
Response to Anonymous Referee #1 

 

We are grateful to the Anonymous Referee #1 for the detailed comments and 

suggestions which greatly improved the quality of our manuscript. Our manuscript has 

been revised according to the comments from the Referee and our responses to the 

comments are as follows. Reviewer comments have been copied (R:) and replied to (A:) 

below. For clarity, the comments are reproduced in blue, authors’ responses are in black 

and changes in the manuscript are in red.  

 

General comments: 

This manuscript investigated the SOA formation from a mixture of α-pinene and DMS 

in laboratory chamber experiments. It is found that DMS has a non-linear effect on 

SOA generation: the mass concentration and yield of SOA show an increasing and then 

decreasing trend with the increase of the initial concentration of DMS. Potential 

interaction mechanisms have been proposed. Detailed offline characterization of SOA 

composition was conducted and utilized to investigate the SOA formation mechanism. 

However, the analysis has fundamental flaws. I cannot recommend publication in its 

current form. 

 

Major comments: 

R1-1:) The SOA yield is a function of existing organic aerosol (delta_Mo) (Pankow, 

1994). This fundamental concept is key in explaining the observed results, but is 

completely ignored throughout the discussion. 

 

A1-1:) Thank you for your valuable suggestion. As you said, establishing a functional 

relationship between SOA yield and existing organic aerosol (ΔMo) is key to 

interpreting the experimental results. We have added a series of experiments to establish 

a quantitative relationship between SOA yield and ΔMo for either α-pinene or DMS, 

as shown in Tables R1 and R2 below. All experiments were conducted at temperature 

of 299 ± 1 K and relative humidity (RH) of 30 – 40%. The corresponding contents are 

added in the revised manuscript (Page 10, Lines 216-217) and supplement (SI Pages 3-

4, Lines 48-58; SI Page 20, Lines 291-294). 

 

Table R1. Complementary experiments on the oxidation of individual α-pinene. 

Exp. [α-pinene]0 Δ[α-pinene] [NO]0 [NOx]0 [SOA] Y 

No. ppb ppb ppb ppb μg m-3   

A'-1 111 111 186 197 73.8 0.12±0.01 

A'-2 199 199 196 205 191.8 0.17±0.02 

A'-3 317 317 203 211 269.6 0.15±0.02 

A'-4 415 415 199 207 410.7 0.18±0.02 

A'-5 506 506 174 186 830.8 0.30±0.03 

 

 

 



Table R2. Complementary experiments on the oxidation of individual DMS. 

Exp. [DMS]0 Δ[DMS] [NO]0 [NOx]0 
[Total 

particles]  
[H2SO4] [MSA] [SOA] Y 

No. ppb ppb ppb ppb μg m-3 μg m-3 μg m-3 μg m-3   

D'-1 90 90 207 215 50.5 11.0 8.0 22.0 0.09±0.01 

D'-2 161 159 198 207 171.1 43.5 55.2 85.9 0.21±0.02 

D'-3 275 275 199 209 599.7 98.9 39.9 278.1 0.40±0.04 

D'-4 292 265 212 222 556.9 97.4 150.2 295.6 0.44±0.04 

 

A semi-empirical model based on gas-particle partitioning can be used to describe 

the relationship between yield and mass loading (Odum et al., 1996; Pankow, 1994), 

which can be expressed by the following equation (R1): 
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where αi and Kom, i (m
3 μg−1) are the mass-based gas-phase stoichiometric fraction and 

gas-particle partitioning coefficient, respectively. Y is the SOA yield, and ΔMO is the 

formed SOA mass concentration. In this model, it is generally assumed that the VOC 

is converted into a higher volatility product and a lower volatility product. The 

relationship curve between SOA mass concentration and yield in the experiment can be 

obtained by fitting the semi-empirical model. The parameters of the base group with 

lower product volatility were also calculated as α1, Kom, 1, and the parameters of the 

base group with higher volatility are α2, Kom, 2.  

The fitted curves are shown in Fig. R1 below. The DMS fitting curves were also 

plotted including Exp. D-1. For the individual oxidation experiments of α-pinene, the 

parameters were as follows: R2
A = 0.99, α1, A = 0.630, Kom, 1, A = 5.178 × 10-4, α2, A = 

0.0951, Kom, 2, A = 0.0624. For DMS, the parameters were as follows: R2
D = 0.99, α1, D 

= 1.076, Kom, 1, D = 0.00141, α2, D = 0.111, Kom, 2, D = 0.0623. The MO-dependent SOA 

yields of α-pinene and DMS were also used to calculate the predicted SOA mass 

concentration in the mixed experiments, see our response to Comment R1-3. 

