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Abstract
Anthropogenic aerosols (AA) induce pronounced East Asian summer monsoon (EASM) changes since the industrial revolu-
tion. However, the regional contribution from different AA emission sources is hard to quantify due to AA’s heterogeneous 
spatial distribution and the nonmonotonic trend at decadal time scale. Using coupled climate models from Coupled Model 
Intercomparison Project Phase 6 (CMIP6) and Community Earth System Model 1 (CESM1) large ensemble simulations, 
we investigate EASM responses between 1950–1980 and 1980–2010, to understand how the remote influence of changes 
in the AA emissions from Europe modulates the EASM at decadal time scale. AA emissions from Europe increased early 
in the latter half of the twentieth century and then decreased rapidly after the 1980s. During 1950–1980, the increase of 
AA emissions from Europe, together with the localized increase of AA emissions from East Asia, weakens the EASM by 
generating the tropospheric cooling and shifting the East Asian subtropical jet equatorward. However, during 1980–2010, 
the declined AA emissions from Europe generate the tropospheric warming and induce an atmospheric teleconnection pat-
tern that initiate at the heating anomaly and propagate downstream to northeast Asia following the westerly jet, leading to 
an enhanced EASM. This enhancement due to the remote influence of declined AA emissions from Europe explains why 
after the 1980s, despite the localized increase of AA emissions from East Asia, coupled climate models results show that 
the EASM is intensified by the anomalous southerlies and the precipitation increase in Northeast Asia. Our results imply 
that at the long-term change view, the local AA emissions dominate the EASM response, while the non-local European AA 
emissions play a more important role in shaping the decadal EASM changes.

Keywords East Asian summer monsoon · Anthropogenic aerosols · External forcing · Spatial variation · Atmospheric 
teleconnection

1 Introduction

The East Asian summer monsoon (EASM) provides about 
60–70% of the annual mean precipitation in northern China 
(Ding and Chan 2005; Lei et al. 2011), which brings tre-
mendous impacts on water resources, agricultures, econo-
mies, and ecosystems (Ma et al. 2017). Observations have 
revealed a robust decadal variation of the EASM, which 
leads to the shift of the precipitation and the associated risk 
of flood/drought over East Asia (Zhou et al. 2009), featur-
ing the “southern flood and northern drought” precipitation 
pattern in China since the 1980s (Gong and Ho 2002; Zhou 
et al. 2009; Li et al. 2015, 2018; Zhang and Zhou 2015). 
Understanding the dynamical mechanism of the decadal 
EASM changes in a changing climate has important soci-
etal implications.

 * Hai Wang 
 wanghai@ouc.edu.cn

1 Key Laboratory of Physical Oceanography and Frontiers 
Science Center for Deep Ocean Multispheres and Earth 
System, College of Oceanic and Atmospheric Sciences, 
Ocean University of China, Qingdao 266100, Shandong, 
China

2 Department of Atmospheric Science, Colorado State 
University, Fort Collins, CO 80521, USA

3 Department of Atmospheric Sciences, Texas A&M 
University, College Station, TX 77843, USA

http://orcid.org/0000-0003-3248-6968
http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-023-07016-x&domain=pdf


2188 Z. Shao et al.

1 3

The EASM is an interactive system influenced by both 
internal variability at various time scales and external forc-
ings due to either greenhouse gases (GHG) or anthropogenic 
aerosols (AA) emissions (Lei et al. 2011; Song et al. 2014). 
The dynamics of the decadal variation of the EASM have 
drawn much attention in recent years. Some studies have 
attributed it to internal climate variability, such as the phase 
transition of the Pacific Decadal Oscillation in the late 1970s 
(Yoon and Yeh 2010; Feng et al. 2014), and the changes of 
western Pacific subtropical high (Zhang et al. 2004; Choi 
and Kim 2019; Xu et al. 2020). However, since the industrial 
revolution, there was a dramatic increases in both GHG and 
AA emissions, having caused pronounced regional climate 
changes (Myhre et al. 2013; Bellouin et al. 2020). Thus, one 
cannot solely use the internal climate variability or the exter-
nal forcing to explain the observed decadal EASM changes. 
We believe that it is important to evaluate the relative con-
tribution of internal climate variability and external forcing 
to the observed EASM changes. While in this work, we put 
our focus on the externally forced decadal EASM variations.

Previous studies indicated that GHG forcing influences 
the EASM in complicated ways. The GHG-driven increase 
in atmospheric moisture may promote the wet EASM region 
following the “rich-get-richer” mechanism (Trenberth 2011). 
In addition, under the GHG forcing, the atmospheric cir-
culation change may also lead to an increase in moisture 
convergence from ocean to land (Kitoh et al. 2013; Lee and 
Wang 2014), which further enhance the atmospheric mois-
ture and surface evaporation, resulting in the strengthened 
EASM. Moreover, the GHG-induced oceanic slow response 
may weaken both the Hadley and Walker cells, which lead 
to the equatorward shift of the EASM rain-band (Zhou 
et al. 2019). Although the GHG forcing has caused warm-
ing and enhanced EASM trends, it can hardly explain the 
decadal EASM variations as the GHG emissions increased 
steadily since the industrial revolution. Besides, mounting 
evidences pointed to the importance of AA emissions in 
weakening the EASM (Bollasina et al. 2011; Wu et al. 2013; 
Liu et al. 2017; Wang et al. 2019). The weakening effect of 
the AA forcing has probably masked the otherwise positive 
response of monsoon rainfall due to GHG forcing (Singh 
2016), fueling a large body of research on the complicated 
dynamics of the AA induced EASM changes (Li et al. 2016).

The AAs’ effect on EASM can be decomposed into a 
direct atmospheric response to radiative forcing without 
sea surface temperature (SST) changes (Li et al. 2018), 
and a SST-mediated coupled ocean–atmosphere interac-
tion response (Ganguly et al. 2012; Wang et al. 2019). For 
the AA induced direct atmospheric response, the scatter-
ing aerosols (such as sulfate aerosols) play a “dimming” 
effect primarily over land, which act to weaken the land-sea 
thermal contrast over the Asian continent and the adjacent 
western Pacific, leading to the weakening of the EASM (Li 

et al. 2016; Wang et al. 2017; Mu and Wang 2021). How-
ever, the absorbing aerosols (such as black carbon) play a 
“heating” effect by absorbing the solar radiation, and act to 
strengthen the EASM (Li et al. 2016; Wang et al. 2017; Mu 
and Wang 2021). Furthermore, the carbonaceous-aerosol-
induced Tibetan Plateau snowpack pollution can also influ-
ence the East Asian hydrological cycle and monsoon system 
(Qian et al. 2011).

