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S1. Classification of organosulfates 

Organosulfates (OSs) were identified using an UPLC-ESI-QToFMS (Waters, USA) 

in negative (‒) ion mode (Wang et al. 2021a; Yang et al. 2023). The obtained data were 

processed with a MassLynx v4.1 software to obtain the m/z ratios, formulas, retention 

times, and peak areas of identified OSs. The identified compounds can be expressed as 

CcHhOoNnSs with a mass tolerance of ± 10 ppm (where c, h, o, n, and s represent the 

number of carbon, hydrogen, oxygen, nitrogen, and sulfur atoms, respectively). 

Compounds with oxygen atoms equal to or greater than 4nS + 3nN (i.e., nO/(4nS + 3nN) 

≥ 1) were tentatively classified as OSs (Cai et al. 2020). The assignments of most OSs 

were further conducted based on the identification of sulfur-containing fragment ions 

(e.g., m/z 80, 81, and 96) by MS/MS analysis (Hettiyadura et al. 2015; Ding et al. 2022), 

which was detailed in our recent publication (Yang et al. 2023). The double bond 

equivalent value (DBE), indicating the number of rings and double bonds in an organic 

molecule,  can be calculated using the following equation (Han et al. 2023).  

DBE = 1 + nC –nH /2 + nN/2                                                                            (S1) 

where nN, nH, and nC indicate the numbers of N, H, and C atoms in a molecular formula, 

respectively. 

All identified OSs were classified into five categories, including isoprene-derived 

(OSi), monoterpene-derived (OSm), C2–C3 OSs, aromatic OSs and aliphatic OSs (Yang 

et al. 2023). The list of OSi was obtained through the following method: (1) molecules 

with nC = 4 and 5 were selected; (2) C4 OSs with DBE range of 1–2, nO ≤ 6, and nH ≥ 

6; and (3) C5 OSs with DBE range of 0–2, nO ≤ 7, and nH ≥ 8. It should be noted that 
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C7H9O7S
¯ was classified as OSi based on a previous study (Nozière et al. 2010). The 

detailed workflow was provided in our previous study (Yang et al. 2023). 

According to previous laboratory studies, most of OSm contain 10 carbon atoms, 

with effective oxygen atoms (nOeff = nO ‒ 2nN) exceeding 4, and 2 ≤ DBE ≤ 4 (Guo et 

al. 2022; Ehn et al. 2012; Yan et al. 2016; Jokinen et al. 2014; Boyd et al. 2015; Berndt 

et al. 2016; Berndt et al. 2018). Additionally, C9H15O6S¯, C7H11O7S¯, C9H14NO8S¯, 

C7H11O6S¯, and C8H13O7S¯were classified into the OSm category based on previous 

studies (Yassine et al. 2012; Surratt et al. 2008; Wang et al. 2017). Furthermore, a 

correlation analysis was conducted between the selected OSs and representative OSm 

(e.g., C10H17O5S¯) (Bryant et al. 2021). If a significant correlation (r > 0.6 and P < 0.01) 

was found between them, the corresponding OS compound was subsequently classified 

as OSm. 

The aromaticity equivalent (Xc) describes potential monocyclic and polycyclic 

aromatic compounds. It has been suggested that OSs with DBE ≥ 2 and aromaticity 

equivalent (XC) ≥ 2.5 can be classified as aromatic OSs (Jiang et al. 2022; Xie et al. 

2021; Xie et al. 2020; Ma et al. 2022). The XC can be calculated using the following 

equation (Yassine et al. 2014).  

XC = [3(DBE – (fmnO–fnnS)) – 2] / [DBE – (fmnO–fnnS)]                                  (S2)  

where the symbols fn and fm correspond to the fractions of S and O atoms involved in 

the π-bond structure of the compound, respectively (Yassine et al. 2014). The negative 

ion mode exhibits a preferential detection capability for compounds such as carboxylic 
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acids and esters (Ye et al. 2021). Thus, the calculation for Xc of organosulfates can be 

simplified as the following equation (Ye et al. 2021).  

XC = [3(DBE – 0.5(nO – 4)) – 2] / [DBE – 0.5(nO – 4)]）                               (S3) 

Nonetheless, previous studies have suggested that a DBE value of 2 for OSm 

species can be formed via the oxidation of monoterpene by NO3• or •OH (Yan et al. 

2016; Ehn et al. 2014; Trostl et al. 2016). Clearly, it is difficult to completely distinguish 

aromatic OSs from OSm based on DBE values. Hence, aromatic OSs with a DBE value 

of 2 were further screened according to correlation analysis between unidentified 

aromatic OSs and identified aromatic OSs and OSm (Yang et al. 2023). The acceptance 

threshold for the above screening was r > 0.6 and P < 0.01 (Yang et al. 2023).  

The observed OSs with a DBE < 2, such as alkanes and some other unsaturated 

compounds, were classified as aliphatic OSs (Xie et al. 2020; Tao et al. 2014). However, 

some aliphatic oxygenated organic molecules were found to have a DBE value of 2 

(Wang et al. 2021b). Thus, a correlation analysis was conducted between OSs with DBE 

= 2 and identified aliphatic species. If a significant correlation (r > 0.6 and P < 0.01) 

was found between them, the corresponding OS compound was assigned to aliphatic 

OSs. Additionally, both of aliphatic and aromatic OSs belonged to the category of 

anthropogenic OSs (OSa) (Riva et al. 2016; Riva et al. 2015).  

