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ABSTRACT

Anthropogenic aerosols partially mask the greenhouse warming and cause the reduction in Asian
summer monsoon precipitation and circulation. By decomposing the atmospheric change into the direct
atmospheric response to radiative forcing and sea surface temperature (SST)-mediated change, the
physical mechanisms for anthropogenic-aerosol-induced changes in the East Asian summer monsoon
(EASM) and South Asian summer monsoon (SASM) are diagnosed. Using coupled and atmospheric
general circulation models, this study shows that the aerosol-induced troposphere cooling over Asian land
regions generates anomalous sinking motion between 20° and 40°N and weakens the EASM north of 20°N
without SST change. The decreased EASM precipitation and the attendant wind changes are largely due to
this direct atmospheric response to radiative forcing, although the aerosol-induced North Pacific SST
cooling also contributes. The SST-mediated change dominates the aerosol-induced SASM response, with
contributions from both the north-south interhemispheric SST gradient and the local SST cooling pattern
over the tropical Indian Ocean. Specifically, with large meridional gradient, the zonal-mean SST cooling
pattern is most important for the Asian summer monsoon response to anthropogenic aerosol forcing, re-
sulting in a reorganization of the regional meridional atmospheric overturning circulation. While un-
certainty in aerosol radiative forcing has been emphasized in the literature, our results show that the
intermodel spread is as large in the SST effect on summer monsoon rainfall, calling for more research into
the ocean—atmosphere coupling.
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1. Introduction

Dramatic increase in anthropogenic aerosol emissions
has caused pronounced climate change since the indus-
trial revolution (Kaufman et al. 2002; Bao et al. 2009;
Lamarque et al. 2010; Donner et al. 2011 Boucher et al.
2013). While the global mean radiative forcing is smaller
than that of greenhouse gases (GHGs), aerosols can
induce strong large-scale atmospheric circulation change
and regional climate responses (Ming and Ramaswamy,
2011; Xie et al. 2013; Wang et al. 2016a) because of strong
spatial distribution. The southward shift of the intertrop-
ical convergence zone (ITCZ) during the latter half of the
twentieth century (Hwang et al. 2013; Allen et al. 2015;
Wang et al. 2016b), the Sahel drought during the 1950s-
1980s (Held et al. 2005; Chang et al. 2011; Booth et al.
2012; Dong and Sutton 2015), and the weakened Asian
summer monsoon during the latter half of the twentieth
century (Bollasina et al. 2011; Ganguly et al. 2012a,b;
Song et al. 2014; Li et al. 2015; Li et al. 2016; Singh,
2016; Lau and Kim 2017; Li et al. 2018) are examples.

The East Asian summer monsoon (EASM) and the South
Asian summer monsoon (SASM) provide about 70%-80%
of the annual-mean precipitation for much of China and
India (Gong and Wang 2000; Zhai et al. 2005; Piao et al.
2010). The Asian summer monsoon has shown considerable
changes under anthropogenic aerosol forcing, with tremen-
dous impacts on water resources, agriculture, economies, and
ecosystem (Ma et al. 2017). Understanding the dynamical
mechanism of Asian summer monsoon response to changing
radiative forcing has important societal implications.

The potential impacts of anthropogenic aerosols on the
Asian summer monsoon have drawn much attention in re-
cent years (Li et al. 2016). Previous studies suggested both
the local and nonlocal effects of anthropogenic aerosols on
the EASM (Dong et al. 2016) and SASM (Bollasina et al.
2014) to weaken. Results from coupled climate models re-
vealed that the weakened low-level EASM circulation and
the drying trend over East Asia induced by anthropogenic
aerosols dominated among the other external forcings
during the second half of the twentieth century (Song et al.
2014). By decomposing the precipitation change in coupled
climate models into thermodynamic and dynamic compo-
nents via a moisture budget analysis, Li et al. (2015) con-
cluded that atmospheric circulation change is key to the
aerosol effect of drying East Asia. Over South Asia,
Bollasina et al. (2011) attributed the observed precipitation
decrease to anthropogenic aerosol forcing.

Although there is a general recognition that the
anthropogenic aerosols weaken the Asian summer
monsoon, the detailed mechanisms remain not fully
understood. The aerosol-induced climate change may
be decomposed into a direct atmospheric response
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to radiative forcing without sea surface temperature (SST)
change and an SST-mediated response (Shaw and Voigt
2015; Richardson et al. 2016). In the direct atmospheric
response, aerosols affect precipitation and atmospheric
circulation by modifying radiation and cloud physics
(Menon et al. 2002; Lau et al. 2006; Rosenfeld et al.
2008; Bollasina et al. 2013). Besides, the carbonaceous-
aerosol-induced Tibetan Plateau snowpack pollution can
also influence the Asian hydrological cycle and monsoon
climate (Qian et al. 2011). The SST-mediated response
refers to the atmospheric circulation change regulated by
the anthropogenic-aerosol-induced SST change via cou-
pled ocean—atmosphere interaction processes (Xie et al.
2013; Xu and Xie 2015; Wang et al. 2016a,b).