In synergy with the direct atmospheric response, the AA 
induced SST change also plays an important role in shap-
ing the long-term EASM response. AA mainly emitted and 
concentrated in the Northern Hemisphere can generate an 
inter-hemisphere asymmetric SST pattern and atmospheric 
circulation anomalies in the tropics (Wang et al. 2016a, b) 
governed by the cross-equatorial energy transport theory 
(Kang et al. 2008), which further brings anomalous descent 
in the Northern Hemisphere subtropics, and leads to the 
weakening of EASM (Wang et al. 2019). In addition to the 
hemispheric influences, the regional AA emission in Asia 
may also lead to a local SST cooling in the Northwest Pacific 
which further induce an anomalous meridional atmospheric 
overturning circulation, resulting in the weakening of EASM 
(Song et al. 2014; Wang et al. 2019; Li et al. 2020; Wang 
et al. 2021b).

The early studies provided a general understanding that 
the localized AA emissions in East Asia can weaken the 
EASM, albeit with complicated physical mechanism. How-
ever, recent studies implied that the European aerosol emis-
sions reductions may induce stronger global and regional 
precipitation increases beyond the emissions source regions 
(Westervelt et al. 2018), especially when normalized by unit 
radiative forcing or by aerosol burden change (Liu et al. 
2018). Therefore, besides the localized AA forcing, remote 
influence of non-local AA emissions has been proved to play 
an important role in modulating the EASM response (Dong 
et al. 2016; Wang et al. 2017). Climate model results indi-
cate that the AA emission from Europe can not only influ-
ence the local climate response in Europe, but also modu-
late the EASM by changing the upper tropospheric thermal 
structure in the Northern Hemisphere mid-latitudes (Wang 
et al. 2017, 2020). The anomalous cooling/heating of the 
Eurasian troposphere due to the increasing/decreasing emis-
sions of AA from Europe can further influence both the posi-
tion and intensity of the mid-latitude westerly jet through 
thermal wind balance, and result in the EASM anomaly (Lin 
et al. 2018; Undorf et al. 2018; Mu and Wang 2021; Dong 
et al. 2022).

Most of the studies explored the EASM response to local 
and non-local AA forcing using long-term trends during 
which the regional AA emissions show monotonic increase 
over East Asia or Europe, or contrasting two different states 
between the pre-industrial and the conditions in around 
2000s. However, unlike the well-mixed GHGs, the spatial 



2189East Asian summer monsoon response to anthropogenic aerosols redistribution: contrasting…

1 3

distribution of AA emissions changes rapidly since the 
industrial revolution. Understanding the evolving contribu-
tion of AA forcing to the climate response is of great impor-
tance to climate change detection and attribution. Wang et al. 
(2015) revealed the climatic impacts of the west-to-east shift 
in AA emissions focusing on the fast response of the atmos-
pheric system over the globe. Recently, the evolving pat-
terns of large-scale coupled ocean–atmosphere responses 
to AA and GHG forcing were evaluated with different fully 
coupled climate models (Deser et al. 2020; Diao et al. 2021; 
Wang and Wen 2022). In addition to these large-scale cli-
mate responses to the spatial and temporal variations of AA 
forcing, how the EASM will respond to the spatial redistri-
bution of AA forcing at decadal time scale remains to be 
investigated.

Inspired by these existing progresses, here we quantify 
the EASM response to the spatial and temporal changes 
in AA since the mid-twentieth century based on the latest 
Coupled Model Intercomparison Project Phase 6 (CMIP6) 
historical AA single-forcing and all-forcing simulations. By 
comparing the EASM response patterns in different histori-
cal periods featuring distinct AA forcing patterns, we high-
light the relative importance of local (Asian) and remote 
(non-Asian) AA forcing in shaping the decadal EASM 
anomalies. Furthermore, we reveal the dynamical mecha-
nism of how the non-local AA forcing from Europe regu-
lates the EASM response using a set of idealized regionally 
forced single-forcing experiments based on a fully coupled 
large-ensemble simulation. This study aims to expands our 
understanding of AA influence on EASM from a simplistic 
perspective of long-term overall change to a more detailed 
perspective that includes the spatial and temporal evolutions 
at finer scales, which has important implications for regional 
climate change attribution and projection.

The rest of the paper is organized as follows. Section 2 
provides description of the multi-model simulations, ideal-
ized model experiments, and analytical methods. Section 3 
describes the evolution of AA emissions and identifies 
the leading modes of regional climate response due to the 
evolving AA forcing. Section 4 reveals how the distinct pat-
terns of AA forcing in the two different historical periods 
shaped the decadal EASM responses. Section 5 specifically 
evaluates the role of AA emissions changes from Europe in 
regulating the EASM responses after the 1980s. Section 6 
provides a summary with further discussion.

2  Data and methods

To isolate the time-varying role of variations of AA forcing 
in shaping the EASM response, we use twelve historical 
AA single-forcing (Hist-Aer) simulations and historical all-
forcing simulations which include both anthropogenic and 

natural forcings from the Detection and Attribution Model 
Intercomparison Project (DAMIP) in the CMIP6 dataset 
(Table 1, Erying et al. 2016; Pascoe et al. 2019). In the Hist-
Aer simulations, AA are the only time-evolving forcing 
agent with the other forcings fixed at the preindustrial level. 
The AA emission changes are represented by the 550 nm 
aerosol optical depth (AOD) changes with nine of the twelve 
models output this variable. To further identify the influ-
ence of distinct AA forcing patterns on the observed EASM 
changes, we use the fifth generation European Centre for 
Medium-Range Weather Forecasts atmospheric reanalysis 
(ERA5) (Hersbach et al. 2020) to examine the 850 hPa wind 
changes and precipitation anomalies during 1950–2010.

