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Abstract

Since China implemented the air pollution prevention and control action in 2013,
the aerosol emissions in East Asia have been greatly reduced, while emissions in South
Asia have continued to increase. This has led to a dipole pattern of aerosol emissions
between South Asia and East Asia. Here, the East Asian summer monsoon (EASM)
responses to the dipole changes in aerosol emissions during 2013-2017 are investigated
using the atmosphere model of Community Earth System Model version 2 (CESM2).
We show that decreases in East Asian emissions alone lead to a positive aerosol
effective radiative forcing (ERF) of 1.59 (£0.97) W m™ over central-eastern China
(25°—40°N, 105°-122.5°E), along with a 0.09 (+0.07) °C warming in summer during
2013-2017. The warming intensified the land-sea thermal contrast and increased the
rainfall by 0.32 (+0.16) mm day™'. When considering both the emission reductions in
East Asia and increases in South Asia, the ERF is increased to 3.39 (0.89) W m™, along
with an enhanced warming of 0.20 (£0.08) °C over central-eastern China, while the
rainfall insignificant decreased by 0.07 (£0.16) mm day™'. It is due to the westward shift
of the strengthened western Pacific subtropical high, linked to the increase in black
carbon in South Asia. Based on multiple EASM indices, the reductions in aerosol
emissions from East Asia alone increased the EASM strength by almost 5%.
Considering the effect of westward shift of WPSH, the dipole changes in emissions
together increased the EASM by 5-15% during 2013-2017, revealing an important role

of South Asian aerosols in changing the East Asian climate.
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1. Introduction

Anthropogenic emissions of aerosols and their precursors have increased
significantly since the preindustrial era, especially in East Asia and South Asia due to
industrialization and urbanization (Zhang et al., 2012). As a result of the increase in
emissions, particle pollution has been a big concern over these regions. To mitigate the
air pollution, the Chinese government issued and implemented the air pollution
prevention and control action plan in 2013 and consequently the anthropogenic aerosol
(AA) emissions have been greatly reduced in East Asia (Zheng et al., 2018). Meanwhile,
AA emissions in South Asia are continually increasing, which leads to a spatial dipole
pattern of AA emission changes over the broad continental region of South and East
Asia, as shown in Fig. S1 (Samset et al., 2019; Ramachandran et al., 2021).

Aerosols are the main pollutant of concern due to their adverse effects on
atmospheric visibility and human health (Bell and Davis, 2001; Cohen et al., 2017).
Besides their environmental impacts, aerosols can also influence the regional and global
climate by changing the atmospheric radiation budget via scattering and absorbing solar
radiation and modifying cloud microphysical properties (Yu et al., 2013; Yang et al.,
2017a,b, 2019, 2020, 2022).

The East Asian summer monsoon (EASM) is a crucial component of the Asian
atmospheric circulation and climate system, driven by the temperature difference
between the Asian continent and its surrounding oceans (Ding and Chan, 2005). EASM
provides 40—-50% of the annual total precipitation for southern China, and 60-70% for
northern China (Lei et al., 2011). Changes in EASM can have a significant impact on
local infrastructure, agriculture, water resources and global water cycle (Ding and Chan,
2005).

Many previous studies have illustrated the important role that AA has played in
changing EASM (Lau et al., 2008; Li et al., 2016). Zhang et al. (2011) used the
atmospheric general circulation model of the Beijing Climate Center (BCC_AGCM)
with prescribed sea surface temperature (SST) and sea ice concentration (SIC) to study

