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Abstract We examine the effect of anthropogenic aerosol forcing on the East Asian summer monsoon
(EASM) using the Community Atmosphere Model version 5.1.1. One control and two sensitivity model
experiments were conducted in order to diagnose the separate roles played by sea surface temperature (SST)
variations and anthropogenic sulfate aerosol forcing changes in East Asia. We find that the SST variation
has been a major driver for the observed weakening of the EASM, whereas the effect of the anthropogenic
aerosol forcing has been opposite and has slightly intensified the EASM over the recent decades. The
reinforcement of the EASM results from radiative cooling by the sulfate aerosol forcing, which decelerates the
jet stream around the jet’s exit region. Subsequently, the secondary circulation induced by such a change
in the jet stream leads to the increase in precipitation around 18–23°N. This result indicates that the increase
in anthropogenic emissions over East Asia may play a role in compensating for the weakening of the EASM
caused by the SST forcing.

1. Introduction

Monsoons play a key role in global mass and heat transport [Trenberth et al., 2000]. In particular, the East Asian
monsoon system is one of the strong global monsoon systems caused by the large thermal contrast between
the Asian continent and the Pacific Ocean [Wang and Ding, 2006]. This system includes both the subtropics
and the midlatitudes, and its concentrated rain belts stretch for many thousands of kilometers, affecting
China, Japan, Korea, and the surrounding areas [Wang et al., 2001].

The previous studies suggested that the East Asian summer monsoon system is primarily influenced by sea
surface temperature (SST) forcings including El Niño–Southern Oscillation, the western Pacific SST, and those
of the surrounding oceans [Wang et al., 2004, and references therein]. However, recent studies have argued
that increased aerosol forcing can also change the monsoon system over East Asia [Liu et al., 2009] by affect-
ing clouds and precipitation through direct and indirect effects [Albrecht, 1989; Haywood and Boucher, 2000;
Twomey, 1977]. The rapid industrialization of Asia has caused dramatic increases of primary aerosol and
aerosol precursor emissions over the past half century [Smith et al., 2011]. The enhancement in aerosol
concentration induces atmospheric cooling and suppresses monsoon circulation, resulting in a weakening
of monsoon strength with a decreased precipitation over Asia over the past decades [Kim et al., 2007;
Bollasina et al., 2011; Cowan and Cai, 2011; Ganguly et al., 2012; Bollasina et al., 2014].

Recent modeling studies with more sophisticated physics, however, have drawn contentious conclusions
regarding the impact of aerosols on the East Asian monsoon system. Guo et al. [2013] showed that the strength
of East Asian monsoon has weakened due to the sulfate aerosol forcing in the postmonsoon season, although
the strength of East Asian monsoon has not significantly changed at the 95% significance level during which
anthropogenic sulfate aerosol has increased in boreal summer. Jiang et al. [2013] showed Community
Atmosphere Model version 5.1.1 (CAM5) simulations that sulfate aerosol plays a role in enhancing the monsoo-
nal circulation and precipitation over the South China Sea and the western Pacific Ocean. Bollasina et al. [2013]
found that aerosols are likely responsible for the observed earlier Indian monsoon onset, resulting in enhanced
precipitation overmost of India during June. Based on CoupledModel Intercomparison Project Phase 5 (CMIP5)
results, Guo et al., 2015 suggested that the aerosol indirect effects are likely related to the negative rainfall trend,
whereas the direct radiative effect is associated with the increase in monsoon rainfall. Turner and Annamalai
[2012] concluded that the South Asian precipitation during the twentieth century cannot be explained by
atmospheric CO2 concentration and global temperature increase because of the effects of aerosols. Therefore,
aerosol clearly represents a major uncertainty for the monsoon projections in the future climate.
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Although the previous studies have significantly contributed to the understanding of the effects of aerosol on
the East Asia summer monsoon system, it is still debatable as to whether aerosol forcing strengthens or
weakens the monsoon system over East Asia [Kuhlmann and Quaas, 2010]. In this study, we revisit this issue
using the extended observations and an improved model with the realistic boundary conditions (aerosol
emissions) for long-term simulations in East Asia.

