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Projections of South Asian Summer Monsoon under Global Warming from 1.5° to 5°C
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ABSTRACT: The South Asian summer monsoon (SASM) is one of the most crucial climate components in boreal
summer. The future potential changes in the SASM have great importance for climate change adaption and policy setting
in this populous region. To understand the SASM changes and their link with the global warming of 1.5°-5°C above the
preindustrial level, we investigate the changes in the SASM circulation and precipitation based on a large-ensemble
simulation conducted with Canadian Earth System Model version 2 (CanESM2). With the global mean surface tem-
perature (GMST) increase, the large-ensemble mean of SASM circulation is projected to weaken almost linearly while
the precipitation and precipitable water are projected to enhance quasi-linearly. A double anticyclone along the tropical
Indian Ocean is a major anomalous circulation pattern for each additional degree of warming and is responsible for
the weakening of the lower-level westerlies. The decreased upper-level land-sea thermal contrast (TCyppe,) is the
main thermal driver for the weakening of the SASM circulation while the lower-level thermal contrast contributes little.
The nonlinearly decreased TCyppe, is mainly related to the temperature response to the increased CO, forcing and
convection-induced latent heat release in the tropics. The increase in the SASM precipitation is mainly due to the quasi-
linearly increased positive contribution of the thermodynamic component, while the dynamic component has a negative
impact. Both horizontal moisture advection and moisture convergence contribute to the precipitation increase, and
moisture convergence plays a dominant role. These results provide new insight that the SASM changes can be roughly
scaled by the GMST changes.
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1. Introduction the 1950s together with a weakening local meridional circula-
tion (Wang et al. 2020a,b).

Different factors are linked to the weakening of SASM
precipitation from the 1950s to 2000s, including changes in
meridional thermal contrast (Xavier et al. 2007; Dai et al. 2013),
black carbon and/or sulfate aerosols (Chung and Ramanathan
2007; Lau et al. 2008; Bollasina et al. 2011; Zhou et al. 2020), land
use (Niyogi et al. 2010), and sea surface temperature (SST) change
(Annamalai et al. 2013; Huang et al. 2020a; Yang and Huang
2021). Xavier et al. (2007) proposed that thermodynamic
conditions associated with the change of sign of upper-level
tropospheric temperature gradient from negative to positive
set up conditions for triggering symmetric instability, large-
scale organized convection, and the dynamic SASM onset.
Bollasina et al. (2011) emphasized the differential cooling
effects from anthropogenic aerosols of the source and
nonsource regions, and reduction in the land-sea surface
thermal contrast as the main mechanisms of the weakening
of SASM circulation. On the other hand, the revival of SASM
precipitation since 2002 is closely related to an enhanced land—
sea thermal contrast, driven by strong warming over the Indian
subcontinent and weaker warming over the Indian Ocean (Jin
Corresponding author: Ying Sun, sunying@cma.gov.cn and Wang 2017).

The South Asian summer monsoon (SASM) is a crucial part
of the global monsoon and impacts more than one billion
people’s lives. With global warming, the SASM experienced
substantial changes and has exerted serious impacts on the
ecosystem and social economy in South Asia. Many observa-
tions have demonstrated a negative trend in the Indian mon-
soon precipitation from 1950 to 2000 (Parthasarathy et al. 1994;
Mitchell and Jones 2005; Ramanathan et al. 2005; Turner and
Annamalai 2012), with a decrease in moderate rainfall events
(Rajeevan et al. 2006) but an increase in heavy precipitation
over central India (Gautam et al. 2009). Jin and Wang (2017)
used multiple observational datasets and found a significant
recovering wet trend in the rainfall over central India during
the monsoon season since 2002. On the other hand, the in-
tensity of the SASM circulation is found to be weakened from
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For the observed changes in the SASM, the models from
phase 5 of the Coupled Model Intercomparison Project (CMIP5)
show good and improved skill in simulating monsoon vari-
ability compared to CMIP3 models (Sperber et al. 2013). The
SASM is projected to have an increased precipitation but a
decreased circulation under global warming (Ueda et al. 2006;
Sun et al. 2010; Christensen et al. 2013; TPCC 2013). The en-
hanced atmospheric water vapor content (Douville et al. 2000)
and the increased atmospheric moisture convergence into the
South Asia region (May 2004) are thought to be responsible for
the increase of precipitation (Ueda et al. 2006; Cherchi et al.
2011; May 2011). Wang et al. (2013) used 20 CMIP5 models
and found that the interaction of the increased water vapor and
increased static stability lead to that the change of monsoon
precipitation is less than what expected from the increasing
water vapor content. Endo and Kitoh (2014) used CMIP5
models and found that the thermodynamic component corre-
sponding to the “wet-get-wetter” effect has the most positive
contribution to SASM precipitation increase, while the dy-
namic component largely offsets the thermodynamic compo-
nent because of a slowdown of the overturning circulation. Li
and Ting (2017) found the SASM precipitation increase is
dominated by the direct CO, radiative effect (fast component),
while the response to SST warming (slow component) shows
large uncertainty among CMIP5 models. Lee et al. (2018)
pointed out that SASM precipitation change is determined by
the increase in evaporation and the thermodynamic compo-
nent at 1.5° and 2°C warming based on five atmospheric global
climate models. For SASM circulation, most coupled global
climate models suggested a weakened SASM circulation despite
increased near-surface land—sea thermal contrast (Ueda et al.
2006; Sun et al. 2010; Christensen et al. 2013). Sun et al. (2010)
suggested that the enhanced upper-tropospheric warming over
the tropical Indian Ocean plays a crucial role in SASM circu-
lation change. The enhanced latent heating from tropical
convection weakens the meridional (tropical Indian Ocean and
Tibetan Plateau) thermal contrast, which favors the weakened
SASM circulation. Chen and Zhou (2015) pointed that the SST
warming over the western central Pacific plays an important
role in modulating the SASM lower-level circulation through
the Gill response.

