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Abstract

Anthropogenic aerosols (AA) can affect cloud and precipitation through aerosol-radiation interaction (ARI) and aerosol—
cloud interaction (ACI). Over the past few decades, anthropogenic aerosol emissions have exhibited remarkable changes in
the magnitude and in spatial pattern. The most significant changes are the increased emissions over both South Asia and East
Asia. In this study, the atmospheric component of a state-of-the-art climate model that includes eight species of tropospheric
aerosols, coupled to a multi-level mixed-layer ocean model, has been used to investigate the impacts of Asian anthropogenic
aerosol precursor emission changes from 1970s to 2000s on large scale circulation and precipitation in boreal summer over
East Asia. Results reveal significant changes in circulation and clouds over East Asia and over the tropical and western North
Pacific (WNP). Increased Asian AA emissions lead to anomalous cyclonic circulation over the Maritime continent (MC)
and anomalous anticyclonic circulation over the WNP, resulting in anomalous moisture transport convergence over the MC
and therefore increased precipitation. They also lead to anomalous moisture flux divergence over both the WNP and large
land areas of East Asia, especially over northern China, and therefore decreased precipitation there. These large scale cir-
culation anomalies over the adjacent oceans are related to aerosol change induced ocean feedbacks, predominantly through
ACI. It is the slow responses over the adjacent oceans (e.g., SST changes) through coupled atmosphere—ocean interaction in
pre-monsoon seasons and summer that shape the changes of the East Asian summer monsoon and local precipitation. The
results in this study suggest that increased Asian AA emissions from 1970s to 2000s may have played an important role for
the observed southward shift of the Pacific intertropical convergence zone and precipitation belt, weakening of East Asian
summer monsoon and reduced precipitation over northern China in East Asia during the latter half of the twentieth century.

Keywords Anthropogenic aerosols - Aerosol-radiation interaction - Aerosol—cloud interaction - East Asian summer
monsoon - Precipitation

1 Introduction

The climate over East Asia is controlled by monsoon cir-
culations with strong seasonal cycles, characterized by a
cold dry winter season with low-level northwesterly and
northeasterly wind, and a hot rainy summer season with
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low-level southwesterly wind. East Asian monsoon changes
have important impacts on local infrastructure, agriculture,
local water resources, and the global water cycle (e.g., Wang
2006).

Over the past few decades, there have been large
changes in the magnitude and spatial pattern of anthropo-
genic aerosols (AA) and aerosol precursor emissions, char-
acterized by decreases over Europe and North America,
and increases over Asia. Emissions in India continue to
increase, while emissions in China have started to level off
recently (Lu et al. 2011). Atmospheric aerosols and mon-
soon circulation over East Asia are strongly coupled. The
distribution of aerosol is determined by the atmospheric
circulation, and deposition processes, while the circula-
tion is affected by the aerosol (Liu et al. 2011; Tao et al.
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2012; Liao et al. 2015; Wu et al. 2015; Li et al. 2016; Tsai
et al. 2016). Aerosol emission changes have the poten-
tial to affect both regional and global climate by altering
the radiation budget directly and interacting with clouds
through microphysical processes, thereby causing subse-
quent changes in surface temperature, and the local and
global hydrological cycle (e.g., Giorgi et al. 2003; Rosen-
feld et al. 2008; Stevens and Feingold 2009; Liu et al.
2011; Tao et al. 2012; Levy et al. 2013; Stjern and Krist-
jansson 2015; Wang et al. 2015; Kim et al. 2016; Xie et al.
2016a, b; Lau and Kim 2017; Li et al. 2016, 2018; Wilcox
et al. 2018). As Asian emissions are expected to change
substantially in the future an improved understanding of
their effects on local climate, and the physical processes
underlying their influence on monsoon precipitation, are
of great significance for reducing the uncertainties in the
future projections of the local and global hydrological
cycle (e.g., Allen 2015; Wu et al. 2015).

Because aerosol atmospheric residence time is limited
to a few days and aerosol emissions have large spatial vari-
ations, aerosol burden is concentrated near its emission
regions. This spatial heterogeneity might make aerosol par-
ticularly effective in impacting regional climate. By scat-
tering and absorbing solar radiation, aerosol particles can
modify the shortwave radiation reaching the earth, which
is termed the direct effect or aerosol-radiation interaction
(ARI) (Boucher et al. 2013). An important measure of ARI is
the aerosol optical depth (AOD) which indicates how much
direct sunlight is prevented from reaching the ground by
these aerosol particles. Aerosol also interacts directly with
cloud by serving as cloud condensation nuclei (CCN) or ice
nuclei (IN), leading to changes in cloud droplet number con-
centration (CDNC), cloud droplet effective radius (CDER),
cloud radiative properties, and precipitation efficiency (e.g.,
Twomey 1977; Rosenfeld et al. 2008, 2014), and therefore
the Earth’s radiation balance. This is known as the aerosol
indirect effects or acrosol—cloud interaction (ACI) (Boucher
et al. 2013). The radiative and cloud processes can inter-
act with each other and produce complex aerosol effects on
clouds, precipitation, and extreme precipitation, both locally
and remotely to emission regions (e.g., Chou et al. 2005;
Bollasina et al. 2014; Dong et al. 2016; Tsai et al. 2016; Xie
et al. 2016a, b; Wang et al. 2017a; Zhang et al. 2017; Lin
et al. 2018; Wilcox et al. 2018).

Previous studies have demonstrated that anthropogenic
aerosols are an important driver of changes in the East Asian
climate (Liu et al. 2011; Guo et al. 2013; Song et al. 2014;
Liao et al. 2015; Wu et al. 2015; Jiang et al. 2015; Stjern and
Kristjansson 2015; Wang et al. 2015, 2017a, b, c; Dong et al.
2016; Kim et al. 2016; Zhang and Li 2016; Lau and Kim
2017; Tsai et al. 2016; Zhang et al 2017). However, many
questions remain open. In particular, there are important
questions about the exact mechanisms and relative roles of
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ARI and ACI that govern the response of the Asia climate
to local AA emission changes.

The main aims of this study are to understand the role
of decadal changes in Asian anthropogenic aerosol emis-
sions from 1970s to 2000s on boreal summer climate over
East Asia. In addition, the relative roles of ARI and ACI on
model simulated changes are compared and quantified. In
particular, this paper addresses: (i) What is the impact of the
recent decadal increase in Asian AA precursor emissions on
boreal summer climate over East Asia? (ii) What are rela-
tive roles of ARI and ACI? These questions are addressed
by performing a set of experiments using the atmospheric
component of the state-of-the-art HadGEM3 global climate
model coupled to a multi-level mixed-layer ocean model.

