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Figure S1. Correlation coefficients among major ions of PMzs with

gaseous pollutants and isotopes.
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Table S1. Stable sulfur isotopic levels in sulfate aerosols

Regions Sites Acronym Time Site types 0345-SO4% (%o) References
Arctic Cruises Jul. 2014 16.2+2.6 Ghahreman et al., 2016
Antarctica Dumont d’Urville DDU 2011 17+0.4
Ishino et al., 2019
Antarctica Dome C DC 2011 15.8+0.5
Atmospheric Research Polar zones
Antarctica Observatory ARO 2002 (SUM, AUT) 185+1
Walters et al., 2019
Atmospheric Research
Antarctica Observatory ARO 2002 (WIN, SPR) 14+1
Pacific Cruises Apr. 1988, Mar. 1989 15.6+3.1 Calhoun et al., 1991
North Hedo-misaki HED 2014-2016 151+15
Open oceans Inomata et al., 2019
Pacific Ogasawara OGA 2014—2016 15.7+3
Atlantic Cruises Sep.—Oct. 2004 10.53 +3.23 Lin et al., 2012
South China
Sea Cruises May.—Jun. 2021 8.7+1.8 This study
Rishiri RIS 2014-2016 Marginal seas 10.8+1.4
Sea of Japan Sadoseki-misaki SAD 2014-2016 115+14 Inomata et al., 2019
Oki OKI 2014-2016 132+1.2
Canada Fraser Valley FV 2001 58+1.9 Norman et al., 2006
Peru Arequipa AQP 2018 Coastal cities 89+5 Olson et al., 2021
Japan Tsuruoka TSU 1993—2003 5.7 Akata et al., 2010
Lanzhou LZ 0.8
Harbin HRB 7.5
Shenyang SY 6.5
Qingdao QD 4.5
North China Shijiazhuang S]Z Mar.—Jun. 2017 Inland cities 1.6 Wang et al., 2021
Tianjin TJ 48
Beijing BJ 6.5
Zhengzhou 77 3.2
Taiyuan TY 1.6
Wuhan WH 44
Shanghai SH 3.5
Nanjing NJ 4.4
Chengdu CD 5.7
South China Mar.—Jun. 2017 Inland cities Wang et al., 2021
Nanning NN 0.2
Xiamen XM 29
Guangzhou GZ 2.6
Guiyang GY -2.7




Table S2. Concentration and stable isotopic levels in nitrate aerosols

Regions Sites Seasons Site types NOs (mg/m3)  OBN (%) 880 (%o) References
West Pacific Ocean Cruises Winter 0.2+0.2 -5.0+3.5 72.3+6.5 Kamezaki et al., 2019
Open oceans
West Pacific Ocean Cruises Winter 1.2+15 559+5.8 Jiang et al., 2021
Yongxing
SCS Winter 31+0.8 12+12 93.5+1.0 Xiao et al., 2015
Island
Dongsha Marginal seas
SCS Winter -45+11 78111 Yang et al.,, 2014
Island
South Korea Uljin Winter 82+09 88.0+1.4 Kim et al., 2019
Singapore NTU Winter -22+02 57.0+03 Li et al., 2020
Tianjin Winter 20.5+20.5 11.1+59 86.7+10.0 Zhang et al., 2022
Hangzhou Winter Ie -, 21.0+14.3 9.8+3.2 84.8+6.1 Fan et al., 2023
. oastal cities
China Guangzhou  Winter 27406 95+03  66.9+3.0 Xi et al.,, 2023
Shanghai Winter 20.5+15.6 72+34 883+x121 Huang et al., 2024
Wuhan Winter 33.3+5.3 6.5+1.3 93.7 +3.0 Deng et al., 2024
China Chengdu Winter Inland cities 272+11.6 49+43 98.8+74 Zong et al., 2020
Nanchang Winter 162+42 6.9+0.6 86.7+3.2 Luo et al., 2020
Shijiazhuang Winter 18.4+13.9 141+26 942 +4.8 Luo et al., 2021
West Pacific Ocean Cruises Summer 0.1+0.1 -23+4.1 70.7+2.5 Kamezaki et al., 2019
Open oceans
East Indian Ocean Cruises Mar. - May. 09+0.3 62.1+5.8 Jiang et al., 2021
South China Sea Cruises May. - Jun. 02+04 -09+24 523+73 This study
South China Sea Cruises Summer 0.1+0.1 49+ 6.4 65.6 +12.1 Xiao et al., 2015
Yongxing
Yongxing Island Summer 1.6+04 0.3+0.6 67.0+8.1 Xiao et al., 2015
Island Marginal seas
Dongsha
Dongsha Island Summer 1.6 31.9 Yang et al., 2014
Island
South Korea Uljin Winter 1.6+0.7 69.8 £3.2 Kim et al., 2019
Singapore NTU Summer -04+14 57.0£20 Lietal.,, 2020
Tianjin Summer 40+23 59+28 58.3+8.9 Zhang et al., 2022
Hangzhou Summer . 34+6.6 59+6.0 540+ 6.4 Fan et al., 2023
) Coastal cities
China Guangzhou Summer 0.6+ 0.0 71+03  584+24 Xi et al., 2023
Shanghai Summer 1.8+22 19+6.1 63.3+9.4 Huang et al., 2024
Wuhan Summer 50+34 3.8+24 65.5+2.1 Deng et al., 2024
China Chengdu Summer Inland cities 6.8+4.6 13+43  67.0+79 Zong et al., 2020
Nanchang Summer 1.8+0.5 25+02 60.5+2.7 Luo et al., 2020
Shijiazhuang Summer 9.4+59 14+22 67.5+3.4 Luo et al., 2021




