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Text S1 The influence of ion suppression on Orbitrap MS analysis 31 

The overall molecular composition of S-containing organic species was measured using ESI-Orbitrap MS analysis. 32 

Sample matrix would influence the MS responses of different species, which cannot be eliminated (Furey et al., 2013). A 33 

previous study showed the extent of ion suppression was in good linearity with the concentrations/dilution factors of urine 34 

extracts (Chen et al., 2015). We conducted a set of experiments to evaluate the influence of sample matrix on MS response 35 

for OSs. A field blank sample, a clean sample and a polluted sample were extracted following the same procedures described 36 

in section 2.2. The sample collected during the nighttime of May 24 and 30 were selected to represent the clean sample and 37 

the polluted sample, respectively. Sample extracts were dried and re-dissolved either in acetonitrile/water (1:1) solvent or 38 

solvent containing 0.1 ppm α-pinene OS. The filter portion size and solvent volume were adjusted to yield solution 39 

containing ~100 μg or 200 μg OC/mL solvent for the clean sample and polluted sample. The OC concentrations are referred 40 

to as the OC loading before the SPE clean-up procedure. Only two concentration levels were examined due to the sample 41 

limitation. The intensity (signal-to-noise ratio, s/n) of α-pinene OS (0.1 ppm) in the three different sample matrixes were 42 

obtained by deducting the intensity of m/z=249.0802 in the same sample diluted by solvent without α-pinene OS (0.1 ppm) 43 

addition. The intensity in each sample was normalized by the ion injection time to make the intensities comparable (Kuang et 44 

al., 2016).  45 

The intensity of 0.1 ppm α-pinene OS was the highest in the matrix of field blank extract and the lowest in the matrix of 46 

polluted sample extract. The extent of suppression ranged from 20% in the matrix of 100 μg OC from the clean sample to 62% 47 

in the matrix of 200 μg OC from the polluted sample (Fig. S1). It was clear that the extent of suppression increased with the 48 

OC content of the matrix, from 20% in 100 μg OC matrix to 32% in 200 μg OC matrix for the clean sample and from 45% in 49 

100 μg OC matrix to 62% in 200 μg OC matrix for the polluted sample. The relative standard deviation (RSD) of α-pinene 50 

OS arising from different OC loadings (100 μg and 200 μg OC/mL solution) were 26% and 12% in polluted and clean 51 

samples, respectively. This result confirmed the benefit of adjusting OC content to a uniform level before Orbitrap MS 52 

analysis in minimizing the impact of matrix ion suppression. We note that when the sample was diluted to 100μg OC/mL 53 

solvent, the intensity of α-pinene OS in the clean sample was comparable to that in the field blank sample. This indicated 54 
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that the ion suppression would be insignificant with less than 100 μg OC/mL solution. However, this level of dilution may 55 

limit the identification of species present at low concentrations due to too much dilution. 56 

It is also apparent that chemical composition of the OC matrix also played a role in ion suppression. The RSD of 57 

α-pinene OS arising from different chemical composition (clean sample and polluted sample) were 40% and 27% in samples 58 

containing 200 μg and 100 μg OC/mL solution, respectively, which could represent the biggest differences of ion 59 

suppression arising from chemical composition. This source of difference in ion suppression could not be controlled with the 60 

infusion injection mode. 61 

 62 

Figure S1 The intensity of α-pinene OS (0.1 ppm) in different sample matrix (blank sample, clean 63 

sample, polluted sample) with different OC loadings. The error bars were derived from three repeat 64 

injections of the same sample. 65 

 66 

 67 

 68 

 69 

 70 
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Text S2 The validation of ISORROPIA-II thermodynamic model prediction 71 

The ISORROPIA-II thermodynamic model was run for metastable aerosols in this study. It has been suggested in 72 

previous studies that“metastable” state (only liquid phase) often showed better performance than the“stable” state 73 