Using atmospheric general circulation model (AGCM)
simulations, Ganguly et al. (2012b) separated the “‘fast
and slow responses” (e.g., the direct atmospheric re-
sponse and SST-mediated response) to aerosol forcing
and concluded that the total precipitation change over
South Asia resembles the slow response, whereas the fast
component dominates land rainfall change north of 25°N.
Recently, Li et al. (2018) analyzed the physical mecha-
nisms of aerosol-induced Asian summer monsoon change
and emphasized the importance of “‘fast atmospheric
adjustments.” Furthermore, they discussed a possible
SST feedback via anidealized AGCM experiment but did
not focus on the distinct response mechanisms between
the EASM and SASM to anthropogenic aerosol forcing.
What are the relative contributions of direct atmospheric
response to aerosol forcing and SST feedback to the
EASM and SASM changes? More importantly, though
previous studies have confirmed the aerosol-induced SST
effects on monsoonal precipitation, it is still unclear which
aspects of the SST change are most important: the uni-
form cooling, the global meridional temperature gradi-
ent, or the regional SST pattern.

The present study extends previous studies of Asian
summer monsoon response to anthropogenic aerosol
forcing by identifying key differences between EASM
and SASM in pattern and mechanism. By decompos-
ing the climate response in the coupled historical
anthropogenic-aerosol-only forcing experiment into di-
rect atmospheric response and SST-mediated response,
we diagnose the changes of EASM and SASM sepa-
rately and examine relative contributions by the two
components. Using a suite of idealized AGCM experi-
ments, we evaluate the effects of the aerosol-induced
uniform SST cooling, north-south interhemispheric
asymmetry, and the regional SST cooling pattern in
shaping the Asian summer monsoon changes.

The rest of the paper is organized as follows. Section 2
introduces the model simulations and the method that de-
composes the coupled response into the direct atmospheric
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TABLE 1. List of CMIP5 models used in this study.
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TABLE 2. AGCM experiments design.

Model acronym Expansion Name Prescribed SST
CanESM2 Second Generation Canadian Earth Control SSTiim
System Model SST_global SST.im + SSTA® (global)

CSIRO Mk3.6.0 Commonwealth Scientific and Industrial
Research Organisation Mark 3.6.0

Geophysical Fluid Dynamics Laboratory
Climate Model, version 3

L’Institut Pierre-Simon Laplace Coupled
Model, version 5A, low resolution

Norwegian Earth System Model, version 1
(intermediate resolution)

GFDL CM3?*

IPSL-CM5A-LR

NorESM1-M

4The AOD data are from GFDL CM3.

and SST-mediated responses. Section 3 describes the direct
adjustments of EASM and SASM in response to anthro-
pogenic aerosol forcing. Section 4 reveals how the aerosol-
induced SST feedbacks regulate the EASM and SASM
changes. Section 5 investigates the relative contribution of
direct atmospheric response and SST-mediated response in
shaping the Asian summer monsoon response to anthro-
pogenic aerosol forcing. The main conclusions are sum-
marized and discussed in section 6.

2. Models and methods

This study focuses on the climate response to an-
thropogenic aerosol forcing. To reduce internal vari-
ability, we use a multimodel ensemble of five climate
models from the phase 5 of the Coupled Model Inter-
comparison Project (CMIP5) archive (listed in Table 1;
Taylor et al. 2012) that performed all the following
experiments. 1) The historical anthropogenic aero-
sol single-forcing experiment (historical AA). In this
experiment, the anthropogenic aerosols are the only
time-varying forcing agent with the other forcing fixed
at the preindustrial level. Details of the forcing agents
used in the historical-A A simulations are described by
Collins et al. (2013). The historical single-forcing sim-
ulations help us yield an estimation of the contribution
of anthropogenic-aerosol-induced climate change from
the preindustrial to 2000, including both direct atmo-
spheric responses and SST-mediated changes R qa1; 2)
The Hansen-style (Hansen et al. 2005) diagnostic ex-
periments with atmospheric parts of the CMIP5 models
listed in Table 1. The baseline for prescribed climato-
logical SST experiments (sstClim) is an atmosphere-
only run driven by prescribed SST and sea ice consistent
with the climatology of the preindustrial control run
Reiim- The perturbed run for Hansen-style diagnosis
of “fast” climate system responses to anthropogenic
aerosols (sstClimAerosol) is designed to isolate the
direct atmospheric changes with SST fixed at the

SSTyim + (—0.51°C)°

SSTim + SSTA (global zonal mean)

SST.im + SSTA (tropical Indian Ocean®:
25°S§-25°N, Indian Ocean sector)

SST_uniform
SST_global_zm
SST_tropical_1O

#SSTA: changes in SST from the preindustrial to 2000 in ensemble
of five CMIP5 models.

®Tropical (25°S-25°N) annual-mean SST change from the pre-
industrial to 2000 in ensemble of five CMIP5 models.

