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Abstract Climate models suggest that anthropogenic aerosol-induced drying dominates the historical
rainfall changes over the heavily populated South Asian monsoon region. The regional response depends
on both the aerosol fast radiative effect and the slow process through sea surface temperature (SST)
cooling. Two atmospheric general circulation models, NCAR-CAMS5 and GFDL-AM3, are used to investigate
the monsoon response to prescribed aerosol-forced SSTs. The total SST is separated into uniform cooling and
a spatially varying component characterized by interhemispheric asymmetry. The monsoon rainfall is
predominantly controlled by the nonuniform SSTs, in the local Indian Ocean, South, and East China Seas
(IO-CSs). The reduced meridional SST gradient in the IO-CSs leads to weakened monsoon circulation,
which drives a north-south dipole rainfall change. The latitudinal location of the dipole shows model
dependence due to differences in local SSTs and their meridional gradient, which determines the latitudinal
location of the meridional overturning circulation responses.

Plain Language Summary South Asian monsoon rainfall is an important part of the region's
economy as it affects the agriculture and water supply in this densely populated region. Anomalously
weak monsoon rainfall can lead to catastrophic crop failures and famine. Recent increases in aerosol
emission not only caused severe air pollution problems in the region, but also led to monsoon circulation
and rainfall changes. Previous studies have shown that aerosols can lead to drying in a region due to
interaction with radiation and clouds. Additionally, the northern hemisphere centric aerosol emission led
sea surface temperatures to cool more in northern than southern hemispheres. This sea surface temperature
mediated responses to aerosol can play an important role in the South Asian monsoon response to
aerosols. In this study, we demonstrate that this effect is mainly through the north-south temperature
gradient in the Indian Ocean, South, and East China Seas, which leads to atmospheric circulation that
weakens the monsoon overturning and drying in South Asia. However, the exact latitudes of this drying tend
to be highly model-dependent due to different sea surface temperatures in the local ocean basins.

1. Introduction

As the two most important anthropogenic forcing agents, greenhouse gases (GHGs) and aerosols often lead to
distinctly different changes in the climate system. The opposing radiative forcing as well as the contrasting
effects on the surface temperature results in different responses in atmospheric circulation and global and regio-
nal hydroclimate (e.g., Singh, 2016 ; Wang et al., 2016; Xie et al., 2013). Aerosols offset the global warming signal
imposed by GHGs while inducing a hemispheric temperature contrast due to the spatial inhomogeneity of aero-
sol emissions over the globe (Bollasina et al., 2011; Lau & Kim, 2017; Li et al., 2018; Westervelt et al., 2017;
Westervelt et al., 2018). In the Asian monsoon region, in contrast to the surface temperature response which
is governed by GHGs, climate models suggest that historical rainfall changes are dominated by aerosol-induced
drying trend in the twentieth century, as shown in Li et al. (2015) using Coupled Model Intercomparison
Project-Phase 5 (CMIP5) models. However, the regional response of atmospheric circulation and rainfall to glo-
bal and regional anthropogenic aerosol forcing is not yet well understood and constrained, particularly for pro-
cesses related to ocean-atmosphere interactions (Turner & Annamalai, 2012; Xie et al., 2015).

The climate response to external forcing agents involves two components on different time scales: (1) the fast
adjustment due to radiative effects as well as the influence on clouds and the land surface and (2) the slow
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response due to changes in sea surface temperature (SST) (Allen & Ingram, 2002; Andrews et al., 2009; He &
Soden, 2015; Liu et al., 2018; Samset et al., 2016). The fast adjustment of precipitation and atmospheric cir-
culation to GHG and aerosol forcing and the possible compensating effects between the fast and slow
responses have been investigated in many previous studies (e.g., Bony et al., 2013; Li et al., 2018; Li &
Ting, 2017; Liu et al., 2018; Richardson et al., 2016; Shaw & Voigt, 2015; Wang et al., 2019). The slow
response involving mediation through SSTs is also critically important for the atmospheric circulation and
rainfall response in the tropics (e.g., Ma & Xie, 2013; Chadwick et al., 2013). Compared to the relatively
homogeneous spatial distribution of well-mixed long-lived GHGs, aerosol radiative forcing concentrates
over the northern hemisphere continents and exhibits pronounced hemispheric asymmetry (Hill et al.,
2015; Shindell et al., 2013). On a global scale, the aerosol-associated hemispheric difference of thermal for-
cing and meridional temperature gradient renders more northward energy transports and results in a south-
ward shift of the intertropical convergence zone (Allen, 2015; Kang et al., 2008; Ming & Ramaswamy, 2009,
2011; Seo et al., 2014; Westervelt et al., 2017).