To eliminate the internal variability and the inter-model 
uncertainty, we first obtain the multi-member ensemble for 
each model (ensemble size shown in Table 1) and then con-
struct the multi-model ensemble mean results. The inter-
nal climate variability is indeed important in interpreting 
the climate response to AA forcing for small ensembles 
(Oudar et al. 2018; Diao et al. 2021). The role of internal 
climate variability can be better estimated with the use of 
large ensemble approach (Deser et al. 2020). In this study, 
we omit the internal climate variability and focus on the 
externally forced regional climate change. To facilitate inter-
model comparison, all the model outputs are interpolated 
onto a common grid of 144 (zonal) × 73 (meridional) grid 
points (2.5° horizontal resolution) with 12 vertical layers 
from 1000 to 100 hPa.

In addition to the CMIP6 Hist-Aer simulations, we also 
use large ensembles based on the Community Earth Sys-
tem Model 1 (CESM1): (1) the all-forcing simulations 
(CESM1-LENS, Kay et al. 2015); (2) the single-forcing 
simulations (Fix_FF1920, Deser et al. 2020); (3) the “West-
ern Hemisphere” (WH) experiments (Fix_WestFF1920, 
Diao et al. 2021). The CESM1-LENS simulations include 
a 40-member ensemble of fully coupled simulations for 
the period of 1920–2100 with historical radiative forcing 
during 1920–2005 and RCP8.5 scenario thereafter. The 
Fix_FF1920 simulations include a 20-member ensemble 
of simulations with the industrial aerosols fixed at 1920. It 
should be emphasized that in the timing (the year 1920) of 
the leveling emission here, AA emissions are not removed 
entirely but rather stay at a relatively low level. The WH 
experiments, help to gain further insights on the role of WH 
AA forcing, include a 10-member ensemble branched from 
the existing run of Fix_FF1920 simulations. In this experi-
ment, the same initialization protocol as Fix_FF1920 were 
used by only the AA emissions over the WH (20°N–80°N, 
130°W–10°W and 30°N–80°N, 10°W–40°E) were fixed, 
with AA emissions over other regions were allowed to 
evolve during 1980–2020 (Diao et al. 2021). This experi-
ment was conducted from 1920 through 1980 for one reali-
zation and then was expanded to 10 ensemble members for 
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1980–2020. The difference between the CESM1-LENS and 
the WH experiments therefore can be used to quantify the 
climate response due to AA emissions changes from the WH 
during 1980–2020. For the detailed experiments design, 
please refer to Diao et al. (2021).

Focusing on the EASM response to the evolving 
AA emissions, we calculate the boreal summer (June-
July–August, JJA) seasonal mean 550nm AOD, precipita-
tion, net radiative flux at top of the atmosphere (TOA, Ft ) 
as defined in Eq. (1), atmospheric temperature, and circula-
tion (including the sea level pressure (SLP), zonal (U) and 
meridional (V) wind.

In Eq. (1), the Ft is evaluated to investigate the radiative 
effect of AA. Utl , Uts , Dts indicate the upward longwave radi-
ation, upward shortwave radiation, and downward shortwave 
radiation at the TOA, respectively.

We firstly perform an empirical orthogonal function 
(EOF) analysis on the precipitation change over the Eurasia 
region (0°–80°N, 0°–180°E) in the multi-model ensemble of 
CMIP6 Hist-Aer simulations during 1950–2010. Before the 
EOF analysis, a 9-year running average is applied to elimi-
nate any residual high frequency variability. The EASM 
response to the spatial and temporal variation of AA forcing 
can be captured by the leading principal components (PCs) 

(1)ΔFt = Δ(Utl + Uts − Dts)

of the EOF analysis. We then regressed the lower tropo-
spheric (850 hPa) wind anomalies to the leading PCs of the 
EOF analysis in order to get the corresponding EASM circu-
lation changes. We also regressed the 550 nm AOD changes 
to the leading PCs of the EOF analysis to evaluate the rela-
tive impact of local and non-local AA emissions changes to 
the EASM responses. In addition, we regress the 9-year low-
pass filtered precipitation and 850 hPa wind anomalies onto 
the East Asian and European regional mean AOD changes 
during 1950–2010 in both climate model simulations and 
observations. Comparisons of these regressions highlight 
the role of the individual contributions of local and remote 
AA forcing to the observed EASM changes. Furthermore, to 
better describe the distinct contributions from different AA 
emissions patterns to the EASM changes, we calculate the 
linear trends in the multi-model ensemble of CMIP6 Hist-
Aer and historical all-forcing simulations in three different 
periods (1950–1980, 1980–2010, and 1950–2010) based on 
the spatial and temporal evolutions of AA emissions. The 
statistical significance of the trend analysis is assessed at the 
95% confidence level using Student’s t test.

Finally, to highlight the role of Europe AA emissions 
changes in regulating the EASM responses, we calcu-
lated the point correlation between the European regional 
average (40°N–60°N, 10°E–50°E) and tropospheric 
average (850–200 hPa mean) temperature anomaly and 
the 200 hPa geopotential height anomaly in the North 

Table 1  The CMIP6 historical all-forcing and Hist-Aer simulations used in this study

Model name Institution Ensemble size

aerosol optical depth 
at 550 nm (od550aer)

Other 
vari-
ables

ACCESS-CM2 Commonwealth Scientific and Industrial Research Organisation, Australia; Australian 
Research Council Centre of Excellence for Climate System Science

3 3

ACCESS-ESM1-5 Commonwealth Scientific and Industrial Research Organisation, Australia 3 3
BCC-CSM2-MR Beijing Climate Center, China – 3
CNRM-CM6-1 Centre National de Recherches Meteorologiques, France; Centre Europeen de 

Recherche et de Formation Avancee en Calcul Scientifique, France
3 10

CanESM5 Canadian Centre for Climate Modelling and Analysis, Canada 15 15
FGOALS-g3 Chinese Academy of Sciences, China – 3
GFDL-ESM4 National Oceanic and Atmospheric Administration, Geophysical Fluid Dynamics 

Laboratory, USA
– 1

HadGEM3-GC31-LL Met Office Hadley Centre, UK 4 4
IPSL-CM6A-LR Institut Pierre Simon Laplace, France 10 10
MIROC6 Japan Agency for Marine-Earth Science and Technology, Japan; Atmosphere and Ocean 

Research Institute, The University of Tokyo, Japan; National Institute for Environ-
mental Studies, Japan; RIKEN Center for Computational Science, Japan

