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            Abstract
Future climate change may worsen air quality in many regions. However, evaluations of this â€˜climate penaltyâ€™ on air quality have typically not assessed the radiative effects of changes in short-lived aerosols. Additionally, Chinaâ€™s clean air goals will decrease pollutant emissions and aerosol loadings, with concomitant weakening of aerosol feedbacks. Here we assess how such weakened aerosol direct effects alter the estimates of air pollution and premature mortality in China attributable to mid-century climate change under Representative Concentration Pathway 4.5. We found that weakening aerosol direct effects cause boundary layer changes that facilitate diffusion. This reduces air-pollution exposure (~4% in fine particulate matter) and deaths (13,800 people per year), which largely offset the additional deaths caused by greenhouse gas-dominated warming. These results highlight the benefits of reduced pollutant emissions through weakening aerosol direct effects and underline the potential of pollution control measures to mitigate climate penalties locked in by greenhouse gas emissions.
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                    Fig. 1: Comparison of regional climate change caused by air-pollutant-emission reduction and global-scale change.[image: ]


Fig. 2: Population-weighted average changes in regional climate and air quality over China.[image: ]


Fig. 3: Comparisons of changes in regional air quality attributable to two sources of climate change.[image: ]


Fig. 4: Comparisons of changes in air-pollution and heat-related mortality attributable to two sources of climate change.[image: ]


Fig. 5: Enhancement of surface PM2.5 concentrations due to ADEs in 2010 as a function of ambient PM2.5 concentrations.[image: ]
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                Data availability

              
              The RCP4.5 emissions in 2010 and 2050 are available from http://tntcat.iiasa.ac.at:8787/RcpDb/dsd?Action=htmlpage&. The demographic and epidemiological data for mortality calculation is provided in Supplementary Dataset. Source data for the main figures are available at https://github.com/ChaopengHong/Hong_et_al_2020_Aerosol. The other data that support the findings of this study are available from the corresponding author upon reasonable request.

            

Code availability

              
              The two-way coupled WRF-CMAQ model is open source and publicly available. The WRF version 3.4 codes can be downloaded at http://www2.mmm.ucar.edu/wrf/users/download/get_source.html. The CMAQ version 5.0.2 codes and the WRF-CMAQ two-way package can be downloaded at https://www.cmascenter.org/download.cfm. The build instructions and run instructions for the two-way coupled WRF-CMAQ model are available at https://www.airqualitymodeling.org/index.php/CMAQv5.0.2_Two-way_model_release_notes. The code to generate the main figures is available at https://github.com/ChaopengHong/Hong_et_al_2020_Aerosol. Maps used in the spatial plots were created using the NCAR Command Language (v.6.4.0; https://doi.org/10.5065/D6WD3XH5). Maps of China were updated with a database provided by https://github.com/huangynj/NCL-Chinamap.

            

References
	Brauer, M. et al. Ambient air pollution exposure estimation for the global burden of disease 2013. Environ. Sci. Technol. 50, 79â€“88 (2016).
CASÂ 
    
                    Google ScholarÂ 
                

	Hu, J. et al. Premature mortality attributable to particulate matter in China: source contributions and responses to reductions. Environ. Sci. Technol. 51, 9950â€“9959 (2017).
CASÂ 
    
                    Google ScholarÂ 
                

	Cohen, A. J. et al. Estimates and 25-year trends of the global burden of disease attributable to ambient air pollution: an analysis of data from the Global Burden of Diseases Study 2015. Lancet 389, 1907â€“1918 (2017).

                    Google ScholarÂ 
                

	Allen, R. J., Landuyt, W. & Rumbold, S. T. An increase in aerosol burden and radiative effects in a warmer world. Nat. Clim. Change 6, 269â€“274 (2016).
CASÂ 
    
                    Google ScholarÂ 
                

	Silva, R. A. et al. Future global mortality from changes in air pollution attributable to climate change. Nat. Clim. Change 7, 647â€“651 (2017).

                    Google ScholarÂ 
                

	Hong, C. P. et al. Impacts of climate change on future air quality and human health in China. Proc. Natl Acad. Sci. USA 116, 17193â€“17200 (2019).
CASÂ 
    
                    Google ScholarÂ 
                

	Fiore, A. M. et al. Global air quality and climate. Chem. Soc. Rev. 41, 6663â€“6683 (2012).
CASÂ 
    
                    Google ScholarÂ 
                

	Cai, W., Li, K., Liao, H., Wang, H. & Wu, L. Weather conditions conducive to Beijing severe haze more frequent under climate change. Nat. Clim. Change 7, 257â€“262 (2017).

