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In response to anthropogenic forcing, the Earth’s surface generally warms as
greenhouse gases trap outgoing longwave radiation. Counterintuitively,
however, some regions exhibit surface cooling against this global warming
background—a phenomenon known as a warming hole. Beyond the well-
documented warming holes over the North Atlantic and southeastern United
States, here we show that increasing atmospheric CO, concentrations can also
induce summertime cooling over India. Due to the direct radiative effect of
CO,, warming of the Eurasian continent relative to surrounding oceans, low-
level moisture transport and vertical motion are enhanced over India. Com-
bined with abundant summer-monsoon moisture and the topographic
blocking effects of the Himalayas and Hindu Kush Mountains, these circulation

changes increase cloud cover. The resulting cloud enhancement reduces
incoming solar radiation at the surface, producing the observed regional
cooling. These results reveal a previously underappreciated mechanism
whereby greenhouse gas forcing can paradoxically induce regional cooling
through atmospheric dynamical pathways.

Since the onset of the Industrial Revolution, global warming has emerged
as the most prominent feature of climate change. The Sixth Assessment
Report of the Intergovernmental Panel on Climate Change (IPCC AR6)
confirms that the last four decades have each been successively warmer
than any decade since 1850"; the global mean surface temperature in
2024 increased by about 1.5°C compared to pre-industrial levels>’. A
large body of observational evidence and model simulations consistently
indicates that anthropogenic greenhouse gas emissions are the dominant
driver of this warming'. However, regional manifestations of climate
change are far from uniform, with considerable heterogeneity in both the
magnitude and pattern of temperature responses’”. Regional variations
are particularly critical, as they determine local impacts on ecosystems,
agriculture, and human health®’. Against this backdrop, some regions
have exhibited significantly weaker warming, or even surface cooling,
during the global warming era—a counterintuitive phenomenon com-
monly referred to as the “warming hole” ™.

The warming hole has been robustly identified in two well-studied
regions: the subpolar North Atlantic and the southeastern United

States. In the North Atlantic, the muted warming signal is strongly
linked to ocean dynamics, particularly the weakening of the Atlantic
Meridional Overturning Circulation, greenhouse gas-induced changes
in ocean heat transport, reductions in anthropogenic aerosols, and
associated atmosphere-ocean interactions®’™. In contrast, the
southeastern United States warming hole has been attributed to a
combination of factors including internal climate variability, aerosol
forcing, and radiative forcing-induced sea surface temperature
anomalies'>”%, Together, these studies demonstrate that warming
holes may arise from a range of mechanisms that vary across regions,
but most explanations emphasize the central role of ocean circulation
changes or aerosol forcing.

Recently, a warming hole feature over India was found by
scientists*. As a monsoon-dominated region spanning tropical and
subtropical latitudes, with a dense population and an economy heavily
dependent on agriculture, India is highly vulnerable to temperature
changes. The impacts of extreme heat events in recent years under-
score this vulnerability: a devastating coastal heatwave in 2015 claimed
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around 2500 lives; the extreme March 2022 heatwave pushed tem-
peratures above 40 °C in numerous Indian cities**; and in 2024 India
recorded both its highest observed temperature and its longest con-
tinuous spell of heatwave®. These extreme heat events are closely
linked to North Atlantic sea surface temperature anomalies, warming
of the tropical Indian Ocean, ElI Nifio events, and local
land-atmosphere feedbacks?* ", Despite the increasing frequency and
severity of such extreme heat events, long-term surface temperature
trends over India feature a warming hole, with in-situ warming roughly
half of the global average®. Existing hypotheses point to anthro-
pogenic aerosols, changes in large-scale circulation, and irrigation
expansion as possible drivers of this muted warming signal. However,
these explanations remain debated.

