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Abstract

Tropical rainfall plays a central role in the climate system, shaping ecosys-
tems and societies. Here we show that recent tropical rainfall changes are
primarily driven by spatial shifts in atmospheric circulation rather than ther-
modynamic processes, and cannot be explained by the “Wet Get Wetter” or
“Warm Get Wetter” paradigms. Observations reveal a northward shift in pre-
cipitation with wetting in the western and northern equatorial Pacific, northern
Indian region, and drying south of the equator in the Pacific and South Amer-
ica. These trends coincide with a La Niña-like sea surface temperature pattern,
strengthened Walker circulation, Southern Ocean cooling, enhanced land-sea
and inter-hemispheric thermal gradients, and intensification of the Indo-Pacific
warm pool. Climate models largely miss the first three features, projecting
instead a reduced equatorial Pacific sea surface temperature gradient, but cap-
ture large-scale thermal gradients and Indo-Pacific warm pool changes. We show
that amplified land-sea thermal contrast and Indo-Pacific warm pool intensifica-
tion reproduce the observed circulation and rainfall changes. Coupled sensitivity
experiments further confirm that land warming and ongoing desertification in
the Northern Hemisphere act as active drivers of current tropical hydroclimate
changes, challenging ocean-centric assumptions in current climate models.

Keywords: Tropical Precipitation, Land-Sea Thermal Gradient, Walker Circulation,
ENSO
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1 Introduction

The world is warming at an unprecedented pace. According to the State of the Climate
2024 report from the World Meteorological Organization, the global mean near-surface
air temperature in 2024 was 1.55 °C above the pre-industrial average, making it the
hottest year on record [1]. Rising temperatures have far-reaching impacts, including
land and marine heat waves, glacier melt, sea-level rise, more frequent extreme weather
events, and ecosystem disruptions [2–7]. Among these, changes in precipitation stand
out because of their direct and profound effects on human societies, particularly in the
tropics. Yet the relationship between climate change and rainfall is far more complex
than that with temperature [8, 9]. Warming can intensify flooding in some regions
while driving droughts in others, and in many areas, trends in mean precipitation
remain obscured by natural variability [6]. Understanding how climate change alters
precipitation is therefore critical but remains scientifically challenging since current
coupled climate models still suffer from large Sea Surface Temperature (SST) and
precipitation biases in the tropics [10–13] which may mask or distort the underlying
climate-change signal [14].

Different theories have been proposed to explain how precipitation responds to cli-
mate change, including the “Wet Get Wetter” (WeGW), the “Direct effect of CO2

forcing” (DeCO2), and the “Warm Get Wetter” (WaGW) paradigms [15–19]. These
paradigms, or their hybrids, provide skillful explanations for future regional tropical
precipitation changes over oceans under centennial-scale climate change and in ideal-
ized experiments forced with abrupt or gradual CO2 increase. However, recent studies
demonstrate that these frameworks are not directly applicable over land in their origi-
nal forms [20–24], and further highlight the importance of land-sea thermal contrasts,
which alter atmospheric circulation and drive regional rainfall variations independently
of CO2 radiative effects or SST patterns [20, 24–26].

Taken together, these theories—and their recent refinements that incorporate the
influence of land–sea thermal contrasts—offer valuable frameworks for understanding
future projections of tropical precipitation and circulation changes in climate models.
However, it remains unclear whether they can adequately explain the current observed
tropical precipitation and atmospheric circulation trends, which is the main focus of
this paper.

The tropical Pacific strongly influences global precipitation patterns across a range
of time scales. Therefore, it is crucial to consider forced changes in the equatorial
Pacific when assessing tropical precipitation and atmospheric circulation responses to
climate change. In this context, the response of the equatorial Pacific’s zonal SST
gradient and the associated Walker circulation to global warming remains a subject
of active debate [27–34]. The WeGW paradigm suggests a weakening of atmospheric
circulations, including the Walker and Hadley cells, due to increased atmospheric mois-
ture and reduced radiative cooling. However, observational data over recent decades
indicate a strengthening of the Walker circulation, despite significant surface warm-
ing [29, 32, 33]. Previous studies using attribution and idealized experiments have
further shown that this apparent contradiction is closely linked to the behavior of
the zonal SST gradient in the equatorial Pacific and the Indian Ocean, and, to the
transient nature of the Walker circulation strengthening [24, 31, 35]. Although many
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Coupled Model Intercomparison Project (CMIP) coupled models simulate a decrease
in this equatorial zonal SST gradient during recent decades under anthropogenic forc-
ing, observations have shown an increase during recent decades, leading to a more La
Niña-like state [29, 31, 33, 34].

Several studies have provided comprehensive reviews of this discrepancy [33–36].
They explore hypotheses involving atmospheric stability, evaporative damping, the
ocean thermostat, the “iris effect” and internal variability. These mechanisms can
predict both the weakening and the strengthening of the Pacific zonal SST gradient
under global warming. However, other studies suggest that these discrepancies are
unlikely to be explained solely by internal variability or transient features [28–30].
Model biases in accurately representing cloud feedback or El Niño-Southern Oscillation
(ENSO) mechanisms may also contribute to this discrepancy. In addition, the Southern
Ocean has cooled in recent decades, a feature not well reproduced by most climate
models, and this cooling may influence the equatorial Pacific SST gradient [33, 37].

Consistent with the WeGW paradigm, Shrestha and Soden [38] argues that the
global mean atmospheric overturning circulation has already weakened in recent
decades in both simulations and observations. In CMIP historical simulations, this
weakening is primarily due to a weaker Pacific Walker circulation. However, in Atmo-
spheric Model Intercomparison Project (AMIP) simulations, where the Pacific Walker
circulation shows a strengthened signal, the global mean overturning circulation still
weakens. This suggests that a weakening of the global circulation does not require a
weakening of the Walker circulation alone [24, 39]. Furthermore, using observational
records of precipitation and specific humidity, Shrestha and Soden [38] demonstrated
that the global mean overturning circulation is weakening in the observations as well.
The magnitude of this observed weakening is comparable to that seen in the AMIP
multi-model mean, though smaller than in the CMIP models.

Based on these studies, it is evident that the precipitation response to global
warming is a complex phenomenon, and there is still significant debate surrounding
the strength and nature of atmospheric circulation changes, especially during recent
decades. Most previous studies have focused primarily on future climate projections
and idealized experiments. In contrast, how the water cycle has actually changed over
recent decades remains relatively underexplored. With the availability of long-term,
satellite-era records and high-quality observationally constrained reanalysis datasets,
we are now in a better position than ever to examine how precipitation has responded
to ongoing climate change. This raises many critical questions: Can observed precipi-
tation trends over recent decades be explained by existing theoretical frameworks such
as WeGW, DeCO2 and WaGW? Or do these trends point toward emerging [34] or
alternative mechanisms, for example, those associated with enhanced land-sea thermal
contrasts [24, 25, 40]? To address these questions, this study analyzes observational
and reanalysis data from 1979 to 2024, CMIP6 historical simulations and several ded-
icated coupled sensitivity experiments, with a focus on understanding the current
response of tropical precipitation to global warming.

Here we show that tropical precipitation changes during the satellite era are primar-
ily driven by large-scale atmospheric circulation spatial shifts in the Indo-Pacific region
rather than thermodynamic processes. Furthermore, our results indicate that land
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warming and ongoing desertification in the Northern Hemisphere act as active drivers
of observed tropical hydroclimate changes, challenging ocean-centric assumptions in
current climate models.

2 Results

We organize the Results section as follows. First, we present spatial trends in key
variables like precipitation, 2-meter air temperature (t2m), SST, 850-hPa winds, and
upper-tropospheric (200-hPa) velocity potential, over 1979–2024 in reanalyses, obser-
vations and CMIP6 historical simulations. Second, we decompose precipitation changes
into dynamic and thermodynamic components to assess the relative role of circula-
tion versus moisture constraints on the precipitation change, and we show that the
recent observed rainfall trends are mostly driven by dynamic processes. Third, we
analyze eight surface temperature indices in observations and simulations, partition
their trends and residuals, and use spatial regressions to demonstrate that enhanced
land-sea contrast and Indo-Pacific warm pool intensification drive tropical atmospheric
circulation and rainfall trends over 1979–2024 period in observations. Finally, we com-
pare observations with targeted coupled-model sensitivity experiments that artificially
amplify the land-sea thermal gradient, evaluating its ability to reproduce the observed
precipitation, SST, wind, and upper-level velocity potential trend patterns.

2.1 Global Climate Trends

The trend maps of precipitation, t2m, SST, 850-hPa winds, and 200-hPa velocity
potential from ERA5 are shown in Fig. 1. ERA5 is used as the primary observational
reference in this study because it reliably reproduces the key characteristics of recent
precipitation changes [41]. However, to assess whether these trends are robust or spe-
cific to ERA5, we first compare them with trends derived from observational-based
(GPCP[42] for precipitation, Berkeley Earth[43] for t2m, OISST[44] for SST) products
and other reanalysis products (NCEP2[45] for wind and velocity potential), shown in
Supplementary Figure 1. ERA5 broadly agrees with other observational and reanaly-
sis products, especially for Pacific precipitation, polar amplification, land–sea thermal
contrast, La-Niña-like SST trends, Southern Ocean cooling, and Pacific Walker circu-
lation strengthening. However, differences remain, notably stronger drying/wetting in
ERA5 vs. GPCP, discrepancies over East Asia/Africa, and contrasting SST trends in
the equatorial Pacific. Hereafter, we will discuss in more detail only the robust trends
found in the different datasets and check if CMIP6 simulations are able to capture
them, especially the precipitation and temperature trends.

The robust precipitation trends reveal both significant wetting and drying patterns
across the globe (Fig. 1a). The strongest trends are found over the tropical Pacific
Ocean on either side of the equator, with increasing precipitation along the western
equatorial Pacific, the Maritime Continent, and the Intertropical Convergence Zone
(ITCZ). A notable drying trend is observed just south of the Northern ITCZ, and
the South Pacific Convergence Zone (SPCZ) is more tilted in the southeast direction.
Overall, these changes suggest a strengthening and narrowing of the ITCZ in the
Pacific and Atlantic Oceans (commonly referred to as the “deep-tropics squeeze”),
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Fig. 1 Global climate trends (1979-2024) in (a) precipitation (mm day−1 yr−1), (b) 2-meter
air temperature (t2m; ◦C yr−1), (c) Sea Surface Temperature (SST; ◦C yr−1), (d) 850-hPa wind
vector and speed ( m s−1 yr−1), and (e) 200-hPa velocity potential (m2 s−1 yr−1) using ERA5. Dots
mark regions with statistically insignificant trends (at 90% confidence level). In (d), arrows show
wind vector trends, plotted only if at least one component is significant at 90% confidence level.

which is also found in independent atmospheric infrared sounder observations [46]
and likely driven by global warming [47]. An increasing trend in precipitation is also
evident over the Indian regions in both ERA5 and GPCP. Meanwhile, regions such as
South America also exhibit a robust drying trend.
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We next compared these observed precipitation trends with both CMIP6 Multi-
Model Mean (MME) historical rainfall trends over 1979–2024 and the late-century
CMIP6 projections, as shown in Supplementary Figure 2. This allows us to assess
whether present-day changes anticipate the far-future response seen in CMIP models.
First, Supplementary Figure 2b shows that the CMIP6 models’ projections and simu-
lations retain a pronounced double-ITCZ bias, which is a long-standing known bias in
all past CMIP simulations [12, 48]. Next, it is obvious that the rainfall trend pattern
over 1979–2024 in CMIP6 historical simulations is almost similar to the century-scale
response in the CMIP6 projections (spatial correlation of 0.7, Supplementary Figure
2c,d). Both bear a strong similarity to an El Niño-like rainfall pattern (see Supple-
mentary Figure 3a), which is partly muted by the double-ITCZ bias. This El Niño-like
rainfall pattern in CMIP6 simulations is markedly different from the observed rainfall
trend pattern (Fig. 1a). As an illustration, the large-scale drying south of the equator
in the Pacific and the large increase in precipitation over the Maritime Continent and
along the North ITCZ are not reproduced at all by the CMIP6 MME of historical
simulations and projected changes. Importantly, the observed rainfall trend pattern
in CMIP6 is also different from the La Niña-like rainfall pattern (see Supplementary
Figure 3b).