2. Data and Methodology
2.1. Reanalysis Data Set and Monsoon Index

Weuse the reanalysis data sets and the climatemodel simulation to quantify the contribution of anthropogenic
aerosol forcing to the East Asian summer monsoon (EASM) intensity trend over the past. The data sets in our
analysis below include the National Centers for Environmental Prediction (NCEP)/Department of Energy
(DOE) reanalysis II (RA2) data sets [Kanamitsu et al., 2002] and the Global Precipitation Climatology Project
(GPCP) monthly precipitation data set version 2.2 for 1985–2010 [Adler et al., 2003]. Many of the EASM indices
based on atmospheric variables, such as pressure, ocean-land temperature contrast, wind field, and precipita-
tion, have been widely used to quantify monsoon strength and variability over monsoon regions [Wang et al.,
2009]. In the present study, we apply the definition of the EASM index by Li and Zeng [2002] to the NCEP DOE
RA2 data set, which is referred to as the observation [Nan and Li, 2003; Zhu et al., 2012]. The EASM index is
defined as follows:

EASMI ¼ VW � Vi

�� ���� ��
V
�� ���� �� � 2;

where VW and Vi are the reference climatological winter wind vector and monthly wind vector at point i,
respectively, andV = (VW +VS)/2 is the climatological mean wind vector. VS is the climatological summer wind
(for the Northern Hemisphere, taking VW = V Jan and VS = V Jul). The norm ||A|| is defined as follows:

Aj jj j ¼ ∬
S

Aj j2 dS
 !1=2

;

where S denotes the domain of our interest. According to Li and Zeng [2002], the domain of the EASM index is
defined for 10–40°N and 110–140°E. There is an apparent negative correlation between the EASM index and
rainfall variability in the middle and lower valleys of the Yangtze River in China during the boreal summer
(June-July-August, JJA), indicating that drought years over the valley are associated with a strong EASM and
flood years with a weak EASM [Nan and Li, 2003].

2.2. Model Simulations

We performed model simulations using the NCAR Community Atmosphere Model version 5 (CAM5) model
coupled with the Community Land Surface Model version 4 [Neale et al., 2012]. The CAM5 model is based
on the finite volume (FV) dynamical core at a 1.9°×2.5° horizontal resolution and with 30 vertical levels. For
this study, the ocean and ice modules were not fully coupled but were communicated to the atmosphere
via an oceanic surface boundary condition, given as midmonth values of sea surface temperature, as well
as sea ice fractions over the polar region. The sea surface temperature and the sea ice fractions are time series
data constructed by concatenating and interpolating global HadISST data from the Met Office Hadley Center
[Rayner et al., 2003] to the FV core grids of the CAM5. For aerosol simulations, the CAM5 uses a three-mode
version of the modal aerosol model (MAM3) [Liu et al., 2012].

To examine the role of sulfate aerosol forcing in East Asia, we updated the Asian anthropogenic SO2 emis-
sions in the CAM5 with the gridded inventory for 2000 over the Asian domain (60°E–158°E and 13°S–54°N)
[Streets et al., 2003]. The Asian emission of SO2 for the year 2000 was 18.9 Tg S yr�1. We applied the annual
scale factors of the Regional Emission inventory in Asia [Ohara et al., 2007] for 1985–2010 to the Streets et al.
[2003] emissions in order to impose interannual variations in the model. The emission of SO2 had continu-
ously increased until 2006 and then has slightly decreased in East Asia. The SO2 emission in 2006 was 84%
higher than that in 1985. While the SO2 emissions in other regions are fixed following Liu et al. [2012], the
aerosol concentration in other regions may not be constant because it can be transported from one region
to the others. Because MAM3 module is fully coupled with cloud physics and radiation code, CAM5
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accounts for both aerosol direct and indirect effects with Asian sulfate aerosol change over the recent
decades [Neale et al., 2012].