 

S2. Quantification of OSs 

The accurate quantification of OSs is challenging due to the absence of authentic 

standards. Consequently, the majority of the identified OSs were quantified using 



S6 

surrogate standards (Hettiyadura et al. 2019; Bryant et al. 2021; Wang et al. 2018; Ding 

et al. 2022). The surrogate standards utilized in this study were as follows. Glycolic 

acid sulfate (GAS, C2H3O6S¯), lactic acid sulfate (LAS, C3H5O6¯), limonaketone 

sulfate (C9H15O6S¯), and α-pinene sulfate (C10H17O5S¯) were self synthesized 

according to previous studies (Olson et al. 2011; Wang et al. 2017). Methyl sulfate 

(CH3O4S¯, 99%, Macklin), potassium phenyl sulfate (C6H5O4S¯, 98%, Tokyo 

Chemical Industry), and sodium octyl sulfate (C8H17O4S¯, 95%, Sigma-Aldrich) are 

commercial standards (Olson et al. 2011; Huang et al. 2018; Wang et al. 2018; Wang et 

al. 2020). Our previous studies have validated the reliability of these surrogates (Wang 

et al. 2021a; Yang et al. 2023). In this study, 111 OS were quantified using the 

aforementioned surrogate standards. It is evident that OSs with similar carbon backbone 

structures typically exhibit analogous MS responses (Wang et al. 2021a). Consequently, 

the selection of a surrogate standard for a specific OS was predominantly contingent on 

the similarity between the carbon chain structures of the targeted OS species and the 

OS standard (Hettiyadura et al. 2017). Furthermore, the sulfur-containing fragment ions 

observed in the MS/MS spectra of the standard and targeted OS species have been taken 

into consideration (Hettiyadura et al. 2019; Bryant et al. 2021). The recoveries of the 

aforementioned surrogate standards were, in order, 88%, 84%, 94%, 89%, 88%, 87%, 

and 84%. Additional details on the identification of OS compounds, their classification 

and quantifacation, and data quality control are available in our recent publications 

(Yang et al. 2023; Yang et al. 2024). It is crucial to highlight that the OS species 

quantified in this study should not be interpreted as an exact measurement of OS 
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compounds. Instead, our method represents the optimal approach in the absence of 

authentic OS standards (Yang et al. 2023; Huang et al. 2023).  

 

S3. Estimation of isoprene emission rate 

The isoprene emission rate (I) can be calculated using the following equation 

(Guenther et al. 1993).  

I = Is × CL × CT                                      (S4)  

where the Is value is defined as the constant at 30°C leaf temperature and 1000 μmol 

m−2 s−1 photosynthetically active radiation (PAR). The terms "CL" and "CT" denote the 

factors that influence light and temperature, respectively.  

CL and CT can be simply estimated as: 

CL = 
α CL1L

√α2L2+1
                        (S5) 

 

CT = 
exp

𝐶𝑇1(𝑇−𝑇𝑆)

𝑅𝑇𝑆𝑇

1+exp
𝐶𝑇2(𝑇−𝑇𝑀)

𝑅𝑇𝑆𝑇

                     (S6) 

 

where CT2 = 230000 J mol−1, TM = 314 K, R = 8.314 J K−1 mol−1, α = 0.0027, TS = 303 

K, CL1 = 1.066, and CT1 = 95000 J mol−1. T is leaf temperature (K). L denotes PAR in 

μmol m⁻² s⁻¹ (Guenther et al. 1993). The data on daily mean temperature and solar 

radiation during the sampling periods were retrieved from the National Meteorological 

Science Data Center (https://data.cma.cn/). PAR was calculated by solar radiation 

multiplying photon flux efficacy of 1.86 μmol J⁻¹ (Ding et al. 2016). The value of CL × 

CT was utilized as an indicator to estimate isoprene emission rate (Ding et al. 2016; 

Guenther et al. 1993).  

https://data.cma.cn/
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Table S1. Mean values (± SD) of the major parameters observed in different cities. 