Taken together, these large discrepancies indicate that present-day rainfall patterns
in observations are not a simple early manifestation of the late-century response shaped
by the WeGW, DeCO2 and WaGW mechanisms. Instead, they likely reflect a transient
adjustment, a manifestation of internal variability or, more drastically, a systematic
inability of current climate models to reproduce the current forced signals [28–30].
This highlights the urgent need to diagnose in more detail the origins of observed
rainfall trends.

We will now focus on other climate variables, which are physically related to precip-
itation. The t2m trends clearly reflect signatures of global warming, with the majority
of the globe showing warming trends with only some localized, yet robust, regional
cooling, especially over the southeastern Pacific Ocean, off the equator, and the South-
ern Ocean (Fig. 1b). The maximum warming trend is seen over northern latitudes-over
the Arctic region in ERA5, but over northern Eurasia and Greenland in observation
(Supplementary Figure 1b)-which is a robust signal of climate change and is usually
referred to as Arctic or Polar Amplification [49, 50]. Furthermore, it is observed that
the warming over land is systematically and substantially greater than over the ocean,
reflecting the well-documented land–sea warming contrast in response to increased
atmospheric CO2 concentrations [51–53]. As this contrast is found in both observa-
tions, and transient and near-equilibrium simulations [54, 55], it cannot be attributed
solely to transient differences in thermal inertia and ocean heat uptake. Instead, it may
arise from effective radiative forcing, atmospheric energy transport anomalies, and dis-
tinct feedbacks involving enhanced evaporative cooling over the ocean, differences in
lapse-rate changes between land and sea, and cloud–radiation interactions that modify
surface shortwave fluxes [52–55]. The t2m trend further shows a pronounced inter-
hemispheric asymmetry, with stronger warming in the Northern Hemisphere (NH),
consistent with both its larger land fraction and the fact that the above feedbacks
contributing to the land-sea contrast are more effective in the NH [51, 56].
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The SST trends also show a global warming signature (Fig. 1c). In the tropics, this
warming signal is dominated by the extension and intensification of the Indo-Pacific
warm pool, which has almost doubled in size since 1900 [57] and draws warm-moist
air from the tropical Pacific Ocean into the Maritime Continent on an annual average
(Fig. 1d). The SST trends in the tropical Pacific resemble a La Niña-like pattern, with
warming in the west and cooling in the east. Yet, the eastern equatorial cooling trends
are statistically insignificant and non-robust (Fig. 1b,c, and Supplementary Figures
1b,c), even though the resulting modulation of the Pacific equatorial gradient has
attracted a lot of attention in the literature [27, 29, 31–33, 36]. Significant cooling in
the south subtropical and southern Pacific, connected to the tropical eastern Pacific
cooling, is also found. The Southern Ocean cooling and its possible drivers have also
been widely studied, with explanations ranging from natural climate variability [58],
stratospheric ozone depletion [59], to Antarctic meltwater influx [60].

This peculiar observed pattern in the Pacific has attracted growing attention, as
CMIP climate models generally project an El Niño-like SST trend under future warm-
ing scenarios [36]. Moreover, many models struggle to reproduce the Southern Ocean
cooling in their historical simulations (Supplementary Figure 2e,f). Kang et al. [37]
have investigated this discrepancy and have suggested potential links between South-
ern Ocean cooling and the observed Pacific SST trends. Importantly, these varying
patterns in t2m and SST trends may influence regional precipitation distributions dif-
ferently in observations and simulations, a relationship explored further in subsequent
sections.

Consistent with the observed SST trends in the Pacific, the 850-hPa wind trends
suggest a strengthening of the surface branch of the Walker circulation in the tropical
Pacific (Fig. 1d, and Supplementary Figure 1d). To validate this claim, we estimated
the strength of the Walker circulation in ERA5 by an index based on zonal sea-level
pressure variations in the tropical Pacific. More precisely, this Walker Circulation
Index (WCI) is defined by the zonal contrast of sea-level pressure between the east-
ern (5°S–5°N, 160°–80°W) and western (5°S–5°N, 80°–160°E) equatorial Pacific and
is commonly used to monitor the trends of the Walker circulation in both obser-
vations and CMIP simulations [33, 61]. The WCI shows a positive linear trend of
1.397 Pa per year in ERA5 (significant at the 90% confidence level), which contra-
dicts theoretical expectations and future projections but agrees with previous studies
that also report this strengthening, as discussed in Section 1. This enhanced Walker
circulation is further supported by significant trends in the 200-hPa velocity poten-
tial fields, which show both a large strengthening of upper-level divergence over the
Indo-Pacific warm pool and of upper-level convergence, particularly in the southeast
Pacific (Fig. 1e). Importantly, like the precipitation trend pattern, this 200-hPa veloc-
ity potential pattern differs markedly from the ones observed during El Niño and La
Niña events (Supplementary Figure 3c,d) as the upper-level divergence pole is shifted
westward. The upper-level convergence is fully asymmetric with respect to the equa-
tor in the observed 200-hPa velocity potential trends (Fig. 1e). In comparison, the
ENSO upper-level velocity potential patterns are fully symmetric with respect to the
equator (Supplementary Figure 3c,d).
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A similar trend analysis for boreal summer (June–September) and boreal winter
(December–March) exhibits comparable large-scale features, with some important dis-
tinctions (Supplementary Figure 4). The Indo-Pacific warm pool intensifies in both
seasons, but the lower- and upper-level atmospheric trend patterns are markedly dif-
ferent between the two seasons. During boreal summer, an asymmetric teleconnection
pattern develops between the Indian region and the southeast Pacific with a contin-
uous band of southeasterly 850-hPa wind anomalies stretching from the southeast
Pacific to the northeastern African coast and a tilted dipole in the 200-hPa veloc-
ity potential trends with upper-level divergence over Africa and the Indian domain,
and opposing upper-level convergence over the Southeast Pacific. By contrast, during
boreal winter, the symmetric zonal circulation is enhanced with zonal wind conver-
gence towards the Indo-Pacific warm pool at the surface (Supplementary Figure 4h)
and upper-level divergence over the Maritime Continent, which extends over East Asia
and Australia, and opposing upper-level convergence over the Atlantic domain and
neighboring continents (Supplementary Figure 4j).

Overall, current trends in climate variables do not align well with CMIP6 histor-
ical simulations and future projections, which both typically indicate an El Niño-like
SST pattern and a weakening of the atmospheric circulation consistent with a hybrid
between the DeCO2, WeGW and WaGW theories [16, 18, 19, 23, 39]. These inconsis-
tencies reinforce the idea that the present period may represent a transitional phase
in the climate system, as proposed by Watanabe et al. [33] or that the response to
anthropogenic forcing is masked by internal variability or is not emerging yet in obser-
vations [62] or, finally, that the response to the anthropogenic forcing in the models
is muted by the model’s biases [28, 30]. In the following section, we demonstrate that
the observed tropical rainfall trends are fully under the control of dynamical processes
rather than thermodynamic ones. This suggests the key-role of surface temperature
gradients in driving the atmospheric circulation, which will be examined next.

2.2 Clausius-Clapeyron Scaling and Dynamical Processes

According to the Clausius-Clapeyron (CC) scaling, a warmer atmosphere can hold
more moisture, implying that wet regions are expected to get wetter and dry regions
drier under climate change, provided that relative humidity and vertically integrated
moisture flux do not change [15, 22]. In this framework, regions where precipitation
exceeds evaporation (P − E > 0) are classified as wet, and regions with (P − E < 0)
are considered dry. We apply CC scaling locally using Equation 1 to assess its ability
to reproduce observed trends in P–E at each grid point.

Figure. 2 (left column; panels a, c, and e) presents the climatology of P − E, the
observed trend in P–E, and the trend estimated using CC scaling, respectively. While
the spatial pattern of P − E trends broadly resembles that of precipitation trends,
notable differences exist. For example, over the Pacific Ocean, the drying band south of
the equator is more spatially extensive in the P–E trend compared to the precipitation
trend, while the wetting band north of the equator is narrower.

Under CC scaling, we expect the reconstructed P −E trends to mirror the spatial
structure of the P − E climatology—that is, wet regions becoming wetter and dry
regions drier. However, the reconstructed precipitation trends using the CC-scaling

8



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

30°S
20°S
10°S

0°
10°N
20°N
30°N

(a) Climatology of P−E (b) Precipitation trend recreated

30°S
20°S
10°S

0°
10°N
20°N
30°N

(c) P−E original trend (d) Dynamic component

180° 120°W 60°W 0°60°E 120°E
30°S

20°S
10°S

0°
10°N
20°N
30°N

(e) P−E trend recreated using CC scaling

180° 120°W 60°W 0°60°E 120°E

(f) Thermodynamic component

−5.0 −2.5 0.0 2.5 5.0
mm day−1

−0.025 0.000 0.025
mm day−1 yr−1

−0.025 0.000 0.025
mm day−1 yr−1

−0.025 0.000 0.025
mm day−1 yr−1

−0.025 0.000 0.025
mm day−1 yr−1

−0.025 0.000 0.025
mm day−1 yr−1

Fig. 2 Decomposition of tropical precipitation-minus-evaporation (P-E) and precipita-
tion trends (1979–2024). Panel (a) shows the climatology of P-E (mm day−1). Panel (b) shows
the recreated precipitation trend (mm day−1 yr−1) using dynamic and thermodynamic components
using Equation 2. Panels (c) and (e) depict, respectively, the original and Clausius Clapeyron-scaled
reconstructed P-E trends ((mm day−1 yr−1) computed using Equation 1, with stippling marking
regions where the trends are not statistically significant at the 90% confidence level. Panels (d) and
(f) show the dynamic and thermodynamic components of the precipitation trend (mm day−1 yr−1)
computed using Equation 2. All trends are computed using ERA5 reanalysis for physical consistency.

(Fig. 2e) exhibit very low magnitudes, roughly an order of magnitude smaller than the
observed trends. This suggests that thermodynamic effects play only a limited role in
explaining the observed trends in P − E.

To investigate this further, we employ a simplified two-layer moisture budget
framework (Equation 2) to decompose precipitation trends into thermodynamic and
dynamic contributions. The total reconstructed precipitation trend, along with the
thermodynamic and dynamic components, is shown in Fig. 2 (right column; panels
b, d, and f). The simplified moisture budget broadly reproduces the observed pre-
cipitation trends, with some regional differences, for instance, a narrower band of
enhanced precipitation north of the equator. Crucially, the decomposition reveals that
the dynamic component dominates the precipitation trend, while the thermodynamic
contribution is comparatively very weak. This finding is consistent with the negligible
trends obtained from the CC-based reconstruction of P − E, further confirming that
present-day changes in precipitation and P − E are primarily driven by changes in
atmospheric dynamics, rather than thermodynamic constraints.

To assess the robustness of these results, we apply an alternative moisture bud-
get decomposition framework adapted from Chadwick et al. [18], to reanalysis data.
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Details of this analysis are provided in Section 3 and Supplementary Figure 5. Con-
sistent with the simple moisture budget decomposition, this independent framework
also identifies dynamical changes (more precisely, spatial shifts in the pattern of con-
vection centers, not the large-scale weakening of tropical circulation) as the dominant
contributor to the observed precipitation changes, with thermodynamic contribution
and upward vertical mass flux due to the weakening of the large-scale circulation play-
ing only a secondary role. This demonstrates that our conclusions are not sensitive to
the choice of decomposition framework.