¢ Tropical (25°S-25°N) mean has been removed from the tropical
Indian Ocean SST anomaly.

preindustrial level, but with aerosols specified from year
2000 of the “historical AA” run R, Differences between
these two experiments denote the aerosol-induced direct
atmospheric responses from the preindustrial to 2000
(Rair =Racro — Raim)- The atmospheric runs are 30-50 years
long in different models. Results from the last 25 years for
each model are used for analysis. By excluding the direct
atmospheric responses in the coupled historical-AA simula-
tions, we obtain the atmospheric circulation responses me-
diated by the aerosol-induced SST changes (Ry; = Riotal —
Raero)- In terms of the decomposition method, previous
studies showed it worked well in the North Pacific and North
Atlantic (Shaw and Voigt 2015) and can be used in the
analysis of Asian summer monsoon response to aerosol
forcing (Li et al. 2018). However, Song et al. (2018a,b)
noted that the decomposition may only work well in the
zonal-mean sense in the atmospheric response to global
warming, and Biasutti (2013) concluded that the de-
composition did not work well in the Sahel region. Al-
though the nonlinearity of the decomposition is not
negligible, it does not influence the discussions in this
analysis. Only the first-member run (r1ilp*) of each model
is used to ensure equal weight in multimodel analysis. All
model outputs are interpolated onto a common grid of 128
(zonal) X 64 (meridional) grid points (about 2.8125° in the
horizontal) and 22 vertical layers for easy comparison.
Furthermore, the SST-mediated atmospheric re-
sponse to anthropogenic aerosol forcing is decom-
posed into a uniform cooling effect, interhemispheric
asymmetry effect, and SST-patterned cooling effect
over the tropical Indian Ocean via idealized AGCM
experiments (Table 2) using the NOAA/GFDL At-
mospheric Model, version 2.1 (AM2.1; Anderson et al.
2004). We use 2.5° longitude X 2° latitude horizontal
resolution, with 24 vertical levels. Its convective pa-
rameterization is based on the relaxed Arakawa-
Schubert scheme (Moorthi and Suarez 1992), and the
cloud microphysics are parameterized by a single-moment
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scheme based on Rotstayn (1997) and Rotstayn et al. (2000).
In the AGCM experiments, the radiative forcing is fixed at
the preindustrial level. The control simulation is run with the
preindustrial climatological SST and sea ice concentration
from the five CMIP5 models’ ensemble. The forced exper-
iments use the same radiative forcing and sea ice concen-
tration as the control run, with different SST anomalies
derived from the CMIPS historical anthropogenic aerosol
single-forcing simulations. The SST anomalies are the trends
in the five CMIP5 models’ ensemble from the preindustrial
to 2000. All the experiments are run for 30 years after an
initial spinup for a year. The differences between the forced
experiments and the control run represent the SST feedback
for the aerosol-induced Asian summer monsoon response.

Climate change from the preindustrial to 2000 is
expressed using Sen’s trend (Sen 1968) to eliminate the
effect of extreme points. The Student’s ¢ test is used to
estimate the statistical significance of the precipitation
change to check the signal-to-noise confidence. To di-
agnose the characters of atmospheric circulation, we cal-
culate the zonal-mean meridional streamfunction and the
horizontal velocity potential using the wind components.
The meridional streamfunction is defined in Eq. (1),

vdp, @)

27 cosO [P*
0,0.0) =" |

p

which integrates the meridional wind from the surface
to a pressure level p.

Here ¢ denotes the meridional streamfunction, 6 repre-
sents the latitude, v is the meridional wind, and g is gravity
constant. The velocity potential ¢ indicates the divergence
(negative) and convergence (positive) of irrotational flow
ug and v, defined as,

_9¢
y ==

o @
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The net outgoing radiative flux at top of the atmosphere F,
is evaluated to investigate the radiative forcing effect of
anthropogenic aerosols; Uy, U, D, indicate the upward
longwave radiation, upward shortwave radiation, and
downward shortwave radiation at the top of the atmo-
sphere, respectively,

AF,=A(U,+ U, - D,). 3)

3. Direct atmospheric response

Because of the localized emission sources and short
residence time, anthropogenic aerosols are strongly
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FI1G. 1. (a) Global-mean AOD (ambient aerosol optical thickness
at 550nm; 1 X 10™!) change from the preindustrial to 2000 in JTA.
Data are from GFDL CM3. (b) Total response to aerosol changes
from the preindustrial to 2000 in JJA: precipitation (shading;
mm day '), SST [contours; 0.1°C interval with 0°C omitted; warm
colors denote positive values; tropical mean (25°N-25°S) has been
removed], and wind at 850 hPa (vectors; scale at top right; omitted
where the magnitude < 0.2ms ™ '). Based on multimodel mean of
CMIP5 historical-AA coupled simulations.

distributed geographically (Fig. 1a). Anthropogenic
aerosol changes are mostly concentrated over Asia
and Europe and to a lesser extent over Africa and the
Americas since the Industrial Revolution.
Pronounced atmospheric circulation changes in re-
sponse to anthropogenic aerosol forcing have been
identified from coupled climate models and observa-
tions during the twentieth century, including anomalous
cross-equatorial Hadley circulation and the correspond-
ing southward shift of ITCZ (Allen et al. 2015; Wang et al.
2016a,b). Furthermore, Xu and Xie (2015) showed that
the atmospheric temperature and circulation respond
to aerosol forcing differently between boreal summer
and winter. Figure 1b shows the multimodel ensemble
mean of the SST, precipitation, and 850-hPa wind
changes in response to anthropogenic aerosol forcing
during boreal summer [June-August (JJA)] from the
preindustrial to 2000 in CMIP5 historical-AA coupled
simulations. Consistent with previous annual-mean re-
sults, aerosol-induced SST change shows a north-
south interhemispheric gradient with a maximum
cooling centered over the North Pacific (Wang et al.
2016a). As required by the cross-equatorial energy
transport (Kang et al. 2008; Chiang and Friedman
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FIG. 2. Direct atmospheric response to aerosol changes from the preindustrial to 2000 in JJA: (a) SAT (°C),

(b) TOA effective radiative forcing (W m™2), (c) SLP (hPa), (d) precipitation (mm day ') and wind at 850 hPa
(vectors; scale at top right; omitted where the magnitude < 0.2ms™'). Based on multimodel mean of Rg;; with SST
fixed at the preindustrial climatology. Hatched regions indicate precipitation changes exceed 90% statistical

confidence.