With the progress in international climate negotiations, it
has become a global consensus to avoid a global temperature
rise of 2°C above the preindustrial period. Some recent studies
investigated the SASM changes at specific temperature thresholds
of 1.5° and 2°C of warming. Chevuturi et al. (2018) found an
increase in summer monsoon precipitation over South Asia.
Zhang et al. (2018) showed evidence that limiting global
warming to 1.5°C instead of 2°C would robustly reduce areal
and population exposures to dangerous extreme precipitation
events, especially in South Asian monsoon regions. Bhowmick
et al. (2019) evaluated the impact of every 0.5°C increments
in global warming over South Asia and found an increase in
maximum and median values of the summer mean precipita-
tion over Indian land areas. Dry regions are projected to be-
come drier and wet regions are projected to become wetter
with the increase in warming, except over the Bay of Bengal.
However, very few studies investigate the SASM changes under
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specific global warming levels when the global mean surface
temperature (GMST) is over 2°C of warming (Bhowmick
et al. 2019).

These previous studies illustrate the future changes in the
SASM circulation and precipitation under different emission
scenarios based on multimodel ensembles. However, rare
studies investigate the SASM changes from 1.5° to 5°C warm-
ing, which helps understand the response of the SASM to dif-
ferent temperature rises above the preindustrial level (Cherchi
et al. 2011; Chen and Zhou 2015). It is also one of the central
issues in the current international climate change negotiation
including the Paris agreement. The GMST-based projection
not only serves as the scientific basis for the development of
temperature rise target but also helps understand if the SASM
changes can be scaled by the GMST as happens for some other
variables, which have shown a linear relationship with the
mean temperature changes (Li et al. 2019; Seneviratne and
Hauser 2020). Therefore, here we use a large ensemble runs
with the Canadian Earth System Model version 2 (CanESM2)
to investigate the link between the SASM circulation and pre-
cipitation changes and the specific warming levels. The large
ensemble is designed to tackle the forced response versus
internal variability and the model results avoids the problems
arising from inconsistent definition of the GMST changes
relative to the preindustrial period (Mitchell et al. 2017,
Deser et al. 2020). It ensures a good enough sampling to make
the model ensemble and investigate the climate change under
specific warming levels. Besides, the large-ensemble model
also has good ability to extract the forced signal versus the
internal variability (Deser et al. 2020; Huang et al. 2020b;
Lehner et al. 2020; Li et al. 2021).

The paper is structured as follows. The data and methods are
described in section 2. Projections of the SASM system under
different global warming levels are given in section 3. In
section 4, we use two moisture budget methods to calculate the
relative contributions of thermodynamic and dynamic com-
ponents to the SASM precipitation changes. The conclusions
are summarized in section 5.

2. Data and methods
a. Observational and model data

In the present study, we used four observational datasets:
1) monthly precipitation data from the Global Precipitation
Climatology Project (GPCP V2.3; Adler et al. 2003), 2) monthly
precipitation data from the Center for Climate Prediction
Merged Analysis of Precipitation (CMAP; Xie and Arkin
1997), 3) monthly datasets (zonal winds, meridional winds,
and precipitable water) from the European Centre for Medium-
Range Weather Forecasts Reanalysis (ERA-Interim; Dee et al.
2011), and 4) monthly datasets (zonal winds, meridional winds, and
precipitable water) from the National Centers for Environmental
Prediction (NCEP1; Kalnay et al. 1996). The horizontal reso-
lution of the data is 2.5° X 2.5° for GPCP V2.3, CMAP, and
NCEPI1, whereas it is 1.5° X 1.5° for ERA-Interim. All of the
observational datasets were interpolated onto T42 (approxi-
mately 2.81°) resolution, which is consistent with the resolution
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of CanESM2. The analyses are performed on all of the vari-
ables from 1979 to 2016.

The model data are from large-ensemble runs of CanESM?2
(Arora et al. 2011), which includes 50 ensemble members. The
simulations are driven by historical anthropogenic and natural
external forcing for 1950-2005 and the representative con-
centration pathway (RCP) 8.5 scenario (the high emissions
pathway toward 8.5 W m ™2 in 2100) for 2006-2100 for different
initial conditions (Fyfe et al. 2017). The CanESM2 models
comprises four parts: 1) an atmospheric model (CanAM4; von
Salzen et al. 2013), 2) an ocean model (CanOM4; Arora et al.
2011), 3) a terrestrial carbon model (CTEM; Arora et al. 2009;
Arora and Boer 2010), and 4) an ocean carbon model (CMOG;
Arora and Boer 2010). Since the large ensemble runs of
CandESM2 start from 1950, to calculate the GMST changes
relative to the preindustrial period (1850-1900) we also used
the five-member ensemble of CanESM?2 from CMIPS5 between
1850 and 1950.

