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Robust increase in South Asian monsoon
rainfall under warming driven by
extratropical clouds and ocean
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The responses of South Asian Monsoon (SAM) circulation under global warming are known to be
highly uncertain, leading to the widespread of SAM rainfall projections among models. Here, we show
that the uncertain SAM circulation in Coupled Model Intercomparison Project Phase 6 models
consists of two robust components that partly offset each other: a weakening component linked to a
global thermodynamic constraint and a northward shift component understood through a regional 2D
energetic perspective. We further attribute the robust northward shift of SAM circulation to positive
cloud feedback over the Eurasia Continent and heat uptake in the Southern Ocean. A set of climate
model simulations supports the finding that SAM rainfall increase is primarily due to the northward shift
of circulation driven by extratropical processes. This energetic perspective opens new avenues for
predicting monsoon rainfall by connecting circulation changes to radiative forcing, feedbacks, and

ocean heat uptake.

The South Asian summer monsoon (SAM) rainfall has important impacts
on agriculture and economy'. Understanding its responses to global
warming is critical to future projections; however, a significant spread exists
among the projected changes of SAM rainfall in climate models*™. More-
over, the observational records are largely influenced by aerosol effects and
decadal natural variability’"', making it even harder to constrain the
diverging future projections in climate models.

In many previous studies and the most recent report (AR6) of the
Intergovernmental Panel on Climate Change (IPCC), the responses of SAM
rainfall to global warming are often understood by partitioning into the
thermodynamic and dynamic components®'. It is well-established that the
thermodynamic effect (i.e. increased moisture content) robustly contributes
to the increases in SAM rainfall*™"’, which can be explained by the so-called
“wet-get-wetter” mechanism: as the temperature rises, the moisture content
in the atmosphere increases following the prediction of Clapeyron-Clausius
equation, which strengthens the convergence of moisture flux in the SAM
region. On the other hand, the dynamic effect (i.e. changes in circulation) is
identified as the main source of uncertainty’™*. Models do not agree with the
changes in SAM circulation strength and the projected circulation exhibits
complex spatial structure.

A better understanding of the mechanisms driving the changes in SAM
rainfall is critical to narrow down the uncertainty in future projections. In a
traditional dry paradigm, monsoons are often viewed as continental-scale
land-sea breezes driven by land-sea temperature contrast. While the land-

sea contrast perspective offers a possible explanation for the weakening of
SAM rainfall associated with the enhanced Indian Ocean warming in the
observational record”, it fails to explain the future projections of SAM in
climate models, which suggest that the SAM circulation weakens while the
land-sea temperature contrast increases under warming™'**'~**, A more
complete paradigm, the recently emerging global energetic perspective,
interprets monsoons as moist energetically direct circulations®”. The
monsoon circulations are intrinsically coupled with convection and act to
diverge the energy away from their ascending branches; those atmospheric
energy transport, in the meantime, must be constrained by global energy
budget”’ . This perspective successfully captures the regional precipitation
migration over South Asia, including its seasonal variability’’~ as well as the
responses to external forcing’’. However, how can this energetic perspective
improve our understanding of SAM responses under global warming
remains to be explored.

Building upon the energetic perspective, we analyze outputs from the
Coupled Model Intercomparison Project Phase 6 (CMIP6) archive. The
“abrupt-4xCO2” experiment, as well as a “shared socioeconomic pathway”
(ssp370) experiment, are used to illustrate the responses of the climate
system in an idealized warming scenario and a more realistic emission
scenario, respectively. Our analysis shows that the long-standing inter-
model spread of SAM circulation’s projection represents the combination of
the two robust components. The first is a weakening component, aligning
with the global mean radiative constraint'”®. The second, a northward shift of
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deep convections, can be understood through a 2D energetic perspective™,
and is attributable to Southern Ocean heat uptake and positive cloud
feedback over Eurasia. The two components exhibit remarkable agreement
among models and offer pathways to narrow down the uncertainty in future
projection.