the response of EASM to the direct radiative effects of AA. They reported that increases
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in aerosols would cause anomalous northerlies, reduce the northward moisture transport,
and weaken the EASM precipitation in eastern and southern China between 15°N and
30°N. Using the National Center for Atmospheric Research (NCAR) Community
Atmospheric Model version 5 (CAMS) driven by prescribed SST and SIC with aerosol
direct, semi-direct and indirect effects considered, Jiang et al. (2013) investigated the
AA impact on the EASM between 1850 and 2000. They concluded that the increased
AA reduced the land-sea thermal contrast, reduced precipitation in North China, and
increased precipitation in South China and its adjacent oceans, primarily attributed to
the effects of sulfate and primary organic matter (POM) aerosols. Xie et al (2016) also
indicated that the effects of AA on the monsoonal circulation and precipitation were
stronger in weak monsoon years than in strong monsoon years based on CAMS
simulations. Using a coupled atmosphere-ocean-mixed-layer model, Tian et al. (2018)
and Dong et al. (2019) found that the increase in AA led to anomalous moisture flux
divergence and decreased precipitation over northern China, which weakened the
EASM during the recent decades. Mu and Wang (2020) used simulations from 16
Coupled Model Intercomparison Project Phase 5 (CMIP5) models to quantitatively
distinguish the fast (direct effects of forcing on radiation, cloud, and land surface
processes excluding the ocean response) and slow (oceanic processes) responses of the
EASM to aerosol forcing. They suggested that an increased AA can weaken the EASM
circulation and reduce precipitation over eastern China and the main reason for this was
the fast response of atmospheric processes to AA forcing.

Remote aerosol also can affect the circulation and precipitation of EASM. Cowan
and Cai (2011) used a coupled climate model to study the effects of Asian and non-
Asian AA on the EASM in the 20th century and indicated that non-Asian AA
exacerbated the cooling over Europe and Asia relative to the surrounding oceans, and
weakened the southerly wind, which suppresses the Asian summer monsoon
precipitation. Wan et al. (2013) reported that, based on climate model simulations with
prescribed SST, European black carbon (BC) aerosol enhanced tropospheric heating

over the Eurasian Continent through a propagating wave train and horizontal air
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temperature advection, which can intensify the land-sea thermal contrast and therefore
enhance the EASM. Mahmood and Li (2014) also suggested that the South Asian BC
aerosol could decrease EASM precipitation in China through weakening the moist air
transport toward East Asia from the Bay of Bengal and enhancing atmospheric stability
in the Yangtze River Basin. Based on the atmospheric component of the UK Met Office
Hadley Centre Earth system model (HadGEM2-ES), Dong et al. (2015) found that
anthropogenic sulfate from European emissions induced cooling and drying of the mid-
troposphere over Asia and reduced the land-sea thermal contrast, which led to high sea
level pressure (SLP) anomalies over Asia and low SLP anomalies over the Western
North Pacific (WNP) and further weakened the EASM.

The previous studies that examined the effects of local and remote aerosols on the
EASM have made a great contribution to our understanding of the response of East
Asian climate to aerosols. The majority of model studies have suggested that the
increase in AA over East Asia could weaken the EASM strength. However, few studies
have explored the impacts of recent dipole changes in emissions of anthropogenic
aerosols and their precursors over East Asia and South Asia on the EASM. In this study,
we investigate the relative impacts of the decrease in AA emissions over East Asia and
the increase in AA over South Asia between 2013 and 2017, based on the atmosphere
model of the Community Earth System Model Version 2 (CESM2). The remainder of
the paper is organized as follows. Section 2 describes the CESM2 model and
experiments design. Section 3 analyzes the responses of EASM to the changing AA
emissions from East and South Asia. Conclusions and discussions are given in Section

4,

2. Model description and experiment design

In this study, the responses of EASM to AA emissions are examined using the
Community Atmosphere Model version 6 (CAMO6), which is the atmospheric
component of CESM2 (Danabasoglu et al., 2020). Simulations are performed at a

spatial resolution of 0.9° latitude x 1.25° longitude and 32 vertical layers from the
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surface to 3.6 hPa. In CAM6, aerosols are treated using the 4-mode Modal Aerosol
Model (X. Liu et al., 2016), which predicts the mass and number concentrations of
major aerosol species including sulfate, BC, POM, SOA (secondary organic aerosol),
mineral dust, and sea salt. Aerosols can interact with radiation, clouds and precipitation
that are realistically represented in CAM®6. Details of the CAM6/CESM2 can be found
in Danabasoglu et al. (2020).

