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Abstract
Large-scale climate response to the spatial and temporal changes of anthropogenic aerosols are investigated in comparison 
with greenhouse gas (GHG) forcing using Coupled Model Intercomparison Project Phase 6 (CMIP6) simulations during 
1930–2010. Globally, increasing anthropogenic aerosols in the Northern Hemisphere (NH) since the industrial revolution 
generates a North–South interhemispherically asymmetric climate response pattern. But this feature only dominates the 
historical climate change early in the twentieth century. In the second half of the twentieth century, anthropogenic aerosol 
emissions increase monotonically in Asia, but increase first and then decrease rapidly over Europe and North America. The 
shift of aerosol emissions from the western mid-latitude NH to the eastern low-latitude NH induces distinct climate response 
patterns compared with its global increase effect, anchoring an equatorial symmetric tropical sea surface temperature (SST) 
cooling and precipitation decrease, which resembles that in the GHG-induced response patterns with sign reversed. After the 
mid-1970s, with declining aerosol emissions over Europe and North America and increasing emissions in Asia, anthropogenic 
aerosol forcing generates a northward recovery of the tropical rainfall with little response in the tropical SST anomalies due 
to the cancellation effect of the distinct aerosol emissions conditions between the western and the eastern NH. While GHG 
forcing dominates observed climate change in the twentieth century, the distinct climate response patterns to the spatial and 
temporal evolutions of anthropogenic aerosol forcing highlight its important role in shaping the regional climate changes.
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1 Introduction

Since the industrial revolution, dramatic increase in green-
house gases (GHG) and anthropogenic aerosols have been 
the dominant drivers of forced climate change on both global 
and regional scales, with each having opposite effects on the 
Earth’s radiative energy balance (Myhre et al. 2013; Bel-
louin et al. 2020). In the 5th Assessment Report from the 
Intergovernmental Panel on Climate Change (Myhre et al. 
2013), the radiative forcing change due to historical increase 
in the concentration of GHG was estimated to be 2.83  Wm−2 
(from 2.54 to 3.12  Wm−2); the total aerosol effect (excluding 
black carbon on snow and ice) was estimated as an effec-
tive radiative forcing of − 0.9  Wm−2 (from − 1.9 to − 0.1 

 Wm−2), masking about one-third of the GHG-induced 
warming. GHG modulate the atmospheric energy balance 
through the absorption of longwave radiation and warm the 
atmosphere. Anthropogenic aerosols, including both absorb-
ing (i.e. black carbon) and scattering (i.e. sulfate) species, 
influence shortwave radiation and further change the energy 
budget of the climate system (known as the “direct effect” 
Menon et al. 2002). Aerosols can also serve as cloud con-
densation nuclei which affect the cloud albedo, as well as 
the cloud lifetime and precipitation efficiency (known as the 
“first indirect effect” and “second indirect effect” (Twomey 
1977; Albrecht 1989; Levy et al. 2013; Bellouin et al. 2020). 
With distinct radiative impacts, GHG and anthropogenic aer-
osols have opposite signed effects on the global mean sur-
face temperature change (Forster et al. 2007). Due to polar 
amplification and the larger response over land than ocean, 
the surface air temperature response to GHG and aerosol 
forcing show some resemblance to each other (Boer and Yu 
2003). Furthermore, Xie et al. (2013) also noted that the 
GHG and aerosol forcing can induce similar spatial patterns 
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of tropical sea surface temperature (SST) and precipitation 
responses with sign reversed due to the common global 
mode of radiative-induced climate change.

More importantly, GHG and anthropogenic aerosols dif-
fer not only in their global mean radiative forcing impacts, 
but also in their spatial and temporal evolutions. Unlike the 
long-lived GHG, anthropogenic aerosols are geographically 
inhomogeneous due to their short atmospheric residence 
time. Since the industrial revolution, emissions of anthro-
pogenic aerosols changed significantly over Asia, Europe 
and North America (EU&NA) with varying spatial patterns 
and time evolutions. On the other hand, the GHG change is 
globally well-mixed, and monotonically increased. These 
distinct forcing characters complicate the study of regional 
and global climate response to anthropogenic aerosol and 
GHG changes.

Using coupled climate models, atmospheric general 
circulation models (AGCM), as well as theoretical consid-
erations, the physical mechanisms of long-term large-scale 
climate response to anthropogenic aerosol forcing have 
been investigated. On regional scale, anthropogenic aero-
sols can cause atmospheric circulation changes wherever 
the aerosol concentrations are high. During the twentieth 
century, anthropogenic aerosols increase most in Asia. 
Thus, the impacts of anthropogenic aerosols on Asian sum-
mer monsoon have drawn much attention in recent years 
(Li et al. 2016). Anthropogenic aerosols can affect the local 
precipitation and atmospheric circulation directly by modi-
fying the radiation and cloud physics (Menon et al. 2002; 
Ramanathan et al. 2005; Lau et al. 2006; Rosenfeld et al. 
2008; Bollasina et al. 2013; Li et al. 2018), leading to the 
adjustments of local meridional overturning circulations and 
the corresponding monsoon rainfall response. The aerosol 
forcing can weaken the South Asian summer monsoon via 
a SST-mediated response by weakening the global tropical 
meridional overturning circulation, which response to the 
aerosol-induced energy imbalance between the Northern 
Hemisphere (NH) and the Southern Hemisphere (SH) (Bol-
lasina et al. 2011; Ganguly et al. 2012; Wang et al. 2019) 
with some contribution from the spatial pattern of SST 
response (Wang et al. 2019). Recent studies (Wang et al. 
2019; Li et al. 2020) indicate that the direct atmospheric 
response plays a dominant role in weakening the East Asian 
summer monsoon in part by reducing the land-sea thermal 
contrast (Song et al. 2014).