Here, using multi-model ensembles of both atmosphere-only and
atmosphere-ocean coupled simulations, we present evidence for a
previously underappreciated mechanism: CO, forcing itself, in the
absence of ocean-associated processes, can induce a summer cooling
over India (Fig. 1). This finding differs from the prevailing view that
regional warming holes are necessarily tied to ocean circulation
changes or aerosol forcing. Instead, it highlights the capacity of direct
radiative forcing from greenhouse gases to reshape atmospheric cir-
culation and alter the land-atmosphere energy balance in ways that
produce localized cooling.

Results

CO,-induced summer cooling over India

During boreal summer, even without ocean-related processes, CO,
radiative forcing induces a distinct surface cooling over India. To

assess its robustness, we analyzed two experiment sets from Coupled
Model Intercomparison Project phase six (CMIP6): amip-related
simulations (amip and amip-4 x CO, simulations) and the abrupt-
related simulations (abrupt-4 x CO, and piControl simulations), here-
after referred to as “amip” results and “abrupt” results, respectively.
Details of the method used to isolate the effects of CO, radiative for-
cing are provided in Methods (see “Methods”: Quantification of CO,
radiative forcing effects). Twelve models participated in amip-related
simulations and 48 in abrupt-related simulations.

Figure 1 demonstrates the response of surface air temperature to
CO, radiative forcing during local summer. When the sea surface
temperature is fixed to its present-climate level and atmospheric CO,
concentration is quadrupled, most land areas exhibit strong warming
in amip-related results (Fig. 1a). The global mean surface air tempera-
ture increases by 0.91-2.15K, with enhanced warming over mid-
latitude Eurasia and North America, reaching a maximum of 3.48K in
the multi-model ensemble (MME). Given the smaller number of models
participating in amip-related results, we also examine the abrupt-
related results (Fig. 1d, e), which display a similar pattern but a stronger
amplitude, with global mean warming of 0.85-2.56 K and MME max-
imum up to 5.49 K over the center region of the United States.

In contrast, both ensembles reveal a robust summer cooling over
India in response to CO, radiative forcing alone. When the CO, con-
centration is quadrupled, and the sea surface temperature is fixed,
cooling occurs south of the Himalayas and the Sulaiman Range
(Fig. 1b). The maximum cooling ranges from —2.55 to -0.68 K across
the models. The abrupt-related results display comparable patterns
(Fig. 1e), with maximum cooling ranging from -9.93 to —0.20 K across
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Fig. 1| Surface air temperature responses to CO, radiative forcing. a The
response of surface air temperature over the global land regions during local
summer for the AMIP-related results. b Same as (a), but focusing on the Indian
subcontinent. The responses are the multi-model ensemble (MME) results. The
black dots indicate regions where at least 75% of models agree on the sign of the
MME. ¢ The vertical profile of the area-averaged air temperature response (red line)

over the Indian domain [15-28 °N, 72-87 °E] for the amip-related results. Pink
shadings indicate the 95% confidence intervals of the multi-model ensemble
(MME). These are calculated based on +1.96 x 6/+/N, where o denotes the standard
deviation across the models, and N is the number of models. d-f Same as (a—c), but
for the abrupt-related results. The units are K.
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the models. Furthermore, the results for the same set of “amip” and
“abrupt” models indicate that the spatial pattern is consistent with that
in Fig. 1, showing robust warming over the mid-latitude Eurasia and
North America, along with a distinct surface summer cooling response
over the Indian region (Supplementary Fig. 1).

The summer cooling could have contributed to a cooling of more
than 0.1K since 1950. Here, we assume that: (1) the relation between
radiative forcing and CO, concentration is logarithmic; and (2) the
radiative forcing-temperature relationship is linear. Using the annual
mean of CO, concentration in 2024 (422.80 ppm)®’, the summer
cooling in amip-related results corresponds to 0.17K relative to the
pre-industrial level (284.70 ppm) and 0.11K relative to 1950 (312.0
ppm)*°. The corresponding values in abrupt-related results are 0.29 K
and 0.23 K, respectively.