Most early studies of the influence of AA on the East
Asian summer monsoon used either Atmospheric General
Circulation Models (AGCMs) (Liu et al. 2011; Guo et al.
2013; Jiang et al. 2015; Wang et al. 2015; Dong et al. 2016;
Xie et al. 2016a, b) or Coupled General Circulation Mod-
els (CGCMs) (e.g., Bollasina et al. 2014; Song et al. 2014;
Stjern and Kristjansson 2015; Tsai et al. 2016; Zhang and
Li 2016; Lau and Kim 2017; Wang et al. 2017a, b, c; Zhang
et al. 2017). In AGCMs, aerosol induced ocean feedbacks
are not considered while the CGCMs exhibit significant
biases in the mean state (e.g., Wang et al. 2014). An atmos-
pheric GCM coupled to a multi-level mixed-layer ocean
model has much smaller SST biases due to a prescribed flux
correction derived from a relaxation experiment, whilst also
retaining coupling between the atmosphere and the ocean
(e.g., Hirons et al. 2015; Dong et al. 2017; Tian et al. 2018).
Therefore, this work is based on a set of experiments using a
near-globally coupled atmosphere-ocean-mixed-layer model,
MetUM-GOMLL (e.g., Hirons et al. 2015; Dong et al. 2017).

The structure of the paper is as follows. In Sect. 2, the
model experiments and model climatology are described
briefly. Section 3 presents responses of climate over East
Asia to changes in Asian AA emissions when including both
ARI and ACI, and quantifies relative roles of ARI and ACIL.
The role of aerosol induced ocean feedbacks over the Mari-
time continent is investigated in Sect. 4. Discussions and
conclusions are in Sect. 5.

2 Model and model experiments
2.1 Model and experiments

A set of experiments has been performed using MetUM-
GOMLI (Hirons et al. 2015), comprising the Met Office
Unified Model (MetUM) Global Atmosphere version 3
(GA3; e.g., Hewitt et al. 2011; Walters et al. 2011) at N96
horizontal resolution (1.875° longitude x 1.25° latitude) with
85 vertical levels coupled to a multi-level mixed-layer ocean
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model. The atmospheric model includes an interactive tropo-
spheric chemistry scheme and eight aerosol species (ammo-
nium sulphate, mineral dust, fossil-fuel black carbon, fossil-
fuel organic carbon, biomass-burning, ammonium nitrate,
sea-salt, and secondary organic aerosols from biogenic
emissions). Both aerosol-radiation and aerosol—cloud inter-
actions are considered (Bellouin et al. 2013). The detailed
descriptions of the aerosol module and the parameterization
of the indirect effects are described in detail by Jones et al.
(2011) and Bellouin et al. (2011). The modeled sulphate aer-
osol surface concentrations, nitrate aerosol concentrations,
carbonaceous aerosol concentrations and total AODs are all
compares well against observed measurements, suggesting
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Fig.1 Changes in annual mean sulphur dioxide emissions (g m~2

year™!) between the period 1994-2010 and the period 1970-1981
with red box highlighting Asia region (Table 1)

Table 1 Summary of numerical experiments

a good performance in simulating aerosol properties (e.g.,
Bellouin et al. 2011).

The oceanic component is a multi-column k profile
parameterization (MC-KPP) mixed-layer ocean model. The
atmospheric and oceanic components are coupled every 3 h.
The air—sea coupling is limited by the maximum extent of a
seasonally varying sea ice climatology (Hirons et al. 2015).
In the uncoupled region of MetUM-GOML1, the atmosphere
is forced by the repeating mean annual cycle of SST and
sea ice extent (SIE) from the Met Office HadISST data set
(Rayner et al. 2003). Since MC-KPP simulates only vertical
mixing and does not include ocean dynamics, climatologi-
cal seasonal cycles of depth-varying temperature and salin-
ity corrections are prescribed to represent the mean ocean
advection and account for biases in atmospheric surface
fluxes.

The changes in annual mean sulphur dioxide, the most
important aerosol precursor, emissions between two
periods of 1994-2010 and 1970-1981 are illustrated in
Fig. 1. The main changes are characterized by decreases
over Europe and North America, and increases over Asia.
There are also changes in other aerosol emissions such
as soot and organic carbon between the two periods (not
shown). We focus on the effects of the increased emissions
in China and India. The experimental designs are summa-
rized in Table 1. Firstly, a relaxation experiment (EO) is
performed in which the MC-KPP profiles of temperature
and salinity were relaxed to a present day ocean tempera-
ture and salinity climatology derived from the Met Office
ocean analysis (Smith and Murphy 2007). The relaxation
experiment used present day (PD) GHG and AA forcings
(Lamarque et al. 2010, 2011). The daily mean seasonal

Experiment Ocean

Radiative Forcings

EO Relaxation run

Relaxation to “present day” (PD, 1994-2011) mean
3D ocean temperature and salinity (Smith and Mur-
phy 2007) to diagnose climatological temperature

Climatological mean 1994-2010 anthropogenic aerosol
(AA) precursor emissions. 2006-2010 AA from
RCP4.5 scenario (Lamarque et al. 2010, 2011)

and salinity tendencies. Sea surface temperature and
sea ice extent are from Rayner et al. (2003)

El ALLF_2000
from experiment RO

E2 AER_AISA1970 As El

E1ARI ALLF_2000ARI AsEl
E2ARI AER_ASIA1970ARI AsEl

ACL  AGCM_2000
SSTs from E1

AMC AGCM_2000_MC

Climatological temperature and salinity tendencies

AGCM experiment forced by climatological daily

AGCM experiment forced by climatological daily

Climatological mean 1994-2010 AA precursor emis-
sions

Climatological mean 1970-1981 AA precursor emis-
sions over Asia and 1994-2010 AA outside Asia

As E1, but aerosol-radiation interaction (ARI) only
As E2, but ARI only
The same radiative forcings as in E1

The same radiative forcings as in E1

SSTs from E1 +climatological daily SST change
(E1-E2) over the MC (20°S-5°N, 100°E-160°E,

ocean only)

GHGs forcing in all experiments are the climatological mean over 1994-2011
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cycle of ocean temperature and salinity corrections are
diagnosed from this relaxation experiment and are then
imposed in free-running coupled experiments. The CON-
TROL experiment E1 is forced by the climatological
GHG and AA forcings averaged over 1994-2011/2010.
E2 is similar to E1 with the same AA emissions outside
Asia, but with AA emissions over Asia replaced by the
1970-1981 climatological mean. There are two parallel
experiments E1ARI and E2ARI that only consider ARI.
To highlight the role of oceanic feedbacks over the Mari-
time continent (MC), a pair of AGCM experiments with
prescribed SSTs have been performed: ACL, forced by
climatological daily SSTs and the same radiative forcings
from E1; and AMC, with climatological daily SST changes
over the MC induced by Asian AA changes added to E1l
daily climatological SSTs. All experiments are 32 years
long with the last 28 years used for analysis.