In this study, we use the CEDS (Community Emissions Data System)
anthropogenic emissions of aerosols and precursors (Hoesly et al., 2018) that were
developed for the CMIP6 (Coupled Model Intercomparison Project Phase 6) as the
model input datasets. The anthropogenic emissions in China are replaced by Multi-
resolution Emission Inventory for China (MEIC) inventory, which has been shown to
produce the consistent aerosol precursor loadings with satellite observations (F. Liu et
al., 2016) and better capture the recent emission reductions in China (Wang et al., 2021).
Biomass burning emissions are also from the standard CMIP6 datasets (van Marle et
al., 2017).

Three 40-year parallel equilibrium experiments, named BASE, EA17 and
EASA17, are conducted with different AA emissions from East Asia and South Asia.
The boundaries of East Asia and South Asia follow the source-receptor regions
provided by the Hemispheric Transport of Air Pollution model experiment phase 2
(HTAP2). The AA emissions in both East Asia and South Asia are fixed at year 2013
levels in the BASE experiment, while East Asian emissions are changed to year 2017
levels in EA17 and AA emissions in 2017 are adopted for both East Asia and South
Asiain EASA17. AA emissions in other regions of the world remain at year 2013 levels
in all simulations. The seasonal cycle of emissions is considered in the simulations. The
differences between the BASE experiment and other two experiments (EA17 and
EASA17) are attributed to the effect of AA emissions reduction in East Asia and the
dipole changes in the AA emissions over East Asia and South Asia, respectively. All
experiments are driven by the climatological mean SST and SIC for the present-day

climatology (average over 1995-2005). We note that only atmospheric rapid
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adjustments are considered in this study without the consideration of SST responses,
and the land surface temperatures are allowed to respond to aecrosol changes. The ozone,
greenhouse gas forcing and biomass burning emissions are kept at year 2013 values
during simulations. Each experiment runs for 40 years and the averages of the last 35
years are used for analysis. Considering the uncertainty of the aerosol impacts on
climate, the two-tailed Student’s t test with 90% confidence level is applied in the
following analysis.

Effective radiative forcing (ERF) quantifies the net change in the energy budget
of the Earth system after a perturbation, and includes the instantaneous forcing and
rapid adjustments from the atmosphere and surface (Smith et al., 2020). The ERF in
this study is diagnosed as the difference of net radiative flux between the perturbation
experiments (EA17 and EASA17) and the control experiment (BASE). ERF due to
aerosol-cloud interactions is decomposed based on Ghan (2013), defined as A(Fciean—
Felearclean)- Felean 1 the radiative flux neglecting the scattering and absorption of solar
radiation by aerosols and Feaciean 18 the radiative flux neglecting scattering and
absorption by both clouds and aerosols. The difference between two simulations is

represented by A.

3. Results
3.1. Model evaluation

Observed atmospheric circulation and precipitation during the EASM season are
shown in Fig. 1a, which are from the NCEP/NCAR Reanalysis (Kalnay et al., 1996),
ERAS Reanalysis (Hersbach et al., 2019) and Global Precipitation Climatology Project
(GPCP) data sets (Adler et al., 2018). Generally, the monsoon flow carrying moist air
from the Bay of Bengal and Indochina Peninsula penetrates abruptly into the Yangtze
River Basin (26°-32°N, 105°-122.5°E) and extends to northern China (32°—42°N,
105°-122.5°E). During this period, the western Pacific subtropical high (WPSH) over
the east of China mainland is important for the atmospheric conditions and precipitation

in China. CAM®6 reproduces well the climatological mean of the main features of
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EASM (Fig. 1b), although the precipitation in the Bay of Bengal and westerlies north
of 40°N are overestimated. The spatial correlation coefficients of boreal summer (JJA)
mean zonal and meridional winds at 850 hPa, SLP, and precipitation rate between
observation and BASE experiment in 2013 over Asian regions are 0.87, 0.83, 0.87, and
0.70, respectively, suggesting that CAM6 has the ability to simulate the key features of
EASM.