10 10

MRI-ESM2-0 Meteorological Research Institute, Japan 5 5
NorESM2-LM NorESM Climate modeling Consortium consisting of Center for International Climate 

and Environmental Research, MET-Norway, Nansen Environmental and Remote 
Sensing Center, Norwegian Institute for Air Research, University of Bergen, Univer-
sity of Oslo, and Uni Research, Norway

3 3
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Hemisphere (a 9-year running average is applied to elimi-
nate any residual high frequency variability). The point 
correlation analysis revealed an atmospheric teleconnec-
tion response. To further describe this atmospheric tel-
econnection, we also used the wave-activity flux (Takaya 
and Nakamura 2001) to diagnose the propagation of wave 
packets of migratory and stationary eddies on a zonally 
varying basic flow as defined in Eq. (2):

where U and V  represent the seasonal mean zonal and 
meridional wind, respectively. P is the pressure normalized 
at 1000hPa. �′ denotes the seasonal anomalous streamfunc-
tion at the 200hPa level, with the subscripts x and y refer-
ring to their partial differentials in the zonal and meridional 
direction, respectively.
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3  AA induced EASM response: two modes 
distinct in space and time

The 550nm AOD change since the mid-twentieth century 
shows large spatial and temporal variations (Fig. 1), which 
may bring distinct regional climate responses. In East Asia, 
previous studies showed that not only the local AA emis-
sions can regulate the EASM response by direct atmospheric 
response and SST mediated response (Wang et al. 2019), but 
also the European AA emissions may influence the EASM 
change by mediating the atmospheric temperature and cir-
culation anomalies (Dong et al. 2016; Wang et al. 2017). For 
the East Asian AA emissions change, it shows monotonic 
increase during 1950–2010 and declines rapidly since 2013 
(Fig. 1a) when China’s Action Plan on the Prevention and 
Control of Air Pollution went into effect (Zheng et al. 2018; 
Samset et al. 2019; Wang et al. 2021a). In contrast, the AA 
emissions change in Europe shows a reversal trend during 
1950–2010, which increases steadily during 1950–1980 and 
then decreases rapidly during 1980–2010 due to clean air 
regulations in the WH (Fig. 1b, c).

0.0
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Fig. 1  a East Asian (red line, 100°E–125°E; 20°N–40°N) and Euro-
pean (blue line, 0°E–50°E; 40°N–60°N) regional mean Aerosol 
Optical Depth (ambient aerosol optical thickness at 550nm; unit-
less) changes from 1850 to 2020. Aerosol optical depth trend (unit: 

1/decade) from b 1950–1980, c 1980–2010, d 1950–2010. Stippled 
regions indicate changes exceed 95% statistical confidence. All val-
ues are CMIP6 multi-model ensemble mean and boreal summer (JJA) 
seasonal mean
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To reveal how the EASM may respond to the above two 
distinct AA emissions patterns since the mid-twentieth 
century, we firstly apply an EOF analysis on the low-fre-
quency regional precipitation change during 1950–2010 in 
the Hist-Aer simulations (see Sect. 2 for details). Figure 2a 
and e show the leading spatial pattern and the correspond-
ing PC time series, which explains about 53.8% of the total 
variance. The PC1 shows robust monotonic increase during 
1950–2010 (Fig. 2e), which can be largely explained by the 
increase of AA emissions from East Asia (Fig. 2c). The spa-
tial pattern of the precipitation anomaly shows a prominent 
decrease overall the EASM region with negative centers in 
South China, Indo-China Peninsula and northeast Bay of 

Bengal (Fig. 2a). Corresponding to the decreased precipita-
tion, the weakened monsoon circulation can be captured by 
the regression field of lower tropospheric (850hPa) winds 
with northeasterly anomalies south of 25°N. The drying 
trend and weakened EASM circulation can be attributed 
to both the atmospheric circulation responses generated by 
localized emissions of AA, and the large-scale meridional 
overturning circulation change in response to the inter-
hemisphere asymmetric SST response (Wang et al. 2019; 
Li et al. 2020).

The first EOF mode reveals the EASM response to the 
monotonic increase of AA emissions from East Asia. How-
ever, this mode cannot completely represent the EASM 
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Fig. 2  The first (a) and second (b) EOF mode of anthropogenic aero-
sol induced JJA precipitation changes (shadings, unit: mm  day−1, 
9-year low-pass filtered) with explained variances marked on top 
right, and e their corresponding principal components (blue line 
denotes PC1 and red line denotes PC2, respectively) in CMIP6 Hist-

Aer simulations. Vectors in a and b are the regressions of 850hPa 
winds anomalies to the corresponding PC1 and PC2 (unit: m  s−1, 
wind speed < 0.015 m  s−1 omitted) with scale marked on top right. c, 
d are the regressions of 550nm AOD anomalies to the corresponding 
PC1 and PC2 (unit: 1)
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response to the total AA forcing without considering the 
AA emissions changes in Europe. Effect of European AA 
emissions changes on EASM response can be captured by 
the second EOF mode of the low-frequency precipitation 
anomaly during 1950–2010 (Fig. 2b, e), which explains 
about 14.4% of the total variance. The PC2 of the EOF 
analysis increases first during 1950–1980 and then decreases 
during 1980–2010 (Fig. 2c). Regression of AOD to the PC2 
indicates the important role of the European AA emissions 
changes in modulating this mode (Fig. 2d). For the spatial 
pattern of precipitation changes, unlike the uniform drying 
trend in the first mode, there is a contrast of the north–south 
dipole-like precipitation change in East Asia during distinct 
historical periods, with negative rainfall anomalies in north-
east China and positive rainfall anomalies in Indo-China 
Peninsula during 1950–1980 and then the reversal during 
1980–2010. The corresponding 850 hPa winds regressions 
also show cyclonic circulation anomaly over Europe in 
response to the increased aerosol emissions there during 
1950–1980, while anti-cyclonic circulation anomaly during 
1980–2010 resembles the declined European aerosol emis-
sions. Moreover, the atmospheric circulation responses show 
divergent flow and northerlies in northern China mid-to-high 
latitudes and converge in Indo-China Peninsula and the adja-
cent maritime continent, pushing the climatological rain-belt 
to the south during 1950–1980 and backward to the north 
during 1980–2010. Therefore, the second EOF mode high-
lights the importance of the European AA emissions changes 
in governing the remote East Asian atmospheric circulation 
changes, leading to a response that is temporally varying 
(before and after 1980) and spatially contrasting (East China 
vs Indo-China Peninsula). This statistically derived result 
implies that the remote AA forcing effect counteracts the 
localized AA forcing in driving the EASM response during 
1980–2010 but cooperates during 1950–1980.