This cooling signal is vertically confined to the lower troposphere.
Area-averaged profiles over the Indian domain [15-28 °N, 72-87 °E]
indicate that cooling occurs mainly below 850 hPa, transitioning to
warming aloft (Fig. 1c, f, Supplementary Fig. 2).

Seasonally, the cooling is limited to June-August, coinciding with
the Indian summer monsoon (Fig. 2, Supplementary Fig. 3). In Sep-
tember, the model results diverge, and during the rest of the year,
India experiences surface warming in response to increased CO,
concentration.

Changes in surface energy fluxes and their drivers

A surface energy budget analysis provides insights into the cooling
over India. The reduction in downward solar radiation is the dominant
contributor to the surface cooling. Figure 3 displays the response of
surface energy fluxes over India, where both the amip-related and
abrupt-related results consistently indicate that reduced solar radia-
tion drives the cooling. This decline in downward solar radiation is
further linked to enhanced cloud cover (color shadings in Fig. 4a, d).

The cloud increase is primarily caused by strengthened atmo-
spheric ascent (contours in Fig. 4a, d). When CO, concentration rises,
and the sea surface temperature is fixed, the Eurasia continent warms
(Fig. 1), intensifying the lower-tropospheric southwesterlies toward
India (vectors in Fig. 4b, e). The topographic barrier of the Himalayas
and the Hindu Kush, together with abundant monsoonal moisture
(Fig. 4c, f), favors strong ascent-precipitation feedback, further
amplifying vertical motion over India.

Enhanced moisture transport also reinforces cloud formation.
The greater continental warming relative to the Indian Ocean
strengthens the land-sea thermal contrast, increasing the moisture flux
into India (Fig. 4b, e) and promoting local cloud development.

Furthermore, the amip-related results indicate that increased CO,
leads to pronounced warming in the upper troposphere, resulting in a
more stable troposphere®. This enhanced stability suppresses con-
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Fig. 2 | Monthly surface air temperature response over India. Area-averaged

surface air temperature responses for each calendar month over the Indian domain
[15-28°N, 72-87 °E]. The red and blue bars indicate the amip-related and abrupt-
related results, respectively. Error bars denote the 95% confidence intervals of the
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multi-model ensemble (MME). These are calculated based on +1.96 x /+/N, where
o denotes the standard deviation across the models, and N is the number of
models. The units are K.
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Fig. 3 | Surface energy fluxes responses over India. L and S are the longwave and
solar radiative fluxes, respectively. The subscript “s” denotes the surface. The
arrows (1 and V) in superscript represent the direction of radiative fluxes. SH and
LH are the sensible and latent fluxes. The red and blue bars correspond to the amip-
related and abrupt-related results, respectively. Positive means the flux change

favors surface warming; negative means the flux change favors surface cooling.
Error bars denote the 95% confidence intervals of the multi-model ensemble
(MME). These are calculated based on +1.96 x 6/+/N, where o denotes the standard
deviation across the models, and N is the number of models. The units are Wm™.
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Fig. 4 | The responses, climatology of some climate elements and the asso-
ciated horizontal temperature advection. a Response of low-level cloud cover
(shadings; unit: %) and pressure velocity at 500 hPa (contours; unit: 102 Pas™) for
the amip-related results. b Response of climatological temperature advection by
anomalous horizontal wind (shadings; unit: 10K s™), near-surface wind (vectors;
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unit: ms™) and the climatological near-surface air temperature (color lines; unit: °C)
for the amip-related results. ¢ Climatology of vertically integrated specific humidity
from the surface to 1 hPa (unit: kg m™) for the amip simulations d—-f Same as (a—c),
but for the abrupt-related results. For the climatology, 1979-2008 are used for the
amip simulations, and the last 100 years are used for the piControl simulations.

vection over the southeastern Arabian Sea, the Bay of Bengal, and the
South China Sea (Fig. 4a). The weakened tropical convection promotes
anomalous moisture convergence toward the Indian subcontinent,
thereby favoring cloud development. Notably, such a convective
suppression-moisture convergence mechanism is absent in the
abrupt-related results (Fig. 4d), probably due to the existence of air-sea
interaction.