Previous studies highlighted the importance of improving the understanding of the various physical path-
ways by which the external forcing agents impact atmospheric circulation and precipitation for better con-
straining uncertainties. In both CMIP3/5 models, the SST spatial pattern provides the largest source of
uncertainty and intermodel spread in precipitation and atmospheric circulation changes (Chen & Zhou,
2015; Kent et al., 2015; Ma & Xie, 2013). Moreover, while most studies address global-scale slow response
in precipitation and circulation (e.g., He et al., 2014; Hill et al., 2015; Ma & Xie, 2013), fewer studies have
focused on regional and local scales, especially the heavily populated Asian monsoon region (Bollasina
et al., 2011; Chadwick et al., 2013; Ganguly et al., 2012; Kim et al., 2016; Li & Ting, 2015, 2017; Li et al.,
2018). For GHGs, Li and Ting (2017) showed that uniform SST warming induces a larger model spread in
summer monsoon rainfall and circulation response over land compared to the fast adjustment. For aerosols,
Li et al. (2018) suggested that while the fast adjustment dominates over eastern China and northern India,
the slow response is important in altering the meridional circulation over the oceanic regions. However,
Li et al. (2018) did not examine the mechanisms driving the SST-related slow responses.

The motivation of this study is to gain a better mechanistic understanding of the slow responses of summer
monsoon circulation and rainfall to historical aerosol-induced SST changes. The goal is to identify the rela-
tive importance of uniform versus spatially varying SST changes, and local versus remote SSTs in driving the
monsoon response. A suite of idealized experiments using two atmospheric general circulation models
(AGCMs) is designed to delineate the effects of different SST forcing on the South Asian summer monsoon,
as well as to determine the model dependence and uncertainty of the responses.

2. Methods
2.1. AGCMs

We use two AGCMs to perform idealized experiments: the National Center for Atmospheric Research
(NCAR) Community Atmosphere Model version 5.3 (CAM5) and the Geophysical Fluid Dynamics
Laboratory Atmospheric Model version 3 (GFDL-AM3). CAMS is the atmospheric component of the
Community Earth System Model (CESM) version 1.2.2.1 with 30 vertical levels, coupled to an interactive
land model (CLM4), with 19 (1.9° latitude X 2.5° longitude) horizontal resolution. GFDL-AM3 is the atmo-
spheric component of the coupled climate model version 3 (GFDL-CM3) with 48 vertical levels, coupled to
the land model LM3. For GFDL-AM3, we use the C48 cubed-sphere horizontal grid with six faces of 48 grid
cells along each edge (approximately a 2° X 2° resolution). Detailed descriptions of the two models including
the dynamical core and physical parameterizations can be found in Neale et al. (2012) for CAM5 and Donner
et al. (2011) for GFDL-AM3.

2.2. Experimental Design

We design prescribed SST experiments to examine the influence of different SST forcing on monsoon changes.
For all experiments, aerosol emissions are fixed at year 1850 level, ensuring that the response is solely due to the
change in the imposed SSTs. We use climatological SST and sea ice concentration of 1951-2000 from the
HadISST data for the control experiment (SST_CTRL). We derive the total SST anomaly from the historical
aerosol-only simulations of the respective fully coupled model (CESM-CAMS5 and GFDL-CM3), calculated as
the difference between period 1981-2005 and 1861-1885. For both models, the ensemble mean of the three
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Figure 1. June-August (JJA) global sea surface temperature anomalies (difference between 1981-2005 and 1861-1885) in
SST_total experiment of (a) CAM5 and (b) GFDL-AM3. Units are in °K. (c) List of experiments performed in this study.
The numbers on the side of (a) and (b) represent Northern Hemisphere average (top), tropical (30°S-30°N) average
(middle), and Southern Hemisphere average (bottom) values of SST in the respective model.

members of the aerosol-only simulations is used. This total SST anomaly (SST_total) is added to the SST_CTRL
climatology. We then separate the total SST anomaly into two components: (1) the uniform cooling component
(SST_uni), calculated as the annual mean of the tropical oceans (30°S-30°N) from the total, and (2) the spatially
varying component, calculated as the difference between the total and the uniform cooling (SST_structure).
This decomposition method follows Ma and Xie et al. (2013) using CAM3 and Hill et al. (2015) using GFDL-
AM2.1. Although such a decomposition enables us to disentangle the role of uniform and structured SST
changes, it does not necessarily separate the role of local from remote SST-driven responses. Hence, an
additional experiment is conducted with the structured SSTA prescribed only in the Indian Ocean, South,
and East China Seas region (SST_structure_IO-CSs, see supporting information Figure S1). All experiments
are run for 60 years after an initial 1-year spin-up.

Figures 1a and 1b present the total SST anomaly derived from the fully coupled models and used in the cor-
responding AGCM experiments for June, July, and August (JJA) average. The JJA SSTA averaged for the
Northern Hemisphere (NH), Southern Hemisphere (SH), and the tropics are also shown in Figure 1. The
spatial SST asymmetry between the NH and SH bears a close resemblance between the two models with
stronger cooling in the NH, especially over the midlatitude North Pacific. The spatial correlation between
the two SSTA patterns is 0.73. Although similar in spatial pattern, GFDL-CM3 has a larger amplitude in
the historical period, with the tropical-averaged (30°S to 30°N) SST changes of —0.71 K compared to
—0.40 K in CAMS5. The north-south interhemispheric SST difference is twice as strong in GFDL-CM3 as com-
pared to CAMS5 (—0.7 K versus —0.35 K). The hemispheric SST contrast is of comparable magnitude to the
uniform cooling in both models. Model experimental details are listed in Figure 1c as a reference.

