Atmos. Chem. Phys., 25, 10949-10964, 2025
https://doi.org/10.5194/acp-25-10949-2025

© Author(s) 2025. This work is distributed under
the Creative Commons Attribution 4.0 License.

Atmospheric
Chemistry
and Physics

Dry and warm conditions in Australia exacerbated by
aerosol reduction in China

Jiyuan Gao'?, Yang Yang'-?, Hailong Wang?>, Pinya Wang'-2, and Hong Liao'

I'State Key Laboratory of Climate System Prediction and Risk Management/Jiangsu Key Laboratory of
Atmospheric Environment Monitoring and Pollution Control/Jiangsu Collaborative Innovation Center of
Atmospheric Environment and Equipment Technology/Joint International Research Laboratory of Climate and
Environment Change, Nanjing University of Information Science and Technology, Nanjing, Jiangsu, China
2School of Environmental Science and Engineering, Nanjing University of Information Science and
Technology, Nanjing, Jiangsu, China
3 Atmospheric, Climate, and Earth Sciences Division, Pacific Northwest National Laboratory,
Richland, Washington, USA

Correspondence: Yang Yang (yang.yang @nuist.edu.cn)

Received: 31 October 2024 — Discussion started: 18 November 2024
Revised: 15 July 2025 — Accepted: 31 July 2025 — Published: 23 September 2025

Abstract. A substantial decline in anthropogenic aerosols in China has been observed since the initiation of
clean air actions in 2013. This study reveals a linkage between aerosol reductions in China and drier and warmer
conditions in Australia. Aerosol decline in China trigger alterations in temperature and pressure gradients be-
tween the two hemispheres, leading to intensified outflow from Asia towards the South Indian Ocean, strengthen-
ing the Southern Indian Subtropical High and its related Southern Trade Winds. Consequently, this atmospheric
pattern results in a moisture divergence over Australia. The reduction in surface moisture further results in more
surface energy being converted into sensible heat instead of evaporating as latent heat, warming the near-surface
air. The intensified dry and warm climate conditions further cause the increase in wildfire risks during fire sea-
sons in Australia. Our study illuminates the potential impact of distant aerosols on precipitation and temperature

variations in Australia, offering valuable insights for drought and wildfire risk mitigation in Australia.

1 Introduction

Australia encompasses various climate zones, ranging from
the tropical climate in the north to arid conditions in the inte-
rior and temperate climates in the south (Head et al., 2014).
The continent is predominantly dry, receiving an average an-
nual rainfall of less than 600 mm and less than 300 mm over
half of the land. Evident long-term trends can be observed
in Australia’s historical rainfall records. These trends reveal
a notable shift towards drier conditions across southern Aus-
tralia (Dey et al., 2019a; Nicholls, 2006; Rauniyar and Power,
2020; Wasko et al., 2021), and an increase in rainfall before
2010 (Dey et al., 2019a, b; Evans et al., 2014; Nicholls, 2006;
Rotstayn et al., 2007; Wasko et al., 2021) followed by a slight
decreasing trend of rainfall after 2010 (CSIRO and BOM,
2022) in the northern Australia.

Precipitation in Australia is influenced by a variety of at-
mospheric circulation systems, including East Coast Lows
(ECLs), the Australian-Indonesian Monsoon, tropical cy-
clones (TCs), fronts, and different modes of large-scale cli-
mate variabilities, such as the El Nifio-Southern Oscillation
(ENSO), Indian Ocean Dipole (IOD), Interdecadal Pacific
Oscillation (IPO), Subtropical ridge (STR), Southern Annu-
lar Mode (SAM), and Madden Julian Oscillation (MJO) (Dey
etal., 2019a; Risbey et al., 2009). The linkages between Aus-
tralia’s rainfall characteristics and these drivers could change
in response to the internal natural variabilities and external
anthropogenic forcings. Rauniyar and Power (2020) reported
that the drier conditions across the southern Australia could
be attributed to a combination of both decadal-scale natu-
ral variability and changes in large-scale atmospheric circu-
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lation patterns, which was linked to the escalating emissions
of greenhouse gases (GHGs), while Rotstayn et al. (2007)
found that the increased levels of rainfall in northern Aus-
tralia before 2010 was linked to the increases in aerosols in
Asia.

Human activities have led to a rise of global surface air
temperature by approximately 1.29 °C (0.99 to 1.65 °C) from
1750 to 2019, mainly due to an enhanced greenhouse effect
from increasing GHG emissions (IPCC, 2021). In addition to
GHGs, human activities also emit a variety of aerosols and
their gaseous precursors into the atmosphere. Since indus-
trialization, there has been a significant rise in the levels of
aerosols and precursors (Hoesly et al., 2018). Atmospheric
aerosols are the second-largest anthropogenic climate forcer,
exerting an overall cooling effect that partially masks the
warming induced by GHGs (IPCC, 2013, 2021). However,
as anthropogenic aerosols declined during the past decades
in many countries of the world related to the clean air ac-
tions, the associated “unmask” effect is likely to exacerbate
GHG-induced warming (Kloster et al., 2010). For example,
in the 1980s, clean air actions were implemented in North
America and Europe, leading to a decrease in the emissions
of aerosols and their precursors (Hoesly et al., 2018). Reduc-
tions in aerosol emissions in the U.S. have led to changes in
aerosol direct radiative forcing (DRF) by 0.8 W m~2 and in-
direct radiative forcing (IRF) by 1.0 W m~2 over the eastern
U.S. during 1980-2010 (Leibensperger et al., 2012). Simi-
larly, aerosol decreases over Europe between the 1980s and
1990s have caused a change in regional DRF by 1.26 W m—2
(Pozzoli et al., 2011). In China, the emissions of aerosols and
their precursors have been reduced since 2013 due to the im-
plementation of Air Pollution Prevention and Control Action
Plan. Dang and Liao (2019) reported a 1.18 W m~2 change in
DRF between 2012 and 2017 due to decreased aerosol levels
over eastern China. Gao et al. (2022) estimated a warming of
0.20 °C in China, 0.15 °C in North America, and 0.14 °C in
Europe, attributed to the decreases in aerosols during 2013—
2019.