Results

Excess SAM rainfall driven by the shift of circulation

We start our analysis by reproducing the large inter-model spread in
monsoon circulation and its contribution to precipitation uncertainty via
performing the traditional moisture budget analysis introduced in previous
literature®'” (Method) (Fig. 1a, b). Despite that all climate models predict an

Traditional and modified
moisture budget analyses

increase in monsoon rainfall in response to anthropogenic forcing (Fig. 1a),
a significant spread exists in magnitudes (0.1-1.9 mm/day); even for an
idealized forcing of quadrupled CO,, the magnitudes can vary from 0.4 to
1.8 mm/day. Models do not agree on the sign of the contribution from
circulation changes (the QdV term in Fig. 1b); additionally, the circulation
changes are highly uncertain within the SAM monsoon region (see the lack
of dots in Fig. 1d), challenging our confidence in predicting regional rainfall
changes.

A deeper understanding of the circulation changes may be achieved by
identifying its root causes. Here, we detangle the uncertain circulation
changes by isolating the “weakening component” (Fig. 1e), which represents
the slowdown of climatological circulation and is well-understood via the
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Fig. 1 | Changes in sectoral zonal mean circulation and their contributions to
rainfall increase in SAM region under global warming. a—c JJA-mean changes of
monsoon rainfall (60-100° E, 5-35° N) and moisture budget decomposition in the
ssp370 and abrupt-4xCO2 simulations. For the ssp370 simulation, the anomalies are
relative to the climatology of years 1981-2000 of the Historical simulation; the
average in the near future (2041-2060) and the end of century (2081-2100) are
shown. For the abrupt-4xCO2 simulation, the anomalies are relative to the piControl
climatology; the average in the first 50 years and last 50 years (101-150) are shown.
The dots show the multi-model mean values; the error bars and the horizontal lines
indicate the range of one inter-model standard deviation and the maximum/mini-
mum values, respectively. The multi-model mean anomalies by the end of century in

ssp370 simulation are emphasized in red bars. d—f JJA-mean changes in sectoral
zonal mean circulation by the end of century in ssp370 simulation. (Upper panel)
Regional mass stream function anomaly within 60-110° E. The contours show the
base climate with an interval of 20 x 10°kg/s (zero contours omitted); the shadings
show the total anomaly (d) and its weakening component (e) and shifting compo-
nent (f). The small / large dots indicate over 80%/100% of the models agree with the
signs. (Lower panel) Multi-model mean of anomalous negative omega at 500hPa,
zonally averaged through 60-110° E. The error bars indicate the range of one inter-
model standard deviation. The vertical dashed lines mark the SAM region. Positive
indicates ascending motion.
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global radiative constraint'>*’, from the rest of the circulation changes (Fig.
1f) (see Method). This weakening component exhibits a robust descent
between roughly 5° S and 30° N, which is confined to the climatological
circulation (Fig. 1e). The residual reveals a northward shift of convection
zone (Fig. 1f): the anomalous ascent is concentrated over the SAM region,
with the peak located at the western coast of Indian Peninsula (Supple-
mentary Figure 1), while the anomalous descent occurs at the equatorial
region (Fig. 1f). The “shift component”, representing this northward shift of
convection zone, is a robust feature in all models and the pattern is in good
agreement with the spatial distribution of multi-model mean precipitation
changes (Supplementary Figure 1b-e). The analysis above suggests the
notoriously uncertain SAM circulation changes consist of two key com-
ponents that are remarkably consistent across models (see the dots in
Fig. le, f). The shift of convective zone toward the SAM region tends to
enhance the SAM rainfall, while the weakening of circulation tends to
suppress it.