(a) Observation (b) CESM2
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Figure 1. June-July-August (JJA) mean 850 hPa winds (vectors, m s!), sea level
pressure (contours, hPa) and precipitation (shaded colors, mm day™') in 2013 derived
from (a) NCEP/NCAR Reanalysis (for sea level pressure), ERAS Reanalysis (for winds)
and Global Precipitation Climatology Project (GPCP) data set (for precipitation) and
(b) from the BASE experiment of CAM6.

Changes in surface aerosol concentrations during 2013-2017 simulated by CAM6
were evaluated in Gao et al. (2022). It was reported that the model could capture the
changes in spatial distribution of aerosols concentrations in China, but strongly
underestimated the magnitude of the concentration decreases by more than 50%. The
low bias of the aerosol reduction could result in the underestimation of the responses in
EASM, which is further discussed in the following section.

3.2. Dipole changes in aerosol emissions, burden and effective radiative forcing

The changes in JJA mean anthropogenic emissions of BC, POM, sulfur dioxide

(SO2) and SOA precursor gas (SOAG) between 2013 and 2017 are shown in Fig. 2
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(changes over East Asia or South Asia are given in Fig. S1). Anthropogenic emissions
of aerosols and precursor gases significantly decreased over eastern China from 2013
to 2017 due to the Air Pollution Prevention and Control Action Plan, but increased in
the Indo-Gangetic Plain (IGP) region (25°-35°N, 70°-90°E), displaying a dipole
pattern between East Asia and South Asia. The anthropogenic emissions over South
India also decreased during 2013—2017, which led to changes in burden of aerosols and

could influence climate in Asia.
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Figure 2. Changes in June-July-August (JJA) mean anthropogenic emissions of SOo,

BC, POM, and SOAG (g m™ year™') between 2013 and 2017.

Changes in the spatial distribution of AA column burden are shown in Fig. 3 and
corresponding percentage changes are shown in Fig. S2. Due to the reduction in AA
emissions, the AA column burdens decreased significantly in East Asia in both EA17

and EASA17 experiments. Sulfate aerosol decreased most significantly, especially in



232
233
234
235
236
237
238
239
240

241
242

northern China by 3—-6 mg m (40-60%), followed by POM (0.5-1 mg m2, 10-30%)),
BC (0.2-0.5 mg m™, 20-40%), and SOA (0.2-0.5 mg m, 5-10%). In South Asia, the
changes in the column burden of AA between BASE and EASAI17 are basically
consistent with the changes in anthropogenic emissions. The largest increases in AA
column burden are located over IGP regions. Relative to 2013, sulfate burden in 2017
was increased by 0.5-3 mg m? (10-20%), followed by POM (0.1-0.5 mg m, 1-10%)
and BC (0.02-0.1 mg m, 1-10%), while SOA burden showed a weak decrease of less

than 5% over South Asia.
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Figure 3. Changes in JJA mean column burden of (a, b) sulfate, (c, d) BC, (e, f) POM
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and (g, h) and SOA (mg m?) between BASE and EA17 (EA17-BASE) and between
BASE and EASA17 (EASA17-BASE), respectively. The dotted areas indicate

statistical significance with 90% confidence based on a two-tailed Student’s t test.