The influence of regional AA changes is diagnosed by
the difference between a pair of experiments that include
and exclude that regional AA changes. For example, the
impact of AA changes over Asia is the mean difference
between experiments E1 and E2, its impact through ARI
is the mean difference between experiment E1ARI and
E2ARI. The impact through ACI is estimated by the dif-
ference between the total AA impact minus the ARI impact
[(E1-E2)-(E1ARI-E2ARI)]. The impact of SST changes
over the MC induced by Asian AA changes is the mean
difference between experiment AMC and ACL. The

Fig.2 The spatial patterns of

statistical significance of the response to a particular forc-
ing in the model is assessed using a two tailed Student’s
t-test throughout.

2.2 Model climate over East Asia

In this section some climatological features of the CON-
TROL (E1) experiment are compared with observed fea-
tures. Figure 2a, b show sea level pressure (SLP) from the
Hadley Centre’s monthly historical mean sea level pressure
(HadSLP2) dataset (Allan and Ansell 2006) and 850 hPa
wind distribution from the NCEP reanalysis (Kalnay et al.
1996), and the observed rainfall based on GPCP (Adler et al.
2003) whereas Fig. 2¢, d show the corresponding model
climatologies.

In observations, the existence of the subtropical anticy-
clone over the western North Pacific (WNP) causes south-
westerlies from the Indian Ocean and easterlies from the
tropical Pacific Ocean to converge around the Philippines,
becoming a strong southerly there (Fig. 2a). This southerly
flow transports a large amount of water vapor into East Asia.
The anticyclonic circulation in the subtropics over the WNP
and south-westerlies over eastern China, Korea and Japan
along the western and northern fringes of this anticyclone
are reasonably well reproduced in the model (Fig. 2¢). How-
ever, the westerly from the Indian Ocean is stronger over
the Philippines and it extends too far east into the WNP.
The monsoon trough also extends too far to the east, and the

== =+ =

JJA climatology for SLP and T
850 hPa winds (hPa, m s~ ') ey
and precipitation (mm day™") »“" ;
in observations (a, b) and in the 30N N
model CONTROL (E1) experi-
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southerly from the South China Sea is relatively weak in
the model simulation (Fig. 2¢). The weaker southerly in the
model is associated with a weak subtropical high over the
WNP. The stronger convergence over the Philippines and the
tropical western Pacific in the model is also consistent with
stronger local rainfall (Fig. 2d).

Compared to observations (Fig. 2b), the model simu-
lation shows a relative lack of precipitation over central
India, the Western Ghats, and an extensive area of heavy
precipitation over the western Bay of Bengal. It overesti-
mates precipitation over the west equatorial Indian Ocean
and the Himalayan foothills (Fig. 2d). Convection tends to be
favoured over these latter regions due to the large availability
of moisture and heat over the equatorial Indian Ocean and
the orographic forcing as the low-level monsoon flow hits
the Himalayan foothills respectively. This excessive equato-
rial Indian Ocean rainfall appears to be an inherent feature
of the Met Office Unified model, with preferential model
convection over areas with large amounts of available heat
and moisture (Martin et al. 2010). This bias is also found
in other versions of the Met Office Hadley Centre Global
Environmental Model (Levine and Turner 2012; Guo et al.
2013; Sperber et al. 2013; Dong et al. 2016). Despite these
deficiencies, the model simulated precipitation and lower
tropospheric circulation over East Asia compare well with
observations, being consistent with Sperber et al. (2013)
who demonstrated that the Hadley Centre Global Envi-
ronmental Model has a good representation of the summer
mean circulation and rainfall distribution over East Asia,
which suggests that this model is an appropriate tool to study
the response of East Asian climate to a change in regional
AA emissions.

3 Responses of the EASM to Asian AA
changes and associated changes
in precipitation

3.1 Changes in the EASM and precipitation
in response to Asian AA changes

The changes in CDNC, CDER and AOD in the boreal sum-
mer (June—August: JJA) in response to Asian AA increases
are shown in Fig. 3 and they show significant changes not
only over emission regions but also over adjacent oceans.
The increased Asian emissions from 1970s to 2000s lead
to localized increases in CNDC by about 20% over both
South and East Asia, decreases in CDER by about 10%,
and increases in AOD by 0.1-0.3. The decreases in CDNC
and weak increases in CDER (Fig. 3a, b) over the Maritime
continent (MC) might be the result of increased wet deposi-
tion due to local increased precipitation, and this will be
discussed in the later section.

(a) CDNC in JJA (Asia AA)
s Smed S &

60N =

30N

ﬂ *

. =
60E 90E 120E 150E 180

-120  -40 -10 5 20 80

(b) CDER in JJA (Asia AA)

60N
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A I . It .