Taking into account this important result, we now turn our attention to possible
temperature drivers of both the observed trends of precipitation and atmospheric
circulation in the next section.

2.3 Possible Drivers of Precipitation and Atmospheric
Circulation Trends

Since thermodynamic arguments alone do not adequately explain the observed pre-
cipitation trends, we apply a linear regression framework to assess the influence of
various temperature-related indices on the precipitation and circulation trends. These
include the Global Mean Temperature (GMT), inter-hemispheric and land–sea ther-
mal gradients, Niño 3.4 index, Trans-Niño Index (TNI), Indo-Pacific Warm Pool SST
(IPWP), Equatorial Eastern Pacific SST (EEPO) and their difference (IPWP-EEPO)
as described in Section 4.4. To isolate long-term signals, we decompose each time
series into a trend component and residual time series with the help of a LOESS
smoother, as described in Section 4.5. Figure. 3 presents the estimated trend and resid-
ual components of the annual time series of these eight indices derived from ERA5.
For comparison, we also include the same indices derived from the CMIP6 MME,
but without any filtering, to evaluate whether the models capture these observed
variations.

As expected, GMT, the inter-hemispheric and land–sea thermal gradients, and
IPWP SST all increase significantly, with the steepest rise in GMT, followed by IPWP
SST and the two gradients. ERA5 and CMIP6 agree closely on these four indices,
indicating robust greenhouse-gas (GHG)-forced trends. A cross-correlation analysis
(Supplementary Figure 6) further confirms strong agreement between ERA5 and
CMIP6 for GMT (correlation = 0.97), the inter-hemispheric thermal gradient (0.98),
the land–sea thermal gradient (0.97), and IPWP SST (0.96). Very high correlation
(0.99) is also found between the inter-hemispheric and land–sea thermal gradients,
both in ERA5 and CMIP6, indicating redundancy, consistent with the spatial pat-
terns of warming in both ERA5 and CMIP6 (Fig. 1b and Supplementary Figure 2e).
Therefore, we exclude the inter-hemispheric thermal gradient in subsequent analyses,
since the two thermal gradients are very highly correlated and yield similar results.

The Niño 3.4 index shows only a weak upward trend in ERA5 but a much stronger,
highly significant rise in CMIP6, about three times larger, with decadal oscillations
superposed in ERA5 but a more persistent increase in CMIP6 MME. The TNI declines
insignificantly in ERA5, while CMIP6 shows an abrupt rise after 2020, likely due to
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Fig. 3 Time series from eight climate indices from 1979 to 2024. Each panel shows the
trend (blue) and residual (gray) components, and the CMIP6 MME (red) estimate for a given
index. The indices include: (a) Global Mean Temperature (GMT), (b) inter-hemispheric tempera-
ture gradient, (c) land–sea temperature gradient, (d) Niño 3.4 index, (e) Trans-Niño Index (TNI), (f)
Indo-Pacific Warm Pool Sea Surface Temperature (IPWP SST), (g) Equatorial Eastern Pacific Sea
Surface Temperature (EEPO SST), and (h) the IPWP–EEPO SST difference. The estimated linear
trend (°C/year) and the corresponding p-value for the raw ERA5 (blue) and CMIP6 MME (red) time
series of each index are also indicated in each panel. All trend and residual time series from ERA5
are calculated using LOESS, described in the Methods section.

outlier models. TNI shows very low correlation between ERA5 and CMIP6 (Supple-
mentary Figure 6). Therefore, due to these disagreements, we also exclude TNI in
subsequent analyses.

By contrast, IPWP SST rises smoothly and significantly in both datasets, confirm-
ing a strengthened Indo-Pacific warm pool under GHG forcing. EEPO SST shows only
a slight, variability-modulated rise in ERA5, but a sharp increase in CMIP6, paralleling
Niño 3.4. Consequently, the IPWP–EEPO gradient trends upward in ERA5, consis-
tent with recent findings [33], but slightly downward and insignificantly in CMIP6.
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This contrast suggests that the observed increase reflects the ocean thermostat mech-
anism [28, 63], whereas the simulated decrease may result from damping processes
such as evaporative cooling or reduced vertical mass flux [15, 35, 64].

To assess the role of temperature-related indices in driving precipitation and cir-
culation trends, we regressed annual precipitation and 200-hPa velocity potential
anomalies onto the trend components of the six selected indices in ERA5 (Fig. 4). The
strongest signals, and best match to observed trends, are found in decreasing order
for the land–sea thermal gradient, IPWP SST and GMT. Atmospheric regression pat-
terns for the land–sea gradient and IPWP SST closely resemble the observed trends,
with negative values (upper-level divergence) over the Indo-Pacific and positive values
(convergence) over the southeast Pacific. By contrast, regressions with Niño 3.4 yield
the expected Matsuno–Gill-type response—positive precipitation anomalies over the
central Pacific and negative over the Maritime Continent, with the associated velocity
potential showing a zonal, symmetric structure. These patterns resemble El Niño/La
Niña composites (Supplementary Figure 3), but differ from the observed linear trends,
which instead show wetting and upper-level divergence over the Indo-Pacific warm
pool. This indicates that the Niño 3.4 trend component alone cannot explain the
observed changes.

Interestingly, the equatorial Pacific SST gradient (IPWP–EEPO) shows an
enhanced rainfall contrast between the Maritime Continent and the western Pacific
south of the equator, but it fails to capture the wetting trend north of the equa-
tor as the land–sea thermal gradient, and IPWP SST. The IPWP-EEPO regression
with velocity potential resembles observed trends, with enhanced upper-level diver-
gence over the Indo-Pacific and convergence over the eastern tropical Pacific. This
supports the arguments that an increased Pacific SST gradient drives Walker circu-
lation intensification under GHG forcing [32, 34]. However, the regression misses the
observed asymmetry: it shows broad convergence across the eastern Pacific, whereas
observations feature a more localized center in the southeast Pacific. These results
suggest IPWP SST changes exert a stronger and more direct influence on rainfall and
circulation than the zonal SST gradient alone. The IPWP trend is also significantly
correlated with thermal gradient indices (Supplementary Figure 6), implying influence
from broader climate-change signals such as the GMT and land–sea contrast, while
also potentially feeding back onto them.

Repeating the regression analysis of ERA5 precipitation and upper velocity poten-
tial onto CMIP6 MME indices (Supplementary Figure 7) reveals both similarities
and important differences. As in ERA5, regressions with GMT, the land–sea gradi-
ent, and IPWP SST are consistent, reflecting the impact of GHG forcing on these
trends. The land–sea gradient regression with velocity potential is particularly strong
and best matches observations, suggesting a dominant role in driving circulation and
rainfall changes. By contrast, regressions with Niño 3.4 and EEPO SST in CMIP6
show opposite signals to ERA5, likely due to their much stronger upward trends in
CMIP6. Similarly, the equatorial Pacific SST gradient regression produces upper-level
convergence over the Maritime Continent and near-zero values in the eastern Pacific,
unlike ERA5. This discrepancy, consistent with the time series in Fig. 3h, indicates
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Fig. 4 Spatial regressions of annual precipitation and 200-hPa velocity potential anoma-
lies (1979–2024) onto the trends of selected climate indices. Left column: precipitation (mm
day−1 ◦C−1); right column: 200-hPa velocity potential (10−6 m2 s−1 ◦C−1), both derived from
ERA5. Fields are regressed onto the trend component of six temperature-related indices derived from
the ERA5: (a,b) Global Mean Temperature (GMT), (c,d) land–sea thermal gradient, (e,f) Niño 3.4,
(g,h) Indo-Pacific Warm Pool Sea Surface Temperature (IPWP SST), (i,j) Equatorial Eastern Pacific
Sea Surface Temperature (EEPO SST), and (k,l) equatorial Pacific SST gradient (IPWP-EEPO).
Colours show regression coefficients; stippling marks grid points where the coefficient is not signifi-
cant at 90% confidence level.
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that CMIP6 historical simulations are overly sensitive to small equatorial Pacific SST
gradient changes.

Repeating the analysis with residuals of the six indices obtained by removing their
long-term trends (Supplementary Figure 8) produced high local correlations, particu-
larly with GMT and IPWP SST. However, the spatial patterns differ from the observed
precipitation and velocity potential trends (Fig. 1a,e), indicating that the residuals,
which represent internal climate variability across different time scales, can modulate
rainfall and circulation but do not explain their long-term changes.

Overall, our results highlight three correlated, climate-change–related indices, the
inter-hemispheric and land–sea thermal gradients, and the intensification of the Indo-
Pacific warm pool, as leading candidates driving the observed tropical precipitation
trends. While land is often assumed to be passive compared to the ocean in the con-
text of tropical variability, the following section shows that warmer land can causally
influence tropical rainfall patterns, as demonstrated by coupled model sensitivity
experiments with land surface albedo perturbations.

2.4 Sensitivity experiments: The role of the land–sea thermal
gradient

To test the hypothesis that the land-sea thermal contrast can indeed change the atmo-
spheric circulation and the rainfall patterns, we performed global coupled simulations
in which the land surfaces were artificially warmed using surface albedo perturbations
applied at global or regional scales. We used two global coupled models, the Climate
Forecast System version 2 (CFS hereafter) and SINTEX-F2 (SINTEX hereafter), each
implemented in two distinct configurations to test the robustness of the simulated
responses. Importantly, both models exhibit good skill in simulating tropical variabil-
ity (see Section 4.7), despite sharing several biases common to CMIP models (see
Supplementary Section 2 and Supplementary Figure 9). The use of two independent
coupled models and multiple configurations enhances confidence in the robustness and
generality of the simulated circulation and rainfall responses. Details of the model for-
mulations, configurations, and experimental design are provided in Section 4.7 and
Table 1. For clarity and due to space constraints, we present results from the SINTEX
experiments here, while the corresponding results obtained with CFS are shown in the
Supplementary Information.

In the first set of sensitivity experiments (zero-albedo), the land snow-free back-
ground albedo used in the land albedo schemes of both models was set to zero over
all land areas. As a result, in the absence of snow, the land surface absorbs nearly all
incident shortwave radiation (direct and diffuse) at each time step. These idealized
zero-albedo experiments were compared with control simulations employing either the
standard land albedo schemes (ctrl; [65, 66]) or an updated configuration in which
the model’s snow-free background land albedo is replaced by satellite-driven MODIS
albedo (MODIS-ctrl; [11]).

Figure 5 shows the differences between zero-albedo and MODIS-ctrl experiments
for four variables: surface temperature, precipitation, 850-hPa winds, and 200-hPa
velocity potential, based on the upgraded configuration of SINTEX (the same for
CFS is shown in Supplementary Figure 10). Supplementary Figure 11 presents the
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Fig. 5 Climate model sensitivity to enhanced land–sea thermal contrast. Results are from
a coupled experiment using the SINTEX model in which the snow-free background land albedo is set
to zero, maximizing land surface warming relative to the oceans. Panels show the difference between
the sensitivity experiments and the MODIS-ctrl simulation for (a) surface temperature (°C), (b)
precipitation (mm/day), (c) 850 hPa wind speed (m s−1) with vectors indicating wind direction,
and (d) 200 hPa velocity potential (m2 s−1). Dots represent regions with statistically insignificant
differences at 90% confidence level according to the Welch’s two-sample t-test. The wind vectors in
panels (c) are plotted only if at least one component of the wind difference is statistically significant
at 90% confidence level.

corresponding differences (zero-albedo minus ctrl) for the standard configurations of
both models and confirms the robustness of the response to the albedo perturbation,
as the spatial patterns and amplitude of the anomalies are highly consistent between
the standard and upgraded model configurations and between the two models.