Another striking regional climate response to anthropo-
genic aerosol forcing is Sahel rainfall change in the sec-
ond half of the twentieth century. Emissions of anthropo-
genic aerosols from EU&NA increase steadily from the 
industrial revolution until the mid-1970s, and then rapidly 
decrease due to emission regulations to the early twentieth 
century levels by recent times. Such time-evolving change 
of anthropogenic aerosols leads to a reversal in pattern of 

Sahel rainfall response through either direct atmospheric 
radiative forcing effect (Dong et al. 2014; Hirasawa et al. 
2020) or by modulating the SST anomaly pattern and the 
corresponding atmospheric circulation change (Booth et al. 
2012; Haywood et al. 2013; Dong and Sutton 2015; Giannini 
and Kaplan 2019; Hirasawa et al. 2020). A recent study also 
noted EU&NA aerosol forcing related multidecadal varia-
tions across all ocean basins since 1920 (Qin et al. 2020). 
Furthermore, the aerosol forcing from EU emissions may 
also influence the Asian summer monsoon response by mod-
ulating mid-latitude tropospheric temperatures and westerly 
jet anomalies (Undorf et al. 2018).

Globally, constrained by cross-equatorial energy trans-
port balance theory (Kang et al. 2008; Chiang and Friedman 
2012), the aerosol-induced NH SST and tropospheric cool-
ing can cause an interhemispherically asymmetric climate 
response, including an anomalous cross-equatorial meridi-
onal overturning circulation and corresponding southward 
shift of the inter tropical convergence zone (ITCZ) (Rot-
stayn and Lohmann 2002; Hwang et al. 2013; Allen et al. 
2015; Wang et al. 2016a, b; Soden and Chung 2017). In 
contrast, on the zonal mean view, the GHG-induced tropi-
cal atmospheric circulation and precipitation responses are 
more symmetric about the equator, and which are mediated 
by the “wet-get-wetter” and “warmer-get-wetter” jointly 
(Held and Soden 2006; Xie et al. 2010; Huang et al. 2013). 
In addition to the tropical response, anthropogenic aerosol 
forcing also induces significant mid-latitude westerly jet 
responses in both hemispheres. For the NH, the westerly 
jet is shifted southward due to both geostrophic balancing 
of the northern branch of the aerosol-induced anomalous 
cross-equatorial meridional overturning circulation as well 
as thermal wind balancing of the NH mid-latitude tropo-
spheric cooling (Ming et al. 2011; Wang et al. 2016a). For 
the SH, the subtropical jet in austral winter is weakened by 
the aerosol-induced interhemispherically asymmetric SST 
and atmospheric circulation response, while the aerosol-
induced subpolar jet response shares similar responses with 
the GHG forcing with sign reversed (Wang et al. 2020).

Most of the studies introduced above explored the physi-
cal mechanisms in understanding the climate response to 
anthropogenic aerosol forcing by using long-term trends or 
contrasting two different periods. However, the spatial and 
temporal changes of anthropogenic aerosols are heterogene-
ous since the industrial revolution. Understanding the evolv-
ing contribution of aerosol and GHG forcing to the historical 
climate response is of great importance to climate change 
detection and attribution. In Fig. 1a, the global mean aerosol 
optical depth (AOD) change shows monotonic increase until 
the 1990s, and then gradually levels off. Regionally, aerosol 
emissions in Asia increase consistently until the recent past 
while EU&NA aerosol emissions reverse in trend before 
and after the mid-1970s. Spatial patterns of AOD change 
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substantially during distinct historical periods (Fig. 1b–e). 
In 1930–1975, anthropogenic aerosol emissions are concen-
trated over EU&NA, and to a lesser extent over East and 
South Asia. In 1955–2000, aerosol emissions shift from the 
western to the eastern hemisphere, centered over East and 
South Asia, with little total AOD change over EU&NA. In 
1975–2010, a significant seesaw pattern of aerosol emissions 
emerges, with negative AOD trend over EU&NA but posi-
tive AOD trend over East and South Asia. Such spatial and 
temporal variations of anthropogenic aerosol forcing pose 
the need to examine their role in regulating the historical 
climate response, and to evaluate their contribution to the 

climate change compared with GHG forcing during these 
distinct historical periods.

Wang et al. (2015) addressed the emerging issue of the 
climatic impacts of the west-to-east shift in anthropogenic 
aerosol emissions with an idealized atmospheric model, 
focusing on the fast response of the atmospheric system to 
characteristic aerosol perturbations over the globe. How-
ever, our previous studies (Wang et al. 2016a, b) indicated 
anthropogenic aerosols have a stronger effect on the large-
scale circulations through coupled ocean–atmosphere inter-
action process. Deser et al. (2020) isolated the evolving 
patterns of precipitation and SST response to aerosol and 

Fig. 1  a Global (black line) and regional mean (East Asia (100° 
E–125° E; 20° N–40° N) and South Asia (70° E–100° E; 10° N–30° 
N), red line; Europe (0° E–50° E; 40° N–60° N) and North America 
(100° W–60° W; 30° N–50° N), blue line) Aerosol Optical Depth 

(ambient aerosol optical thickness at 550 nm; unit: 1) relative (to year 
1850) changes from 1850 to 2020. Aerosol optical depth trend (unit: 
1/decade) from b 1930–2010, c 1930–1975, d 1955–2000, e 1975–
2010
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GHG forcing with a new set of fully coupled Community 
Earth System Model version 1 (CESM1) large ensembles 
(LEs) of simulations. A recent study by Kang et al. (2021) 
highlighted how the spatial and temporal evolution of AOD 
in the historical period shaped the large-scale changes 
in SST and precipitation by idealized experiments with 
hierarchical models. The aerosol schemes within climate 
models have undergone significant development in recent 
years, in particular with regard to the aerosol indirect effect 
(aerosol–cloud interaction, (Rosenfeld et al. 2008)). More 
climate models from the latest Coupled Model Intercom-
parison Project Phase 6 (CMIP6) include representation of 
aerosol indirect effects which were absent in previous ver-
sions. Thus, CMIP6 offers a useful tool to better evaluate 
the climatic impacts of anthropogenic aerosols. Inspired by 
these pioneering works, we reveal the climate response to 
the spatial and temporal changes in anthropogenic aerosols 
in distinct historical periods with the CMIP6 multi-member 
and multi-model ensemble mean results. By comparing the 
aerosol- and GHG-induced climate response patterns, we 
analyze their climate effect separately and highlight how the 
patterns of aerosol-forced responses differ from the patterns 
of GHG-forced responses in shaping the historical climate 
changes. The focus of this study is on annually averaged 
changes of SST, precipitation, atmospheric temperature, and 

circulation. We aim to extend the understanding of coupled 
large-scale climate response to anthropogenic aerosol forc-
ing from the long-term change view to a view that includes 
the spatial and temporal evolutions.