60E 90E 120E

-120  -40 -10 5 20 80

60N

30N§ &

i

60E 90E 120E 150E 180

-0.32 -0.16 -0.04 0.02 0.08 0.24

Fig.3 The spatial patterns of simulated changes in JJA for a cloud
droplet number concentration (CDNC), b cloud droplet effec-
tive radius (CDER), and ¢ AOD at 0.55 um in response to changes
in Asian AA precursor emissions (E1-E2). Changes in CDCN and
CDER are percentage changes relative to the experiment E1. Black
dots highlight regions where the changes are statistically significant at
the 10% level using a two-tailed Student’s t-test

Simulated changes of some key variables of the surface
energy balance, sectorally averaged temperature, vertical
velocity and zonal wind, and climate around East Asia in
response to Asian AA emission increases, including both

@ Springer
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(a) cIear sky SWi in JJA Asna AA)

(b) SW in JJA (Asia AA)
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Fig.4 Spatial patterns of simulated changes in JJA for some variables
and surface energy components in response to changes in Asian AA
precursor emissions through both ARI and ACI (E1-E2). Radiation
and fluxes are in W m~2 and positive downwards. Cloud cover is in

ARI and ACI, are shown in Figs. 4, 5 and 6. Area averaged
mean responses over East Asia (land only) and the Maritime
continent (ocean only) are illustrated in Table 2. The most
important features are the decreases of clear sky surface
shortwave (SW) radiation by 4-8 W m~? over South Asia
and East Asia (Fig. 4a; Table 2) resulting from direct scat-
tering by the AA increase. The decrease in all sky surface
SW radiation over South Asia is stronger than in the clear
sky SW while the decrease over East Asia is weaker than
the clear sky surface SW (Fig. 4b). This reflects the role of
increased cloud cover over South Asia and decreased cloud
cover over a large area of East Asia, leading to positive cloud
radiative effect (CRE) anomaly over East Asia and negative
anomaly over south Asia (Fig. 4c, d). These differences are

@ Springer

120E

150E 180
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%, and water vapor is in kg m~2. Black dots highlight regions where
the changes are statistically significant at the 10% level using a two-
tailed Student’s t-test. Red and blue boxes highlight regions of East
Asia and the Maritime Continent (MC)

mainly related to changes in circulation (Fig. 6b). Mean-
while, there are significant decreases (4—8 W m™ 2) in sur-
face SW over the Maritime continent, mainly induced by
negative anomalies in SW CRE related to increased cloud
cover and warming over ocean (Fig. 4c, d, h; Table 2). The
warming over the Maritime continent is mainly the result
of increased water vapor content (Fig. 4e; Table 2), with
additional positive feedbacks from reduced upward turbu-
lent heat flux, resulting from anomalous northeasterly flow
(Fig. 6b) which weakens the climatological southwesterly in
the region (Fig. 2¢). It is the increased surface clear sky LW,
associated with increased water vapor in the atmosphere and
a decrease of upward latent flux over the Maritime continent,
that lead to local surface warming (Fig. 4h). The increases



Impacts of recent decadal changes in Asian aerosols on the East Asian summer monsoon: roles of...

(a) Tem (100E- 120E AS|a AA) in JJA

(b) Tem (120E-150E) (AS|a AA) in JJA
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Fig.5 Zonal averaged changes in JJA for (a, b) temperature (°C)
and (¢, d) vertical velocity (Pax 1072 s™!) over East Asian sector
(100°E-120°E) and over the western Pacific sector (120°E-150°E)
in response to changes in Asian AA precursor emissions through

of surface SW by 2-8 W m~2 over the western and tropi-
cal Pacific (Fig. 4b) are the result of decreased cloud cover
(Fig. 4c), associated with anomalous anticyclonic circula-
tion (Fig. 6b) and a decrease in atmospheric water vapor
content (Fig. 4¢), and therefore negative anomalies of SW
CRE (Fig. 4d).

0.4 1.6 4.8

both ARI and ACI (E1-E2). Black lines highlight regions where the
changes are statistically significant at the 10% level using a two-tailed
Student’s t-test. Contours in (e, f) are climatology in the CONTROL
(E1) simulation

Zonally averaged responses in temperature indicate
warming over the tropics in the troposphere in both Asian
and western Pacific sectors (Fig. 5a, b). These free tropo-
spheric warmings are the result of diabatic heating associ-
ated with anomalous ascent (Fig. 6¢, d) and increased water
vapor in the atmosphere (Fig. 4e). Further north in the
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Fig.6 The spatial patterns of simulated changes in JJA for a SAT
(°C), b SLP and 850 hPa wind (hPa and m s™1), ¢ vertically inte-
grated moisture flux convergence (kg m~2 day™'), d precipitation
(mm day‘l), e moisture flux convergence due to anomalous circula-
tion (kg m~2 day~ '), and f moisture flux convergence due to anoma-

subtropics is anomalous descent, indicating an anomalous
local Hadley circulation. The anomalous descent over East
Asia is associated with increased stability in the troposphere
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lous humidity (kg m~2 day™') in response to changes in Asian AA
precursor emissions through ARI and ACI (E1-E2). Black dots high-
light regions where the changes are statistically significant at the 10%
level using a two-tailed Student’s t-test

(Fig. 5a, ¢), and large anomalous warming in the middle
and upper troposphere. This warming might be a result of
an increased proportion of black carbon and organic carbon
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Table2 Area averaged
responses for various variables
over East Asia (22.5°N—40°N,

East Asia land Maritime continent

ARIand ACI  ARI ARIand ACI  ARI

100°E~120°E, land only) and

over the Maritime continent Sulphate AOD at 0.55 um 0.15 0.15 -0.002 —-0.0004
(20°S-5°N, 100°E~160°E, Column integrated water vapor (kg m~2)  0.35 0.20 1.10 0.19
ocean enly) in boreal summer High cloud cover (%) ~0.73 0.98 0.22 0.58
(June—August: JJA) .
Medium cloud cover (%) -0.57 0.27 0.36 0.04
Low cloud cover (%) 0.80 1.47 0.44 0.23
Surface latent heat (W m~2) 1.58 1.03 0.16 0.11
Surface sensible heat (W m™2) 1.80 2.22 —0.06 0.07
Surface total heat flux (W m™2) -0.29 —0.49 0.16 —0.18
SAT (°C) —0.003 -0.24 0.14 0.03
(T,-T,) (°C) -0.05 -0.06 0.01 -0.01
Precipitation (mm day ™) -0.18 0.18 0.35 0.02
Omega at 500 hPa (Pas™ D} 0.002 —0.002 —0.003 0.0002
SW, LW SW, LW SW, LW SW, LW
TOA (W m™2) -2.56,-0.90 —3.20,1.37 —0.88,1.89 -0.64, 0.55
TOA clear sky (W m™?2) -3.65,0.23 -3.77,0.82  0.12,1.13 0.01,0.15
Cloud radiative effect (CRE) (W m™2) 1.09, - 1.13 0.57,0.55 —-1.00, 0.76 —-0.65, 0.40
Surface (W m™2) -5.04, 1.36 -5.73,199 -1.30,1.35 -0.73, 0.37
Surface clear sky (W m™2) -6.37, 1.66 -6.47,1.62  —0.33,1.32 -0.07,0.24
Atm: TOA-Surface (W m™2) 2.48,-2.26 2.53,-0.62 0.42,0.54 0.10,0.18
Atm: TOA-Surface clear sky (W m’z) 2.72,-143 2.70,-0.80 0.46, —0.20 0.09, —0.09