b. Global warming levels

Two baseline periods are used to estimate future changes in
the SASM metrics. The first one is defined as the preindustrial
period from 1850 to 1900, which is used to estimate specific
global warming levels relative to the preindustrial period.
Since only the CanESM?2 provides the data after 1950, the 10-yr
mean temperatures from the CanESM2 between 1850 and
1900 are removed to define the different warming levels. Based
on this, the six time periods with 10-yr mean temperature increase
from 1° to 5°C are defined as follows: 1995-2004 (0.983°C),
2007-16 (1.454°C), 2021-30 (1.981°C), 2042-51 (2.958°C), 2061-70
(3.978°C), and 2079-88 (4.980°C). The six time periods dem-
onstrate not real equilibrium, but transient climate responses
at 1°-5°C of warming. The second baseline period is the current
climate (also the 1°C warming compared to the preindustrial
period) from 1995 to 2004 in the model world, which is used
to define future changes relative to the current climate. The
definition of the current climate is consistent with the observed
GMST changes in 2018/19 of approximately 1°C above prein-
dustrial level (Sun et al. 2018; WMO 2020). Hereafter, the
GMST warming levels from 1° to 5°C changes are relative to
the preindustrial period, while the SASM changes are relative
to the current climate. We also tested the sensitivity of our
results to the different baseline periods. We found the use of
different baseline periods, including the preindustrial period
and the current climate as the baseline for future changes,
would not affect the overall conclusions about future SASM
changes. We also use the Student’s ¢ test to conduct the sig-
nificance test for the changes in SASM relative to the current
climate.

c. SASM indices and land—-sea thermal contrast

Previous studies used different indices to define the SASM
intensity (Webster and Yang 1992; Goswami et al. 1999; Wang
and Fan 1999; Goswami and Xavier 2005). Webster and Yang
(1992) defined a circulation index (Webster—Yang index)
based on zonal wind shear between 850 and 200 hPa, averaged
over South Asia in the region of 40°~110°E, 0°~20°N. This index
reflects the combined strength in both the lower and upper
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troposphere zonal winds and the north-south land-sea thermal
contrast (Dai et al. 2013). Xavier et al. (2007) defined a large-
scale tropospheric temperature gradient to analyze the SASM
onset and withdrawal date. The all-India summer rainfall index
(June—September averaged precipitation over India) is used to
measure the Indian summer monsoon (Parthasarathy et al. 1994).
However, Wang and Fan (1999) suggested that this rainfall index
only reflects the strength of the monsoon rain over India, not the
large-scale summer monsoon precipitation in South Asia.

Dai et al. (2013) showed the variations and changes in thermal
contrast in the mid-upper (200-500 hPa) troposphere (TCypper),
and thermal contrast in the mid-lower (500-700 hPa) tropo-
sphere (TCjower) are highly correlated with the strength of the
SASM circulation. They also quantified the relative roles of the
TCypper and TCjgye, in driving the SASM circulation and em-
phasized the latent heating from monsoon rainfall can affect
the land-sea thermal contrast, which provides strong feedback
for the SASM circulation. Following their definition, in our paper,
the SASM circulation index (SASMI) and north-south (TCypper
and TCyye;) land-sea thermal contrasts in the upper and lower
troposphere in the SASM region are defined as follows:

SASMI = U (850 hPa; 60°~100°E, 0°~20°N))
— U (200 hPa; 60°~100°E, 0°~20°N), 1)

TC,er = Z (200-500 hPa; 60°-100°E, 20°~40°N)

— Z(200-500 hPa; 60°~100°E, 10°S-10°N),  (2)
TC, _ ~ Z(500-700 hPa; 60°~100°E, 20°~40°N)

— Z(500-700 hPa; 60°~100°E, 10°S-10°N),  (3)

lower

where U denotes the zonal winds and Z denotes the geo-
potential height. The north region denotes land, the south re-
gion denotes sea, and the difference between north and south
boxed regions (blue boxes in Fig. 1b) represents the land-sea
thermal contrast. We use the vertical mean to calculate TCypper
and TCywer- And we use the thermal contrast indices to discuss
the physical mechanisms of the SASM circulation changes. Besides,
we use the area-averaged JJA precipitation over 60°-100°E,
0°-20°N (red boxes in Fig. 1) to represent the SASM precipi-
tation changes, which is the same as the region of SASMI.
Although the definition is a little different from previous works
(Wang and Fan 1999; Wang et al. 2012), the effects from cir-
culation changes on precipitation can cooperate well with
other variables (such as precipitable water and static stability).
To quantify the percentage changes in the SASM metrics, we
calculated the difference of each variable between two adjacent
warming levels, which is then divided by the mean value at the
first level. We also use locally estimated scatterplot smooth-
ing (loess) regression (Cleveland 1979) to define the linear and
nonlinear change of the SASM metrics. A “linear or quasi-linear
change” denotes that the loess regression line is basically like a
straight line without any curve, while a “nonlinear change”
denotes that the loess regression line clearly shows a curve.

d. Two moisture budget methods

Previous studies diagnosed relative contributions from thermo-
dynamic (atmospheric specific humidity) and dynamic (circulation)