We conducted three sets ofmodel experiments using the CAM5. The first set used the historical SST for 1985–2010
with the time-varying SO2 emissions in East Asia, hereafter referred to as the control run. The second set used the
historical SST without the East Asian SO2 emissions, which will be referred to as the SST run. Finally, the third set
included the climatological SST with the time-varying SO2 emissions in East Asia, which will be referred to as the
SO2 run. Each set of experiments was performed with four ensemblemembers, the average of which is presented
in this study. In this study, we mainly focused on the effect of sulfate aerosol on EASM because the concentration
of sulfate aerosol has dramatically increased in East Asia during the past few decades relative to those of other
aerosol species such as brown and black carbon aerosols [Streets et al., 2003; Li et al., 2013].

3. Results

We first compare the observed mean precipitation and low-level (850 hPa) winds during JJA with the simu-
lated values from the control run for 1985–2010 (Figures 1a and 1b). The GPCP precipitation is the highest
around the Philippines and Northern Mariana Islands. The second peak is located around southern China,
Japan, and Korea, and is associated with the Baiu/Meiyu/Changma front [Wang et al., 2004]. On the other
hand, the observed wind shows clear cyclonic circulation over southern Asia and southern China along with
the southwesterlies from the ocean onto the land and anticyclonic circulation over the western North Pacific.

Figure 1. (a) Boreal summer mean GPCP precipitation (shaded) and NCEP DOE RA2 wind fields at 850 hPa (vector) for
1985–2010. (b) Same as Figure 1a but for the CAM5 results (control run). (c) Difference between simulated and observed
results. Unit in precipitation and wind is mmd�1, and m s�1, respectively.
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The control run captures the general
patterns of the observed mean precipi-
tation and low-level winds during JJA.
In particular, the model reproduced
the observed precipitation band from
southwestern China to the Korean
peninsula. However, considerable dis-
crepancies still exist in the detailed
structures between the control run
and the observation (Figure 1c), indicat-
ing the model inability of precipitation
simulation, which are likely caused by
our limited scientific understanding as
well as simulation capability for subgrid
scale processes. The overall amount of
precipitation and the strength of circu-
lation simulated in the control run are
smaller and weaker than those in the
observations, respectively. In addition,
the magnitude of the precipitation
band from southwestern China to the
Korean peninsula is smaller than that
of observation and its position is shifted
to the north in the control run
(Figure 1c). Such model biases are also
found in most of the CMIP3 and CMIP5

model participants [Sperber et al., 2013]. In spite of this difference, the spatial pattern in the precipitation
variability associated with the EASM index in the control run is not much influenced by such discrepancies
compared to the observation (see Figure S1 in the supporting information). In addition, the pattern correla-
tion in the mean precipitation structure between the observation and the control run is 0.61 with the 95%
statistical significance. Note that it is also found that the pattern correlation coefficient of each member in
the control run is similar to that of the ensemble mean (Figure S2 and Table S1). Furthermore, the precipita-
tions and winds fields in the SST run and the SO2 run are also comparable with the control run (Figure S3).

To examine the variability in the EASM, we calculate the EASM index in the observation, the control run, the
SST run, and the SO2 run for 1985–2010 (Figures 2a–2d). Similar to many previous studies, the variability in
the EASM is prominent on interannual timescales in the observation [Shi and Zhu, 1996; Wang et al., 2008;
Zhu et al., 2005]. In addition, it is evident that the EASM index is characterized by a slight decreasing trend
in the observation (Figure 2a). Such a weakening of the EASM is also found in both the control run and the
SST run (Figures 2b and 2c), indicating that the overall variability in the EASM is reasonably simulated in
the control run and the SST run. It should be noted that the decreasing trends in the control run and the
SST run are also statistically significant at the 95% confidence level. Therefore, the EASM index in the obser-
vation is highly correlated with those in the control run and the SST run (see Table 1).

The EASM index simulated in the SO2 run is characterized by a slightly increasing trend for 1985–2010,
although the change is not statistically significant (Figure 2d). This result is in contrast to the observations
and the two other runs (control run and the SST run), and it leads to negligible correlation coefficients of
EASM indices between the SO2 run and the others (Table 1). We argue that the contribution of sulfate aerosol

trend acts to strengthen the EASM
during recent decades, unlike SST for-
cing. In other words, the weakening
of the EASM in recent decades is
primarily due to SST forcing. A simple
comparison of the trends of the
EASM index in the three runs also

Figure 2. Time series of the EASM index from (a) the NCEP DOE RA2,
(b) the control run, (c) the SST run, and (d) the SO2 run.