Parameter Southern cities Northern cities 

 GZ KM TY XA 

T (℃) 15.9 ± 3.25 9.63 ± 2.52 -2.56 ± 2.14 1.69 ± 2.24 

RH (%) 62.04 ± 21.39 68.25 ± 7.73 42.74 ± 8.78 49.27 ± 17.47 

Wind speed (m/s) 3.27 ± 2.07 4.17 ± 1.11 2.44 ± 1.07 6.33 ± 3.36 

NO2 (μg m-3) 71.07 ± 26.89 44.01 ± 16.15 61.11 ± 33.72 79.02 ± 26.17 

O3 (μg m-3) 34.62 ± 22.76 37.55 ± 16.19 30.07 ± 22.84 24.67 ± 13.35 

Ox (μg m-3) 105.69 ± 40.9 81.55 ± 20.2 91.19 ± 15.42 103.69 ± 17.13 

CL×CT 0.16 ± 0.07    0.07 ± 0.03 0.01 ± 0.00 0.02 ± 0.01 

SO2 (μg m-3) 15.87 ± 6.29 18.45 ± 5.34 60.36 ± 40.28 31.73 ± 12.13 

ALW (μg m-3) 19.62 ± 25.35 8.18 ± 6.42 21.18 ± 21.21 51.63 ± 81.74 

pH 2.65 ± 0.76 4.06 ± 1.61 5.99 ± 0.92 5.13 ± 0.9 

NO3
- (μg m-3) 6.43 ± 3.53 4.83 ± 3.80 14.95 ± 14.27 40.56 ± 31.79 

SO4
2- (μg m-3) 8.96 ± 6.11 8.09 ± 4.53 14.12 ± 13.66 21.58 ± 17.3 

Ca2+ (μg m-3) 1.01 ± 0.51 2.91 ± 1.07 6.09 ± 1.72 6.69 ± 5.72 

Mg2+ (μg m-3) 0.05 ± 0.02 0.08 ± 0.03 0.34 ± 0.13 0.36 ± 0.36 

Nss-K+ (μg m-3) 0.76 ± 0.59 0.53 ± 0.36 1.20 ± 0.98 2.64 ± 1.99 

Na+ (μg m-3) 0.17 ± 0.11 0.08 ± 0.07 1.69 ± 0.85 1.59 ± 2.36 

NH4
+  (μg m-3) 4.88 ± 2.41 3.78 ± 2.67 12.11 ± 11.66 20.58 ± 17.78 

Nss-Cl¯ (μg m-3) 0.46 ± 0.43 0.74 ± 0.36 6.39 ± 5.55 5.90 ± 3.80 

PM2.5 (μg m-3) 56.41 ± 33.06 47.62 ± 30.50 81.02 ± 65.20 115.33 ± 88.85 

Total OSi (ng m-3) 86.65 ± 60.25 61.12 ± 37.75 170.69 ± 68.75 260.32 ± 71.13 

Total OSm (ng m-3) 57.81 ± 40.77 58.9 ± 29.70 22.34 ± 7.71 40.09 ± 12.31 

Total aromatic OSs (ng m-3) 10.31 ± 4.64 7.81 ± 2.25 27.10 ± 17.30 34.75 ± 8.91 

Total aliphatic OSs (ng m-3) 8.23 ± 3.77 10.41 ± 5.33 14.13 ± 7.91 19.46 ± 8.11 

Total C2-C3 OSs (ng m-3) 25.22 ± 15.09 28.55 ± 16.4 13.43 ± 2.34 25.81 ± 10.76 
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Table S2. Mean mass concentrations (± SD) of identified OSi, OSm, and C2-C3 OSs in 

PM2.5 collected in different cities. 

Formula 

[M-H]⁻ 
MW (Da) 

Southern cities  Northern cities  

GZ 

(ng m-3) 

KM 

(ng m-3) 

TY 

(ng m-3) 

XA 

(ng m-3) 

