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S1 Related Calculation of OOMs 16 

Carbon oxidation state (OSc). The OSc of each non-nitro OOM was calculated based 17 

on Eq. 1 modified from that in Kroll et al. (2011) include organic nitrate contributions, 18 

by assuming that all nitrogen come from the nitrate group (-ONO2). 19 

𝑂𝑆𝑐 =
2(𝑛𝑂 − 3𝑛𝑁)

𝑛𝐶
−

𝑛𝐻

𝑛𝐶
+

𝑛𝑁

𝑛𝐶
. (1) 20 

 21 

Double bond equivalent (DBE). The DBE of each OOM was calculated using Eq.2, 22 

based on the assumption that all nitrogen come from the nitrate group (-ONO2) or nitro 23 

group (-NO2). DBE represents the combined effect of double or triple bonds, as well as 24 

the ring structure in the molecule, helping to identify the class of precursors of OOM 25 

(Nie et al., 2022). 26 

𝐷𝐵𝐸 = 𝑛𝐶 + 1 −
𝑛𝐻 + 𝑛𝑁

2
. (2) 27 

 28 

Effective Oxygen Number (nOeff). The effective oxygen number was calculated using 29 

Eq.3, by assuming that all nitrogen of non-nitro OOM come from the nitrate group (-30 

ONO2):  31 

𝑛𝑂𝑒𝑓𝑓
= 𝑛𝑂 − 2 × 𝑛𝑁 . (3) 32 

 33 

Volatility Basis Set (VBS). The saturation concentration at 300K of OOMs can be used 34 

as a characterization of volatility and was calculated using Eq.4 based on the group-35 

contribution method proposed by Donahue et al. (2011): 36 

𝑙𝑜𝑔10𝐶∗(300𝐾) = (25 − 𝑛𝐶) ∙ 𝑏𝐶 − (𝑛𝑂 − 2𝑛𝑁) ∙ 𝑏𝑂 − 2𝑏𝐶𝑂 [
(𝑛𝑂 − 2𝑛𝑁) ∙ 𝑛𝐶

𝑛𝐶 + 𝑛𝑂 − 2𝑛𝑁
] . (4) 37 

 38 

where bC=0.475, bO=2.3, bCO=-0.3. The effect of nitrate group (-ONO2) on volatility is 39 

similar to hydroxyl group (-OH).  40 

Furthermore, since monoterpene-derived OOMs primarily contain hydroperoxide 41 

groups (-OOH) and nitrate groups (-ONO2), their saturation concentrations were 42 

estimated using methods reported by Mohr et al. (2019): 43 

𝑙𝑜𝑔10𝐶∗(300𝐾) = (25 − 𝑛𝐶) ∙ 𝑏𝐶 − (𝑛𝑂 − 3𝑛𝑁) ∙ 𝑏𝑂

−2𝑏𝐶𝑂 [
(𝑛𝑂 − 3𝑛𝑁) ∙ 𝑛𝐶

𝑛𝐶 + 𝑛𝑂 − 3𝑛𝑁
] − 𝑛𝑁 ∙ 𝑏𝑁 . (5)

 44 

 45 
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where bC=0.475, bO=0.2, bCO=0.9, bN=2.5. In this study, the identification of 46 

monoterpene-related compounds was based on the approach proposed by Nie et al. 47 

(2022), where OOMs with DBE=2 that appeared in the PMF monoterpene-related 48 

factors were classified as monoterpene OOMs. 49 

The temperature dependence of volatilities is described by Eq.6, according to 50 

Stolzenburg et al. (2018): 51 

𝑙𝑜𝑔10𝐶𝑖
∗(𝑇) = 𝑙𝑜𝑔10𝐶𝑖

∗(300𝐾) +
∆𝐻𝑣𝑎𝑝

𝑅 ∙ ln(10)
(

1

300
−

1

𝑇
) (6) 52 

 53 

The evaporation enthalpy (∆𝐻𝑣𝑎𝑝) can be linked to the saturation mass concentration at 54 