7916 JOURNAL OF CLIMATE VOLUME 34

(a) Observation 850hPa winds & pr (b) Observation 200hPa winds & prw
] 1 [l 1

40°N

20°N

EQ

SN
NG R R S N N

20°S T T T 1 T T T 1

1 3 5 7 9 11 13 8 16 24 32 40 48 56

40°N

20°N

EQ

\\\\\\i\i\i\t\ —

20°S

i1 3 5 7 9 11 13 8 16 24 32 40 48 56

(f) Model-Observation 200hPa winds & prw
1

40°N

20°N

EQ

20°S
40°E 60°E  80E  100°E  120°E 40°E  60°E  80°E  100°E  120°E
BT T 7 T T BT T 7 T
7 5 3 11 3 5 7 12 8 4 0 4 8 12

FIG. 1. (a),(c) 850-hPa winds and precipitation and (b),(d) 200-hPa winds and precipitable water from (top)
observations (1986-2015) and (middle) CanESM2 (1977-2006) in June—August (JJA) when both observed and
model-simulated GMST is increased by 1°C above the preindustrial levels (1850-1900). (e),(f) Asin (a) and (b), but
for model minus observation. Observed winds (vector; m s~ ') and precipitable water (shading; kg m~?) based on
the mean of ERA-Interim and NCEP1, and precipitation (shading; mm day ') based on the mean of GPCP and
CMAP. Model-simulated variables are the 50-run ensemble mean of CanESM2. Red solid boxes represent the
SASM key area (0°-20°N, 60°~100°E). Blue dotted boxes in (b) represent the regions (north: 60°~100°E, 20°~40°N,
south: 60°~100°E, 10°S-10°N) used in calculating TCypper and TCigyer. The Tibetan Plateau is masked by purple
solid lines.
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components to precipitation changes under global warming
based on column-integrated (Held and Soden 2006; Chou
et al. 2009; Seager et al. 2010; Hsu et al. 2012, 2013; Li and
Ting 2017; Jin et al. 2020) and simplified (Huang et al. 2013;
Huang and Xie 2015; Sooraj et al. 2015; Zhou et al. 2017; Li
et al. 2019) formulas. Here, we use two methods to discuss
the precipitation changes in the SASM region. The first one
is the moisture budget decomposition proposed by Hsu
et al. (2012):

1 [loohPa 1 fl00hPa
AP=—A7J ua—q+ua—q dp—Afj q a—”-&-@ dp
g 0x ay g ) s dx dy

ps ps

+ AE, )
100 hPa
AAD:—Alj (ua—q+va—q>dp, )
ps 0x ay
1 100 hPa ou Jv
= — — - + _

where A denotes the difference between future and current
climate; AP denotes the precipitation change, g denotes the
acceleration of gravity (9.8 ms~?), ps denotes surface pressure,
p denotes pressure, # and v denote the horizontal zonal and
meridional winds, respectively, g is the specific humidity, E is
evaporation, and jlgollpa denotes the total column integration
from surface pressure to 100 hPa. The three terms on the right-
hand side of the Eq. (4) represent the horizontal advection
[AAD; Eq. (5)], moisture convergence [AMC; Eq. (6)], and
surface evaporation (AE), respectively.

As the changes of atmospheric water vapor and circulation
can affect the moisture convergence, it is crucial to investigate
the relative contribution of thermodynamic component and
dynamic component to precipitation change. The term AMC
can be decomposed into three terms as shown:

100 hPa T AN\
AMCZ*J {qA(a—qua—v) +Aq<a—u+a—v>
ax dy Jx dy

ps

ou v
+ —+—
aa (3 ay)}dp, ™
100 hPa ou v
ADY = — PR (i
Jps 1 <r’)x 6)’>}dp7 ®
100 hPa [ Tou  av\
= — 4+
ATH LS Agq <6x 8y> dp, 9)
100 hPa u v
=— —+— .
ANL Jps _AqA (ax ay)} dp (10)

The overbar denotes the values for the current climate. The
first term on the right side of the Eq. (7) is associated with the
circulation {divergence; A[(du/dx) + (dv/dy)]} change, which
indicates a dynamic component [ADY; Eq. (8)]. The second
term means the change of water vapor content (Ag), which
reflects the contribution of the thermodynamic component
[ATH; Eq. (9)]. The third term is a nonlinear term [ANL;
Eq. (10)], which includes the nonlinear effect of both dynamic
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and thermodynamic components. At first, we calculated each
term at each grid point. Then, the weighted area average is
used to calculate the value of each term.

Besides, we also use a simplified moisture budget decom-
position proposed by Huang et al. (2013):

1
AP = —— (g Aw + Ag,®),

24 (1

where g, denotes surface specific humidity and w denotes the
pressure velocity at 500 hPa. The simplified moisture budget
method can generally be used to directly demonstrate the dy-
namic (vertical motion) and thermodynamic (water vapor)
components of precipitation changes over the tropics (Huang
et al. 2013; Huang and Xie 2015) and help us to understand
the SASM precipitation changes in a different way. We should
note that both methods cannot completely separate the con-
tributions from dynamic and thermodynamic components due
to the possible interaction between lower-level water vapor
and vertical motion changes.

e. Model evaluation in simulating the SASM system

Figure 1 shows that the model generally reproduces the
spatial patterns of observed circulations at 850 and 200 hPa,
and so do the precipitation and precipitable water content.
There are two precipitation centers in the SASM region (red
box): one is over the seashore of southwest India and the other
one is over the Bay of Bengal. The model well captures the
observed lower-level southwesterly airflows from the Indian
Ocean to the South China Sea and upper-level easterly airflows
over South Asia. The model also well simulates the cross-
equatorial flow over the tropical oceans, which is consistent
with the findings by Li et al. (2019). Compared with the ob-
servations, the model overestimates the precipitation over
the tropical western Indian Ocean and southeastern Tibetan
Plateau and underestimates the precipitation over the Indian
subcontinent and the Bay of Bengal. The correlation coeffi-
cients between the observed and model-simulated precipita-
tion and zonal winds in the SASM region are 0.70 and 0.90,
respectively. All these suggest that the model well captures the
basic large-scale features of the SASM, although some defi-
ciencies are seen especially in the high-terrain regions.