                    Google ScholarÂ 
                

	Kim, M. J. et al. Future ozone and oxidants change under the RCP scenarios. Atmos. Environ. 101, 103â€“115 (2015).
CASÂ 
    
                    Google ScholarÂ 
                

	Wang, Y. et al. Sensitivity of surface ozone over China to 2000â€“2050 global changes of climate and emissions. Atmos. Environ. 75, 374â€“382 (2013).
CASÂ 
    
                    Google ScholarÂ 
                

	Tagaris, E. et al. Potential impact of climate change on air pollution-related human health effects. Environ. Sci. Technol. 43, 4979â€“4988 (2009).
CASÂ 
    
                    Google ScholarÂ 
                

	Levy, H. I. et al. The roles of aerosol direct and indirect effects in past and future climate change. J. Geophys. Res. Atmos. 118, 4521â€“4532 (2013).

                    Google ScholarÂ 
                

	Lau, W. K. M., Kim, K. M. & Leung, L. R. Changing circulation structure and precipitation characteristics in Asian monsoon regions: greenhouse warming vs. aerosol effects. Geosci. Lett. 4, 28 (2017).

                    Google ScholarÂ 
                

	Wang, J. et al. Impact of aerosolâ€“meteorology interactions on fine particle pollution during Chinaâ€™s severe haze episode in January 2013. Environ. Res. Lett. 9, 094002 (2014).

                    Google ScholarÂ 
                

	Ding, A. J. et al. Enhanced haze pollution by black carbon in megacities in China. Geophys. Res. Lett. 43, 2873â€“2879 (2016).
CASÂ 
    
                    Google ScholarÂ 
                

	Xing, J. et al. Unexpected benefits of reducing aerosol cooling effects. Environ. Sci. Technol. 50, 7527â€“7534 (2016).
CASÂ 
    
                    Google ScholarÂ 
                

	Zhang, X. et al. Enhancement of PM2.5 concentrations by aerosolâ€“meteorology interactions over China. J. Geophys. Res. Atmos. 123, 1179â€“1194 (2018).
CASÂ 
    
                    Google ScholarÂ 
                

	Wang, S. X. & Hao, J. M. Air quality management in China: issues, challenges, and options. J. Environ. Sci. China 24, 2â€“13 (2012).
CASÂ 
    
                    Google ScholarÂ 
                

	Zhang, Q., He, K. & Huo, H. Cleaning Chinaâ€™s air. Nature 484, 161â€“162 (2012).
CASÂ 
    
                    Google ScholarÂ 
                

	van Vuuren, D. P. et al. The representative concentration pathways: an overview. Clim. Change 109, 5â€“31 (2011).

                    Google ScholarÂ 
                

	Xing, J. et al. Impacts of aerosol direct effects on tropospheric ozone through changes in atmospheric dynamics and photolysis rates. Atmos. Chem. Phys. 17, 9869â€“9883 (2017).
CASÂ 
    
                    Google ScholarÂ 
                

	Horton, D. E., Skinner, C. B., Singh, D. & Diffenbaugh, N. S. Occurrence and persistence of future atmospheric stagnation events. Nat. Clim. Change 4, 698â€“703 (2014).

                    Google ScholarÂ 
                

	Zhang, Y., Wen, X.-Y. & Jang, C. J. Simulating chemistryâ€“aerosolâ€“cloudâ€“radiationâ€“climate feedbacks over the continental US using the online-coupled Weather Research Forecasting Model with chemistry (WRF/Chem). Atmos. Environ. 44, 3568â€“3582 (2010).
CASÂ 
    
                    Google ScholarÂ 
                

	Hogrefe, C. et al. Annual application and evaluation of the online coupled WRF-CMAQ system over North America under AQMEII phase 2. Atmos. Environ. 115, 683â€“694 (2015).
CASÂ 
    
                    Google ScholarÂ 
                

	Makar, P. A. et al. Feedbacks between air pollution and weather, part 2: effects on chemistry. Atmos. Environ. 115, 499â€“526 (2015).
CASÂ 
    
                    Google ScholarÂ 
                

	Xing, J. et al. Air pollution and climate response to aerosol direct radiative effects: a modeling study of decadal trends across the Northern Hemisphere. J. Geophys. Res. Atmos. 120, 12221â€“12236 (2015).

                    Google ScholarÂ 
                

	Post, E. S. et al. Variation in estimated ozone-related health impacts of climate change due to modeling choices and assumptions. Environ. Health Perspect. 120, 1559â€“1564 (2012).

                    Google ScholarÂ 
                

	Rosenfeld, D., Sherwood, S., Wood, R. & Donner, L. Climate effects of aerosolâ€“cloud interactions. Science 343, 379â€“380 (2014).
CASÂ 
    
                    Google ScholarÂ 
                

	Zhao, B. et al. Enhanced PM2.5 pollution in China due to aerosol-cloud interactions. Sci. Rep. 7, 4453 (2017).