As shown in Fig. 4a, the decrease in AA led to the positive aerosol ERF at the top
of the atmosphere (TOA) over central-eastern China between 2013 and 2017, with a
maximum change of 4-8 W m™. Averaged over central-eastern China (25°—40°N,
105°-122.5°), 2013-to-2017 changes in AA emissions induced a positive acrosol ERF
of 1.59 (£0.97) W m2 (Table 1) relative to BASE. The decreases in AA emissions from
East Asia also resulted in strong positive ERF of 2-8 W m™ over Japan and the
surrounding ocean. The changes in ERF are primarily due to aerosol-cloud interactions
in the case of AA emission reductions (Fig. S3). The decreases in aerosols transported
to the western north Pacific caused the weakened negative ERF due to aerosol-cloud
interactions, leading to an increase in radiation absorption by the Earth. In addition, the
decrease in BC aerosols suppressed the formation of low-level marine stratocumulus
and increased high-level cloud amount over the western north Pacific (Fig. S4), as
previously reported by Yang et al. (2019), which further intensified the positive aerosol
ERF in EA17 relative to BASE. The reduced AA emissions in East Asia also led to
stronger positive ERF at the surface than at TOA over central-eastern China, revealing
the weakened atmospheric absorption by absorbing aerosols related to the emission

reductions (Fig. S5).

(a) EA17-BASE (b) EASA17-BASE
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Figure 4. Changes in JJA mean aerosol ERF (W m?) (a) between BASE and EA17
(EA17-BASE) and (b) between BASE and EASA17 (EASA17-BASE). The dotted
areas indicate statistical significance with 90% confidence based on a two-tailed
Student’s t test. The blue box in (a) marks central-eastern China (25°—40°N, 105°—

122.5°E).

Table 1 Regional mean differences in effective radiative forcing (ERF), temperature at
2 meter (T2m), meridional wind at 850 hPa (V850) and precipitation rate between
EA17 and BASE and between EA17 and EASA17 over central-eastern China (25°—

40°N, 105°-122.5°E) in JJA. 1o for the 35 seasonal means is shown in the parentheses.

Exberiment ERF T2m V850 Precipitation
P (W m?) (C) (ms')  (mmday-)
1.59 +0.09 +0.25 +0.32
EA17-BASE (£0.97) *0.07)  (£0.22) (+0.16)
+3.39 +0.20 +0.39 0.07
EASAIT-BASE 1) 59) *0.08)  (£0.21) (+0.16)

Due to the increases in AA emissions over the IGP region, the negative ERF of
AA was strengthened by 2-8 W m™ during 2013-2017, while positive ERF was located
over South India (Fig. 4b) due to the decrease in low-level cloud (Fig. S4b) during this
time period. Interestingly, the positive ERF over eastern China due to the decreases in
AA emissions over East Asia was strengthened by the increases in emissions over South
Asia. The regional averaged ERF over central-eastern China increased from 1.59 (+0.97)
W m?in EA17 to 3.39 (£0.89) W m™ in EASA17, relative to BASE experiment, likely
due to feedbacks through changes in atmospheric circulation and clouds associated with
the increases in AA emissions from South Asia, which is further examined below.
3.3. Change in East Asian climate due to the dipole changes in emissions

The perturbation of radiation flux associated with the dipole changes in AA
emissions during 2013-2017 can further change the surface air temperature, as shown
in Fig. 5. Due to the reductions in AA emissions from East Asia, surface air temperature

increased between 30°N and 45°N over China and the downwind western north Pacific,

12
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with the maximum temperature increase of 0.2-0.4 °C (Fig. 5a). Temperature also
decreased in southwestern China and increased in Southeast Asia, likely resulting from
the increase/decrease in mid-level cloud (Fig. S4c) caused by the aerosol-induced
changes in atmospheric circulation. When considering both the decrease in AA
emissions in East Asia and the increase in AA emissions in South Asia, surface
temperature shows a weak decrease over the IGP region, but the temperature increase
in central-eastern China was stronger, with the maximum temperature increase of 0.4—
0.6 °C (Fig. 5b). A weak cooling appears over the northwestern Pacific, which may be
related to the downdraft of cold air due to the strengthened WPSH (Yang et al., 2022).
Averaged over central-eastern China, the surface air temperature anomaly induced by
the reductions in AA emissions from East Asia was doubled, from 0.09 (+£0.07) °C to
0.20 (£0.08) °C (Table 1), with the simultaneous increase in AA emissions from South

Asia.