2.3. Moisture Budget Analysis

We analyze the atmospheric moisture budget to quantify physical processes driving changes in precipitation,
following Li and Ting (2017), Li et al. (2018), and Seager and Henderson (2013). The moisture budget equa-
tion for steady state is as follows:

PE=— L v ugdpr— L V. 3 wgny )
1 UL B —
go, ° ge Kk

w k=1

where P is precipitation, E is evaporation, g is the gravitational acceleration, p,, is the density of water, p is
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atmospheric pressure and p, surface pressure, u is the horizontal wind vector, q is specific humidity, and k is
the vertical level with a total of K (outputs for both models are interpolated to standard pressure levels, then
integrated from 1,000 to 200 hPa with a total K = 10 levels), p is the pressure thickness. Overbars represent
monthly mean values.

Using primes to denote departures from monthly means, the moisture flux convergence term can be sepa-
rated into the mean moisture convergence (MC) and the submonthly transient eddies (TE)

- — 1 i 1 § —

P—-E~x——V- > Wi br—— V- D, w'q, Pr- )
T = Tl M= R

The contribution of the transient eddy component is small over the monsoon region (Li et al., 2018), thus we

quantify the forced response using the mean MC term, and define

5() = (

to represent the difference between the forced (F) and control (C) experiments, where the second overbar
denotes the 60-year mean. The change in the mean MC can be separated into a thermodynamic component
due to changes in moisture (§TH), and a dynamic component due to changes in atmospheric circulation
(DY), as follows:
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3. Results

The climatological difference between the forced and control experiment quantifies the slow response to the
prescribed aerosol-induced SSTs. We concentrate on South Asia and adjacent oceans where the slow
response over the Asian monsoon region is the most prominent (e.g., Li et al., 2018). Using the 60-year
AGCM simulation, significant rainfall response above the atmospheric internal variability is detected. In
both models, the spatial distribution of summertime (JJA) rainfall to the aerosol-induced total SST change
is characterized by a meridional dipole across the equator (boxed regions in Figures 2a and 2d). While a
strong similarity between the models is found in terms of the wetting tendency in the equatorial South
Indian Ocean between 40°E and 100°E, the location of the drying tendency differs: CAMS5 simulates a
below-normal rainfall over the Indian subcontinent, Bay of Bengal, and South China Sea between 10°N
and 25°N (Figure 2a), whereas GFDL-AM3 projects drying over the equatorial IO between 5°S and 10°N,
with weak drying over the Indian subcontinent (Figure 2e). The results here are consistent with Li et al.
(2018), who suggested that the slow response to aerosol through SST cooling is a dipole with sinking motion
near the equator and rising motion over the Indian Ocean at about 10°S. Our results further suggest large
differences in the exact location of this dipole pattern across different models.

The rainfall response to the aerosol-induced total SST is further divided into that due to uniform and spa-
tially structured SST changes in Figures 2b-2c and 2f-2g for each model. Even though the uniform SST cool-
ing is comparable in magnitude to the interhemispheric SST difference in both models (Figures 1a and 1b),
the rainfall responses are dominated by the asymmetric interhemispheric SST changes. Furthermore, the
rainfall responses to the global and local spatially structured SST are not significantly different
(Figures 2c, 2d and 2g, 2h), indicating the predominant role played by the local SST in shaping the slow
response of South Asian summer monsoon to aerosol forcing. A recent study (Wang et al., 2019) found that
the global zonal mean SST, which contains a strong north-south gradient, is the dominant cause of the mon-
soon rainfall response, while the regional 10 SST played a secondary role. The discrepancy between their
results and Figure 2 is mainly due to the inclusion of the South and East China Seas (CSs) SST in our local
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Figure 2. Rainfall (in mm/day) responses from the AGCM experiments with the various SST configurations for CAMS5 (top) and GFDL-AM3 (bottom). (a, e) Total
aerosol-forced SST, (b, f) uniform cooling part of the SST, (c, g) spatially nonuniform but global SST pattern, and (d, h) nonuniform SST pattern over the Indian
Ocean plus South and East China Seas (I0 + CSs). Stippling indicates statistical significance at the 5% level using a two-tailed Student's ¢ test.

SST experiment. When CSs SST is excluded, the precipitation responses are similar in spatial pattern but
about half the magnitude as the one with CSs SST. The presence of the CSs SST cooling (see Figure S1) pro-
vides a local north-south SST gradient, which may have dominated the response to global zonal-mean SST
gradient in Wang et al. (2019).