 

 

Figure R1. Mass-dependent SOA yields for the oxidation of α-pinene (a) and DMS (b), 

individually. 



We have also added relevant text in the revised manuscript. As follows:  

“A semi-empirical model based on gas-particle partitioning can be used to describe 

the relationship between yield and mass loading (Odum et al., 1996; Pankow, 1994). 

The calculation process is shown in Sect. S3 in the supplement. Experiments for both 

individual α-pinene and individual DMS were simulated using this model. The 

complementary experiments for the two VOCs are shown in Tables S2 and S3. The 

DMS fitting curves were also plotted including Exp. D-1. The fitted curves are shown 

in Fig. 3. For the individual oxidation experiments of α-pinene, the parameters were as 

follows: R2
A = 0.99, α1, A = 0.630, Kom, 1, A = 5.178 × 10-4, α2, A = 0.0951, Kom, 2, A = 

0.0624. For DMS, R2
D = 0.99, α1, D = 1.076, Kom, 1, D = 0.00141, α2, D = 0.111, Kom, 2, D = 

0.0623.” (Pages 9-10, Lines 201-207) 

 

R1-2:) In Fig. 2, there is clear difference between measured and modeled DMS, but this 

issue is not discussed in the manuscript. The difference is surprising given the α-pinene 

decay is reasonably modeled. Perhaps the DMS measurement has issues. Further, the 

difference challenges the reliability of modeling results (e.g., Figure 2) and any 

conclusions drawn based on modeling.  

 

A1-2:) Thank you for your valuable suggestion. First, we think that the DMS 

measurement is accurate. In our experiments, DMS was detected using GC-FID. We 

utilized the area of peak at 1.37-1.5 min to quantify DMS, and the calibration curve is 

shown in Fig. R2 below. There is a good linear correlation between the peak area and 

the DMS concentration (R2 = 0.991). 

 

 
Figure R2. Calibration curve of DMS concentration. 

 

Secondly, the large difference between the measured DMS and the modeled DMS 

is observed in the mixed experiments. This is likely due to the incompleteness of the 

MCM model for the oxidation mechanism of DMS. We have mentioned the difference 

in the revised supplement. We elaborate on this reason here as well. The imperfection 

of the DMS oxidation mechanism in the model and the fact that most studies only focus 



on the oxidation mechanism of individual species and lack the mechanism of interaction 

from the overall perspective result in incomplete agreement of the model simulations 

(Coates and Butler, 2015; Knote et al., 2015; Zong et al., 2018; Yang et al., 2022). In 

addition, the MCM DMS scheme suffers from a number of problems. Firstly, unlike 

the other VOCs simulated by the MCM (alkanes, alkenes, aromatics, and oxygenates), 

the DMS scheme has rarely evaluated against chamber experiments. We have 

incorporated the oxidation mechanism of autoxidation of CH3SCH2O2 into the MCM 

model (Table R3) (Berndt et al., 2020; Ye et al., 2022; Jernigan et al., 2022; Lv et al., 

2019; Jacob et al., 2024; Chen et al., 2021; Berndt et al., 2023; Veres et al., 2020; Assaf 

et al., 2023). However, the MCM DMS scheme is rather outdated (Jacob et al., 2024). 

In addition, the uncertainty in the gas-phase reaction rate constants of the products of 

DMS and DMS (Chen and Jang, 2012). The corresponding contents are added in the 

revised supplement (SI Page 5, Lines 93-102; SI Pages 22-23, Line 300). 

 

Table R3. Mechanisms related to DMS added to the MCM model. 