3. Future changes in the SASM under 1.5°-5°C
of warming

a. Spatial distribution

Figure 2 shows the spatial patterns of changes in SASM
850-hPa winds and precipitation (Figs. 2a—¢), as well as in 200-hPa
winds and precipitable water (Figs. 2g-k), under 1.5°-5°C of
warming. At 1.5°C of warming, there are anomalous lower-level
easterly winds over the equator in the Northern Hemisphere.
When the GMST increases more than 2°C above the prein-
dustrial level, it becomes clear that the easterly winds are quite
strong and divided into two branches flowing northward and
southward around 60°E, with a clear double anticyclone pat-
tern located along the equator. The anomalous easterly winds
over the tropical Indian Ocean around 0°-10°N suppress the
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FIG. 2. (a)~(e) Changes (relative to the current climate, mean of 1995-2004) of 850-hPa winds (vector; m s ') and precipitation
(shading, mm day ") in JJA when global warming is at 1.5°C (2007-16), 2°C (2021-30), 3°C (2042-51), 4°C (2061-70), and 5°C (2079-88) above
the preindustrial levels, respectively. (f) As in (a)-(e), but for differences between 5° and 4°C. (g)-(k) As in (a)—(e), but for changes in 200-hPa
winds (vector; m s~ ') and precipitable water (shading; kg m™2). (1) As in (g)—(k), but for differences between 5° and 4°C. Dark gray slashes in
(a) and (b) denote the changes in precipitation that are significant at the 0.05 level. The changes in precipitation and precipitable water are nearly
significant at each grid point in (c)-(e) and (g)-(k). Vectors denote the changes in 850- and 200-hPa winds that are significant at the 0.05 level. Red
solid boxes represent the SASM precipitation area (0°-20°N, 60°~100°E). The Tibetan Plateau is masked by purple solid lines.
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climatology westerly winds near the Indian continent, which is
the main reason for the weakening of the SASM lower-level
circulation. This spatial pattern of lower-level winds is very
similar to that in Li et al. (2015) based on CMIP5 models. For
the precipitation changes, there is increased precipitation over
the northern Indian Ocean. The precipitation anomalies center
around 80°-100°E induce the double anticyclone pattern be-
cause of Rossby wave response, indicating a close relation-
ship between the weakening of the SASM circulation and the
tropical precipitation anomaly. In the upper troposphere, the
anomalous westerly winds are projected to enhance continu-
ously in the SASM region (Figs. 2g-k). The weakened tropical
easterly jet (TEJ) indicates the weakening of the upper-level
SASM circulation. On the other hand, precipitable water will
significantly increase with global warming, with the maximum
increase located at the north of the equator (SASM region), which
provides a favorable condition for the precipitation increase in the
region. Besides, the changes for each additional degree of
warming (we only show the differences between 5° and 4°C)
show similar spatial patterns, with a double lower-level anticy-
clone located around the negative precipitation center (Fig. 2f)
and weakened upper-level SASM circulation (Fig. 21). The similar
spatial patterns suggest that the SASM circulation and precipita-
tion will change roughly linearly with the GMST increase.

Figures 3a—e show the spatial patterns of changes in verti-
cally integrated water vapor flux and static stability. The spatial
patterns of changes in water vapor transport over the Asian
continent are very similar to that in 850-hPa winds (Figs. 2a—e).
A clear anomalous water vapor transport belt is seen over
northern India passing through the Somali jet. This provides
favorable moisture conditions for the occurrence of anomalous
precipitation in the tropical Indian Ocean. The static stability
significantly increases over most land regions when global
warming is above 2°C. The increasing rate of static stability is
larger over land than that over the ocean because of a strong
warming center over the tropics in the upper layer (see Fig. 7).
Enhanced static stability may suppress local convection and
conducive to precipitation decrease, which plays a counter-
acting role with the increased precipitable water (Figs. 2g-k) in
precipitation change. Figures 3g-k further show changes in the
longitude-height cross section of vertical circulation averaged
along 0°-20°N from 1.5° to 5°C of warming. The upper-layer
TEJ will be weakened significantly with warming. There will
be an anomalous ascending motion over the tropical western
Indian Ocean and an anomalous descending motion around
80°-100°E, which corresponds to increased and decreased pre-
cipitation centers, respectively. The enhancement of this anoma-
lous vertical circulation suggests a weakened Walker circulation,
which links to the weakening of the SASM circulation in both
upper and lower levels.