                    Google ScholarÂ 
                

	West, J. J. et al. Co-benefits of mitigating global greenhouse gas emissions for future air quality and human health. Nat. Clim. Change 3, 885â€“889 (2013).
CASÂ 
    
                    Google ScholarÂ 
                

	Zhang, Y., Smith, S. J., Bowden, J. H., Adelman, Z. & West, J. J. Co-benefits of global, domestic, and sectoral greenhouse gas mitigation for US air quality and human health in 2050. Environ. Res. Lett. 12, 114033 (2017).

                    Google ScholarÂ 
                

	Wong, D. C. et al. WRF-CMAQ two-way coupled system with aerosol feedback: software development and preliminary results. Geosci. Model Dev. 5, 299â€“312 (2012).

                    Google ScholarÂ 
                

	He, J. & Zhang, Y. Improvement and further development in CESM/CAM5: gas-phase chemistry and inorganic aerosol treatments. Atmos. Chem. Phys. 14, 9171â€“9200 (2014).

                    Google ScholarÂ 
                

	He, J. et al. CESM/CAM5 improvement and application: comparison and evaluation of updated CB05_GE and MOZART-4 gas-phase mechanisms and associated impacts on global air quality and climate. Geosci. Model Dev. 8, 3999â€“4025 (2015).
CASÂ 
    
                    Google ScholarÂ 
                

	He, J. et al. Decadal simulation and comprehensive evaluation of CESM/CAM5.1 with advanced chemistry, aerosol microphysics, and aerosolâ€“cloud interactions. J. Adv. Model Earth Sy. 7, 110â€“141 (2015).

                    Google ScholarÂ 
                

	Gantt, B., He, J., Zhang, X., Zhang, Y. & Nenes, A. Incorporation of advanced aerosol activation treatments into CESM/CAM5: model evaluation and impacts on aerosol indirect effects. Atmos. Chem. Phys. 14, 7485â€“7497 (2014).
CASÂ 
    
                    Google ScholarÂ 
                

	Glotfelty, T., He, J. & Zhang, Y. Improving organic aerosol treatments in CESM/CAM5: development, application, and evaluation. J. Adv. Model Earth Syst. 9, 1506â€“1539 (2017).

                    Google ScholarÂ 
                

	Glotfelty, T., He, J. & Zhang, Y. Impact of future climate policy scenarios on air quality and aerosolâ€“cloud interactions using an advanced version of CESM/CAM5: part I. Model evaluation for the current decadal simulations. Atmos. Environ. 152, 222â€“239 (2017).
CASÂ 
    
                    Google ScholarÂ 
                

	Glotfelty, T. & Zhang, Y. Impact of future climate policy scenarios on air quality and aerosolâ€“cloud interactions using an advanced version of CESM/CAM5: part II. Future trend analysis and impacts of projected anthropogenic emissions. Atmos. Environ. 152, 531â€“552 (2017).
CASÂ 
    
                    Google ScholarÂ 
                

	Hong, C. et al. Multi-year downscaling application of two-way coupled WRF v3.4 and CMAQ v5.0.2 over east Asia for regional climate and air quality modeling: model evaluation and aerosol direct effects. Geosci. Model Dev. 10, 2447â€“2470 (2017).
CASÂ 
    
                    Google ScholarÂ 
                

	Forouzanfar, M. H. et al. Global, regional, and national comparative risk assessment of 79 behavioural, environmental and occupational, and metabolic risks or clusters of risks in 188 countries, 1990â€“2013: a systematic analysis for the Global Burden of Disease Study 2013. Lancet 386, 2287â€“2323 (2015).

                    Google ScholarÂ 
                

	Naghavi, M. et al. Global, regional, and national age-sex specific all-cause and cause-specific mortality for 240 causes of death, 1990â€“2013: a systematic analysis for the Global Burden of Disease Study 2013. Lancet 385, 117â€“171 (2015).

                    Google ScholarÂ 
                

	Burnett, R. T. et al. An integrated risk function for estimating the global burden of disease attributable to ambient fine particulate matter exposure. Environ. Health Perspect. 122, 397â€“403 (2014).

                    Google ScholarÂ 
                

	Apte, J. S., Marshall, J. D., Cohen, A. J. & Brauer, M. Addressing global mortality from ambient PM2.5. Environ. Sci. Technol. 49, 8057â€“8066 (2015).
CASÂ 
    
                    Google ScholarÂ 
                

	Anenberg, S. C., Horowitz, L. W., Tong, D. Q. & West, J. J. An estimate of the global burden of anthropogenic ozone and fine particulate matter on premature human mortality using atmospheric modeling. Environ. Health Perspect. 118, 1189â€“1195 (2010).
CASÂ 
    
                    Google ScholarÂ 
                

	Jerrett, M. et al. Long-term ozone exposure and mortality. N. Engl. J. Med. 360, 1085â€“1095 (2009).
CASÂ 
    
                    Google ScholarÂ 
                

	Basu, R. & Ostro, B. D. A multicounty analysis identifying the populations vulnerable to mortality associated with high ambient temperature in California. Am. J. Epidemiol. 168, 632â€“637 (2008).