Existing theories suggest a close connection between the weakening of
circulation and the thermodynamic responses of the atmosphere'**"**’
which is also evident by the high negative correlations between the impacts
of circulation weakening and the effects of moistening of the atmosphere on
SAM rainfall (—0.69/—0.78 by the end of century in ssp370 simulation and
in the first 50 years of abrupt-4xCO2 simulation, respectively; Supple-
mentary Fig. 2). As required by the atmospheric energy balance in the
tropics®, the rapid increase in moisture content following the C-C equation
(~6.5%/K) under global warming must be compensated by a slowdown of
overturning circulation, to maintain a moderate increase in convective
heating rate (~2%/K) that matches the relatively slower increase in radiative
cooling rate. In this context, the weakening of the tropical circulation can be
viewed as a compensating factor for the increase in moisture. If we combine
the moistening of the atmosphere (VdQ in Fig. 1b) and the weakening of
circulaion (QdV,,,) into the “thermally-driven” component
(VdQ+ QdV,,,), it is found to account for only a small portion of the
projected rainfall increase (Fig. 1c). Instead, the northward shift of circu-
lation (Q dV,; in Fig. lc) predominately drives the increase of SAM
rainfall, and accounts for the majority (88% by the end of the 21st century in
ssp370 simulation and 75% in the first 50 years of abrupt-4xCO2 simula-
tion) of its inter-model variance.

Attribution of the shift of SAM circulation

Given the dominance of the shift component in the model ensemble
mean response of the SAM rainfall and the inter-model spread in the
SAM projections, it is important to understand the underlying
mechanisms that drive the northward shift of the circulation. From the
energetic perspective’”"’, the shift of tropical precipitation and the
associated circulation anomalies (Fig. 1f) are expected to follow the
shift of the energy flux equator (EFE, Method), the latitude where the
atmospheric energy transport vanishes and diverges meridionally’**'.
Indeed, in the ssp370 and abrupt-4xCO2 simulations, the regional EFE
over the SAM longitudinal sector (“regional EFE” hereafter) shows a
robust northward shift (Fig. 2a), consistent with the robust shift of
precipitation toward the SAM region shown in Fig. 1a and Supple-
mentary Fig. 1. The shift of regional EFE is significantly correlated with
the changes in SAM rainfall in most cases, except by the end of century
in the ssp370 simulations; it also explains the time-evolving changes of
SAM rainfall from the near future toward the end of century in the
ssp370 experiment, and the differences between the first and last 50
years in the abrupt-4xCO2 experiment. These results suggest a close
connection between the shift in regional EFE and changes in SAM
rainfall, and the processes that drive the former may also be important
for the latter.

The shift of regional EFE is a manifestation of the anomalous
atmospheric energy transport tied to the global energy budget. When
the climate system is perturbed by anthropogenic forcing, the energy
sources and sinks of the atmosphere are redistributed, as demon-
strated by the anomalous energy flux potential®** (Method) in Fig. 2b.

The positive and negative energy flux potential roughly correspond to
the energy sinks and sources of the atmosphere, respectively, and the
local energy balance is maintained by the atmospheric energy trans-
port going up the gradient of energy flux potential. The energetic
viewpoint interprets the tropical overturning circulation as part of the
global energy balance and suggests a teleconnection between tropics
and extra-tropics: the anomalous energy flux potential in the tropics
largely reflects the extension of the anomalous energy source over the
extra-tropical continents in the Northern Hemisphere, as well as the
anomalous energy sinks over the North Atlantic and Southern Ocean.
Roughly consistent with the anomalous energy flux potential in the
tropics, rainfall increases over the regions with anomalous energy
sources, including the SAM region and the equatorial western Pacific,
and decreases over the regions with anomalous energy sinks, including
the Northeast Pacific and the equatorial Indian Ocean. The corre-
spondence between the anomalous energy flux and the pattern of
rainfall anomalies is consistent with Mamalakis et al.”’, which argues
that the zonal contrasting shift of ITCZ in the Eastern Pacific- Atlantic
sector and Eurasian sectors can be explained by regional atmospheric
energy transport and local EFE shift.