Reaction Rate constant 

CH3SCH2O2 = HOOCH2SCH2O2 2.39×109×e-7278/T 

HOOCH2SCH2O2 = HPMTF + OH 6.10×1011×e-9.5×10^3/T+1.1×10^8/T^3 

HOOCH2SCH2O2 + NO = HOOCH2SCH2O + NO2 4.90×10-12×e260/T 

HOOCH2SCH2O2 + HO2 = HOOCH2SCH2OOH KRO2HO2×0.387 

HOOCH2SCH2O2 + NO3 = HOOCH2SCH2O + NO2 KRO2NO3 

HOOCH2SCH2O2 = HOOCH2SCH2O 3.74×10-12×[RO2] ×0.8 

HOOCH2SCH2O2 = HOOCH2SCH2OH 3.74×10-12×[RO2] ×0.91 

HOOCH2SCH2O2 = HPMTF 3.74×10-12×[RO2] ×0.09 

HOOCH2SCH2O = HOOCH2S + HCHO 1.00×106 

HPMTF + OH = HOOCH2S + CO 1.75×10-11×0.91 

HPMTF + OH = OH + HCHO + OCS 1.75×10-11×0.09 

HPMTF = HOOCH2S + HO2 + CO 2.10×10-11 

HOOCH2SCH2OH + OH = HPMTF + HO2 2.78×10-11 

HOOCH2SCH2OOH + OH = HOOCH2SCH2O2 2.00×3.68×10-13×e635/T 

OCS + O = CO + SO 2.10×10-11×e-2200/T 

OCS + OH = SO + OH 7.20×10-14×e-1070/T 

SO = SO2 + O 1.60×10-13×e-2280/T×[O2] 

SO + O3 = SO2 3.40×10-12×e-1100/T 

SO + NO2 = SO2 + NO 1.40×10-11 

SO + OH = SO2 + HO2 2.60×10-11×e330/T 

HOOCH2S + O3 = HOOCH2SO 1.50×10-12×e360/T 

HOOCH2S + NO2 = HOOCH2SO + NO 3.00×10-11×e240/T 

HOOCH2S = HOOCH2SOO 1.20×10-16×e1580/T×[O2] 

HOOCH2SOO = TPA + HO2 7.13×10-31×T14.02×e-2556/T 

HOOCH2SOO = HOOCH2S 1.50×105 

HOOCH2SOO = SO2 + HCHO + OH 5.00 

TPA + OH = OCS + OH 5.00×10-11×0.14 

TPA + OH = OCHSOH + OH 5.00×10-11×0.86 



Reaction Rate constant 

OCHSOH + OH = OCS + OH 1.40×10-12 

HOOCH2SO + O3 = SO2 + HCHO + OH 4.00×10-13 

HOOCH2SO + NO2 = SO2 + HCHO + OH + NO 1.20×10-11 

OCH2SCH2OH = HOCH2S + HCHO 1.00×106 

HOCH2S + O3 = HOCH2SO 1.50×10-12×e360/T 

HOCH2S + NO2 = HOCH2SO + NO 3.00×10-11×e240/T 

HOCH2S = HOCH2SOO 1.20×10-16×e1580/T×[O2] 

HOCH2SOO = HOCH2S 1.50×105 

HOCH2SOO = SO2 + HCHO + HO2 5.00 

HOCH2SO + O3 = SO2 + HCHO + HO2 4.00×10-13 

HOCH2SO + NO2 = SO2 + HCHO + HO2 + NO 1.20×10-11 

OCH2SCHO = HCHO + OCS + HO2 1.00×106 

 

The following texts were also added in the revised manuscript. 

“We have also added the reaction equations and rates obtained from previous 

studies on the isomerization reaction of the DMS-generated CH3SCH2O2 radical 

(Berndt et al., 2020; Ye et al., 2022; Jernigan et al., 2022; Lv et al., 2019; Jacob et al., 

2024; Chen et al., 2021; Berndt et al., 2023; Veres et al., 2020; Assaf et al., 2023) (Table 

S5).” (Page 7, Lines 167–170) 

“In addition, we also fitted the consumption trends of VOCs with the MCM model. 

There is some deviation between the measured DMS and the fitted DMS in mixed 

systems. The reasons for the deviation are detailed in Sect. S5 of the supplement. The 

time series of inorganic gases and the related presentation of the connection with SOA 

formation are also presented in Sect. S5 of the supplement.” (Pages 8-9, Lines 194–197) 

 

Thirdly, the results presented in Fig. 2 of the original manuscript (now Fig. 4c, d 

in the revised manuscript) are all measured results rather than modeled results. We 

presented the calculation of average OH concentration and OH reactivity in the 

supplement (Sect. S6 on Page 6). We have added the relevant texts in the manuscript 

as well. As follows: 

 “[OH]avg and OHR were estimated from experimental measurements of VOC 

concentrations and their OH reaction rate constants. Detailed calculations are given in 

Sect. S6.” (Page 11, Lines 231-233) 

 

Overall, the use of MCM is only supportive. We use this model for the purpose of 

getting the trend of OH changes in different systems. The vast majority of the results in 

the manuscript are measured. Although MCM mechanism of DMS is not well 

established, we believe that the modelled reactivity trend could be used for the 

comparison with measurements and therefore provide some hints. 