The EOF analysis in the CMIP6 Hist-Aer simulations 
yields two distinct modes in AA induced EASM responses. 
Moreover, it is important to identify whether there is a dis-
tinguishable aerosol imprint in the EASM changes in the 
real world. To comprehensively assess the role of distinct 
AA emissions patterns in shaping the EASM responses, we 
regress the 9-year low-pass filtered precipitation and 850hPa 
wind anomalies in the CMIP6 Hist-Aer and historical all-
forcing simulations, as well as in the observations onto the 
East Asian and European regional mean AOD changes (lines 
in Fig. 1a) during 1950–2010 (Fig. 3). Results in Fig. 3a and 
b resemble those in the EOF analysis very well, highlighting 
the two distinct modes in AA induced EASM responses. 
More importantly, in the all-forcing simulations, though 
with the influence of GHG forcing, there is still a signifi-
cant rainfall decrease and weakening of EASM circulation in 
southeast Asia, resembling the EASM responses to the local-
ized AA forcing (Fig. 3c). Besides, the EASM responses to 

European AA emissions changes in all-forcing simulations 
(Fig. 3d) show marked similarities compared with that in 
the Hist-Aer simulations, featuring the south-north rain-belt 
shift in southeast Asia. The multi-model ensemble results 
in all-forcing simulations help to subtract the forced com-
ponent of the EASM changes and highlight the important 
role of distinct AA emissions sources in driving the EASM 
changes. In the observations, the EASM change is a com-
bination of externally forced signals and internal variabili-
ties. Although the observed EASM responses to distinct AA 
emissions changes show complicated spatial patterns com-
pared with the climate model results, the 9-year low-pass 
filtered regressions yet reveal the characters of both local 
(Fig. 3e) and remote (Fig. 3f) AA induced EASM changes. 
Instead of discrepancies between observations and climate 
models due to GHG forcing and internal climate variability, 
the individual contributions of local and remote AA forcing 
on the EASM changes are detectable in the real world.

4  Contrasting the AA induced EASM trends 
before and after the 1980s

4.1  Radiative flux and temperature response

To investigate the evolving EASM response to the distinct 
AA forcing spatial patterns and quantify their relative con-
tributions to the historical EASM changes, we calculate the 
linear trends of TOA radiative flux, surface and tropospheric 
temperature in CMIP6 Hist-Aer simulations based on the 
multi-member and multi-model ensemble mean for three 
periods (1950–1980, 1980–2010, 1950–2010) separately.

During 1950–1980, when both Asian and European AA 
emissions increase (Fig. 1a, b), radiative flux change at 
the TOA shows robust negative centers in East Asia and 
Europe due to the “solar dimming” effect of the AA forcing 
(Fig. 4a). Consistent with the TOA radiative flux change, 
the surface temperature over the Eurasian continent shows 
significant cooling trend with the incoming solar radia-
tion reflected by the AA (Fig. 4b). It is noteworthy that the 
effect of AA emissions is not only confined in the continent 
where they are emitted, but also can be transported down-
stream to the mid-latitude North Pacific by the southward 
shift of the westerly jet which is induced by the mid-latitude 
tropospheric cooling (Ming et al. 2011; Wang et al. 2016b; 
Diao et al. 2021). The negative radiative flux and cooling 
center east of Japan island may further influence the western 
North Pacific SST anomaly through the wind-evaporation-
SST feedback (Xie 1996), and finally lead to the anomalous 
western Pacific subtropical high and corresponding EASM 
circulation anomaly via coupled ocean–atmosphere interac-
tion processes (Chen et al. 2016).
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After the 1980s, when the strict emission regulation was 
implemented in Europe, the AA emissions center was shifted 
from the western to the eastern hemisphere (Fig. 1a, c). Cor-
responding to the emissions changes, radiative flux at the 
TOA shows remarkable positive center in Europe and nega-
tive center in Asia (mainly in East Asia) (Fig. 4c). Corre-
spondingly, the surface temperature in Europe increases and 
the warming trend is advected downstream to Eurasian con-
tinent by the climatological westerly jet. In contrast to previ-
ous period, over East Asia, the cooling due to the increasing 
AA emissions is confined to the land region and cannot be 
transported to the western North Pacific since the climato-
logical westerly jet is weakened and shifted northward by 
the declined European AA emissions induced tropospheric 
warming during this period (see detailed discussion later) 
(Fig. 4d).

For the entire period of 1950–2010, the net change in 
European AA emissions is relatively small and the positive 

radiative flux and surface temperature warming anomaly 
are only centered in European continent, without the down-
stream effect found in the above two shorter separated peri-
ods (Fig. 4e, f). Over East Asia, the localized AA forcing 
leads to the regional cooling over land, thereby reduces the 
land-sea thermal contrast between the Asian continent and 
the adjacent oceans (Fig. 4f), which can further drive the 
atmospheric circulation anomaly.

In addition to the surface temperature anomaly, the two 
distinct AA forcing patterns also induce very different 
tropospheric temperature responses during the two histori-
cal periods. During 1950–1980, with the increase of AA 
emissions in the Northern Hemisphere, the tropospheric 
temperature shows a robust cooling trend with the maxi-
mum center located in both Europe and Asia (Fig. 5a). 
In contrast, during 1980–2010, the rapid decline of AA 
emissions from the WH lead to a warming anomaly in 
the mid-to-high latitude Northern Hemisphere while the 
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ulation, c, d CMIP6 historical all-forcing simulation, and (e, f) ERA5 
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d, f) regional mean AOD changes as shown in Fig. 1a during 1950–
2010. A 9-year running average was applied to eliminate the high fre-
quency signals before the regression analysis
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increase of AA emissions from Asia results in the weak 
cooling trend in the mid-to-low latitude Northern Hemi-
sphere (Fig. 5b). It is worth noting that the declining AA 
emissions from Europe can generate the local warming 
and also can lead to a significant warming anomaly down-
stream over the mid-to-high latitude Asian continent, 
which further implies the potential impact of European 
AA emissions changes on the EASM response through 
teleconnection. Again, if the AA induced response has 
been only examined for the entire period of 1950–2010, 
the tropospheric temperature anomaly is confined to the 
low-latitudes, which is consistent with the large-scale sea 
surface temperature response found in previous studies 
(Deser et al. 2020; Diao et al. 2021; Wang and Wen 2022). 
The distinctive tropospheric temperature patterns shown 
in Fig. 5 are important in driving the westerly jet anoma-
lies through thermal wind balance and can also explain 

the induced atmospheric teleconnections due to adiabatic 
heating anomaly. These are discussed next.