Monsoonal rainfall serves as a vital resource for agricul-
ture, industry, and ecosystems across the monsoon-affected
regions, affecting approximately two-thirds of the world’s
population (Wang et al., 2021a). Apart from GHGs-induced
warming (Cook and Seager, 2013) and nature variabilities
(e.g., ENSO) (Oh and Ha, 2015), aerosol also modulates
monsoon system mainly through changing land-sea temper-
ature and pressure gradient. The impact of aerosols on Asian
monsoon has been widely investigated. Based on climate
model simulations, Liu et al. (2023) found that aerosol re-
ductions in East Asia during 2013-2017 resulted in an ap-
proximately 5 % increase in the strength of the East Asian
summer monsoon (EASM). The EASM is also reported to
enhance due to future aerosol reductions from 2000 to 2100
(Wang et al., 2016). Dong et al. (2019) explored the effects
of increased aerosol in Asia from 1970s to 2000s on atmo-
spheric circulation and rainfall patterns and found anoma-
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lous moisture convergence and increased precipitation over
the Maritime continent. Non-Asian aerosols also have an ef-
fect on South Asian monsoon rainfall through changes in the
interhemispheric temperature gradient and meridional shifts
of the Intertropical Convergence Zone (Bollasina et al., 2011,
2014; Cowan and Cai, 2011; Undorf et al., 2018). Australia,
especially in northern Australia, is largely affected by the
Australian monsoon, which is characterized by winds that
blow from the southeast during cold season and from the
northwest during the warm season (Gallego et al., 2017; Hei-
demann et al., 2023). Australia has a relatively low level
of anthropogenic aerosols, which suggests that the impact
of domestic anthropogenic aerosols on Australian monsoon
should not be significant. However, the impact of remote
aerosols on Australian monsoon have been investigated in
previous studies, and they reported that the increases in Asian
aerosols could enhance rainfall in Australia through increas-
ing monsoonal winds towards Australia (Rotstayn et al.,
2007; Fahrenbach et al., 2023).

Wildfires, which are uncontrolled fires spreading rapidly
across natural landscapes, are significantly influenced by me-
teorological conditions (He et al., 2019; Jones et al., 2022).
In Australia, these fires, also known as bushfires, present
a major environmental and social threat (Johnston et al.,
2021; Ward et al., 2020). According to Dowdy (2020), the
most favorable seasons for wildfires in most regions of Aus-
tralia are austral spring and summer. Key meteorological fac-
tors such as extended periods of drought, elevated tempera-
tures, low humidity, and strong winds are crucial in deter-
mining the occurrence and intensity of wildfires (Zacharakis
and Tsihrintzis, 2023). Under the recent historical climate
change, Australia has witnessed a rise in extreme fire weather
conditions and an extended fire season (CSIRO and BOM,
2022).

Since the implementation of clean air policies in 2013,
there has been a noticeable decrease in aerosol levels in
China (Zhang et al., 2019; Zheng et al., 2018). Numerous
studies have shown the local and global climate effects of the
aerosol reductions in China (Dang and Liao, 2019; Gao et al.,
2022, 2023; Liu et al., 2023; Zheng et al., 2020). The Aus-
tralian monsoonal wind patterns, reported to be influenced
by Asian aerosol emissions in the past decades (Rotstayn et
al., 2007; Fahrenbach et al., 2023), may have also influenced
by the radiative effects due to the aerosol decline in China.
The objective of this study is to explore how aerosol emis-
sion reductions in China affect the climate and wildfire risk
in Australia and to investigate the underlying mechanisms
driving these impacts.

2 Methods

2.1 Observational and Reanalysis Data

Ground-based observational data of near-surface PM5 5 con-
centrations in China 2013-2019 are acquired from the China

https://doi.org/10.5194/acp-25-10949-2025



J. Gao et al.: Dry and warm conditions in Australia exacerbated by aerosol reduction in China

National Environmental Monitoring Centre (CNEMCO),
which offers daily records of near-surface air pollutant con-
centrations for nearly 1800 sites. Aerosol Optical Depth
(AOD) data are obtained from the Moderate Resolution
Imaging Spectroradiometer (MODIS) Deep Blue retrieval
(Hsu et al., 2013). These observational data are used for eval-
uating the performance of model simulated aerosols.

ERAS, the fifth generation of the European Centre for
Medium-range Weather Forecasts (ECMWF) atmospheric
reanalysis, is a comprehensive dataset that provides a de-
tailed and globally consistent view of the earth’s atmospheric
conditions over the past several decades (Hersbach et al.,
2020). In this study, ERAS5 data are employed to evaluate the
climate condition in Australia and analyze its linkage with
aerosol reductions in China during the 2013-2019 by us-
ing the 2 m temperature, total precipitation, relative humid-
ity, cloud cover, wind fields, vertical velocity, surface latent
and sensible heat flux, and surface and top of the atmosphere
(TOA) solar and longwave radiative flux under both clear and
all sky conditions.

