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Fig.1 Spatial distribution of the annual-mean daily precipitation (units;mm - d™') from (a) CESMI model simulations and

(b) GPCP observations in 2019
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Fig.2 Spatial distribution of simulated changes in annual-mean daily precipitation (units;mm - d™') attributable to changes in

(a) total anthropogenic aerosol emissions, (b) emission magnitude,and (c) emission spatial distribution.Dotted areas in-

dicate statistical significance at 95% confidence level based on a two-tailed Student’s z-test
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Fig.4 Spatial distribution of simulated changes in annual-mean (a,b) PM, ; column burden ( shadings, units;: mg - m’) ,
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cate statistical significance at the 95% confidence level based on a two-tailed Student’s f-test
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Fig.5 Spatial distribution of changes in anthropogenic sulfur dioxide (SO, ) emissions ( shadings,units;Tg) for (a) 2013 rela-
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for the corresponding period

5 % LK ( References)

Albrecht B A, 1989.Aerosols, cloud microphysics, and fractional cloudiness[ J].Science,245(4923) ;1227-1230.DOI; 10.1126/science.245.4923.1227.

Bai J Y,Ai W W,Tang H N et al.,2024.Detectable anthropogenic influence on the changes in structure of precipitation over China using CMIP6 mod-
els[ J].Climate Dyn,62(9) :8899-8911.DOI.10.1007/s00382-024-07368-y.

Chang D Y, Lelieveld J, Steil B, et al.,2021.Variability of aerosol-cloud interactions induced by different cloud droplet nucleation schemes[ J].Atmos
Res,250:105367.DOI:10.1016/j.atmosres.2020.105367.

Charlson R J,Schwartz S E,Hales J M, et al.,1992.Climate forcing by anthropogenic aerosols[ J].Science,255(5043) :423-430.

Dong B W, Sutton R T, Shaffrey L,et al.,2022.Recent decadal weakening of the summer Eurasian westerly jet attributable to anthropogenic aerosol e-
missions[ J].Nat Commun,13(1) :1148.DOI.10.1038/s41467-022-28816-5.

Fowler H J,Lenderink G,Prein A F,et al.,2021.Anthropogenic intensification of short-duration rainfall extremes[ J].Nat Rev Earth Environ,2(2) .
107-122.DOI:10.1038/s43017-020-00128-6.

Gao J Y,Yang Y,Wang H L, et al.,2022.Fast climate responses to emission reductions in aerosol and ozone precursors in China during 2013—2017
[J].Atmos Chem Phys,22(11) :7131-7142.DOI;10.5194/acp-22-7131-2022.

Gao Y H,Xiao L H,Chen D L,et al.,2018.Comparison between past and future extreme precipitations simulated by global and regional climate models
over the Tibetan Plateau[ J].Int J Climatol,38(3) :1285-1297.DOI;10.1002/joc.5243.

Hoesly R M, Smith S J,Feng L Y ,et al.,2018.Historical (1750—2014) anthropogenic emissions of reactive gases and aerosols from the Community
Emissions Data System ( CEDS) [J].Geosci Model Dev,11(1) :369-408.DOI;10.5194/gmd-11-369-2018.

Huang X Y,Swain D L,Hall A D, 2020.Future precipitation increase from very high resolution ensemble downscaling of extreme atmospheric river
storms in California[ J].Sci Adv,6(29) ;eabal323.DOI:10.1126/sciadv.abal323.

Hurrell J W, Holland M M, Gent P R, et al.,2013.The community earth system model:a framework for collaborative research[ J].Bull Amer Meteor
Soc,94(9) :1339-1360.DOI:10.1175/bams-d-12-00121.1.

IPCC,2021.Climate change 2021 :the physical science basis[ R]//Masson-Delmotte V,Zhai P,Pirani A, et al.Contribution of Working Group I to the
Sixth Assessment Report of the Intergovernmental Panel on Climate Change.Cambridge and New York:Cambridge University Press.

Jiang J,Zhou T J,Qian Y ,et al.,2023.Precipitation regime changes in high mountain Asia driven by cleaner air[ J] .Nature,623(7987) :544-549.DOI;
10.1038/541586-023-06619-y.

Kang S M, Xie S P,Deser C,et al.,2021.Zonal mean and shift modes of historical climate response to evolving aerosol distribution[ J].Sci Bull, 66
(23) :2405-2411.DOI:10.1016/j.5¢ib.2021.07.013.

Klimont Z,Smith S J,Cofala J,2013. The last decade of global anthropogenic sulfur dioxide:2000—2011 emissions[ J].Environ Res Lett,8(1):
014003.DOI:10.1088/1748-9326/8/1/014003.