(a) EAM7-BASE (b) EASA17-BASE
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Figure 5. Changes in JJA mean surface air temperature (°C) (a) between BASE and
EA17 (EA17-BASE) and (b) between BASE and EASA17 (EASA17-BASE). The
dotted areas indicate statistical significance with 90% confidence based on a two-tailed

Student’s t test.

The enhanced summer warming over central-eastern China in EASA17, compared

to EA17, is the result of the intensified and westward shift of the WPSH that can be
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linked to the increase in BC aerosol in South Asia. The enhanced warming over land
caused by the reductions in East Asian emissions of AA intensified the land-sea thermal
contrast between eastern China and the western north Pacific, resulting in a
strengthened WPSH (Fig. 6a). The increases in BC aerosols in South Asia led to
anomalous atmospheric heating over 70-80°E (Fig. S6a), which produced an
anomalous ascending flow over this region (Fig. S6b). The anomalous ascend over
South Asia enhanced the anomalous subsidence over 110-130°E, causing the
intensified and westward shift of the WPSH (Fig. S7a), adding to the effect of
reductions in AA emissions from East Asia (Fig. 6b). The enhanced intensity and
westward shift of WPSH can increase the atmospheric stability and suppress the cloud
formation (Fig. S4), leading to a warmer climate over central-eastern China in EASA17

than in EA17.

(a) EA17-BASE Imis (b) EASA17-BASE Tmis

......

......

100°E 120°E

Figure 6. Changes in JJA mean sea level pressure (colors, hPa) and 850 hPa winds
(vectors, m s) (a) between BASE and EA17 (EA17-BASE) and (b) between BASE
and EASA17 (EASA17-BASE). The dotted areas indicate statistical significance with

90% confidence based on a two-tailed Student’s t test.

The most significant feature of precipitation changes due to the reductions in AA
emissions from East Asia was an enhanced summer rainfall over central-eastern China
(Fig. 7a). It was related to the anomalous southerly winds along the west edge of the

strengthened WPSH (Fig. 6a), which brought warm and moist air from South China
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Sea to southern China (18°-32°N, 105°-122.5°E), and increased cloud amount there
(Figs. S4a, S4c and S4e). Averaged over central-eastern China, the JJA precipitation
was increased by 0.32 (+0.16) mm day! in EA17 compared to BASE experiment (Table
1). The impact of the dipole pattern of the Asian AA emission changes on EASM
precipitation is complex (Fig. 7b). Although precipitation in central-eastern China
increased due to the anomalous moisture transport associated with the East Asian
emission reductions, the westward shift of WPSH due to the South Asian emission (Fig.
S7a) increased the atmospheric stability and tended to decrease precipitation over
central eastern China and the western north Pacific (Fig. S7b). This can be further
confirmed by the anomalous downdraft over 20°~40°N in central-eastern China (Fig.
S8b). The dipole changes in emissions caused increased precipitation in the northeast
(the Korean peninsula) and southwest (Yunnan/Myanmar border), but deficits in the
central and southeast regions, with an insignificant regional averaged change of —0.07

(£0.16) mm day™! in EASA17 compared to BASE experiment.

(a) EA17-BASE (b) EASA17-BASE
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Figure 7. Changes in JJA mean precipitation (mm day') (a) between BASE and EA17
(EA17-BASE) and (b) between BASE and EASA17 (EASA17-BASE). The dotted
areas indicate statistical significance with 90 % confidence based on a two-tailed

Student’s t test.