The Global Precipitation Measurement (GPM) mission is
a joint initiative by National Aeronautics and Space Ad-
ministration (NASA) and the Japan Aerospace Exploration
Agency (JAXA) aimed at providing accurate and frequent
measurements of global precipitation (Skofronick-Jackson
et al., 2017). GPM includes a core satellite equipped with
advanced radar and microwave sensors, enabling the obser-
vation of rain and snowfall in real-time. The data are cru-
cial for understanding weather patterns, climate dynamics,
and hydrological processes. The Global Precipitation Cli-
matology Project (GPCP) is an international initiative un-
der the World Climate Research Programme (WCRP) that
integrates satellite and gauge-based observations to provide
long-term, global precipitation estimates (Adler et al., 2018).
GPCP offers monthly and daily precipitation datasets with
global coverage, combining data from rain gauges, satellite
infrared (IR), and microwave sensors to enhance accuracy.
Precipitation rate data from GPM and GPCP are also used
in the study. GPM provides higher temporal and spatial res-
olution data compared to Global Precipitation Climatology
Project (GPCP), making it more suitable for studies focused
on short-term precipitation variability and regional climate
dynamics.

2.2 Model Description and Experimental Design

In this research, we conduct simulations to explore the im-
pact of aerosols on climate using the Community Earth Sys-
tem Model version 1 (CESM1). CESM1 simulates the major
aerosols including sulfate, black carbon (BC), primary or-
ganic matter (POM), secondary organic aerosol (SOA), dust
and sea salt in a four-mode Modal Aerosol Module (MAM4),
as described in Liu et al. (2016). CESM1 simulations are car-
ried out with 30 vertical layers and a horizontal resolution
of 2.5° longitude by 1.9° latitude. In addition to the default
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model physics, several supplementary features are incorpo-
rated into the model in this study to improve the model’s per-
formance in simulating aerosol wet scavenging and convec-
tive transport (Wang et al., 2013).

The global anthropogenic emissions of aerosols and their
precursors are obtained from the Community Emissions Data
System (CEDS) v_2021_04_21. In contrast to the prior
CEDS v_2016_07_26, which exhibits significant regional
emission biases (Wang et al., 2021b), the newer CEDS ver-
sion of anthropogenic emissions of aerosols and precursors
considers the substantial reductions in emissions in China,
related to the recent clean air actions since 2013 (Fig. S1 in
the Supplement). Specifically, anthropogenic sulfur dioxide
(803), BC, and organic carbon (OC) emissions decreased by
—12.48, —0.30, and —0.21 Tg yr~!, respectively, over China
between 2013 and 2019. Biogenic emissions are from the
Model of Emissions of Gases and Aerosols from Nature ver-
sion 2.1 (MEGAN v2.1) (Guenther et al., 2012), while the
emissions from open biomass burning are derived from the
CMIP6 (Coupled Model Intercomparison Project Phase 6)
(van Marle et al., 2017).

A series of model experiments are conducted using
CESM1 with a fully-coupled model configuration, as de-
tailed in Table S1. In the baseline scenario (referred to as
BASE), anthropogenic emissions of aerosols and precursors
are fixed at year 2013 worldwide. In CHN, anthropogenic
emissions of aerosols and precursors over China are fixed at
year 2019, while emissions in all other regions are remained
at year 2013. In NAEU, the simulation is performed with an-
thropogenic emissions of aerosols and precursors over North
America and Europe set at year 2019, while emissions in
other regions remained at year 2013. In OTH, anthropogenic
emissions of aerosols and precursors in other regions except
for China are set at year 2019, while emissions in China
are kept at year 2013. In SASEA, anthropogenic emissions
of aerosols and precursors over South Asia and Southeast
Asia are fixed at year 2019, while emissions in other re-
gions remained at year 2013. Biogenic and biomass burn-
ing emissions worldwide in all experiments are fixed at year
2013. To reduce model biases related to internal variability,
three ensemble members are conducted by perturbing the
initial atmospheric temperature conditions. All simulations
are run for 150 years, with the last 100 years for detailed
analysis. To additionally examine the fast climate responses
to aerosol reductions in China, supplementary atmosphere-
only experiments (BASE_FAST and CN_FAST) were con-
ducted using the CESM1 atmospheric component (CAMS)
with prescribed sea surface temperatures and sea ice concen-
trations derived from BASE. These simulations were run for
30 years, and the outputs from the last 15 years were ana-
lyzed.
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2.3 Model Evaluation

To validate whether CESM1 can reproduce the aerosol
reductions in China during the 2010s, changes in simu-
lated near-surface PMj s concentrations (sum of sulfate,
BC, POM, SOA, dust x 0.1, and sea-salt x 0.25 following
Turnock et al., 2020) in China during 2013-2019 are com-
pared with the observations. Figure S2 shows spatial distri-
butions of observed and modeled annual mean near-surface
PM> 5 concentration changes over China (2017-2019 minus
2013-2015), which exhibited a statistically significant corre-
lation coefficient of 0.52 between simulations and observa-
tions. However, the model underestimates the PM; 5 concen-
tration changes by 76 % in China. The considerable under-
estimation has been reported in many previous studies, re-
sulting from coarse model resolution, uncertainties in emis-
sions of aerosols and precursor gases, strong aerosol wet re-
moval, and the model’s deficiency in simulating nitrate and
ammonium aerosols (Fan et al., 2018, 2022; Gao et al., 2022,
2023; Zeng et al., 2021). The model has a good capability in
replicating the spatial distribution of AOD changes in China
during 2013-2019 (Fig. S3), as evidenced by a high corre-
lation coefficient of 0.83, but the model also exhibits an un-
derestimation in the AOD reductions by 69 %. However, the
apparent underestimation of absolute changes may largely
stem from the inherently low background aerosol concen-
trations in CESM1. When considering the relative changes
rather than absolute values, the bias appears much less pro-
nounced (Figs. S4 and S5).