 

R1-3:) The first paragraph under section 2. The effect of α-pinene + DMS interaction 

on SOA yield should be systematically evaluated for all experiments and illustrated 

graphically. It is not sufficient to compare one set of experiments only in words. Also, 



an alternative and more meaningful way is to compare [delta α-pinene] * SOA yieldα-

pinene + [delta DMS] * SOA yieldDMS vs SOA mass formed in the mixed experiments. 

The SOA yields should correspond to the total SOA mass in the mixed experiments. 

 

A1-3:) Thank you for your valuable suggestion. We calculated the predicted mass 

concentration for mixed experiments as shown in equations (R2) and (R3) below: 
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where Yi denotes the predicted value calculated using the semi-empirical model when 

the value of ΔMO is equal to that of the mixed experiments, for both α-pinene and DMS. 

ΔVOCi (μg m-3) denotes the consumption of α-pinene or DMS in the mixed system 

(Exp. AD-3). ΔMi denotes the corresponding predicted mass concentrations of the two 

VOCs (μg m-3), and ΔM0 denotes the sum of the predicted mass concentrations of the 

mixed VOCs (μg m-3). 

A comparison of the predicted and measured mass concentration were shown in 

Fig. R3 below. Consistent with the measured values, the predicted SOA mass 

concentration showed a turning point at Δ[DMS]/Δ[α-pinene] of 1.097. The measured 

SOA mass concentration was greater than predicted SOA mass concentration for 

Δ[DMS]/Δ[α-pinene] below 1.056. In this ratio range, DMS promoted the generation 

of SOA in the mixed systems. When the ratio was higher than 1.056, the measured SOA 

mass concentration was lower than the predicted SOA mass concentration, indicating a 

possible inhibition effect. The corresponding contents are added in the revised 

manuscript (Page 10, Lines 210-215) and revised supplement (SI Page 4, Lines 59-63). 

 

 
Figure R3. Comparison of predicted and measured SOA mass concentration in mixed 

systems. (a) Measured and predicted SOA mass concentrations in different mixed 

experiments. (b) Ratio of measured to predicted SOA mass concentration. 

 

 

 

 

 



The following texts in Table 2 were added in the revised manuscript (Page 9, Line 198).  

 

Table 2. Experimental results of particle-phase components in photooxidation of 

DMS/α-pinene/NOx systems. 

Exp. 
[Total 

particles] a 
[H2SO4]b [MSA]b [SOAm]c Ym

d [SOAp]e 

No. μg m-3 μg m-3 μg m-3 μg m-3   μg m-3 

individual α-pinene  

A-1 269.5 - - 269.5 0.16±0.02   

individual DMS 

D-1 177.2 50.8 32.83 116.2 0.25±0.03   

mix α-pinene and DMS 

AD-1 296.3 15.0 22.2 270.8 0.14±0.02 216.7 

AD-2 422.3 15.7 22.5 400.1 0.20±0.02 270.3 

AD-3 572.6 45.4 24.9 507.5 0.24±0.02 425.8 

AD-4 714.4 55.4 50.5 607.7 0.25±0.03 648.7 

AD-5 683.0 48.8 36.2 613.1 0.24±0.02 708.2 

AD-6 551.5 35.3 8.5 504.2 0.19±0.02 680.9 

AD-7 539.9 48.4 16.8 476.0 0.19±0.02 677.5 

AD-8 364.4 68.7 0.1 237.1 0.08±0.01 537.6 

AD-9 289.9 83.2 7.0 154.0 0.06±0.01 436.5 
a The mass concentration of particles generated by SMPS, corrected for particle wall loss, was 

calculated as a particle density of 1.2 g cm-3. 
b IC detection, particle-phase products generated by DMS photooxidation. NH4

+ was hardly detected. 

All SO4
2- were detected by IC as H2SO4. 

c The measured SOA mass concentration is expressed as [Total particles]after-correction × (1 - [H2SO4] / 

[Total particles]before-correction). 
d [SOAm] / (Δ[α-pinene] + Δ[DMS]), as mixed yield. Error bars indicate SMPS instrument error of 

10%. 
e The predicted SOA mass concentration by using mass-dependent SOA yields of α-pinene and DMS. 

 

We have also added additional texts to the revised manuscript regarding the 

calculation of predicted mass concentration: 

“We evaluated the predicted mass concentration of SOA for two individual 

systems by using this model. The calculations took place under the condition that the 

existing organic aerosol (ΔMo) of the mixed system was equal to that of the individual 

system. The predicted mass concentration for the different mixed systems were 

calculated using equations (7) and (8) in the Sect. S3.” (Page 10, Lines 207-210) 

 

R1-4:) The proposed explanation regarding the effects of adding DMS on OH 

concentration is confusing. If the initial OH increase is because of OH regeneration 

from DMS oxidation, how could it be possible that further adding DMS will reduce 

OH? 