The changes in JJA mean SLP, 850hPa winds and precipitation between 2013
(average of 2011-2015 to remove the internal variability in observations) and 2017

(average of 2015-2019) from observations are also shown in Fig. 8 and Fig. S9 for
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reference. During 2013-2017, observations also show the intensified and westward
shift of WPSH and the increases in the southwesterly winds over southern China,
similar to the modeling results, indicating that the recent change in EASM circulation
can be largely explained by the dipole changes in AA emissions over East Asia and
South Asia. The observed EASM precipitation increased over central-eastern China and
decreased over the western north Pacific in 2017 compared to 2013, similar to the
effects of East Asian emission changes in model. Note that, however, the changes in
atmospheric circulation and precipitation of EASM are affected by many other factors
than aerosols, such as climate change, changes in SST, and modes of internal variability.
A few differences are also shown in observations, such as the increase in precipitation
over central China and the less significant enhancement of WPSH in observations,
which can not be explained by the changes in AA alone. In addition, the model
underestimated the aerosol decrease in eastern China during 2013-2017 (Gao et al.,
2022), which can lead to a low bias in the simulated response of EASM precipitation

to AA emission reductions from East Asia.

(a) 850hPa wind and SLP — (b) Precipitation
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Figure 8. Changes in JJA mean (a) sea level pressure (colors, hPa) and 850hPa winds
(vectors, m s 1), and (b) precipitation rate (mm day™') between 2013 (represented by the
average of 2011-2015) and 2017 (represented by the average of 2015-2019) derived
from ERAS.
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3.4. Quantifying the change in EASM intensity

As examined above, the decreases in AA emissions from East Asia intensified
WPSH and the increases in AA emissions from South Asia further led to the westward
shift of WPSH, enhancing the intensity of EASM (Wang et al., 2013). However, to what
extent the dipole changes in AA emissions over East Asia and South Asia influence the
EASM needs quantitative analysis.

In this study, three indices (i.e., Isun, ILaw and Iwy) that include different features of
east-west and north-south thermal contrast (Sun et al., 2002), north-south shear vorticity
(Lau et al., 2000) and southwest monsoon (Wu et al., 1997), respectively, are employed
to quantify the intensity of EASM, as shown in Table S1. The three indices are
individually calculated using surface air temperature, zonal winds at 200 hPa and
meridional winds at 850 hPa, respectively. Using three different indices can give a more
robust result than that from any individual index.

Compared to the BASE experiment, the EASM intensity in EA17 is increased by
4.1%, 0.6%, and 4.5%, respectively, for Isun, [Lau, and Iwy, indicating that the reductions
in AA emissions from East Asia during 2013-2017 enhanced the EASM strength by
less than 5%. With the effects of increases in AA emissions from South Asia
superimposed, the increases are enlarged to 14.9%, 9.4%, and 5.0% in the EASA17
experiment. It suggests that, besides the decreases in East Asian emissions, the
increases in South Asian emissions of AA have a crucial impact on the intensified
EASM strength. The dipole changes in AA emissions over East Asia and South Asia
together enhanced the EASM by 5-15% during 2013-2017.

4. Conclusions and discussion

China implemented the air pollution prevention and control action plan in 2013,
which significantly reduced the emissions of anthropogenic aerosols (AA) and
precursors. Meanwhile, AA emissions in South Asia have been continually increasing,
which formed a dipole pattern of changes in AA emissions between South Asia and East

Asia during 2013-2017. In this study, the response of EASM to the dipole changes in
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AA emissions are investigated based on CESM2-CAMG6 emissions sensitivity
simulations.

Along with the decreases in East Asian AA emissions, a positive aerosol ERF of
1.59 (£0.97) W m™ relative to BASE appears in central-eastern China (25°—40°N,
105°-122.5E°) in summer, resulting in a 0.09 (£0.07) °C warming during 2013-2017.
The anomalous warming over land intensified the land-sea thermal contrast between
eastern China and the western north Pacific, which resulted in a strengthened WPSH
and an increase in summer precipitation by 0.32 (£0.16) mm day! over central-eastern
China. When considering both the AA reductions in East Asia and increases in South
Asia, the ERF relative to BASE is increased to 3.39 (£0.89) W m™, along with an
enhanced warming of 0.20 (£0.08) °C over central-eastern China, which is the result of
westward shift of the strengthened WPSH linked to the increase in BC aerosol in South
Asia. The combined effect of the stabilized air and moisture transport associated with
the WPSH led to a —0.07 (£0.16) mm day! precipitation change related to the changes
in Asian AA emissions during 2013-2017.