The rest of the paper is organized as follows. Section 2 
provides description of the model simulations and analysis 
methods used in this study. Section 3 investigates the domi-
nant climate response modes to the spatial and temporal evo-
lutions of anthropogenic aerosol forcing. Section 4 describes 
the evolving contribution of anthropogenic aerosol and GHG 
forcing to the historical climate response, and further dis-
cusses the unique role of anthropogenic aerosol forcing in 
shaping historical climate change patterns due to distinct 
forcing spatial patterns in different historical periods. Sec-
tion 5 is a summary with discussion.

2  Models and methods

We used simulations from the Detection and Attribution 
Model Intercomparison Project (DAMIP) in the CMIP6 
dataset (Table 1; Erying et al. 2016; Pascoe et al. 2019) to 
investigate the climate response to the spatial and tempo-
ral evolutions of anthropogenic aerosol forcing. We chose 
thirteen models that performed the historical anthropogenic 

Table 1  List of CMIP6 models used in this study

*Models without surface winds outputs

Model acronym Institution Ensemble size

AOD at 
550 nm

Other 
vari-
ables

ACCESS-CM2 Commonwealth Scientific and Industrial Research Organisation (CSIRO), Australian Research Coun-
cil Centre of Excellence for Climate System Science (ARCCSS), Australia

3 3

ACCESS-ESM1-5 Commonwealth Scientific and Industrial Research Organisation (CSIRO), Australia 3 3
BCC-CSM2-MR Beijing Climate Center (BCC), China – 3
CanESM5 Canadian Centre for Climate Modelling and Analysis (CCCma), Canada 15 15
CNRM-CM6-1 Centre National de Recherches Meteorologiques (CNRM), Centre Europeen de Recherche et de 

Formation Avancee en Calcul Scientifique (CERFACS), France
3 10

FGOALS-g3* Institute of Atmospheric Physics (IAP), Chinese Academy of Sciences (CAS), China – 3
GFDL-ESM4* National Oceanic and Atmospheric Administration, Geophysical Fluid Dynamics Laboratory 

(NOAA-GFDL), USA
– 1

GISS-E2-1-G National Aeronautics and Space Administration, Goddard Institute for Space Studies (NASA-GISS), 
USA

5 5

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

Research Institute (AORI), National Institute for Environmental Studies (NIES), RIKEN Center for 
Computational Science (R-CCS), Japan

3 3

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

mental Research (CICERO), Norwegian Meteorological Institute (MET-Norway), Nansen Environ-
mental and Remote Sensing Center (NERSC), Norwegian

2 3
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aerosol/GHG single-forcing simulations (Experiment ID: 
hist-aer and hist-GHG) and historical all-forcing simulations 
(Experiment ID: historical) which include both anthropo-
genic and natural forcings. The AOD at 550 nm was aver-
aged from ten of the thirteen models to evaluate aerosol 
emissions, and three of the thirteen models did not provide 
surface winds variables (Table 1). In the single-forcing sim-
ulations, the time-evolving changes of anthropogenic aerosol 
and GHG forced climate responses can help us to reveal their 
distinct climate response patterns in different historical peri-
ods due to these forcings. Comparison between the historical 
all-forcing and the single-forcing simulations quantifies the 
relative contribution of an individual radiative forcing to the 
historical climate change in a specific period. The internal 
climate variability is important in interpreting the climate 
response to anthropogenic aerosol forcing for small ensem-
bles (Oudar et al. 2018), which can be evaluated through 
large ensemble approach (Kay et al. 2015; Oudar et al. 2018; 
Deser et al. 2020). In this work, to minimize the internal 
climate variability and the inter-model uncertainty due to 
different parameterization schemes, we first obtained the 
multi-member average for each model (ensemble size see 
Table 1) and then constructed the multi-model ensemble 
mean results. To facilitate comparison, all the model outputs 
were interpolated onto a common grid of 144 (zonal) × 73 
(meridional) grid points (2.5° horizontal resolution) with 17 
vertical layers from 1000 to 10 hPa.

We focused on the annual mean changes, and a 9-year 
running average was applied for the time-varying analyses 
to eliminate the high frequency signal. We performed two 
kinds of empirical orthogonal function (EOF) analysis on the 
AOD and aerosol-induced surface temperature  (Tsurf) fields, 
respectively. The global increase mode of aerosol-induced 
climate response can be captured by the leading principal 
component of the traditional EOF analysis after removing 
the high frequency signal (with 9-year running average). 
The shift mode of the aerosol-induced climate response 
was derived from another EOF analysis after the variations 
at each grid point associated with the global increase mode 
have been removed through linear regression. We chose the 
global mean AOD and the aerosol-induced global mean 
surface temperature (GMST) as the regression indices to 
eliminate the global increase mode in the original AOD and 
 Tsurf fields, respectively. The climate response to the spatial 
and temporal evolutions of aerosol forcing can be captured 
by regressing the precipitation, surface winds, zonal mean 
atmospheric temperature and circulation to the leading prin-
cipal components in the above two EOF analyses.

To further describe the distinct contributions from dif-
ferent spatial patterns of aerosol forcing to the historical 
climate change, we calculated the trends in three differ-
ent periods (1930–1975: EU&NA increase; 1955–2000: 
EU&NA changes little with Asia increase; 1975–2010: 

EU&NA decrease with Asia increase) in historical all-forc-
ing and aerosol/GHG single-forcing simulations with Sen’s 
trend (Sen 1968), and assessed the statistical significance at 
the 90% confidence level using a two-tailed Student’s t test. 
Finally, to highlight the distinct patterns of climate response 
to anthropogenic aerosols versus the GHG-induced changes 
in different historical periods, we calculated the pattern dif-
ference following our previous study (Wang et al. 2016a). 
We took the GHG-induced climate response as the reference 
and represent the difference of the aerosol-induced response 
from the reference as:

where the asterisk denotes the trend normalized by the tropi-
cal mean (25° S–25° N) SST change in different historical 
periods.