4.2  Atmospheric circulation response

Corresponding to the anomalous radiative flux and tempera-
ture responses in the surface and troposphere, atmospheric 
circulations show distinct responses to different AA forcing 
spatial patterns. Figure 6 shows the trends of zonally aver-
aged temperature (color shading), westerly winds (contours), 
meridional and vertical velocities (vectors) in East Asia 
(100°E–140°E). Based on our previous study (Wang et al. 
2019), the EASM response to AA forcing is largely due to 
the direct atmospheric response to radiative forcing without 
SST change, and to a lesser extent due to the AA induced 
North Pacific SST anomalies. During 1950–1980, the robust 
tropospheric cooling in East Asia centered around 45°N at 
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300 hPa (Fig. 6a), representing the joint effect of increase 
AA emissions from both East Asia and Europe. In maintain-
ing the thermal wind balance, the deep cooling structure over 
the mid-latitude East Asia anchors a westerly acceleration to 
the south in the upper troposphere (centered around 35°N at 
250 hPa). An anomalous local meridional overturning cir-
culation develops with a sinking motion between 20°N and 
50°N and a rising motion to the south of 20°N (Fig. 6a) and 
thus alleviates the climatological EASM circulation. Dur-
ing 1980–2010, by contrast, the mid-to-high latitude East 
Asian (north of 35°N) tropospheric temperature is warmed 
by the downstream effect of declined European AA emis-
sions while the cooling induced by East Asian AA emis-
sions is confined south of 30°N. In response to the warm-
ing anomaly, the climatological westerly is significantly 
weakened and shifted northward, and there is an anomalous 
sinking motion between 20°N and 30°N with anomalous 
rising motion north of 35°N (Fig. 6b). Comparison between 

1950–1980 and 1980–2010 indicates that the European AA 
emissions changes may play a more important role than the 
localized East Asian AA emissions in shaping the EASM 
response by adjusting the thermal structure over Eurasian 
continent. This can further be illustrated by Fig. 6c, during 
1950–2010 when the net European AA emissions change is 
relatively small, the East Asian AA induced tropospheric 
cooling center is lower in latitude than the first period and is 
centered around 30°N at 250hPa level. Moreover, the anom-
alous sinking motion is also weaker and more locally con-
fined at 20°N–30°N (Fig. 6c), despite that the East Asian AA 
emissions increase more during 1950–2010 than that during 
1950–1980 (Fig. 1a), suggesting a strong modulation role 
of European AA emissions (further highlighted in Sect. 5).

In addition to the tropospheric temperature and circula-
tion changes, we also examine sea level pressure (SLP), 
precipitation and the 850 hPa winds (U and V) anomalies 
during the two distinct historical periods in response to 

Fig. 5  Trends of JJA tropo-
spheric temperature (200–
850 hPa mean, unit: °C/decade) 
in CMIP6 Hist-Aer simula-
tions during a 1950–1980, b 
1980–2010, and c 1950–2010. 
Stippled regions indicate 
changes exceed 95% statistical 
confidence
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different AA forcing patterns. During 1950–1980, con-
sistent with the tropospheric cooling and the southward 
shifted westerly jet, the SLP shows a broad positive 
anomaly over the Eurasia continent (Fig. 7a), including 
the anti-cyclonic circulation anomaly as seen in the 850 
hPa winds anomalies (Fig. 8a). The anomalous northeast-
erlies weaken the climatological EASM southwesterlies 
and lead to the drying trend of the EASM region by sup-
pressing the atmospheric convections (Fig. 8a), with the 
spatial pattern largely consistent with the first EOF mode 
(Fig. 2a). In contrast, during 1980–2010, the robust nega-
tive SLP anomalies only exist in the mid-to-high latitude 
Eurasia continent in response to the declined European AA 
emissions and the resulting local tropospheric warming 

(Fig. 7b). Note that there is no positive SLP anomaly 
in East Asia even though the local AA emissions keep 
increasing. The local and remote AA effects counteract 
with each other during this period, and only lead to a rela-
tively weak EASM response (Fig. 8b). The positive/nega-
tive rainfall anomalies in northern/southern China with 
corresponding anomalous southerlies indicate that the 
remote AA’s effect may have surprisingly overwhelmed 
the local AA’s effect (Fig. 8b). The EASM response to 
the local AA forcing can be captured by the SLP, 850 
hPa winds and precipitation changes during 1950–2010, 
because of the cancellation of the European AA emissions’ 
trend. Corresponding to the increase of AA emissions 
from Asia, the tropospheric cooling anchors the high SLP 
anomaly and the weakened EASM circulation with robust 
drying trend in this period (Fig. 7c, and 8c).

To further evaluate to what extent the distinguishable 
AA emissions imprint in externally forced historical EASM 
changes at decadal time scales, we examine the correspond-
ing precipitation and 850hPa winds changes in CMIP6 his-
torical all-forcing simulations (Fig. 8d–f). Results show that 
during 1950–1980, the EASM changes in all-forcing results 
show similar EASM response patterns with that in the Hist-
Aer simulations (spatial correlation of precipitation trend is 
0.45), with weakened monsoon circulation and robust drying 
trend over East Asia (Fig. 8d). During 1950–1980, although 
the precipitation trend in all-forcing results is weakly cor-
relates with that in the Hist-Aer simulations at 0.21, we can 
still see the enhanced EASM circulations with anomalous 
southerlies and corresponding north-positive south-negative 
precipitation trend in East Asia, highlighting the dominance 
of European AA emissions changes in shaping the EASM 
responses (Fig. 8e). In the whole periods of 1950–2010, the 
overall spatial correlation of precipitation changes between 
all-forcing and Hist-Aer simulation is 0.35. In East Asia, 
there is a drying trend over the mid-to-low latitudes and a 
weak wetting trend north of 35°N, with weak anomalous 
southerlies (Fig. 8f). This implies that the GHG induced 
warming may dominate over the AA forcing effect in the 
all-forcing simulations in the long-term change view. The 
comparison between all-forcing and Hist-Aer simulations 
highlights the importance of AA emissions changes in regu-
lating the decadal EASM variations.