300K, log10C*(300K), based on Donahue et al. (2011) and combined with Epstein et al. 55 

(2010):  56 

∆𝐻𝑣𝑎𝑝[𝑘𝐽 𝑚𝑜𝑙−1] = 129 − 5.7 ∙ 𝑙𝑜𝑔10𝐶𝑖
∗(300𝐾) (7) 57 

 58 

Hydroxyl radical (OH) estimate. The concentration of OH radical was calculated by 59 

applying Eq.8, based on the assumption that gaseous SA is produced primarily by the 60 

oxidation of SO2 by OH and is lost mainly through condensation on particles. 61 

[𝑂𝐻] =
[𝐻2𝑆𝑂4] ∙ 𝐶𝑆

𝑘𝑂𝐻+𝑆𝑂2
∙ [𝑆𝑂2]

. (8) 62 

 63 

where the constant 𝑘𝑂𝐻+𝑆𝑂2
 is a termolecular reaction constant for the rate-limiting 64 

step of the formation pathway of SA in the atmosphere (Finlayson-Pitts and Pitts, 2000). 65 

The condensation sink (CS) is the loss rate of SA by condensation of the aerosol surface, 66 

which is calculated by the following Eq. 9 (Kulmala et al., 2012): 67 

𝐶𝑆 = 2𝜋𝐷 ∑ 𝛽𝑚𝑖
𝑑𝑝𝑖

𝑁𝑖

𝑖

. (9) 68 

 69 

where D is the diffusion coefficient of gaseous SA, βm is a transition-regime correction 70 

factor dependent on the Knudsen number (Fuchs and Sutugin, 1971), and dpi and Ni are 71 

the diameter and number concentration of particles in size bin i.  72 

  73 
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S2 PMF input and diagnostics for each range 74 

S2.1 binPMF inputs 75 

Consistent with previous studies employing the binPMF methodology (Liu et al., 2021, 76 

2023), the mass spectrometry data were divided into narrow bins with a width of 0.004 77 

Th after mass axis calibration to construct the input data matrix for PMF analysis. Data 78 

quality control measures were implemented by excluding periods of instrumental 79 

instability and retaining only signal regions with meaningful signals in the mass spectra 80 

between N-0.1 and N+0.4 Th. The three ranges contained 17280, 18105, 18812 bins. 81 

The data were averaged into 30 min time resolution, and finally we got 1679 time points 82 

in the data matrix. The error matrix was calculated according to Zhang et al. (2019). To 83 

minimize the potential influence of nitrophenols and fluorinated contaminants on the 84 

final PMF results, these compounds were systematically down-weighted in the analysis.  85 

 86 

S2.2 Diagnosis of binPMF solutions 87 

As established in previous works applying PMF (Ulbrich et al., 2009; Yan et al., 2016), 88 

determining the optimal number of factors represents a critical step in the interpretation 89 

of PMF results. Accordingly, we systematically evaluated and diagnostically examined 90 

solutions encompassing a comprehensive range of factor numbers from 1 to 20 to 91 

ensure robust factor resolution. The Q/Qexp ratio exhibited a decreasing trend with 92 

increasing factor numbers, albeit with a diminishing rate of reduction (Fig. S1). When 93 

the number of PMF factors exceeded eight across all mass ranges, the Q/Qexp ratio 94 

stabilized at relatively low levels, accompanied by an explanation ratio exceeding 90% 95 

for the original dataset. While higher factor numbers facilitate the resolution of more 96 

subtle details within the data, excessive factor decomposition may lead to physically 97 

meaningful factors being artificially fragmented into less interpretable ones. In the 98 