As shown in Fig. 5a, the albedo perturbation warms land surfaces and produces
global surface temperature changes that closely resemble observed trends (Fig. 1b,c).
The surface warming over land emerges in a few days to weeks owing to the reduced
heat capacity of land surfaces. The resulting temperature changes extend beyond
land to the oceans, with particularly pronounced signals in the Pacific, including an
enhanced equatorial SST gradient between the western and central Pacific, as well as
cooling in the SH mid-latitudes. These oceanic responses emerge most clearly during
boreal summer, consistent with the results of Terray et al. [11]. Despite the same albedo
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perturbations applied in both hemispheres, the warming is substantially stronger in
the NH, indicating the existence of positive feedbacks that amplify the initial forcing.
This suggests that the land–sea and hemispheric thermal contrasts are not merely tran-
sient responses associated with differing land-ocean heat capacities but instead reflect
complex feedback processes involving evaporation, rainfall, moisture, snow, and cloud
feedbacks, consistent with previous findings from CMIP simulations and projections
[52–55, 67].

Importantly, the enhanced NH land warming closely resembles recent observations
(Fig. 1b), especially at high latitudes and over the subtropical arid regions such as the
Sahara, Arabia, and the Middle East. These features are consistent with the observed
polar (or high latitude) and desert amplification patterns that characterize recent cli-
mate change [49, 50, 68, 69], and with the strong correlation between land–sea and
hemispheric thermal contrasts seen in both ERA5 and CMIP simulations (Supplemen-
tary Figure 6). The SST response further exhibits a La Niña–like pattern (Fig. 5a),
suggesting that the observed cooling trend in the Pacific (Fig. 1c) may be partly driven
by forced changes in the land–sea thermal gradient, rather than arising solely from
internal variability[36, 37, 58, 62].

These temperature patterns induce a dynamical response: stronger NH land warm-
ing at high and subtropical latitudes enhances both meridional and zonal thermal
gradients, leading to large-scale adjustments in surface pressure fields [40]. The result-
ing circulation changes are evident at both surface and upper levels (Fig. 5c,d). At the
surface, the response includes markedly stronger southeast trade winds in the South
Pacific and intensified SH mid-latitude westerlies, consistent with the relative cool-
ing in these regions. Both models also show strengthened subtropical anticyclones (as
seen from 850-hPa wind anomalies), particularly in the SH, further reinforcing cool-
ing over the trade-wind regions. These differences closely resemble observed SST and
surface wind trend patterns, especially over the Pacific (Fig. 1b,c). As a quantitative
measure, the WCI index (defined in Section 2.1) increases by 217% and 117% relative
to MODIS-ctrl and by 192% and 112% relative to ctrl, in the CFS and SINTEX mod-
els, respectively. This response is consistent with the significant positive linear trend
in the WCI in ERA5 as noted in Section 2.1 and [33].

The precipitation differences (Fig. 5b) also show strong similarities to the observed
precipitation trends (Fig. 1a), particularly the wetting north of the equator, over the
western Pacific, the northern Indian region, and the drying south of the equatorial
Pacific. However, some regional discrepancies remain, for example, the precipitation
trend shows drying over central Africa in ERA5, whereas the sensitivity experiments
yield strong positive anomalies in this region. This mismatch likely reflects additional
processes not captured by the land-sea thermal gradient mechanism alone, such as the
intensification of the Indo-Pacific warm pool under CO2 radiative forcing. However, the
observed trend over central Africa is itself uncertain, as this region shows substantial
disagreement between ERA5 and GPCP (Fig. 1a; Supplementary Figure 1a). Rainfall
trends over the tropical Atlantic also differ markedly between observations/reanalyses
and the idealized zero-albedo experiments.

Despite these limitations, the experiments provide insight into the mechanisms
behind the observed tropical Indo-Pacific rainfall trends over both land and ocean. We
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therefore next examine the processess responsible for the simulated tropical circulation
and rainfall responses to land surface albedo perturbations by analyzing energy-budget
and albedo diagnostics at both the surface and the top of the atmosphere (TOA) as
shown in Fig. 6 (the same for CFS is shown in Supplementary Figure 12).

As expected, surface albedo decreases over all land areas in both hemispheres
in the zero-albedo experiments; however, the reduction is substantially larger over
NH subtropical arid regions, particularly the Sahara, Arabia, and the Middle East
(Fig. 6a). Consistent with this enhanced albedo reduction, net surface shortwave radi-
ation increases significantly over these arid regions, with the excess energy largely
balanced by stronger upward longwave radiation and enhanced sensible heat fluxes
from the surface (Fig. 6c,e,g). By contrast, and despite the imposed surface albedo
perturbation, net surface shortwave radiation exhibits little change or even decreases
over the neighboring African and Indian monsoon regions. This response is consis-
tent with strong cloud and water vapor masking associated with deep convection.
In these monsoon regions, surface net longwave radiation increases in parallel with
enhanced rainfall, consistent with deeper convection and strong interactions between
heated subtropical deserts and NH monsoon systems triggered by the albedo pertur-
bation [11, 70]. Over the tropical Pacific and Indian Oceans, the surface net shortwave
and longwave radiations are also fully consistent with rainfall and SST responses
in the zero-albedo experiments. These patterns can be explained by the cloud and
water vapor masking effects combined with the SST-driven feedbacks arising from the
circulation response.

At the TOA, Earth’s albedo also decreases over land, especially over arid regions,
in the idealized zero-albedo experiments (Fig. 6b). Consistently, net shortwave radia-
tion is again maximum over the subtropical arid regions of the NH and bears a strong
similarity with the net shortwave budget at the surface (Fig. 6c). As expected, OLR
increases in all regions where cloud masking is absent in the zero-albedo experiments,
including the NH subtropical deserts (Fig. 6f). Despite this enhanced OLR, the TOA
net radiation is maximum over these arid areas, demonstrating that the net atmo-
spheric energy input is maximum there in the zero-albedo runs (Fig. 6h). Interestingly,
direct radiative forcing over land (e.g. increased CO2 with fixed SST) is also char-
acterized by an enhanced atmospheric energy input over the NH deserts, despite the
fundamentally different physical mechanisms involved compared to the surface albedo
perturbations applied here [20].

In a nutshell, the TOA radiation budget in the zero-albedo simulations indicates
a strong increase in net atmospheric energy input over NH deserts, despite enhanced
OLR. This enhanced energy input enables the ”hot” deserts to interact with the NH
monsoons, triggering the dynamical and rainfall responses and the Indo-Pacific tele-
connection described above. To more directly attribute these circulation and rainfall
responses to the net atmospheric energy input over the NH arid regions, we conducted
additional sensitivity experiments (desert-albedo) using both CFS and SINTEX in
their MODIS-ctrl configuration. In these experiments, the snow-free background land
albedo was reduced by 20% only over the Sahara, Arabia, and Middle East arid regions
((land regions over 15°–40°N and 20°W–75°E), Supplementary Figures 13, 14, and 15).
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Fig. 6 Climate model sensitivity to enhanced land–sea thermal contrast. Spatial patterns
of the response to an imposed increase in land–sea thermal contrast, obtained from coupled SINTEX
sensitivity experiments in which the snow-free background land albedo is set to zero. Shown are
the differences between the sensitivity experiment and the MODIS-ctrl simulation. Left panels show
surface responses, and right panels show Top of the Atmosphere (TOA) responses for (a,b) albedo,
(c,d) shortwave radiation, (e,f) longwave radiation, (g) sensible heat flux at the surface, and (h) net
TOA radiation (units: W m-² for radiation and sensible heat fluxes). Note that downward (upward)
fluxes are positive (negative). Dots indicates regions where differences are not statistically significant
at the 90% confidence level based on Welch’s two-sample t-test.
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Importantly, the results show statistically significant precipitation and low- and
upper-level circulation responses that are qualitatively similar to those obtained in
the idealized zero-albedo experiments, but with substantially weaker magnitudes, as
expected, and in closer agreement with the observed rainfall and circulation trends
(e.g. compare Figs 1 and 5; Supplementary Figure 13). This supports the hypothesis
that the enhanced land-sea contrast [54] and ongoing desert amplification [68] play
significant roles in shaping the observed tropical precipitation trends and further high-
lights the importance of warming over the major desert regions of the NH in driving
the associated rainfall and circulation responses. Consistent with this interpretation,
the net atmospheric energy input in the desert-albedo experiments is confined to these
arid regions. Although the mechanisms responsible for surface warming in these ide-
alized experiments differ from those operating in the real climate system [20, 68],
the experiments nevertheless provide a useful framework for isolating the dynamical
response to desert warming and the associated increase in surface sensible heat flux,
as observed in the real climate.

Dynamically, enhanced warming over NH land and arid regions strengthens sub-
tropical anticyclones and trade winds, leading to cooling of the underlying ocean. As a
result, warmer NH land leads to a relatively cooler SST over the tropical SH, especially
over the Pacific. Furthermore, the stronger atmospheric energy input in the NH (Figs 6
and Supplementary Figures 12, 14, and 15) shifts tropical precipitation northward in
all idealized experiments. To provide a quantitative view of this northward shift of the
ITCZ in the experiments, we use a Precipitation Asymmetric Index (PAI) with respect
to the equator, following Hwang and Frierson [71]. The PAI is defined as the difference
between area-averaged precipitation in the NH tropics (equator–20°N) and SH tropics
(equator–20°S), normalized by the mean tropical precipitation (20°S–20°N), and pro-
vides a measure of the fraction of ITCZ rainfall occurring in the NH. At the global
scale, the PAI increases by 86% and 32% in the zero-albedo and desert-albedo experi-
ments relative to MODIS-ctrl in CFS, and by 41% and 13% in SINTEX, respectively.
These results are consistent with energetic theories predicting that the ITCZ migrates
toward the hemisphere receiving greater energy input [72]. Although the excess energy
is exported to the opposite hemisphere through the atmosphere or ocean, in the trop-
ics, this compensation is dominated by inter-hemispheric ocean heat transport [73],
highlighting the importance of dynamical adjustments. The northward rainfall shift is
most pronounced over the tropical Pacific, but also occurs over the Indian subcontinent
and West Africa, where monsoon rainfall intensifies [11, 70].

Both of these monsoon systems are adjacent to the NH subtropical deserts over
which the albedo perturbations are imposed in the simulations, and the net atmo-
spheric inputs are maximum. Enhanced sensible heat flux from these deserts warms
the lower troposphere, destabilizes the atmosphere at the margins of the monsoon
domains, and triggers substantial rainfall increase over both West Africa and India
(see Fig. 5, Supplementary Figure 10, and [11, 70]). This mechanism contributes to
the strengthened hemispheric asymmetry of tropical rainfall in the experiments, as
reflected by the increased global PAI (see also Fig. 5c,d). Importantly, observed rain-
fall trends over recent decades exhibit a comparable asymmetry, with a strengthened
North ITCZ over the Indo-Pacific (Fig. 1a), as the PAI linear trends estimated from
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ERA5 precipitation are also positive and significant at 90% confidence level at both
the global scale and in the Pacific (0.00157/yr and 0.00224/yr, respectively). This
indicates that tropical rainfall trends are not governed solely by changes in the zonal
Walker circulation.

The Indo-Pacific precipitation, SST, and atmospheric responses to albedo pertur-
bation closely resemble observed trends in these areas (Fig. 1a,b), supporting our
hypothesis that warmer NH land and arid regions under anthropogenic forcing (Fig. 5)
can induce similar rainfall changes by altering large-scale circulation. However, the
200-hPa velocity potential patterns in the zero-albedo and desert-albedo experiments
are more asymmetric than in ERA5 (Fig. 1e), implying that NH land warming alone
cannot explain all the observed Walker circulation changes.