2012; Kang et al. 2014), tropical rainfall decreases
(increases) north (south) of the equator, representing a
southward shift of the ITCZ (Hwang et al. 2013; Allen
et al. 2015; Wang et al. 2016b).

Aside from the global interhemispheric asymmetry,
anthropogenic aerosols weaken the Asian summer
monsoon system (Fig. 1b), including the anomalous
northeasterlies over East Asia and the northwest-
ern Pacific, anomalous easterlies over South Asia,
and anomalous westerlies over the equatorial Indian
Ocean. The western Pacific subtropical high (WPSH) is
closely related to the EASM change and may influence
the SASM through atmospheric teleconnections (Lau
et al. 2000; Zhou et al. 2009; Chen et al. 2016). Previous
studies have linked the westward-extended WPSH with
the corresponding EASM rainfall increase to both local
and tropical Pacific SST warming (Lau et al. 2000; Zhou
et al. 2009). Similarly, the aerosol-induced SST cooling
over the Indo-western Pacific (IWP) causes the anoma-
lous cyclonic circulation over the western North Pacific,
which may lead to the weakening and eastward shift of

WPSH (Fig. 1b). Besides, the aerosol forcing can also
initiate the SST cooling over the midlatitude North Pa-
cific, which causes a high pressure anomaly above the cool
ocean (Fig. 1b). The anticyclonic circulation anomaly
then induces stronger northeasterlies to the south and
weakens the WPSH. A meridional wave pattern induced
by this high pressure anomaly can further influence the
circulation and rainfall over the tropical Indian Ocean
(Chen et al. 2016). Consistent with the wind changes,
precipitation decreases over East Asia, the northwestern
Pacific, South Asia, and the north Indian Ocean, while
increasing over the equatorial southeast Indian Ocean.
To investigate how the direct atmospheric response
to radiative forcing regulates the aerosol-induced
Asian summer monsoon responses, we first analyze the
AGCM experiments. Conflicting views exist regarding
the direct aerosol effect. With SST fixed at the pre-
industrial level, the concentration of anthropogenic
aerosols over South Asia may lead to the surface cooling
by the “solar dimming” effect (Ramanathan et al. 2005).
Absorbing aerosols that lead to the atmospheric warming
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FIG. 3. Direct atmospheric response to aerosol changes from the preindustrial to 2000 in JJA: (a) East Asia (100°-
140°E) and (b) South Asia (60°~100°E) zonal-mean air temperature (shading; °C), zonal wind (contours; 0.2 ms ™'
interval with 0ms~! omitted; solid lines denote westerlies), meridional and vertical velocity (vectors; scale at
bottom right; omitted where vertical motion response weaker than 1 X 10~>Pas ™). Based on multimodel mean of

Rgir with SST fixed at the preindustrial climatology.

during boreal summer (Babu et al. 2002; Yang et al. 2009),
on the other hand, can act as an “‘elevated heat pump”’
(EHP) to intensify Indian summer monsoon rainfall by
enhancing the meridional temperature gradient (Lau and
Kim 2006; Lau et al. 2006) and strengthening the EASM
by both increasing the local land-sea surface thermal
contrast and shifting the East Asian subtropical jet through
fast adjustment without SST changes (Wang et al. 2017).
The AGCM results show that the net (reflecting and ab-
sorbing) aerosol effect weakens most of the Asian summer
monsoon except for the SASM over western India and the
Bay of Bengal (Fig. 2).

In the direct atmospheric response, surface air tem-
perature (SAT) decreases over the Eurasian continent
(Fig. 2a), with little change over the ocean. Effective
radiative forcing (ERF) at the top of the atmosphere
resembles the aerosol optical depth (AOD) concentra-
tion very well over East and South Asia (Fig. 2b). By
reflecting the shortwave radiation, aerosols cool the
Asian land, thereby reducing the land-sea thermal
contrast between the Asian continent and the adjacent
oceans (Fig. 2a). The change in land-sea thermal con-
trast regulates the atmospheric circulation, character-
ized by a high surface pressure anomaly over the Asian
continent and low sea level pressure (SLP) anomaly
over the northwestern Pacific (Fig. 2c). Consistent with
the SLP change, both EASM and SASM circulations
weaken, with an anomalous northeasterly flow over
southeast China and an anomalous easterly flow in
South Asia around 20°N (Fig. 2d). Consistent with the
atmospheric circulation response, Asia shows a general
drying trend (Fig. 2d). However, the weakened Asian

summer monsoon circulation and associated rainfall
decrease are limited on land north of 20°N (Li et al.
2018). Over the northwestern Pacific, the Indian Ocean,
and south India, the direct response to aerosol forcing
is weak. Over western India and the Bay of Bengal,
precipitation increases in direct atmospheric response,
inconsistent with the response pattern in coupled sim-
ulations (Fig. 1b). This is probably due to the effect of
absorbing aerosols on atmospheric stability. Radiative
heating of absorbing aerosols may cause warm air to
rise. The upper-troposphere warm anomaly then act as
an EHP, leading to the increased summer monsoon
rainfall over South Asia by changing the atmospheric
stability (Lau et al. 2006; Lau and Kim 2006).

