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The Asian summer monsoon (ASM) is the most energetic circulation system. Projecting its future change
is critical for the mitigation and adaptation of billions of people living in the region. There are two impor-
tant components within the ASM: South Asian summer monsoon (SASM) and East Asian summer mon-
soon (EASM). Although current state-of-the-art climate models projected increased precipitation in both
SASM and EASM due to the increase of atmospheric moisture, their circulation changes differ markedly—
A robust strengthening (weakening) of EASM (SASM) circulation was projected. By separating fast and
slow processes in response to increased CO2 radiative forcing, we demonstrate that EASM circulation
strengthening is attributed to the fast land warming and associated Tibetan Plateau thermal forcing. In
contrast, SASM circulation weakening is primarily attributed to an El Niño-like oceanic warming pattern
in the tropical Pacific and associated suppressed precipitation over the Maritime Continent.

� 2022 Science China Press. Published by Elsevier B.V. and Science China Press.
1. Introduction

The Asian summer monsoon (ASM) is the most energetic mon-
soon system around the globe [1]. The large-scale monsoon circu-
lation brings abundant moisture from the tropical ocean to the
continent and supplies more than half of the annual rainfall [2].
The variability of the monsoon rainfall could cause natural disas-
ters such as floods or droughts and exert a profound impact on
agriculture and economy [3]. Unravelling the mechanisms control-
ling the monsoon change in a warmer climate is a demanding task,
which is of great societal and economic value.

As reported by Intergovernmental Panel on Climate Change
(IPCC) Fifth Assessment Report (AR5) [4], the ASM rainfall was pro-
jected to increase in the future warmer climate. This increase was
explained by the ‘‘wet-get-wetter” [5,6] or the ‘‘richest-get-richer”
mechanism [7], due to the increase of moisture caused by the sur-
face warming. However, much greater uncertainty exists in the
projection of the monsoon circulation among the state-of-the-art
climate models [8–10], because the circulation change involves
more complicated processes including the changes of atmospheric
static stability [11–13], land–ocean thermal contrast [14,15], oro-
graphic effects [16–18], and sea surface temperature (SST) pattern
[13,19,20].

The ASM consists of two important sub-systems, South Asian
summer monsoon (SASM) characterized by a pronounced low-
level westerly and East Asian summer monsoon (EASM) character-
ized by a pronounced low-level southerly [21] (Fig. S1 online).
While the SASM westerly was projected to weaken under global
warming [9,22–24], the EASM southerly was projected to
strengthen [22,25,26]. What causes such distinctive circulation
changes? Turner and Annamalai [9] argued that the weakening
of SASM was caused by the increase of atmospheric static stability.
If this is true, one may wonder why this mechanism does not work
in EASM. On the other hand, the cause of the strengthened EASM
circulation was argued to be caused by an enhanced land-sea ther-
mal contrast [22,25,26], as the Eurasian continent warms faster
than the ocean [25,27]. If this is the case, one may wonder why
the heated Eurasian continent does not strengthen the westerly
in SASM. Motivated by the controversial arguments above, we
intend to resolve the outstanding science issue, namely, what are
ulletin,
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the fundamental mechanisms responsible for the distinctive mon-
soon circulation changes.

A climate response to increased greenhouse gas forcing involves
two processes—A fast process and a slow process [8,28–30]. The
former is the fast adjustment of the land and atmosphere to the
intensified radiative forcing due to increased greenhouse gas con-
centration, with the timescale of days to weeks [28,31]. The latter
is referred to a slow SST change with the timescale of tens or hun-
dreds of years [32,33], depending on geographic location. It has
been shown that both the direct radiative forcing and the slow
SST adjustment exert a great impact on the tropical and extra-
tropical climate [8,28,30,34]. By separating the monsoon climate
response to a fast and a slow response, one can identify the funda-
mental mechanism for the monsoon climate change under global
warming. In the current study, we investigate specific processes
through which the fast and the slow processes modulate the
ASM circulation and their relative roles. A special attention will
be paid to the effects of Tibetan Plateau (TP) thermal forcing and
the future SST warming pattern in monsoon circulation changes.
2. Methods