We use atmospheric moisture budget analysis to determine the contribution of the thermodynamic and
dynamic processes to the monsoon rainfall changes. Figure 3 shows the precipitation (8P), evaporation
(8E), 8(P-E), the total mean MC (8MC), as well as the associated thermodynamic (§TH) and dynamic
(8DY) contributions to the meridional rainfall dipole shown in Figures 2a and 2e (shown as the difference
between the averaged values in the green and red boxes). The spatial distributions of these moisture budget
terms are shown in Figures S2 and S3 for CAMS5 and GFDL-AM3, respectively. In the South Asian monsoon
region, the change in precipitation is balanced by the mean MC, with evaporation contributing little to the
balance and a minor role by the transient eddy MC (difference between total SMC and 8(P-E)). As shown in
Figure 2, the dipole rainfall changes are predominantly driven by the spatially structured SST in both mod-
els. The uniform cooling contributes little to the total MC, and the dynamical and thermodynamical compo-
nents across both models. This contrasts with the uniform warming of GHG-forced SST (e.g., Li & Ting,
2017) where the thermodynamic contribution due to uniform warming to increasing monsoon rainfall is
an important factor. The discrepancy may be due to the magnitude of
the warming (4 K in Li & Ting, 2017) being much stronger than the aero-
sol cooling here, and to a lesser extent the nonlinearity of the Clausius-
Clapeyron relationship, where warming will cause more changes in atmo-
spheric moistening than the drying due to cooling. Taken all together, the

a) CAM5

25

(

dP-E

3MC

3TH 3DY

monsoon rainfall dipole is primarily driven by the spatially structured

[ total
[ unicool SST, dominated by the dynamical changes due to atmospheric circulation.
I structure Furthermore, this rainfall and circulation change is largely forced by the

[ structure 10+SCS

Figure 3. Difference between the green and red boxed regions (in mm/day)
for the AGCM's responses to different configurations of the SST (different
colors) for precipitation (8P), evaporation (8E), Precipitation minus eva-
poration (8(P — E)), mean moisture convergence (3MC), thermodynamic
(8TH), and dynamic (8DY) component of the mean moisture convergence,
for (a) CAM5 and (b) GFDM-AM3.

spatially structured SST changes in the local ocean basins, i.e., I0-CSs
(green bars).

To further examine the circulation changes, Figure 4 depicts the response
of JJA 850 hPa wind vectors to the various SST forcing for the two models.
Driven by the total SSTA, both models suggest an overall weakened cross-
equatorial flow, thereby reducing the climatological moisture supply to
the south Asian region (Figures 4a and 4e) and subsequently reduction
in rainfall. Consistent with the rainfall changes shown in Figure 2, there
is a meridional shift in the monsoon circulation change, with CAM5
showing a further northward reduction of the monsoon flow opposing
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Figure 4. AGCM's 850 hPa wind response in the various SST experiments for CAMS5 (top) and GFDL-AM3 (bottom). (a, ) Total aerosol-forced SST, (b, f) uniform
cooling part of the SST, (¢, g) spatially nonuniform but global SST pattern, and (d, h) nonuniform SST pattern over the Indian Ocean plus South and East China Seas.
Stippling indicates statistical significance at the 5% level using a two-tailed Student's ¢ test. Arrows show anomalous wind vectors and color shadings show

anomalous wind speed in m/s.

directly the climatological winds, whereas GFDL-AM3 shows a weaker and southward shifted reduction in
monsoon flow compared to the climatological winds. It is not clear whether the intermodel difference is
caused by differences in SST or monsoon climatology. We compared the 850 hPa winds and monsoon
rainfall in the control experiments to European Centre for Medium-Range Weather Forecasts (ECMWF)
interim reanalysis (ERA-I) winds and Global Precipitation Climatology Project (GPCP) and the Climate
Prediction Center Merged Analysis of Precipitation (CMAP) rainfall for the period from 1979 to 2018 in
Figure S4. Both models capture the gross features of the observed cross-equatorial monsoon flows, but
monsoon rainfall shows substantial discrepancies between models and observations. The pattern
correlation with the GPCP (CMAP) rainfall over the domain 40-150°E, 20°S-35°N is 0.46 (0.54) for CAMS5
and 0.57 (0.63) for GFDL-AM3. However, the two models do not seem to be substantially different in
their ability to capture the observed climatological monsoon circulation and rainfall patterns.

The wind responses resulting from the uniform and structured SSTs are generally opposite to each other in
spatial pattern; the uniform SST cooling leads to a slightly enhanced cross-equatorial flow (Figures 4b and
4f) while the structured SST produces a weakened monsoon flow (Figures 4c and 4g) as in the case with total
SST. The weakening is further reproduced by the local SST in IO-CSs (Figures 4d and 4h). The slight
strengthening of monsoon circulation due to uniform SST cooling is in agreement with the thermodynamic
argument for uniform warming, in that the tropical circulation has to weaken to balance the faster increas-
ing rate of atmospheric water vapor (7% K™') compared to precipitation (2-3% K™ ") (Held & Soden, 2006).