Radiation and fluxes are positive downwards

aerosol in the 2000s relative to the 1970s (Lau et al. 2006;
Meehl et al. 2008; Cazorla et al. 2013; Ocko et al. 2014).
The changes of temperature in the lower and upper tropo-
sphere correspond an enhancement of East Asian subtropical
westerly jet, an important component of East Asian summer
monsoon circulation (Wang et al. 2017b), and weak south-
ward displacement of the westerly jet in the lower and mid-
dle troposphere in both the East Asian and the western North
Pacific sectors (Fig. Se, f). This weak southward displace-
ment of the westerly jet is shown to play a role in aerosol
induced precipitation decreases over northern China (e.g.,
Yan et al. 2014; Wang et al. 2017b). The changes in local
Hadley circulation are consistent with Ocko et al. (2014)
who showed SO, cooling in the NH induces an anomalous
Hadley cell that rises in the Southern Hemisphere (SH)
and sinks in the NH. Our results further suggest that recent
increased Asian AA emissions had a similar role in altering
the local Hadley cell, causing anomalous ascents over the
tropics and anomalous descents in subtropics across both
East Asian and western Pacific sectors.

The most significant changes in surface air temperature
are the warming over the Maritime continent (MC) and
weak cooling further north over the WNP (Fig. 6a), consist-
ent with the changes in SSTs shown in Fig. 4h. The warm
temperature anomalies over the MC are associated with an
anomalous cyclonic circulation locally, indicating the role
of warm SSTs on the atmospheric circulation. In addition,

there is anomalous anticyclonic circulation over the WNP
(Fig. 6b) and anomalous descent through local Hadley cir-
culation changes related to warming over the MC and weak
cooling over the WNP (Fig. 5d). These circulation changes
lead to anomalous moisture transport divergence over large
land areas of East Asia and over the WNP, and anomalous
moisture convergence over the MC (Fig. 6¢). These changes
in moisture flux are predominantly due to dynamical trans-
port related to circulation changes (Fig. 6e). Thermodynamic
transport related to changes in humidity is weak (Fig. 6f).
The changes in dynamical moisture transport lead to a
decrease in precipitation (~0.2-0.8 mm day~') over a large
land area of East Asia, especially northern China, and over
the WNP, and an increase in precipitation over the MC and
the tropical Indian Ocean (Fig. 6d), indicating a southward
shift of Intertropical Convergence Zone (ITCZ) and precipi-
tation belt in the Asian and western Pacific sectors.

A southward shift of ITCZ and precipitation belt has been
observed throughout the latter half of the twentieth century
(e.g., Hwang et al. 2013; Allen et al. 2015; Voigt et al. 2017,
Chung and Soden 2017) while precipitation changes over
East Asia were characterized by enhanced precipitation
over the middle and lower reaches of the Yangtze River
valley and over southern China, and suppressed precipita-
tion over northern China (Wang et al. 2013; Zhang et al.
2017; Tian et al. 2018). The shift of ITCZ has been linked
to changes in the cross-equatorial energy transport driven
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by the interhemispheric contrast in sea surface tempera-
tures (SSTs) resulted from changes in anthropogenic aero-
sols (e.g., Hwang et al. 2013; Allen et al. 2015; Voigt et al.
2017; Chung and Soden 2017) and decreased precipitation
over northern China was attributed to increases in anthropo-
genic aerosols (Wang et al. 2013; Dong et al. 2016; Zhang
et al. 2017; Tian et al. 2018). Results in this study suggest
an important role of increased aerosol emissions over Asia
on the southward shift of the Pacific ITCZ and precipitation
belt during the latter half of the twentieth century. Impor-
tantly, the results also indicate that the ocean warming over
the MC, and associated diabatic heating through enhanced
deep convection, are important for the circulation and pre-
cipitation response over East Asia to increased Asian AA
emissions.

Surface air temperature (SAT) changes are weak over a
large land area in East Asia, (Fig. 6a) despite large decreases
in clear sky SW radiation due to increases in AA emissions.
These SAT changes over Asia in response to Asian emission
changes reflect a balance between the direct impact of the
increased emissions, inducing local cooling through both
ARI and ACI (Fig. 4a, b), and the land surface and cloud
feedbacks associated with reduced precipitation and cloud
cover (Fig. 4c, d, g). The drying of soil and reduced cloud
cover associated with reduced precipitation tend to warm
the land surface through reduced evaporative cooling and
positive anomalies of SW CRE, and therefore provide nega-
tive feedbacks on SAT change induced by increased aerosols
(Fig. 4d, g; Table 2).

3.2 Sea surface temperature response
in pre-monsoon seasons

The most important changes in boreal summer over ocean in
response to increased Asian AA emissions are the warming
over the MC and weak cooling over the WNP (Fig. 4h). Part
of these changes is related to the processes highlighted above
in boreal summer, and part is due to forced changes prior
to boreal summer, due to large ocean memory. Illustrated
in Fig. 7 are changes of CDNC, CDER and AOD in boreal
winter (December—February: DJF) and spring (March—May:
MAM). The changes in CDNC, CDER and AOD show sig-
nificant seasonal variations in both magnitude and spatial
distribution in comparison with changes shown in boreal
summer (Fig. 3). Large significant increases in CDNC and
AOD, and decreases in CDER, occur over East Asia, South
and southeast Asia, and also over the western Indian Ocean
in boreal winter (Fig. 7a—c), indicating transport of Asian
aerosols by prevailing winds (e.g., Wang 2006). Accompa-
nied by increased westerlies in boreal spring over the west-
ern tropical Pacific are downstream extension of changes in
CDNC, CDER, and AOD over emission regions to the WNP
(Fig. 7d—f). These seasonal variations are predominantly due
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to different transports related to seasonal variation of local
circulation and precipitation (e.g., Jiang et al. 2015) since
seasonal variation of local AA emissions is weak.