2.1. Model and observational data, projection method and fast and
slow processes

The monthly output from the following experiments performed
by the CMIP6 models is adopted for analyses: (1) The Historical
(HIST) experiment from 30 CMIP6 models, in which the coupled
models are forced by the historical forcing [35]. The latter half of
the 20th period (1950–1999) in the HIST experiment is defined
as the baseline climate (20C). (2) The future climate experiment
under the SSP5-8.5 scenario (SSP5-8.5) from the same 30 CMIP6
models, in which the radiative forcing towards 8.5 W m�2 at the
year of 2100 [35]. The latter half of the 21th period (2050–2099)
is defined as the future warmer climate (21C). The 21C is compared
against the 20C to investigate the change of ASM under greenhouse
warming. The adoption of the high emission scenario and the long-
term (50 years rather than 20 years used in AR5) climate average
could sufficiently suppress the impact of the internal variability
and the global warming forced climate response can be largely
extracted [36–38]. (3) To investigate the relative role of the fast
and slow processes in modulating the ASM, the Preindustrial-
Control (PIC) and abruptly quadrupling CO2 (abrupt-4 � CO2)
experiments from 42 coupled general circulation models (CGCMs)
participating in CMIP6 are further adopted. The PIC experiment is
performed with the fixed external forcing at preindustrial level,
and is integrated for hundreds years [35]. The abrupt-4 � CO2 is
a branch experiment from the PIC simulation, in which the CO2

concentration is quadrupling that at preindustrial level and the
model is integrated for 150 years [35]. Following previous studies
[28,39], as the SST change is negligible in the first year due to the
large thermal inertia, the fast response is defined by the difference
between the first year in the abrupt-4 � CO2 experiment and the
last 50-year average in the PIC experiment. As the SST adjusts
slowly to the radiative forcing, the slow response is defined as
the difference between the last 50-year average and the first year
in the abrupt-4 � CO2 experiment. The detailed information about
all the CMIP6 models adopted in the current study is listed in
Table S1 (online).

The multi-model ensemble median (MMM) is used to evaluate
the forced climate response instead of the multi-model mean, for
the median is more robust to the outliers [40,41]. For each model,
all the changes are scaled by the global mean surface temperature
(GMST) warming before the MMM is taken, to evaluate the climate
change per degree warming and remove the possible impact from
2

the climate sensitivity [19,38]. For comparison, 30 CMIP5 model
(HIST and RCP8.5) outputs are also used, and the adopted CMIP5
models are same as in Wang et al. [12]. All the model data are
interpolated onto a 2.5� � 2.5� horizontal grid before analysis.
We also examine the main results with higher interpolation reso-
lution (1� � 1�, 1.75� � 1.75�). The spatial pattern and the magni-
tude of the ASM change under different interpolation resolution
are generally same (Figs. 1 and S2 online). Since the large-scale fea-
ture of the SASM and EASM is focused on, the choice of the inter-
polation resolution in a reasonable range does not destroy the
robustness of the results in the current study.

To depict the observational feature of the ASM, monthly wind
data from the National Centers for Environmental Prediction –
Department of Energy (NCEP-DOE) reanalysis [42] and the Global
Precipitation Climatology Project (GPCP) monthly precipitation
dataset [43] from the period 1979–2008 are also used.

2.2. Definition of monsoon metrics

To quantitatively measure the change of the SASM and EASM
circulation, two sets of the monsoon circulation metrics are used.
The SASM metrics consist of the following three indices: (1) South
Asian summer monsoon index (SASMI) is defined as the box-
averaged 850 hPa zonal wind (2.5��15�N, 55��100�E; blue box
in Fig. 1). The dominant circulations in both the upper and lower
troposphere over South Asia (SA) all occur in the blue box region
(Fig. S1 online), and the SASMI is adopted to directly measure the
change of the intensity of the climatological maximum westerly.
(2) Vertical wind shear (VWS) index is defined as the box-
averaged (2.5��15�N, 55��100�E; blue box in Fig. 1) zonal wind
difference between 850 and 200 hPa following Webster and Yang
[44], which reflects both the strength of the lower and upper tro-
pospheric zonal wind and the north–south land-sea thermal con-
trast. (3) Meridional wind shear (MWS) index (MWS1) is defined
as 850 hPa zonal wind difference between (5�–15�N, 40�–80�E)
and (20�–30�N, 70�–90�E) following Wang et al. [45], which is
more closely related to the variation of the SASM rainfall [45].