Range 1, significant influence from nitrophenols was observed. The 10-factor solution 99 

successfully isolated and removed the nitrophenol-dominated factors without 100 

compromising subsequent analytical interpretations. The N2-MT-I factor was only 101 

resolved in the 12-factor solution. Further increasing the number of factors did not yield 102 

additional meaningful factors but rather resulted in excessive decomposition of existing 103 

factors, thereby compromising the analytical utility of the solution. Consequently, we 104 

conducted rotational ambiguity analysis on the 12-factor solution, systematically 105 

varying the fpeak parameter from -1 to 1 with an increment of 0.1. Notably, for R1, the 106 

fpeak range was extended to 1.5 to identify potentially more optimal solutions. Through 107 

this rotational analysis, we selected solutions that maximized the separation between 108 

contamination factors and NP-dominated factors. These specifically separated factors 109 

were subsequently excluded from further analytical consideration. Similarly, we 110 

performed this analytical framework to both R2 and R3, ultimately identifying 11-factor 111 

solutions as the optimal configurations for each respective dataset. 112 

 113 
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 114 

Figure S1. Diagnistics of PMF solutions, including (a)-(c) the variation of Q/Qexp and 115 

(d)-(f) explained ratio of PMF factors relative to the number of factors in three range. 116 

The red bars indicate the selected PMF solution. 117 

  118 
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S3 Selected PMF solution for each range 119 

The final PMF solutions selected for each range are presented in Fig. S2-S4. Notably, 120 

Range 3 exhibited two closely related factors (D3-AVOC-III-1, D3-AVOC-III-2) that 121 

demonstrated strong correlation with corresponding factors in the first two ranges only 122 

after factor merging. Therefore, these two factors were consolidated into a single 123 

composite factor (D3-AVOC-III) for subsequent analytical interpretation. 124 

 125 

 126 

Figure S2. Selected PMF solution for Range 1. (a) PMF factor profiles. (b) Time series 127 

of these factors. (c) Diurnal variations in PMF factors. 128 

  129 
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 130 

Figure S3. Selected PMF solution for Range 2. (a) PMF factor profiles. (b) Time series 131 

of these factors. (c) Diurnal variations in PMF factors. 132 

  133 
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 134 

Figure S4. Selected PMF solution for Range 3. (a) PMF factor profiles. (b) Time series 135 

of these factors. (c) Diurnal variations in PMF factors. 136 

 137 

  138 
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S4 Correlation of binPMF factors with other data 139 

 140 

Figure S5. Correlations of factors with external gas-phase and particulate tracers. The 141 

colors are differentiated by Pearson correlation coefficients. 142 
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S5 Dynamic chemical analysis of specific factors 143 

 144 

Figure S6. Characteristics of the D3-AVOC-III factor under varying condensation 145 

sink (CS) conditions. (a) Difference between the average mass spectra of D3-AVOC-146 

III under high CS (above the upper quartile) and low CS (below the lower quartile) 147 

conditions. (b) Boxplots of the concentrations of SVOC, LVOC, and U/ELVOC species 148 

binned by CS in each 0.01 s-1 interval. Data for CS > 0.04 s-1 are represented by dashed 149 

box plots owing too few data points. (c) Fractional contributions of SVOC, LVOC, and 150 

U/ELVOC species across different CS conditions. (d) Evolution of fractional 151 

contributions of three sub-ranges as a function of CS. 152 

 

 

153 
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 154 

Figure S7. Characteristics of the N2-MT-I factor under varying condensation sink 155 

(CS) conditions. (a) Difference between the average mass spectra of N2-MT-I under 156 

high CS (above the upper quartile) and low CS (below the lower quartile) conditions. 157 

(b) Boxplots of the concentrations of SVOC, LVOC, and U/ELVOC species binned by 158 

CS in each 0.01 s-1 interval. Data for CS > 0.04 s-1 are represented by dashed box plots 159 

owing too few data points. (c) Fractional contributions of SVOC, LVOC, and 160 

U/ELVOC species across different CS conditions. (d) Evolution of fractional 161 

contributions of three sub-ranges as a function of CS. 162 

 

 

  



 

12 

 