Based on the quantitative estimation of multiple EASM indices, the reductions in
AA emissions from East Asia during 2013-2017 are found to enhance the EASM
strength by less than 5%, while the dipole changes in AA emissions over East Asia and
South Asia together enhanced the EASM by 5-15% during 2013-2017, revealing an
important role of South Asian AA emissions in changing the East Asian climate.
However, we also note that although the dipole pattern of changes in AA emissions over
Asia leads to stronger land-sea thermal contrast and circulations changes in comparison
with responses to AA reductions over East Asia alone, precipitation does not show a
stronger response to the dipole changes in AA emissions over East Asia and South Asia
due to precipitation suppression caused by South Asian AA emissions.

This study focuses on the EASM response to Asian emissions dipole changes in
JJA. However, change in AA in pre- and post- monsoon seasons may also influence the
climate in East Asia (Ramachandran et al., 2020). As shown in Fig. S10, the responses

of circulation and precipitation over central-eastern China to changes in East Asian AA
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emissions reach their maximums in JJA, while temperature response decreases from
April to September. With both changes in AA emissions over East Asia and South Asia
included, the climate responses are strongest in July, while the South Asian emissions
enhance precipitation in September.

Note that, Gao et al. (2022) used the same model to investigate the climatic
impacts of changes in aerosols and ozone due to China’s recent clean air actions by
perturbing aerosol emissions and ozone concentrations over China. They found that the
increase in ozone can intensify the warming caused by the aerosol reductions in China.
Our study answers how and to what extent the spatial dipole pattern in Asian aerosol
changes could influence EASM through changing AA emissions over East Asia and
South Asia, which has the different scientific focus and experimental design compared
to Gao et al. (2022).

Our study also has some limitations and uncertainties. Firstly, although the
atmospheric rapid adjustments were previously reported as the main process of EASM
response to AA (Mu and Wang, 2020), the dipole pattern of AA emissions can also
influence the EASM through slow oceanic processes and air-sea interactions, which
deserves further investigation by performing simulations with the consideration of SST
responses. Secondly, the current version of CESM2-CAM®6 does not treat nitrate and
ammonium aerosols; however, their changes in 2013-2017 could also affect the EASM,
although slight changes were found in nitrate concentration in Beijing during this time
(Zhang et al., 2020). Third, the model strongly underestimates the magnitude of
regional surface aerosol concentrations (Gao et al., 2022; Ren et al., 2021; Yang et al.,
2017a, c¢) and, therefore, the reduction in AA burden in China is also likely to be
underestimated, which may lead to a low bias of the response of EASM to the changes
in AA emissions from East Asia. Last but not the least, the conclusions here are based
on the CESM2-CAM6 simulations, and therefore more comprehensive study is
required in the future to conclusively answer the question as to what extent the dipole

influences the EASM.
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Data availability

Observed sea level pressure in  section 3.1 is  available at
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html (last access: October 2022).
Observed 850 hPa winds in section 3.1 and 3.3 are available at
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels-
monthly-means?tab=form (last access: October 2022). Observed precipitation rate in
section 3.1 1is available at https://www.ncei.noaa.gov/data/global-precipitation-
climatology-project-gpcp-daily/access/2013 (last access: October 2022). Observed sea
level pressure and precipitation rate in section 3.3 are available at
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-eraS-single-levels-
monthly-means?tab=form (last access: October 2022). The CESM2 model is available
at  https://escomp.github.io/CESM/versions/cesm2.1/html/downloading cesm.html
(last access: October 2022). The MEIC inventory can be downloaded at

http://meicmodel.org/?page id=541&lang=en (last access: October 2022).
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