynamic atmospheric variables, such as low-level wind strength, now pro-
vide stronger explanatory power than SST magnitude alone.

These results contribute to a growing body of evidence across the
tropics that warming is disrupting conventional rainfall predictors. This
shift has profound implications for seasonal climate forecasting, especially
for Caribbean Small Island Developing States (SIDS), which depend heavily
on early season rainfall for agriculture, water security, and disaster
preparedness.

Policymakers, forecasters, and regional climate institutions must adapt
to these changing dynamics by integrating updated predictors into opera-
tional forecast systems and long-term adaptation planning. Future research
should prioritize the refinement of relative SST indices, atmospheric stability
diagnostics, and circulation-based metrics to ensure more robust rainfall
projections in a warming world.

Methods

Data sources

This study employed a suite of observational and reanalysis datasets to
investigate the relationship between precipitation (PRECIP) variability in
the Caribbean region and sea surface temperatures (SSTs) in the tropical
North Atlantic (tNA). For the observed trends in SSTs and PRECIP, the
Extended Reconstructed Sea Surface Temperature version 5 (ERSSTv5)
dataset and Global Precipitation Climatology Project (GPCP) monthly
analysis were used. ERSSTv5 provides global monthly SST's based on the
International Comprehensive Ocean- Atmosphere Dataset (ICOADS) with
a spatial resolution of 2° x 2° and temporal coverage from January 1854 to
the present”. The GPCP is a temporally and spatially consistent 2.5° x 2.5°
dataset of monthly rainfall fields from January 1979 to the present, com-
prising satellite data, rain-gauge station data, and sounding observations®.
For atmospheric variables, including 925-hPa zonal wind speeds, convective
available potential energy, convective inhibition, and 300-hPa air tem-
peratures, the fifth-generation ECMWF reanalysis (ERA5) dataset was used.
ERAD5 data are available from January 1940 to the present and have a native
horizontal resolution of 0.25° x 0.25° ***. The data were further coarsened
to a 2.5° x 2.5° grid resolution to be comparable with the observations.

Climate Indices

The Caribbean region is defined as 5°-25°N and 90°-60°W', whereas the
tNA domain is defined as 5°-25°N and 80°-15°W. The Caribbean low-level
jet index (CLLJ) is defined as the 925-hPa zonal wind speed averaged over
the domain 13°-17°N and 80°-70°W*"'’. The zonal SST gradient
(RSST4p) is defined as the difference between Caribbean SSTs (SSTc4r)
and equatorial eastern Pacific SSTs in the Nifo-3.4 region (5°S-5°N,
1700_lzoow)4,l6,18,37,4().

The SST convective threshold

The SST convective range for the Caribbean region is defined as
27°-29°C"****, and the static convective threshold is defined as 27.6 °C,
corresponding to 3.5mm day ' based on the SST-rainfall relationships
plotted in Fig. 1.

Linear trends

The statistical significance of linear trends over time was determined using
the non-parametric Mann-Kendall test for monotonic trends. The test was
performed using the PyMannKendall Python package™. The strength of the
other linear relationships was determined using ordinary least squares
methods.

Data availability

Global Precipitation Climatology Project (GPCP) Monthly Analysis Pro-
duct data is provided by the NOAA PSL, Boulder, Colorado, USA, from
their website at https://psl.noaa.gov/data/gridded/data.gpcp.html. NOAA's
ERSSTV5 is available at https://psl.noaa.gov/data/gridded/data.noaa.ersst.
v5.html. Other gridded atmospheric data was obtained from the fifth gen-
eration ECMWF reanalysis (ERA5) and is publicly available at https://cds.
climate.copernicus.eu/.

Code availability

The data and underlying code used to generate the manuscript figures are
publicly available for download via Github (https://github.com/jhordannej/
breaking-the-caribbean-SST-rainfall-link) and Zenodo (https://doi.org/10.
5281/zenodo.16468534).
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