The EASM metrics consist of the following three indices: (1)
East Asian summer monsoon index (EASMI) is defined as the
box-averaged 850 hPa southerly over East Asia (EA; 20�–45�N,
110�–125�E; blue box in Fig. 1) to directly measure the intensity
of the climatological southerly [22,26,39]. (2) Following Guo [46],
Zonal SLP gradient index (SLPG) is defined as zonal SLP difference
between the mid-latitude North Pacific (25�–50�N, 130�E–
150�W) and the Eurasian Continent (25�–50�N, 30�–110�E), to
measure the east–west land-sea thermal contrast. (3) Meridional
wind shear index (MWS2) is defined as 850 hPa zonal wind differ-
ence between (22.5�–32.5�N, 110�–140�E) and (5�–15�N, 90�–
130�E) following Wang et al. [47], which well reflects the variation
of the rainfall over EA [47].

Their specific definitions are listed as follow:

SASMI = U850(2.5�–15�N, 55�–100�E),
VWS = U850(2.5�–15�N, 55�–100�E) – U200(2.5�–15�N, 55�–
100�E),
MWS1 = U850(5�–15�N, 40�–80�E) – U850(20�–30�N, 70�–
90�E),
EASMI = V850(20�–45�N, 110�–125�E),
SLPG = SLP(25�–50�N, 130�E–150�W) – SLP(25�–50�N, 30�–
110�E),
MWS2 = U850(22.5�–32.5�N, 110�–140�E) – U850(5�–15�N,
90�–130�E),

where U850 and U250 denote the zonal wind at 850 and 200 hPa
respectively, V850 denotes the meridional wind at 850 hPa, and
SLP represents the sea level pressure.



Fig. 1. Projected changes of ASM under global warming. (a) Projected changes of
the precipitation (shading, mm d�1) and 850 hPa wind (vector, m s�1) in the SSP5-
8.5 experiment relative to the HIST experiment. All the changes are scaled by the
global mean surface temperature (GMST) warming, and the changes agreed in sign
by at least 70% of the individual models are stippled. The blue rectangles denote the
key region for the EASM (20�–45�N, 110�–125�E) and SASM (2.5�–15�N, 55�–100�E).
White contours denote the topography. (b), (c) Changes of SASM and EASM
monsoon metrics respectively. The SASM metrics include SASMI (m s�1), VWS
(�2 m s�1) and MWS1 (m s�1). The EASM metrics include EASMI (m s�1), SLPG2
(�102 Pa) and MWS2 (m s�1). The detailed definition for each monsoon metric is
described in Methods. The color bar is the MMM, the blue dot represents the multi-
model ensemble mean (MME), and the whisker denotes the range between the 30th
and 70th percentiles of the individual models.
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2.3. An anomaly atmospheric general circulation model

To investigate the impact of a heating anomaly on the monsoon
circulation, an anomaly atmospheric general circulation model is
used. This anomaly model is developed based on the Geophysical
Fluid Dynamics Laboratory (GFDL) global spectral dry AGCM (at-
mospheric general circulation model) [48]. A seasonal mean flow
is specified as the model background state. For more details of this
anomaly model, readers are referred to Jiang and Li [49] and Li [50].
This anomaly model has been used to examine the atmospheric
circulation response to a prescribed MJO (Madden-Julian oscilla-
tion) heating over the eastern Indian Ocean (IO) [49], the instability
of synoptic-scale wave trains over the tropical western North Paci-
fic [50], and the response of El Niño induced circulation anomaly to
global warming [12]. For each simulation, the model is integrated
for 120 d, and the last 40-d result is used to depict the steady
response to the prescribed heating.
3

3. Results

Fig. 1a shows the change of low-level wind and precipitation in
boreal summer (June-July-August, JJA) projected by CMIP6 models
in terms of multi-model median (MMM). Rainfall increases
robustly over South Asia (SA) and East Asia (EA), while it decreases
over the equatorial eastern IO and the Maritime Continent (MC). In
contrast to the consistent rainfall increase over SA and EA, the pro-
nounced circulation changes distinctively between the two
regions. Easterlies appear over the SASM domain (blue box, 55�–
100�E, 2.5�–15�N, a region of maximum climatological westerlies
in summer as seen in Fig. S1 online), implying a weakening of
SASM circulation. The easterly anomalies turn southward to form
an anticyclonic flow south of the equator and turn northward
and eastward over the Indian subcontinent, leading to an intensi-
fied westerly over the southern TP. Given the negative heating
anomaly over the MC, the anomalous circulation pattern over the
IO is reminiscent of the typical pattern of the Gill response [51].
Southerlies prevail over EA, indicating the strengthening of the
EASM circulation. Over the Eurasian continent, the circulation
change is characterized by an anomalous large-scale cyclone, rang-
ing from 20� to 60�N and from 10� to 120�E. The general feature of
the projected circulation changes in terms of multi-model ensem-
ble mean (MME) and in the CMIP5 model projection is similar
(Fig. S3 online), indicating that they are a robust signal.