References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Ghahreman, R.; Norman, A.; Abbatt, J. P. D.; Levasseur, M.; Thomas, J. L. Biogenic, anthropogenic
and sea salt sulfate size-segregated aerosols in the Arctic summer. Atmos. Chem. Phys. 2016, 16, 5191—
5202. https://doi.org/10.5194/acp-16-5191-2016.

Ishino, S.; Hattori, S.; Savarino, J.; Legrand, M.; Albalat, E.; Albarede, F.; Preunkert, S.; Jourdain, B.;
Yoshida, N. Homogeneous sulfur isotope signature in East Antarctica and implication for sulfur
source shifts through the last glacial-interglacial cycle. Sci. Rep. 2019, 9, 12378.
https://doi.org/10.1038/s41598-019-48801-1.

Walters, W. W.; Michalski, G.; Bohlke, J. K.; Alexander, B.; Savarino, J.; Thiemens, M. H. Assessing
the seasonal dynamics of nitrate and sulfate aerosols at the South Pole utilizing stable isotopes. J.
Geophys. Res. Atmos. 2019, 124, 8161-8177. https://doi.org/10.1029/2019]JD030517.

Calhoun, J. A,; Bates, T. S.; Charlson, R. J. Sulfur isotope measurements of submicrometer sulfate
aerosol particles over the Pacific Ocean. Geophys. Res. Lett. 1991, 18, 1877-1880.
https://doi.org/10.1029/91GL02304.

Inomata, Y.; Ohizumi, T.; Saito, T.; Morohashi, M.; et al. Estimating transboundary transported
anthropogenic sulfate deposition in Japan using the sulfur isotopic ratio. Sci. Total Environ. 2019, 691,
779-788. https://doi.org/10.1016/j.scitotenv.2019.07.004.

Lin, C. T,; Baker, A. R; Jickells, T. D.; Kelly, S.; Lesworth, T. An assessment of the significance of
sulphate sources over the Atlantic Ocean based on sulphur isotope data. Atmos. Environ. 2012, 62,
615-621. https://doi.org/10.1016/j.atmosenv.2012.08.052.

Norman, A.-L.; Anlauf, K.; Hayden, K.; Thompson, B.; Brook, J. R; Li, 5.-M.; Bottenheim, J. Aerosol
sulphate and its oxidation on the Pacific NW coast: S and O isotopes in PMzs. Atmos. Environ. 2006,
40, 2676-2689. https://doi.org/10.1016/j.atmosenv.2005.09.085.

Akata, N.; Yanagisawa, F.; Kotani, T.; Ueda, A. Ten-year observation of sulfur isotopic composition
of sulfate in aerosols collected at Tsuruoka, a coastal area on the Sea of Japan in northern Japan.
Geochem. ]. 2010, 44, 571-577. https://doi.org/10.2343/geochem;.1.0099.

Olson, E.; Michalski, G.; Welp, L.; Valdivia, A. E. L.; Larico, J. R,; Pefia, J. S.; Fang, H.; Gomez, M. K,;
Li, J. Mineral dust and fossil fuel combustion dominate sources of aerosol sulfate in urban Peru
identified by sulfur stable isotopes and water-soluble ions. Atmos. Environ. 2021, 260, 118482.
https://doi.org/10.1016/j.atmosenv.2021.118482.

Wang, X.; Li, J.; Sun, R,; Jiang, H.; Zong, Z.; Tian, C.; Xie, L.; Li, Q.; Jia, W.; Peng, P.; Zhang, G. Regional
characteristics of atmospheric 8%5-504% over three parts of Asia monitored by quartz wool-based
passive samplers. Sci. Total Environ. 2021, 778, 146107. https://doi.org/10.1016/j.scitotenv.2021.146107.
Kamezaki, K.; Hattori, S.; Iwamoto, Y.; Ishino, S.; Furutani, H.; Miki, Y.; Uematsu, M.; Miura, K,;
Yoshida, N. Tracing the sources and formation pathways of atmospheric particulate nitrate over the
Pacific  Ocean  using  stable isotopes. Atmos. Environ. 2019, 209, 152-166.
https://doi.org/10.1016/j.atmosenv.2019.04.026.