Key variables over ocean in DJF, MAM, and JJA, which
reveal the role of increased Asian AA on SSTs over the
WNP and tropical Ocean are illustrated in Fig. 8. There are
decreases in clear sky SW (2-4 W m™ %) over the Arabian
Sea, Bay of Bengal and along the coastal oceanic regions
around East Asia in DJF (Fig. 8a) and large decreases over
the WNP downstream of East Asia in MAM (Fig. 8b), con-
sistent with seasonal increased AOD over these regions
(Fig. 7c, f). The changes in SW CRE, which are partly due
to aerosol induced changes in cloud-microphysics and partly
due to cloud cover changes associated with AA induced
changes in atmospheric circulation, show a complex pattern.
The main features are negative values of SW CRE over the
Arabian Sea, Bay of Bengal, and over the subtropical west-
ern Pacific, associated with local increases in CDNC and
decreases in CDER (Fig. 7a, b). The negative SW CRE over
the Maritime continent is mainly associated with increased
cloud cover accompanying the increased water vapour
(Fig. 8¢, h) and enhanced convection (not shown) where
changes in CDNC, CDER, and AOD are weak (Fig. 7).
These results indicate that Asian AA changes induce the
atmospheric circulation changes, which in turn induce addi-
tional cloud changes. Associated with these changes in sur-
face radiation and turbulent heat fluxes are the anomalous
cooling over the WNP and weak warming over the tropical
regions of the Indian Ocean and the WNP in both DJF and
MAM (Fig. 8j, k). These SST changes result in an anoma-
lous meridional SST gradient in the western Pacific. This
gradient is further amplified in JJA (Fig. 8j) through positive
feedbacks over the MC, highlighted in Fig. 4. The increases
of surface SW by 2-8 W m~2 over the WNP in JJA are the
result of decreased cloud cover (Fig. 4c), associated with
anomalous anticyclonic circulation (Fig. 6b) and a decrease
in atmospheric water vapor content (Fig. 81), which tends to
dampen the cold SST anomalies induced by Asian aerosol
increases in boreal winter and spring (Fig. 8j, k). Therefore,
SST changes in JJA over adjacent ocean around East Asia
(Fig. 81) are the combination of response to aerosol changes
in pre-monsoon seasons and of simultaneous response in JJA
to increased Asian AA emissions.

3.3 Therole of ARl in the EASM and precipitation
responses to Asian AA changes

Simulated changes of some key variables of the surface
energy balance, sectorially averaged temperature and verti-
cal velocity, and climate around East Asia in response to
the Asian AA emission increase from the 1970s to 2000s,
considering ARI only, are shown in Figs. 9 and 10.
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Fig.7 The spatial patterns of simulated changes in (left) DJF, and
(right) MAM for (a, d) cloud droplet number concentration (CDNC),
(b, e) cloud droplet effective radius (CDER), and (¢, f) AOD at
0.55 pum in response to changes in Asian AA precursor emissions

When considering ARI only, the model simulated
changes in clear sky surface shortwave radiation (Fig. 9a)
are similar to that induced by including both ARI and ACI
(Fig. 4a; Table 2), as expected. The changes in surface

(E1-E2). Changes in CDCN and CDER are percentage changes rela-
tive to the experiment E1. Black dots highlight regions where the
changes are statistically significant at the 10% level using a two-tailed
Student’s t-test

SW radiation over East Asia are slightly stronger than
changes in clear sky SW (Fig. 9a, b), implying a weak
positive cloud feedback on reduced SW radiation (nega-
tive SW CRE) over East Asia, related to the increase in
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Fig.8 Spatial patterns of changes in (a—c) surface clear sky SW (W (middle panel), and JJA (right panel). Black dots highlight regions
m~2), (d-f) CRE SW (W m~2), (g—i) vertically integrated water vapor where the changes are statistically significant at the 10% level using a
(kg m~2), (j-1) SST (°C) in response to changes in Asian AA precur- two-tailed Student’s t-test

sor emissions through both ARI and ACI in DJF (left panel), MAM

cloud cover (Fig. 9¢c, d). The weak changes in surface SW  changes indicate decreased upward surface LW. This is a
over South Asia are the result of a decrease in cloud there,  result of surface cooling and decreased upward turbulent
which induces positive SW CRE (Fig. 8c, d). The positive  heat flux, which is mainly related to the decrease in surface
anomalies of surface LW and surface turbulent heat flux and surface air temperature gradient (T,—T,, Table 2), and
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Fig.9 Spatial patterns of simulated changes in JJA for some variables
and surface energy components in response to changes in Asian AA
precursor emissions through ARI (E1ARI-E2ARI). Radiation and
fluxes are in W m~2 and positive downwards. Cloud cover is in %,

therefore the surface and surface air humidity gradient. It
is the decrease of surface SW radiation related to increase
in AOD through ARI that leads to surface cooling over
East Asia.

In contrast to the total response to the Asian AA
increases through both ARI and ACI (Fig. 5), zonally aver-
aged responses in temperature through ARI indicate very
weak changes in the tropics in the troposphere in both
the Asian and western Pacific sectors (Fig. 10a, b). These
weak changes in temperature are associated with weak
changes in the East Asian subtropical westerly jet (not
shown). These changes are associated with weak vertical
motion changes over the western Pacific sector (Fig. 10c),
indicating very weak changes in the local Hadley cell.

and water vapor is in kg m~2. Black dots highlight regions where the
changes are statistically significant at the 10% level using a two-tailed
Student’s t-test

Over land in East Asia, there is anomalous ascent associ-
ated with cooling in the troposphere, indicating that this
cooling is dynamically generated (Fig. 10a, c; Table 2).
The anomalous ascent and increased precipitation over
East Asia might be the result of the elevated heat pump
effect of increased absorbing aerosols over Asia (Lau et al.
2006).

In contrast to the response to Asian AA emission
increases when both ARI and ACI are included (Fig. 4),
aerosol induced changes in SSTs over the MC and WNP
through ARI only are generally weak, associated with
weak responses in pre-monsoon seasons (not shown) and
weak water vapor feedback in JJA (Fig. 9e, h; Table 2).
Associated with weak SST changes over the MC and WNP
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«Fig. 10 Simulated zonal averaged changes in (a, b) temperature
(°C), (¢, d) vertical velocity (hPax 1072 s™1) over East Asian sector
(100°E-120°E) and over the western Pacific sector (120°E-150°E)
and changes in e SAT (°C), f SLP and 850 hPa wind (hPa and m s~ b,
g vertically integrated moisture flux convergence (kg m~2 day~ '), and
h precipitation (mm day~!) in response to changes in Asian AA pre-
cursor emissions through ARI (E1ARI-E2ARI). Black lines (a—d)
and dots (e, g, h) highlight regions where the changes are statistically
significant at the 10% level using a two-tailed Student’s t-test

are weak changes of low tropospheric circulation, verti-
cally integrated moisture transport, and therefore precipi-
tation (Fig. 10f, g, h). However, the SAT changes over East
Asia show some significant cooling (Fig. 10e) since local
negative feedbacks associated with changes in precipita-
tion and cloud are relatively weak.