To quantitatively measure the change of SASM and EASM circu-
lation, the two sets of defined monsoon metrics are used. The pro-
jected changes of the SASM and EASM metrics for the CMIP6
models are shown in Fig. 1b, c respectively. For SASM, all three
indices consistently project a robust and significant weakening sig-
nal, with a weakened westerly accompanied by weakened vertical
and meridional shears (Fig. 1b; Table S2 online). For EASM, a pro-
jected strengthening of low-level southerly is accompanied by sig-
nificantly enhanced zonal SLP gradient and meridional wind shear
(Fig. 1c; Table S2 online). The quantitatively analyses based on the
monsoon metrics further demonstrate a robust weakened SASM
circulation and a robust strengthened EASM circulation under glo-
bal warming.

Next we investigate the physical mechanisms responsible for
the distinctive circulation changes, by decomposing the climate
response into a fast and a slow process. The detailed definitions
of the fast and slow processes are referred to the Methods.

The fast response to the direct CO2 radiative forcing is shown in
Fig. 2a. While rainfall over the Asian and African monsoon regions
increases, low-level wind weakens over SA but strengthens over
EA. This differs markedly from the slow response to the SST
(Fig. 2b), which shows a weakening of low-level wind in both the
EASM and SASM regions.

The sum of the fast and slow responses is depicted in Fig. 2c.
The changes of the rainfall and circulation patterns in Fig. 2c
resemble well the CMIP6 projected changes shown in Fig. 1a.
While the summer rainfall increases in both EASM and SASM, the
monsoonal wind weakens over SA but strengthens over EA. The
pattern similarity suggests that the decomposition of the fast and
slow responses to global warming based on the PIC and abrupt-
4 � CO2 experiment is reasonable.

Fig. 2d further reveals the relative role of the fast and slow pro-
cesses in affecting the SASM and EASM circulation change. While
only SASMI and EASMI are shown here, a similar conclusion is
obtained with the other indices (Table S2 and Fig. S4 online). The
significant weakening of SASMI is to a large extent attributed to
the slow oceanic process, whereas the strengthening of EASMI is
primarily attributed to the fast land warming process.

How does the fast process intensify the EASM circulation while
the slow ocean process weaken it? To examine the fast response to



Fig. 2. Changes of ASM in the fast and slow responses. The change of precipitation (shading, mm d�1) and 850 hPa wind (vector, m s�1) in the fast (a) and slow (b) responses
to the abruptly quadrupling of CO2. (c) Same as (a) and (b) but for the sum of the fast and slow responses. All the changes are scaled by the GMST warming, and the changes
agreed in sign by at least 70% of the individual models are stippled. White contours denote the topography. The red and white curves in (b) denote the location of the North
Pacific subtropical high (NPSH) in the PIC simulation and the slow response respectively, denoted by the zero contour of the eddy geopotential height (He) which is calculated
by removing the zonal mean geopotential height over the 0�–40�N. (d) Changes of the SASMI (m s�1) and EASMI (m s�1) in the fast and slow responses and their sum. The
color bar is the MMM, the black dot represents the MME, and the whisker denotes the range between the 30th and 70th percentiles of the individual models.