The weakening of the monsoon circulation due to structured SST, particularly local SST, is consistent with
the energy transport argument. Due to the predominant cooling in the NH, the local meridional overturning
circulation, with rising branch in the monsoon region from equator to 30°N and sinking branch at 30°S (see
Figure 5 contours, also Figure S5), will weaken in order to reduce the energy transport from NH to SH to
offset the aerosol-induced NH cooling. The Asian monsoon overturning circulation and its change are
shown in Figure 5, which are illustrated by the local zonal-mean meridional mass streamfunction and rain-
fall averaged over 40-150°E. The results are insensitive to the exact longitudinal extent of the averaging.
While the two AGCMs are capable of reproducing the climatological cross-equatorial cell featuring the
expansion of the summer monsoon circulation (Figure S5), the strength seems slightly stronger in both mod-
els than in observations. However, the vertical motion associated with the overturning indicates a well cap-
tured sinking branch at 30°S and a broad region of monsoon rising motion between equator and 30°N in
both models. The aerosol-forced SST in both models tends to weaken the climatological cell. However, the
magnitude of the weakening differs, with a much stronger and northward located anomalous cell in
CAMS, versus a weaker and more confined reduction in GFDL-AM3. To explore the causes of the different
magnitude and latitudinal locations of the two models’ circulation responses, we conducted a sensitivity
experiment using CAMS5 by prescribing GFDL-CM3 I0-CSs SSTA instead. The results are shown in the
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Figure 5. Climatology (contours) and anomalous (shading) meridional mass streamfunction (kg/s) computed for the zonal domain 40°E and 150°E, and longitud-
inally averaged rainfall anomaly (line plot, in mm/day) for the domain 40-150°E in different SST experiments for CAMS5 (top) and GFDL-AM3 (bottom). (a, e) Total
aerosol-forced SST, (b, f) uniform cooling part of the SST, (c, g) spatially nonuniform but global SST pattern, and (d, h) nonuniform SST pattern over the Indian
Ocean plus South and East China Seas. Stiplpling indicates statistical significance at the 5% level using a two-tailed Student's ¢ test. Contour interval for the cli-
matological mass streamfunction is 10 x 10 0 kg/s and dashed contours denote negative values (zero contours are omitted).

middle panels of Figure S6 for precipitation, 850 hPa winds, and meridional mass streamfunction, along
with that from CAMS5 with CAMS5 SST (left) and GFDL-AM3 with GFDL SST (right) for comparison.
Figure S6 clearly shows that the intermodel difference is caused by the different SSTA. Even though the
GFDL-CM3 produces an aerosol-forced SSTA that is stronger than the corresponding one in the CESM-
CAMS5, the monsoon response is actually weaker when forced by the stronger SST. Additional
experiments with zonally averaged SST in the I0-CSs region showed that it is the location of the strong
meridional SST gradient that contributes more to the monsoon circulation response than the amplitude of
the SST. The CESM-CAMS5 SST (Figure Sla) place the largest SST gradient close to the equator, whereas
the largest SST gradient in GFDL-CM3 is near 10°S, leading to the different monsoon circulation response
and associated precipitation.

4. Conclusions

Using two comprehensive AGCMs (CAMS5 and GFDL-AM3) with prescribed aerosol-forced SSTs taken from
the corresponding coupled models, we have investigated the response of the Asian monsoon rainfall and cir-
culation to SSTA induced by anthropogenic aerosols. The total SST change is separated into a uniform cool-
ing and a spatially varying component characterized by interhemispheric temperature contrast. The
monsoon rainfall response is dominated by the spatially structured SSTA, especially local SSTA in the IO-
CSs, via changes in atmospheric circulation. The weakened meridional temperature gradient due to north-
ern hemisphere centric anthropogenic aerosol forcing leads to weakened monsoon circulation, which drives
a dry north-wet south dipole pattern in rainfall change. However, the two models show significant discre-
pancy in the latitudinal location of the northern drying center and the strength of the monsoon overturning
circulation change. These intermodel differences are further shown to be caused by the local SST differences
between the two models, particularly the latitudinal location of the SST gradient.

Our results are consistent with earlier studies (Li et al., 2018) that identify the fast and slow responses of
South Asian monsoon to aerosol forcing as corresponding to a northern cell and a southern cell, respectively.
The southern cell due to the SST forcing places suppressed rainfall slightly north of the equator and
enhanced rainfall in the Indian Ocean at around 20°S. But this study further identifies the local SSTA, rather
than the global SST pattern induced by aerosol forcing, to be the primary driver of the slow monsoon
response to aerosols. Although the two models we employed showed discrepancies in the latitudinal location
and strength of the slow responses, the local SSTA as the primary cause of the monsoon slow response is
robust across the two models. CAMS5 tends to favor a strong and northward shifted overturning monsoon

LI ET AL.

