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Responses to Editor: 1 

Both reviewers raised major concerns with this manuscript, which I don’t think have been 2 

sufficiently addressed in either the response or the revisions. I share the reviewers’ concerns about 3 

the experiment design used in this study, and would like to see these addressed in more detail 4 

before returning the manuscript to the reviewers. 5 

Thank you for your comments. We appreciate your feedback. We have carefully revised the 6 

manuscript and addressed these concerns in detail. Please find our point-by-point responses below 7 

(in blue). 8 

The observed precipitation trend is evaluated based on only 10 years of data, and there is no 9 

discussion of how this trend compares to either longer term trends, or internal variability. The trend 10 

is also based on only one observational dataset. 11 

• I think it is important that we see a comparison between the GPM data and other precipitation 12 

datasets such as GPCP to give a sense of how robust this observed trend is. 13 

We acknowledge the concern regarding the reliance on a single observational dataset for evaluating 14 

precipitation trends. To address this, we have compared the GPM dataset with ERA5 and GPCP 15 

precipitation data (Fig. S14). Our analysis shows that all three datasets exhibit a similar decreasing 16 

trend in precipitation over Australia, reinforcing the robustness of the observed trend. We have 17 

incorporated this comparison into the revised manuscript (Results section): “The GPM and GPCP 18 

data also exhibit a similar decreasing trend in precipitation over Australia, reinforcing the 19 

robustness of the observed drying trend (Figure S14).” 20 

 21 

Figure S14. Linear trends of observed precipitation rate in Australia based on ERA5, GPM, 22 

and GPCP. Spatial distributions of linear trends annual mean precipitation rate (unit: mm day–1) 23 

in Australia during 2010–2019 from ERA5 (a), GPM (b), and GPCP (c) datasets. The shaded areas 24 

indicate trends are statistically significant at the 90% confidence level. Regional averages over 25 

Australia are noted at the bottom-left corner of panels. 26 

• It is also important that the authors show a longer precipitation timeseries, and evaluate the 27 

interannual variability, to give some context to the magnitude and significance of the trend. 28 

Reviewer 2 is concerned that 2010 and 2011 were anomalously wet, and thus bias the trend. They 29 

have plotted data from 2000 – I ask the authors to at least do the same, and would strongly 30 

encourage them to plot an even longer timeseries to provide more context. It is stated in the abstract 31 

that Australia experienced anomalously dry and warm conditions since the 2010s, but, beyond a 32 

few citations, there isn’t any evidence in the manuscript to support this. 33 
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Thank you for your suggestion. As per your request, we have extended the time series of 34 

precipitation covering 2001–2019 in Fig. S12. The updated figure clearly shows an increasing 35 

precipitation trend during 2001–2010, followed by a decreasing trend during 2010–2019. 36 

 37 

Figure S12. Linear trends of observed precipitation rate during 2001–2019 based on ERA5. 38 

The time series of annual mean precipitation rate (unit: mm day⁻¹) over Australia during 2001–39 

2019 from ERA5 reanalysis. The linear trends for the periods 2001–2010 and 2010–2019 are 40 

indicated. The time series are also given after removing the influence of Niño 3.4 index. 41 

 42 

Figure S13. Scatter plot showing the correlation between SST anomaly in Niño 3.4 region 43 

and precipitation in Australia. The red line represents the linear regression fit to the data, with 44 

the corresponding correlation coefficient (R) and p-value displayed in the figure. 45 

• In the response document, the authors state that the observed trend is calculated from 2010-2019 46 

instead of 2013-2019 to minimize the internal variability. This is still a very short time period, and 47 

a quantitative assessment of internal variability is required if readers are to be confident that it is a 48 

forced trend. 49 

To account for the potential influence of internal variability, particularly ENSO, which is a major 50 

driver of Australia’s precipitation variability (Fig. S13), we have also adjusted the precipitation 51 

data by removing the influence of Niño 3.4 index. The adjusted results exhibit a similar transition, 52 
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confirming the robustness of the observed forced drying trend since the 2010s (Fig. S12). 53 

The reviewers also raise important concerns about the experiment design, which warrant more 54 

discussion than they have been given in the current response and revision. I am not convinced by 55 

the response to reviewer 2, and think the authors undermine their own interpretation of their results 56 

in this response. Equilibrium runs are an excellent tool for understanding the physical response to 57 

forcing, and for identifying the mechanisms for particular responses, as the authors have done in 58 

this study. However, care needs to be taken when comparing them to real-world changes. As the 59 

authors state in their response, ‘the relatively short period from 2013 to the present may not provide 60 

enough time for the climate system to fully respond to aerosol changes’. But, this full response is 61 

exactly what their equilibrium simulations show. So, how can these experiments be used to 62 

quantify an aerosol contribution to an observed trend, as the authors do in their manuscript? Is it 63 

possible to use such simulations to make anything more than qualitative statements about observed 64 

trends? One could perhaps quantify the Chinese aerosol contribution to a modelled response, but 65 

this would require other forcings to be considered. Reviewer 2 is recommending rejection of the 66 

manuscript based on the experiment design. I would like to see a more detailed discussion of the 67 

design of the study, and the implications of comparing several hundred years of simulated 68 

equilibrium responses to just 10 years of observed data, in both the response to the reviewers and 69 

the revised manuscript before making a decision. 70 

Thank you for your insightful comments regarding the experiment design and the comparison 71 

between equilibrium simulations and observed trends. We acknowledge the limitations of our 72 

approach and have carefully revised the manuscript accordingly. The equilibrium simulations 73 

primarily capture the long-term climate response to aerosol forcing, whereas the observed trends 74 

over a decade are influenced by both forced responses and internal variability. While our 75 

simulations provide valuable insights into the physical mechanisms linking aerosol reductions to 76 

climate changes, they are not intended for direct quantitative attribution of observed trends. To 77 

clarify it, we have removed all statements that directly attribute the observed trend to the 78 

simulated aerosol response in a quantitative manner and now emphasize that the simulations 79 

serve as a tool for understanding the underlying processes rather than quantitatively 80 

estimating real-world aerosol-induced changes. Moving forward, we recognize that transient 81 

simulations would be better suited for capturing short-term forced trends, and we plan to 82 

incorporate them in future studies to further investigate the evolution of short-term responses and 83 

assess the potential contributions of other external forcings, such as greenhouse gases and internal 84 

variability. 85 

I am confused by the interpretation of the low bias in the PM2.5 and AOD trends in CESM1 found 86 

in the response and the revised manuscript. CESM1 is known to underestimate PM2.5. The authors 87 

have calculated a change in PM2.5 and found that it is small compared to the observed change. If 88 

this is based on an absolute change, and the background PM2.5 in the model is low, then one would 89 

also expect the change to be small compared to observations. However, even though aerosol 90 

concentrations and AOD in the model are low, CESM1 has a relatively large aerosol forcing. Thus, 91 

a small absolute change in PM2.5 or AOD may result in a large forcing in the model. I don’t think 92 

a small absolute change in the model necessarily implies an underestimate of the forced response. 93 

How do the percentage changes in PM2.5 and AOD in the model compare to the percentage 94 

changes in observations, for example? 95 

Thank you for your valuable comment. We acknowledge the known low bias in PM2.5 and AOD 96 

in CESM1 and appreciate the need for a more nuanced interpretation of the model’s response. In 97 
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our original analysis, we primarily compared absolute changes, which may not fully capture the 98 

model’s sensitivity to aerosol forcing given its relatively strong aerosol-cloud interactions. To 99 

address this, we have now included a comparison of percentage changes in PM2.5 and AOD 100 

between the model and observations (Fig. S4 and Fig. S5). This allows for a more direct assessment 101 

of whether the model underestimates the forced response, independent of its background aerosol 102 

concentrations. We do note that the underestimation of relative concentrations is much smaller. 103 

The revised discussion clarifies that although CESM1 underestimates aerosol concentrations, the 104 

strong climate sensitivity of the model to aerosol forcing suggests that the simulated climate 105 

response may not be significantly underestimated. 106 

  107 

Figure S4. Comparisons of relative changes in near-surface PM2.5 concentrations between 108 

observation and model simulation. Spatial distributions of observed (circles) and modeled 109 

(shades) annual mean relative changes (2017–2019 minus 2013–2015, relative to 2013–2015) in 110 

near-surface PM2.5 concentration (unit: %). Relative changes of observation and model simulation 111 

and correlation coefficient (R) between observation and simulation are shown at the bottom-left 112 

corner of the panel.  113 

  114 

Figure S5. Comparisons of relative changes in aerosol optical depth (AOD) between satellite 115 

retrieval and model simulation. Spatial distributions of annual mean relative changes (2017–116 

2019 minus 2013–2015, relative to 2013–2015) in Moderate Resolution Imaging 117 

Spectroradiometer (MODIS) (a) and modeled (b) AOD (unit: %). Relative changes of observation 118 

and model simulation and correlation coefficient (R) between observation and simulation are 119 

shown at the bottom-left corner of panel a.  120 
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Thinking back to the discussion of precipitation, it would also be good to know more about the 121 

significance of the observed trend. The emission reductions have been very large, but how 122 

significant is the change in AOD? Is there potentially a contribution from internal variability here 123 

that accounts for some of the model underestimate of the change relative to observations? 124 

Thank you for your thoughtful comment. The observed AOD trend can indeed be affected by 125 

factors beyond anthropogenic aerosol changes, such as meteorological variability and natural 126 

aerosol sources. However, Zhai et al. (2019) estimated that only 12% of the PM2.5 decrease in 127 

China during 2013–2018 was attributable to meteorology. Given the substantial magnitude of 128 

emission reductions, the influence of these other factors is relatively minor, and the observed AOD 129 

trend remains statistically significant over large regions of China (Fig. R1). This significant 130 

decreasing AOD trends in observations have also been reported in many previous studies. 131 

Therefore, we don’t think the modeled AOD bias could be largely attributed to the internal 132 

variability in observations. We have revised the manuscript to clarify these points. 133 