The aerosol-induced land-sea thermal contrast drives
the atmospheric overturning circulation. Figure 3 shows
zonally averaged temperature and vertical motion
changes in the East (100°-140°E) and South Asian (60°-
100°E) sectors. Over East Asia, anthropogenic aerosols
cool the whole troposphere north of 20°N. In thermal
wind balance, the deep cooling structure over mid-
latitude East Asia anchors a westerly acceleration to the
south in the upper troposphere (centered around 30°N
at 200hPa). An anomalous meridional overturning cir-
culation develops with strong sinking motion between
20° and 40°N and rising motion between the equator and
20°N (Fig. 3a). Over the South Asian monsoon region,
anthropogenic aerosols induce surface cooling (Fig. 2a),
and the anomalous sinking motion develops north of
20°N (Fig. 3b). To the south over south India and the
north tropical Indian Ocean, a strong increase in vertical
motion in the mid- to upper troposphere in 5°-20°N
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FIG. 4. (a),(c),(e) Total and (b),(d),(f) SST-mediated responses to acrosol changes from the preindustrial to 2000
in JJA: (a),(b) SST [shading; °C; tropical mean (25°N-25°S) has been removed] and wind at 850 hPa (vectors; scale
at top right); (c),(d) precipitation (shading; mm day~'); and (e),(f) SLP (shading; hPa). Based on multimodel means
of Riora1 and Ry Hatched regions indicate precipitation changes exceed 90% statistical confidence.

(Fig. 3b) can be linked to the EHP effect (Lau et al. 2006; the aerosol-induced total response and the direct at-
Lau and Kim 2006). On the south slope of the Tibetan mospheric response, we isolate the SST feedback.
Plateau, the air heated by absorbing aerosols leads to

the strong upward motion in the upper troposphere and a. SST effect

draws the warm and moist low-level inflow from the
north Indian Ocean, resulting in the intensified rainfall
over western India and the Bay of Bengal.

The North Pacific is notably sensitive to anthropo-
genic aerosol forcing (Ming et al. 2011; Wang et al.
2013; Xie et al. 2013), with an intensified SST cooling
east of Japan (Fig. 4b), downwind of major pollution
sources (Chen et al. 2016). A large-scale high pressure

SST feedback is important in regulating the Asian anomaly in the lower troposphere (Fig. 4d) develops
summer monsoon response to aerosols. By differencing over the northwestern Pacific. The easterly anomalies

4. SST-mediated response
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circulation], and meridional and vertical velocity [vectors in (c) and (d); scale at bottom right; omitted where
vertical velocity response weaker than 1 X 1073 Pa s_l]. Based on multimodel means of Ry, and Rg.

on the south flank (near 20°N) weaken the climato-
logical EASM monsoon circulation, and rainfall de-
creases over southeast China and the adjacent oceans
(Fig. 4b). While the aerosol-induced total responses
somewhat resemble the SST-mediated change over the
ocean (Figs. 4a,b), precipitation change over inland
East Asia (around 30°N) is positive in SST-mediated
response, inconsistent with the total response (Fig. 4a).
This is associated with the wind convergence between
the low pressure anomaly on land and the high pressure
anomaly over the northwestern Pacific induced by
the SST cooling pattern (Figs. 4c,d). Aerosol-induced
EASM circulation and precipitation changes north
of 20°N are dominated by the direct atmospheric
adjustments.

Over tropical South Asia and the Indian Ocean,
aerosol-induced SASM changes are dominated by SST
feedback (Figs. 4a,b). By removing the tropical-mean

cooling, the SST change shows both zonal and merid-
ional asymmetry with relative cooling in the northwest
and relative warming in the southeast tropical Indian
Ocean. The zonal SST asymmetry is suggestive of Bjerknes
feedback, which induces westerly anomalies on the
equator, deepening the thermocline and reducing the
SST cooling over the southeast tropical Indian Ocean
(Xie et al. 2013). Corresponding to the SST pattern, an
anomalous cyclonic circulation over the north Indian
Ocean and south India weakens the climatological
SASM. Rainfall decreases on and north of the equa-
tor while increasing over the southeast tropical In-
dian Ocean, consistent with the circulation change
(Fig. 4).