Inspections of the atmospheric structure, circulation, and 
EASM changes by contrasting the two distinct historical 
periods indicate that the remote AA forcing effects due to 
the European AA emissions changes may play a larger role 
than the local AA emissions from East Asia in shaping the 
historical decadal EASM evolutions. Therefore, it is of great 
importance to further reveal the dynamical mechanisms of 
how the European AA emissions modulate the atmospheric 
circulation and the EASM responses via the west-to-east 
atmospheric teleconnection.
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5  The dynamics of remote AA forcing 
in shaping the EASM response

5.1  CMIP6 results

For the Northern Hemisphere mid-latitude atmospheric 
circulation variations, previous studies revealed a circum-
global teleconnection pattern associated with the west-
erly jet stream that may influence the surface air tempera-
ture and rainfall anomalies in the continental region of 
Eurasia and East Asia in boreal summer (Ding and Wang 
2005). Following this theoretical framework, we investi-
gate whether the anomalous atmospheric heating induced 
by European AA emissions changes can generate similar 
atmospheric teleconnection responses that projects onto 
its downstream region in East Asia.

Figure 9a, c, and e show the point correlations between 
the tropospheric temperature (850hPa-200hPa mean) over 
Europe (0°–50°E; 40°N–60°N) and the 200 hPa geopotential 
height during 1950–1980, 1980–2010, and 1950–2010 in 
CMIP6 Hist-Aer simulations, respectively. Results indicate 
that in response to the European AA induced tropospheric 
temperature variations, the upper-tropospheric atmospheric 
circulation produces similar wave-train patterns downstream 
the heating source and induces robust geopotential height 
anomalies over Northeast Asia among the distinct historical 
periods, which may further modulate the EASM responses.

Besides, the 200hPa stream-function changes and the 
corresponding wave activity fluxes during distinct histori-
cal periods confirmed the remote influence of European AA 
emissions changes in shaping the atmospheric circulation 
responses in Eurasia continent and mid-to-high latitude East 
Asia. During 1950–1980, the increase of AA emissions from 

Fig. 7  Trends of JJA sea level 
pressure (shadings, unit: Pa/dec-
ade) in CMIP6 Hist-Aer simula-
tions during a 1950–1980, b 
1980–2010, and c 1950–2010. 
Stippled regions indicate sea 
level pressure changes exceed 
95% statistical confidence
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Europe generates the tropospheric cooling and lead to the 
negative stream-function anomaly, with the wave activity 
fluxes initiate from Europe and propagate eastward to North-
east Asia, resulting in the convergent flow there (Fig. 9b). 
In contrast, during 1980–2010, the anomalous divergent 
flow over Northeast Asia is also generated remotely by the 
declined AA emissions from Europe, while the local effect 
due to the increase of AA emissions from East Asia is con-
fined in the mid-to-low latitude regions (Fig. 9d). During 
1950–2010, when the net European AA emissions change is 
largely balanced, the mid-latitude atmospheric teleconnec-
tion disappears and the East Asian AA induced atmospheric 
circulation response is restricted to the emission source 
(Fig. 9f).

The atmospheric teleconnection analysis in Fig. 9 clearly 
demonstrates the important role of the European AA emis-
sions changes in modulating the EASM circulation anoma-
lies, especially in Northeast Asia. The anomalous convergent 
flow in the upper troposphere in East Asia during 1950–1980 
is generated jointly by both the European and the Asian AA 
emissions increases, which results in the anomalous descent 
around 45°N (Fig. 6a) and leads to the corresponding weak-
ening of the EASM with anomalous northerlies (Fig. 8a). 
However, during 1980–2010, albeit the East Asian AA emis-
sions increase favors the weakening of EASM, the divergent 
flow in the upper troposphere over northeast Asia leads to 
the anomalous ascent around 40°N (Fig. 6b). This verti-
cal ascent results in the anomalous southerlies in the lower 
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Spatial correlations of precipitation trends between the all-forcing 
results and the aerosol single-forcing results are marked on top right 
in the right column. Stippled regions indicate precipitation changes 
exceed 95% statistical confidence
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troposphere causing a drying trend in Southeast Asia and a 
wetting trend in Northeast Asia, masking the local cooling 
effect of the increase AA emissions from East Asia (Fig. 8b). 
Therefore, our results demonstrate that the AA induced mid-
to-high latitude EASM response is dominated by the remote 
European AA emissions changes, instead of the local AA 
emissions changes in Asia. This identification of non-Asian 
contribution advances our previous understandings of the 
AA induced EASM response mechanisms (Li et al. 2016).

5.2  WH experiments results

Since the CMIP6 analysis on the remote influence of Euro-
pean AA emissions changes on the EASM response is 
based on statistical regression and linear trend approaches, 

we further validate the causal relationship by using the 
dedicated WH experiments branched from the CESM1-
LENS and the Fix_FF1920 climate model simulations. By 
differencing the WH experiments results and the CESM1-
LENS results, the European AA emissions changes dur-
ing 1980–2010 can be well captured, showing a robust 
negative 550nm AOD trend centered in Europe, with little 
change in East Asia (Fig. 10a). Since the North American 
AA emissions changes are smaller than Europe (Diao et al. 
2021; Wang et al. 2021b), the WH experiments yield the 
response of EASM to European AA emissions changes 
very well without the influence of Asian AA emissions 
changes. In response to the declined AA emissions from 
Europe, the surface temperature shows significant warm-
ing trend in Europe and its downstream region (Fig. 10b), 
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regions indicate the spatial correlation and stream-function changes 
exceed 95% statistical confidence
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with corresponding negative SLP changes in mid-to-high 
latitude Eurasia and Northeast Asia (Fig. 10c). For the 
850 hPa winds and precipitation changes in EASM region 
(Fig. 10d), it resembles the results in CMIP6 Hist-Aer 
simulations (Fig. 8b), with anomalous southerlies that 
strengthens the climatological EASM and the rainfall 

shows a south-drought north-flood pattern due to the 
atmospheric circulation changes.

