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Abstract 28 

A substantial decline in anthropogenic aerosols in China has been observed since the initiation of 29 

clean air actions in 2013. Concurrently, Australia experienced anomalously dry and warm 30 

conditions since the 2010s. This study reveals a linkage between aerosol reductions in China and 31 

the drying and warming trends in Australia during 2013–2019 based on fully-coupled climate 32 

model simulations and multi-source observations. Aerosol decline in China triggered alterations 33 

in temperature and pressure gradients between the two hemispheres, leading to intensified outflow 34 

from Asia towards the South Indian Ocean, strengthening the Southern Indian Subtropical High 35 

and its related Southern Trade Winds. Consequently, this atmospheric pattern resulted in a 36 

moisture divergence over Australia. The reduction in surface moisture further resulted in more 37 

surface energy being converted into sensible heat instead of evaporating as latent heat, warming 38 

the near-surface air. Aerosol reductions in China are found to contribute to the decreases in 39 

precipitation and relative humidity and the increase in surface air temperature in Australia during 40 

2013–2019. The intensified dry and warm climate conditions during 2013–2019 further caused the 41 

increase in wildfire risks during fire seasons in Australia. Our study illuminates the impact of 42 

distant aerosols on precipitation and temperature variations in Australia, offering valuable insights 43 

for drought and wildfire risk mitigation in Australia. 44 

  45 
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1 Introduction 46 

Australia encompasses various climate zones, ranging from the tropical climate in the north 47 

to arid conditions in the interior and temperate climates in the south (Head et al., 2014). The 48 

continent is predominantly dry, receiving an average annual rainfall of less than 600 mm and less 49 

than 300 mm over half of the land. Evident long-term trends can be observed in Australia’s 50 

historical rainfall records. These trends reveal a notable shift towards drier conditions across 51 

southern Australia (Dey et al., 2019a; Nicholls, 2006; Rauniyar and Power, 2020; Wasko et al., 52 

2021), and an increase in rainfall before 2010 (Dey et al., 2019a, b; Evans et al., 2014; Nicholls, 53 

2006; Rotstayn et al., 2007; Wasko et al., 2021) followed by a slight decreasing trend of rainfall 54 

after 2010 (CSIRO and BOM, 2022) in the northern Australia.  55 

Precipitation in Australia is influenced by a variety of atmospheric circulation systems, 56 

including East Coast Lows (ECLs), the Australian-Indonesian Monsoon, tropical cyclones (TCs), 57 

fronts, and different modes of large-scale climate variabilities, such as the El Niño-Southern 58 

Oscillation (ENSO), Indian Ocean Dipole (IOD), Interdecadal Pacific Oscillation (IPO), 59 

Subtropical ridge (STR), Southern Annular Mode (SAM), and Madden Julian Oscillation (MJO) 60 

(Dey et al., 2019a; Risbey et al., 2009). The linkages between Australia’s rainfall characteristics 61 

and these drivers could change in response to the internal natural variabilities and external 62 

anthropogenic forcings. Rauniyar and Power (2020) reported that the drier conditions across the 63 

southern Australia could be attributed to a combination of both decadal-scale natural variability 64 

and changes in large-scale atmospheric circulation patterns, which was linked to the escalating 65 

emissions of greenhouse gases (GHGs), while Rotstayn et al. (2007) found that the increased levels 66 

of rainfall in northern Australia before 2010 was linked to the increases in aerosols in Asia. 67 

Human activities have led to a rise of global surface air temperature by approximately 1.29 °C 68 

(0.99 to 1.65 °C) from 1750 to 2019, mainly due to an enhanced greenhouse effect from increasing 69 

GHG emissions (IPCC, 2021). In addition to GHGs, human activities also emit a variety of 70 

aerosols and their gaseous precursors into the atmosphere. Since industrialization, there has been 71 

a significant rise in the levels of aerosols and precursors (Hoesly et al., 2018). Atmospheric 72 

aerosols are the second-largest anthropogenic climate forcer, exerting an overall cooling effect that 73 

partially masks the warming induced by GHGs. (IPCC, 2013, 2021). However, as anthropogenic 74 
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aerosols declined during the past decades in many countries of the world related to the clean air 75 

actions, the associated “unmask” effect is likely to exacerbate GHG-induced warming (Kloster et 76 

al., 2010). For example, in the 1980s, clean air actions were implemented in North America and 77 

Europe, leading to a decrease in the emissions of aerosols and their precursors (Hoesly et al., 2018). 78 

Reductions in aerosol emissions in the U.S. have led to changes in aerosol direct radiative forcing 79 

(DRF) by 0.8 W m−2 and indirect radiative forcing (IRF) by 1.0 W m−2 over the eastern U.S. during 80 

1980–2010 (Leibensperger et al., 2012). Similarly, aerosol decreases over Europe between the 81 

1980s and 1990s have caused a change in regional DRF by 1.26 W m−2 (Pozzoli et al., 2011). In 82 

China, the emissions of aerosols and their precursors have been reduced since 2013 due to the 83 

implementation of Air Pollution Prevention and Control Action Plan. Dang and Liao (2019) 84 

reported a 1.18 W m−2 change in DRF between 2012 and 2017 due to decreased aerosol levels over 85 

eastern China. Gao et al. (2022) estimated a warming of 0.20 °C in China, 0.15 °C in North 86 