b. SASM metrics

Figure 4 shows future changes in the four SASM metrics and
their links with the GMST changes. The large-ensemble mean
results show that the SASMI (Fig. 4a) is projected to decrease
quasi-linearly with global warming while the precipitation
(Fig. 4b) and precipitable water (Fig. 4c) will increase quasi-
linearly. The spread among different runs is quite large for
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precipitation compared with the mean response of the model,
which reflects the important role of internal variability in the
future change of SASM precipitation. The decrease of SASMI
is due to the weakening of both the lower-level westerlies
and the upper-level TEJ while the precipitation increase is
mainly related to the increased precipitable water and mois-
ture transport. The static stability (Fig. 4d) will increase non-
linearly with a slower rate at higher warming levels, which
contributes to changes in both circulation and precipitation.
The change in the stability is closely related to the amplified
warming in the upper troposphere in response to increased
CO, forcing, especially in the tropics (IPCC 2013). Table 1
shows the quantified relation between these metrics and
GMST. The SASM precipitation increases by 3.5%, 4.2%,
3.6%, and 3.4% K ! from 1° to 2°C, from 2° to 3°C, from 3° to
4°C, and from 4° to 5°C, respectively. Meanwhile, the changes
in global precipitation are 1.6%, 1.3%,1.1%, and 1.1% K~! for
each degree of warming from 2° to 5°C, respectively. Compared
with the global mean, the monsoon precipitation increase in
the SASM region is 2-3 times more, which reflects the “wet get
wetter”’ characteristics in the wet monsoon region. The change
in precipitable water is quite close to the global mean (~7% K1),
which is consistent with the estimate of ~7% K~ based on the
Clapeyron-Clausius equation (Held and Soden 2006), indicat-
ing the change of water vapor mainly following the thermal
changes of mean temperature. The increasing rate of precipi-
table water is higher than that of precipitation, which also in-
dicates the intensity of the hydrologic cycle is controlled not
only by the precipitable water, but by the availability of energy
(Allen and Ingram 2002). All these depict a picture of future
SASM changes with roughly linear increase in precipitation
and decrease in circulation, suggesting a quasi-linear scaling
relation with the GMST increases. Besides, probability density
functions indicate that the variabilities of the SASM circulation
and precipitation will not change much (not shown).

The upper- and lower-layer thermal contrasts TCypper (Fig. 5a)
and TCioyer (Fig. Sb) are calculated to understand the dy-
namical mechanisms causing the SASM circulation change.
With the GMST increase, TC,pper Will decrease nonlinearly
while TC)oye Will slightly increase. The results are quite similar
when the different baseline periods are used. The decrease of
TC\pper is consistent with the roughly linear decrease in 200-hPa
zonal winds (not shown), indicating that the weakened thermal
contrast in the upper troposphere plays a dominant role in
driving the decrease in TEJ in the SASM region. We note that
the decrease in TCypper may reflect two characteristics: one is
related to the response of the tropical upper-layer temperature
to the increased greenhouse gases (Turner and Annamalai 2012),
while the other one is related to strong latent heat release from
the anomalous enhanced precipitation in the tropical Indian
Ocean, which is more than those at the midlatitude Asian
continent (Figs. 2a—e). All these lead to a more rapid warming
in the upper troposphere in the tropics than in the subtropical
regions. The nonlinear decrease of the TCyppe, and almost
linear decrease of SASM circulation indicate that important
feedback may exist between the circulation and precipitation
in the SASM changes. The decreased upper-layer land-sea
thermal contrast induces the decreased circulation; on the
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FIG. 3. As in Figs. 2a—f, but for (a)—(f) surface to 100-hPa integral water vapor transport (vector; kg m 's~ ! hPa™') and static stability
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transport and winds are significant at the 0.05 level.
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FIG. 4. Scatterplots of the relationships between the JJA average
of (a) the SASMI and, resepectively, the SASM area-averaged (0°-
20°N, 60°~100°E) (b) precipitation (mm day '), (c) precipitable
water (kg m~2), and (d) static stability (K) and GMST (°C). Light
blue dots and blue solid lines denote the changes in the SASM
metrics and GMST are relative to the current climate (1995-2004).
Pink dots and red solid lines denote that changes in the SASM
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other hand the precipitation can be enhanced by the increased
moisture, which in turn offsets the decrease of land-sea ther-
mal contrast. Figure 6 shows the changes in zonally averaged
air temperature over the SASM region. The most prominent
warming is located in the tropical area, and the warming de-
creases gradually from the equator to the polar regions. It is
known that the summer climatological upper-level troposphere
temperature over the South Asian continent is warmer than that
of the tropical Indian Ocean (Webster et al. 1998; Dai et al. 2013).
As a result, the upper-level land-sea thermal contrast will
decrease in the future (Fig. Sa), which leads to a decrease in the
TEJ and SASM circulation (Fig. 2). The increase of TCjowe, can
be related to the combined effects of faster near-surface air
warming over the continent than the Indian Ocean according
to the difference in heat capacity (Fig. 6) and more latent heat
over the tropical Indian Ocean (Figs. 2a—¢).