Among the surface thermodynamics terms, latent heating exhi-
bits a weak cooling tendency but is statistically insignificant in AMIP-
related results. The surface cooling reduces the temperature gap
between the ground and overlying air, thereby diminishing surface
latent heating release. This implies that the changes in surface latent
heating are a consequence, rather than a cause, of the surface cooling.

Taken together, the CO,-induced enhancement of ascent and
moisture transport leads to increased cloud cover and reduced solar
heating over India. Similar behavior is found in models of the Coupled
Model Intercomparison Project phase 5 as well (ref. 32).

Contributions of near-surface air processes

The thermodynamic budget of near-surface air at 2 m is mainly gov-
erned by horizontal advection and adiabatic heating (See “Methods”:
Thermodynamic framework for near-surface air temperature at 2 m).
The adiabatic term includes sensible and latent heating captured by
near-surface air, making its direct evaluation difficult. Figure 5 displays
the horizontal temperature advection components. When the sea
surface temperature is fixed, the enhanced southwesterlies following
the increase in CO, concentration transport relatively cool air from the
Arabian Sea into inland India, producing cold advection (Fig. 4b, e).
Area-averaged results over [15-28 °N, 72-87 °E] show that the con-
tribution of climatological temperature advected by anomalous

horizontal wind (V- VT) is insignificant in amip-related results but
significant in abrupt-related results (Fig. 5). In contrast, the anomalous
temperature transported by climatological horizontal wind
(~V}, - VT') produces a warming tendency, partially offsetting the cold
advection (Fig. 5). The residual terms, inferred from the addition of
—V,'-VT and -V, - VT, are small in amip-related results but become
comparable to, or even exceed -V, -VT in abruptrelated
simulations.

This near-surface cooling is also modulated by surface processes.
In response to the increase in CO, concentration alone, changes in
surface sensible heating tend to favor local warming (Fig. 3). This
suggests that near-surface cooling does not directly benefit surface
cooling. Instead, in addition to the cold advection led by surface wind
change, the surface cooling further contributes to lowering the near-
surface air temperature.

Seasonal dependence of the cooling
The occurrence of CO,-induced surface cooling over India exhibits a
clear seasonal dependence, confined primarily to the boreal summer.
This behavior is closely linked to variations in ambient moisture.
Figure 6 demonstrates the annual cycle of column precipitable water
averaged over [15-28°N, 72-87 °E]. From June to September, the
precipitable water levels are higher than those in other months, pro-
viding a favorable environment for enhanced convection and the
occurrence of ascent-precipitation-cloud feedback. In contrast, during
drier months with lower precipitable water, this feedback mechanism
is largely suppressed.

Interestingly, although the mean precipitable water in September
is comparable to that in June, July and August, surface cooling is
insignificant. This discrepancy is mainly attributed to the weaker
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Eurasian warming in September. In response to the rise in CO, con-
centration alone, the surface warming over Eurasia diminishes mark-
edly in September compared with earlier summer months
(Supplementary Fig. 3), leading to reduced thermal contrast and
weaker upward motion over India. Consequently, the ascent-
precipitation feedback and associated cloud enhancement become
less effective.

Il amip-related results
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Advection anomaly (107K s71)
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Fig. 5 | Decomposition of near-surface horizontal temperature advection
over India. Area average of climatological temperature transported by anomalous
horizontal wind (—V},’ - VT) and the anomalous temperature transported by cli-
matological horizontal wind (—V}, - VT”) based on two kinds of simulations. The red
and blue bars indicate the amip-related and abrupt-related results, respectively.
Error bars denote the 95% confidence intervals of the multi-model ensemble
(MME). These are calculated based on +1.96 x g/+/N, where o denotes the standard
deviation across the models, and N is the number of models. The unit is 10°K s
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Therefore, the combined influence of abundant atmospheric
moisture and strong Eurasian warming during early summer primarily
explains the seasonally confined nature of the CO,-induced surface
cooling over India.