3.4 Therole of ACl in the EASM and precipitation
responses to Asian AA changes

The response to ACI alone is inferred from the difference
between the full simulation, and one with just ARI. Changes
of some key variables of the surface energy balance, sectori-
ally averaged vertical velocity, and climate over East Asia
induced by ACI in response to the Asian AA increase from
1970s to 2000s around East Asia are illustrated in Figs. 11
and 12. Without including ARI, changes in clear sky surface
SW radiation are very weak (Fig. 11a). The main changes
over land over East Asia are increased surface SW, predomi-
nantly due to positive SW CRE, associated with decreases in
cloud cover (Fig. 11b—d), which tend to warm the land sur-
face (Fig. 11h). Over the MC, it is increased water vapor and
associated LW warming that are responsible for increased
SSTs locally, while over the WNP decreased water vapor is
associated with cooling. In addition to these simultaneous
processes, the SST changes before boreal summer also play a
role in the SST gradient changes between the tropics and the
western North Pacific in boreal summer (not shown), similar
to the total response over the tropical and subtropical ocean
seen in Sect. 3.2. These results indicate that the warming
over the MC, associated processes for this warming, and the
cooling over the WNP in response to increases in Asian AA
emissions are predominantly regulated by ACI.

Zonally averaged responses in vertical velocity indi-
cate anomalous ascent in the tropics and descent over
subtropics in both the East Asian and western Pacific
sectors (Fig. 12a, b). All these changes are similar to
the responses to Asian AA emission changes including
both ARI and ACI (Fig. 6¢c, d). In many aspects, implied
responses in SAT, low tropospheric circulation, vertically
integrated moisture transport convergence, and precipi-
tation, to changes in Asian AA emissions through ACI
(Fig. 12c—f) are similar to those in the total response to

Asian AA changes (Fig. 6a—d). These are especially true
over ocean around the MC, indicating a dominant role
of ACI in response to Asian AA increases over adjacent
ocean around East Asia (Table 2).

4 Role of ocean feedbacks over the Maritime
continent

In the previous section it has been demonstrated that
increased Asian AA from 1970s to 2000s lead to changes in
local Hadley circulation over both the East Asian and western
Pacific sectors. These anomalous local circulations, charac-
terized by anomalous ascent in the tropics and anomalous
descent in northern subtropics, are associated with warming
SSTs over the Maritime continent. These anomalous circula-
tions are, in turn, responsible for the precipitation decreases
over a large land area over East Asia. All the main features
of changes in response to Asian AA emission increases are
predominantly through ACI, in which oceanic feedbacks over
the MC play an important role. The responses to anomalous
SSTs over the MC from a pair of AGCM experiments are
illustrated in Fig. 13.

In response to Asain AA change induced SST anomalies
over the MC, the most important features over both the East
Asian and western Pacific sectors are anomalous ascent in
the tropics and descent in northern subtropics (Fig. 13a, b).
These changes in vertical motion bear a similarity to the
local Hadley circulation changes in response to Asian AA
increase (Fig. 5c, d) but with weaker magnitude (about 50%)
in the Asian sector. The local Hadley circulation changes are
associated with anomalous high SLP over northern subtrop-
ics, and anomalous anticyclonic circulation over the WNP,
similar in pattern to what was seen in the total responses
to Asian AA changes, but weaker in magnitude. This weak
magnitude of response to the imposed SST anomalies
over the MC implies that other SST anomalies induced by
increased Asian AA emissions might also have played a role
in establishing the anomalous anticyclonic circulation over
the WNP. In particular, the local cooling over the WNP has
previously been shown to be an important driver of anoma-
lous anticyclonic circulation over the WNP (e.g., Lu and
Dong 2001). This anomalous local Hadley circulation and
anomalous anticyclonic circulation over the WNP lead to
increased moisture transport convergence over the MC and
divergence over land in East Asia, and therefore changes in
local precipitation (Fig. 13e, f). Therefore, AA induced SST
feedbacks over the MC play an important role in changes
in precipitation over East Asia in response to increases in
Asian AA emissions in the coupled model, through their
influence on the local Hadley circulation over the tropical
and subtropical Pacific. The sensitivity of the local Hadley
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Fig. 11 Spatial patterns of implied changes in JJA for some variables
and surface energy components in response to changes in Asian AA
precursor emissions through ACI [(E1-E2)—(E1ARI-E2ARI)]. Radi-
ation and fluxes are in W m~2 and positive downwards. Cloud cover

circulation and East Asian summer monsoon to SST warm-
ing in the tropics is consistent with several previous studies
(e.g., Li et al. 2010, 2018; Xu and Xie 2015; Chen et al.
2016; Tian et al. 2018).

5 Conclusions

Through a set of experiments using the atmospheric compo-
nent of a state-of-the-art climate model coupled to a multi-
level mixed-layer ocean model, this study investigates the
impacts of changes in Asian anthropogenic aerosol precursor
emissions from 1970s to 2000s on summer climate over East
Asia and the western North Pacific. The results highlight the
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is in %, and water vapor is in kg m~2. Black dots highlight regions
where the changes are statistically significant at the 10% level using a
two-tailed Student’s t-test

importance of ocean dynamical feedbacks, mainly initiated
through aerosol—cloud interaction, in shaping the changes of
the climate over East Asia. The major processes responsible
for changes in the East Asian summer monsoon and pre-
cipitation in response to Asian AA emissions increases from
1970s to 1990s are summarized schematically in Fig. 14.
The main findings are summarized as follows:

e Increased Asian AA emissions lead to localized increases
in cloud droplet number concentration (CDNC),
decreases in cloud droplet effective radius (CDER) and
increases in aerosol optical depth (AOD). These changes
have clear seasonal variations related to prevailing clima-
tological winds.