 

A1-4:) Thank you for your valuable suggestion. The CH3SCH2O2 radical generated 

from DMS oxidation reacts with NO, RO2, and HO2, and also undergoes isomerization 

reactions to form OH (Jacob et al., 2024; Berndt et al., 2023; Ye et al., 2022). We have 



added reactions related to the isomerization pathway of the CH3SCH2O2 radical to the 

MCM model, see our answer to Comment R1-2 for details.  

We evaluate the absolute amount of the isomerization channel of the CH3SCH2O2 

radical using the MCM model. The corresponding contents are added in the revised 

manuscript (Page 12, Lines 267-272; Page 13, Lines 273-277, 284-286) and supplement 

(SI Pages 7-8, Lines 128-141). The parameters related to each reaction channel of the 

CH3SCH2O2 radical generated by DMS oxidation were calculated as shown in 

equations (R4) - (R9):  
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where X denotes the concentration of NO, RO2, or HO2 (molecule cm-3) at time t fitted 

by the MCM model in each experiment. vCH3SCH2O2+X,t denotes the rate (s-1) at which 

the bimolecular reaction (CH3SCH2O2 + NO/RO2/HO2) at time t, respectively. 

kCH3SCH2O2+X denotes the rate constant (molecule cm-3 s-1) for the reaction of the 

CH3SCH2O2 radical with NO, RO2 or HO2 at time t, respectively. The rate constants 

are respectively (Jacob et al., 2024): kCH3SCH2O2+NO = 1.169 × 10-10 molecule cm-3 s-1, 

kCH3SCH2O2+RO2 = 3.740 × 10-12 molecule cm-3 s-1, kCH3SCH2O2+HO2 = 5.805 × 10-12 

molecule cm-3 s-1. vIsom. is a constant, here assumed to be 0.06 s-1 (Jacob et al., 2024; 

Assaf et al., 2023). CCH3SCH2O2+X,t (%) denotes the rate percentage of the three 

bimolecular reaction channels at time t. CIsom.t (%) denotes the rate percentage of the 

isomerization reaction channel. [CH3SCH2O2]t (molecule cm-3) denotes the 

concentration of CH3SCH2O2 radical at moment t. The percentage of CH3SCH2O2 + 

X’channel or Isom.’channel (%) indicates the relative percentage of a particular 

bimolecular or isomerization reaction channel throughout the whole reaction process. 

Amount of Isom. (molecule cm-3) denotes the absolute amount of the isomerization 

channel throughout the reaction process. 

The simulation results are shown in Fig. R4 below. It can be found that the amount 

of the isomerization channel increases and then decreases as the ratio of precursor 

consumption increases. The increase in OHR mentioned in the manuscript leads to a 

decreasing trend of SOA yield after the turning point. This is directly supported by the 

amount of the isomerization channel of the model-fitted CH3SCH2O2 radical. As the 



Δ[DMS]/Δ[α-pinene] increases further, the absolute amount of isomerization decreases 

and OH regeneration is less significant.  

This estimation result agrees with the measured SOA mass concentration, SOA 

yield, and OH concentration trends showing in Fig. 4, with the turning point at the 

Δ[DMS]/Δ[α-pinene] ratio of ~0.6 - 1 (i.e., Exp. AD-3 or AD-4). The slight difference 

(i.e., turning point at AD-3 vs AD-4) is likely due to the incomplete mechanism for 

DMS in the MCM model. Nevertheless, the results here suggest that the isomerization 

reaction intensity controls the OH concentration and therefore SOA formation in the 

mixed experiments. 

 

 

Figure R4. Amount of isomerization channels of CH3SCH2O2 radical. A curve was 

drawn as a guide to the eye. The curve was fitted without using the last data point since 

it was much higher than the other points. 

 

R1-5:) The proposed mechanisms in Figures 8 and 10 are flawed. The proposed 

isomerization reactions and H-shift do not occur in the atmosphere (Xu et al., 2019; 

Vereecken and Nozière, 2020). 

 

A1-5:) Thank you for your valuable suggestion. We agree that the H-shift path shown 

in Fig. 8 from the original manuscript indeed cannot occur after reviewing the literature. 