S6 Main peaks of binPMF factors 163 

Table S1. Molecular characteristics of D1-AVOC-I factor. The reagent ion has been 164 

omitted from the formulas. 165 

Range No. Formulas Contribution to the Range (%) DBE nO nN 

R1 

1 CxH2x-1O6N, x = [3, 9] 18.6 1 6 1 

2 CxH2x-2O4, x = [3, 10] 9.6 2 4 0 

3 CxH2x-3O7N, x = [4, 8] 8.3 2 7 1 

4 CxH2x-3O6N, x = [4, 9] 6.7 2 6 1 

5 CxH2x-5O7N, x = [5, 8] 5.1 3 7 1 

R2 

1 CxH2x-1O6N, x = [6, 13] 13.1 1 6 1 

2 CxH2x-5O8N, x = [5, 14] 9.9 3 8 1 

3 CxH2x-3O7N, x = [5, 15] 8.8 2 7 1 

4 CxH2x-5O7N, x = [5, 14] 7.5 3 7 1 

5 CxH2x-3O6N, x = [6, 14] 6.1 2 6 1 

R3 

1 CxH2x-5O8N, x = [11, 18] 4.3 3 8 1 

2 CxH2x-5O9N, x = [10, 17] 3.5 3 9 1 

3 CxH2x-4O10N2, x = [9, 16] 3.3 2 10 2 

4 CxH2x-3O8N, x = [11, 18] 3.0 2 8 1 

5 CxH2x-3O7N, x = [12, 18] 2.8 2 7 1 

 166 

 167 

Table S2. Molecular characteristics of D2-AVOC-II factor. The reagent ion has been 168 

omitted from the formulas. 169 

Range No. Formulas Contribution to the Range (%) DBE nO nN 

R2 

1 CxH2x-2O8N2, x = [6, 13] 14.8 1 8 2 

2 CxH2x-3O7N, x = [5, 14] 9.3 2 7 1 

3 CxH2x-1O6N, x = [6, 14] 9.3 1 6 1 

4 CxH2x-4O10N2, x = [7, 11] 6.7 2 10 2 

5 CxH2xO8N2, x = [5, 13] 6.5 0 8 2 

R3 

1 CxH2x-4O10N2, x = [8, 12] 18.3 2 10 2 

2 CxH2x-2O8N2, x = [10, 18] 12.3 1 8 2 

3 CxH2xO7N2, x = [11, 19] 8.5 0 7 2 

4 CxH2x-4O8N2, x = [10, 17] 6.2 2 8 2 

5 CxH2xO8N2, x = [10, 15] 4.1 0 8 2 

 170 

  171 
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Table S3. Molecular characteristics of D3-AVOC-III factor. The reagent ion has been 172 

omitted from the formulas. 173 

Range No. Formulas Contribution to the Range (%) DBE nO nN 

R1 

1 CxH2x-2O4, x = [3] 12.4 2 4 0 

2 CxH2x-3O7N, x = [4, 8] 7.6 2 7 1 

3 CxH2x-4O5, x = [4, 10] 7.3 3 5 0 

4 CxH2x-6O5, x = [5, 10] 6.1 4 5 0 

5 CxH2x-2O5, x = [4, 9] 6.0 2 5 0 

R2 

1 CxH2x-3O7N, x = [5, 11] 11.1 2 7 1 

2 CxH2x-5O7N, x = [5, 11] 6.1 3 7 1 

3 CxH2x-5O8N, x = [5, 12] 6.1 3 8 1 

4 CxH2x-3O8N, x = [5, 11] 6.0 2 8 1 

5 CxH2xO8N2, x = [5] 5.7 0 8 2 

R3 

1 CxH2x-4O10N2, x = [8, 15] 13.0 2 10 2 

2 CxH2x-4O9N2, x = [9, 16] 5.7 2 9 2 

3 CxH2x-2O9N2, x = [9, 16] 4.1 1 9 2 

4 CxH2x-2O8N2, x = [10, 16] 4.1 1 8 2 

5 CxH2x-1O10N3, x = [7, 15] 3.4 0 10 3 

 174 

 175 

Table S4. Molecular characteristics of D4-AVOC-IV factor. The reagent ion has been 176 