Absence of cooling over East Asia

Unlike India, East Asia—also a monsoon-dominated region with abun-
dant summer moisture*—does not exhibit CO,-induced surface cool-
ing. This contrast highlights the critical role of regional topography
and circulation responses in shaping the thermal effect of greenhouse
gas forcing.

Despite comparable levels of summer moisture between East Asia
and India (Fig. 4c, f), the response of cloud cover diverges sharply.
Under increased CO, concentration alone, cloud cover decreases over
East Asia, preventing the reduction of downward solar radiation that
drives surface cooling over India. This suggests that moisture avail-
ability alone cannot explain the regional contrast in temperature
response.

Topography emerges as a key factor. The Himalayas and the
Hindu Kush Mountains, situated north of the Indian subcontinent, act
as a barrier that enhances low-level moisture convergence when
southwesterly winds intensify under CO, forcing. This convergence
promotes ascent and increased cloudiness over India. In contrast, East
Asia lacks such an orographic barrier along the path of anomalous
surface winds (Fig. 4b, e), resulting in weaker moisture convergence
and limited cloud formation.

Surface wind patterns further contribute to the contrasting tem-
perature responses. Over India, the anomalous southwesterly winds
associated with elevated CO, transport relatively cooler air from the
Arabian Sea inland, producing cold advection and reinforcing surface
cooling (Fig. 4b, e). Such cold advection is absent over East Asia, where
the prevailing wind anomalies do not cross strong temperature
gradients.

Together, these results indicate that the distinct topographic
configuration of the Himalayas-Hindu Kush region, coupled with dif-
ferential surface wind responses, underpins the absence of CO,-
induced cooling over East Asia. This comparison underscores how
regional circulation and terrain jointly modulate the local manifesta-
tion of global radiative forcing.

Discussion
The present study reveals a counterintuitive regional cooling over
India during boreal summer, directly induced by CO, radiative forcing
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Fig. 6 | Climatology of monthly precipitable water over India. Area-averaged
precipitable water over the Indian domain [15-28 °N, 72-87 °E] for each calendar
month. Climatology corresponds to 1979-2008 for AMIP (not amip-4 x CO,) and to
the last 30 years for piControl simulations. Green and blue bars indicate the results
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of amip and piControl simulations, respectively. Error bars denote the 95% con-
fidence intervals of the multi-model ensemble (MME). These are calculated based
on +1.96 xa/+/N, where o denotes the standard deviation across the models, and
N is the number of models. The unit is kgm™.
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alone, without the influence of oceanic processes or aerosols. This
robust signal is consistently identified across two independent CMIP6
experiment frameworks—amip-type simulations with prescribed sea
surface temperatures and fully coupled abrupt-4 x CO, and piControl
simulations. In both cases, a quadrupling of CO, concentration leads to
pronounced surface cooling over the Indian Peninsula, south of the
Himalayas, amid widespread global land warming. This cooling,
exceeding 0.1K since 1950 or earlier, is confined to the lower atmo-
sphere (below 850 hPa) and exhibits strong seasonality, occurring
predominantly from June to August.

Mechanistically, the CO,-induced cooling arises from a cascade of
atmospheric adjustments that are triggered by direct radiative forcing.
The dominant contributor is a marked reduction in downward solar
radiation at the surface, caused by enhanced cloud cover. This increase
in cloudiness results from strengthened atmospheric ascent and
intensified moisture transport, both amplified under CO, perturba-
tion. The rapid warming of the Eurasian continent relative to sur-
rounding oceans enhances the land-sea thermal contrast, reinforcing
low-level convergence and upward motion over India. The abundant
monsoonal moisture further sustains a positive feedback loop, where
enhanced ascent promotes increased cloud formation and precipita-
tion, thereby reducing solar heating at the surface.