Zooming into South Asia, the anomalous energy source to the north
and the anomalous energy sink to the south build up an anomalous gradient
of energy flux potential, indicating an anomalous southward atmospheric
energy transport. As the climatological energy transport of the atmosphere
to the north of EFE and reversely to the south of EFE, an anomalously
southward energy transport would shift the regional EFE, the latitude with
zero meridional atmospheric energy transport, northward. The energy
perspective also allows us to mathematically decompose the energy flux
potential to the energy sources and sinks in each region (Method;*) and
perform a quantitative attribution for the northward regional EFE shift.
Most of the northward shift of EFE in the South Asian sector can be traced to
extra-tropical processes (see Fig. 3a for ssp370 and Supplementary Fig. 3 for
abrupt-4xCO2). In particular, it is mainly driven by the energy source due to
the positive cloud feedback over the Eurasia Continent (Fig. 3d and Sup-
plementary Fig. 3d), and the energy sink due to the anomalous ocean heat
uptake over the Southern Ocean (Fig. 3¢ and Supplementary Fig. 3c).
Conversely, local energy sources and sinks near the SAM region are highly
uncertain and contribute mainly to the inter-model spread.

The diagnoses above reveal the strong spatial dependence of the
energetic responses of the climate system (Fig. 3b and Supplementary Fig.
3b). Specifically, cloud feedback and anomalous ocean heat uptake play
critical roles in shifting the regional EFE (Fig. 3a) and, consequently, the
precipitation patterns of the SAM. The positive cloud feedback in the
northern Eurasia Continent is robust across models (dots in Fig. 3d),
dominating the TOA flux response (contours in Fig. 3d). The positive cloud
feedback over extratropical land has not been extensively discussed in the
literature, while one existing study suggests that it is related to the soil
moisture deficit over summer land: the robust extra-tropical land drying
leads to a rapid decrease in the relative humidity*, which, in turn, gives rise
to reduced cloud cover and increased insolation (Supplementary Fig. 4). On
the other hand, the enhanced heat uptake over the Southern Ocean has been
extensively studied and understood as a result of the climatological
upwelling in the Southern Ocean, which constantly ventilates the upper
ocean with cold water from the deep®™*". In summary, our results suggest the
robustness of increases in SAM rainfall arises from the cloud feedback and
anomalous ocean heat uptake in the extra-tropics. As the two processes are
associated with fundamental physical constraints, they are robust across
models and can even be observed in the recent observational records
(Supplementary Fig. 5).

Experiments with suppressed cloud or ocean processes

To verify our hypothesis — that the extra-tropical cloud feedback and
changes in ocean heat uptake are responsible for most of the northward shift
of SAM rainfall - we disable these processes in a fully-coupled model,
CESM], and evaluate their impacts. Several experiments are performed,
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Fig. 2 | Relationship between the changes of energy flux potential and pre-
cipitation. a CMIP6 JJA-mean monsoon rainfall anomalies versus shifts of regional
EFE over 60-100° E. For each model, the former and latter periods of ssp370 and
abrupt-4xCO2 simulations are respectively connected with lines. The Pearson
correlation coefficient (r) and the p-value of the correlation (p) for each simulation
and period are marked in the parentheses in the legend, and the overall correlation
and p-value, calculated by all the dots in the figure, are marked at the upper-left
corner. b Anomalies by the end of century in ssp370 simulations. The shading shows
anomalous precipitation and contours show the anomalous energy flux potential
(red and blue contours indicate negative and positive values, respectively). The
vectors represent the gradient of energy flux potential, i.e. the divergent component
of atmospheric energy transport. The thick black lines indicate the energy flux
equator (EFE) in the base climate.

including a pre-industrial control simulation (PI), a standard abrupt-
4xCO2 simulation (4xCO2), and three partially-coupled abrupt-4xCO2
simulations with suppressed Eurasia Continent cloud feedback
(EAcloud_off), or suppressed impacts of Southern Ocean heat uptake
(SOHU _off), or with both the processes suppressed (Both_off) (see
Method for a more detailed description).