Climate variables, including precipitation rate, surface air
temperature, relative humidity, total cloud cover, surface so-
lar radiation, 10 m wind speed, and surface and TOA net to-
tal radiative fluxes under both clear and all sky conditions
over Australia simulated by CESM1 model are also com-
pared with those from ERAS reanalysis (Figs. S6-S8). The
model demonstrates a good performance in simulating Aus-
tralian climate, with normalized mean bias (NMB) values
consistently below or near 40 % for surface air temperature,
relative humidity, total cloud cover, surface downward solar
radiation, and 10 m wind speed, and surface and TOA net to-
tal radiative fluxes, but it tends to overestimate annual precip-
itation by about 90 %, especially over coastal regions likely
related to the coarse model resolution. The model accurately
reproduces spatial patterns of all climate variables, closely
aligning with observations, as indicated by correlation coef-
ficients ranging from 0.7 to 1.0.

2.4 Wildfire Risk Indices

In this study, several climatological indices are used to in-
dicate wildfire risk during fire seasons (austral spring and
summer, from September to February of the next year) in
Australia (Ren et al., 2022; Irmak et al., 2003; Seager et al.,
2015; Sharples et al., 2009).
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Reference Potential Evapotranspiration (ETyp): ETy is
a climatological index used to estimate the amount of
water that could potentially evaporate and be transpired
from the Earth’s surface under specific meteorological
conditions. The calculation of ET( takes into account
factors such as temperature (7', unit: °C), and surface
downward solar radiation (Rs, unit: W m~2) to estimate
the maximum amount of water loss due to evaporation
and transpiration. ET( is important in wildfire studies
because it helps to gauge the environmental moisture
conditions and the potential for drought, which can be
a significant factor in wildfire risks assessment. ETj is
given by the following expression (Irmak et al., 2003):

ETo = —0.611+0.149R, +0.079T )

Vapor Pressure Deficit (VPD): Vapor Pressure Deficit
(VPD) is a meteorological parameter that measures the
difference between the amount of moisture in the air and
the maximum amount of moisture the air can hold at a
given temperature (7, unit: °C) and moisture (relative
humidity, RH, unit: %). High VPD values indicate that
the air is dry. VPD is important in the context of wild-
fires because it reflects the drying potential of the atmo-
sphere. When VPD is high, it can lead to rapid moisture
loss from vegetation, making it more susceptible to ig-
nition and increasing the risk of wildfires. VPD is given
by (Seager et al., 2015):

100 —RH

7.5T
x 610.7 x 1037347 )
100

VPD =

McArthur Forest Fire Danger Index (FFDI): The
McArthur Forest Fire Danger Index (FFDI) is a widely
used index in Australia to assess the potential for bush-
fires and forest fires. It takes into account various mete-
orological factors, including 7 (unit: °C), RH (unit: %),
wind speed (U, unit: ms_l), and drought factor (DF,
unitless). We set DF as 10 here following Sharples et
al. (2009), as it would not significantly affect the meth-
ods of comparison used later in their study. While we
acknowledge that this assumption is idealized, we find
it applicable in our case. To verify this, we calculated
gridded DFs for Australia (Fig. S9), which show that
the DFs are close to 10 and exhibit nearly homogeneous
spatial distributions. As such, setting DF = 10 for Aus-
tralia is reasonable for our analysis. In addition, FFDI
calculated using DF = 10 and FFDI using gridded DFs
are compared (Fig. S10). The patterns and regional av-
erages of both datasets are very similar, further support-
ing the use of DF=10 in our study. The FFDI pro-
vides a numerical rating that indicates the level of fire
danger, with higher values corresponding to greater fire
risks. This index is particularly valuable for assessing
the immediate risk of wildfires and is commonly used
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in fire management and prediction. FFDI is defined as
(Sharples et al., 2009):

FFDI = 26—0.45+0.987lnDF+0.0338T—040345RH+0.0234U 3)

3 Results

3.1 Intensified Dry and Warm Conditions in Australia by
aerosol changes

Figure 1 shows simulated responses in annual precipitation
rate, surface air temperature and relative humidity in Aus-
tralia to changes in anthropogenic emissions of aerosols
and precursors. In response to aerosol reductions in China,
Australia experiences significant decreases in precipitation
and relative humidity, while the temperature has an increase
from 2013 to 2019. On regional average, annual precipita-
tion, surface air temperature and relative humidity change by
—0.10mmd~!, 0.06°C, and —1.20 %, respectively, in Aus-
tralia caused by the aerosol reduction in China during this
time period, contributing to the dry and warm climate in Aus-
tralia. Notably, Northern Australia experiences the most sig-
nificant reduction in convective precipitation, whereas South-
ern Australia has the greatest decline in large-scale precipita-
tion related to the aerosol reduction in China, as simulated by
the CESM1 model (Fig. S11). The direction of seasonal re-
sponses in precipitation rate, surface air temperature and rel-
ative humidity are the same as the annual averages, with the
largest changes occurring in austral spring (Fig. 2). Regard-
ing the strong seasonal component observed in the responses,
there are two main contributing factors: (1) the background
seasonality of the Southern Hemisphere trade winds, and
(2) the seasonality of China’s emission changes themselves.
However, determining which of these factors dominates re-
quires further detailed quantitative analysis.