3  Aerosol‑induced climate response modes

3.1  Global increase mode

As in Fig. 1, the most prominent mode of the AOD change 
from 1930 to 2010 is the global increase mode, in which 
anthropogenic aerosols increase most over East and South 
Asia, and to a lesser extent over EU&NA. We firstly applied 
an EOF analysis on global AOD and  Tsurf changes during 
1930–2010 in historical anthropogenic aerosol single-
forcing simulation. Figure 2a shows the leading principal 
components (PC1) of the EOF analyses on AOD and  Tsurf 
changes, which explain about 68.9% and 94.8% of the total 
variance, respectively. With the increasing concentration of 
anthropogenic aerosols in the NH (Fig. 2b), the  Tsurf shows 
a prominent interhemispherically asymmetric response pat-
tern with enhanced cooling in the NH relative to the SH 
(Fig. 2c). Regional features of the aerosol-induced  Tsurf 
response include the cooling over East and South Asia, 
EU&NA land regions, which are generated by the “solar 
dimming” effect from aerosol forcing (Ramanathan et al. 
2005). Aerosols from the Eurasia continent are advected 
by the westerly jet to the adjacent North Pacific, and cool 
the local SST through both the aerosol-induced radiative 
flux change at top of the atmosphere and the aerosol–cloud 
interaction (Wang et al. 2013; Levy et al. 2013; Chen et al. 
2016). Over the North Atlantic, an aerosol-induced warming 
signal due to the Atlantic Meridional Overturning Circula-
tion (AMOC) strengthening (Shi et al. 2018; Hassan et al. 
2021) is more pronounced than the cooling signal.

In the regression fields of precipitation and surface 
winds (Fig. 2d), the decreased rainfall on and north of the 
equator are regulated by the interhemispheric difference in 
aerosol-induced SST response, with a significant southward 

(1)Rdiff = R∗

AER
−

(

−R∗

GHG

)

,
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cross-equatorial surface wind change. Over East and South 
Asian land regions, the Asian monsoon weakening and the 
drying trends can be either attributed to the atmospheric 
circulation responses generated by localized emission of 
anthropogenic aerosols, or due to the large-scale meridional 
overturning circulation change in response to the interhemi-
spherically asymmetric SST response pattern (Wang et al. 
2019; Li et al. 2020). In the Southeastern Pacific, the reduced 
cooling due to aerosol forcing is associated with weakened 
southeast trade winds, following the wind-evaporation-SST 
(WES) feedback (Xie 1996). In the mid- to high-latitude 
SH, the weakened surface westerlies can be attributed to the 
barotropic atmospheric circulation change in response to the 
NH aerosol forcing (Ceppi et al. 2013; Wang et al. 2020).

Besides the surface changes, we also examine the 
tropospheric temperature and circulation responses in 

the aerosol-induced global increase mode by regressing 
the zonal mean air temperature, zonal wind, and meridi-
onal streamfunction to the PC1 of the  Tsurf EOF analy-
sis (Fig. 3a). In the tropics, as pointed out by Xie et al. 
(2013), the aerosol-induced upward amplified cooling 
bears some resemblance to the effect of GHG forcing with 
sign reversed. The unique temperature response induced 
by aerosol forcing is the deep cooling structure in the NH 
mid-latitude, which further anchors a westerly acceleration 
to its south due to thermal wind balance. Regulated by 
the cross-equatorial energy transport theory (Kang et al. 
2008; Chiang and Friedman 2012), an anomalous cross-
equatorial overturning circulation is generated in the deep 
tropics to balance the interhemispheric energy imbalance 
(Wang et al. 2016a, b), which further regulates the west-
erly jets response via atmospheric eddy adjustments in 

Fig. 2  The increase mode of anthropogenic aerosol-induced climate 
response derived by the leading EOF modes of AOD (black line in 
a and shaidng in b, unit: 1) and historical anthropogenic aerosol sin-
gle-forcing induced  Tsurf (red line in a and shading in c, unit: °C), d 
regressions of precipitation (shading; unit: mm   day−1) and surface 
wind (vectors, with scale at top right; wind speed < 0.02 m  s−1 omit-

ted) to the PC1 of the  Tsurf EOF analysis. The shift mode of anthropo-
genic aerosol-induced climate response derived by the leading EOF 
modes after removing the global mean AOD and the aerosol-induced 
GMST changes (e–g), and the regressions of precipitation and surface 
wind to the derived PC1 of the  Tsurf EOF analysis (h). All the time 
series are normalized by their respective standard deviations
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both hemispheres (Ceppi et al. 2013; Xu and Xie 2015; 
Wang et al. 2020).

3.2  Shift mode

The climate effect of the global aerosol emissions increase 
has been well illustrated by previous studies as well as in 
the above section. However, with large spatial and temporal 
changes, the global increase mode cannot completely repre-
sent the climate response to anthropogenic aerosol forcing. 
By regressing out the global increase mode, we derive the 
shift mode as the other dominant mode of aerosol-induced 
climate response concerning its spatial and temporal varia-
tions during 1930–2010.

After removing the global mean AOD and aerosol-
induced GMST changes, the leading modes of the EOF 
analyses on AOD and  Tsurf present a zonally asymmet-
ric pattern due to the shift of aerosol emissions from the 
western to the eastern NH before and after the mid-1970s. 
These modes explain about 94.6% and 62.7% of the total 
variance for the AOD and  Tsurf respectively (Fig.  2e). 
The aerosol-induced shift mode is dominated by the 
aerosol emissions from EU&NA, which increase during 
1930–1975 and recover to early twentieth century levels 
afterwards. The spatial pattern of the  Tsurf response in the 
aerosol-induced shift mode shows remarkable discrepan-
cies compared with the global increase mode.  Tsurf changes 
over EU&NA land regions can be attributed to the direct 
atmospheric response to local aerosol emissions. The 
downstream effect from the climatological westerlies in the 
mid-latitude NH generates the local  Tsurf changes via both 

radiative effects and aerosol–cloud interaction processes 
in the North Pacific and the North Atlantic (Fig. 2g). The 
AMOC response in the shift mode is weaker than that in 
the global increase mode, indicating the importance of the 
global cooling in modulating the AMOC changes (Kang 
et al. 2021). The response of tropical SST is also weak 
in the shift mode, since the effect of aerosol increase in 
Asia is partially masked by the decrease from EU&NA. 
Precipitation and surface wind responses to the shift mode 
exhibit northward cross-equatorial surface winds over the 
Pacific and the Atlantic as well as a corresponding north-
ward recovery of the tropical rain-belt (Fig. 2h) due to the 
interhemispherically asymmetric SST response in contrast 
to the global increase mode. With the weaker cooling  Tsurf 
signal in Asian land regions in the shift mode, the Asian 
monsoon response is relatively weak compared with that 
in the global increase mode.