 134 

Figure R1. Linear trends of observed AOD in Australia based on MODIS. Spatial distributions 135 

of linear trends of annual mean AOD (unit: unitless) in China during 2010–2019 from MODIS. 136 

The shaded areas indicate trends are statistically significant at the 90% confidence level. 137 

In addition to addressing the major comments above: 138 

• it is necessary to improve the indication of significance on the map figures in the manuscript. 139 

The shading is difficult to see in many of the figures, both on my screen and on a printout. 140 

The indication of significance in all map figures has been modified for improved clarity. 141 

• I would like to see some discussion of how these results compare to previous studies assessing 142 

the Australian precipitation response to Asian aerosols. Rotstayn et al. (2007) and Fahrenbach et 143 

al. (2023) are cited in the introduction, but are absent from the results and discussion sections. 144 

Thank you for your suggestion. We have now incorporated a discussion comparing our findings 145 

with previous studies, particularly Rotstayn et al. (2007) and Fahrenbach et al. (2023). 146 

“Rotstayn et al. (2007) and Fahrenbach et al. (2023) investigated the impact of increasing 147 

anthropogenic aerosols over Asia during the late 20th century and early 21st century and indicated 148 

that enhanced aerosol emissions strengthened the meridional temperature and pressure gradients, 149 

intensifying the monsoonal circulation and leading to increased precipitation over Australia. In 150 
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contrast, our study focuses on the recent reductions in anthropogenic aerosols in China since 2013, 151 

showing that the aerosol reductions reversed circulation changes induced by the previous aerosol 152 

increases and contributed to drying rather than increased rainfall over Australia. Our study also 153 

explores the subsequent impact of aerosol reductions in China on Australian temperature. We find 154 

that reduced moisture availability over Australia led to a shift in surface energy partitioning, with 155 

more energy being converted into sensible heat rather than latent heat, resulting in near-surface 156 

warming. In summary, while previous studies have demonstrated the role of increasing Asian 157 

aerosols in enhancing Australia’s precipitation, our work complements these findings by showing 158 

that decreasing aerosols, particularly from China, can drive the opposite effect, contributing to 159 

both drying and warming conditions in Australia.” 160 

The text above has been added to the Conclusion and discussion section. 161 

 162 

References 163 

Zhai, S., Jacob, D. J., Wang, X., Shen, L., Li, K., Zhang, Y., Gui, K., Zhao, T., and Liao, H.: Fine 164 

particulate matter (PM2.5) trends in China, 2013–2018: separating contributions from 165 

anthropogenic emissions and meteorology, Atmos. Chem. Phys., 19, 11031–11041, 166 

https://doi.org/10.5194/acp-19-11031-2019, 2019. 167 
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Responses to Referee #1: 169 

This research article investigates the impact of anthropogenic aerosol reductions in China on 170 

Australia’s climate. The study found that the decline in Chine’s aerosols since 2013 contributed to 171 

drier and warmer conditions in Australia by altering temperature and pressure gradients, which 172 

intensified the Southern Trade Winds and caused moisture divergence over Australia. The study 173 

also links these climate changes to an increase in wildfire risks in Australia. This research 174 

highlights the significant influence of distant aerosols on regional climate and offers insights for 175 

drought and wildfire risk mitigation. 176 

The manuscript is interesting, well written and tackles an important topic of research (i.e., impact 177 

of Chinese aerosols on Australian climate). However, some technical details between the 178 

comparison of modelling results and observations need to be corrected and the selection of figures 179 

should be adjusted. I recommend acceptance of the manuscript if the major comment below can 180 

be addressed. 181 

We thank the reviewer for the constructive suggestions, which are very helpful for improving the 182 

clarity and reliability of the manuscript. Please see our point-by-point responses (in blue) to your 183 

comments below. 184 

Major comments  185 

One of my main comments is related to the comparison of observation/reanalysis data and 186 

simulated results: There seems to be some inconsistency between the timeperiods used. In the 187 

method section it is mentioned that the period 2013-2019 is used for the observation/reanalysis 188 

data as well as the simulated data. However, in the captions of the supplementary figures as well 189 

as in the description of these figures in the text (e.g. L274, 278) it is mentioned that the 190 

observations are for 2010-2019. Please clarify if the same timeperiod is used for 191 

observation/reanalysis data and modelling data and if that is not the case, the plots have to be 192 

redone for the correct timeperiod to ensure an accurate comparison. Besides, is this warming and 193 

drying trend over Australia still continuing or why did the authors look at the time period 2013-194 

2019?  195 

The warming and drying trends in Australia due to the reduction of aerosols in China were 196 

simulated based on the two simulations with anthropogenic emissions of aerosols and precursors 197 

at years 2013 and 2019. It is because China implemented the “Air Pollution Prevention and Control 198 

Plan” in 2013 and established nationwide PM2.5 observation sites in 2013. Whether the simulated 199 

climate responses can be detected in the real world requires the observational evidence. However, 200 

the seven years of period 2013–2019 are too short to fully capture the trends in climate variables, 201 

as various natural variabilities could influence temperature and rainfall in Australia. For example, 202 

climate variabilities, such as ENSO, can have significant impacts on the Australian monsoon and 203 

rainfall patterns and influence the long-term trends of temperature and precipitation in Australia. 204 

Therefore, we included more years to calculate the trends of the climate variables in observations. 205 

It will not affect the results since that the aerosol reductions in China only account a small amount 206 

of the changing climate in Australia. The trends in observations are calculated during 2010–2019 207 

to minimize the internal variability. Regarding whether the trend is continuing, CSIRO and BOM 208 

(2022) reported that the warming is still ongoing in Australia and the drying trend is still ongoing 209 
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in Northern Australia, which could be contributed by the further reductions in Asian aerosols. 210 

While it is great that the author’s tried to reduce the figures in the main text to only 4 to explain 211 

the whole story, in particular the mechanistic analysis (Section 3.2) is difficult to follow for the 212 

reader with the limited number of figures. For instance, a combination of Figure S16 and S17 (i.e. 213 

the filled contours showing the SST pattern overlaid by the climatological wind field) would be a 214 

relevant figure to show. Additionally, Figure S21 is heavily referenced in the manuscript but the 215 

figure is only shown in the supplementary. Besides, maybe a small schematic of the described 216 

mechanism similarly as in Fahrenbach et al. 2024 would be helpful to guide the reader through the 217 

description.  218 

As requested, we have moved several figures in the main text and added the schematic diagram as 219 

shown below. 220 

 221 

Figure 6. Schematic of the response in large-scale 3D circulations in the Asian-Pacific region 222 

to aerosol reductions in China. The top panel shows climatology mean condition, and the bottom 223 

panel shows anomalies resulting from aerosol reductions in China. 224 

On the topic of figures, it would be important to show a comparison of the simulated changes with 225 

the observed precipitation pattern (Figure S8) as well as the observed wind changes (Figure S18). 226 

This is particularly relevant since the authors are trying to do an “attribution“ study and it has to 227 

be quantified that the observed and modelled changes agree. Additionally, the authors claim that 228 

the modelled and observed wind changes are similar (L319-321). While I do acknowledge that 3D 229 

wind changes are not the most reliable fields in reanalysis data, this is a bit of an overstatement. 230 

Figure S18b and c show very few significant changes making it difficult to understand the 231 

simulated flow and Figure S18d shows the largest significant trends in the winds east of Borneo 232 
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and around stronger southern Trade winds based on the simulated data. Maybe the authors could 233 

think about showing all wind vectors and colouring the significant ones in, so that the reader can 234 

at least see if the observations show the same trend even if they might not be significant based on 235 

this test?  236 

Thank you for your suggestion. We have revised the figure displaying the 3D wind fields, with 237 

significant and insignificant circulations clearly distinguished. Although only a few significant 238 

changes persist in Northern Australia, the large-scale circulations around Australia show noticeable 239 

similarities to the simulated results. 240 

 241 

Figure R1. Linear trends in observed vertical circulations and 850 hPa wind fields in Asia-242 

Pacific regions. Panel b and c shows pressure–longitude and latitude cross-section of linear trends 243 

in annual mean atmospheric circulations (unit: m s−1, vectors) over areas marked with the blue and 244 

red box in panel a during 2010–2019 from ERA5. Panel d shows linear trends of wind fields (unit: 245 

m s−1, vectors) at 850 hPa in Asia-Pacific regions. Trends of atmospheric circulations and winds 246 

which are statistically significant at the 90% confidence level are shown in black, while the 247 

insignificant ones are shown in grey. 248 

My last comment regarding the figures is that the figure S15 should also be included in the main 249 

text. It seems biased to try to find a link / attribution but only show the plots for China which the 250 

authors have identified as the relevant one. Maybe a figure showing the annual precipitation trends 251 

for CHN, OTH, NA+EU and then a seasonal plot for the CHN plots would be best?  252 
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As requested, we have moved the figure in the main text and showed the CHN, OTH, NA+EU 253 

(Figure 1 below) and then a seasonal plot for the CHN (Figure 2 below).  254 

 255 

Figure 1. Simulated changes in precipitation rate, surface air temperature and relative 256 

humidity in Australia due to aerosol changes between 2013 and 2019. Spatial distributions of 257 

simulated differences in annual mean precipitation rate (Pr, a, d, and g, unit: mm day–1), surface 258 

air temperature (TS, b, e, and h, unit: °C) and relative humidity (RH, c, f, and i, unit: %) in 259 

Australia between BASE and CHN (CHN minus BASE, a–c), between BASE and OTH (OTH 260 

minus BASE, d–f), and between BASE and NAEU (NAEU minus BASE, g–i). The shaded areas 261 

indicate results are statistically significant at the 90% confidence level. Regional averages over 262 

Australia are noted at the bottom-left corner of each panel.  263 
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 264 

Figure 2. Simulated changes in precipitation rate, surface air temperature and relative 265 

humidity in Australia due to aerosol changes in China between 2013 and 2019. Spatial 266 

distributions of simulated differences in DJF (December, January and February, a–c), MAM 267 