The intensified dry and warm conditions in Australia can
also be seen in the observations, as indicated by ERAS re-
analysis data (Fig. 3). Since 2010, precipitation and rela-
tive humidity have significantly decreased in Australia, es-
pecially in Northern and Eastern Australia, at a rate of
0.086mmd~' yr~! and 1.07 % yr~!, respectively, while sur-
face air temperature has increased at a rate of 0.17 °Cyr~!.
In addition, time series of precipitation have also been ex-
tended to cover 2001-2019 (Fig. S12). To account for the
potential influence of internal variability, particularly ENSO,
which is a major driver of Australia’s precipitation variabil-
ity (Fig. S13), the time series are also given after remov-
ing the influence of Nifio 3.4 index. The adjusted results ex-
hibit a similar drying trend since the 2010s (Fig. S12). The
GPM and GPCP data also exhibit a similar decreasing trend
in precipitation over Australia (Fig. S14). The reduction in
anthropogenic SO, emissions in China shows strong corre-
lations with the decrease in precipitation and the increase
in temperature in Australia during 2010-2019 (Fig. S15).
However, when extending the time frame to the period be-
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fore emissions reductions in China (1940-2019), the in-
crease in temperature becomes less pronounced, with a slight
rise in precipitation and relative humidity, likely attributed
to greenhouse gas warming, which can serve as indication
that the decrease in precipitation and increase in tempera-
ture in Australia from 2010 to 2019 are not primarily caused
by GHGs (Fig. S16). To place the recent drying trend in a
longer-term context, all 10-year precipitation trends in ERAS
data from 1940 onwards were calculated. The 10-year trends
(unit: mmd~! yr~!) were found to be +0.016 (1940-1949),
—0.012 (1950-1959), 4+-0.001 (1960-1969), +0.031 (1970-
1979), —0.002 (1980-1989), +0.030 (1990-1999), —0.032
(2000-2009), and —0.086 (2010-2019). These results in-
dicate that the drying trend during 2010-2019 was unusu-
ally large compared to other decades since 1940, suggest-
ing that despite the influence of internal variability, a pro-
nounced reduction in precipitation over Australia has been
observed in recent years. The rainfall decrease is consistent
with changes in clouds. Spatial distributions of simulated
changes in vertically-integrated cloud cover are shown in
Fig. S17, indicating a reduction in clouds of all levels, includ-
ing high, mid-level, and low clouds. In addition, the spatial
distributions of these changes closely resemble the patterns
of responses in precipitation and relative humidity.

Aerosol emissions have changed globally during 2013-
2019, not only in China but also in regions such as South
Asia, Southeast Asia, North America, Europe, and Australia,
affecting climate both locally and remotely. Figure 1 shows
the changes in climate variables in Australia resulting from
aerosol emission changes in these regions. Emission changes
in other regions except China yield an overall decrease in
precipitation by 0.06mmd~!, an increase in temperature
by 0.06 °C, and a decrease in relative humidity by 0.67 %.
Among them, aerosol emission changes in South Asia and
Southeast Asia yield the largest responses, with a decrease
in precipitation by 0.08 mmd~!, an increase in temperature
by 0.06 °C, and a decrease in relative humidity by 0.87 %.
Emission changes in North America and Europe contribute
to a decrease in precipitation by 0.04 mmd~!, an increase in
temperature by 0.04 °C, and a decrease in relative humidity
by 0.41 %, although these responses are mostly insignificant
(Fig. 1).

3.2 Mechanisms of Dry and Warm conditions in
Australia Amplified by Aerosol Reductions in China

The rising levels of Asian aerosols could influence the merid-
ional temperature and pressure gradients across the Indian
Ocean and therefore affect monsoonal winds and rainfall in
Australia since the middle of the 20th century, as reported in
several previous studies (Fahrenbach et al., 2023; Rotstayn
et al., 2007). Since 2013, aerosol levels in China have sub-
stantially decreased due to clean air actions initiated by the
Chinese government (Zhang et al., 2019). At the same time,
precipitation in Australia exhibited a declining trend, which
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Figure 1. Simulated changes in precipitation rate, surface air temperature and relative humidity in Australia due to aerosol changes between
2013 and 2019. Spatial distributions of simulated differences in annual mean precipitation rate (Pr, (a), (d), and (g), unit: mm d-! ), surface
air temperature (TS, (b), (e), and (h), unit: °C) and relative humidity (RH, (c), (f), and (i), unit: %) in Australia between BASE and CHN
(CHN minus BASE, (a)-(c)), between BASE and OTH (OTH minus BASE, (d)-(f)), between BASE and NAEU (NAEU minus BASE,
(g)—(i)), and between BASE and SASEA (SASEA minus BASE, (j)—(1)). The shaded areas indicate results are statistically significant at the
90 % confidence level. Regional averages over Australia are noted at the bottom-left corner of each panel.

could be partly attributed to the decrease in China’s anthro-
pogenic aerosol forcing as quantified through CESM1 simu-
lations.

Asian monsoon region is closely connected with the
meridional Hadley circulation and zonal Walker circulation
through monsoon outflow to the South India ocean subtrop-
ical high (SISH) and North Pacific subtropical high (NPSH)
(Beck et al., 2018). Figure 4a illustrates the climatological
mean wind fields at 850 hPa, indicating the persistent exis-
tence of SISH in the Indian Ocean and NPSH in the North
Pacific. With reductions in aerosols in China, the sea sur-
face temperature (SST) increases in the North Pacific but de-
creases in the Indian Ocean (Fig. 4b), which is concurrent
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with the northward shift of the Intertropical Convergence
Zone (ITCZ) (Basha et al., 2015). Over Asia, this migra-
tion of ITCZ is accompanied by the northward movement of
the upper-tropospheric subtropical zonal westerly jet (Chi-
ang et al., 2015; Schiemann et al., 2009), which moves to
the north of the Tibetan Plateau. It then enhances the cir-
culation pattern of the Tibetan high, redirects the outflow
from the Asian monsoon to the southern Indian Ocean sub-
tropical high (Fig. 5c), strengthens the SISH, and leads to
the enhancement of the Southern Trade Winds (Fig. 5d).
On the other hand, the increase in SST in the North Pa-
cific induces ascending motion around the 130-150°E and
the subsequent descending motion around the 90-110°E
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J. Gao et al.: Dry and warm conditions in Australia exacerbated by aerosol reduction in China