Moreover, in the upper troposphere, the abovementioned 
atmospheric teleconnection generated by the European 
tropospheric warming (Fig. 9d) can also be reproduced 
by the WH experiments (Fig. 11), with similar anomalous 
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Fig. 11  Trends of JJA 200hPa 
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wave-activity flux (vectors, unit: 
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stream-functions (color shading) and stationary waves 
(vectors) propagating from Europe to Northeast Asia. The 
WH experiments exclude the effect of Asian AA emissions 
changes in the CMIP6 Hist-Aer simulations, and highlight 
the importance of the European AA emissions changes in 
modulating the EASM monsoon circulation and precipita-
tion changes since the 1980s.

6  Summary and discussion

As a major and uncertain external radiative forcing of cli-
mate change, AA’s effect masks a considerable fraction of 
the GHG induced warming since the industrial revolution. 
For East Asia, where AA emissions are concentrated, signifi-
cant regional climate responses have been documented pre-
viously, especially the EASM changes that have devastating 
impacts on the social and economic developments. Unlike 
the well-mixed GHGs, the spatial and temporal evolutions 
of AA forcing vary rapidly due to heterogeneous emission 
sources and short atmospheric resident time, posing the need 
to better understand their role in modulating the decadal 
regional climate change.

Since the mid-twentieth century, AA emissions shifted 
from western to eastern hemisphere, inducing pronounced 
large-scale climate responses such as the northward shifts of 
tropical rain-belt and the La Niña like tropical SST responses 
(Deser et al. 2020; Qin et al. 2020; Kang et al. 2020; Diao 
et al. 2021; Wang and Wen 2022). However, how the decadal 
EASM may respond to the spatial and temporal evolutions 
of AA forcing since the mid-twentieth century remained to 
be thoroughly investigated. Here, we demonstrate the role 
of AA emissions changes over both Europe and East Asia in 
shaping the decadal EASM changes by contrasting distinct 
historical periods, advancing our previous understandings 
of AA’s effect on regional climate system.

Using the CMIP6 Hist-Aer simulations, we firstly extract 
the principal components of the EASM precipitation and 
circulation changes during 1950–2010. To the first order, 
the leading EOF mode captures the effect of the long-term 
monotonic increase of AA emissions from East Asia, with 
a marked weakened EASM circulation and a robust dry-
ing trend over East Asia. European AA emissions had gone 
through an increase trend during 1950–1980 and a decrease 
trend during 1980–2010, effectively leading to the shift of 
AA emissions centers from Europe to East Asia since the 
1980s. We identify this shift mode as the second EOF mode 
of the Eurasia precipitation and circulation analysis. The 
reversal of AA emissions trends over Europe not only feature 
the European regional temperature and circulation changes, 
but also weaken the EASM precipitation and circulation 
during 1950–1980 but intensify them during 1980–2010. 
Besides, these two distinct modes of AA induced EASM 

changes are detectable in both CMIP6 historical all-forcing 
simulations and observations, though with influences from 
either GHG forcing or internal climate variability.

More systematically, we examined three different peri-
ods separately to quantify the time-evolving contributions 
to the EASM responses from distinct spatial patterns of AA 
forcing. In the first period during 1950–1980, both the AA 
emissions from Europe and East Asia increase significantly. 
Due to the scattering and reflecting effect of aerosol parti-
cles, less incoming solar radiation in the troposphere leads 
to the tropospheric cooling in the Eurasia continent, accom-
panying by the southward shift of the westerly jet duo to 
thermal wind balance, and resulting in a robust weakening 
of EASM circulation and drying trend in East Asia. During 
1980–2010, although there was a fast increase in AA emis-
sions from East Asia, the EASM is intensified by anomalous 
southerlies due to European AA forcing reversal and indeed 
the precipitation increase in Northeast Asia, largely coun-
terbalancing the local AA forcing effect. The net European 
AA emissions changed little during 1950–2010 and did not 
exert remote influence over Asia; and as a result, the EASM 
response resembles the previous understandings of the over-
all AA induced long-term Asian summer monsoon response 
(Wang et al. 2019).

Diagnostic analysis of tropospheric temperature and cir-
culation responses indicate that the European AA emissions 
changes play a more important role than the local AA forc-
ing in shaping the EASM response at decadal time scale, for 
both 1950–1980 and 1980–2010. Both the CMIP6 Hist-Aer 
simulation and the dedicated perturbation simulations (WH 
experiments) confirm that the tropospheric heating anomaly 
due to the changes in AA emissions from Europe can induce 
an atmospheric teleconnection emitting from the heating 
anomaly and propagation downstream the westerly jet to 
Northeast Asia, generating the EASM responses remotely.

Our findings advance previous understandings of the AA 
induced EASM changes by providing a spatially and tempo-
rally varying viewpoint, and by highlighting the important 
role of AA emissions changes in Europe in modulating the 
decadal EASM anomalies. The role of non-local forcing can 
be vastly omitted if the analysis is done only for the longer 
period (1950–2010), as in many previous studies (Song et al. 
2014; Li et al. 2015; Chen et al. 2016; Wang et al. 2019), 
due to the phase transition of European AA emissions. Note 
that such a phase transition may have started in East Asia 
since the 2010s and may occur in South Asia in the next few 
decades, leading to the complexity of interpreting AA’s role 
in regional climate change. Since China’s implementation of 
air pollution prevention and control action in 2013, a dipole 
forcing pattern has been found between the South and East 
Asia with AA emissions from East Asia greatly reduced, 
and South Asian emissions continuing to increase (Zheng 
et al. 2018; Samset et al. 2019). Some recent studies have 
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shown that this AA forcing pattern inside Asia has contrib-
uted to the observed anomalies of the EASM precipitation in 
East China (Wang et al. 2021a; Wang et al. 2022; Liu et al. 
2022). However, how this dipole pattern will modulate the 
regional direct atmospheric responses as well as the cou-
pled ocean–atmosphere responses in Northwest Pacific and 
Indian Ocean remain to be investigated in the future.
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