In the zonal mean view (Fig. 3b), large tropospheric 
temperature responses due to the reversing changes 
of EU&NA aerosol emissions are captured in the NH 
mid-latitudes. The dominant meridional streamfunction 
response is similar in pattern to that in the global increase 
mode with sign reversed, which is the result of the relative 
SST warming in the North Pacific and the North Atlantic. 
The zonal mean temperature and circulation changes in 
the shift mode highlight the importance of the EU&NA 
aerosol emissions in governing the interhemispheric SST 
asymmetry and the corresponding tropical atmospheric 
circulation anomaly through cross-equatorial energy 
transport.

Fig. 3  Regressions of anthropogenic aerosol-induced zonal mean air 
temperature (shading; unit: °C), meridional streamfunction (black 
contours at 3 ×  106 kg  s−1 interval with 0 kg  s−1 omitted, positive indi-
cates clockwise circulation), and zonal wind speed (red contours at 

0.03 m  s−1 interval with 0 m  s−1 omitted, positive indicates westerly) 
to the PC1 (a) and derived PC1 (b) in the aerosol-induced  Tsurf EOF 
analyses in Fig. 2
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4  Evolving contributions of aerosol forcing

4.1  Different trends in 3 periods

To better describe the evolving climate response to the 
distinct anthropogenic aerosol forcing spatial patterns, 
and weight their evolving contributions to the historical 
climate change, we present the  Tsurf, precipitation, surface 
winds, atmospheric temperature and circulation changes in 
historical all-forcing and single-forcing simulations based 
on the multi-member and multi-model ensemble mean 
trends for three overlapping periods as defined in Sect. 2.

In the histor ical all-forcing simulations, the 
North–South interhemispherically asymmetric  Tsurf 
response during 1930–1975 is dominated by the aerosol 
emissions from EU&NA, with the largest cooling over 
EU&NA land regions as well as over the North Pacific 
and the North Atlantic (Fig. 4a). During 1955–2000,  Tsurf 
trends in historical all-forcing simulations are positive over 
most of the globe except for the East and South Asia land 
regions, a result of the joint effect of GHG-induced warm-
ing and cooling from East and South Asian aerosol emis-
sions (Fig. 4b). In the third period 1975–2000, the GHG 
forcing dominates the  Tsurf change globally, and the maxi-
mum warming signals over Eurasia and NA are amplified 
by the declining local aerosol emissions (Fig. 4c).

The  Tsurf responses over land in historical anthropogenic 
aerosol single-forcing simulations closely resembles the 
AOD change in all three periods (Fig. 4d–f). Globally, spa-
tial correlations of  Tsurf trends between all-forcing and aero-
sol single-forcing simulations declines from 0.83 in the first 
period to 0.39 in the third period, indicating the gradually 
weakened contribution from aerosol forcing to the histori-
cal  Tsurf response patterns. Remarkably, the SST changes in 
aerosol single-forcing simulations show quite distinct spatial 
patterns in the different periods. During 1930–1975, the SST 
cooling is centered in the North Pacific and the North Atlan-
tic due to EU&NA aerosol emissions. In the second period, 
when total EU&NA aerosol emissions trends are small, the 
aerosol forcing from increasing Asian aerosol emissions can-
not generate significant SST cooling in the North Pacific as 
in the first period. This suggests that the aerosols advected 
from northern Eurasia in the first period is far more effective 
in perturbing the North Pacific SST than the local aerosol 
increase over the low-latitude Asian region. The equatorial 
symmetric SST cooling structure is more obvious in this 
period. Previous studies demonstrated that such a La Nina 
like SST cooling can be attributed to the extratropical cool-
ing in either hemisphere via ocean circulation adjustments 
(Kang et al. 2020). In the third period, with the cancella-
tion effect of aerosol emissions between EU&NA and Asia, 
the SST changes over the globe are weak except for that in 
the subpolar north Atlantic, which may be associated with 

Fig. 4  Trends of surface temperature (unit: °C per period) in his-
torical all-forcing (HIS, first row), historical anthropogenic aerosol 
single-forcing (AER, second row), and historical greenhouse gas 
single-forcing (GHG, third row) during 1930–1975 (first column), 

1955–2000 (second column), and 1975–2010 (third column). Spa-
tial correlations between the single-forcing results and the all-forcing 
results are marked on top right in each panel. Stippled regions indi-
cate changes exceed 90% statistical confidence
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the AMOC response to the global cooling (Shi et al. 2018; 
Menary et al. 2020; Hassan et al. 2021). The dynamics of 
the SST response patterns in aerosol single-forcing simu-
lations across different periods require further investiga-
tions concerning the role of ocean dynamical and coupled 
ocean–atmosphere interaction processes.

In GHG single-forcing simulations, the spatial pattern 
of  Tsurf response is static, with increasing magnitude due 
to the growth of GHG emission (Fig. 4g–i). The increasing 
resemblance between all-forcing and GHG single-forcing 
simulations is evident, with the spatial pattern correlation 
increases from − 0.45 in the first period to 0.88 in the third 
period. The warming pattern includes the larger response 
over land than ocean, and the SST spatial pattern is in con-
sistent with previous studies (Xie et al. 2010).

Mediated by the “warmer-get-wetter” mechanism (Xie 
et al. 2010), the tropical precipitation response follows the 
evolution of SST spatial patterns in different simulations. 
In historical all-forcing simulations, the tropical rainfall 
changes markedly from an interhemispherically asymmetric 
pattern in the first period to an equatorial symmetric pattern 
in the third period (Fig. 5a–c). During 1930–1975, the ITCZ 
is shifted southward accompanying the southward cross-
equatorial surface wind anomalies in response to the inter-
hemispheric SST difference. In the second period, weakened 
rainfall response in the equatorial Pacific can be attributed 
to the cancellation effect of the aerosol- and GHG- induced 

SST responses. With the increasing contribution from GHG 
forcing, an intensification of the ITCZ is seen in the third 
period, with surface winds enhancing the rainfall through 
the WES feedback (Xie 1996) in the eastern equatorial 
Pacific. It is worth noticing that in the Atlantic sector dur-
ing 1975–2010, the northward recovery of tropical rain-belt 
and the northward cross-equatorial winds in the historical 
all-forcing simulation are caused by the declining aerosol 
emissions from EU&NA.