This suggests that observed circulation trends arise from interacting mechanisms,
including desertification, enhanced land-sea contrast, Indo-Pacific warm pool inten-
sification, Pacific SST gradients, and internal variability, as highlighted in previous
studies.

3 Discussion

In this study, we investigate the tropical rainfall trends during the satellite era to
assess our understanding of ongoing rainfall regime shifts in some of the world’s most
populated regions. Observations and reanalyses reveal several robust signs: intensi-
fied rainfall in the northern ITCZ over the Pacific and Atlantic, the SPCZ (more
tilted as well), the Maritime Continent, and India, contrasted with drying in the SH,
particularly over the South Pacific and South America. By contrast, CMIP6 histor-
ical simulations fail to reproduce these features, instead producing an emerging El
Niño–like rainfall pattern which closely resembles (though with weaker intensity) the
far-future rainfall changes projected by these models for the 21st century.

These results suggest three possible, but not exclusive, scenarios: (i) the observed
rainfall trends are governed by decadal natural variability rather than by current
radiative forcing; (ii), they represent only a transient response to this radiative forc-
ing; or (iii) they expose a major failure of current climate models to simulate the
tropical rainfall response to anthropogenic forcing. This debate mirrors exactly the
ongoing discussion in the literature about the ”tug of war” between different oceanic
and atmospheric mechanisms, such as evaporative damping, reduction in the verti-
cal mass flux linked to atmospheric energetics, the oceanic tunnel, and the ocean
thermostat (see Heede et al. [35] for an excellent review and explanation of these dif-
ferent mechanisms). These competing explanations have been proposed to account for
the contrasting behavior of the Pacific Walker circulation observed during the recent
decades with that simulated or projected by successive generations of CMIP models
over the past two decades [27–32, 35, 62, 74].

To assess the likelihood of these alternate scenarios, we first demonstrate that
these trends are driven by dynamical precipitation changes associated with three large-
scale surface temperature drivers: the intensification (and extension, as described in
Weller et al. [57]) of the Indo-Pacific warm pool, the inter-hemispheric and land-
sea thermal contrasts at the global scale. Furthermore, it is shown that the latest
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generation of models reproduced fairly well the observed trends of these three large-
scale drivers; however, they still fail to simulate correctly either the observed rainfall
pattern or the associated strengthening of the Walker circulation during the satellite
era. The land-sea and inter-hemispheric warming contrasts are tightly coupled and
robust features of human-induced global warming. They are not merely a transient
effect of global warming associated with the differences in heat capacity and ocean
heat uptake between land and ocean, but also arise from distinct climate feedbacks
operating under transient, near-equilibrium, and equilibrium conditions [54, 55].

The intensification of the Indo-Pacific warm pool is a forced response to radia-
tive forcing, probably driven by other processes like the ocean thermostat mechanism,
which indicates that the Pacific equatorial SST gradient may be strengthened by the
local Bjerknes feedback in response to global warming [63]. Our analysis shows that
this warm pool intensification across both the Indian and Pacific oceans is physi-
cally consistent with the observed strengthening and westward-shifting trend of the
Walker circulation [75], which dominates during boreal winter (Supplementary Figure
4j). This intensification is as important a driver of the tropical rainfall changes under
global warming as the thermal contrasts. Furthermore, both factors are statistically
correlated and show comparable skill in reproducing the observed rainfall trends, rais-
ing the possibility that the warm pool intensification alone could explain the observed
rainfall response.

However, dedicated coupled sensitivity experiments with albedo perturbations rule
out this possibility, showing a clear cause-and-effect link. Enhanced NH warming,
land–sea warming contrasts, and desert amplification in the NH are initially driven by
a rapid land warming response in the NH, owing to the reduced heat capacity of land
surfaces. This rapid land warming subsequently induces cooling of SSTs in the south-
east Pacific and the SH as a dynamical response during boreal summer. Together,
these processes reproduce both the observed warming pattern and associated rainfall
and circulation changes in the tropical Indo-Pacific regions. This leads to the hypoth-
esis that both the land-sea warming contrast and the warm pool intensification act
together, constructively shaping recent observed rainfall and circulation trends. This
interpretation is consistent with the modified ocean thermostat mechanism proposed
by Seager et al. [28] in which enhanced inter-hemispheric and land-sea warming con-
trasts intensify the southeast Pacific trade winds, driving a strong evaporative cooling,
which further amplifies local wind anomalies and, subsequently, triggers the ocean
thermostat mechanism along the equatorial Pacific. Since the land–ocean warming
contrast and desert amplification are robust and persistent features associated with
GHG induced warming [54, 68], this scenario challenges the idea that warm pool inten-
sification, the ocean thermostat mechanism, and the associated strengthening of the
Walker circulation are merely transient responses to the anthropogenic warming as
suggested by idealized coupled experiments forced with a wide range of both abrupt
and gradual CO2 increases [35]. Furthermore, while previous studies focus mainly on
atmosphere-ocean interactions, our results reveal that land warming plays an impor-
tant role in shaping tropical rainfall and atmospheric responses under anthropogenic
forcing and cannot be considered as a passive element of the climate system as often
assumed.
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The land–sea thermal and inter-hemispheric thermal contrasts are, however,
strongly coupled in the climate system. These two large-scale gradients are almost
perfectly correlated in both ERA5 and CMIP6, reflecting the dominant land frac-
tion in the NH. This near-degeneracy implies that processes enhancing the land–sea
warming contrast inevitably modify the inter-hemispheric thermal gradient as well,
and vice versa, making it difficult to fully disentangle their individual influences using
idealized perturbation experiments. The results presented here should therefore be
interpreted in terms of their combined effect, with land warming acting as an active
component of the coupled atmosphere–ocean system that shapes tropical circulation
and rainfall responses. In this framework, the intensification of the Indo-Pacific warm
pool also does not operate in isolation but interacts constructively with these large-
scale thermal gradients to amplify regional precipitation and circulation changes.
While isolating warm-pool-only effects would require a dedicated experimental design
targeting regional oceanic perturbations, the present results emphasize that robust
global-scale gradients provide the background state upon which the Indo-Pacific warm-
pool dynamics act, together shaping the observed tropical climate trends during the
satellite era.

Despite the physical consistency of this framework, a critical question remains:
what ultimately drives the discrepancies between the observed rainfall and atmospheric
trends and those simulated by CMIP6 models during the satellite era? First, consistent
with previous studies, our analysis shows that although the CMIP6 models reproduce
very well the trends in the three large-scale temperature drivers discussed above, they
simulate a stronger warming in the equatorial cold tongue upwelling region and a
reduced east–west SST gradient in the Pacific. As a consequence, the models produce
a weakened Walker circulation and, ultimately, an El Niño-like rainfall pattern in their
historical simulations, closely resembling their centennial response to radiative forcing.
These biases suggest that oceanic and atmospheric mechanisms, such as evaporative
damping, reduction in vertical mass flux and the ocean tunnel, which favor a reduced
equatorial SST gradient and weakened Walker circulation in the Pacific [35], already
dominate the simulated historical response to radiative forcing, in stark contrast to
what is observed.

Finally, we suggest that this inability of climate models to reproduce the observed
changes may be partly associated with the failure of many atmospheric models to
reproduce the asymmetric features of atmospheric and rainfall responses to the two
large-scale thermal contrasts discussed above, as well as their positive interactions
with the warm pool dynamic, as illustrated in Supplementary Figure 7. Obviously,
in CMIP6 models, this asymmetric atmospheric response to the land-sea thermal
contrast is muted by the severe double-ITCZ and cold tongue biases (see [12, 48,
71] and Supplementary Figure 2a,b for illustration), which instead promote rainfall
intensification on both sides of the equator and prevent any westward extension of the
drying tendency in the South Pacific seen in observations. The large and persistent
dry and wet biases over, respectively, land and ocean over NH monsoon areas in
coupled simulations [11], as well as coupled biases in the equatorial Indian ocean [10],
may further play a role and enhance the zonal features of the forced tropical rainfall
and atmospheric responses to radiative forcing in current coupled simulations and
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projections. It seems unlikely in this context that the current discrepancies between
observations and CMIP6 historical simulations are simply the result of the natural
decadal variability of the true climate system or of the inability of current climate
models to simulate realistically such internal variability. Instead, our findings point
to the fact that current climate models fail to simulate important aspects of forced
tropical climate changes due to model’s deficiencies, consistent with the views of [28–
30].

4 Methods

4.1 Data Used

The monthly data sets for evaporation (E), precipitation (P), vertical pressure veloc-
ity, t2m, specific humidity, winds and SST are obtained from European Centre for
Medium-Range Weather Forecasts Reanalysis 5 (ERA5) reanalysis [76]. The 200-hPa
velocity potential fields are computed from the 200-hPa winds using the Windspharm
Python package[77]. Previous studies have shown that the water budget in ERA5 is
not fully closed [78]. However, it is the best available reanalysis product to date, pro-
viding all the necessary variables for detailed analysis. Furthermore, we have compared
the results from ERA5 with those of other reanalysis or observations products, whose
details are provided in the supplementary materials, and they are broadly consistent
with those derived from ERA5. All analyses in this study are conducted for the period
1979–2024, corresponding to the satellite era. Monthly CMIP6 data sets for precip-
itation, t2m, and SST are also used. The CMIP6 historical simulations (1979-2014)
are concatenated with the Shared Socioeconomic Pathway 2-4.5 (SSP2-4.5) to con-
struct a continuous record for 1979-2024, enabling comparison with observations and
reanalyses, since SSP2-4.5 is widely regarded as the most plausible near-term scenario
[1]. A list of the CMIP6 models used for computing the MME is provided in Supple-
mentary Tabl 1. Furthermore, the precipitation from SSP5-8.5 for 2081-2100 from the
same set of climate models is used to analyse the future changes in the precipitation
as displayed in Supplementary Figure 2c.

4.2 Clausius–Clapeyron Scaling

Assuming that climate change does not alter the large-scale integrated moisture flux in
the atmosphere, relative humidity, or horizontal temperature gradients, the response
of precipitation minus evaporation (P − E) can be approximated by a simple scaling
based on the Clausius–Clapeyron (C–C) relationship, as shown in Equation 1 [15]:

δ(P − E) ≈ α δTs (P − E) (1)

Here, δ(P − E) represents the trend in P − E over time, and δTs is the anomaly
in near-surface (2-meter) air temperature. The term (P − E) is the long-term clima-
tological mean of precipitation minus evaporation. This formulation assumes that the
moisture increase in the atmosphere with warming follows the Clausius–Clapeyron
relation.
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The scaling coefficient α is defined as:

α =
LRv

T 2
s

where:

• L = 2.268× 106 J/kg is the latent heat of vaporization,
• Rv = 461.5 J/(kg·K) is the gas constant for water vapor,
• Ts is the climatological mean of near-surface air temperature at each grid point (in

Kelvin).

Therefore, Equation 1 implies that the trend in P−E is proportional to the surface
temperature anomaly, scaled by α and the climatological values of P − E.

While this scaling has been widely applied in climate model projections at global
or zonal scales [15, 22], to the best of our knowledge, it has not yet been evaluated
using historical observational data at a regional scale. This study aims to test the
validity of this scaling in observed datasets and reanalyses over the tropics.