To further validate how the aerosol-induced SST
changes regulate the SASM responses, Fig. 5 shows
the global and South Asia (60°-100°E) zonal-mean
air temperature and meridional circulation changes in



1 FEBRUARY 2019

(a)Total VP, UV@300hF’a

40°N 4

20N fm >

120°€

40 80°E 160

(c)Total VP UV@SSOhPc

160°E

80°F

120°E

-0.4 -03 -0.2

WANG ET AL.

|
-0.1 0

851

(b)SST—medloted VP, UV@C’JOOhPa

--\'-""~‘;\\"'4
R S

120

80°E 160°E

(d)SST—mediated VP, UV@BSOhPu

.~ - .-

“. B

80°

120 160°E
I —2m's
.2

0°S +
40°E

|
0.1

FIG. 6. (a),(c) Total and (b),(d) SST-mediated response to aerosol changes from the preindustrial to 2000 in JTA:

(a),(b) 300 and (c),(d) 850-hPa velocity potential (shading; 10° m?
). Contours denote climatological-mean zonal winds (Sms™
! omitted; solid lines denote westerlies). Based on multimodel means of R, and Rg.

omitted where the magnitude < 0.1 ms ™!
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coupled and SST-mediated response. From an energy
perspective, the spatial inhomogeneous anthropo-
genic aerosol forcing is much more efficient in causing
circulation changes to compensate for the inter-
hemispheric energy imbalance (Wang et al. 2016b).
Anthropogenic aerosols induce a deep cooling struc-
ture over the Northern Hemisphere midlatitudes,
mediated by the SST feedback (Figs. 5a,b; Xu and
Xie 2015). According to the cross-equatorial energy
transport theory (Kang et al. 2008; Chiang and
Friedman 2012; Kang et al. 2014), the boreal-summer
tropical meridional overturning circulation, of which
the SASM is a major part (Chen et al. 2006; Bollasina
et al. 2011), weakens to reduce the energy flow to the
Southern Hemisphere and thus alleviates the in-
terhemispheric asymmetry (Figs. Sc,d). The anoma-
lous sinking motion generated by the SST feedback
reduces the ascent over the north Indian Ocean and
South Asia, opposing the local Hadley circulation,
and leads to the rainfall decrease over the tropical
SASM region. The anomalous rising motion is cen-
tered over 10°S-0°, contributing to the rainfall in-
crease over the tropical southeast Indian Ocean.

s~ 1) and wind (vectors; ; scale at bottom right;
!interval with

Besides the regional meridional atmospheric over-
turning circulation change, the aerosol-induced SST
feedback also anchors an anomalous westerly accelera-
tion in the midlatitude Northern Hemisphere in thermal
wind balance (Figs. 5a,b). To diagnose the atmospheric
circulation change in horizontal view, we calculate the
velocity potential and the wind change in the upper
(300hPa) and lower (850hPa) troposphere. In tropical
South Asia, there is a strong local divergent flow in the
upper troposphere (Figs. 6a,b), and the corresponding
northwest—southeast divergence—convergence dipole
center in the lower troposphere (Figs. 6¢,d), featuring
the weakening of the local meridional atmospheric over-
turning circulation. Furthermore, the aerosol-induced
SST cooling pattern also excites an anomalous zonal
circulation, with stronger ascent over the tropical south-
eastern Indian Ocean and weaker descent to the east
(Bollasina et al. 2011), leading to the rainfall decrease
over the Indo-Pacific Maritime Continent regions
(Figs. 4, 6). In the extratropics, the climatological west-
erlies are accelerated and shift a little bit southward
because of the SST feedback (Fig. 6). Although the SST-
mediated westerly adjustment effect is weak on South



852

(c)SST_gIobcI
o

LB T e g
xt fﬂ:xx,mm-\
¢

oo Jieex &

EQ
20°S
40°E
(c)SST_global_zm
SR R i S
40NS ¥ e oiSh r:::; e
L St cksapiy WOt
2o aeam N - ARNREE .
PRy 9&—)» /,a xxmukx® x|

ol -lv&

20°N 4% 8 w5

% x X x x]
%% %% %
x

EQ' =T uxyz—-x XK X
e Axxia
il
EEL AL
Exxx wwk
: el - 4

» XX - -~ xp | # 2
XX %% x X %k

120

JOURNAL OF CLIMATE

160°E

VOLUME 32
(b)SST_uniform
e - ———
B x % 3 % X XX
40'N" x ¥} = x ton W R >.»‘xxu-x‘\
. 5 e wpa 3 Yl
- x KX XXXRXK PR ,-:‘.x«'k
Fixxxxhx ne  x xt ;x:x‘ n
w A - B 4 i
ZON'E.I-(-aur ¥ x 1-07 EE TN
S 3 4 -~ X KKK KK X X% %
x XK 20 5% X X X 30 Mo X 232 % % X % x )
S e ooy IR B X% % X % x x]
e T - R o]
b’ e = ek
EQ4/ ¥, ' ‘e E
- i K ARON
t x oS |
’ x x - -t X Y
e s e
R S o
40°E 80°E 1 20°E 160°E
(d)SST_tropical_IO
X = = X F ¥ B Ld
40°N 4 Eaxxuill) & gay) .
= = T =4
- . - S - -
- M ¥
1k wbie ~ x z
o} s xyn
20°N K2 B "fbf s B
i xx 2
LEr = v 4 i ) - KPR
4 ..( z
o b, ‘ nxxunl xxxx
VR g s Rk
EQ 4 % il E
3 PR
L2 x::r: x - x
M, N
X X% X xXxXX XX 2y x %% X
%% - o o 3t e & o
40°E 80°E 120°E 160°E

—3m™'s

[ ] I
-1.8 -15-1.2 -0.9 -0.6 -0.3 O

[ [
0.3 06 09 1.2 15 1.8

FIG. 7. Aerosol-induced SST-mediated changes in precipitation (shading; mm day ') and 850-hPa wind (vectors;
wind speed < 0.3 ms ™! omitted) in JJA in AM2.1 experiments forced with different SST patterns: (a) global SST
changes, (b) SST uniform cooling, (c) global zonal-mean SST changes, and (d) tropical Indian Ocean SST changes
with tropical-mean SST change removed. Hatched regions indicate precipitation changes exceed 90% statistical

confidence.