4. Relative contributions of dynamic and thermodynamic
components to SASM precipitation changes

A column-integrated moisture budget method is used to
understand the physical processes related to the increase in the
SASM precipitation. Figure 7 shows the model-simulated
precipitation (black bars), the sum of precipitation (light blue
bars) calculated based on the moisture budget Eq. (5) and its
different contributors. With the warming, the enhanced pre-
cipitation is mainly due to the increase in moisture conver-
gence (MC). The MC increases from 0.19, 0.30, 0.49, 0.71, and
0.98 mm day ! when the warming from 1.5° to 5°C, which well
corresponds to the precipitation changes. The spatial pattern of
changes in MC is also similar to the precipitation change (not
shown), which supports the estimate from the budget method
that MC plays a dominant role in the changes in SASM pre-
cipitation. The contribution of horizontal advection (AD) is
positive but much smaller than that of the MC. Evaporation
makes a slight positive contribution to the increased SASM
precipitation, which is different from the previous conclusion
about the significant positive contribution of evaporation to
global monsoon precipitation increase (Hsu et al. 2012, 2013).
This may reflect a unique regional feature in the SASM region;
the latest works by Chen et al. (2020) and Jin et al. (2020) also
found this phenomenon based on CMIP6 models. The pre-
cipitation changes based on the moisture budget method are
quite consistent with the model-simulated changes of SASM
precipitation under global warming, although there is a small
difference between them. The difference may be due to a not
real equilibrium state when the warming is small since the
budget equation is assumed to apply in the equilibrium state.
The mass discontinuity at the top of the troposphere may also
contribute to the residual.

Investigating the role of the dynamic (DY) and thermody-
namic (TH) component in the changes of MC is crucial to

“—

metrics are relative to the current climate and GMST is relative
to the preindustrial period (1850-1900). The solid lines denote the
50-run ensemble mean of CanESM2 with loess smoothing.
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TABLE 1. Percentage changes for per degree warming (% °C™') in
the SASMI, the SASM area-averaged (0°-20°N, 60°~100°E) precip-
itation (SASM-Pr), precipitable water (SASM-Prw), static stability
(potential temperature 04007300hPa - 010007850hPa; SASM—Stablhty),
and globally averaged precipitation (Global-Pr), precipitable wa-
ter (Global-Prw), and static stability (Global-Stability) in JJA
when global warming is at 2°, 3°, 4°, and 5°C above the preindustrial
level, respectively; Agec, Azoc, Agec, and Asec denote 2°C minus
current climate, 3°C minus 2°C, 4°C minus 3°C, and 5°C minus 4°C,
respectively.

Apec Azec Agpc Asec
SASMI -2.7 -32 -3.6 -3.3
SASM-Pr 35 4.2 3.6 34
SASM-Prw 7.1 7.2 6.9 6.1
SASM-Stability 14.0 9.8 5.9 32
Global-Pr 1.6 1.3 1.1 1.1
Global-Prw 7.1 7.2 7.1 6.8
Global-Stability 2.3 22 2.1 1.9

understand the physical mechanisms of the precipitation changes.
Figure 8 shows their separate contributions under different
warming levels. The TH due to the increased atmospheric
water vapor plays a dominant role in enhancing the MC, while
the DY basically (except 1.5°C) makes a negative contribution
to the increase of MC, with weaker strength than the TH.
The DY will quasi-linearly decrease by 0.22, 0.38, 0.31, and
0.42 mm day71 from 1° to 2°C, from 2° to 3°C, from 3° to 4°C,
and from 4° to 5°C, respectively. The weakened SASM circu-
lation favors an anomalous weakened convergence in the
SASM region, which leads to the negative contribution of the
DY. The TH will quasi-linearly increase by 0.55, 0.58, 0.63, and
0.59 mm day71 from 1° to 2°C, from 2° to 3°C, from 3° to 4°C,
and from 4° to 5°C, respectively. The strength of the TH is
about twice that of the DY, which shows the dominant positive
effect of the TH on the enhanced precipitation. Besides, the
changes in the nonlinear term (NL) are small and negligible.
Since the column-integrated budget could not completely
separate the contribution from the thermodynamic and dy-
namic component to the precipitation changes, we also use a
simplified moisture budget (Fig. 9) method proposed by Huang
et al. (2013) to estimate the contribution from different com-
ponents. The simplified method can directly manifest the
DY and TH contributions to precipitation changes over trop-
ical regions. Based on Fig. 9, the thermodynamic component
{—[1/(pg)](Ags®)} will quasi-linearly increase by 0.35, 0.35,
0.40, and 0.37 mm day ™! from 1° to 2°C, from 2° to 3°C, from
3° to 4°C, and from 4° to 5°C, respectively. And the thermody-
namic component plays a dominant role in the SASM precipi-
tation increases. The dynamic component {—[1/(pg)](g,Aw)}
related to the weakening of the 500-hPa vertical velocity
makes a negative contribution to the precipitation increase,
with a quasi-linearly decreasing rate by 0.10, 0.08, 0.08, and
0.09 mm day71 from 1° to 2°C, from 2° to 3°C, from 3° to 4°C,
and from 4° to 5°C, respectively. The residual of the budget
shows a little increase with warming, which may be due to the
not real equilibrium state. Besides, the 500-hPa vertical ve-
locity may not perfectly reflect the convergence, which also
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FI1G. 5. As in Fig. 4, but for north-south land-sea thermal
contrast (m) in the (a) upper (TCypper) and (b) lower (TCiower)
troposphere and GMST (°C).

partly contributes to the residual. The main conclusions from
this simplified method support the results from the column-
integrated method. Both moisture budgets highlight the es-
sential effect of the quasi-linearly increased water vapor
(thermodynamic) related to global warming on the SASM
precipitation increase, while the weakened SASM circulation
makes a negative effect.