Table 1. Correlations Between the EASM of the NCEP DOE RA2 and That of
the Control Run, the SST Run, and the SO2 Run Without the Trend

Control Run SST Run SO2 Run

NCEP DOE RA2 0.52 0.45 0.10
Control run - 0.54 0.06
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supports this result. That is, the negative trend of the EASM index in the SST run (�0.04 yr�1) is slightly stronger
than that of the control run (�0.03 yr�1) owing to the effect of sulfate aerosol forcing, which strengthens the
EASM in the control run. Therefore, the increase in sulfate aerosol concentration over East Asia lessens the nega-
tive trend of the EASM in the control run relative to that of the SST run. It should be noted that when the first
three years are removed, the observed trend of EASM becomes smaller (�0.002 yr�1 for 1988–2010) and the
trend of EASM in each member is comparable with the ensemble mean (Table S2). The simulated trends of

Figure 3. (a) Zonally averaged regression of temperature against the EASM index from the SST run (100°E–140°E). (b) Zonally
averaged regression of wind field against the EASM index (shade = zonal wind, vector = v; omega×�30). The solid line
indicates the averaged zonal wind (1985–2010, contour interval = 5). (c) Regression of precipitation against the EASM index.
Shaded denoted the statistical significance at the 95% confidence level. The differences in (d) zonally averaged temperature,
(e) zonally averaged wind, and (f) precipitation between the two periods (2001–2010 minus 1985–1994) in the SST run.
Units are K, m s�1, mmd�1, K, m s�1, and mmd�1, respectively.
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the control run, SST run, and SO2 run are also similarly reduced when the first three years are removed
(�0.01 yr�1, �0.02 yr�1, and 0.01 yr�1) in the analysis. Despite of the smaller trends of the EASM both in the
observation and simulations, however, the overall tendency does not change and is consistent with the results
including the first three years.

We investigate the opposite roles of the SST forcing and the sulfate aerosol forcing in modulating the inten-
sity of the EASM by comparing the SST run with the SO2 run. We first calculate the regressed temperature
against the EASM index in the SST run (Figure 3a). The regressed temperature at the upper troposphere is
characterized by a warming (cooling) south (north) 40°N, which reflects an upper tropospheric condition dur-
ing a strong EASM, as suggested by a previous study [Yu et al., 2004]. An enhancement of the meridional
temperature gradient in East Asia leads to the northward shift of the jet stream, as shown in Figure 3b.
Subsequently, the northward shift of the jet stream drives the secondary circulation over East Asia, causing
an increase in precipitation in East Asia (Figure 3c).

In order to understand why the EASM becomes weaker in recent decades in the SST run, we examine the
differences in temperature and zonal wind at 300 hPa between 2001–2010 and 1985–1994 (2001–2010
minus 1985–1994) in the SST run. We found that the meridional temperature gradient had weakened for
2001–2010 (Figure 3d). As a result, the southward shift of the jet stream had occurred from 1985–1994 to
2001–2010, causing a decrease in precipitation in East Asia (Figure 3e). This result implies that the observedweak-
ening of the EASM is primarily explained by SST forcing. It should be noted that similar dynamic processes are
found in the control run (not shown). In addition, the regressed temperature, wind, and precipitation against
the EASM index in the SO2 run are displayed in the supporting information (Figure S4). It is found that the overall

Figure 4. Differences in (a) temperature averaged over 100°E–140°E, (b) zonal wind (shading) and meridional circulation (vector = v; omega ×�30) averaged over
100°E–140°E, and (c) surface precipitation between the two periods (2001–2010 minus 1985–1994) in the SO2 run. Units are K, K, m s�1, and mmd�1, respectively.
The solid line in Figure 4b indicates the averaged zonal wind (1985–2010, contour interval = 5).
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structures in the regressed temperature, wind, and precipitation againstwith the EASM index are similar to that in
the SST run, reflecting that the dynamical processes associated with a strong EASM are the same in the SST run
and the SO2 run, respectively.