When cloud feedback over Eurasia and Southern Ocean heat uptake
are disabled, the increasing rainfall projected in the 4xCO2 simulation
vanishes (compare Fig. 4b with a). The summertime rainfall decreases in
most of the SAM region except in the southern flank of the Tibetan Plateau.
Further analysis (Fig. 4c) shows that the increase in SAM rainfall in the
simulation without Eurasian cloud feedback and Southern Ocean heat
uptake is reduced by 68% compared to the standard 4xCO2 simulation (Fig.
4c); the reduction is contributed by both the impacts of Eurasia Continent
extra-tropical cloud feedback (i.e. 4xCO2 - EAcloud_off) and Southern
Ocean heat uptake (i.e. 4xCO2 - SOHU_off) with excellent additivity.
Moreover, the moisture budget reveals that the contribution of the shift
component disappears when both the Eurasian cloud feedback and the
Southern Ocean heat uptake are disabled. These results strongly support the

notion that cloud feedback in the extra-tropics of the Eurasia Continent and
the heat uptake over the Southern Ocean play a vital role in the robust
increase of SAM rainfall.

Discussion

The large uncertainty in the projection of the regional monsoon change
under a warming climate has been a long-standing challenge for the climate
change research community. Taking an energetic perspective and aided
with purposefully designed feedback denial experiments, we find that the
overall SAM precipitation response to the increasing greenhouse gas forcing
can be thought of as being driven by the superposition of a weakening and a
northward shifting component of the monsoon circulation, both being
robust with respect to their own climatology among the CMIP6 models. The
energetic analysis suggests that the northward shift of the monsoon circu-
lation and the corresponding precipitation is associated with the strong
gradient in the energy flux potential over the SAM region, driven by the
positive cloud feedback over the Eurasia Continent and the anomalous heat
uptake over the Southern Ocean.

Through the energetic pathway, the shift of the SAM circulation and
precipitation are associated with the contrast in energetic feedbacks between
the northern land and the Southern Ocean under the forcing of increasing
greenhouse gases, as demonstrated by the schematic diagram in Fig. 5. The
atmosphere tends to gain energy over the continents and lose energy over
the ocean in the extra-tropics (light red and light blue arrows in Fig. 5),
leading to the inter-hemisphere energy imbalance which demands adjust-
ments of regional circulation around the SAM region (the vertical cross-
section in Fig. 5). This global energetic perspective should be contrasted with
the conventional view of the tropical monsoon, which focuses on the local
land-sea contrast in temperature and/or thermal inertia. While the rapid
warming over lands is a robust feature across models and is also consistent
with the northward shift of SAM low-level circulation”***** and increased
SAM rainfall*, our partially-coupled simulations reveal that the rainfall is
reduced in most regions over South Asia in the Both_off simulation (Fig.
4b), even in the presence of increased land-sea temperature contrast
(Supplementary Fig. 6).

Our results also offer another perspective on the source of uncertainty
underlying the changes in SAM rainfall. The inter-model spread in the SAM
rainfall is mainly determined by the shift of circulation (Fig. 1c). The
energetic perspective suggests the uncertainty is mainly caused by uncer-
tainty in local cloud feedback and ocean processes in the tropics (Fig. 3a).
Regressing the energy fluxes onto the SAM rainfall anomalies suggests the
uncertainty is correlated to a zonal dipole of surface flux anomalous in the
tropical Indian Ocean, as well as a meridional dipole of cloud feedback over
the tropics (Supplementary Fig. 7). As such, while the robust extra-tropical
processes are more responsible for the ensemble mean SAM response, the
local ocean and cloud radiative feedbacks in the tropics are more responsible
for the model uncertainties in the SAM precipitation projections under
global warming. Constraint of the local cloud feedback over the SAM region,
and the air-sea interaction over the tropical Indian Ocean, may narrow the
uncertainty in SAM rainfall. Nevertheless, it should be reminded that the
uncertainty in the ssp370 simulations is not solely driven by the responses to
the CO, forcing. The uncertainty caused by other forcings, e.g. the aerosol
forcing, may also contribute to the uncertainty of SAM rainfall, leading to
the insignificant correlation between SAM rainfall and regional EFE shift by
the end of century in the ssp370 simulations; those contributors other than
CO, forcing are, though, beyond the scope of this study.