5. Conclusions

The large-ensemble runs of CanESM?2 are used to investi-
gate the link between the SASM changes and different global
warming levels. With the warming, the large-ensemble mean
SASM precipitation is projected to increase quasi-linearly at a
rate of ~4% K~', which is much larger than the global mean
precipitation increases. The increase of precipitation is mainly
seen over the ocean but not over land in the SASM region. The
SASM precipitable water will increase quasi-linearly at a rate
of ~7% K™! that is similar to the global mean, which is con-
ducive to precipitation quasi-linearly increase. The static sta-
bility will increase at a larger rate of 3%-14% K~! than the
global mean, which is mainly due to the faster warming in
the upper-level troposphere than that at the lower level. On
the other hand, the SASM circulation is projected to weaken
quasi-linearly with global warming, with the decrease of both
lower- and upper-level winds. The anomalous double low-level
anticyclones alongside the equatorial Indian Ocean contribute



1 OCTOBER 2021

LI ET AL.

7923

Lat-plev Air Temperature

(a) 1.5°C (b) 2°C (c) 3°C
100 100 100
200 - 200 - 200 -
300 - 300 - 300 -
500 - 500 - 500 -

700 700 700

(d) 4°C (e) 5°C (f) 5°C - 4°C
100 100 100
200 4 . 200 4 200 4
300 - 300 - 300 -
500 - 500 - 500 -

700 700
¥ U SRR

90°S 60°S 30°S EQ 30°N 60°N 90°N

90°S 60°S 30°S EQ 30°N 60°N 90°N

700

90°S 60°S 30°S EQ 30°N 60°N 90°N

|
-2 -1 0 1

2 4 6 8
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to the changes in lower-level circulation. The anomalous water
vapor transport belt over northern India passing through the
Somali jet is conducive to the local precipitation increase. Both
global warming induced upper-level warming and convection
induced latent heat release contribute to the fast increase of
temperature in the upper-level troposphere over the tropical
Indian Ocean, thus leading to the decrease of tropical east-
erly jet and large-scale upper-level land-sea thermal contrast
(TCypper) between the Asian continent and the tropical Indian
Ocean. Lower-level land-sea thermal contrast (TCjower) slightly
increases with global warming, which is related to faster
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FIG. 7. Column-integrated moisture budget diagnosis of the
SASM precipitation (0°-20°N, 60°~100°E) change under different
global warming levels based on the 50-run ensemble mean of
CanESM2. Black, light blue, blue, red, and pink bars denote the
model-simulated precipitation changes (AP; m day '), diagnostic
precipitation changes [sum; mm day~'; the sum of the right-hand
side of Eq. (4)], horizontal advection changes (AAD; mm day '),
moisture convergence changes (AMC; mm day '), and evapora-
tion changes (AE; mm day '), respectively.
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near-surface air warming over land than the sea according to
the difference in heat capacity.

A column-integrated moisture budget method was used to
estimate the relative contributions of dynamic and thermody-
namic components to future SASM precipitation changes.
Both horizontal advection (AD) and moisture convergence
(MC) show positive contributions to the SASM precipitation
increase, and the effect of the MC plays a dominant role. The
contribution of evaporation is small over the SASM region all
the time, which is consistent with Jin et al. (2020). The de-
composition of the MC shows that the thermodynamic com-
ponent (atmospheric water vapor) has a positive contribution
to the SASM precipitation increase, which is consistent with
previous works (e.g., Endo and Kitoh 2014; Li et al. 2015).
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F1G. 8. As in Fig. 7, but for the decomposition results of moisture
convergence (AMC). Blue, red, and pink bars denote the dynamic
component changes (ADY; mm day '), thermodynamic compo-
nent changes (ATH; mm day '), and nonlinear component changes
(ANL; mm day '), respectively.
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FIG. 9. Simplified moisture budget diagnosis of the SASM
precipitation (0°-20°N, 60°-~100°E) change under different global
warming levels based on the 50-run ensemble mean of CanESM2.
Black, light blue, blue, and red bars denote the model-simulated
precipitation changes (AP; mm day '), diagnostic precipitation
changes [sum; mm day ™~ ; the sum of the right-hand side of Eq. (11)],
dynamic component changes {—[1/(pg)](g,Aw); mm day '}, and
thermodynamic component changes {—[1/(pg)](Ags®); mm day !},
respectively.

In contrast, the dynamic component (circulation) has a nega-
tive contribution to the SASM precipitation increase. A
simplified water vapor budget further supports these con-
clusions. Interestingly, both methods show that the thermo-
dynamic (dynamic) component will quasi-linearly increase
(decrease) under global warming, which well corresponds to
the quasi-linearly enhanced (weakened) SASM precipitation
(circulation).

Our work shows that the SASM changes at different warming
levels may roughly linearly scale with the GMST increases,
providing a new insight about the relation between the SASM
changes and global warming. What we need to note is that
these results are obtained based on only one large-ensemble
model CanESM2. The model results show slight differences
with some previous studies based on CMIP5 (e.g., Turner and
Annamalai 2012; IPCC 2013) and CMIP6 (Wang et al. 2020a,b),
including the distribution of anomalous precipitation center
and the changes in the circulation intensity. Zhang and Zhou
(2021) compared simulations using different modeling strate-
gies at low warming levels and highlighted the methodological
uncertainties in the projection. Hence, the quantified link be-
tween the SASM changes and the GMST increase needs to be
further investigated with more climate models.
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