OSi      

C4H7O5S⁻ 167.0014 2.7 ± 1.53 2.77 ± 1.71 3.07 ± 0.72 4.74 ± 1.72 

C4H6O5S⁻ 165.9936 7.86 ± 4.70 5.97 ± 4.78 29.54± 19.77 23.40 ± 13.74 

C5H9O6S⁻ 197.0120 15.94 ± 10.59 11.82 ± 8.42 75.92 ±46.15 71.09 ± 24.18 

C4H7O7S⁻ 198.9912 12.63 ± 10.16 10.38 ± 9.11 10.42 ± 8.97 13.50 ± 3.81 

C5H11O6S⁻ 199.0276 1.69 ± 1.32 2.04 ± 1.52 2.43 ± 0.85 1.60 ± 0.48 

C5H7O7S⁻ 210.9912 6.03 ± 8.30 3.74 ± 2.51 7.65 ± 3.92 10.93 ± 6.24 

C5H9O7S⁻ 213.0069 10.07 ± 8.88 6.21 ± 4.34 24.49 ±12.27 104.72 ± 44.75 

C5H11O7S⁻ 215.0225 3.22 ± 3.36 2.83 ± 1.76 0.73 ± 0.19 1.93 ± 0.62 

C7H9O7S⁻ 237.0069 4.74 ± 3.69 1.56 ± 1.27 1.57 ± 0.96 3.35 ± 1.40 

C5H8NO10S⁻ 273.9869 0.25 ± 0.04 0.29 ± 0.05 0.32 ± 0.07 0.29 ± 0.12 

C5H7O8S⁻ 226.9862 10.18 ± 7.12 3.80 ± 2.90 2.25 ± 1.72 5.33 ± 3.26 

C4H8NO7S⁻ 243.9763 0.79 ± 0.35 0.74 ± 0.40 1.34 ± 0.53 3.91 ± 1.97 

C4H7O8S⁻ 214.9862 0.87 ± 0.41 1.76 ± 1.63 3.62 ± 3.96 1.28 ± 0.78 

C4H5O7S⁻ 196.9756 2.40 ± 1.28 1.58 ± 0.70 1.33 ± 0.44 2.36 ± 1.90 

C4H6NO9S⁻ 243.9763 0.28 ± 0.06 0.28 ± 0.04 0.24 ± 0.04 0.27 ± 0.06 

C5H9O8S⁻ 229.0018 3.07 ± 1.90 3.71 ± 2.49 3.62 ± 2.46 6.86 ± 2.70 

C5H10NO9S⁻ 260.0076 0.18 ± 0.00 0.23 ± 0.03 0.19 ± 0.01 0.18 ± 0.00 

C5H8NO7S⁻ 226.0021 3.74 ± 2.81 1.41 ± 1.00 1.98 ± 1.43 4.59 ± 2.62 

OSm      

C7H11O6S⁻ 223.0276 9.51 ± 6.01 6.48 ± 4.59 7.07 ± 3.40 7.67 ± 2.80 

C7H11O7S⁻ 239.0225 10.23 ± 9.22 5.65 ± 4.62 4.49 ± 2.18 6.68 ± 2.86 

C9H15O6S⁻ 251.0589 0.23 ± 0.06 0.68 ± 0.24 0.25 ± 0.05 0.41 ± 0.13 

C8H13O7S⁻ 253.0382 2.05 ± 1.65 0.51 ± 0.13 2.59 ± 1.96 2.56 ± 0.81 

C10H15O7S⁻ 279.0538 8.23 ± 8.25 3.96 ± 3.05 1.87 ± 0.52 3.54 ± 1.88 

C10H16NO7S⁻ 294.0647 18.26 ± 14.43 15.88 ± 11.68 2.62 ± 0.82 6.81 ± 3.17 

C9H14NO8S⁻ 296.0440 4.5 8 ± 2.19 20.15 ± 8.81 1.62 ± 0.80 8.92 ± 3.59 

C10H16NO10S⁻ 342.0495 1.18 ± 0.52 3.50 ± 2.03 0.71 ± 0.37 1.73 ± 1.67 

C10H15O5S⁻ 247.0640 2.45 ± 2.54 0.58 ± 0.37 0.24 ± 0.02 0.55 ± 0.17 

C10H15O6S⁻ 263.0589 0.26 ± 0.09 0.46 ± 0.17 0.16 ± 0.03 0.37 ± 0.09 

C10H17O6S⁻ 265.0746 0.11 ± 0.01 0.15 ± 0.02 0.11 ± 0.02 0.11 ± 0.01 

C10H17O8S⁻ 297.0644 0.17 ± 0.08 0.19 ± 0.04 0.16 ± 0.04 0.22 ± 0.08 

C10H15O8S⁻ 295.0488 0.13 ± 0.04 0.18 ± 0.04 0.10 ± 0.01 0.12 ± 0.02 

C10H17NO9S⁻ 326.0546 0.10 ± 0.00 0.13 ± 0.02 0.13 ± 0.02 0.11 ± 0.01 

C9H11O8S⁻ 279.0175 0.23 ± 0.09 0.28 ± 0.07 0.12 ± 0.01 0.17 ± 0.04 

C2-C3 OSs      

C3H5O4S⁻ 136.9909 1.92 ± 0.64 2.03 ± 0.51 2.52 ± 0.61 3.16 ± 1.04 

C2H3O5S⁻ 138.9701 1.39 ± 0.28 1.53 ± 0.26 1.16 ± 0.08 1.16 ± 0.14 

C3H5O5S⁻ 152.9858 5.07 ± 2.89 4.12 ± 1.43 2.82 ± 0.55 4.72 ± 1.73 

C2H3O6S⁻ 154.9650 8.45 ± 5.52 9.8 ± 6.65 2.25 ± 0.35 5.36 ± 1.94 

C3H7O5S⁻ 155.0014 2.31 ± 0.99 3.84 ± 1.81 2.77 ± 1.61 5.47 ± 4.61 

C3H5O6S⁻ 168.9807 6.07 ± 5.22 7.24 ± 6.38 1.91 ± 0.69 5.95 ± 2.49 
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Table S3. The mean mass concentrations (± SD) of identified anthropogenic OSs in 

PM2.5 collected in different cities. 

Formula 

[M-H]⁻ 

 

MW(Da) 
Southern cities Northern cities 

GZ 
(ng m-3) 

KM 
(ng m-3) 

TY 
(ng m-3) 

XA 
(ng m-3) 