Precipitation rate

Surface air temperature

10955

Relative humidity

(a) (b) (c)
0.18 0.30
15°5- 0.12 15°S y 0.20 15°5
0.09 0.15
0.06 0.10
25°5- 0.03 . 25°5 0.05
000 © 0.00 ¢
DJF -0.03 £ -0.05
. -0.06 . -0.10 .
35%51 ~0.09 1 —015 3557
| -0.12 | -0.20
-0.07 mm d-! U -0.18 -0.30
45°5 , ‘ . ; 45°s
120°E 130°E 140°E 150°E
d
( ) 0.18 0.30 2.0
15°5 0.12 0.20 16
0.09 0.15 12
0.06 0.10 0.8
25°5 0.03 0.05 0.4
0.00 © 0.00 ¢ 0.0 ®
MAM —003 £ ~0.05 ~04
— 0.06 -0.10 -08
-0.09 -0.15 -12
| -0.12 -0.20 -16
-0.10 mm d-t L] —018 ~030 -1.03% < 20
45°5 . . ! . 45°s . . , , 45°s - - , ,
( ) 120°E 130°E 140°E 150°E (h) 120°E 130°E 140°E 150°E 120°E 130°E 140°E 150°E
(]
0.18 030
0.12 0.20
0.09 0.15
0.06 0.10
0.03 = 0.05
000 2 0.00 ©
JJA —0.03 £ -0.05
—0.06 . -0.10
—0.09 -0.15
—‘ -0.12 I —0.20
—0.08 mm d-' W -0.18 +0.01°C E} —-0.30 -1.26 %
45°s . . : . 45°s , y . . 45°5 . , . ;
120°E  130°E 140°E 150°E 120°E 130°E 140°E 150°E 120°E  130°E 140°E 150°E
j (k)
0.18 030 2.0
0.12 15°5 0.20 16
0.09 0.15 12
0.06 0.10 08
003 T 25054 0.05 0.4
0.00 € 0.00 © 00 ®
SON ~0.03 E -0.05 -0.4
—0.06 . 010 -0.8
—009  35°5 -0.15 -1.2
-0.12 ] -0.20 -16
-0.18 +0.10 °C A -0.30 -1.83 % Z -2.0
45°S T T T T 45°S T T T T 45°S T T T T
120°E 130°E 140°E 150°E 120°E 130°E 140°E 150°E 120°E 130°E 140°E 150°E

Figure 2. Simulated changes in precipitation rate, surface air temperature and relative humidity in Australia due to aerosol changes in China
between 2013 and 2019. Spatial distributions of simulated differences in DJF (December, January and February, (a)—(c)), MAM (March,
April and May, (d)—(f)), JJA (June, July and August, (g)—(i)) and SON (September, October and November, (j)—(1)) mean precipitation rate
(Pr, (a), (d), (g), and (j), unit: mm dfl), surface air temperature (TS, (b), (e), (h), and (k), unit: °C) and relative humidity (RH, (c), (f), (i),
and (1), unit: %) in Australia between BASE and CHN (CHN minus BASE). The shaded areas indicate results are statistically significant at
the 90 % confidence level. Regional averages over Australia are noted at the bottom-left corner of each panel.

(Fig. 5b), with anomalous westerly winds near the surface,
leading to a weakening of NPSH along with a decrease in
the Northern Trade Winds (Fig. 5d). Note that, the descend-
ing motion partly compensates the ascending motion related
to the meridional circulation between 10-30°N (Fig. 5c¢).
The mechanism of China’s aerosol reductions on the large-
scale 3D circulation in the Asia-Pacific region is shown in
Fig. 6. The enhancement of the Southern Trade Winds fur-
ther causes moisture advection away from Australia, accom-
panied by moisture divergence in Australia, especially over
the northern Australia (Fig. S18). This moisture divergence
in Australia then intensifies the dryness in Australia (Fig. 1).

https://doi.org/10.5194/acp-25-10949-2025

Figure 7 illustrate the changes in relevant radiative fluxes
in Australia resulting from aerosol changes in China. Under
the clear sky condition, both surface and top of the atmo-
sphere (TOA) radiative flux decrease (Fig. 7c, d). It is due to
increased sea salt and dust aerosols (Fig. S19b—d) due to the
stronger Southern Trade Winds (Figs. S19a and 5d) and dryer
conditions (Fig. 1). The decrease in cloud cover (Fig. S17)
leads to an overall increase in both surface and TOA radia-
tive flux (Fig. 7e, f). The overall changes in radiative fluxes
are offset by these two factors (Fig. 7a, b) and insufficient to
explain the significant increase in surface air temperature in
Australia (Fig. 1).
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Figure 3. Linear trends of observed precipitation rate, surface air temperature and relative humidity in Australia based on ERAS. Spatial
distributions of linear trends (a, b, ¢) and time series (d, e, f) of annual mean precipitation rate (Pr, (a) and (d), unit: mm d_l), surface air
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The shaded areas indicate trends are statistically significant at the 90 % confidence level. Regional averages over Australia are noted at the
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Decreases in precipitation lead to a decrease in surface
specific humidity (Fig. S20a), which declines more than that
at 850 hPa (Fig. S20b). This results in excess energy being
converted into sensible heat rather than latent heat through
evaporation (Chiang et al., 2018; Fischer et al., 2007; Senevi-
ratne et al., 2006; Su et al., 2014), which is indicated by a
decrease in surface upward latent heat flux and an increase in
surface upward sensible heat flux in Australia due to aerosol
changes in China in Fig. 8. The increased surface upward
sensible heat flux heats the near-surface air and contributes
to the warm conditions in Australia.

3.3 Increases in Wildfire Risk in Australia

Wildfires represent a biosphere-atmosphere phenomenon,
arising from the intricate interplay of weather, climate, fu-
els, and human activities (Moritz et al., 2014). Notably, wild-
fires are ranked among the most significant natural disasters
in Australia, causing extensive damage (Shi et al., 2021).
Collins et al. (2022) reported that warmer and drier condi-
tions increased the potential for large and severe wildfire in
Australia. Given that changes in aerosols in China have led
to a warmer and drier climate condition in Australia in recent
years, the change in this climate state could also impact on
the occurrence of wildfires. Three wildfire risk indices (ETy,
VPD, and FFDI) are selected to assess the risks of wildfires
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occurrence. Detailed information about the three wildfire risk
indices can be found in the Methods section.