7 of 9



~1
AGU

100

ADVANCING EARTH
'AND SPACESCIENCE

Geophysical Research Letters 10.1029/2019GL085329

Acknowledgments

The authors would like to thank
Michela Biasutti, Arlene Fiore, and
Yochanan Kushnir for comments and
discussions. We would also like to
thank the two anonymous reviewers for
their helpful comments that led to more
clarity of the results. We acknowledge
support from the National Science
Foundation grant AGS16-07348. XL
was supported by National Aeronautics
and Space Administration (NASA)
Headquarters under the NASA Earth
and Space Science Fellowship Program
grant NNX15AP01H. The CESM project
is supported by the National Science
Foundation and the Office of Science
(BER) of the U.S. Department of
Energy. Computing resources were
provided by the Climate Simulation
Laboratory at NCAR's Computational
and Information Systems Laboratory
(CISL), sponsored by the National
Science Foundation and other agencies.
Data generated by this study are
available through the IRI/LDEO
Climate Data Library (http://kage.ldeo.
columbia.edu:81/SOURCES/.LDEO/.
ClimateGroup/.PROJECTS/.
PublicationsData/.Li_etal GRL_2019).

cell and rainfall response that places suppressed rainfall over the South Asian region. GFDL-AM3 produces a
stronger aerosol-induced SST change overall, but a weaker rainfall response in South Asia due to the weaker
and southward shifted circulation response, due to the SST gradient being located further south of the rising
branch of the local Hadley cell. Our results suggest that model uncertainties in monsoon response to aerosol
may be more sensitive to the spatial structure of local SST change due to aerosol forcing.

References

Allen, M. R, & Ingram, W. J. (2002). Constraints on future changes in climate and the hydrologic cycle. Nature, 419(6903), 228-232. https://
doi.org/10.1038/nature01092

Allen, R. J. (2015). A 21st century northward tropical precipitation shift caused by future anthropogenic aerosol reductions. Journal of
Geophysical Research: Atmospheres, 120, 9087-9102. https://doi.org/10.1002/2015JD023623

Andrews, T., Forster, P. M., & Gregory, J. M. (2009). A surface energy perspective on climate change. Journal of Climate, 22(10), 2557-2570.
https://doi.org/10.1175/2008JCLI2759.1

Bollasina, M. A., Ming, Y., & Ramaswamy, V. (2011). Anthropogenic aerosols and the weakening of the South Asian summer monsoon.
Science, 334(6055), 502-505. https://doi.org/10.1126/science.1204994

Bony, S., Bellon, G., Klocke, D., Sherwood, S., Fermepin, S., & Denvil, S. (2013). Robust direct effect of carbon dioxide on tropical circu-
lation and regional precipitation. Nature Geoscience, 6(6), 447-451. https://doi.org/10.1038/NGEO1799

Chadwick, R., Boutle, 1., & Martin, G. (2013). Spatial patterns of precipitation change in CMIP5: Why the rich do not get richer in the
tropics. Journal of Climate, 26(11), 3803-3822. https://doi.org/10.1175/JCLI-D-12-00543.1

Chen, X., & Zhou, T. (2015). Distinct effects of global mean warming and regional sea surface warming pattern on projected uncertainty in
the south Asian summer monsoon. Geophysical Research Letters, 42, 9433-9439. https://doi.org/10.1002/2015GL066384

Donner, L. J., Wyman, B. L., Hemler, R. S., Horowitz, L. W., Ming, Y., Zhao, M., et al. (2011). The dynamical core, physical parameteri-
zations, and basic simulation characteristics of the atmospheric component AM3 of the GFDL global coupled model CM3. Journal of
Climate, 24(13), 3484-3519. https://doi.org/10.1175/2011JCLI3955.1

Ganguly, D., Rasch, P. J., Wang, H., & Yoon, J.-H. (2012). Fast and slow responses of the South Asian monsoon system to anthropogenic
aerosols. Geophysical Research Letters, 39, L18804. https://doi.org/10.1029/2012GL053043

He, J., & Soden, B. J. (2015). Anthropogenic weakening of the tropical circulation: The relative roles of direct CO, forcing and sea surface
temperature change. Journal of Climate, 28(22), 8728-8742. https://doi.org/10.1175/JCLI-D-15-0205.1

He, J., Soden, B. J., & Kirtman, B. (2014). The robustness of the atmospheric circulation and precipitation response to future anthropogenic
surface warming. Geophysical Research Letters, 41, 2614-2622. https://doi.org/10.1002/2014GL059435

Held, I. M., & Soden, B. J. (2006). Robust responses of the hydrological cycle to global warming. Journal of Climate, 19(21), 5686-5699.
https://doi.org/10.1175/JCLI3990.1

Hill, S. A., Ming, Y., & Held, I. M. (2015). Mechanisms of forced tropical meridional energy flux change. Journal of Climate, 28(5),
1725-1742. https://doi.org/10.1175/JCLI-D-14-00165.1

Kang, S. M., Held, I. M., Frierson, D. M. W., & Zhao, M. (2008). The response of the ITCZ to extratropical thermal forcing: Idealized slab-
ocean experiments with a GCM. Journal of Climate, 21(14), 3521-3532. https://doi.org/10.1175/2007JCLI2146.1

Kent, C., Chadwick, R., & Rowell, D. P. (2015). Understanding uncertainties in future projections of seasonal tropical precipitation. Journal
of Climate, 28(11), 4390-4413. https://doi.org/10.1175/JCLI-D-14-00613.1

Kim, M. J,, Yeh, S.-W., & Park, R. J. (2016). Effects of sulfate aerosol forcing on East Asian summer monsoon for 1985-2010. Geophysical
Research Letters, 43, 1364-1372. https://doi.org/10.1002/2015GL067124