4.3 Simplified Moisture Budget Analyses

Changes in precipitation are driven by both dynamic and thermodynamic factors.
Dynamic changes refer to shifts in intensity or atmospheric circulation patterns, while
thermodynamic changes are primarily associated with the increased moisture-holding
capacity of the atmosphere under warming conditions through the CC relationship. To
isolate the contributions from these components to the observed precipitation trend,
we first use a simplified two-layer moisture budget analysis technique [15, 17, 19, 79]:

∆P ∼ ∆w · q
g

+
w ·∆q

g
(2)

where P , g, and q denote, respectively, precipitation (mm day−1), the Earth’s
gravity (m s−2), and near-surface specific humidity (e.g., at 1000-hPa; kg kg−1), and
w is the pressure velocity at 500-hPa (Pa s−1). q and w are, respectively, the cli-
matological means of near-surface specific humidity and pressure velocity at 500-hPa
during the 1979–2024 period. ∆P , ∆w, and ∆q are, respectively, the anomalies or
trends of precipitation, pressure velocity, and specific humidity with respect to their
climatological means. The first term, ∆w · q/g, represents the dynamic contribution,
capturing how changes in atmospheric circulation influence precipitation. The second
term, w ·∆q/g, represents the thermodynamic contribution, reflecting how changes in
specific humidity affect precipitation. The scaling by g in both terms allows them to
be expressed in the same units as precipitation (e.g., mm/day), enabling a more quan-
titative comparison between ∆P and its dynamic and thermodynamic components.
This simplified moisture budget can be derived from the vertically integrated mois-
ture conservation equation by assuming a two-layer troposphere with a separation at
500-hPa and neglecting upper-tropospheric specific humidity. This two-layer approx-
imation performs well in the tropics, particularly in the context of climate change
[17, 19, 79].

24



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

To confirm the results, e.g., that the recent rainfall trends are almost exclusively
driven by the dynamical contribution and shifts in convection patterns, we also used a
completely different moisture decomposition developed in Chadwick et al. [18], which
is detailed in Section 3 of the Supplementary Information.

4.4 Definition of climate indices used

To investigate large-scale drivers of precipitation change, we computed a suite of cli-
mate indices based on near-surface air temperature (2-meter temperature, t2m) and
SST anomaly fields. Anomalies were computed with respect to the climatology over
the full analysis period (1979-2024). All spatial averages were computed using cosine-
latitude weights to account for the varying surface area of grid cells with latitude. The
following indices were constructed:

• Global Mean Temperature: The global mean temperature (GMT) anomaly was
computed by applying an area-weighted average to the t2m field over all grid cells,
using the cosine of latitude as weights.

• Inter-Hemispheric Thermal Gradient: This index is defined as the Northern
Hemisphere mean t2m minus the Southern Hemisphere mean t2m (NH - SH), where
each hemisphere’s value is computed as an area-weighted average over 0°–90°.

• Land–Sea Thermal Gradient: Calculated as the difference between the weighted
mean t2m over land grid points and that over ocean grid points.

• Niño 3.4 Index: The Niño 3.4 index represents the weighted area-averaged SST
anomaly over the central equatorial Pacific region (5°S–5°N, 170°W–120°W) and is
a standard ENSO index [80].

• Trans-Niño Index: The Trans-Niño Index was calculated as the standardized
difference between SST anomalies in the Niño1+2 region (10°S–0°, 90°–80°W) and
the Niño4 region (5°S–5°N, 160°E–210°E) following Trenberth and Stepaniak [81].

• Indo-Pacific Warm Pool SST This index was calculated as the average SST
anomaly along the Indo-Pacific region (5°S–5°N, 80°E–150°E).

• Equatorial East Pacific SST This index was calculated as the average SST
anomaly along the equatorial east Pacific region (5°S–5°N, 180°–80°W).

• Equatorial Pacific SST Gradient: Calculated as the zonal SST contrast along
the equator and is defined as the SST difference between the Indo-Pacific Warm Pool
SST (5°S–5°N, 80°E–150°E) and Equatorial East Pacific SST (5°S–5°N, 180°–80°W)
following Watanabe et al. [33].

4.5 Filtering the time series into trend and residuals

Observed or simulated climate trends are often estimated by fitting a straight line
using linear least squares. However, climate trends—especially in the context of global
warming—are often nonlinear, and more accurate methods than simple linear least
squares fitting should be preferred.

Locally weighted regression, or LOESS, is a non-parametric method for fitting a
smoothed regression curve to data through local smoothing. The method is nonlinear,
but does not require specification of the shape of interpolating functions, unlike other
nonlinear techniques such as exponential smoothing. Suppose xi and yi for i = 1 to
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n are, respectively, measurements of one independent and one dependent variable. In
the context of climate trend estimation, the independent variable xi is typically just
the time index (e.g., xi = i). LOESS provides a smoothed local estimate g(x) of y
based on x [82, 83]. More precisely, in the context of trend estimation, the LOESS
method approximates the value of the trend at each point yi in a time series by fitting
a polynomial of degree 1 or 2 using weighted least squares. This local polynomial
regression is weighted by the distance between the point xi (for which the estimate is
being made) and the surrounding points xj .

The method has two main degrees of freedom. The first is the degree d of the fitted
polynomial, which controls the curvature of the interpolation and is typically chosen
as 0, 1, or 2 [83]. The second is a positive integer q that defines the width of the
moving window used for local fitting. As q increases, the estimated trend g(x) becomes
smoother. In the limit as q → ∞, the LOESS estimate converges to an ordinary least
squares polynomial fit of degree d applied to the full time series. Other important
features of LOESS is the ability to produce robust estimates of the trend component
that are not distorted by outliers or extreme values and the stationarity of the residual
time series [83]. Here, we used the values 1 and 6 years for d and q, respectively, and
applied LOESS to yearly and monthly time series. However, as the results are identical
and robust, we show here only the yearly results. Furthermore, a 4-year value for the
q parameter gives almost identical results.

4.6 Trend and statistical significance tests

The trends are also calculated using the ordinary least squares linear regression
method. The statistical significance of the trend is then assessed using the two-tailed
t-test, with the null hypothesis (H0) that there is no trend and an alternative hypoth-
esis (H1) that the trend is non-zero. This approach detects significant trends in both
directions, regardless of the sign of the trend [84].

Similarly, the statistical significance of the differences between control (ctrl) runs
and sensitivity experiments (sens) are calculated using the Welch’s two-sample t-test
[85]. At each grid point, the test statistic is calculated using

t =
x̄ctrl − x̄sens√
s2ctrl
nctrl

+
s2sens
nsens

(3)

with the Welch–Satterthwaite estimate of degrees of freedom defined as

ν =

(
s2ctrl
nctrl

+
s2sens
nsens

)2

(
s2ctrl
nctrl

)2

nctrl−1 +

(
s2sens
nsens

)2

nsens−1

(4)

Two-sided p-values are then computed as

26



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

p = 2 [1− Ft,ν(|t|)] , (5)

where x̄, s, and n denote the sample mean, standard deviation, and sample size
for each ensemble (e.g., control and sensitivity experiments for each model), and Ft,ν

is the cumulative distribution function of the Student’s t-distribution with ν degrees
of freedom. Statistical significance is assessed at the 90% confidence level.

4.7 Climate Models and Sensitivity Experiments

The coupled models used for the sensitivity experiments are the Climate Forecast
System version 2 (CFSv2 - CFS hereafter) [66], developed by the National Centers
for Environmental Prediction (NCEP), and SINTEX-F2 (SINTEX hereafter) [65].
Both coupled models have good skills in simulating and seasonally forecasting of the
tropical climate variability. As an illustration, CFSv2 is the current operational climate
prediction model for seasonal prediction in the US (at NCEP) and in India as part
of the Monsoon Mission program (see url: http://www.tropmet.res.in/monsoon/) and
SINTEX-F2 is also a standard tool for seasonal forecasting [86] and simulating tropical
variability [11, 65, 87].

The atmospheric component of CFS is the Global Forecast System (GFS), which
operates at T126 spectral resolution (approximately 0.9◦ × 0.9◦) with 64 hybrid
sigma–pressure levels. GFS is used in the NCEP2 reanalysis and Twentieth Century
Reanalysis (20CR) developed at NOAA in the US. The ocean component (MOM
model) has a horizontal resolution of 0.25◦–0.5◦, 40 vertical levels, and includes a
sea ice model. The atmosphere and ocean exchange heat and momentum fluxes every
30 minutes without any flux adjustment or correction. Further details on the CFS
model and the configurations used here are provided in Saha et al. [66] and Terray
et al. [11].

The atmospheric component of SINTEX is ECHAM5.4, which operates at T106
spectral resolution (approximately 1.125◦ × 1.125◦) with 31 hybrid sigma–pressure
levels. The ocean component (NEMOmodel) has a horizontal resolution of 0.5◦ × 0.5◦,
31 unevenly spaced vertical levels, and includes a sea ice model. The atmosphere and
ocean exchange heat and momentum fluxes every 2 hours without any flux adjustment
or correction. Further details on the SINTEX model and the configurations used here
are provided in Masson et al. [65]and Terray et al. [11].

In all experiments described below, CFS and SINTEX were run with fixed atmo-
spheric CO2 concentrations corresponding to present-day conditions. For each model,
two sets of control simulations were performed. In the first set, the standard model
configurations (ctrl) described in Saha et al. [66] and Masson et al. [65] were used, with
integrations of 80 years for CFS and 210 years for SINTEX. A second set of control
simulations employed an upgraded land albedo configuration (MODIS-ctrl) following
Terray et al. [11], with integration lengths of 60 years for CFS and 110 years for
SINTEX. In the standard atmospheric configurations of GFS and ECHAM5.4—the
atmospheric components of CFS and SINTEX, respectively—snow-free background
surface land albedo climatologies are prescribed as fixed boundary conditions. These
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climatologies are derived from isolated field measurements and outdated vegetation
classifications [88, 89]. This approach differs from that used in many Earth Sys-
tem Models and CMIP models, in which snow-free diffuse and direct surface albedos
are typically parameterized based on vegetation and soil properties that evolve in
time. Following Terray et al. [11], the MODIS-ctrl configurations replace the origi-
nal snow-free background land albedo climatologies with satellite-derived estimates
based on the Moderate Resolution Imaging Spectroradiometer (MODIS) gap-filled
white-sky (diffuse) albedo product (MCD43GF-v5), averaged over the 2003–2013
period [90]. In addition, a seasonal cycle is introduced in the snow-free background
land albedo climatology for ECHAM5.4, whereas the original climatology was time-
invariant [89]. For more technical details on the original albedo parameterizations in
the GFS and ECHAM5.4 and on the updated versions used here, readers are referred
to [11, 88, 89]. Surface albedo exerts a strong control on the Earth’s radiation budget,
and climate models are therefore highly sensitive to its specification. Importantly, the
updated MODIS-ctrl configurations substantially improve the simulation of tropical
climate in both CFS and SINTEX [11]. The use of two coupled models and multiple
configurations thus enables a robust assessment of the simulated responses.

These control simulations were compared with a set of parallel sensitivity exper-
iments designed to assess the role of the land–sea thermal gradient in observed
precipitation trends and to attribute the associated rainfall and circulation responses
to specific land regions in the NH. In the first set of sensitivity experiments (zero-
albedo runs), the snow-free background land albedo used in GFS and ECHAM5.4
was set to zero globally, and the models were integrated for 30 years (CFS) and 60
years (SINTEX). In a second set of experiments (desert-albedo runs), the updated
MODIS background albedo climatologies were retained, but the snow-free background
land albedo was additionally reduced by 20% over the Sahara–Arabian–Pakistan–Thar
desert region (15°–40°N, 20°W–75°E), which was identified as a key source region for
the tropical precipitation and circulation responses in the zero-albedo simulations.
For these desert-albedo experiments, CFS and SINTEX were likewise integrated for
30 and 60 years, respectively. All the simulations performed with the two models are
summarized in Table 1 and the distribution of surface albedo produced in the different
simulations are illustrated in Supplementary Figure 16.