Aliphatic OSs 

C12H21O7S⁻ 309.1008 0.07 ± 0.04 0.04 ± 0.03 0.04 ± 0.04 0.05 ± 0.05 

C8H17O4S⁻ 210.0926 0.07 ± 0.05 0.45 ± 0.36 0.49 ± 0.21 0.49 ± 0.16 

C14H29O5S⁻ 309.1736 0.15 ± 0.11 0.21 ± 0.07 0.53 ± 0.55 0.46 ± 0.43 

C7H15O4S⁻ 195.0691 0.12 ± 0.24 0.25 ± 0.18 1.18 ± 0.56 0.87 ± 0.41 

C7H15O5S⁻ 211.064 0.05 ± 0.04 0.06 ± 0.03 0.06 ± 0.02 0.15 ± 0.10 

C9H19O4S⁻ 223.1004 0.26 ± 0.11 0.67 ± 0.65 0.90 ± 0.57 1.2 6± 0.74 

C10H21O4S⁻ 237.1161 0.27 ± 0.11 0.44 ± 0.90 0.82 ± 0.34 1.01 ± 0.97 

C7H13O5S⁻ 209.0484 0.20 ± 0.08 0.16 ± 0.09 0.36 ± 0.10 0.67 ± 0.13 

C9H17O5S⁻ 237.0797 0.09 ± 0.09 0.09 ± 0.04 0.56 ± 0.26 0.46 ± 0.26 

C10H19O5S⁻ 251.0953 0.82 ± 0.42 0.18 ± 0.12 0.31 ± 0.11 0.39 ± 0.15 

C9H17O7S⁻ 269.0695 0.18 ± 0.23 0.06 ± 0.06 0.02 ± 0.01 0.09 ± 0.06 

C12H23O5S⁻ 279.1266 0.05 ± 0.04 0.03 ± 0.01 0.08 ± 0.06 0.11 ± 0.04 

C9H17O4S⁻ 221.0848 0.23 ± 0.39 0.57 ± 0.60 0.79 ± 0.46 1.20 ± 0.40 

C9H17O6S⁻ 253.0746 0.30 ± 0.32 0.21 ± 0.15 0.13 ± 0.06 0.31 ± 0.26 

C13H25O5S⁻ 293.1423 0.43 ± 0.32 0.26 ± 0.18 0.56 ± 0.32 0.88 ± 0.34 

C14H27O5S⁻ 307.1579 0.49 ± 0.31 0.32 ± 0.24 0.62 ± 0.41 0.88 ± 0.38 

C13H25O6S⁻ 309.1372 0.04 ± 0.04 0.04 ± 0.03 0.09 ± 0.07 0.16 ± 0.14 

C14H27O6S⁻ 323.1528 0.09 ± 0.08 0.13 ± 0.07 0.23 ± 0.21 0.43 ± 0.36 

C16H31O5S⁻ 335.1892 0.10 ± 0.11 0.17 ± 0.15 0.42 ± 0.43 0.44 ± 0.39 

C17H33O5S⁻ 363.2205 0.04 ± 0.01 0.23 ± 0.11 0.13 ± 0.10 0.16 ± 0.10 

C16H31O6S⁻ 351.1841 1.43 ± 0.92 2.64 ± 1.55 2.75 ± 2.39 4.87 ± 3.81 

C18H35O5S⁻ 363.2205 0.06 ± 0.06 0.06 ± 0.04 0.19 ± 0.19 0.31 ± 0.26 

C21H41O5S⁻ 405.2675 0.01 ± 0.01 0.01 ± 0.01 0.02 ± 0.03 0.02 ± 0.01 

C8H15O5S⁻ 223.0640 0.11 ± 0.05 0.18 ± 0.14 0.24 ± 0.10 0.29 ± 0.12 

C7H13O6S⁻ 225.0433 0.18 ± 0.18 0.12 ± 0.11 0.16 ± 0.16 0.30 ± 0.09 

C8H15O6S⁻ 239.0589 0.26 ± 0.17 0.54 ± 0.28 0.26 ± 0.10 0.46 ± 0.31 

C11H21O5S⁻ 265.1110 0.15 ± 0.06 0.14 ± 0.08 0.29 ± 0.14 0.49 ± 0.22 

C10H19O6S⁻ 267.0902 0.11 ± 0.08 0.12 ± 0.06 0.20 ± 0.08 0.21 ± 0.14 

 C7H13O9S⁻ 273.0280 0.08 ± 0.07 0.30 ± 0.33 0.55 ± 0.29 0.38 ± 0.31 

C15H29O5S⁻ 321.1736 0.46 ± 0.40 0.27 ± 0.28 0.33 ± 0.38 0.47 ± 0.11 

C10H17O6S⁻ 265.0746 0.05 ± 0.02 0.06 ± 0.04 0.05 ± 0.03 0.11 ± 0.06 

C9H15O5S⁻ 235.0640 0.34 ± 0.24 0.41 ± 0.12 0.10 ± 0.06 0.15 ± 0.06 

C10H17O5S⁻ 249.0797 0.13 ± 0.07 0.55 ± 0.32 0.11 ± 0.04 0.28 ± 0.14 

C9H15O6S⁻ 251.0589 0.30 ± 0.29 0.19 ± 0.12 0.41 ± 0.27 0.43 ± 0.15 

C11H19O6S⁻ 279.0902 0.03 ± 0.02 0.03 ± 0.02 0.07 ± 0.04 0.10 ± 0.04 

C8H13O6S⁻ 237.0433 0.13 ± 0.06 0.09 ± 0.05 0.04 ± 0.01 0.08 ± 0.03 

C9H15O7S⁻ 267.0538 0.33 ± 0.39 0.10 ± 0.08 0.01 ± 0.01 0.05 ± 0.03 

Aromatic OSs      

C9H9O4S⁻ 213.0222 1.88 ± 1.62 0.91 ± 0.50 6.22 ± 3.54 18.88 ± 7.88 

C6H5O4S⁻ 172.9909 0.24 ± 0.08 0.27 ± 0.22 1.42 ± 1.02 0.72 ± 0.33 

C7H7O4S⁻ 187.0065 0.24 ± 0.18 0.25 ± 0.07 1.31 ± 0.55 0.56 ± 0.22 

C11H19O11S⁻ 359.0648 0.15 ± 0.05 0.16 ± 0.05 0.18 ± 0.07 0.38 ± 0.12 

C10H17O12S⁻ 361.0441 0.09 ± 0.01 0.11 ± 0.02 0.10 ± 0.01 0.10 ± 0.01 

C7H11O10S⁻ 287.0073 0.14 ± 0.05 0.14 ± 0.04 0.10 ± 0.02 0.12 ± 0.04 