Fig. 3. Changes of thermal features in the fast and slow responses. Left panel: the change of (a) surface temperature (TS; K), (b) equivalent potential temperature (he; shading,
K) and specific humidity (contour; g kg�1) at 850 hPa, and (c) sea level pressure (SLP; shading, Pa) and horizontal wind (vector, m s�1) at 850 hPa in the fast response. All the
changes are scaled by the GMST warming, and the changes agreed in sign by at least 70% of the individual models are stippled. Right panel is same as left panel but for the
slow response. The contours in (b) are from the 0.2 to 0.6 g kg�1 with the interval of 0.1 g kg�1, and the contours in (e) are from the 0.5 to 0.8 g kg�1 with the interval of
0.1 g kg�1. The red and white curves over the North Pacific shown in (f) are same as that in Fig. 2b.
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direct CO2 radiative forcing, we plotted the change of surface tem-
perature in Fig. 3a. A marked feature is the rapid warming over
land while the ocean SST change is negligible. This is because the
ocean response to the radiative forcing is much slower due to its
larger heat capacity compared to land [27]. This enlarges the zonal
land-sea thermal contrast between the Asian continent and the
Pacific to its east, which is a key driver for the EASM circulation
[22,25,26]. Under the direct increased CO2 radiative forcing, a
marked warming appears over the Eurasian continent (Fig. 3a).
The warming results in a large-scale anomalous cyclone at
850 hPa with an enhanced southerly over EA, accompanied by a
negative SLP anomaly over the Eurasia continent (Fig. 3c). The
southerly transports higher mean moisture from the tropical
ocean, leading to an increase of specific humidity and equivalent
potential temperature (he) over EA (Fig. 3b), favoring the setup of
a convectively unstable stratification in situ, which increases local
precipitation (Fig. 2a).

While the result above supports the notion that the zonal
land–ocean thermal contrast in the fast response contributes to
the intensification of the southerly EASM, it is interesting to note
that the enhanced southerly occurs primarily in boreal summer
while the Eurasian land warming appears throughout the year
(Fig. S5 online). This implies that as part of the land–ocean ther-
mal contrast in boreal summer, TP thermal forcing may play an
important role. It has been shown that the TP thermal forcing is
a major heat source in northern hemispheric summer and is crit-
ical for pushing the EASM rain band and southerly beyond 40�N
[17,18,52]. Observational evidences demonstrate that the sum-
mertime TP thermal forcing is primarily contributed by the sur-
face sensible heating and the column latent heating associated
with the precipitation [17,52]. While under global warming,
change of the TP thermal forcing is dominated by the latent
heating associated with the change of precipitation (Fig. S6
online). Thus the precipitation over the TP (25�–37.5�N, 75�–
102.5�E; red box in Fig. S6 online) is adopted as the proxy for
the TP thermal forcing [16]. The monthly evolution of the pre-
cipitation changes over the TP and southerly over EA is further
plotted in Fig. S5b (online), to examine the effect of the TP ther-
mal forcing. Note that they show high consistency, that is, an
enhanced southerly appears primarily in boreal summer when
the TP thermal forcing is intensified. Scatter diagrams between
the EASMI and the TP thermal forcing among 30 CMIP6 SSP5-
8.5 and 42 abrupt-4 � CO2 experiments confirm the relationship
(Fig. 4a, c). Physically, an intensified TP thermal forcing can
induce a cyclonic low-level flow surrounding the TP [16,52],
strengthening EASM southerly. The result above indicates that
the fast land warming and associated TP thermal forcing play
an important role in strengthening the EASM circulation.

The weakened EASM southerly in the slow response is caused
by a weakened North Pacific subtropical high (NPSH) (Fig. 3f). In
contrast to a positive zonal SLP gradient in the fast process
(Fig. 3c), a negative zonal SLP gradient appears north of 15�N in
the slow response (Fig. 3f). The change of the large-scale zonal
pressure gradient is fundamentally caused by the tropical and
mid-latitude ocean warming (Fig. 3d). In the tropics, the ocean
warming is characterized by an El Niño-like warming over the
equatorial Pacific and an Indian Ocean Dipole (IOD)-like warming
over the IO. Although the amplitude of the tropical and mid-
latitude ocean warming is smaller than that over the land, its
impact on the atmospheric moisture and convective activity is
much greater. As shown in Fig. 3e, a much greater increase of the
low-level specific humidity and he occurs over most of the tropical
and mid-latitude oceans. The change of he overlays with the change
of specific humidity (Fig. 3e), implying the he change is primarily
determined by the moisture change. The increased low-level he
over the Pacific causes the increase of local convective instability
5

and thus precipitation over the climatological mean ascending
regions [53,54] (Fig. 2b). As a result, the NPSH weakens (see a
quantitative analysis of the NPSH intensity change in Fig. S7c
online) and an anomalous cyclone appears over the subtropical
North Pacific [39] (Fig. 3f). It is worth mentioning that the location
of the NPSH remains unchanged (see red and white curves in
Fig. 2b and 3f and a quantitative evaluation of the NPSH center
and western boundary locations in Fig. S7d online). This suggests
that the weakening of the NPSH intensity is the main signal in
the slow response.