In addition, horizontal temperature advection contributes to the
near-surface cooling. The anomalous southwesterly winds induced by
the rise in CO, concentration transport relatively cooler air from the
Arabian Sea to India, generating a cold advection effect that amplifies
the local temperature decline.

A comparison with East Asia—another monsoon-dominated
region that does not exhibit similar cooling—highlights the pivotal
role of topography in modulating regional climate responses. The
Himalayas and the Hindu Kush Mountains act as an orographic barrier
that enhances moisture convergence and ascent over India, a dynamic
effect absent in East Asia, where no such barrier constrains the wind
anomalies®**. Consequently, while both regions share abundant
summer moisture, only India experiences the dynamically enhanced
cloud-radiation feedback that yields surface cooling. Together, these
findings demonstrate that greenhouse gas forcing can induce localized
cooling through a combination of radiatively driven cloud feedbacks
and dynamically mediated circulation changes.

These results carry several broader implications for under-
standing and projecting regional climate responses to greenhouse gas
forcing.

(1) Magnitude of climate feedbacks. The cooling effect directly
driven by CO, radiative forcing may partially offset the warming effects
of climate feedbacks over India. Consequently, analyses based on
observed summer temperature trends in this region may under-
estimate the full strength of climate feedback-related warming.

(2) Future CO, mitigation scenarios. The projected decline in CO,
concentration aimed at curbing global warming may, counter-
intuitively, contribute to warming over India. As our results demon-
strate that increased CO, forcing induces summer cooling, reduced
CO, would thus diminish this cooling effect. Consequently, the net
regional temperature decrease may be smaller than conventionally
anticipated.

(3) Transient response to abrupt forcing. An abrupt increase in
CO, concentration can temporarily alter the seasonal temperature
response over India. In the abrupt-4 x CO, simulation, both the first-
year and multi-year mean results show that the summer temperature
increase is weaker than in other seasons, with a greater proportion of
models exhibiting actual cooling during the summer months (Fig. 7a,
¢). Such behavior is not evident in most other monsoon regions
(Supplementary Fig. 6). The ratio of models showing a cooling
response is highest over India, both in the first year and in the five-year
mean results (Fig. 7b, d), underscoring the robustness of this regional
anomaly. In addition, the abrupt-2 x CO, simulation exhibits behavior

consistent with that in the abrupt-4 x CO, simulation, with India
showing a local summer cooling anomaly relative to other land mon-
soon regions (Supplementary Figs. 7, 8). In the abrupt-0.5x CO,
simulation, India exhibits a corresponding summer warming anomaly
(Supplementary Figs. 9, 10). Overall, these results indicate that the
distinct summer temperature responses over India are consistent
across different abrupt CO, forcing magnitudes.

Collectively, this analysis identifies a previously unrecognized
mechanism through which greenhouse gas forcing alone can induce
regional surface cooling via atmospheric dynamical and radiative
interactions. The results highlight the complexity of regional climate
responses to global forcing and underscore the necessity of account-
ing for such nonlinear processes in projections of future climate
change over South Asia.

Methods

CMIP6 dataset

This study employs multiple CMIP6 experiments to evaluate the
atmospheric response to direct CO, radiative forcing. Specifically,
seven types of simulations are analyzed (Detailed model information is
provided in Supplementary Table 1):

(1) preindustrial control (piControl): CO, concentration is fixed at
284.7 ppm, with a minimum integration length of 500 years™.

(2) abrupt 4 xCO,: CO, concentration is instantaneously quad-
rupled relative to the preindustrial level and then held constant
for at least 150 simulation years®®.

(3) abrupt 2 x CO,: CO, concentration is instantaneously doubled
relative to the preindustrial level and then held constant for at
least 150 simulation years>.

(4) abrupt 0.5%xCO,: CO, concentration is instantaneously halved
relative to the preindustrial level and then held constant for at
least 150 simulation years®.