Impacts of recent decadal changes in Asian aerosols on the East Asian summer monsoon: roles of...

(@) Omega (100E-120E) (Asia ACI) in JJA

200
400 ¢
600 -

800

1000

-16 -08 -02 0.1 0.4 1.2

90E 120E 150E

-1.6 -0.8 -0.2 0.1 0.4 1.2

(€) JJA MC and transport (Asia ACI)
NG O A

60E 90E 120E 150E 180

0.2 0.8 24
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response to changes in Asian AA precursor emissions through ACI
[(E1-E2)—(E1ARI-E2ARI)].). Black lines (a, b) and dots (c, e, f)
highlight regions where the changes are statistically significant at the
10% level using a two-tailed Student’s t-test
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Fig. 13 Simulated zonal averaged changes in (a, b) vertical velocity
(hPax 1072 s~1) over East Asian sector (100°E-120°E) and over the
western Pacific sector (120°E~150°E) and changes in ¢ SAT (°C), d
SLP and 850 hPa wind (hPa and m s~ 1), e vertically integrated mois-
ture flux convergence (kg m~2 day~ '), and f precipitation (mm day~')

e Increased Asian AA emissions lead to weak cooling
over land in East Asia. The weak SAT changes over
Asia reflect a balance between the direct impact of the
changes in AA, inducing local cooling through both
ARI and ACI, and the land surface and cloud feedbacks
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in JJA in response to SST anomalies over the Maritime continents
induced by Asian AA change (AMC-ACL). Black lines (a, b) and
dots (c, e, f) highlight regions where the changes are statistically sig-
nificant at the 10% level using a two-tailed Student’s t-test

associated with weakened East Asian summer monsoon
(EASM) and reduced precipitation.

Increased Asian AA emissions induce remote changes
over the ocean in boreal winter and spring. These changes
play an important role in preconditioning the ocean—
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Fig. 14 Schematic diagram illustrating the major processes involved
for changes in East Asian summer monsoon and precipitation in
response to Asian AA emissions increases from 1970s to 1990s

atmosphere response seen in boreal summer. AA-induced
changes in SSTs in the Maritime continent and western
North Pacific in boreal summer, and in the meridional
SST gradient in the western Pacific, cause a southward
shift of the Intertropical Convergence Zone (ITCZ) in
the Asian and western Pacific sectors, and changes in the
local Hadley circulation. Together with surface responses
over the Asian continent, these SST changes shape the
responses of circulation and precipitation over East Asia,
which are characterized by reduced precipitation over a
large land area in East Asia that is driven by anomalous
moisture divergence.

e  When considering ARI only, the remote response over the
tropical and western North Pacific is very weak. Changes
in atmospheric circulation are also weak, and the pre-
cipitation response over land shows a weak increase (in
contrast to the decrease seen in the full response). This
indicates that aerosol—cloud interaction plays a dominant
role in shaping the pattern and sign of responses in cir-
culation and precipitation over East Asia and the western
Pacific to the increased Asian AA emissions from 1970s
to 2000s.

e A sensitivity experiment with prescribed SST changes in
the Maritime continent further supports the evidence that
the remote response of SSTs over the tropical western

Pacific to Asian AA change, which is driven primarily
by aerosol—cloud interaction, plays an important role and
explains about half of the magnitude in the circulation
and precipitation responses to Asian AA increases in
boreal summer over East Asia.

In this study, we demonstrate increased Asian AA emis-
sions from 1970s to 2000s are likely to have played an
important role for the southward shift of precipitation dur-
ing the latter half of the twentieth century, weakening of East
Asian summer monsoon (EASM), and reduced precipitation
over northern China in East Asia. This southward shift of
precipitation over the East Asian and western Pacific sectors
is consistent with previous studies that concluded changes
in anthropogenic aerosols has been linked to the south-
ward shift of ITCZ, through changes in the cross-equatorial
energy transport driven by the aerosol induced interhemi-
spheric contrast in sea surface temperatures (e.g., Hwang
et al. 2013; Allen et al. 2015; Voigt et al. 2017; Chung and
Soden 2017). Meanwhile, decreased precipitation over
northern China and weakened EASM circulation induced
by recent increased aerosol emissions over Asia are in agree-
ment with studies on the role of aerosols on the EASM (e.g.,
Wang et al. 2013, 2017b; Zhang et al. 2017; Tian et al.
2018). We further demonstrate that aerosol-induced SST
feedbacks, predominantly through aerosol—cloud interaction
(ACI), in both pre-monsoon seasons and summer are key
factors in determining the overall circulation and precipita-
tion responses over East Asia and the western North Pacific.
This is similar to the findings that the aerosol-induced circu-
lation and precipitation responses over East Asia are medi-
ated by aerosol induced SST changes in some recent studies
(e.g., Chen et al. 2016; Kim et al. 2016; Voigt et al. 2017,
Wang et al. 2017b; Li et al. 2018).

The changes in East Asian summer circulation in response
to Asian AA precursor emissions in this study show some
differences in comparison with changes derived from CMIP5
(Song et al. 2014). Song et al. (2014) showed anticyclonic
circulation anomalies in middle latitude at about 40°N over
East Asia and the western Pacific sector and cyclonic circu-
lation anomalies to the south in response to aerosol changes
using CMIP5 simulation. However, our study only assesses
the role of Asian AA changes from 1970s to 2000s not the
changes in global AA emissions as those in Song et al.
(2014). Note the circulation changes in our model study bear
a similarity to the recent study by Chen et al. (2018) who
showed anomalous anticyclonic circulation over the western
North Pacific in response to Asian aerosol emission changes
from 1850 to 2000 using the community earth system model
(CESM) simulations. Therefore, discrepancies in this study
from those in CMIPS5 simulations not only suggest a model
sensitivity of responses in East Asian summer circulation
to AA changes, but also suggest that changes in aerosols
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outside Asia might matter for the circulation changes over
East Asia.

Our study highlights the importance of ACI and its
induced ocean feedbacks to the climate response over East
Asia to a change in aerosol emissions. The role of ocean
feedbacks implies a limitation of using either regional cli-
mate models or AGCMs for studying aerosol impacts on
East Asian climate. The importance of ACI also highlights
a challenge for modelling studies in view of the large inter-
model diversity in the representation of ACI (e.g., Wilcox
et al. 2015), and suggests a clear need for greater efforts to
reduce ACI uncertainty in climate models.
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