America, and 0.14 °C in Europe, attributed to the decreases in aerosols during 2013–2019. 87 

Monsoonal rainfall serves as a vital resource for agriculture, industry, and ecosystems across 88 

the monsoon-affected regions, affecting approximately two-thirds of the world’s population (B. 89 

Wang et al., 2021). Apart from GHGs-induced warming (Cook and Seager, 2013) and nature 90 

variabilities (e.g., ENSO) (Oh and Ha, 2015), aerosol also modulates monsoon system mainly 91 

through changing land-sea temperature and pressure gradient. The impact of aerosols on Asian 92 

monsoon has been widely investigated. Based on climate model simulations, Liu et al. (2023) 93 

found that aerosol reductions in East Asia during 2013–2017 resulted in an approximately 5% 94 

increase in the strength of the East Asian summer monsoon (EASM). The EASM is also reported 95 

to enhance due to future aerosol reductions from 2000 to 2100 (Wang et al., 2016). Dong et al. 96 

(2019) explored the effects of increased aerosol in Asia from 1970s to 2000s on atmospheric 97 

circulation and rainfall patterns and found anomalous moisture convergence and increased 98 

precipitation over the Maritime continent. Non-Asian aerosols also have an effect on South Asian 99 

monsoon rainfall through changes in the interhemispheric temperature gradient and meridional 100 

shifts of the Intertropical Convergence Zone (Bollasina et al., 2011, 2014; Cowan and Cai, 2011; 101 

Undorf et al., 2018). Australia, especially in northern Australia, is largely affected by the Australian 102 

monsoon, which is characterized by winds that blow from the southeast during cold season and 103 

from the northwest during the warm season (Gallego et al., 2017; Heidemann et al., 2023). 104 

Australia has a relatively low level of anthropogenic aerosols, which suggests that the impact of 105 
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domestic anthropogenic aerosols on Australian monsoon should not be significant. However, the 106 

impact of remote aerosols on Australian monsoon have been investigated in previous studies, and 107 

they reported that the increases in Asian aerosols could enhance rainfall in Australia through 108 

increasing monsoonal winds towards Australia (Rotstayn et al., 2007; Fahrenbach et al., 2023). 109 

Wildfires, which are uncontrolled fires spreading rapidly across natural landscapes, are 110 

significantly influenced by meteorological conditions (He et al., 2019; Jones et al., 2022). In 111 

Australia, these fires, also known as bushfires, present a major environmental and social threat 112 

(Johnston et al., 2021; Ward et al., 2020). According to Dowdy (2020), the most favorable seasons 113 

for wildfires in most regions of Australia are austral spring and summer. Key meteorological 114 

factors such as extended periods of drought, elevated temperatures, low humidity, and strong winds 115 

are crucial in determining the occurrence and intensity of wildfires (Zacharakis and Tsihrintzis, 116 

2023). Under the recent historical climate change, Australia has witnessed a rise in extreme fire 117 

weather conditions and an extended fire season (CSIRO and BOM, 2022).  118 

Since the implementation of clean air policies in 2013, there has been a noticeable decrease 119 

in aerosol levels in China (Zhang et al., 2019; Zheng et al., 2018). Numerous studies have shown 120 

the local and global climate effects of the aerosol reductions in China (Dang and Liao, 2019; Gao 121 

et al., 2022, 2023; Liu et al., 2023; Zheng et al., 2020). The Australian monsoonal wind patterns, 122 

reported to be influenced by Asian aerosol emissions in the past decades (Rotstayn et al., 2007; 123 

Fahrenbach et al., 2023), may have also influenced by the radiative effects due to the aerosol 124 

decline in China. The objective of this study is to assess the worsened dry and warm conditions 125 

and associated wildfire risk in Australia during 2013–2019 and investigate the possible linkage 126 

between the changes in climate conditions in Australia and anthropogenic aerosols. 127 

2 Methods 128 

2.1 Observational and Reanalysis Data 129 

Ground-based observational data of near-surface PM2.5 concentrations in China 2013–2019 130 

are acquired from the China National Environmental Monitoring Centre (CNEMC), which offers 131 

daily records of near-surface air pollutant concentrations for nearly 1800 sites. Aerosol Optical 132 

Depth (AOD) data are obtained from the Moderate Resolution Imaging Spectroradiometer 133 
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(MODIS) Deep Blue retrieval (Hsu et al., 2013). These observational data are used for evaluating 134 

the performance of model simulated aerosols. 135 

ERA5, the fifth generation of the European Centre for Medium-range Weather Forecasts 136 

(ECMWF) atmospheric reanalysis, is a comprehensive dataset that provides a detailed and globally 137 

consistent view of the earth’s atmospheric conditions over the past several decades (Hersbach et 138 

al., 2020). In this study, ERA5 data are employed to evaluate the climate condition in Australia 139 

and analyze its linkage with aerosol reductions in China during the 2013–2019 by using the 2-140 

meter temperature, total precipitation, relative humidity, cloud cover, wind fields, vertical velocity, 141 

surface latent and sensible heat flux, and surface and top of the atmosphere (TOA) solar and 142 

longwave radiative flux under both clear and all sky conditions. 143 

The Global Precipitation Measurement (GPM) mission is a joint initiative by National 144 