All three indices exhibit increases (4+0.37 mm per month
for ETy, +0.56 hPa for VPD, and +-0.25 for FFDI) during fire
seasons (September to February) in Australia due to changes
in aerosols in China during 2013-2019 (Fig. 9), although
they do not show the same spatial distribution possibly due
to different considerations regarding climate variables in the
indices.

4 Conclusions and Discussions

This study reveals that the substantial aerosol reduction in
China can lead to drier and warmer conditions in Australia.
Aerosol reductions in China induce changes in temperature
and pressure gradients, which lead to an increased outflow
from Asia towards the South Indian Ocean, strengthening
the SISH and the associated Southern Trade Winds. Conse-
quently, this atmospheric pattern results in moisture diver-
gence over Australia, causing a decrease in humidity and pre-
cipitation. The reduction in surface moisture leads to more
surface energy being converted into sensible heat, rather than
evaporating as latent heat, thereby heating the near-surface
air. This perspective sheds light on the influence of distant
aerosols on climate in Australia.
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Figure 4. Climatological mean wind fields at 850 hPa and Sim-
ulated sea surface temperature changes due to aerosol changes in
China between 2013 and 2019. (a) Climatological mean wind fields
(unit: m s~ !, vectors) at 850 hPa from the BASE experiment. NPSH
and SISH shown in red circles represents North Pacific Subtropi-
cal High and Southern Indian ocean Subtropical High, respectively.
(b) Spatial distributions of simulated differences in annual mean
sea surface temperature (SST, unit: mm d_l) in Australia between
BASE and CHN (CHN minus BASE). The shaded areas indicate
results are statistically significant at the 90 % confidence level.

The CESM1 simulations depict warmer and drier condi-
tions in Australia related to China’s aerosol reductions than
otherwise, a pattern also evident in observations represented
by ERAS. It should be noted that the short-term precipitation
trends examined in this study may be influenced by internal
climate variability, especially given the relatively short pe-
riod since 2013. Therefore, we extended the analysis back
to around 2010, when emission reductions in China had al-
ready begun. We also performed additional analysis examin-
ing different time periods, including the 2013-2019 period
(Fig. S21) and a longer period (2010-2023; Fig. S22). Both
patterns consistently show a decreasing trend in Australia’s
precipitation, supporting the robustness of the recent drying
trend in Australia. However, we acknowledge that these ob-
served short-term trends could still be affected by internal
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wind fields in Asia-Pacific regions due to aerosol changes in China
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annual mean changes in wind fields (unit: m s—1 vectors) at 850 hPa
in Asia-Pacific regions. Only atmospheric circulations and winds
statistically significant at the 90 % confidence level are shown.

climate variability, and the potential contribution from inter-
nal variability should not be ignored.

Although aerosol reductions may contribute to worsened
climate conditions in Australia, air quality and human health
improvements owing to aerosol reductions cannot be ignored
(Giani et al., 2020; Zheng et al., 2017). In addition, the drier
and warmer conditions in Australia linked to aerosol reduc-
tions should be considered resulting from the rise in long-
lived GHGs, while the aerosol reductions unmask the effect
rooted in the GHGs (Wang et al., 2023). In addition, other
factors such as internal climate variability (Heidemann et al.,
2023) appear to have contributed more to the changes in Aus-
tralia’s climate conditions.

Rotstayn et al. (2007) and Fahrenbach et al. (2023) in-
vestigated the impact of increasing anthropogenic aerosols
over Asia during the late 20th century and early 21st cen-
tury and indicated that enhanced aerosol emissions strength-
ened the meridional temperature and pressure gradients, in-
tensifying the monsoonal circulation and leading to increased
precipitation over Australia. In contrast, our study focuses
on the reductions in anthropogenic aerosols in China, show-
ing that the aerosol reductions reversed circulation changes
induced by the previous aerosol increases and led to dry-
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shows anomalies resulting from aerosol reductions in China.

ing rather than increased rainfall over Australia. Our study
also explores the subsequent impact of aerosol reductions in
China on Australian temperature. We find that reduced mois-
ture availability over Australia led to a shift in surface energy
partitioning, with more energy being converted into sensible
heat rather than latent heat, resulting in near-surface warm-
ing. In summary, while previous studies have demonstrated
the role of increasing Asian aerosols in enhancing Australia’s
precipitation, our work complements these findings by show-
ing that decreasing aerosols, particularly from China, can
drive the opposite effect, leading to both drier and warmer
conditions in Australia.

Liu et al. (2018) used multi-model simulations to in-
vestigate the fast and slow precipitation responses to re-
gional aerosol forcing from Asia and Europe under the PDR-
MIP framework. They showed that Asian sulfate aerosols
are strong drivers of global temperature and precipitation
changes, with fast precipitation responses scaling with atmo-
spheric absorption and slow responses scaling with surface
temperature. However, their analysis focused on aerosol forc-
ing from the entire Asian region, rather than emission reduc-
tions from China alone, and the precipitation responses over
Australia were not significant in their results because of can-
cellation between the responses to aerosol changes in differ-
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ent parts of Asia. Hwang et al. (2024) explored the combined
fast and slow climate responses to aerosol emission changes
at the global scale. They highlighted that fast adjustments
of atmospheric circulation and joint feedback between low
clouds, wind, evaporation, and sea surface temperature, fol-
lowed by slower oceanic responses, can sustain La Nifia-like
cooling patterns in the equatorial Pacific for decades. How-
ever, neither study specifically examined the climate impacts
of China’s recent emission reductions.