(solid+ liquid) solution, and was commonly applied in previous pH or LWC predictions (Bougiatioti et al., 2016;Guo 74 

et al., 2015;Guo et al., 2016;Guo et al., 2017;Weber et al., 2016;Liu et al., 2017a). Though we lack direct evidence to 75 

reveal the physical state of ambient aerosols in this study, indirect evidence is provided to support that the assumption 76 

is reasonable. The verification of prediction by ISORROPIA-II was assessed by comparing the predicted and measured 77 

gaseous NH3 in this study (Fig. S2) (Bougiatioti et al., 2016;Guo et al., 2015;Guo et al., 2016;Guo et al., 2017;Weber 78 

et al., 2016;Liu et al., 2017a). Good agreement was reached between predicted and measured gaseous ammonia 79 

concentrations (slope=0.99, intercept= 1.8 μg/m
3
, R

2
= 0.97). The result suggested that the “metastable” assumptions 80 

are reasonable in this study. 81 

 82 

Figure S2 Comparison of predicted NH3 (g) and measured NH3 (g) 83 

 84 

The ubiquitous existence of ambient metastable aerosols has been observed in previous studies (Rood et al., 85 

1989). Based on our previous study in the winter of urban Beijing (Liu et al., 2017b), the rebound fraction of fine 86 

particles was ~0.8 at <20% RH, indicating a semisolid phase of particles. As the RH increased from 20 to 60%, 87 

the rebound fraction decreased from 0.8 to 0.2, suggesting transition from semisolid to liquid phase state. The 88 

rebound fraction of particles was lower than 0.4 at >40% RH, indicating that the liquid phase as the major phase 89 
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state of ambient aerosols. RH conditions of < 20% were quite limited during the campaign. RH was usually 90 

higher than 40% and could increase to higher than 60% at night. Thus, a nearly liquid phase was likely the major 91 

phase state of ambient aerosols at night in this study. It would be desirable to obtain direct observational evidence 92 

of aerosol phase state in future studies. 93 

 94 

 95 

Figure S3 Comparison between aerosol liquid water content with or without water associated with 96 

organic compounds. LWCi and LWCo represent the water contributed by inorganic compounds and 97 

organic compounds, respectively. The data is from Fig. S1 in Wu et al. (2018) based on the 98 

measurement in Beijing (Wu et al., 2018). 99 

 100 
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 101 

Figure S4 Temporal variation of the (a) total intensity and (b) total number of OSs and NOSs, and (c) 102 

temporal variation of the number percent of different compound categories. The gray background 103 

denotes the nighttime and white background denotes the daytime.  104 

 105 

 106 

 107 



7 

 

 108 

Figure S5 The diurnal variations of monoterpene, isoprene, NOx and NOx/BVOCs ratios 109 

 110 

 111 

 112 
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 113 

Figure S6 Time series of α-pinene OSs, β-pinene OSs, limonene OSs, limonaketone OSs, lactic acid 114 

sulfate, glycolic acid sulfate and hydroxyacetone sulfate. The pollution episodes were marked by gray 115 

shadow. 116 

 117 

 118 

 119 

Table S1 The purity and recovery of organosulfate standards in this study 120 

Organosulfate Purity (%) Recovery (%) 

lactic acid sulfate 15%  

glycolic acid sulfate 8%  

α-pinene OS >99% 80.5% 

β-pinene OS >99% 93.5% 

limonene OS >99% 85.4% 

limonaketone OS >99% 82.5% 

 121 
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Table S2 List of some most abundant OSs and NOSs peaks observed in the mass spectra 

No. m/z [M-H]
-
 

Formula     

[M-H]
-
 

relative intensity (%) 
precursor/ formation references 

05/24N 05/30D 05/30N 

organosulfates 

1 151.0071 C4H7SO4
-
 1 4.8 10.3 diesel fuel SOA (Blair et al., 2017) 

2 209.0489 C7H13SO5
-
 1 2.2 7.4 alkane (Riva et al., 2016b) 

3 223.0646 C8H15SO5
-
 3.1 9.7 16.8 diesel fuel SOA (Blair et al., 2017) 

4 225.0438 C7H13SO6
-
 0.4 2.3 14 diesel fuel SOA (Blair et al., 2017) 

5 235.0646 C9H15SO5
-
 12.9 8.7 9.1 diesel fuel SOA (Blair et al., 2017) 

6 237.0438 C8H13SO6
-
 1.4 3.3 10 diesel fuel SOA (Blair et al., 2017) 

7 237.0802 C9H17SO5
-
 2 5.4 9.4 alkane (Riva et al., 2016b) 

8 239.0595 C8H15SO6
-
 

 
11.1 29.4 diesel fuel SOA (Blair et al., 2017) 