Li S,Wang T J,Solmon F,et al.,2016.Impact of aerosols on regional climate in southern and northern China during strong/weak East Asian summer
monsoon years[ J].J Geophys Res: Atmos,121(8) :4069-4081.DOI;10.1002/2015jd023892.

Li Z Q,Guo J P,Ding A J,et al.,2017.Aerosol and boundary-layer interactions and impact on air quality[ J].Natl Sci Rev,4(6) :810-833.DOI. 10.
1093/nsr/nwx117.

153



20264 1 25 49% 1

2 5 2020 R IR E RS S R B S g R [T ] RSB R ,43(1) :76-92. Li Z Q,2020.Impact of aerosols on the weather,
climate and environment of China:an overview[J].Trans Atmos Sci,43(1) :76-92.DOI;10.13878/j.cnki.dgkxxb.20200115005.( in Chinese) .
B L BRAR AR L 48,2021 %8 K35 Ye-S A3 AR BAE T IPCC ARG M 251 32 [ J] . RSB 54,44 (5) :658-666. Liao H,Gao Y C, Chen
D L,et al.,2021.Assessment of air quality-climate interactions in IPCC AR6[ J].Trans Atmos Sci,44(5) :658-666.DOI; 10.13878/j.cnki.dqkxxb.

20210823011.(in Chinese).

MSCTH , BRIE K , B 5C, 55,2023, 74 R b X R e Bl s A K 48 op 5 S0CH N 100 B8 58 XU i Jad [ 9] R OB 27 2 4, 46 (4) :499-516. Lin W Q,
Chen H P,Xu H W et al.,2023.Significant increase of precipitation extremes will enlarge its population exposure over Southwest China in the fu-
ture[ J].Trans Atmos Sci,46(4) :499-516.DOI;10.13878/j.cnki.dqkxxb.20221118007. (in Chinese) .

Liu C,Yang Y,Wang H L,et al.,2023.Influence of spatial dipole pattern in Asian aerosol changes on East Asian summer monsoon[ J].J Climate, 36
(6) :1575-1585.D0I1:10.1175/jcli-d-22-0335.1.

Liu F K,Li X,Luo Y Y,et al.,2024.Increased Asian aerosols drive a slowdown of Atlantic meridional overturning circulation[ J].Nat Commun, 15
(1):18.DOI:10.1038/541467-023-44597-x.

Quaas J,Ming Y ,Menon S,et al.,2009.Aerosol indirect effects-general circulation model intercomparison and evaluation with satellite data[ J].Atmos
Chem Phys,9(22) :8697-8717.DOI:10.5194/acp-9-8697-2009.

Ren L L,Yang Y,Wang H L, et al.,2021.Aerosol transport pathways and source attribution in China during the COVID-19 outbreak[ J].Atmos Chem
Phys,21(20) :15431-15445.D0O1:10.5194/acp-21-15431-2021.

Twomey S,1977.The influence of pollution on the shortwave albedo of clouds[ J].J Atmos Sci,34(7) :1149-1152.DOI1;10.1175/1520-0469 ( 1977 )
034<1149 : tiopot>2.0.co;2.

Wang H,Wen Y J,2022.Climate response to the spatial and temporal evolutions of anthropogenic aerosol forcing[ J].Climate Dyn,59(5) :1579-1595.
DOI:10.1007/s00382-021-06059-2.

Wang H,Zheng X T,Cai W J,et al.,2024. Atmosphere teleconnections from abatement of China aerosol emissions exacerbate Northeast Pacific warm
blob events[ J].Proc Natl Acad Sci USA,121(21) :e2313797121.DOI:10.1073/pnas.2313797121.

ERET RS, #E, 4F,2025.CMIP6 HighResMIP #5500 7 5 i Ji AR 0 A s I8 7 Ay A6 000 A B B8 3l o 38 [ 0] R AU 27 24 41, 48 (2) + 240-
254. Wang K N,Chen Q L,Ge F,et al.,2025. Assessment of extreme precipitation simulations over the eastern Qinghai-Xizang Plateau using
CMIP6 HighResMIP models: the rmodynamic and dynamic contributions[ J].Trans Atmos Sci, 48 (2) :240-254.DOI; 10.13878/j.cnki. dgkxxb.
20240416001. (in Chinese).

Wang L Y,Gu X H,Slater L J,et al.,2023. Attribution of the record-breaking extreme precipitation events in July 2021 over central and eastern China
to anthropogenic climate change[ J].Earth’s Future,11(9) :e2023EF003613.DOI;10.1029/2023EF003613.