omitted from the formulas. 177 

Range No. Formulas Contribution to the Range (%) DBE nO nN 

R1 

1 CxH2x-2O4, x = [3, 9] 16.8 2 4 0 

2 CxH2x-3O6N, x = [4, 9] 15.4 2 6 1 

3 CxH2x-1O6N, x = [3, 9] 15.2 1 6 1 

4 CxH2x-1O5N, x = [2, 5] 9.1 1 5 1 

5 CxH2x-4O4, x = [5, 10] 6.6 3 4 0 

R2 

1 CxH2x-1O6N, x = [6, 12] 14.8 1 6 1 

2 CxH2x-3O6N, x = [6, 14] 13.9 2 6 1 

3 CxH2x-3O7N, x = [5, 12] 6.5 2 7 1 

4 CxH2x-2O8N2, x = [4, 9] 4.8 1 8 2 

5 CxH2x-5O7N, x = [7, 13] 4.2 3 7 1 

 178 

  179 



 

14 

 

Table S5. Molecular characteristics of D5-IP factor. The reagent ion has been omitted 180 

from the formulas. 181 

Range No. Formulas Contribution to the Range (%) DBE nC nN 

R1 

1 C5H10OxN2, x = [8] 45.7 0 5 2 

2 C5H9OxN, x = [4, 9] 4.6 1 5 1 

3 C5H8OxN2, x = [7, 8] 3.8 1 5 2 

4 C4H7OxN, x = [5, 6] 3.6 1 4 1 

5 C5H7OxN, x = [3, 8] 3.4 2 5 1 

R2 

1 C5H10OxN2, x = [8, 9] 45.4 0 5 2 

2 C5H9OxN3, x = [10, 11] 6.9 0 5 3 

3 C5H8OxN2, x = [8, 9] 4.0 1 5 2 

4 C6H10OxN2, x = [8, 9] 1.8 1 6 2 

5 C7H10OxN2, x = [8, 10] 1.6 2 7 2 

R3 

1 C10H16OxN2, x = [8, 14] 5.6 2 10 2 

2 C5H10OxN2, x = [8] 5.6 0 5 2 

3 C10H17OxN3, x = [10, 14] 4.3 1 10 3 

4 C9H14OxN2, x = [9, 14] 3.9 2 9 2 

5 C5H9OxN3, x = [10] 3.1 0 5 3 

 182 

 183 

Table S6. Molecular characteristics of N1-IP factor. The reagent ion has been omitted 184 

from the formulas. 185 

Range No. Formulas Contribution to the Range (%) DBE nC nN 

R3 

1 C5H8OxN·, x = [5] 57.4 1.5 5 1 

2 C6H10Ox, x = [5] 8.7 2 6 0 

3 C6H11OxN, x = [6, 8] 3.8 1 6 1 

4 C5H9OxN, x = [5, 6] 2.9 1 5 1 

5 C7H9OxN, x = [6, 8] 2.6 3 7 1 

 186 

  187 
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Table S7. Molecular characteristics of N2-MT-I factor. The reagent ion has been 188 