Asia rainfall, it is important for the rainfall increase
centered around 30°N, 90°E (Figs. 4b, 6b,d).

b. SST patterns

Using historical-AA coupled simulations and “‘fixed
SST”” AGCM runs, we have shown that the SST ad-
justment is important for the SASM response to an-
thropogenic aerosol forcing. Previous studies showed
that the SST-pattern effect (warmer get wetter; Xie et al.
2010) and the global SST change (wet get wetter; Held
and Soden 2006) are both important for the seasonal-
mean rainfall change (Huang et al. 2013). In the wet-get-
wetter view, the spatially uniform SST warming causes
rainfall to increase in the climatological rainy regions.
We perform a suite of AGCM experiments to investi-
gate the mechanisms by which the aerosol-induced SST
feedback regulates the Asian summer monsoon.

Figure 7a shows the precipitation and 850-hPa wind
change due to an aerosol-induced global SST anomaly
in GFDL AM2.1. The results resemble those from the
CMIPS5 multimodel ensemble (Fig. 4b), though the de-
crease in precipitation over India and the Arabian Sea in

GFDL AM2.1 is much weaker. There is a possibility that
this is due to the parameterization of GFDL AM2.1, but
equally possible are different representations of circu-
lation and air-sea interaction between GFDL AM2.1
and CMIP5 models. A number of additional experi-
ments were performed (Table 2). First, we forced the
AGCM with a uniform cooling of —0.51°C (based on the
tropical-mean SST change in the CMIP5 ensemble mean
of the historical-AA runs) superposed on the climato-
logical SST. Figure 7b shows the precipitation and
850-hPa wind changes. The wet-get-wetter effect is ob-
vious with significant rainfall decrease limited over
10°-20°N, 80°-120°E, where climatological convection is
strong during boreal summer (Tan et al. 2008; Huang
et al. 2013). Compared with the global SST pattern
(Fig. 7a), the uniform SST cooling effect on SASM
precipitation and wind is weak.

Previous studies indicated that both the local SST in
the tropical Indian Ocean (Ganguly et al. 2012a; Xie
et al. 2013) and the global meridional temperature gra-
dient (Xu and Xie 2015; Wang et al. 2016a) contribute
to the decreased SASM precipitation and circulation.
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removed.

To examine the interhemispheric SST gradient effect,
we forced the AGCM with the global zonal-mean SST
anomaly (Fig. 7c). Similarity in precipitation and
850-hPa wind response patterns between Figs. 7a and
7c indicates that the interhemispheric SST gradient
dominates the SST feedback for the SASM response. The
regional SST cooling pattern effect is further examined
with an AGCM forced by the tropical Indian Ocean SST
anomaly with its tropical-mean trend removed (Fig. 7d).
The precipitation and wind response patterns in the
tropical Indian Ocean in Fig. 7d are similar to that
in Figs. 7a and 7c, verifying the regional ocean—
atmosphere coupled response regulated by Bjerknes
feedback. Compared with the north-south inter-
hemispheric SST gradient, the Bjerknes effect over
the tropical Indian Ocean on SASM is weak.

By averaging the zonal-mean air temperature and
circulation changes over South Asia (60°-~100°E), we

further investigate the atmospheric circulation responses
to different SST forcing patterns. Though the tempera-
ture responses show some disparities in Figs. 8a and 5d,
the atmospheric circulation change forced by the global
SST response pattern resembles that in CMIP5 multi-
model ensemble-mean results. The SST uniform cooling
effect, however, has only a weak effect on the large-scale
monsoon circulation (Fig. 8b). Comparison of Figs. 8a, 8c,
and 8d highlights the important role of aerosol-induced
north—south interhemispheric temperature gradient in al-
tering the local atmospheric overturning circulation.

5. Relative contribution

Our decomposition analysis separated the distinct
Asian summer monsoon response processes to an-
thropogenic aerosol forcing, revealing how the direct
atmospheric response and the SST feedback shape
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the weakening of Asian summer monsoon in different
regions.