(5) amip: Atmosphere-only simulations forced by observed sea
surface temperatures and sea ice concentration for 1979-2014.

(6) amip-4 x CO, simulation: same SST and sea ice as amip, but with
quadrupled CO, concentration®.

(7) historical simulation: Simulations forced by observed natural
and anthropogenic drivers from 1850-2014°.

All model outputs are regridded to a uniform 1° x 1° resolution
using bilinear interpolation to construct the MME®. A response is
considered robust when at least 75% of models agree on the sign of the
MME. Some variables are not available, and details of the missing
variables are provided in Supplementary Table 2.

To assess model fidelity, simulated surface air temperatures over
India are evaluated against the Climatic Research Unit (CRU) v4.09
dataset®. The dataset is bilinearly interpolated to a 1° x 1° horizontal
resolution. The comparison uses June-August climatology for
1979-2014. Both amip and historical simulations reproduce the
observed south-north and west-east temperature gradients across
the Indian subcontinent (Supplementary Fig. 4a-c).

Quantitatively, Taylor diagram analysis (Supplementary Fig. 5)
shows high spatial correlations with CRU observations. Over [15-28 °N,
72-87 °E], the spatial correlation coefficients of the amip simulation
with CRU are 0.68-0.93 (the average is 0.90); the coefficients of the
historical simulation are 0.56-0.98 (the average is 0.86). Most models
display a reasonably centered root-mean-square error with CRU. These
metrics indicate that the selected CMIP6 models reliably capture the
observed Indian surface air temperature distribution, providing a
robust basis for subsequent analysis.

CRU observational data

The CRU TS (Climatic Research Unit Time Series) dataset provides a
high-resolution, long-term global land climate record, with monthly
mean surface air temperature available on a 0.5°x0.5° grid. The
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Fig. 7 | Summer cooling response over the Indian surface to increased CO,
concentration alone. a Monthly surface air temperature response over the Indian
domain [15-28 °N, 72-87 °E] during the 1st year after CO, is quadrupled. Red line
denotes the multi-model ensemble (MME) results, and gray lines represent
individual model responses. The unit is K. b Fraction of models exhibiting summer

cooling in the 1st-year response. The unit is %. ¢, d Same as (a, b), but for the 1-5 year
mean after CO, is quadrupled. The climate response is evaluated as the difference
between the Ist-year or 1-5 year mean of the abrupt-4 x CO, simulation and the last
100-year climatology in the piControl simulation.

dataset integrates observations from the World Meteorological Orga-
nization (WMO) CLIMAT reports and NOAA’s Monthly Climatic Data
for the World summaries, following strict quality control procedures.

Version 4 of the dataset spans 1901-2018 and employs an angular-
distance weighting interpolation method, enhancing spatial accuracy
and traceability between gridded values and station observations. This
ensures the dataset’s suitability for benchmarking model performance
in regional climate analyses.

The global precipitation climatology project

To obtain the domain of land monsoon, this study utilizes the
globally complete, monthly Global Precipitation Climatology Pro-
ject dataset*, which provides surface precipitation estimates at a
spatial resolution of 2.5° latitude x 2.5° longitude from January 1979
onward. The dataset is generated through a merged multi-source
approach, integrating low-orbit satellite microwave retrievals,
geosynchronous-orbit satellite infrared observations, and surface
rain gauge measurements. To optimize accuracy and temporal
coverage, the integration strategy employs higher-accuracy micro-
wave data to calibrate the more frequent infrared observations. For
the pre-microwave period (prior to mid-1987), the record is exten-
ded using infrared-only data adjusted via a calibration derived from
later microwave-based analyses. The final satellite-gauge blended
product is further corrected using ground-based rain gauge ana-
lyses. The archived dataset also includes individual input fields, a
merged satellite-only estimate, and associated uncertainty esti-
mates for each variable. This monthly analysis serves as the foun-
dation for the broader suite of GPCP products, including those with
higher temporal resolution. In this work, we characterize the 30-year

GPCP climatology (1979-2008) and examine its temporal and spatial
variability in global precipitation.