9 249.0802 C10H17SO5
-
 2.7 2.6 4.2 monoterpene 

(Surratt et al., 2008;Wang 

et al., 2017) 

10 251.0595 C9H15SO6
-
 3.7 9.5 24.7 monoterpene (Wang et al., 2017) 

11 251.0959 C10H19SO5
-
 1.9 5.3 7.5 alkane (Riva et al., 2016b) 

12 253.0751 C9H17SO6
-
 2 11.1 38 diesel fuel SOA (Blair et al., 2017) 

13 265.0751 C10H17SO6
-
 3 7.3 13.9 alkane (Riva et al., 2016b) 

14 267.0544 C9H15SO7
-
 2.1 19.4 100 alkane/ isoprene 

(Riva et al., 2016a;Riva et 

al., 2016b) 

15 267.0908 C10H19SO6
-
 1.6 6 13.4 diesel fuel SOA (Blair et al., 2017) 

16 269.0701 C9H17SO7
-
 0.3 4 15.8 alkane (Riva et al., 2016b) 

17 279.0544 C10H15SO7
-
 3.9 4.8 15.9 alkane (Riva et al., 2016b) 

18 279.0908 C11H19SO6
-
 1.9 5.5 13.3 diesel fuel SOA (Blair et al., 2017) 

19 279.1272 C12H23SO5
-
 2.2 3.3 6.5 alkane (Riva et al., 2016b) 

20 281.0701 C10H17SO7
-
 2.6 13.3 40 diesel fuel SOA (Blair et al., 2017) 

21 281.1064 C11H21SO6
-
 0.6 3.6 8.2 diesel fuel SOA (Blair et al., 2017) 

22 283.0493 C9H15SO8
-
 0.4 3.2 12.3 diesel fuel SOA (Blair et al., 2017) 

23 283.0857 C10H19SO7
-
 0.3 3.7 10.1 diesel fuel SOA (Blair et al., 2017) 

24 293.0701 C11H17SO7
-
 0.9 

 
10.1 diesel fuel SOA (Blair et al., 2017) 
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25 293.1064 C12H21SO6
-
 0.9 

 
9.5 

 
 

26 295.0493 C10H15SO8
-
 1 2.5 7.1 alkane (Riva et al., 2016b) 

27 295.0857 C11H19SO7
-
 1.2 9 25.6 diesel fuel SOA (Blair et al., 2017) 

28 295.1221 C12H23SO6
-
 0.7 3.2 6.2 diesel fuel SOA (Blair et al., 2017) 

29 297.0650 C10H17SO8
-
 

 
4.2 13.5 alkane (Riva et al., 2016b) 

30 307.0857 C12H19SO7
-
 0.6 

 
9.7 

 
 

31 307.1221 C13H23SO6
-
 

  
7.2 

 
 

32 307.1585 C14H27SO5
-
 2.1 

 
7.6 diesel fuel SOA (Blair et al., 2017) 

33 309.1014 C12H21SO7
-
 

 
11 25.7 diesel fuel SOA (Blair et al., 2017) 

34 321.1014 C13H21SO7
-
 0.5 

 
7.5 diesel fuel SOA (Blair et al., 2017) 

35 321.1741 C15H29SO5
-
 1.6 6 7.7 diesel fuel SOA (Blair et al., 2017) 

36 325.0963 C12H21SO8
-
 

  
10.2 diesel fuel SOA (Blair et al., 2017) 

37 339.0755 C12H19SO9
-
 

  
8 diesel fuel SOA (Blair et al., 2017) 

38 351.1119 C14H23SO8
-
 

  
9.4 diesel fuel SOA (Blair et al., 2017) 

39 365.1276 C15H25SO8
-
 0.3 

 
7.6 diesel fuel SOA (Blair et al., 2017) 

40 373.0963 C16H21SO8
-
 5 9.5 8.7 diesel fuel SOA (Blair et al., 2017) 

nitrooxy-organosulfates 

1 276.0184 C9H10NO7S
-
 3.2 

 
9.3 

 
 

2 284.0446 C8H14NO8S
-
 6.9 3 10.4 

 
 

3 294.0653 C10H16NO7S
-
 67.3 5 82.9 monoterpene (Surratt et al., 2008) 