To evaluate the relative contribution of direct atmo-
spheric response and SST feedback to the Asian summer
monsoon response to anthropogenic aerosol forcing,
we further calculate the precipitation response ratio
(Samset et al. 2016),

_ |APSST| B |APdir|

precip |APSST| + IAPdir|

: (4)

Here APgst and APg;, denote the SST-mediated and di-
rect Asian summer monsoon precipitation response to
anthropogenic aerosol forcing. Positive values in Fig. 9a
indicate that the SST feedback dominates over the direct
atmospheric response in aerosol-induced precipitation
change (absolute precipitation ratio < 0.3; omitted) and
vice versa. Over East Asia and the adjacent oceans,
rainfall decreases the most over southeast China land
regions and to a lesser extent over the northwestern
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Pacific. The precipitation response ratio highlights the
dominance of direct atmospheric response in rainfall
change over East Asia land regions (blue crosses in
Fig. 9a). However, decreased rainfall over the north-
western Pacific is mediated by the aerosol-induced SST
cooling pattern (Fig. 4b). In South Asia and the trop-
ical Indian Ocean, the rainfall decrease south of 20°N is
mediated by the aerosol-induced SST change alone
(red crosses in Fig. 9a).

We further examine the regional-mean rainfall and
wind changes at 850-hPa level. Over the EASM region
(20°-40°N, 100°-140°E), the direct atmospheric re-
sponse to radiative forcing contributes about 59% of
the total rainfall decrease, while the contribution
from the SST feedback is about 39%. Over inland East
Asia, the rainfall decrease is dominated by the direct at-
mospheric response (Fig. 9b). For the EASM monsoon
circulation change, zonal wind anomalies are mediated by
the direct atmospheric response (69%) compared with
the rainfall change. However, the SST feedback contrib-
utes only about 31% of the EASM zonal wind response,
with little effect on the anomalous meridional winds
(Figs. 4b, 9b). Over the tropical SASM region (0°-20°N,
60°E-100°E), total and land precipitation changes to an-
thropogenic aerosol forcing contradict each other in the
direct atmospheric response and the SST-mediated re-
sponse (Fig. 9b). Considering the zonal and meridional
wind changes, the aerosol-induced SST feedback in the
tropical Indian Ocean opposes the direct atmospheric
adjustment effect, leading to the weakened SASM.

6. Summary and discussion

Unlike GHGs that induce strong atmospheric moist-
ening through SST increase, anthropogenic aerosols af-
fect the monsoon precipitation largely through changes in
atmospheric circulation (Li et al. 2015). In this study, we
have investigated how anthropogenic aerosol forcing
regulates the atmospheric circulation change of Asian
summer monsoon via different physical processes
and evaluated their relative contributions. Specifically,
we show that the aerosol-induced interhemispheric
SST gradient dominates the monsoonal precipitation
response.

Using multiple coupled climate models forced by the
anthropogenic aerosols and idealized AGCM experi-
ments, we confirmed the robust drying trend and weakened
Asian summer monsoon circulation since the industrial
revolution and identified the distinct response mecha-
nisms of EASM and SASM. Our decomposition of
aerosol-induced climate change shows that the weakened
EASM rainfall and circulation are dominated by the
direct atmospheric response, while the weakened SASM
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is regulated mostly by the SST feedback. In the direct
atmospheric response, anthropogenic aerosols induce the
cooling of local land surface, reducing land—sea thermal
contrast. The reduced land-sea thermal contrast gener-
ates the anomalous high pressure over the Asian land
region north of 20°N, with the anomalous sinking motion
between 20° and 40°N.

Anthropogenic aerosol forcing causes the SST decrease
globally, with considerable spatial patterns. AGCM ex-
periments show the importance of the aerosol-induced
SST cooling pattern in the Asian summer monsoon
change. Regional cooling of SST over the North Pacific
also contributes to the weakened EASM over the tropical
northwestern Pacific, but its effect is weak over inland
East Asia. Over the tropical Indian Ocean and South
Asia, the SASM response to anthropogenic aerosol
forcing is dominated by the SST feedback. The north—
south interhemispheric asymmetry in aerosol-induced
SST response plays a dominant role in causing the tropi-
cal atmospheric overturning circulation to weaken over
the SASM region. The SST-mediated response features

an anomalous sinking (rising) motion north (south) of the
equator, dominating the weakened SASM circulation and
the precipitation decrease. A regional SST cooling pat-
tern in the tropical Indian Ocean also contributes to the
weakened SASM through Bjerknes feedback, although
the amplitude is much weaker.

Aerosols are the largest source of uncertainty in ra-
diative forcing during the instrumental era because of
insufficient understanding of indirect microphysical ef-
fects on cloud and precipitation (Boucher et al. 2013).
Compared to the MODIS observations, the AOD seems
to be underestimated over South Asia, while over-
estimated over East Asia (Remer et al. 2008). This may
create biases in the top-of-the-atmosphere (TOA) ERF
and further influence our conclusions regarding the
distinct impact of direct atmospheric response versus
SST-mediated response in EASM and SASM changes.
How the discrepancy between climate models and ob-
servations may affect the Asian summer monsoon re-
sponse deserves further study with improved models
and more targeted experiments. Besides, the intermodel
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uncertainty is indeed large in the direct atmospheric
response over the Asian summer monsoon regions, but
the uncertainty due to the SST feedback is as large over
the SASM region (Fig. 10). In fact, the latter is overall
larger than the former over the broad Indo-western
Pacific region, for example, the Maritime Continent.
This also points to the need to study large-scale coupled
response to aerosols and radiative forcing in general,
including the effect on the atmospheric circulation (Xie
et al. 2015; Collins et al. 2018).
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