What causes the weakening of SASM circulation? As shown in
Fig. 2d, the weakening is to a large extent attributed to the slow
oceanic process. An El Niño-like warming pattern appears in the
equatorial Pacific (Fig. 3d). The cause of this warming pattern is
possibly attributed to a longwave radiative and evaporative damp-
ing mechanism [55] and/or an enhanced equatorial westerly asso-
ciated with a strengthened western North Pacific monsoon (South
Pacific Convergence Zone) in boreal summer (winter) [56]. The El
Niño-like warming pattern leads to suppressed precipitation over
MC (Fig. 2b), which further induces a Rossby wave response with
an anticyclonic circulation pattern over the IO [51,57] (Fig. 2b).
As a result, a pronounced easterly anomaly appears over the SA
box (Fig. 2b). The IOD warming pattern may further strengthen
the easterly anomaly. Scatter diagrams between the SASMI and
the mean SST change in the equatorial central-eastern Pacific
among 30 CMIP6 SSP5-8.5 and 42 abrupt-4 � CO2 experiments
illustrate a significant relationship between them (Fig. 4b, d), con-
firming the SASM circulation—SST relationship.

To illustrate the impact of the negative precipitation anomaly
over the MC on SASM circulation, we conducted an idealized
numerical experiment with an anomaly AGCM (see Methods). A
negative heating anomaly is prescribed over the MC (10�S–10�N,
90�–130�E) with a maximum heating rate of 1 K d�1 (Fig. 5a). A
pronounced easterly anomaly is reproduced over the SA box,
accompanied by two anomalous anticyclone gyres as part of the
Rossby wave response. The ridge of the anomalous anticyclone
points toward India, favoring a weakening of SASM [57]. The ideal-
ized simulation demonstrates the essential role of the suppressed
precipitation over the MC in weakening the SASM circulation in
association with the slow SST response.

One remaining question is why SASM circulation weakens in
the fast response (Fig. 2a), given large-scale land warming and neg-
ative SLP anomalies over Eurasia (Fig. 3a, c). As seen in Fig. 2a, a
positive rainfall anomaly appears over North Africa (NA). The rain-
fall over NA may induce a Kelvin wave response with easterly
anomalies over the northern IO, which may push the land warming
induced westerly northward to the southern TP. The increase of the
NA rainfall results from the convective instability in situ, as seen
from zonally oriented specific humidity and equivalent potential
temperature anomaly fields in NA (Fig. 3b). The rainfall anomaly
shifts slightly to the south as the climatological mean NA monsoon
precipitation is located to the south of 15�N. The increases of the
local moisture and he arise from the moisture transport by south-
westerly flow, which is a part of the large-scale cyclonic flow over
Eurasia (Fig. 3c). It is the competition of the NA rainfall effect and
the large-scale land warming over Eurasia that leads to a low-level
anticyclone over India (Fig. 2b), with easterly (westerly) anomalies
south (north) of 15�N. A scatter diagram between SASMI and NA
rainfall changes in the fast response shows a significant relation-
ship (Fig. S8 online).

To investigate the impact of the intensified NA rainfall, we con-
ducted another set of the anomaly AGCM experiment with a spec-
ified heating (same maximum heating rate of 1 K d�1) over NA (0�–
20�N, 0�–55�E). Fig. 5b shows the simulation result. A cyclonic
anomaly is stimulated over the North Atlantic, whereas easterly
anomalies are induced over the northern IO. Therefore, the numer-
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Fig. 4. Inter-model relationships between ASM circulation changes and TP thermal forcing/SST warming pattern. Scatter diagrams for (a) the EASMI change (m s�1) and the
precipitation change over TP (25�–37.5�N, 75�–102.5�E; mm d�1) and for (b) the SASMI change (m s�1) and the mean SST change (K) over the equatorial central-eastern Pacific
(2.5�S–2.5�N, 160�–90�W) in the SSP5-8.5 experiment relative to the HIST experiment. (c), (d) Same as in (a) and (b), but for the fast and slow responses respectively. The SST
in (b) and (d) is derived by removing the tropical (30�S–30�N) mean SST.
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ical experiment supports the hypothesis that the increased NA
rainfall weakens the SASM circulation.
4. Conclusion and discussion