Aeronautics and Space Administration (NASA) and the Japan Aerospace Exploration Agency 145 

(JAXA) aimed at providing accurate and frequent measurements of global precipitation 146 

(Skofronick-Jackson et al., 2017). GPM includes a core satellite equipped with advanced radar and 147 

microwave sensors, enabling the observation of rain and snowfall in real-time. The data are crucial 148 

for understanding weather patterns, climate dynamics, and hydrological processes. The Global 149 

Precipitation Climatology Project (GPCP) is an international initiative under the World Climate 150 

Research Programme (WCRP) that integrates satellite and gauge-based observations to provide 151 

long-term, global precipitation estimates (Adler et al., 2018). GPCP offers monthly and daily 152 

precipitation datasets with global coverage, combining data from rain gauges, satellite infrared 153 

(IR), and microwave sensors to enhance accuracy. Precipitation rate data from GPM and GPCP 154 

are also used in the study. GPM provides higher temporal and spatial resolution data compared to 155 

Global Precipitation Climatology Project (GPCP), making it more suitable for studies focused on 156 

short-term precipitation variability and regional climate dynamics. 157 

2.2 Model Description and Experimental Design 158 

In this research, we conduct simulations to explore the impact of aerosols on climate using 159 

the Community Earth System Model version 1 (CESM1). CESM1 simulates the major aerosols 160 

including sulfate, black carbon (BC), primary organic matter (POM), secondary organic aerosol 161 

(SOA), dust and sea salt in a four-mode Modal Aerosol Module (MAM4), as described in Liu et 162 
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al. (2016). CESM1 simulations are carried out with 30 vertical layers and a horizontal resolution 163 

of 2.5° longitude by 1.9° latitude. In addition to the default model physics, several supplementary 164 

features are incorporated into the model in this study to improve the model’s performance in 165 

simulating aerosol wet scavenging and convective transport (Wang et al., 2013). 166 

The global anthropogenic emissions of aerosols and their precursors are obtained from the 167 

Community Emissions Data System (CEDS) v_2021_04_21. In contrast to the prior CEDS 168 

v_2016_07_26, which exhibits significant regional emission biases (Z. Wang et al., 2021), the 169 

newer CEDS version of anthropogenic emissions of aerosols and precursors considers the 170 

substantial reductions in emissions in China, related to the recent clean air actions since 2013 (Fig. 171 

S1). Specifically, anthropogenic sulfur dioxide (SO2), BC, and organic carbon (OC) emissions 172 

decreased by −12.48, −0.30, and −0.21 Tg yr−1, respectively, over China between 2013 and 2019. 173 

Biogenic emissions are from the Model of Emissions of Gases and Aerosols from Nature version 174 

2.1 (MEGAN v2.1) (Guenther et al., 2012), while the emissions from open biomass burning are 175 

derived from the CMIP6 (Coupled Model Intercomparison Project Phase 6) (Van Marle et al., 176 

2017). 177 

A series of model experiments are conducted using CESM1 with a fully-coupled model 178 

configuration, as detailed in Table S1. In the baseline scenario (referred to as BASE), 179 

anthropogenic emissions of aerosols and precursors are fixed at year 2013 worldwide. In CHN, 180 

anthropogenic emissions of aerosols and precursors over China are fixed at year 2019, while 181 

emissions in all other regions are remained at year 2013. In NAEU, the simulation is performed 182 

with anthropogenic emissions of aerosols and precursors over North America and Europe set at 183 

year 2019, while emissions in other regions remained at year 2013. In OTH, anthropogenic 184 

emissions of aerosols and precursors in other regions except for China are set at year 2019, while 185 

emissions in China are kept at year 2013. Biogenic and biomass burning emissions worldwide in 186 

all experiments are fixed at year 2013. To reduce model biases related to internal variability, three 187 

ensemble members are conducted by perturbing the initial atmospheric temperature conditions. 188 

All simulations are run for 150 years, with the last 100 years for detailed analysis. 189 
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2.3 Model Evaluation 190 

To validate whether CESM1 can reproduce the aerosol reductions in China during the 2010s, 191 

changes in simulated near-surface PM2.5 concentrations (sum of sulfate, BC, POM, SOA, dust×0.1, 192 

and sea-salt×0.25 following Turnock et al. (2020)) in China during 2013–2019 are compared with 193 

the observations. Figure S2 shows spatial distributions of observed and modeled annual mean near-194 

surface PM2.5 concentration changes over China (2017–2019 minus 2013–2015), which exhibited 195 

a statistically significant correlation coefficient of 0.52 between simulations and observations. 196 

However, the model underestimates the PM2.5 concentration changes by 76% in China. The 197 

considerable underestimation has been reported in many previous studies, resulting from coarse 198 

model resolution, uncertainties in emissions of aerosols and precursor gases, strong aerosol wet 199 

removal, and the model’s deficiency in simulating nitrate and ammonium aerosols (Fan et al., 2018, 200 