Anthropogenic aerosol-induced tropical precipitation 
trends show robust decrease on and north of the equator but 
increase to the south, along with southward cross-equato-
rial wind anomalies in all three basins during 1930–1975 
(Fig. 5d). The spatial correlation of tropical (30° S–30° N) 
precipitation between the all-forcing and aerosol single-
forcing simulations in the first period is 0.61, indicating 
the important role of aerosol-induced interhemispheric 
SST difference in regulating the tropical rainfall response 
in historical climate change. During 1955–2000, with the 
aerosol forcing mainly originated from the Asian emissions, 
the spatial correlation of tropical rainfall between aerosol 
single-forcing and all-forcing is 0.23. In contrast to the inter-
hemispherically asymmetric rainfall response pattern in the 
first period, there is a large degree of equatorially symmetric 
rainfall decrease in the tropics in the second period (Fig. 5e), 
similar to that in the SST response (Fig. 4e). This unique 
feature is probably due to the altered distribution of aerosol 

Fig. 5  As in Fig. 4 but for changes in tropical precipitation (shading, 
unit: mm   day−1 per period) and surface wind (vectors, with scale at 
top right; wind speed < 0.03 m  s−1 per period omitted). Spatial corre-
lations of tropical (30° S–30° N) precipitation trends between the sin-

gle-forcing results and the all-forcing results are marked on top right 
in each panel. Stippled regions indicate precipitation changes exceed 
90% statistical confidence
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emissions from the mid-latitude EU&NA to the low-lati-
tude Asia. The effect of aerosol forcing in the low-latitudes 
resembles the way the GHG forcing affects the tropical cli-
mate response with sign reversed (Xie et al. 2013). In the 
third period, this spatial correlation is as low as − 0.05, and 
the aerosol-induced rainfall change only contributing to the 
Atlantic tropical rainfall response in historical all-forcing 
simulations (Fig. 5f). Rainfall change in response to aerosol 
forcing during 1975–2010 shows meridionally symmetric 
but zonally asymmetric pattern over the Pacific, decreas-
ing more in the equatorial western Pacific than that in the 
equatorial eastern Pacific. Surface wind changes follow the 
rainfall anomaly in the equatorial Pacific and Indian Ocean, 
hinting at an intensification of the Walker circulation.

Similar to the SST trends evolutions, the GHG-induced 
tropical precipitation trends are spatially consistent with 
increasing magnitude from the first to the third period 
(Fig. 5g–i). Along with the relative warming on the equator, 
GHG forcing induces the rainfall increase over the equatorial 
Pacific and Atlantic, with compensating rainfall decrease off 
the equator. Due to the relatively uniform SST warming, spa-
tial patterns of precipitation changes in the tropical Indian 
Ocean are weak compared with that in the tropical Pacific 
and Atlantic, which were mediated by the “warmer-get-wet-
ter” mechanism (Xie et al. 2010). The spatial correlations 
between all-forcing and GHG single-forcing changes from 
0.05 in the first period to 0.60 in the third period, indicating 
the increasing contribution from GHG forcing to the histori-
cal tropical precipitation change.

The evolving trends of zonal mean atmospheric tem-
perature, zonal wind, and meridional streamfunction in all-
forcing and single-forcing simulations are shown in Fig. 6. 
It shows a north-cooling/south-warming pattern in the first 
period, following with a relatively equatorial symmetric 
warming pattern in the latter half of the twentieth century, 
and ending with a NH warmer pattern during 1975–2010 
(Fig. 6a–c). In aerosol runs, the prominent temperature 
response in the first period is the atmospheric cooling over 
the NH mid-latitude as shown with the aerosol-induced 
global increase mode (Fig. 6d). In the second period, the 
temperature response generated by the increasing Asian 
aerosol emissions resembles that in the GHG runs with 
sign reversed, echoing the SST and precipitation changes 
(Fig. 6e). Due to the cancellation effect of the aerosol emis-
sions from Asia and EU&NA, the temperature response is 
weak in the third period with some warming in the NH mid- 
to high-latitudes (Fig. 6f). Temperature changes in GHG 
runs in all three periods show equatorial symmetric patterns 
with upper troposphere amplified warming (Santer et al. 
2005). The warming amplitude increases with the increas-
ing concentration of GHG from the first to the third period 
(Fig. 8g–i). The meridional streamfunction changes (black 
contours in Fig. 6) which balance the interhemispheric 

energy imbalance in the atmosphere are sensitive to the 
interhemispheric thermal contrast. A significant clockwise 
cross-equatorial anomalous Hadley cell can be seen in the 
first period in the historical all-forcing simulations, which 
is dominated by the anthropogenic aerosol forcing (Fig. 6a, 
d). In the second period, the streamfunction trends are rela-
tively weak and symmetric about the equator (Fig. 6b). In 
the third period, the amplified warming in the NH mid- to 
high-latitudes in the all-forcing runs is dominated by the 
aerosol- and GHG-induced warming jointly (Fig. 6c, f, 
i), which generates an anticlockwise cross-equatorial cir-
culation anomaly (Fig. 6c). The spatial correlation of the 
meridional streamfunction trends between aerosol forc-
ing and all-forcing is highest in the first period (0.97), and 
gradually decreases over time (0.28 in the second period; 
0.17 in the third period). On the contrary, spatial correlation 
between GHG forcing and all-forcing rises from − 0.14 in 
the first period to 0.58 in the second period, and up to 0.87 
in the third period. Zonal wind changes (grey contours in 
Fig. 6) are regulated by the thermal wind balance and the 
geostrophic effect related to the temperature and meridional 
overturning circulation trends, respectively.

4.2  Distinctive patterns in 3 periods

The above analyses based on the single forcing simula-
tions determined the temporal climate responses to differ-
ent forcings. Furthermore, the pattern differences between 
aerosol- and GHG-induced responses  (Rdiff) have been dem-
onstrated to be a useful metric to isolate the unique role of 
anthropogenic aerosol forcing in shaping the historical cli-
mate change in comparison with GHG forcing (Wang et al. 
2016a).