(March, April and May, d–f), JJA (June, July and August, g–i) and SON (September, October and 268 

November, j–l) mean precipitation rate (Pr, a, d, g, and j, unit: mm day–1), surface air temperature 269 

(TS, b, e, h, and k, unit: °C) and relative humidity (RH, c, f, i, and l, unit: %) in Australia between 270 

BASE and CHN (CHN minus BASE).The shaded areas indicate results are statistically significant 271 

at the 90% confidence level. Regional averages over Australia are noted at the bottom-left corner 272 

of each panel.  273 

The authors discuss the influence of the (very strong) low bias in PM2.5 in CESM1 compared to 274 

the observations in L385-388, which is good and relevant. However, this should also be mentioned 275 

throughout the manuscript, for instance when the authors try to estimate very precise values for 276 

the influence of the Chinese aerosol reductions on precipitation and temperature (L270-271).  277 

Thank you for your suggestion. We have made some corrections. While there is a low bias in PM2.5 278 

in CESM1 compared to observations, this is largely due to the model’s inherently low background 279 

concentrations. Given that CESM1 has a relatively strong aerosol forcing due to strong aerosol-280 

cloud interactions, the simulated climate effects may not have been significantly underestimated.  281 

Minor comments  282 

L29-31: The times mentioned in this sentence seem confusing since when first reading it seems 283 
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that a trend from 2013 is caused by something happening around the 2010s. Maybe using 284 

“conditions since the 2010s” would help to settle this confusing sentence.  285 

Revised. 286 

L68-70: Please change “increasing GHGs” to increasing GHG emissions.  287 

Changed. 288 

L72-75: This sentence is very long and confusing, please split it up into two or shorten it  289 

This sentence has been shortened as: “Atmospheric aerosols are the second-largest anthropogenic 290 

climate forcer, exerting an overall cooling effect that partially masks the warming induced by 291 

GHGs.” 292 

L73: “Earth’s” instead of “earth’s”  293 

OK. 294 

L104: “especially in northern Australia/especially in the North of Australia” instead of “especially 295 

the northern Australia”  296 

Revised. 297 

L104: “affected by the Australian monsoon” instead of “affected by Australian monsoon”  298 

Revised. 299 

L153-159: Is there a reason for the choice of the GPM dataset rather than for instance GPCP data?  300 

“GPM provides higher temporal and spatial resolution data compared to GPCP, making it more 301 

suitable for studies focused on short-term precipitation variability and regional climate dynamics.” 302 

The statement has been added to the manuscript. 303 

The GPCP data also exhibit a similar decreasing trend in precipitation over Australia, reinforcing 304 

the robustness of the observed trend (Figure S14). 305 

 306 

Figure S14. Linear trends of observed precipitation rate in Australia based on ERA5, GPM, 307 
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and GPCP. Spatial distributions of linear trends annual mean precipitation rate (unit: mm day–1) 308 

in Australia during 2010–2019 from ERA5 (a), GPM (b), and GPCP (c) datasets. The shaded areas 309 

indicate trends are statistically significant at the 90% confidence level. Regional averages over 310 

Australia are noted at the bottom-left corner of panels. 311 

L224: “Earth’s surface” instead of “earth’s surface”  312 

Revised. 313 

L244: The setting of DF to 10 according to Sharples et al 2009 needs some more explanation. At 314 

least one sentence why Sharples et al choose this value and why it is also applicable here.  315 

Thank you for your suggestion. Sharples et al. (2009) mentioned that “Such a factor will have no 316 

real bearing on the methods of comparison employed in the later sections of the paper and so for 317 

convenience we assume that DF = 10 in what follows.” We acknowledge that this assumption is 318 

idealized. To address this, we have calculated gridded DFs (Figure S7 below) and found that the 319 

DFs in Australia are close to 10, with spatial distributions being nearly homogeneous. Therefore, 320 

setting DF = 10 for Australia is reasonable in this context. 321 

 322 

Figure S9. Spatial distributions of annual mean dry factor (unit: unitless) in Australia during 323 

2010–2019. The data is from fire danger indices historical data from the Copernicus Emergency 324 

Management Service (CEMS, 2019; Vitolo et al., 2020). 325 

Additionally, we compare FFDI with DF = 10 and FFDI with the gridded DF (Figure S8 below). 326 

The patterns and regional averages of both are similar. 327 

 328 

Figure S10. Spatial distribution of simulated changes in FFDI (unit: unitless) during fire 329 

seasons in Australia between BASE and CHN (CHN minus BASE). Shaded areas indicate 330 

results that are statistically significant at the 90% confidence level. Regional averages for Australia 331 
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are noted at the bottom-left corner of each panel. The left panel shows FFDI (DF = 10), and the 332 

right panel shows FFDI (gridded DF). 333 

L277: Please change “evidence“ to “indication“.  334 

Changed. 335 

L389: Please use “Earth System Model” or “fully-coupled climate model” instead of “aerosol-336 

climate model” which would imply to me that this model is not fully coupled (which is the case 337 

according to the method section)  338 

Thanks for your reminder. The term “aerosol-climate model” has been replaced with “fully-339 

coupled climate model” throughout the manuscript, as suggested. 340 

Figure S3: The colourbar of these two plots should be the same as the reader might be tricked into 341 

thinking that the magnitude changes between the observed and modelled data are similar.  342 

Thank you for your suggestion. If we use the same color scale for both plots, the color range of 343 

the modeled results becomes overly uniform. However, we have now added a note in the figure 344 

caption to remind the reader that the magnitudes of the observed and modeled data are not directly 345 

comparable, and that the color scales represent different ranges. 346 

  347 
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Responses to Referee #2: 356 

The manuscript investigates the role of the recent decline in East Asian anthropogenic aerosols in 357 

driving precipitation and temperature changes across Australia. The authors highlight the potential 358 

for aerosols to contribute to enhancing the fire risk via widespread drying and warming. The topic 359 

is timely and very important, as not many studies have examined the influence of recent changes 360 

in aerosols on recent climate variations. However, I find several major weaknesses in the study, 361 

including in the simulation design, that prevent the manuscript from being acceptable for ACPD. 362 

Unfortunately, I need to recommend a rejection. Happy though to reconsider the manuscript if 363 

reviewed accordingly. 364 

Thank you for your feedback. We will carefully consider the points you raised regarding the 365 

simulation design and other aspects of the study. We value your insights and will make every effort 366 

to improve the quality of our work. We would be grateful for your reconsideration of the 367 

manuscript. Please see our point-by-point responses (in blue) to your comments below. 368 

Major comments: 369 

I believe there is a serious overinflation of the recent observed rainfall changes over Australia. 370 

Firstly, the authors use observations and plot linear trends from 2010, while model results are 371 

shown as 3-year differences from 2013. While the latter accounts for the decline in aerosols, 372 

observations show that the years 2010 and 2011 were anomalously wet over Australia, and just a 373 

couple of years before rainfall was much less (I have checked by plotting observations since 2000). 374 

This can also be inferred by examining Fig 2, where clearly the trend in panel d is affected by the 375 

two early years. By eye, using 3-year composites from 2013, the rainfall changes are very modest. 376 

Looking at more recent years, it turns out that 2019 was also anomalously dry, and more recent 377 

years (excluding those affected by COVID-related reduced emissions) show a recovery. Therefore 378 

the results based on observations, which ultimately is the motivation of the study, are strongly 379 

affected by the extremely short record and cannot be trusted. 380 

Thank you for pointing out the strong variability in rainfall in Australia. We agree with reviewer 381 

that the observed trend of rainfall could be affected by the wet years in 2010/2011 and dry year in 382 

2019, which could be induced by the interval variability (such as ENSO). However, we could not 383 

deny the decreasing precipitation during 2010–2019 and rule out the potential influence of 384 

changing aerosols on the rainfall variation. Additionally, we are trying to quantify the role of 385 

aerosol reduction in China in the Australian climate, rather than fully attribute to changing 386 

Australian climate to aerosols in China, considering that aerosol reductions in China are found to 387 

contribute to small part of the changing precipitation in Australia. The simulation results are still 388 

robust enough to support our conclusions because our model experiments are based on validated 389 

climate model, providing strong evidence that aerosol reductions in China have a significant 390 

impact on Australia’s climate. 391 

Additionally, to account for the potential influence of internal variability, particularly ENSO, 392 

which is a major driver of Australia’s precipitation variability (Fig. S13), we have also adjusted 393 

the precipitation data by removing the influence of the Niño 3.4 index. The adjusted results exhibit 394 

a similar trend, confirming the robustness of the observed drying trend since the 2010s (Fig. S12) 395 
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 396 

Figure S12. Linear trends of observed precipitation rate during 2001–2019 based on ERA5. 397 

The time series of annual mean precipitation rate (unit: mm day⁻¹) over Australia during 2001–398 

2019 from ERA5 reanalysis is shown. The linear trends for the periods 2001–2010 and 2010–2019 399 

are indicated. The trends are also detrended from the Niño 3.4 index. 400 

 401 

Figure S13. Scatter plot showing the correlation between SST anomaly in Niño 3.4 region 402 

and precipitation in Australia. The red line represents the linear regression fit to the data, with 403 

the corresponding correlation coefficient (R) and p-value displayed in the figure. 404 

In fact, the emission reduction of aerosols and precursors in China starts in 2010 rather than 2013. 405 

We chose the year 2013 in simulation was because China implemented the “Air Pollution 406 

Prevention and Control Plan” in 2013 and established nationwide PM2.5 observation sites in 2013. 407 

As the reviewer mentioned, Australia experienced a transient from dry years before 2010 to wet 408 

years in 2010/2011 and the rainfall recovery after 2020. It is also in accordance with the increasing 409 

aerosols in China before 2010 and the slowdown in aerosol reduction in recent years. But it still 410 

requires quantitative analysis. 411 

Related to the point above, it is not surprising that observed circulation trends (e.g., Fig. S18) are 412 

extremely weak. Yet, this is the mechanism driving Australian rainfall changes, thus is central to 413 
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the proposed aerosol influence. 414 