2022; Gao et al., 2022, 2023; Zeng et al., 2021). The model has a good capability in replicating 201 

the spatial distribution of AOD changes in China during 2013–2019 (Fig. S3), as evidenced by a 202 

high correlation coefficient of 0.83, but the model also exhibits an underestimation in the AOD 203 

reductions by 69%. However, the apparent underestimation of absolute changes may largely stem 204 

from the inherently low background aerosol concentrations in CESM1. When considering the 205 

relative changes rather than absolute values, the bias appears much less pronounced (Fig. S4 and 206 

Fig. S5). 207 

Climate variables, including precipitation rate, surface air temperature, relative humidity, 208 

total cloud cover, surface solar radiation, 10m wind speed, and surface and TOA net total radiative 209 

fluxes under both clear and all sky conditions over Australia simulated by CESM1 model are also 210 

compared with those from ERA5 reanalysis (Fig. S6–S8). The model demonstrates a good 211 

performance in simulating Australian climate, with normalized mean bias (NMB) values 212 

consistently below or near 40% for surface air temperature, relative humidity, total cloud cover, 213 

surface downward solar radiation, and 10m wind speed, and surface and TOA net total radiative 214 

fluxes, but it tends to overestimate annual precipitation by about 90%, especially over coastal 215 

regions likely related to the coarse model resolution. The model accurately reproduces spatial 216 

patterns of all climate variables, closely aligning with observations, as indicated by correlation 217 

coefficients ranging from 0.7 to 1.0. 218 
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2.4 Wildfire Risk Indices 219 

In this study, several climatological indices are used to indicate wildfire risk during fire 220 

seasons (austral spring and summer, from September to February of the next year) in Australia 221 

(Ren et al., 2022; Irmak et al., 2003; Seager et al., 2015; Sharples et al., 2009). 222 

(i) Reference Potential Evapotranspiration (ET0): 223 

ET0 is a climatological index used to estimate the amount of water that could potentially 224 

evaporate and be transpired from the Earth’s surface under specific meteorological conditions. The 225 

calculation of ET0 takes into account factors such as temperature (T, unit: °C), and surface 226 

downward solar radiation (Rs, unit: W m–2) to estimate the maximum amount of water loss due to 227 

evaporation and transpiration. ET0 is important in wildfire studies because it helps to gauge the 228 

environmental moisture conditions and the potential for drought, which can be a significant factor 229 

in wildfire risks assessment. ET0 is given by the following expression (Irmak et al., 2003): 230 

𝐸𝑇0 = −0.611 + 0.149𝑅𝑠 + 0.079T 231 

(ii) Vapor Pressure Deficit (VPD): 232 

Vapor Pressure Deficit (VPD) is a meteorological parameter that measures the difference 233 

between the amount of moisture in the air and the maximum amount of moisture the air can hold 234 

at a given temperature (T, unit: °C) and moisture (relative humidity, RH, unit: %). High VPD 235 

values indicate that the air is dry. VPD is important in the context of wildfires because it reflects 236 

the drying potential of the atmosphere. When VPD is high, it can lead to rapid moisture loss from 237 

vegetation, making it more susceptible to ignition and increasing the risk of wildfires. VPD is 238 

given by (Seager et al., 2015): 239 

𝑉𝑃𝐷 =
100 − 𝑅𝐻

100
× 610.7 × 10

7.5𝑇
237.3+𝑇 240 

(iii) McArthur Forest Fire Danger Index (FFDI): 241 

The McArthur Forest Fire Danger Index (FFDI) is a widely used index in Australia to assess 242 

the potential for bushfires and forest fires. It takes into account various meteorological factors, 243 
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including T (unit: °C), RH (unit: %), wind speed (U, unit: m s–1), and drought factor (DF, unitless). 244 

We set DF as 10 here following Sharples et al. (2009), as it would not significantly affect the 245 

methods of comparison used later in their study. While we acknowledge that this assumption is 246 

idealized, we find it applicable in our case. To verify this, we calculated gridded DFs for Australia 247 

(Figure S9), which show that the DFs are close to 10 and exhibit nearly homogeneous spatial 248 

distributions. As such, setting DF = 10 for Australia is reasonable for our analysis. In addition, 249 

FFDI calculated using DF = 10 and FFDI using gridded DFs are compared (Figure S10). The 250 

patterns and regional averages of both datasets are very similar, further supporting the use of DF 251 

= 10 in our study. The FFDI provides a numerical rating that indicates the level of fire danger, 252 

with higher values corresponding to greater fire risks. This index is particularly valuable for 253 

assessing the immediate risk of wildfires and is commonly used in fire management and prediction. 254 

FFDI is defined as (Sharples et al., 2009):  255 

𝐹𝐹𝐷𝐼 = 2𝑒−0.45+0.987𝑙𝑛𝐷𝐹+0.0338𝑇−0.0345𝑅𝐻+0.0234𝑈 256 

3 Results 257 

3.1 Intensified Dry and Warm Conditions in Australia by aerosol changes 258 

Figure 1 shows simulated responses in annual precipitation rate, surface air temperature and 259 

relative humidity in Australia to changes in anthropogenic emissions of aerosols and precursors. 260 