Lau, W. K.-M., & Kim, K.-M. (2017). Competing influences of greenhouse warming and aerosols on Asian summer monsoon circulation
and rainfall. Asia-Pacific. Journal of the Atmospheric Sciences, 53(2), 181-194. https://doi.org/10.1007/s13143-017-0033-4

Li, X., & Ting, M. (2015). Recent and future changes in the Asian monsoon-ENSO relationship: Natural or forced? Geophysical Research
Letters, 42, 3502-3512. https://doi.org/10.1002/2015GL063557

Li, X., & Ting, M. (2017). Understanding the Asian summer monsoon response to greenhouse warming: The relative roles of direct radiative
forcing and sea surface temperature change. Climate Dynamics, 49(7-8), 2863-2880. https://doi.org/10.1007/s00382-016-3470-3

Li, X., Ting, M., & Lee, D. E. (2018). Fast adjustments of the Asian summer monsoon to anthropogenic aerosols. Geophysical Research
Letters, 45, 1001-1010. https://doi.org/10.1002/2017GL076667

Li, X., Ting, M., Li, C., & Henderson, N. (2015). Mechanisms of Asian summer monsoon changes in response to anthropogenic forcing in
CMIP5 models. Journal of Climate, 28(10), 4107-4125. https://doi.org/10.1175/JCLI-D-14-00559.1

Liu, L., Shawki, D., Voulgarakis, A., Kasoar, M., Samset, B. H., Myhre, G., et al. (2018). A PDRMIP multimodel study on the impacts of
regional aerosol forcings on global and regional precipitation. Journal of Climate, 31(11), 4429-4447. https://doi.org/10.1175/JCLI-D-17-
0439.1

Ma, J., & Xie, S.-P. (2013). Regional patterns of sea surface temperature change: A source of uncertainty in future projections of precipi-
tation and atmospheric circulation. Journal of Climate, 26(8), 2482-2501. https://doi.org/10.1175/JCLI-D-12-00283.1

Ming, Y., & Ramaswamy, V. (2009). Nonlinear climate and hydrological responses to aerosol effects. Journal of Climate, 22(6), 1329-1339.
https://doi.org/10.1175/2008JCLI2362.1

Ming, Y., & Ramaswamy, V. (2011). A model investigation of aerosol-induced changes in tropical circulation. Journal of Climate, 24(19),
5125-5133. https://doi.org/10.1175/2011JCLI4108.1

Neale, R. B., Andrew Gettelman, Sungsu Park, Andrew J. Conley, Doug Kinnison, Dan Marsh, et al., Microscale Meteorology (2012).
Description of the NCAR Community Atmosphere Model (CAM 5.0). Tech. Rep. NCAR/TN-486+STR, National Center for Atmospheric
Research (NCAR), Boulder, CO.

Richardson, T. B., Forster, P. M., Andrews, T., & Parker, D. J. (2016). Understanding the rapid precipitation response to CO, and aerosol
forcing on a regional scale. Journal of Climate, 29(2), 583-594. https://doi.org/10.1175/JCLI-D-15-0174.1

Samset, B. H., Myhre, G., Forster, P. M., Hodnebrog, @., Andrews, T., Faluvegi, G., et al. (2016). Fast and slow precipitation responses to
individual climate forcers: A PDRMIP multimodel study. Geophysical Research Letters, 43, 2782-2791. https://doi.org/10.1002/
2016GL068064

Seager, R., & Henderson, N. (2013). Diagnostic computation of moisture budgets in the ERA-Interim reanalysis with reference to analysis
of CMIP-archived atmospheric model data. Journal of Climate, 26(20), 7876-7901. https://doi.org/10.1175/JCLI-D-13-00018.1

LI ET AL.

8 of 9


https://doi.org/10.1038/nature01092
https://doi.org/10.1038/nature01092
https://doi.org/10.1002/2015JD023623
https://doi.org/10.1175/2008JCLI2759.1
https://doi.org/10.1126/science.1204994
https://doi.org/10.1038/NGEO1799
https://doi.org/10.1175/JCLI-D-12-00543.1
https://doi.org/10.1002/2015GL066384
https://doi.org/10.1175/2011JCLI3955.1
https://doi.org/10.1029/2012GL053043
https://doi.org/10.1175/JCLI-D-15-0205.1
https://doi.org/10.1002/2014GL059435
https://doi.org/10.1175/JCLI3990.1
https://doi.org/10.1175/JCLI-D-14-00165.1
https://doi.org/10.1175/2007JCLI2146.1
https://doi.org/10.1175/JCLI-D-14-00613.1
https://doi.org/10.1002/2015GL067124
https://doi.org/10.1007/s13143-017-0033-4
https://doi.org/10.1002/2015GL063557
https://doi.org/10.1007/s00382-016-3470-3
https://doi.org/10.1002/2017GL076667
https://doi.org/10.1175/JCLI-D-14-00559.1
https://doi.org/10.1175/JCLI-D-17-0439.1
https://doi.org/10.1175/JCLI-D-17-0439.1
https://doi.org/10.1175/JCLI-D-12-00283.1
https://doi.org/10.1175/2008JCLI2362.1
https://doi.org/10.1175/2011JCLI4108.1
https://doi.org/10.1175/JCLI-D-15-0174.1
https://doi.org/10.1002/2016GL068064
https://doi.org/10.1002/2016GL068064
https://doi.org/10.1175/JCLI-D-13-00018.1
http://kage.ldeo.columbia.edu:81/SOURCES/.LDEO/.ClimateGroup/.PROJECTS/.PublicationsData/.Li_etal_GRL_2019
http://kage.ldeo.columbia.edu:81/SOURCES/.LDEO/.ClimateGroup/.PROJECTS/.PublicationsData/.Li_etal_GRL_2019
http://kage.ldeo.columbia.edu:81/SOURCES/.LDEO/.ClimateGroup/.PROJECTS/.PublicationsData/.Li_etal_GRL_2019
http://kage.ldeo.columbia.edu:81/SOURCES/.LDEO/.ClimateGroup/.PROJECTS/.PublicationsData/.Li_etal_GRL_2019