As mentioned earlier, given natural variability and the multiple factors influencing precipitation in 415 

Australia, it is quite challenging to capture patterns in the observations that resemble the results of 416 

the sensitivity experiment on China’s aerosol reductions. We have redrawn the circulation figure 417 

(Figure R1 below), displaying all circulations regardless of whether they pass the significance test. 418 

Notably, we can observe clear similarities with the model results. 419 

 420 

Figure R1. Linear trends in observed vertical circulations and 850 hPa wind fields in Asia-421 

Pacific regions. Panel b and c shows pressure–longitude and latitude cross-section of linear trends 422 

in annual mean atmospheric circulations (unit: m s−1, vectors) over areas marked with the blue and 423 

red box in panel a during 2010–2019 from ERA5. Panel d shows linear trends of wind fields (unit: 424 

m s−1, vectors) at 850 hPa in Asia-Pacific regions. Trends of atmospheric circulations and winds 425 

which are statistically significant at the 90% confidence level are shown in black, while the 426 

insignificant ones are shown in grey. 427 

The model analysis is also weak in the sense that 3-year composites are extremely short to identify 428 

forced trends. In addition, observed trends should be first compared to those from a control 429 

simulation and the contribution of aerosols should be related to the model world, not observations. 430 

We believe there may be a misunderstanding regarding the 3-year composites mentioned by the 431 

reviewer. In our study, we did not use 3-year composites for climate variables (only for PM2.5 and 432 

AOD in observations since they are more linear than climate variables). Our equilibrium 433 

experiment designs have been described in the 2.2 Model Description and Experimental Design 434 

section. 435 
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Regarding the model comparison, we would like to clarify that due to the nature of our equilibrium 436 

experiments, direct comparison with baseline control experiments is not feasible. Even in transient 437 

simulations, models may not be able to fully capture the short-term and complex observational 438 

signal, as observational data are influenced by numerous factors over short time periods. However, 439 

models can provide a qualitative evaluation of how specific factors, such as aerosols, might 440 

contribute to climate phenomenon. This approach has been commonly used in previous studies 441 

(Bollasina et al., 2011; Heede and Fedorov, 2021; Hwang et al., 2024; Vecchi et al., 2006; Wang 442 

et al., 2023; Yang et al., 2022) to isolate the impact of individual forcers.  443 

While our simulations provide valuable insights into the physical mechanisms linking aerosol 444 

reductions to climate changes, we must admit that they cannot be intended for direct quantitative 445 

attribution of observed trends. To clarify it, we have removed all statements that directly 446 

attribute the observed trend to the simulated aerosol response in a quantitative manner and 447 

now emphasize that the simulations serve as a tool for understanding the underlying 448 

processes rather than quantitatively estimating real-world aerosol-induced changes. Moving 449 

forward, we recognize that transient simulations would be better suited for capturing short-term 450 

forced trends, and, we plan to incorporate them in future studies to further investigate the evolution 451 

of short-term responses and assess the potential contributions of other external forcings, such as 452 

greenhouse gases and internal variability. 453 

Another major weakness is the experimental design. The authors examine long-term changes 454 

coming from equilibrium runs, which are far from representing the actual transient response over 455 

10 years or so. This is likely far from being in equilibrium. I would have seen large-ensemble 456 

transient simulations with time-varying aerosols (2013-2024 for example) as more appropriate and 457 

suitable. 458 

We appreciate the reviewer’s concern regarding the use of equilibrium runs and the suggestion to 459 

use large-ensemble transient simulations. While transient simulations offer a more dynamic 460 

representation of temporal changes, the relatively short period from 2013 to the present may not 461 

provide enough time for the climate system to fully respond to aerosol changes. This is particularly 462 

true when considering the long timescales required for oceanic heat capacity to equilibrium. 463 

Furthermore, equilibrium simulations allow for a clearer isolation of the forced response to aerosol 464 

changes, minimizing the impact of short-term climate variability. 465 

We do acknowledge, however, that transient simulations would offer a more accurate depiction of 466 

the time-varying effects of aerosol reductions, especially as aerosol reductions in China continue. 467 

As the climate system responds more robustly over time, transient simulations will likely become 468 

a more appropriate tool. Therefore, while equilibrium simulations are potentially more suitable for 469 

the present study, we plan to use transient simulations in future research. 470 

We have also mentioned the limitation of not using transient simulations in the discussion section: 471 

“One limitation of this study is the use of equilibrium experiments. Although the equilibrium 472 

method is useful for isolating aerosol-induced climate responses, it does not fully capture the 473 

transient climatic evolution. Attributing observed climate changes directly to modeled aerosol-474 

induced responses involves inherent uncertainties. Given the uncertainties, here we did not attempt 475 

to quantitatively attribute the observed climate change to aerosols in this study, but showed the 476 

mechanisms that how aerosol decline influence remote climate. Future work could also consider 477 
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transient simulations, which can better represent the role of aerosols in the climatic evolution of 478 

the real world.”. 479 

Trends or changes should always be plotted with the related statistical significance, such as in Figs. 480 

1 and 2. 481 

Thank you for the suggestion. Now the indication of significance in all map figures has been 482 

adjusted for improved clarity. 483 

Fig 3: I think it would be more appropriate to display the divergent wind, rather than the total wind. 484 

We chose to display the total wind in Figure 3 to highlight the strengthening of Southern Trade 485 

Winds. For the divergent winds, we also displayed moisture divergence (Figure S18), which is 486 

more directly related to the changes in precipitation patterns that we are investigating. 487 

 488 
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Abstract 542 

A substantial decline in anthropogenic aerosols in China has been observed since the initiation of 543 

clean air actions in 2013. Concurrently, Australia experienced anomalously dry and warm 544 

conditions insince the 2010s. This study reveals a linkage between aerosol reductions in China and 545 

the drying and warming trends in Australia during 2013–2019 based on aerosol-fully-coupled 546 

climate model simulations and multi-source observations. Aerosol decline in China triggered 547 

alterations in temperature and pressure gradients between the two hemispheres, leading to 548 

intensified outflow from Asia towards the South Indian Ocean, strengthening the Southern Indian 549 

Subtropical High and its related Southern Trade Winds. Consequently, this atmospheric pattern 550 

resulted in a moisture divergence over Australia. The reduction in surface moisture further resulted 551 

in more surface energy being converted into sensible heat instead of evaporating as latent heat, 552 

warming the near-surface air. Aerosol reductions in China are found to contribute to 19% of the 553 

observed decreases in precipitation and relative humidity and 8% of the increase in surface air 554 

temperature in Australia during 2013–2019. The intensified dry and warm climate conditions 555 

during 2013–2019 further explain 12%–19% ofcaused the increase in wildfire risks during fire 556 

seasons in Australia. Our study illuminates the impact of distant aerosols on precipitation and 557 

temperature variations in Australia, offering valuable insights for drought and wildfire risk 558 

mitigation in Australia. 559 

  560 
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1 Introduction 561 

Australia encompasses various climate zones, ranging from the tropical climate in the north 562 

to arid conditions in the interior and temperate climates in the south (Head et al., 2014). The 563 

continent is predominantly dry, receiving an average annual rainfall of less than 600 mm and less 564 

than 300 mm over half of the land. Evident long-term trends can be observed in Australia’s 565 

historical rainfall records. These trends reveal a notable shift towards drier conditions across 566 

southern Australia (Dey et al., 2019a; Nicholls, 2006; Rauniyar and Power, 2020; Wasko et al., 567 

2021), and an increase in rainfall before 2010 (Dey et al., 2019a, b; Evans et al., 2014; Nicholls, 568 

2006; Rotstayn et al., 2007; Wasko et al., 2021) followed by a slight decreasing trend of rainfall 569 

after 2010 (CSIRO and BOM, 2022) in the northern Australia.  570 

Precipitation in Australia is influenced by a variety of atmospheric circulation systems, 571 

including East Coast Lows (ECLs), the Australian-Indonesian Monsoon, tropical cyclones (TCs), 572 

fronts, and different modes of large-scale climate variabilities, such as the El Niño-Southern 573 

Oscillation (ENSO), Indian Ocean Dipole (IOD), Interdecadal Pacific Oscillation (IPO), 574 

Subtropical ridge (STR), Southern Annular Mode (SAM), and Madden Julian Oscillation (MJO) 575 

(Dey et al., 2019a; Risbey et al., 2009). The linkages between Australia’s rainfall characteristics 576 

and these drivers could change in response to the internal natural variabilities and external 577 

anthropogenic forcings. Rauniyar and Power (2020) reported that the drier conditions across the 578 

southern Australia could be attributed to a combination of both decadal-scale natural variability 579 

and changes in large-scale atmospheric circulation patterns, which was linked to the escalating 580 

emissions of greenhouse gases (GHGs), while Rotstayn et al. (2007) found that the increased levels 581 

of rainfall in northern Australia before 2010 was linked to the increases in aerosols in Asia. 582 

Human activities have led to a rise of global surface air temperature by approximately 1.29 °C 583 

(0.99 to 1.65 °C) from 1750 to 2019, mainly due to an enhanced greenhouse effect from increasing 584 

GHGsGHG emissions (IPCC, 2021). In addition to GHGs, human activities also emit a variety of 585 

aerosols and their gaseous precursors into the atmosphere. Since industrialization, there has been 586 

a significant rise in the levels of aerosols and precursors (Hoesly et al., 2018). These 587 

atmosphericAtmospheric aerosols play a crucial role in changing the earth’s radiation balance, 588 

both directly and indirectly, and are considered asare the second-largest anthropogenic climate 589 
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forcer following GHGs, exerting an overall cooling effect that partially masks the warming 590 

induced by GHGs. (IPCC, 2013, 2021). However, as anthropogenic aerosols declined during the 591 

past decades in many countries of the world related to the clean air actions, the associated “unmask” 592 

effect is likely to exacerbate GHG-induced warming (Kloster et al., 2010). For example, in the 593 