omitted from the formulas. 189 

Range No. Formulas Contribution to the Range (%) DBE nC nN 

R1 

1 C7H9OxN, x = [6, 8] 8.5 3 7 1 

2 C2H3OxN, x = [5] 7.0 1 2 1 

3 C7H11OxN, x = [6, 8] 6.8 2 7 1 

4 C6H9OxN, x = [5, 8] 6.4 2 6 1 

5 C5H7OxN, x = [5, 8] 5.1 2 5 1 

R2 

1 C7H9OxN, x = [6, 9] 6.7 3 7 1 

2 C10H15OxN, x = [6, 10] 6.6 3 10 1 

3 C9H15OxN, x = [6, 9] 6.2 2 9 1 

4 C10H17OxN, x = [6, 10] 5.5 2 10 1 

5 C6H11OxN, x = [6, 9] 5.1 1 6 1 

R3 

1 C10H15OxN, x = [9, 12] 9.0 3 10 1 

2 C10H16OxN2, x = [8, 13] 6.3 2 10 2 

3 C10H16OxN·, x = [9, 11] 6.1 2.5 10 1 

4 C10H18OxN2, x = [8, 12] 5.1 1 10 2 

5 C9H16OxN2, x = [9, 13] 4.0 1 9 2 

 190 

 191 

Table S8. Molecular characteristics of N3-MT-II factor. The reagent ion has been 192 

omitted from the formulas. 193 

Range No. Formulas Contribution to the Range (%) DBE nC nN 

R3 

1 C10H16OxN2, x = [8, 13] 17.7 2 10 2 

2 C10H18OxN2, x = [8, 13] 16.7 1 10 2 

3 C10H17OxN3, x = [10, 13] 7.4 1 10 3 

4 C10H16OxN·, x = [9, 11] 3.0 2.5 10 1 

5 C9H16OxN2, x = [9, 13] 2.9 1 9 2 

 194 

 195 

Table S9. Molecular characteristics of N4-SQT factor. The reagent ion has been omitted 196 

from the formulas. 197 

Range No. Formulas Contribution to the Range (%) DBE nC nN 

R3 

1 C15H23OxN, x = [6, 12] 14.3 4 15 1 

2 C15H24OxN·, x = [7, 13] 7.6 3.5 15 1 

3 C15H25OxN, x = [6, 13] 5.8 3 15 1 

4 C15H24OxN2, x = [8, 12] 5.3 3 15 2 

5 C11H16OxN2, x = [9, 13] 3.9 3 11 2 

 198 

 199 

  200 
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Table S10. Molecular characteristics of Trans-AVOC factor. The reagent ion has been 201 

omitted from the formulas. 202 

Range No. Formulas Contribution to the Range (%) DBE nO nN 

R2 

1 CxH2x-2O8N2, x = [4, 12] 20.2 1 8 2 

2 CxH2x-3O6N, x = [6, 11] 18.0 2 6 1 

3 CxH2x-1O6N, x = [6, 10] 10.4 1 6 1 

4 CxH2x-3O10N, x = [5, 11] 5.6 2 10 1 

5 CxH2xO7N2, x = [5, 11] 4.5 0 7 2 

R3 

1 CxH2x-3O10N3, x = [7, 14] 11.0 1 10 3 

2 CxH2x-1O10N3, x = [7, 13] 8.0 0 10 3 

3 CxH2x-3O11N3, x = [6, 14] 7.6 1 11 3 

4 CxH2x-2O8N2, x = [10, 14] 7.2 1 8 2 

5 CxH2x-4O9N2, x = [9, 14] 5.2 2 9 2 

 203 

 204 

Table S11. Molecular characteristics of Mixed-MT factor. The reagent ion has been 205 

omitted from the formulas. 206 

Range No. Formulas Contribution to the Range (%) DBE nO nN 

R2 

1 CxH2x-3O6N, x = [6, 14] 10.2 2 6 1 

2 CxH2x-5O6N, x = [6, 15] 7.2 3 6 1 

3 CxH2x-1O6N, x = [6, 12] 6.6 1 6 1 

4 CxH2xO7N2, x = [5, 14] 6.0 0 7 2 

5 CxH2x-1O5N, x = [7, 13] 5.0 1 5 1 

R3 

1 CxH2x-2O8N2, x = [10, 15] 9.3 1 8 2 

2 CxH2x-4O8N2, x = [10, 15] 7.9 2 8 2 

3 CxH2x-4O9N2, x = [9, 15] 5.9 2 9 2 

4 CxH2xO7N2, x = [11, 16] 5.4 0 7 2 

5 CxH2x-3O10N3, x = [7, 13] 3.2 1 10 3 

 207 

 208 
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