4 296.0446 C9H14NO8S
-
 23.2 1.4 9 monoterpene (Surratt et al., 2008) 

5 300.0395 C8H14NO9S
-
 3.9 2.5 19.2 

 
 

6 312.0759 C10H18NO8S
-
 10.1 

 
11.5 

 
 

7 314.0551 C9H16NO9S
-
 1.9 

 
14.6 

 
 

8 326.0551 C10H16NO9S
-
 23.9 4 29.2 monoterpene (Surratt et al., 2008) 

9 328.0708 C10H18NO9S
-
 3.3 2.5 9.4 monoterpene (Surratt et al., 2008) 

10 342.0500 C10H16NO10S
-
 8.3 3.3 23.3 monoterpene (Surratt et al., 2008) 
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Table S3 Summery of OSs and NOSs concentrations (ng/m
3
) in previous studies and this study 

Location date 
Total 

OSs 
HAS GAS LAS 

Isoprene OSs Isoprene NOSs Monoterpene OSs Monoterpene NOSs 

references 

C4H7O7S
- C5H7O7S

- C5H11O7S
- C5H10NO9S

- 
α-pinene 

OSs 

β-pinene 

OSs 

Limonene 

OSs 

Limonaketone 

OSs 
C10H16NO7S

- C9H14NO8S
- 

Riverside, California, US July, 2005 4.1 

 

3.3 0.8 

          

(Olson et al., 2011) 

Cleveland, Ohio, US July, 2007 2.3 

 

1.9 0.4 

          

(Olson et al., 2011) 

Bakersfield, California, US June, 2010 5.2-6.0 

 

4.5- 5.4 0.6-0.7 

          

(Olson et al., 2011) 

Centreville, Alabama, US June- July, 2013 

20.3-42.

9 

2.7-5.8 8- 20.6 9.6-19 

          

(Hettiyadura et al., 

2015;Hettiyadura et al., 2017) 

Birmingham, Alabama, US June- July, 2013 202.5 0.2 26.2 2.7 7.2 1.4 164.5 0.3 

      

(Rattanavaraha et al., 2016) 

Tennessee, US June- July, 2013 179.5 

   

10 

 

169.5 

       

(Budisulistiorini et al., 2015) 

Towson, mid-Atlantic, US 

August 2012- 

June 2013 

8.4-33.0 0.3-0.8 

 

0.8-1.3 0.2-4.4 

 

1.6-18.3 

   

0.1-0.4 

 

0.1-2 0.1-0.3 (Meade et al., 2016) 

Mexico city, Mexico March, 2006 5.3-8.8 

 

4.1- 7.0 1.2-1.8 

          

(Olson et al., 2011) 

Bavaria, Germany July, 2002 23.4 

        

23.4 

    

(Iinuma et al., 2009) 

Brasschaat, Belgium June- July, 2007 

 

0.12-36.7 

    

2.0-9.0 0.14-2.3 

    

0.63-3.6 

 

(Gómez-González et al., 2012) 

Lahore, Pakistan Nov., 2007 15.1 

 

11.3 3.8 

          

(Olson et al., 2011) 

Pearl River Delta (PRD), 

China 

Sep. 2010 53 

    

0.68 

      

52 

 (He et al., 2014) 

Nov. 2010 151 

    

0.38 

      

151 

 

Guangdong, China Nov.-Dec., 2010 2.71 

       

0.41 0.19 1.14 0.97 

  (Wang et al., 2017) 

Hong Kong, China Nov.-Dec., 2010 0.88 

       

0.08 0.06 0.36 0.38 

  

Beijing, China May-June, 2016 55.2 2.2 19.5 4.4 3.6 5.9 5.3 1.4 0.06 0.4 0.05 0.06 12.0 0.4 this study 
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Table S4 The pearson correlations between individual OSs and NOSs species quantified by HPLC-MS as well as their correlations with aerosol 

components, acidity, LWC, VOC precursors and oxidants (n=28) 