For each model, differences between the sensitivity experiments and their cor-
responding control simulations (ctrl or MODIS-ctrl) are interpreted as the model
response to changes in snow-free background land albedo and the associated modi-
fications of the land–sea thermal gradient at global or regional scales. All analyses
exclude the first 10 years of the SINTEX simulations and the first 5 years of the CFS
simulations to allow for coupled model spin-up. Excluding a longer initial period (15
or 20 years) does not affect the results, consistent with the rapid atmospheric adjust-
ment to land albedo perturbations, which occurs within a few months and stabilizes
quickly in all sensitivity experiments.

Finally, CFS and SINTEX were integrated for different durations in the control
and sensitivity experiments for two main reasons. First, the coupled system in CFS
reaches equilibrium substantially faster than in SINTEX, allowing for shorter inte-
grations after spin-up. Second, practical computational constraints limit the feasible
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Table 1 Summary of coupled model control and sensitivity experiments. All simulations use fixed present-day atmospheric
CO2 concentrations. Integration length is shown in years.

Experiment Land albedo configuration CFS SINTEX

ctrl Standard prescribed snow-free background land albedo 80 210

MODIS-ctrl MODIS-based snow-free background land albedo 60 110

zero-albedo Snow-free background land albedo set to zero globally 30 60

desert-albedo MODIS background retained; snow-free land albedo addition-
ally reduced by 20% over the Sahara–Arabian–Pakistan–Thar
desert region (15◦–40◦N, 20◦W–75◦E)

30 60

integration length of CFS: its atmospheric component (GFS) is not efficiently paral-
lelized, which substantially slows the coupled model and makes very long integrations
computationally prohibitive.

Data availability:. The ERA5 data set used in this study is available to down-
load from https://cds.climate.copernicus.eu/ [76]. The CMIP6 data is available to
download from https://digital.csic.es/handle/10261/332744 [91]. The CFS model is
available to download from https://cfs.ncep.noaa.gov/cfsv2/downloads.html and the
SINTEX model is available at https://forge-web.ipsl.upmc.fr/sinext/browser/trunk.
The processed climate model sensitivity experiment data and the data
used to generate the figures are available at https://github.com/ligin1/
Tropical-Precipitation-Response-to-Anthropogenic-Climate-Change-in-Recent-Decades
[92].

Code availability:. Figures shown in this study are plotted using
Python (https://www.python.org/). The Python code used for the
analyses in this study is available at https://github.com/ligin1/
Tropical-Precipitation-Response-to-Anthropogenic-Climate-Change-in-Recent-Decades[92].
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Peterson, D.L., Poudel, R., Staudinger, M.D., Sutton-Grier, A.E., Thompson,
L., Vose, J., Weltzin, J.F., Whyte, K.P.: Climate change effects on biodiversity,
ecosystems, ecosystem services, and natural resource management in the united
states. Science of The Total Environment 733, 137782 (2020) https://doi.org/10.
1016/j.scitotenv.2020.137782

[8] Allan, R.P., Barlow, M., Byrne, M.P., Cherchi, A., Douville, H., Fowler, H.J.,
Gan, T.Y., Pendergrass, A.G., Rosenfeld, D., Swann, A.L.S., Wilcox, L.J., Zolina,
O.: Advances in understanding large-scale responses of the water cycle to climate
change. Annals of the New York Academy of Sciences 1472(1), 49–75 (2020)
https://doi.org/10.1111/nyas.14337

[9] Douville, H., Raghavan, K., Renwick, J., Allan, R.P., Arias, P.A., Barlow, M.,
Cerezo-Mota, R., Cherchi, A., Gan, T.Y., Gergis, J., Jiang, D., Khan, A.,
Pokam Mba, W., Rosenfeld, D., Tierney, J., Zolina, O.: Water cycle changes.
In: Climate Change 2021: The Physical Science Basis. Working Group I Con-
tribution to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change, pp. 1055–1210. Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA (2023). Chap. 8. https://doi.org/10.1017/
9781009157896.010

[10] Annamalai, H., Taguchi, B., McCreary, J.P., Nagura, M., Miyama, T.: Systematic
errors in south asian monsoon simulation: Importance of equatorial indian ocean
processes. Journal of Climate 30(20), 8159–8178 (2017) https://doi.org/10.1175/
jcli-d-16-0573.1

[11] Terray, P., Sooraj, K.P., Masson, S., Krishna, R.P.M., Samson, G., Prajeesh,

31



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

A.G.: Towards a realistic simulation of boreal summer tropical rainfall clima-
tology in state-of-the-art coupled models: role of the background snow-free land
albedo. Climate Dynamics 50(9–10), 3413–3439 (2018) https://doi.org/10.1007/
s00382-017-3812-9

[12] Tian, B., Dong, X.: The double-itcz bias in cmip3, cmip5, and cmip6 models
based on annual mean precipitation. Geophysical Research Letters 47(8) (2020)
https://doi.org/10.1029/2020gl087232

[13] Zhang, Q., Liu, B., Li, S., Zhou, T.: Understanding models’ global sea surface
temperature bias in mean state: From cmip5 to cmip6. Geophysical Research
Letters 50(4) (2023) https://doi.org/10.1029/2022gl100888

[14] Palmer, T., Stevens, B.: The scientific challenge of understanding and estimating
climate change. Proceedings of the National Academy of Sciences 116(49), 24390–
24395 (2019) https://doi.org/10.1073/pnas.1906691116

[15] Held, I.M., Soden, B.J.: Robust responses of the hydrological cycle to global
warming. Journal of Climate 19(21), 5686–5699 (2006) https://doi.org/10.1175/
jcli3990.1

[16] Bony, S., Bellon, G., Klocke, D., Sherwood, S., Fermepin, S., Denvil, S.: Robust
direct effect of carbon dioxide on tropical circulation and regional precipitation.
Nature Geoscience 6(6), 447–451 (2013) https://doi.org/10.1038/ngeo1799

[17] Xie, S.-P., Deser, C., Vecchi, G.A., Ma, J., Teng, H., Wittenberg, A.T.: Global
warming pattern formation: Sea surface temperature and rainfall. Journal of
Climate 23(4), 966–986 (2010) https://doi.org/10.1175/2009JCLI3329.1

[18] Chadwick, R., Boutle, I., Martin, G.: Spatial patterns of precipitation change in
cmip5: Why the rich do not get richer in the tropics. Journal of Climate 26(11),
3803–3822 (2013) https://doi.org/10.1175/jcli-d-12-00543.1

[19] Huang, P.: Regional response of annual-mean tropical rainfall to global warming.
Atmospheric Science Letters 15(2), 103–109 (2013) https://doi.org/10.1002/asl2.
475

[20] Shaw, T.A., Voigt, A.: Land dominates the regional response to co2 direct radia-
tive forcing. Geophysical Research Letters 43(21) (2016) https://doi.org/10.1002/
2016gl071368

[21] Roderick, M.L., Sun, F., Lim, W.H., Farquhar, G.D.: A general framework for
understanding the response of the water cycle to global warming over land and
ocean. Hydrology and Earth System Sciences 18(5), 1575–1589 (2014) https://
doi.org/10.5194/hess-18-1575-2014

32



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

[22] Byrne, M.P., O’Gorman, P.A.: The response of precipitation minus evapotran-
spiration to climate warming: Why the “wet-get-wetter, dry-get-drier” scaling
does not hold over land. Journal of Climate 28(20), 8078–8092 (2015) https:
//doi.org/10.1175/jcli-d-15-0369.1

[23] Chadwick, R., Good, P., Andrews, T., Martin, G.: Surface warming patterns drive
tropical rainfall pattern responses to co2 forcing on all timescales. Geophysical
Research Letters 41(2), 610–615 (2014) https://doi.org/10.1002/2013gl058504

[24] He, J., Soden, B.J.: A re-examination of the projected subtropical precipita-
tion decline. Nature Climate Change 7, 53–57 (2017) https://doi.org/10.1038/
nclimate3157

[25] Yim, B.Y., Yeh, S., Song, H., Dommenget, D., Sohn, B.J.: Land-sea thermal
contrast determines the trend of walker circulation simulated in atmospheric gen-
eral circulation models. Geophysical Research Letters 44(11), 5854–5862 (2017)
https://doi.org/10.1002/2017gl073778

[26] Lan, C.-W., Chen, C.-A., Lo, M.-H.: The role of atmospheric stabilities and mois-
ture convergence in the enhanced dry season precipitation over land from 1979
to 2021. Journal of Climate 37(9), 2881–2893 (2024) https://doi.org/10.1175/
jcli-d-23-0287.1

[27] Coats, S., Karnauskas, K.B.: Are simulated and observed twentieth century
tropical pacific sea surface temperature trends significant relative to internal vari-
ability? Geophysical Research Letters 44(19), 9928–9937 (2017) https://doi.org/
10.1002/2017gl074622

[28] Seager, R., Cane, M., Henderson, N., Lee, D.-E., Abernathey, R., Zhang, H.:
Strengthening tropical pacific zonal sea surface temperature gradient consistent
with rising greenhouse gases. Nature Climate Change 9(7), 517–522 (2019) https:
//doi.org/10.1038/s41558-019-0505-x

[29] Seager, R., Henderson, N., Cane, M.: Persistent discrepancies between observed
and modeled trends in the tropical pacific ocean. Journal of Climate 35(14),
4571–4584 (2022) https://doi.org/10.1175/jcli-d-21-0648.1

[30] Wills, R.C.J., Dong, Y., Proistosecu, C., Armour, K.C., Battisti, D.S.: Systematic
climate model biases in the large-scale patterns of recent sea-surface temperature
and sea-level pressure change. Geophysical Research Letters 49(17) (2022) https:
//doi.org/10.1029/2022gl100011

[31] Watanabe, M., Iwakiri, T., Dong, Y., Kang, S.M.: Two competing drivers of
the recent walker circulation trend. Geophysical Research Letters 50(23) (2023)
https://doi.org/10.1029/2023gl105332

[32] Heede, U.K., Fedorov, A.V.: Colder eastern equatorial pacific and stronger walker

33



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

circulation in the early 21st century: Separating the forced response to global
warming from natural variability. Geophysical Research Letters 50(3) (2023)
https://doi.org/10.1029/2022gl101020

[33] Watanabe, M., Kang, S.M., Collins, M., Hwang, Y.-T., McGregor, S., Stuecker,
M.F.: Possible shift in controls of the tropical pacific surface warming pattern.
Nature 630(8016), 315–324 (2024) https://doi.org/10.1038/s41586-024-07452-7

[34] Kang, S.M., Watanabe, M., Gayler, V.: Common and distinct drivers of convective
mass flux and walker circulation changes. Geophysical Research Letters 52(4)
(2025) https://doi.org/10.1029/2024gl111897

[35] Heede, U.K., Fedorov, A.V., Burls, N.J.: Time scales and mechanisms for the
tropical pacific response to global warming: A tug of war between the ocean
thermostat and weaker walker. Journal of Climate 33(14), 6101–6118 (2020)
https://doi.org/10.1175/jcli-d-19-0690.1

[36] Lee, S., L’Heureux, M., Wittenberg, A.T., Seager, R., O’Gorman, P.A., Johnson,
N.C.: On the future zonal contrasts of equatorial pacific climate: Perspectives from
observations, simulations, and theories. npj Climate and Atmospheric Science
5(1) (2022) https://doi.org/10.1038/s41612-022-00301-2

[37] Kang, S.M., Yu, Y., Deser, C., Zhang, X., Kang, I.-S., Lee, S.-S., Rodgers,
K.B., Ceppi, P.: Global impacts of recent southern ocean cooling. Proceedings of
the National Academy of Sciences 120(30) (2023) https://doi.org/10.1073/pnas.
2300881120