Jiang, S.; Jin, J.; Jiang, S.; Wu, Y.; Wang, J.; Chen, ].; Zhang, Z.; Liu, S.; Chang, Y.; Wang, L.; Zhang, J.
Nitrogen in Atmospheric Wet Depositions Over the East Indian Ocean and West Pacific Ocean:
Spatial Variability, Source Identification, and Potential Influences. Front. Mar. Sci. 2021, 7, 600843.
https://doi.org/10.3389/fmars.2020.600843.

Xiao, H.; Xie, L.; Long, A.; Ye, F,; Pan, Y.; Li, D.; Long, Z.; Chen, L.; Xiao, H.; Liu, C. Use of isotopic
compositions of nitrate in TSP to identify sources and chemistry in South China Sea. Atmos. Environ.
2015, 109, 70-78. https://doi.org/10.1016/j.atmosenv.2015.03.006.

Yang, J. T.; Hsu, S.; Dai, M. H.; Hsiao, S. S.; Kao, S. Isotopic composition of water-soluble nitrate in
bulk atmospheric deposition at Dongsha Island: sources and implications of external N supply to the
northern South China Sea. Biogeosciences 2014, 11, 1833-1846. https://doi.org/10.5194/bg-11-1833-2014.
Kim, H.; Park, G; Lee, S.; Kim, Y.; Lee, K; Kim, Y.; Kim, T. Stable isotope ratio of atmospheric and
seawater nitrate in the East Sea in the northwestern Pacific ocean. Mar. Pollut. Bull. 2019, 149, 110610.
https://doi.org/10.1016/j.marpolbul.2019.110610.

Li, C.; Li, S;; Yue, F.; He, S.; Shi, Z.; Di, C.; Liu, C. Nitrate sources and formation of rainwater
constrained by dual isotopes in Southeast Asia: Example from Singapore. Chemosphere 2020, 241,
125024. https://doi.org/10.1016/j.chemosphere.2019.125024.

Zhang, W.; Bi, X;; Zhang, Y.; Wu, J.; Feng, Y. Diesel Vehicle Emission Accounts for the Dominate NO
Source to Atmospheric Particulate Nitrate in a Coastal City: Insights from Nitrate Dual Isotopes of
PMa2s. Atmospheric Research 2022, 278, 106328, doi:10.1016/j.atmosres.2022.106328.

Fan, M.; Zhang, W.; Zhang, Y.; Li, J.; Fang, H,; Cao, F. Formation mechanisms and source
apportionments of nitrate aerosols in a megacity of eastern China based on multiple isotope
observations. J. Geophys. Res. Atmos. 2023, 128, €2022]JD038129. https://doi.org/10.1029/2022]JD038129.

4



19.

20.

21.

22.

23.

24.

Xi, D.; Xiao, Y.; Mgelwa, A. S.; Kuang, Y. Formation pathways and source apportionments of
inorganic nitrogen-containing aerosols in urban environment: Insights from nitrogen and oxygen
isotopic compositions in Guangzhou, China. Atmos. Environ. 2023, 309, 119888.
https://doi.org/10.1016/j.atmosenv.2023.119888.

Huang, W.; Ye, X; Lv, Z,; Yao, Y.; Chen, Y.; Zhou, Y.; Chen, ]. Dual isotopic evidence of d'°N and
0180 for priority control of vehicle emissions in a megacity of East China: Insight from measurements
in summer and winter. Sci. Total Environ. 2024, 931, 172918.
https://doi.org/10.1016/j.scitotenv.2024.172918.

Deng, M.; Wang, C.; Yang, C.; Li, X,; Cheng, H. Nitrogen and oxygen isotope characteristics,
formation mechanism, and source apportionment of nitrate aerosols in Wuhan, Central China. Sci.
Total Environ. 2024, 921, 170715. https://doi.org/10.1016/j.scitotenv.2024.170715.

Zong, Z.; Tan, Y.; Wang, X,; Tian, C.; Li, J.; Fang, Y.; Chen, Y.; Cui, S.; Zhang, G. Dual-modelling-
based source apportionment of NOx in five Chinese megacities: Providing the isotopic footprint from
2013 to 2014. Environ. Int. 2020, 137, 105592. https://doi.org/10.1016/j.envint.2020.105592.

Luo, L,; Pan, Y.; Zhu, R.; Zhang, Z.; Zheng, N.; Liu, Y.; Liu, C.; Xiao, H.; Xiao, H. Assessment of the
seasonal cycle of nitrate in PM2s using chemical compositions and stable nitrogen and oxygen
isotopes at Nanchang, China. Atmos. Environ. 2020, 225, 117371.
https://doi.org/10.1016/j.atmosenv.2020.117371.

Luo, L.; Zhu, R; Song, C.; Peng, J.; Guo, W.; Liu, Y.; Zheng, N.; Xiao, H.; Xiao, H. Changes in nitrate
accumulation mechanisms as PMzs levels increase on the North China Plain: A perspective from the
dual isotopic compositions of nitrate. Chemosphere 2021, 263, 127915.
https://doi.org/10.1016/j.chemosphere.2020.127915.