The global energetic perspective also serves to bridge the long-standing
challenge of predicting monsoon circulation response to climate change
with the literature on climate sensitivity’”. Changes in atmospheric energy,
including variations in emissions, radiative feedbacks, ocean circulation,
and land processes, can all affect monsoon circulation. Moreover, since
climate feedbacks and surface turbulent fluxes are inextricably linked to
model physics and parameterizations, the energetic perspective could shed
light on climate model developments that may help to reduce uncertainties
in monsoon projections. This understanding of monsoon circulation shifts
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gained here may have direct implications for the response of extreme pre-
cipitation over the SAM regions to climate change, which has been linked to
the northward migration of syntonic systems from the ocean to land***.

Methods

CMIP6 data

To illustrate the responses under anthropogenic forcing, the “shared
socioeconomic pathway” simulations under a median-high emission sce-
nario (ssp370) are analyzed; the periods of the near-future (2041-2060) and
the end of century (2081-2100) are used, and the anomalies are relative to a
baseline climate, defined as the climatology of the years 1981-2000 in the
“historical” simulation.

Additionally, the “abrupt-4xCO2” simulation is used to demonstrate
the responses under a more idealized scenario of quadrupled CO, level. The
first 50 years, as well as the period of years 101-150, are used to demonstrate
the responses on decadal and centennial timescales. The baseline climate is
defined as the climatology in the “piControl” simulation.

For the historical/ssp370 simulations, 25 models that provide all
necessary variables are used; for the piControl/abrupt-4xCO2 simulations, a
total of 24 models are used (Supplementary Table 1).

Decomposing the shift and weakening components of circula-
tion changes

The changes in circulation are partitioned into the “weakening component”
and “shift component” as follows. First, for each model, we define a weak-
ening index a and an error function E:

2
E= (wforced -« wbase) . (1)

Where wj,,...q and wy,,, represent the total pressure velocity at 500hPa in the
forced climate (ssp370 or abrupt-4xCO2 simulations) and baseline climate
(historical or piControl simulations), respectively. The weakening index a is
chosen to minimize the area-weighted mean of E within the South Asia
region (60-110° E, 15° S-35° N), which is generally between 0.7 and 0.95. By
doing so, aw,,,, describes to what extent the circulations in the baseline
climate should be weakened to best match the circulations in the perturbed
climate.

Once the weakening index a is determined, the weakening component
of circulation anomaly can be defined as the anomaly induced by the overall
weakening of circulation:

Wweuk = (“ - 1) Wbase ) (2)
where W represents wind field (1, v, w). The differences between total anomaly

and the weakening component are then defined as the shift component, as it
mainly represents the northward shift of deep convections (Fig. 1f):

Wshift = (qurced - Wbase) - (06 - I)Wbase = Wforced - “Whase‘ (3)

Moisture budget
Following Seager et al.”’, the anomalous precipitation under warming can be
written as:

dP = dE — Pig/w[v -(VdQ) + V- (QdV) + V - (dVdQ)|dp + residual,
0

4)
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where the overbar indicates the JJA climatology in the baseline climate, and
d(-) indicates the anomalies. V and Q represent the horizontal wind field
and the specific humidity field, respectively. Equation (4) represents the
conventional moisture budget: the precipitation changes (dP) can be
attributed to the changes in evaporation (dE), as well as the changes in
moisture flux convergence associated with mean-flow advection (the second
term on the right-hand side). The three terms in the integration on the right-
hand side represent the contributions from anomalous moisture content,
anomalous circulation, and the non-linear interaction between them. The
residual term accounts for the contributions from transient eddy, and the
numerical error arising from interpolation processes.

A modified moisture budget is proposed by isolating the weakening
and shift components of dV:

av = deeak + sthzft (5)

Substituting dV in Eq. (4) yields

1 [P
dP = dE — —
PgJ o

[v - (VdQ) +V - (Q sth,-ﬁ) +v-(Q dek)] dp + residual. (6)
The second and third terms within the integration on the right-hand side
account for the contributions associated with the shift and weakening of
circulation, respectively.