C8H13O9S⁻ 285.0280  0.34 ± 0.24 0.23 ± 0.12 0.89 ± 0.75 0.44 ± 0.18 

C8H13O10S⁻ 301.0229  0.16 ± 0.08 0.15 ± 0.06 0.13 ± 0.04 0.17 ± 0.06 

C11H17O11S⁻ 357.0492 0.16 ± 0.16 0.21 ± 0.08 0.20 ± 0.10 0.12 ± 0.02 

C9H11O13S⁻ 358.9920 0.11 ± 0.03 0.12 ± 0.02 0.11 ± 0.02 0.12 ± 0.05 

C8H12NO11S⁻ 330.0131 0.20 ± 0.13 0.12 ± 0.03 0.14 ± 0.06 0.20 ± 0.12 

C7H7SO4S⁻ 218.9786 0.11 ± 0.04 0.14 ± 0.02 0.29 ± 0.08 0.19 ± 0.10 

C8H7O5S⁻ 215.0014 0.57 ± 0.30 0.33 ± 0.18 4.04 ± 3.58 1.77 ± 1.36 
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C8H7NO5S⁻ 229.0045 0.61 ± 0.35 0.68 ± 0.41 0.87 ± 0.52 1.13 ± 0.47 

C9H9O6S⁻ 245.0120 0.29 ± 0.33 0.20 ± 0.06 0.70 ± 0.45 0.82 ± 0.41 

C8H7O4S⁻ 199.0065  0.73 ± 0.47 0.28 ± 0.13 2.51 ± 2.10 2.13 ± 0.79 

C9H7O7S⁻ 258.9912 0.54 ± 0.48 0.12 ± 0.03 0.35 ± 0.26 0.69 ± 1.34 

C8H5O6S⁻ 228.9807 0.38 ± 0.27 0.14 ± 0.03 0.58 ± 0.50 0.67 ± 0.91 

C9H7O6S⁻ 242.9963  0.48 ± 0.27 0.28 ± 0.13 1.61 ± 1.47 0.87 ± 0.73 

C9H3O11S⁻ 318.9396 0.08 ± 0.01 0.10 ± 0.01 0.09 ± 0.01 0.08 ± 0.00 

C10H5O12S⁻ 348.9502 0.08 ± 0.00 0.10 ± 0.01 0.08 ± 0.00 0.08 ± 0.01 

C34H49O5S⁻ 569.3301 0.11 ± 0.04 0.23 ± 0.20 0.57 ± 0.36 0.38 ± 0.26 

C43H63O5S⁻ 691.4396 0.33 ± 0.41 0.52 ± 0.34 0.11 ± 0.03 0.08 ± 0.01 

C7H11O9S⁻ 271.0124  0.27 ± 0.20 0.23 ± 0.12 0.17 ± 0.07 0.19 ± 0.08 

C10H7O11S⁻ 334.9709  0.08 ± 0.01 0.10 ± 0.01 0.08 ± 0.01 0.08 ± 0.01 

C10H5O11S⁻ 332.9553  0.08 ± 0.00 0.10 ± 0.01 0.09 ± 0.01 0.08 ± 0.00 

C10H5O10S⁻ 316.9603 0.07 ±0.00 0.09 ± 0.01 0.08 ± 0.00 0.07± 0.00 

C12H7O13S⁻ 390.9607  0.08 ± 0.00 0.10 ± 0.01 0.08 ± 0.00 0.08 ± 0.00 

C7H5O5S⁻ 200.9858 0.84 ± 0.55 0.42 ± 0.36 3.18 ± 3.76 2.12 ± 2.18 

C18H13O6S⁻ 357.0433 0.11 ± 0.08 0.15 ± 0.05 0.13 ± 0.03 0.11 ± 0.02 

C23H19O7S⁻ 439.0851 0.22 ± 0.14 0.27 ± 0.15 0.14 ± 0.03 0.22 ± 0.11 

C25H21O7S⁻ 465.1008 0.08 ± 0.00 0.11 ± 0.02 0.08 ± 0.00 0.08 ± 0.00 

C24H17O4S⁻ 401.0848 0.38 ± 0.13 0.36 ± 0.14 0.40 ± 0.16 0.90 ± 0.25 

C27H21O7S⁻ 489.1008 0.11 ± 0.03 0.13 ± 0.04 0.10 ± 0.03 0.13 ± 0.03 
aAll aliphatic and aromatic OSs and other anthropogenic OSs were collectively referred 

to as anthropogenic OSs (OSa). 
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Table S4. Mean mass concentrations of various OSs in PM2.5 at different locations.  

 

 
Sampling site Period Season 

OSi 

(ng m-3) 

OSm 

(ng m-3)  

C2-C3 

(ng m-3) 

OSa 

(ng m-3) 

Total 

(ng m-3) 
Reference 

Urban site 

Atlanta, GA, USA 2014 Summer 1122.98 67.9 58.5 - 1249.38 (Hettiyadura et al. 2019) 

Tianjing, China 2019 Winter 400.00 - - - 400.00 (Ding et al. 2022) 

Lahore, Pakistan 2007 Winter 3.80 - - 2.02 5.82 (Kundu et al. 2013) 

Hong Kong, China 2017 Winter 97.96 17.26 - - 115.22 
(Wang et al. 2022) 

Guangzhou, China 2017 Winter 88.03 20.96 - - 108.99 

Xian, China 2014 Winter - 0.14 77.30 - 77.44 (Huang et al. 2018) 

Shanghai, China 2021 Summer 85.38 30.61 19.31 23.38 158.68 (Yang et al. 2023) 

Urumqi, China 2018 Winter 62.21 23.33 41.85 168.54 295.93 (Yang et al. 2024) 