Results in Fig.  7 show the zonal mean atmospheric 
temperature and circulation pattern differences between 
aerosol and GHG forcing. In the first period, the aerosol-
induced interhemispherically asymmetric response pattern 
is the main pattern difference between aerosol and GHG 
responses, featuring tropospheric cooling centered around 
40° N and a corresponding southward shift of the NH west-
erly jet as well as a clockwise cross-equatorial anomalous 
Hadley cell in the tropics (Fig. 7a). In the second period, as 
the aerosol forcing shifts from the mid-latitude EU&NA to 
the low-latitude Asian regions, the tropospheric interhemi-
spheric temperature contrast is relatively weak. However, 
the aerosol-induced near surface cooling in the NH also gen-
erates a clockwise cross-equatorial anomalous Hadley cell 
in the tropics, though with weaker magnitude than the first 
period (Fig. 7b). In the third period, warming in the NH mid- 
to high-latitude induced by the declining aerosol emissions 
from EU&NA and the GHG forcing creates a north-warmer 
interhemispheric thermal contrast, which further induces an 



1589Climate response to the spatial and temporal evolutions of anthropogenic aerosol forcing  

1 3

anticlockwise Hadley circulation anomaly over the equator 
(Fig. 7c).

The anomalous interhemispheric thermal contrast and 
circulation changes in different historical periods are asso-
ciated with the zonal mean SST and precipitation changes. 
The radiative difference between the NH and the SH requires 
the anomalous cross-equatorial Hadley circulation to com-
pensate the interhemispheric energy imbalance, though this 
energy theory applies only to the zonal mean (Kang et al. 
2008; Chiang and Friedman 2012; Frierson and Hwang 
2012; Hwang et al. 2013; Wang et al. 2016b). In the view of 
energy conservation theory, the zonal mean SST and precipi-
tation  Rdiff further isolate and highlight the role of anthro-
pogenic aerosol forcing in shaping the historical climate 
change in comparison with GHG forcing. The zonal mean 

SST  Rdiff patterns in all the three periods are regulated by 
the distinct spatial patterns of aerosol forcing (Fig. 8a). The 
zonal mean precipitation change is a surface manifestation 
of the anomalous Hadley circulation, with southward shift 
of the ITCZ in the first period; negative equatorial peak in 
the second period; northward recovery of the ITCZ in the 
third period (Fig. 8b).

Spatial patterns of  Rdiff further characterize the dis-
tinct regional climate responses induced by aerosol and 
GHG forcings in different historical periods. For the SST 
changes, remarkable cooling induced by the aerosol forcing 
relative to GHG appears in the North Pacific in the early 
period (Fig. 9a). Afterwards in the second period, the effect 
of aerosol increase over Asia on SST response is restricted 
in the equatorial Pacific (Fig. 9b). In the third period, the 

Fig. 6  As in Fig.  4 but for changes in zonal mean air temperature 
(shading, unit: °C per period), meridional streamfunction (black con-
tours at 1 ×  107  kg   s−1 per period interval with 0  kg   s−1 per period 
omitted, positive indicates clockwise circulation), and zonal wind 

speed (grey contours at 0.2 m  s−1 per period interval with 0 m  s−1 per 
period omitted, positive indicates westerly). Spatial correlations of 
meridional streamfunction trends between the single-forcing results 
and the all-forcing results are marked on top right in each panel
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SST cooling over the equatorial Pacific, the low-latitude 
Northwestern Pacific, and the North Indian Ocean are gen-
erated by the dramatic increase in aerosol emissions over 
Asia (Fig. 9c). In the mid-latitude, the GHG forcing and the 
declining aerosol emissions from EU&NA lead to the anom-
alous SST warming over the North Pacific and the North 
Atlantic. Corresponding to the SST patterns, the south-
ward shift of tropical rain-belt can be seen in all the three 
tropical basins in the first period, along with the southward 
cross-equatorial wind responses due to the aerosol forc-
ing (Fig. 9d). In the second and third periods, the tropical 
rainfall and surface winds responses are more symmetric 
about the equator, with rainfall decrease in the equatorial 
Pacific, indicating the aerosol cooling is much more effi-
cient in generating the tropical rainfall response than the 
GHG warming (Fig. 9e). The aerosol forcing also generates 
a northward recovery of the tropical rainfall in the Atlantic 
and Sahel (Fig. 9f) due to the reduction of aerosol emissions 
over EU&NA in the third period. The patterns differences 
clearly quantify the relative efficiency of aerosol and GHG 
forcing in generating the historical climate changes in dif-
ferent historical periods, highlighting the distinct spatial and 
temporal climate response patterns induced by aerosol forc-
ing in comparison with GHG forcing.

5  Summary and discussion

Anthropogenic aerosols, as one of the major drivers of 
climate change, have significantly modulated the climate 
response since the industrial revolution. Due to the het-
erogeneous emission sources and short atmospheric resi-
dent time, the role of the spatial and temporal changes of 
anthropogenic aerosol forcing in modulating the historical 

Fig. 7  Difference in climate response pattern between anthropo-
genic aerosol and greenhouse gas single-forcing [defined in Eq.  (1)] 
in zonal mean air temperature (shading, unit: °C/°C per period), 
meridional streamfunction (black contours at 5 ×  107  kg   s−1/°C per 
period interval with 0  kg   s−1/°C per period omitted, positive indi-
cates clockwise circulation), and zonal wind speed (grey contours 
at 0.5 m  s−1/°C per period interval with 0 m  s−1/°C per period omit-
ted, positive indicates westerly) during a 1930–1975, b 1955–2000, c 
1975–2010

Fig. 8  As in Fig. 7 but for a zonal mean SST changes (unit: °C/°C per period), and b zonal mean precipitation (unit: mm  day−1/°C per period) 
changes
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climate response has drawn much attention recently (Wang 
et al. 2015; Samset et al. 2019; Deser et al. 2020; Wilcox 
et al. 2020; Qin et al. 2020; Kang et al. 2021). Here, we 
focus on the spatial and temporal evolutions of anthro-
pogenic aerosol forcing and reveal their role in shaping 
the historical climate change since the industrial revolu-
tion, extending our previous understandings of the aerosol 
effect on climate system.