To estimate the effects of sulfate aerosol forcing in the SO2 run for recent decades, the change in tropo-
spheric temperature between the two periods (2001–2010 minus 1985–1994) in the SO2 run is displayed
in Figure 4a. The increase of sulfate aerosol concentrations causes cooling in southeastern China, reflecting
the thermal response due to either direct or indirect forcings of sulfate aerosol. We find, however, that the
simulated changes of cloud fraction and cloud radiative forcing in the SO2 run are relatively small between
the two periods (Figures S5a and S5b in the supporting information), indicating that the simulated indirect
forcing owing to the sulfate aerosol change plays a minor role in modulating the thermal response in the
model. In this work, we did not separate the direct and indirect effects of sulfate aerosols on the EASM.
However, explicit understanding of each aerosol effect is critical to include the roles of aerosols in climate
variability in global models. We plan to address this issue with improved models in the near future.

Strong cooling at 25°N–35°N in the low troposphere acts to change the meridional temperature gradient in
eastern China. Concurrently, a weakening in the temperature gradient in eastern China results in a deceler-
ating jet stream, as shown in Figure 4b, which displays the differences in zonal and meridional circulations
averaged over the 100°E–140°E between the two periods in the SO2 run. Our analysis of the results from
the SO2 run reveals that the radiative cooling owing to the enhancement of sulfate aerosol decelerates the
upper level jet stream at the jet exit region, as indicated by the negative upper level zonal wind anomaly
at 35–45°N. This jet weakening induces secondary circulation with rising motion around 18–23°N and sinking
motion around 35–40°N and causes an increase in precipitation around 18–23°N, resulting in a slight increase
of EASM intensity (Figure 4c).

According to the previous study [Jacobson and Kaufman, 2006], aerosol forcing can cause the SST cooling
with the reduction of wind speeds by stabilizing air, which is consistent with a reduction in wind speed over
land in China (Figure 4b). Subsequently, a reduction of wind speed is able to cause less water evaporation
over the ocean, contributing to the weakening of the EASM [Jacobson and Kaufman, 2006]. The SO2 run does
not consider the feedback process between sulfate aerosol forcing and SST; therefore, we cannot exclude the
possibility that the intensity of EASM in the SO2 run would be changed by allowing SST-ocean interactions.
However, it is found that the difference in 2m air temperature between the two periods (2001–2010 minus
1985–1994) in the SO2 run is small over the ocean (Figure S6 in the supporting information). This indicates
that the effect of SST changes due to sulfate aerosol forcing might be small, which may be due to a very short
lifetime of sulfate aerosol in ambient atmosphere around 3–5 days [Park et al., 2004].

4. Summary

To examine the effects of sulfate aerosol forcing on the EASM, we conducted three sets of CAM5 model
experiments including control run, SST run, and SO2 run. Each set of experiments was performed with four
ensemble members, the average of which was compared with the observations. The model reasonably cap-
tured the general patterns of precipitation and low-level winds over East Asia during JJA, although it failed to
reproduce the detailed precipitation structures, reflecting the deficiency of the present global models.

Our analysis of the EASM index based on the observations showed that the intensity of the EASMhas decreased
over the past few decades, which is consistent with the previous studies [Yu et al., 2004;Wang et al., 2009]. We
found that both the control run and the SST run reproduced such a weakening of the EASM. In contrast, the
model with anthropogenic sulfate forcing showed a slight increasing trend of the EASM index, indicating that
SST forcing has resulted in theweakening of the EASM, while the effect of regional sulfate aerosol forcing acts to
strengthen the EASM for 1985–2010. The weakening of the EASM due to SST forcings is mainly associated with
the weakening of meridional temperature gradient for 2001–2010 along with the southward shift of the jet
stream. This results in a downwardmotion at the right exit of the jet, causing a decrease in precipitation around
20°N. On the other hand, the effect of sulfate aerosol forcing causes a cooling in southeastern China, which
results in the weakening of the meridional temperature gradient in eastern China. As a result, the upper level
jet stream decelerates at the jet exit region with the rising motion in southeastern. Consequently, an increase
in precipitation around 18–23°N is induced by the effect of sulfate aerosol forcing over East Asia.
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