1980s, clean air actions were implemented in North America and Europe, leading to a decrease in 594 

the emissions of aerosols and their precursors (Hoesly et al., 2018). Reductions in aerosol 595 

emissions in the U.S. have led to changes in aerosol direct radiative forcing (DRF) by 0.8 W m−2 596 

and indirect radiative forcing (IRF) by 1.0 W m−2 over the eastern U.S. during 1980–2010 597 

(Leibensperger et al., 2012). Similarly, aerosol decreases over Europe between the 1980s and 598 

1990s have caused a change in regional DRF by 1.26 W m−2 (Pozzoli et al., 2011). In China, the 599 

emissions of aerosols and their precursors have been reduced since 2013 due to the implementation 600 

of Air Pollution Prevention and Control Action Plan. Dang and Liao (2019) reported a 1.18 W m−2 601 

change in DRF between 2012 and 2017 due to decreased aerosol levels over eastern China. Gao 602 

et al. (2022) estimated a warming of 0.20 °C in China, 0.15 °C in North America, and 0.14 °C in 603 

Europe, attributed to the decreases in aerosols during 2013–2019. 604 

Monsoonal rainfall serves as a vital resource for agriculture, industry, and ecosystems across 605 

the monsoon-affected regions, affecting approximately two-thirds of the world’s population (B. 606 

Wang et al., 2021). Apart from GHGs-induced warming (Cook and Seager, 2013) and nature 607 

variabilities (e.g., ENSO) (Oh and Ha, 2015), aerosol also modulates monsoon system mainly 608 

through changing land-sea temperature and pressure gradient. The impact of aerosols on Asian 609 

monsoon has been widely investigated. Based on climate model simulations, Liu et al. (2023) 610 

found that aerosol reductions in East Asia during 2013–2017 resulted in an approximately 5% 611 

increase in the strength of the East Asian summer monsoon (EASM). The EASM is also reported 612 

to enhance due to future aerosol reductions from 2000 to 2100 (Wang et al., 2016). Dong et al. 613 

(2019) explored the effects of increased aerosol in Asia from 1970s to 2000s on atmospheric 614 

circulation and rainfall patterns and found anomalous moisture convergence and increased 615 

precipitation over the Maritime continent. Non-Asian aerosols also have an effect on South Asian 616 

monsoon rainfall through changes in the interhemispheric temperature gradient and meridional 617 

shifts of the Intertropical Convergence Zone (Bollasina et al., 2011, 2014; Cowan and Cai, 2011; 618 

Undorf et al., 2018). Australia, especially thein northern Australia, is largely affected by the 619 

Australian monsoon, which is characterized by winds that blow from the southeast during cold 620 
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season and from the northwest during the warm season (Gallego et al., 2017; Heidemann et al., 621 

2023). Australia has a relatively low level of anthropogenic aerosols, which suggests that the 622 

impact of domestic anthropogenic aerosols on Australian monsoon should not be significant. 623 

However, the impact of remote aerosols on Australian monsoon have been investigated in previous 624 

studies, and they reported that the increases in Asian aerosols could enhance rainfall in Australia 625 

through increasing monsoonal winds towards Australia (Rotstayn et al., 2007; Fahrenbach et al., 626 

2023). 627 

Wildfires, which are uncontrolled fires spreading rapidly across natural landscapes, are 628 

significantly influenced by meteorological conditions (He et al., 2019; Jones et al., 2022). In 629 

Australia, these fires, also known as bushfires, present a major environmental and social threat 630 

(Johnston et al., 2021; Ward et al., 2020). According to Dowdy (2020), the most favorable seasons 631 

for wildfires in most regions of Australia are austral spring and summer. Key meteorological 632 

factors such as extended periods of drought, elevated temperatures, low humidity, and strong winds 633 

are crucial in determining the occurrence and intensity of wildfires (Zacharakis and Tsihrintzis, 634 

2023). Under the recent historical climate change, Australia has witnessed a rise in extreme fire 635 

weather conditions and an extended fire season (CSIRO and BOM, 2022).  636 

Since the implementation of clean air policies in 2013, there has been a noticeable decrease 637 

in aerosol levels in China (Zhang et al., 2019; Zheng et al., 2018). Numerous studies have shown 638 

the local and global climate effects of the aerosol reductions in China (Dang and Liao, 2019; Gao 639 

et al., 2022, 2023; Liu et al., 2023; Zheng et al., 2020). The Australian monsoonal wind patterns, 640 

reported to be influenced by Asian aerosol emissions in the past decades (Rotstayn et al., 2007; 641 

Fahrenbach et al., 2023), may have also influenced by the radiative effects due to the aerosol 642 

decline in China. The objective of this study is to assess the worsened dry and warm conditions 643 

and associated wildfire risk in Australia during 2013–2019 and investigate the possible linkage 644 

between the changes in climate conditions in Australia and anthropogenic aerosols. 645 

2 Methods 646 

2.1 Observational and Reanalysis Data 647 

Ground-based observational data of near-surface PM2.5 concentrations in China 2013–2019 648 



 

26 

are acquired from the China National Environmental Monitoring Centre (CNEMC), which offers 649 

daily records of near-surface air pollutant concentrations for nearly 1800 sites. Aerosol Optical 650 

Depth (AOD) data are obtained from the Moderate Resolution Imaging Spectroradiometer 651 

(MODIS) Deep Blue retrieval (Hsu et al., 2013). These observational data are used for evaluating 652 

the performance of model simulated aerosols. 653 

ERA5, the fifth generation of the European Centre for Medium-range Weather Forecasts 654 

(ECMWF) atmospheric reanalysis, is a comprehensive dataset that provides a detailed and globally 655 

consistent view of the earth’s atmospheric conditions over the past several decades (Hersbach et 656 

al., 2020). In this study, ERA5 data are employed to evaluate the climate condition in Australia 657 

and analyze its linkage with aerosol reductions in China during the 2013–2019 by using the 2-658 

meter temperature, total precipitation, relative humidity, cloud cover, wind fields, vertical velocity, 659 

surface latent and sensible heat flux, and surface and top of the atmosphere (TOA) solar and 660 

longwave radiative flux under both clear and all sky conditions. 661 

Clouds and the Earth’s Radiant Energy System-Energy Balanced and Filled (CERES-EBAF) 662 

is a dataset that provides information on the earth’s radiation budget, including surface and TOA 663 

energy fluxes (Loeb et al., 2018). It combines data from satellite instruments to estimate how much 664 

energy the earth receives from the sun and how much is reflected back to space, helping to 665 

understand climate change and energy balance processes. The variables used in the study include 666 

cloud cover and surface and TOA solar and longwave radiative fluxes under both clear and all sky 667 

conditions. 668 

The Global Precipitation Measurement (GPM) mission is a joint initiative by National 669 

Aeronautics and Space Administration (NASA) and the Japan Aerospace Exploration Agency 670 

(JAXA) aimed at providing accurate and frequent measurements of global precipitation 671 

(Skofronick-Jackson et al., 2017). GPM includes a core satellite equipped with advanced radar and 672 

microwave sensors, enabling the observation of rain and snowfall in real-time. The data are crucial 673 

for understanding weather patterns, climate dynamics, and hydrological processes. The Global 674 

Precipitation Climatology Project (GPCP) is an international initiative under the World Climate 675 

Research Programme (WCRP) that integrates satellite and gauge-based observations to provide 676 

long-term, global precipitation estimates (Adler et al., 2018). Precipitation rate data from GPM are 677 



 

27 

also used in the studyGPCP offers monthly and daily precipitation datasets with global coverage, 678 

combining data from rain gauges, satellite infrared (IR), and microwave sensors to enhance 679 

accuracy. Precipitation rate data from GPM and GPCP are also used in the study. GPM provides 680 

higher temporal and spatial resolution data compared to Global Precipitation Climatology Project 681 

(GPCP), making it more suitable for studies focused on short-term precipitation variability and 682 

regional climate dynamics. 683 

2.2 Model Description and Experimental Design 684 

In this research, we conduct simulations to explore the impact of aerosols on climate using 685 

the Community Earth System Model version 1 (CESM1). CESM1 simulates the major aerosols 686 

including sulfate, black carbon (BC), primary organic matter (POM), secondary organic aerosol 687 

(SOA), dust and sea salt in a four-mode Modal Aerosol Module (MAM4), as described in Liu et 688 

al. (2016). CESM1 simulations are carried out with 30 vertical layers and a horizontal resolution 689 

of 2.5° longitude by 1.9° latitude. In addition to the default model physics, several supplementary 690 

features are incorporated into the model in this study to improve the model’s performance in 691 

simulating aerosol wet scavenging and convective transport (Wang et al., 2013). 692 

The global anthropogenic emissions of aerosols and their precursors are obtained from the 693 

Community Emissions Data System (CEDS) v_2021_04_21. In contrast to the prior CEDS 694 

v_2016_07_26, which exhibits significant regional emission biases (Z. Wang et al., 2021), the 695 

newer CEDS version of anthropogenic emissions of aerosols and precursors considers the 696 

substantial reductions in emissions in China, related to the recent clean air actions since 2013 (Fig. 697 

S1). Specifically, anthropogenic sulfur dioxide (SO2), BC, and organic carbon (OC) emissions 698 

decreased by −12.48, −0.30, and −0.21 Tg yr−1, respectively, over China between 2013 and 2019. 699 

Biogenic emissions are from the Model of Emissions of Gases and Aerosols from Nature version 700 

2.1 (MEGAN v2.1) (Guenther et al., 2012), while the emissions from open biomass burning are 701 

derived from the CMIP6 (Coupled Model Intercomparison Project Phase 6) (Van Marle et al., 702 