[38] Shrestha, S., Soden, B.J.: Anthropogenic weakening of the atmospheric circulation
during the satellite era. Geophysical Research Letters 50(22) (2023) https://doi.
org/10.1029/2023gl104784

[39] He, J., Soden, B.J.: Anthropogenic weakening of the tropical circulation: The
relative roles of direct co2 forcing and sea surface temperature change. Journal of
Climate 28(22), 8728–8742 (2015) https://doi.org/10.1175/JCLI-D-15-0205.1

[40] Bayr, T., Dommenget, D.: The tropospheric land–sea warming contrast as the
driver of tropical sea level pressure changes. Journal of Climate 26(4), 1387–1402
(2013) https://doi.org/10.1175/jcli-d-11-00731.1

[41] Obarein, O.A., Lee, C.C.: Era5 reproduces key features of global precipitation
trends in a warming climate. International Journal of Climatology 45(9) (2025)
https://doi.org/10.1002/joc.8877

[42] Adler, R.F., Huffman, G.J., Chang, A., Ferraro, R., Xie, P.-P., Janowiak, J.,
Rudolf, B., Schneider, U., Curtis, S., Bolvin, D., Gruber, A., Susskind, J.,
Arkin, P., Nelkin, E.: The version-2 global precipitation climatology project

34



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

(gpcp) monthly precipitation analysis (1979–present). Journal of Hydrometeorol-
ogy 4(6), 1147–1167 (2003) https://doi.org/10.1175/1525-7541(2003)004⟨1147:
tvgpcp⟩2.0.co;2

[43] Rohde, R.A., Hausfather, Z.: The berkeley earth land/ocean temperature record.
Earth System Science Data 12(4), 3469–3479 (2020) https://doi.org/10.5194/
essd-12-3469-2020

[44] Huang, B., Liu, C., Banzon, V., Freeman, E., Graham, G., Hankins, B., Smith,
T., Zhang, H.-M.: Improvements of the daily optimum interpolation sea surface
temperature (doisst) version 2.1. Journal of Climate 34(8), 2923–2939 (2021)
https://doi.org/10.1175/jcli-d-20-0166.1

[45] Kanamitsu, M., Ebisuzaki, W., Woollen, J., Yang, S.-K., Hnilo, J.J., Fiorino,
M., Potter, G.L.: Ncep–doe amip-ii reanalysis (r-2). Bulletin of the Ameri-
can Meteorological Society 83(11), 1631–1644 (2002) https://doi.org/10.1175/
bams-83-11-1631

[46] Aumann, H.H., Broberg, S., Manning, E.M.: Northward shift and narrowing of
the itcz in 20 years of airs data. Journal of Geophysical Research: Atmospheres
129(5) (2024) https://doi.org/10.1029/2023jd038723

[47] Byrne, M.P., Pendergrass, A.G., Rapp, A.D., Wodzicki, K.R.: Response of the
intertropical convergence zone to climate change: Location, width, and strength.
Current Climate Change Reports 4(4), 355–370 (2018) https://doi.org/10.1007/
s40641-018-0110-5

[48] Xiang, B., Zhao, M., Held, I.M., Golaz, J.: Predicting the severity of spuri-
ous “double itcz” problem in cmip5 coupled models from amip simulations.
Geophysical Research Letters 44(3), 1520–1527 (2017) https://doi.org/10.1002/
2016gl071992

[49] Beer, E., Eisenman, I., Wagner, T.J.W.: Polar amplification due to enhanced
heat flux across the halocline. Geophysical Research Letters 47(4) (2020) https:
//doi.org/10.1029/2019gl086706

[50] Rantanen, M., Karpechko, A.Y., Lipponen, A., Nordling, K., Hyvärinen, O.,
Ruosteenoja, K., Vihma, T., Laaksonen, A.: The arctic has warmed nearly four
times faster than the globe since 1979. Communications Earth & Environment
3(1) (2022) https://doi.org/10.1038/s43247-022-00498-3

[51] Manabe, S., Stouffer, R.J., Spelman, M.J., Bryan, K.: Transient responses of a
coupled ocean–atmosphere model to gradual changes of atmospheric co2. part i.
annual mean response. Journal of Climate 4(8), 785–818 (1991) https://doi.org/
10.1175/1520-0442(1991)004⟨0785:troaco⟩2.0.co;2

35



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

[52] Joshi, M.M., Gregory, J.M., Webb, M.J., Sexton, D.M.H., Johns, T.C.: Mech-
anisms for the land/sea warming contrast exhibited by simulations of cli-
mate change. Climate Dynamics 30(5), 455–465 (2007) https://doi.org/10.1007/
s00382-007-0306-1

[53] Byrne, M.P., O’Gorman, P.A.: Land–ocean warming contrast over a wide range of
climates: Convective quasi-equilibrium theory and idealized simulations. Journal
of Climate 26(12), 4000–4016 (2013) https://doi.org/10.1175/jcli-d-12-00262.1

[54] Toda, M., Watanabe, M., Yoshimori, M.: An energy budget framework to
understand mechanisms of land–ocean warming contrast induced by increasing
greenhouse gases part i: Near-equilibrium state. Journal of Climate, 1–63 (2021)
https://doi.org/10.1175/jcli-d-21-0302.1

[55] Toda, M., Yoshimori, M., Watanabe, M.: An energy budget framework to
understand mechanisms of land–ocean warming contrast induced by increasing
greenhouse gases. part ii: Transient climate state. Journal of Climate 36(13),
4307–4326 (2023) https://doi.org/10.1175/jcli-d-22-0483.1

[56] Friedman, A.R., Hwang, Y.-T., Chiang, J.C.H., Frierson, D.M.W.: Interhemi-
spheric temperature asymmetry over the twentieth century and in future pro-
jections. Journal of Climate 26(15), 5419–5433 (2013) https://doi.org/10.1175/
jcli-d-12-00525.1

[57] Weller, E., Min, S.-K., Cai, W., Zwiers, F.W., Kim, Y.-H., Lee, D.: Human-
caused indo-pacific warm pool expansion. Science Advances 2(7) (2016) https:
//doi.org/10.1126/sciadv.1501719

[58] Latif, M., Martin, T., Park, W.: Southern ocean sector centennial climate vari-
ability and recent decadal trends. Journal of Climate 26(19), 7767–7782 (2013)
https://doi.org/10.1175/jcli-d-12-00281.1

[59] Ferreira, D., Marshall, J., Bitz, C.M., Solomon, S., Plumb, A.: Antarctic ocean
and sea ice response to ozone depletion: A two-time-scale problem. Journal of
Climate 28(3), 1206–1226 (2015) https://doi.org/10.1175/jcli-d-14-00313.1

[60] Bronselaer, B., Winton, M., Griffies, S.M., Hurlin, W.J., Rodgers, K.B.,
Sergienko, O.V., Stouffer, R.J., Russell, J.L.: Change in future climate due to
antarctic meltwater. Nature 564(7734), 53–58 (2018) https://doi.org/10.1038/
s41586-018-0712-z

[61] Vecchi, G.A., Soden, B.J.: Global warming and the weakening of the tropical cir-
culation. Journal of Climate 20(17), 4316–4340 (2007) https://doi.org/10.1175/
jcli4258.1

[62] Watanabe, M., Dufresne, J.-L., Kosaka, Y., Mauritsen, T., Tatebe, H.: Enhanced
warming constrained by past trends in equatorial pacific sea surface temperature

36



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

gradient. Nature Climate Change 11(1), 33–37 (2020) https://doi.org/10.1038/
s41558-020-00933-3

[63] Clement, A.C., Seager, R., Cane, M.A., Zebiak, S.E.: An ocean dynamical ther-
mostat. Journal of Climate 9(9), 2190–2196 (1996) https://doi.org/10.1175/
1520-0442(1996)009⟨2190:aodt⟩2.0.co;2

[64] Knutson, T.R., Manabe, S.: Time-mean response over the tropical pacific to
increased c02 in a coupled ocean-atmosphere model. Journal of Climate 8(9),
2181–2199 (1995) https://doi.org/10.1175/1520-0442(1995)008⟨2181:tmrott⟩2.0.
co;2

[65] Masson, S., Terray, P., Madec, G., Luo, J.-J., Yamagata, T., Takahashi,
K.: Impact of intra-daily sst variability on enso characteristics in a coupled
model. Climate Dynamics 39(3–4), 681–707 (2012) https://doi.org/10.1007/
s00382-011-1247-2

[66] Saha, S., Moorthi, S., Wu, X., Wang, J., Nadiga, S., Tripp, P., Behringer, D.,
Hou, Y.-T., Chuang, H.-y., Iredell, M., Ek, M., Meng, J., Yang, R., Mendez,
M.P., Dool, H., Zhang, Q., Wang, W., Chen, M., Becker, E.: The ncep climate
forecast system version 2. Journal of Climate 27(6), 2185–2208 (2014) https:
//doi.org/10.1175/jcli-d-12-00823.1

[67] Fasullo, J.T.: Robust land–ocean contrasts in energy and water cycle feed-
backs. Journal of Climate 23(17), 4677–4693 (2010) https://doi.org/10.1175/
2010jcli3451.1

[68] Wei, N., Zhou, L., Dai, Y., Xia, G., Hua, W.: Observational evidence for desert
amplification using multiple satellite datasets. Scientific Reports 7(1) (2017)
https://doi.org/10.1038/s41598-017-02064-w

[69] Sooraj, K.P., Terray, P., Cherchi, A.: South asian summer monsoon and sub-
tropical deserts. In: Chowdary, J., Parekh, A., Gnanaseelan, C. (eds.) Indian
Summer Monsoon Variability, pp. 299–318. Elsevier, Amsterdam, Netherlands
(2021). Chap. 8. https://doi.org/10.1016/B978-0-12-822402-1.00015-6

[70] Sooraj, K.P., Terray, P., Masson, S., Crétat, J.: Modulations of the indian sum-
mer monsoon by the hot subtropical deserts: insights from coupled sensitivity
experiments. Climate Dynamics 52(7–8), 4527–4555 (2018) https://doi.org/10.
1007/s00382-018-4396-8

[71] Hwang, Y.-T., Frierson, D.M.W.: Link between the double-intertropical conver-
gence zone problem and cloud biases over the southern ocean. Proceedings of
the National Academy of Sciences 110(13), 4935–4940 (2013) https://doi.org/10.
1073/pnas.1213302110

37



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

[72] Schneider, T., Bischoff, T., Haug, G.H.: Migrations and dynamics of the intertrop-
ical convergence zone. Nature 513(7516), 45–53 (2014) https://doi.org/10.1038/
nature13636

[73] Hawcroft, M., Haywood, J.M., Collins, M., Jones, A., Jones, A.C., Stephens,
G.: Southern ocean albedo, inter-hemispheric energy transports and the double
itcz: global impacts of biases in a coupled model. Climate Dynamics 48(7–8),
2279–2295 (2016) https://doi.org/10.1007/s00382-016-3205-5

[74] McGregor, S., Stuecker, M.F., Kajtar, J.B., England, M.H., Collins, M.: Model
tropical atlantic biases underpin diminished pacific decadal variability. Nature Cli-
mate Change 8(6), 493–498 (2018) https://doi.org/10.1038/s41558-018-0163-4

[75] Ma, S., Zhou, T.: Robust strengthening and westward shift of the tropical pacific
walker circulation during 1979–2012: A comparison of 7 sets of reanalysis data
and 26 cmip5 models. Journal of Climate 29(9), 3097–3118 (2016) https://doi.
org/10.1175/jcli-d-15-0398.1

[76] Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horányi, A., Muñoz-Sabater,
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