We have removed the second pathway in Fig. 8 from the original manuscript after 

revision. At the same time, we have modified the first pathway to other pathways, while 

proposing C10H15NO6 to be the other isomer. The molecular structure of the modified 

C10H15NO6 is a ring-opening product, which is oxidized from pinonaldehyde 

(Eddingsaas et al., 2012a). In addition, we retained the molecular structure of the dimer 

C20H33NO8, which is derived from Draper et al. (2015). The following texts and figures 

were added in the revised manuscript.  



 “Figure 12b shows the possible pathway of ON formation. In the presence of NO2, 

the hydrogen atoms on the carbon chain of the typical product pinonaldehyde can be 

readily oxidized to form nitrogen-containing carboxylate products by the addition of 

oxygen, i.e., C10H15NO6 (MW 245) (Boyd et al., 2015; Kim et al., 2012; Eddingsaas et 

al., 2012b).” (Page 20, Lines 417-420)  

“In addition, Fig. 12b demonstrates the possible structure of a high molecular 

weight oligomer generated in the individual α-pinene experiments: C20H33NO8 (MW 

415). It is speculated that RO2 tends more towards isomerization processes such as 

autoxidation compared to fragmentation reaction (Draper et al., 2015). This pathway 

increases the possibility of oligomerization of RO2 + RO2 and RO2 + HO2 in individual 

α-pinene oxidation.” (Page 20, Lines 423-426) 

 

The mechanisms related to ONs have also been modified, as shown below (Page 

21, Lines 427-430). 

 

 

Figure 12. Proposed formation mechanisms and structural for organosulfate (a) and 

organic nitrates (b) in SOA. Red, blue and black in the boxes refer to the products 

identified by α-pinene-only SOA products, mixed-only SOA products and α-pinene-

mixed-both SOA products, respectively. 



We have combined Fig. 9, 10, and 11 from the original manuscript and modified 

the relevant textual content. The most direct effect of DMS on α-pinene SOA is the 

generation of sulfur-containing molecules. The fragmentation product C5H8O8S can be 

generated from pinonic acid. This has been demonstrated in Surratt et al. (2008). For 

C10H17NO7S, we have modified it based on Wang et al. (2020). This product forms RO2 

by addition of OH and O2. Then ON is formed in the presence of NO, followed by 

esterification by sulfuric acid to form the final product. As for C10H16N2O10S and 

C6H10O8S, we also found their presence in the studies of Surratt et al. (2008) and Xu et 

al. (2020). The relevant mechanisms of OS are shown in Fig. 12(a) above. The 

following texts were added in the revised manuscript.  

“Acidic products of DMS can participate in the formation of α-pinene SOA. 

Acidic products are mainly generated by the H-abstraction pathway via photooxidation 

of DMS. At room temperature, H abstraction is the main reaction pathway, accounting 

for ~70% of the total reaction (Barnes et al., 2006). As shown in Fig. 1, this pathway 

first generates the CH3SCH2 radical, which can add to O2 to generate the CH3SCH2O2 

radical, followed by reaction with RO2 or HO2 to generate peroxy hydroxyl or peroxy 

nitrate, or with NO, eventually generating SO2, MSA and H2SO4. In the composition 

analysis of SOA generated by photooxidation of DMS-α-pinene, a number of sulfur-

containing compounds were generated. Based on previous studies (Aschmann et al., 

2002; Surratt et al., 2008; Surratt et al., 2007; Gao et al., 2006), we identify some 

potential OSs (Table S4). Figure 12a shows the reaction pathway for C5 OS generation. 

The oxidation product, pinonic acid reacts with OH to form 2/3-hydroxyglutaric acid 

(3-Hydroxyglutaric acid as an example) under high-NO condition, followed by 

sulfation to form C5H8O8S (MW 228) (Surratt et al., 2008). Xu et al. (2020) detected 

the isomer of C6H10O8S (MW 242), which was speculated to be a fragmentation product 

formed by further oxidation by ring structure breakage during the reaction.” (Page 20, 

Lines 396-406) 

“Due to the presence of NOx, we detected monomer compounds containing 

nitrogen-containing OSs (NOSs) which can demonstrate the coexistence of nitrate and 

sulfate groups. Figure 12a shows the reaction pathway for one of C10 NOS generation. 

C10H17NO7S is formed by heterogeneous reactions of SO2 with intermediates. The 

pathway usually occurs in the particle phase (Wang et al., 2020). Surratt et al. (2008) 

had identified the C10H16N2O10S (MW 356) product and proposed that it would form in 

the presence of highly acidic seeds that produces hydroperoxides containing two nitro 

groups firstly, which further eliminate one water molecule by sulfation. Combined with 

Table S4, the changes in the relative abundance of the majority of OSs in different 

mixing systems are consistent with the pattern of change in the yield of mixed SOA. 