~1
AGU

100

ADVANCING EARTH
'AND SPACESCIENCE

Geophysical Research Letters 10.1029/2019GL085329

Seo, J., Kang, S. M., & Frierson, D. M. W. (2014). Sensitivity of intertropical convergence zone movement to the latitudinal position of
thermal forcing. Journal of Climate, 27(8), 3035-3042. https://doi.org/10.1175/JCLI-D-13-00691.1

Shaw, T. A., & Voigt, A. (2015). Tug of war on summertime circulation between radiative forcing and sea surface warming. Nature
Geoscience, 8(7), 560-566. https://doi.org/10.1038/ngeo2449

Shindell, D. T., Lamarque, J. F., Schulz, M., Flanner, M., Jiao, C., Chin, M., et al. (2013). Radiative forcing in the ACCMIP historical and
future climate simulations. Atmospheric Chemistry and Physics, 13(6), 2939-2974. https://doi.org/10.5194/acp-13-2939-2013

Singh, D. (2016). South Asian monsoon: Tug of war on rainfall changes. Nature Climate Change, 6(1), 20-22. https://doi.org/10.1038/
nclimate2901

Turner, A. G., & Annamalai, H. (2012). Climate change and the South Asian summer monsoon. Nature Climate Change, 2(8), 587-595.
https://doi.org/10.1038/nclimate1495

Wang, H., Xie, S.-P., Kosaka, Y., Liu, Q., & Du, Y. (2019). Dynamics of Asian summer monsoon response to anthropogenic aerosol forcing.
Journal of Climate, 32(3), 843-858. https://doi.org/10.1175/JCLI-D-18-0386.1

Wang, Y., Ma, P.-L., Jiang, J. H., Su, H., & Rasch, P. J. (2016). Toward reconciling the influence of atmospheric aerosols and greenhouse
gases on light precipitation changes in eastern china. Journal of Geophysical Research: Atmospheres, 121, 5878-5887. https://doi.org/
10.1002/2016JD024845

Westervelt, D. M., Conley, A. J., Fiore, A. M., Lamarque, J. F., Shindell, D., Previdi, M., et al. (2017). Multimodel precipitation responses to
removal of U.S. sulfur dioxide emissions. Journal of Geophysical Research: Atmospheres, 122, 5024-5038. https://doi.org/10.1002/
2017JD026756

Westervelt, D. M., Conley, A. J., Fiore, A. M., Lamarque, J. F., Shindell, D. T., Previdi, M., et al. (2018). Connecting regional aerosol
emissions reductions to local and remote precipitation responses. Atmospheric Chemistry and Physics, 18(16), 12,461-12,475. https://doi.
org/10.5194/acp-18-12461-2018

Xie, S.-P., Deser, C., Vecchi, G. A., Collins, M., Delworth, T. L., Hall, A., et al. (2015). Towards predictive understanding of regional climate
change. Nature Climate Change, 5(10), 921-930. https://doi.org/10.1038/nclimate2689

Xie, S.-P., Lu, B., & Xiang, B. (2013). Similar spatial patterns of climate responses to aerosol and greenhouse gas changes. Nature Geoscience,
6(10), 828-832. https://doi.org/10.1038/ngeo1931

LI ET AL.

90of9


https://doi.org/10.1175/JCLI-D-13-00691.1
https://doi.org/10.1038/ngeo2449
https://doi.org/10.5194/acp-13-2939-2013
https://doi.org/10.1038/nclimate2901
https://doi.org/10.1038/nclimate2901
https://doi.org/10.1038/nclimate1495
https://doi.org/10.1175/JCLI-D-18-0386.1
https://doi.org/10.1002/2016JD024845
https://doi.org/10.1002/2016JD024845
https://doi.org/10.1002/2017JD026756
https://doi.org/10.1002/2017JD026756
https://doi.org/10.5194/acp-18-12461-2018
https://doi.org/10.5194/acp-18-12461-2018
https://doi.org/10.1038/nclimate2689
https://doi.org/10.1038/ngeo1931


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