                    Google ScholarÂ 
                


Download references




Acknowledgements
This work was sponsored by the National Natural Science Foundation of China (41625020 and 41921005). The work by Y.Zâ€™s group at North Carolina State University (NCSU) (now at Northeastern University) was supported by the National Science Foundation EaSM program (AGS-1049200) and the US Department of Energy Office of Science Biological and Environmental Research (DE-SC0006695). This work was funded in part by the US National Science Foundation (INFEWS grant EAR 1639318). The CESM simulations were conducted by T. Glotfelty at NCSU. We thank K. Yahya and T. Glotfelty at NCSU for their help during the generation of the initial and boundary conditions from CESM for WRF-CMAQ simulations. We thank R. Leung at PNNL for providing the script to generate meteorological initial and boundary conditions from CESM to WRF. The authors acknowledge high-performance computing support from Yellowstone (ark:/85065/d7wd3xhc) provided by NCARâ€™s Computational and Information Systems Laboratory, sponsored by the National Science Foundation and Information Systems Laboratory.


Author information
Authors and Affiliations
	Ministry of Education Key Laboratory for Earth System Modeling, Department of Earth System Science, Tsinghua University, Beijing, China
Chaopeng Hong,Â Qiang Zhang,Â Steven J. Davis,Â Xin Zhang,Â Dan Tong,Â Dabo Guan,Â Zhu LiuÂ &Â Kebin He

	Department of Earth System Science, University of California, Irvine, Irvine, CA, USA
Chaopeng HongÂ &Â Steven J. Davis

	Department of Civil and Environmental Engineering, Northeastern University, Boston, MA, USA
Yang Zhang

	Department of Marine, Earth and Atmospheric Sciences, North Carolina State University, Raleigh, NC, USA
Yang Zhang

	Department of Civil and Environmental Engineering, University of California, Irvine, Irvine, CA, USA
Steven J. Davis

	State Key Joint Laboratory of Environment Simulation and Pollution Control, School of Environment, Tsinghua University, Beijing, China
Kebin He


Authors	Chaopeng HongView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Qiang ZhangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yang ZhangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Steven J. DavisView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Xin ZhangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Dan TongView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Dabo GuanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Zhu LiuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Kebin HeView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
Q.Z., Y.Z. and C.H. designed the research. C.H. performed the research. Y.Z. contributed CESM simulation results and new analytical approaches. C.H., Q.Z. and S.J.D. interpreted the data. C.H., Q.Z., S.J.D. and Y.Z. wrote the paper with input from all the co-authors.
Corresponding authors
Correspondence to
                Qiang Zhang or Yang Zhang.


Ethics declarations

              
                Competing interests

                The authors declare no competing interests.

              
            

Additional information
Peer review information Nature Climate Change thanks Shuxiao Wang and the other, anonymous, reviewer(s) for their contribution to the peer review of this work.
Publisherâ€™s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Extended data

Extended Data Fig. 1 Projected changes in regional air quality under RCP4.5.
Projected changes in annual mean PM2.5 concentrations a,c,e, and ozone season (April to September) average of daily 1-hour maximum ozone b,d,f, over East Asia from 2010 to 2050 under RCP4.5.


Extended Data Fig. 2 Changes in anthropogenic air pollutant emissions under RCP4.5.
Changes in anthropogenic emissions of SO2 a, NOx b, primary PM2.5 c, and VOCs d, over East Asia from 2010 to 2050 under RCP4.5.


Extended Data Fig. 3 Comparison of regional climate change caused by weakening ADEs and air pollutant emission reduction.
Projected annual mean changes in downward shortwave radiation at the surface a,b, near-surface air temperature at 2-m c,d, and planetary boundary layer height e,f, over East Asia, caused by changing/weakening ADEs (a,c,e, âˆ†WeakeningADE, from the feedback and no-feedback simulations) and regional air pollutant emission reduction (b,d,f, âˆ†RegEmisChg) from 2010 to 2050 under RCP4.5.


Extended Data Fig. 4 Distribution of surface PM2.5 concentration changes across grid cells grouped by populations.
Projected changes in annual mean PM2.5 concentrations over China due to weakening ADEs (a, âˆ†WeakeningADE) and global-scale climate change (b, âˆ†GlobalClimChg) from 2010 to 2050 under RCP4.5. Box plot elements: center line, median; box limits, upper (75th) and lower (25th) percentiles; whiskers, 1.5 times the interquartile range.
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