2017). 703 

A series of model experiments are conducted using CESM1 with a fully-coupled model 704 

configuration, as detailed in Table S1. In the baseline scenario (referred to as BASE), 705 

anthropogenic emissions of aerosols and precursors are fixed at year 2013 worldwide. In CHN, 706 
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anthropogenic emissions of aerosols and precursors over China are fixed at year 2019, while 707 

emissions in all other regions are remained at year 2013. In NAEU, the simulation is performed 708 

with anthropogenic emissions of aerosols and precursors over North America and Europe set at 709 

year 2019, while emissions in other regions remained at year 2013. In OTH, anthropogenic 710 

emissions of aerosols and precursors in other regions except for China are set at year 2019, while 711 

emissions in China are kept at year 2013. Biogenic and biomass burning emissions worldwide in 712 

all experiments are fixed at year 2013. To reduce model biases related to internal variability, three 713 

ensemble members are conducted by perturbing the initial atmospheric temperature conditions. 714 

All simulations are run for 150 years, with the last 100 years for detailed analysis. 715 

2.3 Model Evaluation 716 

To validate whether CESM1 can reproduce the aerosol reductions in China during the 2010s, 717 

changes in simulated near-surface PM2.5 concentrations (sum of sulfate, BC, POM, SOA, dust×0.1, 718 

and sea-salt×0.25 following Turnock et al. (2020)) in China during 2013–2019 are compared with 719 

the observations. Figure S2 shows spatial distributions of observed and modeled annual mean near-720 

surface PM2.5 concentration changes over China (2017–2019 minus 2013–2015), which exhibited 721 

a statistically significant correlation coefficient of 0.52 between simulations and observations. 722 

However, the model underestimates the PM2.5 concentration changes by 76% in China. The 723 

considerable underestimation has been reported in many previous studies, resulting from coarse 724 

model resolution, uncertainties in emissions of aerosols and precursor gases, strong aerosol wet 725 

removal, and the model’s deficiency in simulating nitrate and ammonium aerosols (Fan et al., 2018, 726 

2022; Gao et al., 2022, 2023; Zeng et al., 2021). The model has a good capability in replicating 727 

the spatial distribution of AOD changes in China during 2013–2019 (Fig. S3), as evidenced by a 728 

high correlation coefficient of 0.83, but the model also exhibits an underestimation in the AOD 729 

reductions by 69%. However, the apparent underestimation of absolute changes may largely stem 730 

from the inherently low background aerosol concentrations in CESM1. When considering the 731 

relative changes rather than absolute values, the bias appears much less pronounced (Fig. S4 and 732 

Fig. S5). 733 

Climate variables, including precipitation rate, surface air temperature, relative humidity, 734 

total cloud cover, surface solar radiation, 10m wind speed, and surface and TOA net total radiative 735 
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fluxes under both clear and all sky conditions over Australia simulated by CESM1 model are also 736 

compared with those from ERA5 reanalysis (Fig. S4–S6–S8). The model demonstrates a good 737 

performance in simulating Australian climate, with normalized mean bias (NMB) values 738 

consistently below or near 40% for surface air temperature, relative humidity, total cloud cover, 739 

surface downward solar radiation, and 10m wind speed, and surface and TOA net total radiative 740 

fluxes, but it tends to overestimate annual precipitation by about 90%, especially over coastal 741 

regions likely related to the coarse model resolution. The model accurately reproduces spatial 742 

patterns of all climate variables, closely aligning with observations, as indicated by correlation 743 

coefficients ranging from 0.7 to 1.0. 744 

2.4 Wildfire Risk Indices 745 

In this study, several climatological indices are used to indicate wildfire risk during fire 746 

seasons (austral spring and summer, from September to February of the next year) in Australia 747 

(Ren et al., 2022; Irmak et al., 2003; Seager et al., 2015; Sharples et al., 2009). 748 

(i) Reference Potential Evapotranspiration (ET0): 749 

ET0 is a climatological index used to estimate the amount of water that could potentially 750 

evaporate and be transpired from the earth’sEarth’s surface under specific meteorological 751 

conditions. The calculation of ET0 takes into account factors such as temperature (T, unit: °C), and 752 

surface downward solar radiation (Rs, unit: W m–2) to estimate the maximum amount of water loss 753 

due to evaporation and transpiration. ET0 is important in wildfire studies because it helps to gauge 754 

the environmental moisture conditions and the potential for drought, which can be a significant 755 

factor in wildfire risks assessment. ET0 is given by the following expression (Irmak et al., 2003): 756 

𝐸𝑇0 = −0.611 + 0.149𝑅𝑠 + 0.079T 757 

(ii) Vapor Pressure Deficit (VPD): 758 

Vapor Pressure Deficit (VPD) is a meteorological parameter that measures the difference 759 

between the amount of moisture in the air and the maximum amount of moisture the air can hold 760 

at a given temperature (T, unit: °C) and moisture (relative humidity, RH, unit: %). High VPD 761 

values indicate that the air is dry. VPD is important in the context of wildfires because it reflects 762 
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the drying potential of the atmosphere. When VPD is high, it can lead to rapid moisture loss from 763 

vegetation, making it more susceptible to ignition and increasing the risk of wildfires. VPD is 764 

given by (Seager et al., 2015): 765 

𝑉𝑃𝐷 =
100 − 𝑅𝐻

100
× 610.7 × 10

7.5𝑇
237.3+𝑇 766 

(iii) McArthur Forest Fire Danger Index (FFDI): 767 

The McArthur Forest Fire Danger Index (FFDI) is a widely used index in Australia to assess 768 

the potential for bushfires and forest fires. It takes into account various meteorological factors, 769 

including T (unit: °C), RH (unit: %), wind speed (U, unit: m s–1), and drought factor (DF, unitless). 770 

We set DF as 10 here following Sharples et al. (2009).(2009), as it would not significantly affect 771 

the methods of comparison used later in their study. While we acknowledge that this assumption 772 

is idealized, we find it applicable in our case. To verify this, we calculated gridded DFs for 773 

Australia (Figure S9), which show that the DFs are close to 10 and exhibit nearly homogeneous 774 

spatial distributions. As such, setting DF = 10 for Australia is reasonable for our analysis. In 775 

addition, FFDI calculated using DF = 10 and FFDI using gridded DFs are compared (Figure S10). 776 

The patterns and regional averages of both datasets are very similar, further supporting the use of 777 

DF = 10 in our study. The FFDI provides a numerical rating that indicates the level of fire danger, 778 

with higher values corresponding to greater fire risks. This index is particularly valuable for 779 

assessing the immediate risk of wildfires and is commonly used in fire management and prediction. 780 

FFDI is defined as (Sharples et al., 2009):  781 

𝐹𝐹𝐷𝐼 = 2𝑒−0.45+0.987𝑙𝑛𝐷𝐹+0.0338𝑇−0.0345𝑅𝐻+0.0234𝑈 782 

3 Results 783 

3.1 Intensified Dry and Warm Conditions in Australia by aerosol changes 784 

Figure 1 shows simulated responses in annual and seasonal precipitation rate, surface air 785 

temperature and relative humidity in Australia to changes in anthropogenic emissions of aerosols 786 

and precursors in China. In response to aerosol reductions in China, Australia experiences 787 

significant decreases in precipitation and relative humidity, while the temperature has an increase 788 
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from 2013 to 2019. On regional average, annual precipitation, surface air temperature and relative 789 

humidity change by –0.10 mm day–1, 0.06 °C, and –1.20%, respectively, in Australia caused by 790 

the aerosol reduction in China during this time period, contributing to the dry and warm climate in 791 

Australia. Notably, Northern Australia experiences the most significant reduction in convective 792 

precipitation, whereas Southern Australia has the greatest decline in large-scale precipitation 793 

related to the aerosol reduction in China, as simulated by the CESM1 model (Fig. S7S11). The 794 

direction of seasonal responses in precipitation rate, surface air temperature and relative humidity 795 

are the same as the annual averages, with the largest changes occurring in austral spring (Fig. 12). 796 

The intensified dry and warm conditions in Australia can also be seen in the observations, 797 

as indicated by ERA5 reanalysis data (Fig. 2).3).  Since 2010, precipitation and relative humidity 798 

have significantly decreased in Australia, especially in Northern and Eastern Australia, at a rate of 799 

0.086 mm day–1 yr–1 and 1.07% yr–1, respectively, while surface air temperature has increased at a 800 

rate of 0.17 °C yr–1. The decrease in precipitation in Australia is also reflected in the GPM data 801 

(Fig. S8). It translates into the changes in precipitation, temperature and relative humidity by 0.52 802 

mm day–1, 1.0 °C and 6.4% in Australia during 2013–2019 in observations if the trends are 803 

assumed to be linear. This suggests that aerosol reductions in China can explain 19% of the 804 

decreases in precipitation and relative humidity and 8% of the increase in surface air temperature 805 

in Australia during 2013–2019, worsening the dry and warm climate conditions in Australia (Fig. 806 

S9).In addition, Time series of precipitation have also been extended to cover 2001–2019, clearly 807 

showing an increasing precipitation trend during 2001–2010, followed by a decreasing trend 808 

during 2010–2019 (Fig. S12). It is in accordance with the increasing aerosols in China before 2010 809 

and aerosol reduction in recent years. To account for the potential influence of internal variability, 810 

particularly ENSO, which is a major driver of Australia’s precipitation variability (Fig. S13), the 811 

time series are also given after removing the influence of Niño 3.4 index. The adjusted results 812 

exhibit a similar transition, confirming the robustness of the observed drying trend since the 2010s 813 

(Fig. S12). The GPM and GPCP data also exhibit a similar decreasing trend in precipitation over 814 

Australia (Fig. S14). The reduction in anthropogenic SO2 emissions in China shows strong 815 

correlations with the decrease in precipitation and the increase in temperature in Australia during 816 

2010–2019 (Fig. S10S15). However, when extending the time frame to the period before emissions 817 

reductions in China (1940–2019), the increase in temperature becomes less pronounced, with a 818 

slight rise in precipitation and relative humidity, likely attributed to greenhouse gas warming, 819 



 

32 

which can serve as evidenceindication that the decrease in precipitation and increase in 820 

temperature in Australia from 2010 to 2019 are not primarily caused by GHGs (Figure S11Fig. 821 

S16). The rainfall decrease is consistent with changes in clouds. Spatial distributions of simulated 822 

changes in vertically-integrated cloud cover and the linear trends in observations are shown in Fig. 823 