In response to aerosol reductions in China, Australia experiences significant decreases in 261 

precipitation and relative humidity, while the temperature has an increase from 2013 to 2019. On 262 

regional average, annual precipitation, surface air temperature and relative humidity change by –263 

0.10 mm day–1, 0.06 °C, and –1.20%, respectively, in Australia caused by the aerosol reduction in 264 

China during this time period, contributing to the dry and warm climate in Australia. Notably, 265 

Northern Australia experiences the most significant reduction in convective precipitation, whereas 266 

Southern Australia has the greatest decline in large-scale precipitation related to the aerosol 267 

reduction in China, as simulated by the CESM1 model (Fig. S11). The direction of seasonal 268 

responses in precipitation rate, surface air temperature and relative humidity are the same as the 269 

annual averages, with the largest changes occurring in austral spring (Fig. 2). 270 
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The intensified dry and warm conditions in Australia can also be seen in the observations, 271 

as indicated by ERA5 reanalysis data (Fig. 3).  Since 2010, precipitation and relative humidity 272 

have significantly decreased in Australia, especially in Northern and Eastern Australia, at a rate of 273 

0.086 mm day–1 yr–1 and 1.07% yr–1, respectively, while surface air temperature has increased at a 274 

rate of 0.17 °C yr–1. In addition, Time series of precipitation have also been extended to cover 275 

2001–2019, clearly showing an increasing precipitation trend during 2001–2010, followed by a 276 

decreasing trend during 2010–2019 (Fig. S12). It is in accordance with the increasing aerosols in 277 

China before 2010 and aerosol reduction in recent years. To account for the potential influence of 278 

internal variability, particularly ENSO, which is a major driver of Australia’s precipitation 279 

variability (Fig. S13), the time series are also given after removing the influence of Niño 3.4 index. 280 

The adjusted results exhibit a similar transition, confirming the robustness of the observed drying 281 

trend since the 2010s (Fig. S12). The GPM and GPCP data also exhibit a similar decreasing trend 282 

in precipitation over Australia (Fig. S14). The reduction in anthropogenic SO2 emissions in China 283 

shows strong correlations with the decrease in precipitation and the increase in temperature in 284 

Australia during 2010–2019 (Fig. S15). However, when extending the time frame to the period 285 

before emissions reductions in China (1940–2019), the increase in temperature becomes less 286 

pronounced, with a slight rise in precipitation and relative humidity, likely attributed to greenhouse 287 

gas warming, which can serve as indication that the decrease in precipitation and increase in 288 

temperature in Australia from 2010 to 2019 are not primarily caused by GHGs (Fig. S16). The 289 

rainfall decrease is consistent with changes in clouds. Spatial distributions of simulated changes 290 

in vertically-integrated cloud cover are shown in Figure S17, indicating a reduction in clouds of 291 

all levels, including high, mid-level, and low clouds. In addition, the spatial distributions of these 292 

changes closely resemble the patterns of responses in precipitation and relative humidity.  293 

Aerosol emissions have changed across the world rather than in China alone during 2013–294 

2019, such as those in Australia, North America and Europe, which affect climate in both local 295 

and remote regions. Figure 1 also shows changes in climate variables in Australia due to changes 296 

in other regions except China. The aerosol changes in other regions except China yield a decrease 297 

in precipitation by 0.06 mm day–1, an increase in temperature by 0.06 °C and a decrease in relative 298 

humidity by 0.67%. In particular, North America and Europe emission changes, to some extent, 299 

contribute to the responses in precipitation (–0.04 mm day–1), temperature (0.04 °C) and relative 300 
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humidity (–0.41%) attributed to other regions (except China), although the responses are mostly 301 

insignificant (Fig. 1). 302 

3.2 Mechanisms of Dry and Warm conditions in Australia Amplified by Aerosol Reductions 303 

in China 304 

The rising levels of Asian aerosols could influence the meridional temperature and pressure 305 

gradients across the Indian Ocean and therefore affect monsoonal winds and rainfall in Australia 306 

since the middle of the 20th century, as reported in several previous studies (Fahrenbach et al., 307 

2023; Rotstayn et al., 2007). Since 2013, aerosol levels in China have substantially decreased due 308 

to clean air actions initiated by the Chinese government (Zhang et al., 2019). At the same time, 309 

precipitation in Australia exhibited a declining trend, which could be partly attributed to the 310 

decrease in China’s anthropogenic aerosol forcing as quantified through CESM1 simulations. 311 

Asian monsoon region is closely connected with the meridional Hadley circulation and zonal 312 

Walker circulation through monsoon outflow to the South India ocean subtropical high (SISH) and 313 

North Pacific subtropical high (NPSH) (Beck et al., 2018). Figure 4a illustrates the climatological 314 

mean wind fields at 850 hPa, indicating the persistent existence of SISH in the Indian Ocean and 315 