Suburban site Zion, Illinois, USA 2013 Spring 121.10 8.70 -  129.80 (Hughes et al. 2021) 

Rural site 

Look Rock, TN, USA 2013 Summer 1256.75 - - - 1256.75 (Budisulistiorini et al. 2015) 

Centreville, AL, USA 2013 Summer 15.40 - 20.83 1.16 37.39 (Hettiyadura et al. 2017) 

Yorkville, GA, USA 2010 Summer 115.11 - - - 115.11 (Lin et al. 2013) 

Copenhagen, Denmark 2011 Summer 11.31 0.87 - - 12.18 (Nguyen et al. 2014) 

National Park, CO, USA 2016 Summer 19.00 - - - - 
(Chen et al. 2021) 

Seashore, CA, USA 2016 Summer 22.00 - - - - 

Rural site 

Melpitz, Germany 2013 Winter 11.12 49.33 - 32.83 93.28 

(Glasius et al. 2018) Vavihill, Sweden 2013 Winter 2.75 6.39 - 4.15 13.29 

Birkenes, Norway 2013 Winter 2.28 6.39 - 2.16 10.83 

Coastal site 
The Yellow Sea and Bohai 

Sea 
2019 Summer 22.98 7.53 12.7 - 43.21 (Wang et al. 2023) 

Urban site 

Guangzhou, China 

2017 Winter 

86.65 57.81 25.22 18.54 188.22 

In this study 
Kunming, China 61.12 58.9 28.55 18.22 166.79 

Taiyuan, China 170.69 22.34 13.43 41.23 247.69 

Xi’an, China 260.32 40.09 25.81 54.21 380.43 
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Table S5. Relative signal intensity of identified OSa in different smoke particle samples. 

The relative signal intensity refers to the percentage of the target OS signal intensity in 

the total signal intensity of the OS group to which the target OS belongs. 

Formula 

[M-H]⁻ 

Rice 

straw 

Pine 

branch 

Coal 

combustion 

Gasoline 

vehicle 

Diesel 

vehicle 

Aliphatic OSs      

C8H17O4S⁻ 2.91  0.09  11.23  1.62  0.86   

C7H15O4S⁻ 4.87  34.02  17.24  1.02  2.90  

C9H19O4S⁻ 2.92  3.27  2.57  3.81  1.21  

C10H21O4S⁻ 0.40  0.00  0.02  2.86  0.53  

C9H17O4S⁻ 3.80  0.09  7.35  7.59  59.32  

C14H29O5S⁻ 4.44  0.02  0.00  3.52  0.48  

C7H15O5S⁻ 0.98  1.02  2.08  0.30  0.47  

C7H13O5S⁻ 3.40  14.52  1.50  28.70  3.40  

C9H17O5S⁻ 1.76  3.55  1.27  0.48  0.59  

C10H19O5S⁻ 5.33  0.88  0.31  1.41  0.68  

C12H23O5S⁻ 0.66  1.22  0.02  1.34  1.72  

C13H25O5S⁻ 0.25  0.69  0.12  6.11  3.13  

C14H27O5S⁻ 0.29  2.12  0.00  0.70  0.64  

C16H31O5S⁻ 0.23  0.00  0.00  1.15  6.03  

C17H33O5S⁻ 16.49  7.62  0.17  0.68  0.49  

C18H35O5S⁻ 10.70  0.20  0.02  1.39  0.00  

C21H41O5S⁻ 3.44  0.01  0.02  0.20  0.00  

C8H15O5S⁻ 0.23  4.09  0.17  0.27  0.24  

C11H21O5S⁻ 0.07  0.48  0.05  0.62  0.28  

C15H29O5S⁻ 1.58  4.10  0.00  1.53  0.00  

C9H15O5S⁻ 0.68  2.59  0.82  1.98  1.69  

C10H17O6S⁻ 2.91  3.22  0.24  0.47  1.23  

C9H17O6S⁻ 1.77  2.84  0.11  0.98  0.72  

C13H25O6S⁻ 0.23  0.03  0.36  0.16  2.89  

C14H27O6S⁻ 0.17  0.00  0.24  1.08  5.60  

C16H31O6S⁻ 16.03  0.00  0.24  23.34  0.07  

C7H13O6S⁻ 0.35  2.65  0.08  0.41  0.21  

C8H15O6S⁻ 1.97  1.70  0.54  1.95  1.52  

C10H19O6S⁻ 3.47  0.97  47.71  0.44  1.00  

C10H17O6S⁻ 0.47  0.55  0.08  0.07  0.03  

C9H15O6S⁻ 0.16  1.20  0.33  1.08  0.93  

C11H19O6S⁻ 0.51  0.61  1.61  0.27  0.22  

C12H21O6S⁻ 0.10  0.00  0.00  0.02  0.03  

C14H25O6S⁻ 1.25  0.16  0.87  0.14  0.03  

C8H13O6S⁻ 0.51  0.89  1.41  0.87  0.28  

C12H21O7S⁻ 1.89  0.01  0.23  0.42  0.04  

C9H17O7S⁻ 2.18  0.47  0.69  0.36  0.33  

C9H15O7S⁻ 0.03  4.10  0.09  0.52  0.09  

C7H13O9S⁻ 0.43  0.03  0.16  0.04  0.06  

C26H51O12S⁻ 0.18  0.00  0.00  0.10  0.00  

C24H51N2O13S⁻ 0.00  0.00  0.04  0.00  0.06  

Aromatic OSs                                

C24H17O4S⁻ 4.88  0.21  0.08  28.12  9.48  

C6H5O4S⁻ 0.50  0.79  3.16  0.10  4.92  
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C7H7O4S⁻ 1.65  0.95  12.12  1.37  14.60  