Calculation of energy flux potential and regional EFE
Following Boos and Korty™, the energy flux potential x is defined as the
inverse Laplacian of column-integrated MSE divergence:

ps
Vix=V. vhd—p ~ NEI, 7)
X 0 g

where v indicates the horizontal wind, i the MSE, ps the surface pressure, g
the gravitational acceleration, and V* the Laplacian operator. As the heat
content changes of the atmosphere are usually negligible for a long-term
climatology, the column-integrated MSE divergence is approximated by
NEI in the calculation. To obtain a unique solution when calculating the
inverse Laplacian, the global-mean value of energy flux potential is
subtracted.

By definition, the gradient of energy flux potential represents the
divergent (irrotational) component of atmospheric energy transport, noting
as (uh,vh) here. To compute the regional EFE in the Indian Ocean sector, we
first take the zonal average of energy flux potential between 60°E-100°E; the
EFE is then defined as the latitude where v = 0 and "%’ >0.

Implied energy transport in 2D map
The anomalous energy flux potential can be expressed as

V2dy = dNEI, 8)
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Fig. 5 | A schematic diagram showing the shift of deep convections toward the
SAM region under warming. The shading represents the energy flux potential
anomalies, with reds corresponding to negative anomalies (anomalous energy
source) and blues corresponding to positive anomalies (anomalous energy sink); the
z-axis of the energy flux potential anomalies is reversed for visualization purpose.

The light red and light blue arrows mark the extra-tropical energy sources and sinks.
The vertical cross-section shows the regional circulation responses over the South
Asia longitudinal sector; the dark red and blue arrows illustrate the meridional
transport of energy and moisture over this sector.

As the Laplacian operator is linear, and so does its inverse, the anomalous
energy flux potential caused by global NEI anomalies may be expressed as a
summation of the contributions of anomalous NEI from different regions:

dx =D gy ©)

Vdereg(i) = dNEIVeg(i)’ (10)
where reg indicates an arbitrary set of regions those summed up to covers all
over the globe. For each subregion reg(i), the contribution of anomalous NEI
within this region to the anomalous energy flux potential is evaluated by the
inverse Laplacian of dNEI,,;, which equals dNEI within the subregion
reg(i) and is zero elsewhere. Ideally, dy,,,, can be thought of as the
anomalous energy flux potential in response to the anomalous NEI within
the region reg(i), assuming that the energy transport is extremely efficient in
redistributing energy globally. The contribution of regional NEI anomalies,
dNEI,q;)> to the regional EFE shift in the Indian Ocean sector is then
estimated by adding the associated energy flux potential anomalies, d, ;>
to the climatology energy flux potential in baseline climate (¥); the corre-
sponding Indian Ocean EFE location of X + dy,,, is calculated and then
compared to the EFE location in the baseline climate.

As the anomalous NEI equals the summation of changes in cloud
radiative effects, changes in clear-sky TOA fluxes, and changes in surface
fluxes, we may further evaluate the contributions of regional cloud feedback
and ocean heat uptake to dy,,, following similar definition in Eq. (10):

Vzdxmg(i)_CRE = dCRE 11

regli)>

Vdereg(i)_OHU = dOHU (12)

regli)>

where SUR represents surface fluxes, and CRE represents cloud radiative
effects at TOA. The CRE is adjusted by radiative kernel’”” to remove the
masking effects of clouds on the changes in surface albedo, water vapor, and
temperature.