We acknowledge that fast and slow climate responses can
have different mechanisms and regional impacts, and there
can be differences between the slow and fast responses. Both
fast and slow climate responses contribute to the simulated
precipitation changes in Australia resulting from China’s
emission reductions. Fast responses are primarily driven by
rapid atmospheric adjustments to aerosol-induced radiative
forcing without requiring full ocean adjustment, while slow
responses involve gradual changes mediated by ocean circu-
lation and sea surface temperature adjustments over longer
timescales. In our additional fast response experiments us-
ing the CAMS5 atmospheric component, we found a decreas-
ing pattern in Australia’s precipitation (Fig. S23), which is
consistent with the long-term equilibrium simulation results.
Although the equilibrium simulations represent the fully ad-
justed climate system response and are not appropriate to be
directly compared to short-term observational changes, the
fast response experiments suggest that fast response has con-
tributed 86 % to the fully climate response in the changing
precipitation in Australia. It demonstrates that the immedi-
ate atmospheric response to Chinese aerosol reductions alone
can produce a drying effect similar to that found in long-
period equilibrium experiments, providing confidence in the
robustness of the results.

One limitation of this study is the use of equilibrium exper-
iments. Although the equilibrium method is useful for isolat-
ing aerosol-induced climate responses, it does not fully cap-
ture the transient climatic evolution. Attributing observed cli-
mate changes directly to modeled aerosol-induced responses
involves inherent uncertainties. Given the uncertainties, here
we did not attempt to quantitatively attribute the observed cli-
mate change to aerosols in this study, but showed the mech-
anisms that how aerosol decline influence remote climate.
Future work could also consider transient simulations, which
can better represent the role of aerosols in the climatic evo-
lution of the real world.

There are some other potential uncertainties in this study.
Firstly, the low bias in simulated aerosol concentrations in
CESM1 and CESMI1’s larger sensitivity to aerosol forc-
ing could introduce some uncertainties. Secondly, our find-
ings are derived from simulations conducted with a sin-
gle fully-coupled climate model, and it is vital for future
research to employ multi-model ensemble simulations to
reduce the possibility of model-dependent specific results.
While the CMIP6 and PDRMIP (Precipitation Driver Re-
sponse Model Intercomparison Project) can assist in mini-
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Figure 7. Simulated changes in surface and Top of the Atmosphere (TOA) net total radiative flux under all sky conditions, under clear sky
conditions, and from cloud radiative effects in Australia due to aerosol changes in China between 2013 and 2019. Spatial distributions of
simulated differences in annual mean surface (a, ¢, €) and Top of the Atmosphere (TOA, (b), (d), and (f)) net total radiative flux (unit: W m’z)
under all sky conditions (a, b), under clear sky conditions (¢, d), and from cloud radiative effects (CRE, (e) and (f)) in Australia between
BASE and CHN (CHN minus BASE). Cloud radiative effects refer to differences under all sky and clear sky conditions (All sky minus
Clear sky). The shaded areas indicate results are statistically significant at the 90 % confidence level. Regional averages of the responses over
Australia are noted at the bottom-left corner of each panel.
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Figure 8. Simulated changes in surface upward sensible and latent heat flux in Australia due to aerosol changes in China between 2013 and
2019. Spatial distributions of simulated differences in annual mean surface upward sensible (a) and latent (b) heat flux (unit: Wm_z) in
Australia between BASE and CHN (CHN minus BASE). The shaded areas indicate results are statistically significant at the 90 % confidence
level. Regional averages over Australia are noted at the bottom-left corner of each panel.

mizing such model dependencies, they also present certain
drawbacks. Anthropogenic emissions input in CMIP6 inade-
quately accounts for aerosol reductions resulting from clean
air actions in China since 2013 (Wang et al., 2021b). Ad-
ditionally, CMIP6 considers aerosol changes globally, mak-

ing it challenging to isolate effects specifically induced by
changes in aerosols in China. The experimental design of
PDRMIP, which scales the concentrations of sulfate and BC
in Asia to ten times of their present-day levels, is generally
idealistic and may not accurately and proportionally repre-
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Figure 9. Simulated changes in reference potential evapotranspiration, vapor pressure deficit, and McArthur forest fire danger index during
fire seasons in Australia due to aerosol changes in China between 2013 and 2019. Spatial distributions of simulated changes in reference
potential evapotranspiration (ETg, (@), unit: mm per month), vapor pressure deficit (VPD, (b), unit: hPa), and McArthur forest fire danger
index (FFDI, (c), unitless) during fire seasons (austral spring and summer, from September to the February of the next year) in Australia
between BASE and CHN (CHN minus BASE). The shaded areas indicate results are statistically significant at the 90 % confidence level.
Regional averages over Australia are noted at the bottom-left corner of each panel.

sent aerosol changes observed in the real world. Finally, in
addition to aerosols, GHGs and nature variabilities also con-
tribute to regional and global climate change. The extent
to which GHGs and nature variabilities could contribute to
weather condition and climate changes in Australia remains
unknown, which warrants further investigation.

Nonetheless, our study examined how China’s aerosol re-
ductions could affect Australia’s climate condition changes.
Substantial emission reductions will continue in China fol-
lowing the carbon neutral pathway (Yang et al., 2023), while
future changes in emissions in South Asia remain uncertain
(Samset et al., 2019). Apart from natural climate variabil-
ities that affect the Australian monsoon, further investiga-
tion of changes in monsoon precipitation in Australia should
also consider the effects of remote aerosol changes simul-
taneously, which is crucial to effective drought and wildfire
management and mitigation in Australia.
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centrations from CNEMC are available at https://quotsoft.net/
air/ (last access: September 2024) (CNEMC, 2024). AOD from
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gsfc.nasa.gov/ (last access: September 2024) (Platnick et al.,
2015). ERAS reanalysis data are available at https://cds.climate.
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https://doi.org/10.5281/zenodo.13682943 (Gao, 2024).
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