C8H7O4S⁻ 0.43  0.65  1.11  1.16  49.85  

C9H9O4S⁻ 75.53  25.38  71.45  1.80  86.58  

C34H49O5S⁻ 0.22  0.00  0.00  0.12  0.00  

C43H63O5S⁻ 0.05  0.22  0.00  0.00  0.17  

C7H5O5S⁻ 0.26  1.00  0.10  0.77  0.37  

C8H7NO5S⁻ 1.12  12.38  2.73  26.95  6.28  

C8H7O5S⁻ 1.67  2.04  2.32  0.86  9.55  

C18H13O6S⁻ 0.02  1.59  0.33  0.09  0.23  

C8H5O6S⁻ 0.25  0.09  0.15  0.11  0.83  

C9H7O6S⁻ 0.78  13.07  0.67  0.35  2.37  

C9H9O6S⁻ 1.67  5.31  0.86  0.39  6.95  

C23H19O7S⁻ 0.01  7.11  0.26  0.62  8.85  

C25H21O7S⁻ 0.02  0.10  0.01  0.09  0.01  

C27H21O7S⁻ 1.43  2.59  2.66  1.80  3.82  

C9H7O7S⁻ 0.06  0.09  0.02  0.12  0.70  

C7H11O9S⁻ 0.07  0.54  0.05  0.47  0.24  

C8H13O9S⁻ 0.94  4.31  0.26  0.60  0.77  

C10H5O10S⁻ 0.00  0.00  0.00  0.00  0.00  

C7H11O10S⁻ 0.00  0.37  0.00  0.09  0.01  

C8H13O10S⁻ 0.04  0.61  0.06  0.16  0.38  

C10H5O11S⁻ 0.00  0.09  0.01  0.00  0.00  

C10H7O11S⁻ 0.03  0.12  0.14  0.01  0.25  

C11H17O11S⁻ 0.18  1.68  0.38  0.70  2.71  

C11H19O11S⁻ 3.13  14.58  0.22  4.46  0.37  

C12H21N2O11S⁻ 4.88  0.21  0.17  28.12  9.48  

C8H12NO11S⁻ 0.10  2.37  0.59  0.15  0.00  

C9H13O11S⁻ 0.06  1.55  0.04  0.17  0.84  

C9H3O11S⁻ 0.02  0.01  0.00  0.19  0.07  

C10H17O12S⁻ 0.00  0.00  0.07  0.01  0.07  

C10H5O12S⁻ 0.01 0.01  0.01  0.04  0.00  
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Figure S1.  

 

Figure S1. The locations of the sampling sites showing (a) the vegetation coverage in 

China and (b) the PM2.5 pollution situation during winter. The map was derived from 

©MeteoInfoMap (version 3.6.2) (Chinese Academy of Meteorological Sciences, 

China). The figure may contain a territory that is disputed according to the United 

Nations. 
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Figure S2. 

 

Figure S2.  Schematic showing the collections of smoke particles (PM2.5) derived from 

the combustion of (a) rice straw, pine branch, and coal. The samples were collected 

through a combustion furnace (Tang et al. 2020) pumped with filtered ambient air 

(particulate matter is removed). The collection method of smoke particles (TSP) 

derived from liquid fuel combustion was shown in panel (b). The gasoline vehicle was 

the Audi Q3, while the particles released from diesel combustion were derived from the 

R180 diesel engine.   
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Figure S3. 

 

Figure S3. Diagrams presenting Pearson correlations among the concentrations of Ox, 

SO2, SO4
2-

 , and the different OSs (using data from four cities). The numbers in the 

matrix refer to the correlation coefficients (r). Symbols * and ** indicate P < 0.05 and 

P < 0.01, respectively. 
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Figure S4. 

 

Figure S4. Spatial variation of OSi concentration and temperature (T).  
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Figure S5. 

 

Figure S5. Mean relative signal intensities of typical aromatic OSs (i.e., C6H5O4S¯, 

C7H7O4S¯, C8H7O4S¯, and C9H9O4S¯) in different smoke particle samples. The relative 

signal intensity refers to the percentage of the target OS signal intensity in the total 

signal intensity of the OS group to which the target OS belongs. 
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Figure S6. 

 

Figure S6. Diagrams presenting Pearson correlations among different OSs and 

important parameters for the cases in (a) southern cities and (b) northern cities. The 

numbers in the matrix refer to the correlation coefficients (r). Symbols * and ** indicate 

P < 0.05 and P < 0.01, respectively. 
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Figure S7.  

 

Figure S7. Variations in the concentration and percentage of polyaromatic 

hydrocarbons (PAHs) emitted from coal combustion, biomass burning, and vehicle 

exhaust in southern and northern cities. The data were derived from a previous study 

(Yu et al. 2020).  
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Figure S8. 

 

Figure S8. Diagrams presenting Pearson correlations among the different OSs and 

important parameters (using data from four cities). The numbers in the matrix refer to 

the correlation coefficients (r). Symbols * and ** indicate P < 0.05 and P < 0.01, 

respectively. 
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