Over the globe, anthropogenic aerosol emissions increase 
since the industrial revolution until the 1990s, which gener-
ates the global increase mode to the first order. The global 
increase in anthropogenic aerosol emissions leads to the 
interhemispherically asymmetric temperature and atmos-
pheric circulation responses regulated by the cross-equato-
rial energy transport theory, featuring the southward shift of 
the ITCZ, southward cross-equatorial surface wind anoma-
lies, as well as the mid-latitude jet responses in both hemi-
spheres. In addition to the global increase mode, regional 
aerosol emissions show large spatial variations in distinct 
historical periods. After removing the global increase mode, 
we obtain the second dominant climate mode (shift mode) 
in response to aerosol forcing, which is generated by the 
reversal of aerosol emissions trends over the EU&NA before 
and after the mid 1970s. The shift mode not only features 
the regional responses over the North Atlantic and Sahel, but 
also the anomalous anticlockwise Hadley circulation anom-
aly and the corresponding northward recovery of the tropi-
cal rain-belt, indicating the important role of the EU&NA 
aerosol forcing in modulating the interhemispheric thermal 
contrast.

More systematically, we separate the aerosol-induced 
historical climate response into three overlapping periods 
to describe the evolving contributions from distinct aerosol 
forcing spatial patterns to the historical climate changes. 
In the first period (1930–1975), the anthropogenic aerosol 
increased most over the EU&NA, and to a lesser extent over 
the Asian regions. The climate response in this period is 
similar to that in the global increase mode. In the second 
period (1955–2000), anthropogenic aerosol emissions over 
Asia increased significantly while there is little change in 
aerosol emissions over the EU&NA. The aerosol-induced 
radiative forcing shifts from the NH mid-latitudes to the 
low-latitudes, inducing distinct climate response pattern 
compared with the first period, featuring significant equa-
torial symmetric SST cooling in the tropical Pacific. This 
indicates that the radiative forcing change induced by the 
aerosol emissions over the EU&NA is more effective in gen-
erating the interhemispheric thermal contrast compared with 
the Asian aerosol forcing. In the third period (1975–2010), 
Asian aerosol emissions increase rapidly while the EU&NA 
aerosol emissions decline to their early twentieth century 
levels. The net radiative forcing change in the NH during 
this period is small and the dipole pattern of aerosol forcing 
only mediates the regional  Tsurf response over the EU&NA 
and the Asian land regions. The localized aerosol effects are 
also seen in a weakened Asian summer monsoon and the 
recovery of Sahel rainfall in this period.

As the high-latitude radiative forcing is more effective 
in driving the temperature response than the low-latitude 
radiative forcing (Seo et al. 2014; Kang et al. 2017), the 

Fig. 9  As in Fig. 7 but for a–c SST changes (shading, unit: °C/°C per period), and d–f precipitation (shading, unit: mm  day−1/°C per period) and 
surface wind (vectors, with scale at bottom right; wind speed < 0.03 m  s−1/°C per period omitted) changes
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aerosol-induced large-scale climate response shifts from an 
interhemispherically asymmetric pattern to an equatorial 
symmetric and more localized pattern from 1930 to 2010. 
With the increasing strength of the GHG forcing, the relative 
importance of aerosol and GHG forcing in shaping the his-
torical climate response pattern has shifted from the aerosol-
dominant to the GHG-dominant over time. Although the 
robust warming induced by GHG forcing masked the aero-
sol-induced cooling signal in the latter half of the twentieth 
century. The pattern difference analyses between aerosol 
and GHG runs isolate the distinct climate response patterns 
induced by aerosol forcing, and highlight the high relative 
efficiency of anthropogenic aerosol forcing in shaping the 
regional climate changes in comparison with GHG forcing.

Our findings are based on the multi-member and multi-
model ensemble mean results in CMIP6. However, anthro-
pogenic aerosols are the largest source of uncertainty in 
radiative forcing during the instrumental era because of 
insufficient understanding of aerosol microphysical effects 
on cloud and precipitation (Boucher et al. 2013). Even 
though the changes in precipitation and SST in the ensem-
ble mean are robust, their inter-model standard deviations 
are substantial in both the historical all-forcing and single-
forcing simulations (Fig. 10). According to the cross-equa-
torial energy transport theory, large uncertainty in tropi-
cal rainfall response may be attributed to the uncertainty 
in interhemispheric thermal contrast which is due to the 

uncertainty in the mid- to high-latitude SST responses. 
Inter-model uncertainties in aerosol forcing magnitude 
and pattern which are related to the model parameteriza-
tions may be the basis of much of the uncertainties in 
SST responses. In addition, similar patterns of inter-model 
uncertainties in precipitation responses between aerosol 
and GHG forcings indicate that much of the uncertainties 
might not be specifically related to the specific character of 
each forcing. The model uncertainty analyses are beyond 
the scope of this work and call for further investigations in 
interpreting the climate response to the spatial and tempo-
ral variations of anthropogenic aerosol forcing.

Our results regarding the distinct climate responses 
in different historical periods were based on the AOD 
changes in CMIP6 climate models, which may have dis-
crepancies from other climate model results and the obser-
vations (Deser et al. 2020). The single forcing simulations 
can help to distinguish the aerosol effect on historical cli-
mate change and an index that can be applied to the obser-
vations is needed in future studies. As regional aerosol 
emissions are rapidly changing, a dipole forcing pattern 
is seen between the South and East Asia since 2010 due 
to the Clean Air Action in China (Zheng et al. 2018; Sam-
set et al. 2019). It will be important to put our effort into 
understanding and quantifying the impact of this emerg-
ing Asian aerosol patterns on both the regional and hemi-
spheric climate responses in the near future.

Fig. 10  Inter-model standard deviations of precipitation (shading, 
unit: mm   day−1 per period) and SST (contours at 0.2  °C per period 
interval) responses in historical all-forcing (HIS, first row), historical 
anthropogenic aerosol single-forcing (AER, second row), and his-

torical greenhouse gas single-forcing (GHG, third row) during 1930–
1975 (first column), 1955–2000 (second column), and 1975–2010 
(third column)
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