NPSH in the North Pacific. With reductions in aerosols in China, the sea surface temperature (SST) 316 

increases in the North Pacific but decreases in the Indian Ocean (Fig. 4b), which is concurrent with 317 

the northward shift of the Intertropical Convergence Zone (ITCZ) (Basha et al., 2015). Over Asia, 318 

this migration of ITCZ is accompanied by the northward movement of the upper-tropospheric 319 

subtropical zonal westerly jet (Chiang et al., 2015; Schiemann et al., 2009), which moves to the 320 

north of the Tibetan Plateau. It then enhances the circulation pattern of the Tibetan high, redirects 321 

the outflow from the Asian monsoon to the southern Indian Ocean subtropical high (Fig. 5c), 322 

strengthens the SISH, and leads to the enhancement of the Southern Trade Winds (Fig. 5d). On 323 

the other hand, the increase in SST in the North Pacific induces ascending motion around the 130°–324 

150°E and the subsequent descending motion around the 90°–110°E (Fig. 5b), with anomalous 325 

westerly winds near the surface, leading to a weakening of NPSH along with a decrease in the 326 

Northern Trade Winds (Fig. 5d). Note that, the descending motion partly compensates the 327 

ascending motion related to the meridional circulation between 10°–30°N (Fig. 5c). The 328 

mechanism of China’s aerosol reductions on the large-scale 3D circulation in the Asia-Pacific 329 
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region is shown in Figure 6. The enhancement of the Southern Trade Winds further causes 330 

moisture advection away from Australia, accompanied by moisture divergence in Australia, 331 

especially over the northern Australia (Fig. S18). This moisture divergence in Australia then 332 

intensifies the dryness in Australia (Fig. 1). 333 

Figures 7 illustrate the changes in relevant radiative fluxes in Australia resulting from 334 

aerosol changes in China. Under the clear sky condition, both surface and top of the atmosphere 335 

(TOA) radiative flux decrease (Fig. 7c&d). It is due to increased sea salt and dust aerosols (Fig. 336 

S19b–d) due to the stronger Southern Trade Winds (Figs. S19a and 5d) and dryer conditions (Fig. 337 

1). The decrease in cloud cover (Fig. S17) leads to an overall increase in both surface and TOA 338 

radiative flux (Fig. 7e&f). The overall changes in radiative fluxes are offset by these two factors 339 

(Fig. 7a&b) and insufficient to explain the significant increase in surface air temperature in 340 

Australia (Fig. 1). 341 

Decreases in precipitation lead to a decrease in surface specific humidity (Fig. S20a), which 342 

declines more than that at 850 hPa (Fig. S20b). This results in excess energy being converted into 343 

sensible heat rather than latent heat through evaporation (Chiang et al., 2018; Fischer et al., 2007; 344 

Seneviratne et al., 2006; Su et al., 2014), which is indicated by a decrease in surface upward latent 345 

heat flux and an increase in surface upward sensible heat flux in Australia due to aerosol changes 346 

in China in Figure 8. The increased surface upward sensible heat flux heats the near-surface air 347 

and contributes to the warm conditions in Australia. 348 

3.3 Increases in Wildfire Risk in Australia 349 

Wildfires represent a biosphere-atmosphere phenomenon, arising from the intricate interplay 350 

of weather, climate, fuels, and human activities (Moritz et al., 2014). Notably, wildfires are ranked 351 

among the most significant natural disasters in Australia, causing extensive damage (Shi et al., 352 

2021). Collins et al. (2022) reported that warmer and drier conditions increased the potential for 353 

large and severe wildfire in Australia. Given that changes in aerosols in China have led to a warmer 354 

and drier climate condition in Australia in recent years, the change in this climate state could also 355 

impact on the occurrence of wildfires. Three wildfire risk indices (ET0, VPD, and FFDI) are 356 

selected to assess the risks of wildfires occurrence. Detailed information about the three wildfire 357 

risk indices can be found in the Methods section. 358 
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All three indices exhibit increases (+0.37 mm mon–1 for ET0, +0.56 hPa for VPD, and +0.25 359 

for FFDI) during fire seasons (September to February) in Australia due to changes in aerosols in 360 

China during 2013–2019 (Fig. 9), although they do not show the same spatial distribution possibly 361 

due to different considerations regarding climate variables in the indices. 362 

4 Conclusions and Discussions 363 

This study reveals a plausible connection between the substantial aerosol reduction in China 364 

and drying and warming trends in Australia that happened during the 2010s. Aerosol reductions in 365 

China induce changes in temperature and pressure gradients, which lead to an increased outflow 366 

from Asia towards the South Indian Ocean, strengthening the SISH and the associated Southern 367 

Trade Winds. Consequently, this atmospheric pattern results in moisture divergence over Australia, 368 

causing a decrease in humidity and precipitation. The reduction in surface moisture leads to more 369 

surface energy being converted into sensible heat, rather than evaporating as latent heat, thereby 370 

heating the near-surface air. This perspective sheds light on the influence of distant aerosols on 371 

climate in Australia. 372 

The CESM1 simulations depict warmer and drier conditions in Australia related to China’s 373 

aerosol reductions than otherwise, a pattern also evident in observations represented by ERA5. 374 