This phenomenon suggests that DMS is most likely to influence the mechanism of α-

pinene SOA production through acidic products, especially the contribution of the C10 

NOSs.” (Page 20, Lines 407-415) 

 

We have found that DMS also affects the CHO molecules of α-pinene SOA. We 

have speculated on the mechanisms of formation of some CHO molecules. This part 

was presented in Sect. S8, Fig. S9 and Fig. S10 of the original supplement. We selected 



representative substances therein, mainly highly oxygenated organic molecules of C8 - 

C10. They are C8H12O4, C7H10O4, C10H16O2, C10H16O3, C10H16O4, C9H14O4, C9H14O6, 

C8H12O3, C9H14O5, C8H12O6, and C8H12O5, respectively. These products represent α-

pinene-only SOA products, mixed-only SOA products and α-pinene-mixed-both SOA 

products, respectively. Among them, the three products, C10H16O4, C9H14O6, and 

C8H12O5, have similar trends in the variation of yield in different systems.  

The following texts and figure were added in the revised manuscript.  

“The effect of DMS on the formation of α-pinene SOA is multiple. Table S4 shows 

some typical substances in different oxidation systems. The addition of DMS resulted 

in the generation of more C8 - C10 HOMs in the α-pinene SOA. Based on the previous 

studies (Librando and Tringali, 2005; Kristensen et al., 2014; Yasmeen et al., 2010; 

Aschmann et al., 1998; Gao et al., 2006), we showed the possible formation pathways 

of some of these typical CHO molecules in Fig. 11. In the presence of NOx, α-pinene 

undergoes OH addition and oxidation to form RO2. In the first pathway, this first-

generational RO2 undergoes multigenerational autoxidation or reacts with NO to form 

terpenylic acid (C8H12O4, MW 172). Terpenylic acid has the highest relative abundance 

in the product of α-pinene SOA compared to the mixed systems. Therefore, in an 

individual system, terpenylic acid is more likely to undergo further oxidation to produce 

terebic acid (C7H10O4, MW 158), which proves the view of Claeys et al. (2009) that the 

onset of terebic aldehyde oxidation is assumed to be in the particle phase, and this 

substance contributes dominantly to the particle phase product in individual α-pinene 

oxidation.” (Pages 17-18, Lines 373-382) 

“In the second pathway, the first-generational RO2 can interact with NO to form 

RO, which can undergo isomerization and other processes to form pinonaldehyde 

(C10H16O2, MW 168). Pinonaldehyde can be accompanied by the generation of HO2, 

and then further oxidized to hydroperoxide (C10H16O4, MW 200) and cis-pinonic acid 

(C10H16O3, MW 184), which is a typical gas-phase product. cis-Pinonic acid can 

produce RO2 containing several functional groups, which forms pinic acid (C9H14O4, 

MW 186) in the presence of NO and HO2. Further oxidation of pinic acid can form RO2, 

which undergoes reactions such as isomerization, dissociation to form a number of 

monomer compounds of C8 and C9 in the particle phase, including the HOMs such as 

C9H14O6 (MW 218), C9H14O5 (MW 202), C8H12O3 (MW 156). C8H12O3 oxidized by 

chain termination to from C8H12O5 (MW 188) and C8H12O6 (MW 204). Overall, the 

addition of DMS promotes a deeper oxidation of the intermediate product generated by 

the oxidation of α-pinene, as reflected in the opening of the six-membered ring, 

resulting in the formation of a multifunctional peroxycarboxylic acid.” (Pages 18-19, 

Lines 383-392) 



 
Figure 11. Proposed formation mechanisms and structural for CHO molecules in SOA. 

Red, blue and black in the boxes refer to the products identified by α-pinene-only SOA 

products, mixed-only SOA products and α-pinene-mixed-both SOA products, 

respectively. 

 

Subsequently, we also proposed the mechanisms for the other CHO products in 

the text of the revised supplement. 

“Several other CHO compounds were also generated in different systems. Based 

on the previous studies (Librando and Tringali, 2005; Kristensen et al., 2014; Yasmeen 



et al., 2010; Aschmann et al., 1998; Gao et al., 2006), we sorted out the possible 

formation mechanisms of the products of individual α-pinene and mixed oxidation in 

our experiments, as shown in Fig. S9. Figure S9 illustrates the four photooxidation 

pathways of α-pinene. α-Pinene forms RO2 under the oxidation of OH and O2, and 

further forms RO in the presence of RO2 or NO. The six-membered ring of RO opens, 

removing a CH3 fragment molecule to form the product, namely C9H14O3 (MW 170). 