 total OSs HAS 

C3H5O5S
- 

GAS 

C2H3O6S
- 

LAS 

C3H5O6S
- 

isoprene OSs isoprene NOS 

C5H10NO9S
- 

α-pinene OSs  

C10H17O5S
- 

β-pinene OSs  

C10H17O5S
- 

Limonene OSs  

C10H17O5S
- 

Limonaketone OSs  monoterpene NOSs 

C4H7O7S
- C5H7O7S

- C5H11O7S
- C9H15O6S

- C10H16NO7S
- C9H14NO8S

- 

total OSs 1.00              

C3H5O5S
- 0.96 1.00             

C2H3O6S
- 0.97 0.88 1.00            

C3H5O6S
- 0.93 0.92 0.91 1.00           

C4H7O7S
- 0.95 0.97 0.86 0.86 1.00          

C5H7O7S
- 0.99 0.96 0.95 0.93 0.95 1.00         

C5H11O7S
- 0.84 0.91 0.73 0.72 0.93 0.85 1.00        

C5H10NO9S
- 0.86 0.82 0.83 0.79 0.83 0.88 0.76 1.00       

C10H17O5S
- 0.67 0.68 0.63 0.59 0.67 0.67 0.71 0.84 1.00      

C10H17O5S
- 0.18 0.22 0.29 0.44 0.20 0.31 (0.03) 0.26 0.01 1.00     

C10H17O5S
- 0.64 0.62 0.69 0.71 0.56 0.67 0.37 0.39 0.20 0.44 1.00    

C9H15O6S
- 0.82 0.84 0.76 0.73 0.82 0.79 0.86 0.74 0.76 (0.04) 0.48 1.00   

C10H16NO7S
- 0.15 0.11 0.26 0.18 0.13 0.25 0.10 0.48 0.40 0.29 (0.14) 0.10 1.00  

C9H14NO8S
- (0.02) 0.02 0.07 0.02 0.02 0.10 0.06 0.26 0.32 0.19 (0.18) 0.07 0.79 1.00 

SO4
2- 0.67 0.58 0.69 0.64 0.59 0.69 0.42 0.67 0.57 0.16 0.67 0.44 0.19 (0.03) 

NH4
+ 0.54 0.42 0.59 0.55 0.43 0.57 0.22 0.58 0.44 0.26 0.62 0.24 0.18 (0.07) 

NO3
- 0.22 0.09 0.31 0.32 0.06 0.23 (0.11) 0.36 0.21 0.48 0.39 0.00 0.21 (0.09) 

LWC 0.55 0.40 0.61 0.54 0.39 0.57 0.23 0.68 0.57 0.37 0.47 0.29 0.43 0.18 

Organics 0.64 0.55 0.65 0.64 0.57 0.65 0.45 0.58 0.42 0.43 0.56 0.48 0.38 0.05 

Liquid [H+] 0.67 0.64 0.65 0.57 0.67 0.68 0.60 0.61 0.58 (0.14) 0.57 0.52 0.09 (0.00) 
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isoprene 0.32 0.34 0.29 0.30 0.34 0.31 0.28 0.03 (0.07) (0.03) 0.64 0.37 (0.64) (0.70) 

MVK+MACR 0.73 0.72 0.69 0.67 0.71 0.75 0.63 0.69 0.53 0.06 0.64 0.71 0.05 (0.22) 

monoterpene 0.35 0.29 0.38 0.36 0.27 0.40 0.11 0.44 0.19 0.34 0.28 0.22 0.55 0.23 

NO2 0.35 0.27 0.37 0.32 0.29 0.37 0.18 0.58 0.41 0.30 0.01 0.20 0.76 0.39 

O3 0.45 0.47 0.40 0.39 0.51 0.45 0.44 0.20 0.16 (0.14) 0.67 0.43 (0.59) (0.57) 

Ox (NO2+O3) 0.57 0.58 0.53 0.50 0.62 0.59 0.51 0.39 0.29 (0.05) 0.71 0.51 (0.39) (0.48) 
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Table S5 The back trajectories, VOC precursors, and oxidants during the three episodes 

Episode 
Isoprene 

(ppb) 

MVK+MACR 

(ppb) 

Monoterpene 

(ppb) 

NO2 

(ppb) 

O3 

(ppb) 

Ox (NO2+O3) 

(ppb) 
Back trajectories 

episode I 

(23 May day) 
0.36 0.50 0.06 22.51 55.47 77.98 

 

episode II 

(27 May night) 
0.22 0.43 0.13 24.83 38.27 63.10 

 

episode III 

(30 May night) 
0.23 1.00 0.08 29.77 87.56 117.33 
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