However, it is important to note that China’s aerosol reductions only contribute to a portion of the 375 

observed warm and dry conditions in Australia. Nonetheless, air quality and human health 376 

improvements owing to aerosol reductions cannot be ignored (Giani et al., 2020; Zheng et al., 377 

2017). In addition, the drying and warming trends in Australia attributed to aerosol reductions 378 

should be considered resulting from the rise in long-lived GHGs, while the aerosol reductions 379 

unmask the effect rooted in the GHGs (Wang et al., 2023). In addition, other factors such as 380 

internal climate variability (Heidemann et al., 2023) appear to have contributed more to the 381 

changes in Australia’s climate conditions. 382 

Rotstayn et al. (2007) and Fahrenbach et al. (2023) investigated the impact of increasing 383 

anthropogenic aerosols over Asia during the late 20th century and early 21st century and indicated 384 

that enhanced aerosol emissions strengthened the meridional temperature and pressure gradients, 385 

intensifying the monsoonal circulation and leading to increased precipitation over Australia. In 386 

contrast, our study focuses on the recent reductions in anthropogenic aerosols in China since 2013, 387 
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showing that the aerosol reductions reversed circulation changes induced by the previous aerosol 388 

increases and contributed to drying rather than increased rainfall over Australia. Our study also 389 

explores the subsequent impact of aerosol reductions in China on Australian temperature. We find 390 

that reduced moisture availability over Australia led to a shift in surface energy partitioning, with 391 

more energy being converted into sensible heat rather than latent heat, resulting in near-surface 392 

warming. In summary, while previous studies have demonstrated the role of increasing Asian 393 

aerosols in enhancing Australia’s precipitation, our work complements these findings by showing 394 

that decreasing aerosols, particularly from China, can drive the opposite effect, contributing to 395 

both drying and warming conditions in Australia. 396 

One limitation of this study is the use of equilibrium experiments. Although the equilibrium 397 

method is useful for isolating aerosol-induced climate responses, it does not fully capture the 398 

transient climatic evolution. Attributing observed climate changes directly to modeled aerosol-399 

induced responses involves inherent uncertainties. Given the uncertainties, here we did not attempt 400 

to quantitatively attribute the observed climate change to aerosols in this study, but showed the 401 

mechanisms that how aerosol decline influence remote climate. Future work could also consider 402 

transient simulations, which can better represent the role of aerosols in the climatic evolution of 403 

the real world. 404 

There are some other potential uncertainties in this study. Firstly, the low bias in simulated 405 

aerosol concentrations in CESM1 and CESM1’s larger sensitivity to aerosol forcing could 406 

introduce some uncertainties. Secondly, our findings are derived from simulations conducted with 407 

a single fully-coupled climate model, and it is vital for future research to employ multi-model 408 

ensemble simulations to reduce the possibility of model-dependent specific results. While the 409 

CMIP6 and PDRMIP (Precipitation Driver Response Model Intercomparison Project) can assist 410 

in minimizing such model dependencies, they also present certain drawbacks. Anthropogenic 411 

emissions input in CMIP6 inadequately accounts for aerosol reductions resulting from clean air 412 

actions in China since 2013 (Z. Wang et al., 2021). Additionally, CMIP6 considers aerosol changes 413 

globally, making it challenging to isolate effects specifically induced by changes in aerosols in 414 

China. The experimental design of PDRMIP, which scales the concentrations of sulfate and BC in 415 

Asia to ten times of their present-day levels, is generally idealistic and may not accurately and 416 

proportionally represent aerosol changes observed in the real world. Finally, in addition to aerosols, 417 
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GHGs and nature variabilities also contribute to regional and global climate change. The extent to 418 

which GHGs and nature variabilities could contribute to weather condition and climate changes in 419 

Australia remains unknown, which warrants further investigation. 420 

Nonetheless, our study examined the role of China’s aerosol reductions in Australia’s recent 421 

drying and warming trends. Substantial emission reductions will continue in China following the 422 

carbon neutral pathway (Yang et al., 2023), while future changes in emissions in South Asia remain 423 

uncertain (Samset et al., 2019). Apart from natural climate variabilities that affect the Australian 424 

monsoon, further investigation of changes in monsoon precipitation in Australia should also 425 

consider the effects of remote aerosol changes simultaneously, which is crucial to effective drought 426 

and wildfire management and mitigation in Australia. 427 
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 730 

Figure 1. Simulated changes in precipitation rate, surface air temperature and relative 731 

humidity in Australia due to aerosol changes between 2013 and 2019. Spatial distributions of 732 

simulated differences in annual mean precipitation rate (Pr, a, d, and g, unit: mm day–1), surface 733 

air temperature (TS, b, e, and h, unit: °C) and relative humidity (RH, c, f, and i, unit: %) in 734 

Australia between BASE and CHN (CHN minus BASE, a–c), between BASE and OTH (OTH 735 

minus BASE, d–f), and between BASE and NAEU (NAEU minus BASE, g–i). The shaded areas 736 

indicate results are statistically significant at the 90% confidence level. Regional averages over 737 

Australia are noted at the bottom-left corner of each panel.  738 
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 739 