S12–S14. In both observation and model simulation, the results consistently indicateare shown in 824 

Figure S17, indicating a reduction in clouds of all levels, including high, mid-level, and low clouds. 825 

In addition, the spatial distributions of these changes closely resemble the patterns of responses in 826 

precipitation and relative humidity.  827 

Aerosol emissions have changed across the world rather than in China alone during 2013–828 

2019, such as those in Australia, North America and Europe, which affect climate in both local 829 

and remote regions. Figures S15a and S15bFigure 1 also shows changes in precipitation and 830 

surface temperatureclimate variables in Australia due to changes in other regions except China. 831 

The aerosol changes in other regions except China yield a decrease in precipitation by 0.06 mm 832 

day–1 and, an increase in temperature by 0.06 °C, which are similar to those caused and a decrease 833 

in relative humidity by the aerosol changes in China (Fig. 1).0.67%. In particular, North America 834 

and Europe emission changes largely, to some extent, contribute to the responses in precipitation 835 

(–0.04 mm day–1) and), temperature (0.04 °C) and relative humidity (–0.41%) attributed to other 836 

regions (except China), although the responses are mostly insignificant (Figs. 15c and 15dFig. 1). 837 

3.2 Mechanisms of Dry and Warm conditions in Australia Amplified by Aerosol Reductions 838 

in China 839 

The rising levels of Asian aerosols could influence the meridional temperature and pressure 840 

gradients across the Indian Ocean and therefore affect monsoonal winds and rainfall in Australia 841 

since the middle of the 20th century, as reported in several previous studies (Fahrenbach et al., 842 

2023; Rotstayn et al., 2007). Since 2013, aerosol levels in China have substantially decreased due 843 

to clean air actions initiated by the Chinese government (Zhang et al., 2019). At the same time, 844 

precipitation in Australia exhibited a declining trend, which could be partly attributed to the 845 

decrease in China’s anthropogenic aerosol forcing as quantified through CESM1 simulations. 846 

Asian monsoon region is closely connected with the meridional Hadley circulation and zonal 847 

Walker circulation through monsoon outflow to the South India ocean subtropical high (SISH) and 848 
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North Pacific subtropical high (NPSH) (Beck et al., 2018). Figure S164a illustrates the 849 

climatological mean wind fields at 850 hPa, indicating the persistent existence of SISH in the 850 

Indian Ocean and NPSH in the North Pacific. With reductions in aerosols in China, the sea surface 851 

temperature (SST) increases in the North Pacific but decreases in the Indian Ocean (Fig. S174b), 852 

which is concurrent with the northward shift of the Intertropical Convergence Zone (ITCZ) (Basha 853 

et al., 2015). Over Asia, this migration of ITCZ is accompanied by the northward movement of 854 

the upper-tropospheric subtropical zonal westerly jet (Chiang et al., 2015; Schiemann et al., 2009), 855 

which moves to the north of the Tibetan Plateau. It then enhances the circulation pattern of the 856 

Tibetan high, redirects the outflow from the Asian monsoon to the southern Indian Ocean 857 

subtropical high (Fig. 3c5c), strengthens the SISH, and leads to the enhancement of the Southern 858 

Trade Winds (Fig. 3d5d). On the other hand, the increase in SST in the North Pacific induces 859 

ascending motion around the 130°–150°E and the subsequent descending motion around the 90°–860 

110°E (Fig. 3b5b), with anomalous westerly winds near the surface, leading to a weakening of 861 

NPSH along with a decrease in the Northern Trade Winds (Fig. 3d5d). Note that, the descending 862 

motion partly compensates the ascending motion related to the meridional circulation between 863 

10°–30°N (Fig. 3c). Similar changes of vertical and horizontal circulations are also shown in the 864 

real world in the 2010s (Fig. 5c). The mechanism of China’s aerosol reductions on the large-scale 865 

3D circulation in the Asia-Pacific region is shown in Figure 6.S18). The enhancement of the 866 

Southern Trade Winds further causes moisture advection away from Australia, accompanied by 867 

moisture divergence in Australia, especially over the northern Australia (Fig. S18).S19). Moisture 868 

divergence is also evident in the observations for some northern regions of Australia (Fig. S20). 869 

This moisture divergence in Australia then intensifies the dryness in Australia both in CESM1 870 

simulations (Fig. 1) and ERA5 reanalysis (Fig. 2). 871 

Figures S217 illustrate the changes in relevant radiative fluxes in Australia resulting from 872 

aerosol changes in China. Under the clear sky condition, both surface and top of the atmosphere 873 

(TOA) radiative flux decrease (Fig. S21c7c&d). It is due to increased sea salt and dust aerosols 874 

(Fig. S22bS19b–d) due to the stronger Southern Trade Winds (Figs. S22aS19a and 3d5d) and dryer 875 

conditions (Fig. 1a&c1). The decrease in cloud cover (Fig. S12S17) leads to an overall increase in 876 

both surface and TOA radiative flux (Fig. S21e7e&f). The overall changes in radiative fluxes are 877 

offset by these two factors (Fig. S21a7a&b) and insufficient to explain the significant increase in 878 
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surface air temperature in Australia (Fig. 1b). Similar signals are also evident in the observational 879 

data represented by ERA5 and CERES-EBAF (Figs. S23 and S241). 880 

Decreases in precipitation lead to a decrease in surface specific humidity (Fig. S25aS20a), 881 

which declines more than that at 850 hPa (Fig. S25bS20b). This results in excess energy being 882 

converted into sensible heat rather than latent heat through evaporation (Chiang et al., 2018; 883 

Fischer et al., 2007; Seneviratne et al., 2006; Su et al., 2014), which is indicated by a decrease in 884 

surface upward latent heat flux and an increase in surface upward sensible heat flux in Australia 885 

due to aerosol changes in China in Figure S268. The increased surface upward sensible heat flux 886 

heats the near-surface air and contributes to the warm conditions in Australia. The signals of 887 

specific humidity and surface sensible/latent heat flux from ERA5 are consistent with the 888 

simulated results. (Figs. S27 and S28). 889 

3.3 Increases in Wildfire Risk in Australia 890 

Wildfires represent a biosphere-atmosphere phenomenon, arising from the intricate interplay 891 

of weather, climate, fuels, and human activities (Moritz et al., 2014). Notably, wildfires are ranked 892 

among the most significant natural disasters in Australia, causing extensive damage (Shi et al., 893 

2021). Collins et al. (2022) reported that warmer and drier conditions increased the potential for 894 

large and severe wildfire in Australia. Given that changes in aerosols in China have led to a warmer 895 

and drier climate condition in Australia in recent years, the change in this climate state could also 896 

impact on the occurrence of wildfires. Three wildfire risk indices (ET0, VPD, and FFDI) are 897 

selected to assess the risks of wildfires occurrence. Detailed information about the three wildfire 898 

risk indices can be found in the Methods section. 899 

All three indices exhibit increases (+0.37 mm mon–1 for ET0, +0.56 hPa for VPD, and +0.25 900 

for FFDI) during fire seasons (September to February) in Australia due to changes in aerosols in 901 

China during 2013–2019 (Fig. 49), although they do not show the same spatial distribution 902 

possibly due to different considerations regarding climate variables in the indices. The results 903 

analyzed from observational data also exhibit increasing trends at a rate of 0.32 mm mon–1 yr–1 for 904 

ET0, 0.59 hPa yr–1 for VPD, and 0.34 yr–1 for FFDI during this time period (Fig. S29). It further 905 

indicates that the decline in anthropogenic aerosols in China can explain 12%–19% of the increase 906 
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in wildfire risks during the fire season in Australia between 2013 and 2019 through inducing dry 907 

and warm wildfire weather conditions (Fig. S9). 908 

4 Conclusions and Discussions 909 

This study reveals a plausible connection between the substantial aerosol reduction in China 910 

and drying and warming trends in Australia that happened during the 2010s. Aerosol reductions in 911 

China induce changes in temperature and pressure gradients, which lead to an increased outflow 912 

from Asia towards the South Indian Ocean, strengthening the SISH and the associated Southern 913 

Trade Winds. Consequently, this atmospheric pattern results in moisture divergence over Australia, 914 

causing a decrease in humidity and precipitation. The reduction in surface moisture leads to more 915 

surface energy being converted into sensible heat, rather than evaporating as latent heat, thereby 916 

heating the near-surface air. This perspective sheds light on the influence of distant aerosols on 917 

climate in Australia. 918 

The CESM1 simulations depict warmer and drier conditions in Australia related to China’s 919 

aerosol reductions than otherwise, a pattern also evident in observations represented by ERA5. 920 