CESM1 simulations

A fully-coupled climate model, CESM1, is used in this study. A 50-year-long
piControl simulation (PI) is conducted, as well as several 30-year-long
abrupt-4xCO2 simulations: a standard abrupt-4xCO2 simulation (4xCO2),
and three partially-coupled abrupt-4xCO2 simulations with suppressed
Eurasia Continent cloud feedback (EAcloud_off) or suppressed impacts of
Southern Ocean heat uptake (SOHU_off), or with both the processes
suppressed (Both_off). These abrupt-4xCO2 experiments are identical
except the suppression of regional cloud feedback or ocean processes, as will
be described later. Each experiment contains three ensembles. The
anomalies are obtained by subtracting the 50-years climatology of PI
simulation from the average over years 21-30 in the abrupt-4xCO2
simulations.

Regional cloud-locking method

To suppress the cloud feedback over the Eurasia Continent in the
EAcloud_off and Both_off simulations, a cloud-locking method™ is
applied. In the PI simulation, the cloud properties that are necessary for the
calculation of radiation (include liquid and ice cloud fraction, in-cloud
liquid/ice/snow water path, effective diameter for ice and snow, and size
distribution parameters of liquid drops) are saved at every radiative time
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step (every 2 h). These cloud properties are then read by the EAcloud_off
and Both_off simulations: over the mid-latitudes of the Eurasia Continent
(0-140° E, 40-70° N), the cloud properties in the PI simulation are used in
the calculations of radiative fluxes, so that the cloud radiative effects are
decoupled from the current background environment in the model; in other
regions, the cloud radiative effects are interactive with the background
environment.

Southern Ocean pacemaker simulations
The impacts of ocean heat uptake over the Southern Ocean are minimized
by nudging the SST over the Southern Ocean toward a “non-heat uptake”
SST pattern. First, we estimate the warming rate of Southern Ocean in the
absence of heat uptake by the outputs of the CESM1 slab ocean experiments
provided by Hu et al.” (Supplementary Fig. 8b). In their experiments, the
climatological ocean heat transport divergence in a pre-industrial simula-
tion with dynamical ocean is prescribed as the “Q-flux” into the slab ocean
model. Two slab ocean experiments, a control simulation and a doubled-
CO, simulation, are then conducted. The slab ocean experiments are
integrated for 60 years, and the last 50 years are used to calculate the
equilibrium responses. As the Q-flux are identical in the two experiments,
the differences between the two simulations represents the impacts of
warming without changes in ocean heat uptake.

Next, the SST anomalies in the slab ocean models (dTSy,,,) are added
to the daily SST outputs of the last 30 years in our PI simulation (TSp;) to
generate a 30-year-long daily SST data:

dTs
= TSPI + NLCOZdTSSOM7

SOM

TS

prescribe

(13)

where dTS,, -, represents the SST anomalies in our 4xCO2 simulation, and

(+) indicates tropical mean and annual mean. The factor dﬁz;xcoz /AT Sgoumr
is a normalization factor which rescales the SST anomaly in slab ocean
model, so that the warming rate in TS, can be in line with that in the
4xCO2 simulation. In this way, TS,
the 4xCO2 simulation, while the warming pattern is identical to that in the
slab ocean model without anomalous ocean heat uptake.

As a final step, in the SOHU_off and Both_off simulations, the SST
over the Southern Ocean (30-70° S) is nudged toward TS, while it is
free to evolve elsewhere. This is done by adding a relaxation term in the top-

most layer of ocean model:

rescribe

rescribe PYESEIVES the pace of warming in

— = Adv + Dif + Sur + (14)

dT Tsprescribe -T
dt T ’
Where the left-hand side represents the temperature tendency; Adv, Dif,
and Sur represent the tendency associated with advection, diffusion, and
surface fluxes, respectively, in the top layer. The last term on the right-hand
side represents the relaxation toward TS, with a relaxation timescale of
7=1 h. By doing so, the SST in these simulations are unaffected by the ocean
heat uptake over the Southern Ocean.

Data availability

The CMIP6 data can be downloaded via https://esgf-node.llnl.gov/projects/
cmip6/. The outputs of the partially-coupled CESM1 simulations used in
this study can be downloaded via zenodo.org, (https://doi.org/10.5281/
zen0do.10906259).

Code availability
The codes to produce the analyses presented in this study are available upon
request from the corresponding author.
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