Further oxidation of the gas-phase typical product, pinic acid, leads to the formation of 

C8H12O3 (MW 156). This product undergoes the action of O2 to form RO2, which passes 

through the RO2 + HO2 channel to form the final product, C8H12O4 (MW 172). In 

addition to generating hydroperoxide (C10H16O4, MW 200) and cis-pinonic acid 

(C10H16O3, MW 184) as mentioned in the Section 3.3.2, the intermediate product 

pinonaldehyde can be oxidized to form C9H14O2 (MW 154) and C10H18O3 (MW 186).” 

(SI Page 10, Lines 205-214)   

“Figure S9 also shows other products formed by the oxidation of the gas-phase 

product cis-pinonic acid (C10H16O3, MW 184) besides the products in Fig. 11, which 

forms a number of peroxyl radicals in the presence of OH or O2, and the subsequent 

reactions of these peroxyl radicals can be divided into four pathways.” (SI Page 10, 

Lines 215-217) 

 

Revised possible reaction pathway of CHO products is showed as Fig. S9 in the 

supplement (SI Page 17, Lines 270-272). 

 

 
Figure S9. Possible reaction pathway of CHO products generation. Blue and black in 

the boxes refer to the product identified by mixed-only SOA products and α-pinene- 

mixed-both SOA products, respectively. 

 



Minor Comments: 

R1-6:) The head row of Table 3 is confusing. The table seems to have two different 

head rows. For example, does the first column correspond to [total particles] or delta[α-

pinene]? 

 

A1-6:) Thank you for your valuable suggestion. We have modified the head row of 

Table 3 (now Table 2 in the revised manuscript).  

Page 9, Line 198 in the revised manuscript. As follows: 

 

Table 2. Experimental results of particle-phase components in photooxidation of 

DMS/α-pinene/NOx systems. 

Exp. 
[Total 

particles] a 
[H2SO4]b [MSA]b [SOAm]c Ym

d [SOAp]e 

No. μg m-3 μg m-3 μg m-3 μg m-3   μg m-3 

individual α-pinene  

A-1 269.5 - - 269.5 0.16±0.02   

individual DMS 

D-1 177.2 50.8 32.83 116.2 0.25±0.03   

mix α-pinene and DMS 

AD-1 296.3 15.0 22.2 270.8 0.14±0.02 216.7 

AD-2 422.3 15.7 22.5 400.1 0.20±0.02 270.3 

AD-3 572.6 45.4 24.9 507.5 0.24±0.02 425.8 

AD-4 714.4 55.4 50.5 607.7 0.25±0.03 648.7 

AD-5 683.0 48.8 36.2 613.1 0.24±0.02 708.2 

AD-6 551.5 35.3 8.5 504.2 0.19±0.02 680.9 

AD-7 539.9 48.4 16.8 476.0 0.19±0.02 677.5 

AD-8 364.4 68.7 0.1 237.1 0.08±0.01 537.6 

AD-9 289.9 83.2 7.0 154.0 0.06±0.01 436.5 
a The mass concentration of particles generated by SMPS, corrected for particle wall loss, was 

calculated as a particle density of 1.2 g cm-3. 
b IC detection, particle-phase products generated by DMS photooxidation. NH4

+ was hardly detected. 

All SO4
2- were detected by IC as H2SO4. 

c The measured SOA mass concentration is expressed as [Total particles]after-correction × (1 - [H2SO4] / 

[Total particles]before-correction). 
d [SOAm] / (Δ[α-pinene] + Δ[DMS]), as mixed yield. Error bars indicate SMPS instrument error of 

10%. 
e The predicted SOA mass concentration by using mass-dependent SOA yields of α-pinene and DMS. 
 

R1-7:) Describe how the volatility of each compound is estimated for Figure 6. 

 

A1-7:) Thank you for your valuable suggestion. We showed how to assess the volatility 

of each compound in the supplement. The following texts were added in the revised 

manuscript. 

“The volatility calculation for all the components are shown in Sect. S4.” (Page 

15, Lines 332-333) 

 



R1-8:) Line 3. Grammar error. I assume what the authors want to express is that “OH 

generation before the turning point could attribute to the enhancement in SOA 

formation.” 

 

A1-8:) Thank you for your valuable suggestion. The following texts were revised in the 

new manuscript. 

“OH regeneration before the turning point could attribute to the enhancement in 

SOA formation.” (Page 12, Lines 250-251) 
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