Wang P Y,Yang Y,Xue D K, et al.,2023. Aerosols overtake greenhouse gases causing a warmer climate and more weather extremes toward carbon
neutrality [ J ] .Nat Commun, 14( 1) :7257.DOI:10.1038/s41467-023-42891-2.

Wilcox L J,Liu Z,Samset B H, et al.,2020. Accelerated increases in global and Asian summer monsoon precipitation from future aerosol reductions
[J].Atmos Chem Phys,20(20) :11955-11977.DOI.10.5194/acp-20-11955-2020.

Williams A I L, Stier P,Dagan G, et al.,2022.Strong control of effective radiative forcing by the spatial pattern of absorbing aerosol[ J].Nat Climate
Chang, 12(8) :735-742.DOI:10.1038/s41558-022-01415-4.

Xie X N,Myhre G, Shindell D, et al.,2022. Anthropogenic sulfate aerosol pollution in South and East Asia induces increased summer precipitation over
arid Central Asia[ J].Commun Earth Environ,3:328.DOI.10.1038/s43247-022-00660-x.

T BT, SRAbR , Ae 4, 45 ,2023.CMIP6 HighResMIP Xf 55 i J A ARAG AL i VA5 A BUAG [ T]. 0 ARE# 2240, 46 (2) 1 193-204. Yang K K, Guo
D L,Hua W et al.,2023.Evaluation and projection of CMIP6 HighResMIP in simulating surface air temperature and precipitation over the Tibetan
Plateau[ J].Trans Atmos Sci,46(2) :193-204.DOI10.13878/j.cnki.dqkxxb.20220808001. (in Chinese) .

Yang Y,Ren L L,Wu M X et al.,2022.Abrupt emissions reductions during COVID-19 contributed to record summer rainfall in China[ J].Nat Com-
mun,13(1) :959.DOI;10.1038/s41467-022-28537-9.

Yang Y,Mou S X,Wang H L, et al.,2024.Global source apportionment of aerosols into major emission regions and sectors over 1850—2017[J].At-
mos Chem Phys,24(11) :6509-6523.DOI:10.5194/acp-24-6509-2024.

Zhu Y Y,Yang S N,2020.Evaluation of CMIP6 for historical temperature and precipitation over the Tibetan Plateau and its comparison with CMIP5
[J].Adv Climate Change Res,11(3) :239-251.DOI.10.1016/j.accre.2020.08.001.

Zou A L,Yang Y,Wang H L, et al.,2025. Aerosol decline accelerates the increasing extreme precipitation in China[ J].Geophys Res Lett,52(4) :
¢2024GL113887.DOI1:10.1029/2024GL113887.

154



Wt 45 cid 25 40 a ER UH TRAL A X Hh [ R K 1Y R T

- ARTICLE -
Impacts of changes in anthropogenic aerosols on precipitation over China
during the past four decades

YANG Yang,LI Shuxin, LIAO Hong

State Key Laboratory of Climate System Prediction and Risk Management( CPRM ) /School of Environmental Science and Engineering , Nanjing Univer-

sity of Information Science and Technology ,Nanjing 210044 , China

Abstract Precipitation is a fundamental component of the Earth’s climate system,and its variability strongly in-
fluences regional water resources,agricultural productivity ,and ecosystem health.In this study,we used the Com-
munity Earth System Model (CESM1) together with Global Precipitation Climatology Project ( GPCP) observa-
tions to quantitatively assess how changes in both the magnitude and spatial distribution of global anthropogenic
aerosol emissions have affected precipitation over China during the past four decades ( 1980—2019).Sensitivity
experiments demonstrate that global aerosol changes have contributed to a decrease in annual-mean precipitation
over southern China, with the dominant driver being the spatial redistribution of emissions rather than changes in
their total magnitude.From 1980 to 2019, global anthropogenic aerosol emission hotspots shifted from high lati-
tudes ( Europe and North America) toward lower-latitude regions in South Asia and East Asia.This shift resulted
in a pronounced increase in PM, ;column burden over southern China, which in turn enhanced cloud droplet num-
ber concentrations, reduced cloud droplet radius, and weakened precipitation efficiency. These findings indicate
that changes in the spatial distribution of anthropogenic aerosol emissions have played a central role in the persis-
tent decline in precipitation over southern China during the past four decades.The results highlight the importance
of considering both the geographic pattern of emissions and their associated regional climate feedbacks when eval-

uating aerosol-climate interactions.
Keywords aerosols;anthropogenic emissions ; precipitation change ;Earth System Model;climate feedback
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