However, it is important to note that China’s aerosol reductions only contribute to a portion of the 921 

observed warm and dry conditions in Australia. According to the CESM1 simulations, aerosol 922 

changes in China account for 19% of the observed decrease in relative humidity and precipitation 923 

and 8% of the increase in temperature in Australia throughout the year, and 12%–19% of the 924 

increase in wildfire risks during the fire season in Australia during 2013–2019. Nonetheless, air 925 

quality and human health improvements owing to aerosol reductions cannot be ignored (Giani et 926 

al., 2020; Zheng et al., 2017). In addition, the drying and warming trends in Australia attributed to 927 

aerosol reductions should be considered resulting from the rise in long-lived GHGs, while the 928 

aerosol reductions unmask the effect rooted in the GHGs (Wang et al., 2023). In addition, other 929 

factors such as internal climate variability (Heidemann et al., 2023) appear to have contributed 930 

more to the changes in Australia’s climate conditions. 931 

Rotstayn et al. (2007) and Fahrenbach et al. (2023) investigated the impact of increasing 932 

anthropogenic aerosols over Asia during the late 20th century and early 21st century and indicated 933 

that enhanced aerosol emissions strengthened the meridional temperature and pressure gradients, 934 

intensifying the monsoonal circulation and leading to increased precipitation over Australia. In 935 
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contrast, our study focuses on the recent reductions in anthropogenic aerosols in China since 2013, 936 

showing that the aerosol reductions reversed circulation changes induced by the previous aerosol 937 

increases and contributed to drying rather than increased rainfall over Australia. Our study also 938 

explores the subsequent impact of aerosol reductions in China on Australian temperature. We find 939 

that reduced moisture availability over Australia led to a shift in surface energy partitioning, with 940 

more energy being converted into sensible heat rather than latent heat, resulting in near-surface 941 

warming. In summary, while previous studies have demonstrated the role of increasing Asian 942 

aerosols in enhancing Australia’s precipitation, our work complements these findings by showing 943 

that decreasing aerosols, particularly from China, can drive the opposite effect, contributing to 944 

both drying and warming conditions in Australia. 945 

One limitation of this study is the use of equilibrium experiments. Although the equilibrium 946 

method is useful for isolating aerosol-induced climate responses, it does not fully capture the 947 

transient climatic evolution. Attributing observed climate changes directly to modeled aerosol-948 

induced responses involves inherent uncertainties. Given the uncertainties, here we did not attempt 949 

to quantitatively attribute the observed climate change to aerosols in this study, but showed the 950 

mechanisms that how aerosol decline influence remote climate. Future work could also consider 951 

transient simulations, which can better represent the role of aerosols in the climatic evolution of 952 

the real world. 953 

There are some other potential limitations and uncertainties in this study. Firstly, the low bias 954 

in simulated aerosol concentrations in CESM1 could potentially lead to an underestimation of the 955 

climate responses in Australia, and the extent to which the low biasand CESM1’s larger sensitivity 956 

to aerosol forcing could influence the results remains unknown.introduce some uncertainties. 957 

Secondly, our findings are derived from simulations conducted with a single aerosol-fully-coupled 958 

climate model, and it is vital for future research to employ multi-model ensemble simulations to 959 

reduce the possibility of model-dependent specific results. While the CMIP6 and PDRMIP 960 

(Precipitation Driver Response Model Intercomparison Project) can assist in minimizing such 961 

model dependencies, they also present certain drawbacks. Anthropogenic emissions input in 962 

CMIP6 inadequately accounts for aerosol reductions resulting from clean air actions in China since 963 

2013 (Z. Wang et al., 2021). Additionally, CMIP6 considers aerosol changes globally, making it 964 

challenging to isolate effects specifically induced by changes in aerosols in China. The 965 
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experimental design of PDRMIP, which scales the concentrations of sulfate and BC in Asia to ten 966 

times of their present-day levels, is generally idealistic and may not accurately and proportionally 967 

represent aerosol changes observed in the real world. Until now, few studies have explored the 968 

link between the recent reduction in China’s aerosols and the changing climate conditions in 969 

Australia. Although Fahrenbach et al. (2023) investigated the connection between increased 970 

precipitation in Australia and elevated aerosol levels in Asia since the last century, they focused 971 

on the decadal time scale with historical increasing aerosols in Asia. Finally, in addition to aerosols, 972 

GHGs and nature variabilities also contribute to regional and global climate change. The extent to 973 

which GHGs and nature variabilities could contribute to weather condition and climate changes in 974 

Australia remains unknown, which warrants further investigation. 975 

Nonetheless, our study examined the role of China’s aerosol reductions in Australia’s recent 976 

drying and warming trends. Substantial emission reductions will continue in China following the 977 

carbon neutral pathway (Yang et al., 2023), while future changes in emissions in South Asia remain 978 

uncertain (Samset et al., 2019). Apart from natural climate variabilities that affect the Australian 979 

monsoon, further investigation of changes in monsoon precipitation in Australia should also 980 

consider the effects of remote aerosol changes simultaneously, which is crucial to effective drought 981 

and wildfire management and mitigation in Australia. 982 
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48 

Figure 1. Simulated changes in precipitation rate, surface air temperature and relative 1292 

humidity in Australia due to aerosol changes between 2013 and 2019. Spatial distributions of 1293 

simulated differences in annual mean precipitation rate (Pr, a, d, and g, unit: mm day–1), surface 1294 

air temperature (TS, b, e, and h, unit: °C) and relative humidity (RH, c, f, and i, unit: %) in 1295 

Australia between BASE and CHN (CHN minus BASE, a–c), between BASE and OTH (OTH 1296 

minus BASE, d–f), and between BASE and NAEU (NAEU minus BASE, g–i). The shaded areas 1297 

indicate results are statistically significant at the 90% confidence level. Regional averages over 1298 

Australia are noted at the bottom-left corner of each panel.  1299 

 1300 

Figure 2. Simulated changes in precipitation rate, surface air temperature and relative 1301 

humidity in Australia due to aerosol changes in China between 2013 and 2019. Spatial 1302 

distributions of simulated differences in annual (a–c), DJF (d–f, December, January and 1303 

February, a–c), MAM (g–I, March, April and May, d–f), JJA (j–l, June, July and August, g–i) 1304 

and SON (m–o, September, October and November, j–l) mean precipitation rate (Pr, a, d, g, j, 1305 

and mj, unit: mm day–1), surface air temperature (TS, b, e, h, k, and nk, unit: °C) and relative 1306 



 

49 

humidity (RH, c, f, i, l, and ol, unit: %) in Australia between BASE and CHN (CHN minus 1307 

BASE). The shaded areas indicate results are statistically significant at the 90% confidence level. 1308 

Regional averages over Australia are noted at the bottom-left corner of each panel.  1309 

  1310 
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 1311 

 1312 

Figure 23. Linear trends of observed precipitation rate, surface air temperature and relative 1313 

humidity in Australia based on ERA5. Spatial distributions of linear trends (a, b, and c) and 1314 

time series (d, e, and f) of annual mean precipitation rate (Pr, a and d, unit: mm day–1), surface air 1315 

temperature (TS, b and e, unit: °C) and relative humidity (RH, c and f, unit: %) in Australia during 1316 

2010–2019 from ERA5 reanalysis. The shaded areas indicate trends are statistically significant at 1317 



 

51 

the 90% confidence level. Regional averages over Australia are noted at the bottom-left corner of 1318 

panels a, b, and c. The p values and slopes of linear trends are noted in panels d, e, and f.  1319 

  1320 
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 1321 

Figure 3. 1322 



 

53 

 1323 

Figure 4. Climatological mean wind fields at 850 hPa and Simulated sea surface temperature 1324 

changes due to aerosol changes in China between 2013 and 2019. a, Climatological mean wind 1325 

fields (unit: m s−1, vectors) at 850 hPa from the BASE experiment. NPSH and SISH shown in red 1326 

circles represents North Pacific Subtropical High and Southern Indian ocean Subtropical High, 1327 

respectively. b, Spatial distributions of simulated differences in annual mean sea surface 1328 

temperature (SST, unit: mm day–1) in Australia between BASE and CHN (CHN minus BASE). 1329 

The shaded areas indicate results are statistically significant at the 90% confidence level. 1330 

 1331 
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 1332 

Figure 5. Simulated changes in vertical circulations and 850 hPa wind fields in Asia-Pacific 1333 

regions due to aerosol changes in China between 2013 and 2019. Panel b and c shows pressure–1334 

longitude and pressure–latitude cross-section of responses in annual mean atmospheric 1335 

circulations (unit: m s−1, vectors), respectively, over the areas marked with the blue and red box in 1336 

panel a. Panel d shows annual mean changes in wind fields (unit: m s−1, vectors) at 850 hPa in 1337 

Asia-Pacific regions. Only atmospheric circulations and winds statistically significant at the 90% 1338 

confidence level are shown. 1339 

  1340 
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 1341 

Figure 4.  1342 

Figure 6. Schematic of the response in large-scale 3D circulations in the Asian-Pacific 1343 

region to aerosol reductions in China. The top panel shows climatology mean condition, and 1344 

the bottom panel shows anomalies resulting from aerosol reductions in China. 1345 



 

56 

 1346 

Figure 7. Simulated changes in surface and Top of the Atmosphere (TOA) net total radiative 1347 

flux under all sky conditions, under clear sky conditions, and from cloud radiative effects in 1348 

Australia due to aerosol changes in China between 2013 and 2019. Spatial distributions of 1349 

simulated differences in annual mean surface (a, c, and e) and Top of the Atmosphere (TOA, b, d, 1350 

and f) net total radiative flux (unit: W m–2) under all sky conditions (a and b), under clear sky 1351 

conditions (c and d), and from cloud radiative effects (CRE, e and f)  in Australia between BASE 1352 

and CHN (CHN minus BASE). Cloud radiative effects refer to differences under all sky and clear 1353 

sky conditions (All sky minus Clear sky). The shaded areas indicate results are statistically 1354 

significant at the 90% confidence level. Regional averages of the responses over Australia are 1355 

noted at the bottom-left corner of each panel.  1356 
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 1358 

Figure 8. Simulated changes in surface upward sensible and latent heat flux in Australia due 1359 

to aerosol changes in China between 2013 and 2019. Spatial distributions of simulated 1360 

differences in annual mean surface upward sensible (a) and latent (b) heat flux (unit: W m–2) in 1361 

Australia between BASE and CHN (CHN minus BASE). The shaded areas indicate results are 1362 

statistically significant at the 90% confidence level. Regional averages over Australia are noted at 1363 

the bottom-left corner of each panel.  1364 
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 1366 

Figure 9. Simulated changes in reference potential evapotranspiration, vapor pressure 1367 

deficit, and McArthur forest fire danger index during fire seasons in Australia due to aerosol 1368 

changes in China between 2013 and 2019. Spatial distributions of simulated changes in reference 1369 

potential evapotranspiration (ET0, a, unit: mm mon–1), vapor pressure deficit (VPD, b, unit: hPa), 1370 

and McArthur forest fire danger index (FFDI, c, unitless) during fire seasons (austral spring and 1371 

summer, from September to the February of the next year) in Australia between BASE and CHN 1372 

(CHN minus BASE). The shaded areas indicate results are statistically significant at the 90% 1373 

confidence level. Regional averages over Australia are noted at the bottom-left corner of each 1374 

panel. 1375 