Figure 2. Simulated changes in precipitation rate, surface air temperature and relative 740 

humidity in Australia due to aerosol changes in China between 2013 and 2019. Spatial 741 

distributions of simulated differences in DJF (December, January and February, a–c), MAM 742 

(March, April and May, d–f), JJA (June, July and August, g–i) and SON (September, October 743 

and November, j–l) mean precipitation rate (Pr, a, d, g, and j, unit: mm day–1), surface air 744 

temperature (TS, b, e, h, and k, unit: °C) and relative humidity (RH, c, f, i, and l, unit: %) in 745 

Australia between BASE and CHN (CHN minus BASE).The shaded areas indicate results are 746 

statistically significant at the 90% confidence level. Regional averages over Australia are noted 747 

at the bottom-left corner of each panel.  748 
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 750 

Figure 3. Linear trends of observed precipitation rate, surface air temperature and relative 751 

humidity in Australia based on ERA5. Spatial distributions of linear trends (a, b, and c) and 752 

time series (d, e, and f) of annual mean precipitation rate (Pr, a and d, unit: mm day–1), surface air 753 

temperature (TS, b and e, unit: °C) and relative humidity (RH, c and f, unit: %) in Australia during 754 

2010–2019 from ERA5 reanalysis. The shaded areas indicate trends are statistically significant at 755 

the 90% confidence level. Regional averages over Australia are noted at the bottom-left corner of 756 

panels a, b, and c. The p values and slopes of linear trends are noted in panels d, e, and f.  757 
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 759 

Figure 4. Climatological mean wind fields at 850 hPa and Simulated sea surface temperature 760 

changes due to aerosol changes in China between 2013 and 2019. a, Climatological mean wind 761 

fields (unit: m s−1, vectors) at 850 hPa from the BASE experiment. NPSH and SISH shown in red 762 

circles represents North Pacific Subtropical High and Southern Indian ocean Subtropical High, 763 

respectively. b, Spatial distributions of simulated differences in annual mean sea surface 764 

temperature (SST, unit: mm day–1) in Australia between BASE and CHN (CHN minus BASE). 765 

The shaded areas indicate results are statistically significant at the 90% confidence level. 766 

 767 
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 768 

Figure 5. Simulated changes in vertical circulations and 850 hPa wind fields in Asia-Pacific 769 

regions due to aerosol changes in China between 2013 and 2019. Panel b and c shows pressure–770 

longitude and pressure–latitude cross-section of responses in annual mean atmospheric 771 

circulations (unit: m s−1, vectors), respectively, over the areas marked with the blue and red box in 772 

panel a. Panel d shows annual mean changes in wind fields (unit: m s−1, vectors) at 850 hPa in 773 

Asia-Pacific regions. Only atmospheric circulations and winds statistically significant at the 90% 774 

confidence level are shown. 775 
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 777 

Figure 6. Schematic of the response in large-scale 3D circulations in the Asian-Pacific 778 

region to aerosol reductions in China. The top panel shows climatology mean condition, and 779 

the bottom panel shows anomalies resulting from aerosol reductions in China. 780 
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 781 

Figure 7. Simulated changes in surface and Top of the Atmosphere (TOA) net total radiative 782 

flux under all sky conditions, under clear sky conditions, and from cloud radiative effects in 783 

Australia due to aerosol changes in China between 2013 and 2019. Spatial distributions of 784 

simulated differences in annual mean surface (a, c, and e) and Top of the Atmosphere (TOA, b, d, 785 

and f) net total radiative flux (unit: W m–2) under all sky conditions (a and b), under clear sky 786 

conditions (c and d), and from cloud radiative effects (CRE, e and f)  in Australia between BASE 787 

and CHN (CHN minus BASE). Cloud radiative effects refer to differences under all sky and clear 788 

sky conditions (All sky minus Clear sky). The shaded areas indicate results are statistically 789 

significant at the 90% confidence level. Regional averages of the responses over Australia are 790 

noted at the bottom-left corner of each panel.  791 
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 793 

Figure 8. Simulated changes in surface upward sensible and latent heat flux in Australia due 794 

to aerosol changes in China between 2013 and 2019. Spatial distributions of simulated 795 

differences in annual mean surface upward sensible (a) and latent (b) heat flux (unit: W m–2) in 796 

Australia between BASE and CHN (CHN minus BASE). The shaded areas indicate results are 797 

statistically significant at the 90% confidence level. Regional averages over Australia are noted at 798 

the bottom-left corner of each panel.  799 
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 801 

Figure 9. Simulated changes in reference potential evapotranspiration, vapor pressure 802 

deficit, and McArthur forest fire danger index during fire seasons in Australia due to aerosol 803 

changes in China between 2013 and 2019. Spatial distributions of simulated changes in reference 804 

potential evapotranspiration (ET0, a, unit: mm mon–1), vapor pressure deficit (VPD, b, unit: hPa), 805 

and McArthur forest fire danger index (FFDI, c, unitless) during fire seasons (austral spring and 806 

summer, from September to the February of the next year) in Australia between BASE and CHN 807 

(CHN minus BASE). The shaded areas indicate results are statistically significant at the 90% 808 

confidence level. Regional averages over Australia are noted at the bottom-left corner of each 809 

panel. 810 