Quantification of CO, radiative forcing effects
To isolate the direct atmospheric response to CO, radiative forcing,
two complementary simulation frameworks are used:

(1) The amip-related simulations. In this kind of simulations**, the
atmospheric response is estimated from the 30-year climatolo-
gical difference (1979-2008) between amip-4 x CO, and amip
simulations. This configuration excludes oceanic feedbacks,
allowing a clean diagnosis of atmosphere-land adjustments to
increased CO..

(2) The abrupt-related simulations. In fully coupled models, global-
mean SST variations are regressed out to separate CO,-driven
radiative effects from ocean-mediated changes. Specifically,
changes in climate variables are regressed against the global-
mean SST changes, and the CO,-induced response is quantified
as the regression intercept at zero global-mean SST anomaly***,
Here, the changes are defined as the difference between the first
150 years in abrupt-4 x CO, simulations and the last 100-year
climatology in piControl simulations.

Results derived from these two approaches are referred to as
“amip-related results” and “abrupt-related results”, respectively.
Together, these two approaches serve complementary purposes. The
amip-related simulations provide a physically clean estimate of the
atmospheric-land adjustments by explicitly excluding SST-mediated
feedbacks, whereas the abrupt-related simulations allow the CO,-
induced response to be evaluated across a much larger set of models,
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thereby improving the robustness and physical consistency of the
results.

Thermodynamic framework for near-surface air temperature at
2m
The anomalous thermodynamic energy equation is expressed as*®:

OT' jot=—Vy - VT —Vy - VT =V, - VT — 0/ (yg = 7) —@(¥q — V)
- (yg—v)+ dQ/(C,,dt)
@)

where T is temperature, V;, denotes the near-surface wind vector,
represents pressure velocity, y, is the dry adiabatic lapse rate, y is the
environmental lapse rate, C, is the specific heat at constant pressure,
and Q denotes the diabatic heating. For variable X, X and X’ mean the
climatology and anomaly, respectively.

On climate-change timescales, the tendencies and nonlinear
advection terms are negligible:

oT' /3t ~ 0 )
V, VT ~0 3)

Near the surface, vertical motions are weak (w = 0), so the vertical
adiabatic terms are also negligible. The equation thus simplifies to:

v, - VT—V_h-VT’+dQ’/<det) ~0 )

Here, the first term represents horizontal temperature advection,

and the last term denotes diabatic heating anomalies, which are

dominated by radiative and latent heating effects. Although the dia-

batic term is difficult to evaluate directly, this formulation provides a

conceptual basis for decomposing surface temperature responses into
advective and radiative components under increased CO, forcing.

Definition of the global land monsoon region

The global monsoon region is defined as the area where the local
“summer minus winter” precipitation rate exceeds 2.0 mmday™ and
where local summer precipitation exceeds 55% of the annual total®’.
Here, local summer is defined as May-September in the Northern
Hemisphere and November-March in the Southern Hemisphere. In
this study, the global monsoon region is identified based on the cli-
matological precipitation (1979-2008) from the Global Precipitation
Climatology Project*®, and only land monsoon regions are considered
(Supplementary Fig. 11). The precipitation dataset is bilinearly inter-
polated to a 1° x 1° horizontal resolution.

Data availability

The CMIP6 outputs are available online at https://esgf-node.linl.gov/
projects/cmip6/. The CRU TS v4.09 surface air temperature dataset is
available online at https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_ 4.09/
cruts.2503051245.v4.09/tmp/. The Global Precipitation Climatology
Project's monthly precipitation is available online at https://psl.noaa.
gov/data/gridded/data.gpcp.html.

Code availability

The source codes used to produce these main results are available
from https://zenodo.org/records/18491957. The data in this study were
analyzed with the Python programming language.
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