By diagnosing the CMIP6 model outputs, we revealed physical
mechanisms responsible for the distinctive circulation changes
over SASM and EASM under global warming. The CMIP6 models
consistently projected a strengthened EASM circulation but a
weakened SASM circulation in the future warmer climate state.
Through examining the monsoon circulation responses to fast
and slow processes respectively, the primary drivers for the change
of the SASM and EASM circulation are identified.

Fig. 6 is a schematic diagram illustrating the key processes. In
response to increased CO2 radiative forcing (with the timescale of
days to weeks), the Eurasian continent warms quickly while the
ocean remains unchanged (Fig. 6a). The fast land warming over
Eurasia, along with the TP thermal forcing, induces large-scale
low SLP and cyclonic circulation, strengthening the low-level
southerly over EA. Meanwhile, an enhanced rainfall appears over
North Africa, due to moisture transport by anomalous southwest-
erly. This positive rainfall anomaly over NA induces anomalous
easterly over the northern IO, resulting in the weakening of the
SASM circulation.

A slow oceanic response (with the timescale of tens or hundreds
of years) to the radiative forcing leads to an El Niño-like warming
pattern in the equatorial Pacific (Fig. 6b). This warming pattern
slows down the Walker circulation and suppresses the convection
6

over the MC. An anomalous anticyclone is induced over the north-
ern IO by the negative heating anomaly over MC, and it weakens
SASM westerly. Meanwhile, the ocean warming in the tropical
and mid-latitude Pacific increases local moisture and convective
instability, weakening the NPSH. The weakened NPSH induces an
anomalous northerly over EA, weakening EASM southerly.

The combined fast and slow processes lead to a weakening of
the monsoon westerly over SA but a strengthening of the monsoon
southerly over EA. The main process that strengthens EASM circu-
lation is the fast land warming and associated intensified TP ther-
mal forcing. This differs markedly from the SASM circulation
change, which is primarily determined by the SST warming pattern
in the equatorial Pacific.

One may wonder why the future change of the monsoon circu-
lation matters. The Indian government has set an ambitious target
for future renewable power generation including wind power
capacity, and the benefit of the substantial investments depends
on the future circulation change [58]. Furthermore, projecting a
realistic circulation change is critical for projecting monsoon pre-
cipitation change [8,38]. The current state-of-the-art climate mod-
els would underestimate the monsoon precipitation change in the
future, if a La Niña-like mean state response should occur. Recently
there were heated debates and arguments about whether or not
the El Niño-like mean state response to global warming might
result from the cold tongue bias of the coupled models [59,60]. If
the bias is somehow corrected, one could expect a strengthened
SASM circulation response, which would greatly increase the mon-
soon (mean and extreme) precipitation in the future.



Fig. 5. The response of low-level atmospheric wind field (m s�1) to the prescribed heating anomaly over the Maritime Continent (10�S–10�N, 90�–130�E) (a) and the North
Africa (0�–20�N, 0�–55�E) (b) with the maximum heating rate of 1 K d�1. The blue rectangle denotes the SASMI region.

Fig. 6. Schematic diagrams for the mechanisms of the ASM circulation change under global warming through a fast (a) and a slow (b) response. A fast land warming over the
Eurasian continent along with the intensified TP thermal forcing induces a large-scale cyclonic circulation, strengthening low-level southerly over EA. Meanwhile, moisture
transport by anomalous southwesterly increases rainfall over NA, which weakens the SASM westerly through inducing anomalous easterly. A slow oceanic response is
characterized by an El Niño-like warming pattern over the equatorial Pacific, which slows down the Walker circulation and suppresses convection over the MC. The negative
heating anomaly over the MC further induces an anomalous anticyclone over the northern IO and weakens the SASM westerly. Meanwhile, the ocean warming in the tropical
and mid-latitude Pacific increases local moisture and convective instability, weakening the NPSH. This leads to a weakening of southerly over EA. The fast (slow) process
dominates the EASM (SASM) circulation response.
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