
Response to Anonymous Referee #2 

 

We are grateful to the Anonymous Referee #2 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 describes a system of environmental chamber experiments to examine 

the kinetics and product distribution both in the gas and aerosol phase from a mixture 

of DMS and α-pinene. The work describes the non-linear effect of DMS on the 

oxidation of α-pinene with respect to the mass concentration and yield of SOA. The 

authors attribute this observation primarily to acid catalyzed heterogeneous reactions 

and changing OH reactivity and concentrations. The authors present a detailed analysis 

of the SOA and the components that could be contributing to the observed SOA. The 

authors also present multiple mechanisms to help explain the observed masses. The 

work in its current form is confusing and contains errors and issues with the figures and 

supporting claims. I cannot recommend this publication in its current form. I would 

request major revisions before publication is reevaluated. 

 

Major comments 

R2-1:) The tables and figures throughout the work are confusing. Axes are hard to 

associate with the data and tables seem to have headers that do not match with the 

presented data.  

 

A2-1:) Thank you for your valuable suggestion.  

The following texts, tables and figures were revised in the new manuscript. 

Page 4, Lines 101-102: 

All experiments were conducted at temperature of 299 ± 1 K and relative humidity 

(RH) of 30 – 40%. 

 

Page 5, Line 111: 

Table 1. Experimental conditions of the chamber experiments. 

Exp. [α-

pinene]0
a 

[DMS]0
a Δ[α-

pinene]b 

Δ[DMS]
b 

[NO]0

a 

[NOx]0

a 

[SO2]max

c 

[O3]max

c 

No. ppb ppb ppb ppb ppb ppb ppb ppb 

individual α-pinene 

A-1* 308 0 308 - 195 206 - 21 

A-2* 285 0 285 - 201 204 -  30 

individual DMS 

D-1 0 184 - 183 189 192 68 19 

D-2* 0 290 - 276 206 211 103 25 

D-3* 0 600 - 372 207 212 183  41 



mix α-pinene and DMS 

AD-1 312 140 312 83 208 211 35 25 

AD-2 321 197 321 87 190 195 42 25 

AD-3 305 301 305 181 203 212 76 23 

AD-4 291 372 291 307 183 203 89 18 

AD-5 308 441 308 338 193 202 111 25 

AD-6 317 536 317 359 191 203 110 24 

AD-7 282 639 282 384 196 206 140 27 

AD-8 306 613 306 440 189 193 156 45 

AD-9 295 687 295 457 183 191 154 51 

AD-10* 319 251 319 219 197 200 82 25 

AD-11* 314 401 314 330 184 194 116 22 

AD-12* 332 646 332 447 198 199 179 26 

AD-13* 300 614 300 406 193 197 147  29 

a Initial concentration of α-pinene, DMS, NO and NOx. 
b The consumption of α-pinene and DMS when the particles were produced to the maximum mass 

concentration determined by SMPS. 
c The maximum concentration of O3 and SO2 production during light exposure. 

* For off-line analysis of SOA. MS Analysis: Exp. A-1, D-2, AD-10, AD-11, AD-12. IR Analysis: 

Exp. A-2, D-3, AD-13. 

 

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%. 

 



Page 7, Line 173: 

Table 2 show the experimental results of particle-phase components in photooxidation 

of DMS and α-pinene systems. 

 

Page 8, Lines 185-187:  

 

Figure 2. Variation of precursors with reaction time. Red and black dots indicate the 

results of smog chamber experiments and the curves indicate the results of MCM 

simulations. Blue dots indicate mass concentration of particles in smog chamber. 

 

Page 14, Lines 299-303:  

 

Figure 6. Comparison of negative mode mass peak of SOA in the individual α-pinene 

and mixed systems. (a) Mass spectra of SOA with/without the presence of DMS. (b) 

Comparison of the relative intensities of mass spectrometry peaks with different m/z 



ratio ranges. Relative strength is the strength of a substance with a certain mass-to-

charge ratio divided by the total strength of all substances. 

 

Page 15, Lines 329-331: 

 

Figure 8. The plots of OSC against carbon number of particulate organic molecules 

formed from individual α-pinene (a) and mixed conditions (b). 

 

Page 16, Lines 341-343: 

 

Figure 9. Relationship between O:C and saturation concentration for molecules of 

different element types in individual α-pinene oxidation (a) and mixed oxidation (b). 



Page 17, Lines 360-365: 

 

Figure 10. Relative abundance of molecules identified in different reaction systems. (a) 

S-containing components in the mixed oxidation at different DMS concentrations. (b) 

CHO/CHON components recognized in individual and mixed oxidation. Details of the 

molecules are given in Table S4. “Low, medium and high” represent Δ[DMS]/Δ[α-

pinene] in mixed experiments, indicating different mixing ratios. Specifically, “low” 

represents Exp. AD-10 below the turning point, “medium” represents Exp. AD-11 at 

the turning point, and “high” represents Exp. AD-12 below the turning point. 

 

The following figures were added or revised in the new supplement. 

SI Page 13, Lines 250-253: 

 
Figure S2. Wall-loss correction of particle. (a) Variation of particle wall-loss coefficient 

with particle size. (b) Total particle mass concentration of aerosols generated from 

mixed system. (c) Size-dependent particle number concentration before correction from 

mixed system. (d) Size-dependent particle number concentration after correction from 

mixed system.  



SI Page 17, Lines 268-269: 

 

Figure S8. Van Krevelen plots of compounds formed from individual α-pinene (a) and 

mixed system (b). 

 

R2-2:) The work does a good job trying to disentangle the effect of DMS and alpha-

pinene on SOA formation by looking at the products and yields separately as well as in 

a mixture. The concentrations of VOCs, NOx and H2O2 are atypical of the environment 

and should be discussed in more detail. I understand limitations of instrumentation and 

observations, but additional work (facilitated by modeling) could be used to better 

understand the fate of the VOC and the RO2 generated from OH oxidation within the 

chamber.  

 

A2-2:) Thank you for your valuable suggestion. We agree that the fate of the RO2 

generated from OH oxidation is important to be understood in the chamber. Therefore, 

we evaluate the fate of RO2 by estimating the relative contribution (percentage) of RO2 

+ HO2, RO2 + NO and RO2 + RO2 reactions. In the quantitative calculations for these 

three channels, we used the recommended general rate constants (Ziemann and 

Atkinson, 2012). Although the type of RO2 and the product channels can bias the results 

slightly, it is negligible for overall quantification (Peng et al., 2019). We focus on RO2 

in general and do not specifically discuss the chemical characterization of specific RO2 

oxidation products. It is important to note in particular that the RO2 self- and cross-

reaction rate constant is highly correlated with RO2 type (Peng et al., 2019). Rate 

constants are highly dependent on the specific RO2 types and can vary over a very large 

range (10-17 - 10-10 cm3 molecule-1s-1). Unsubstituted primary, secondary and tertiary 

RO2 radicals self- and cross-reaction rate at ~ 10-13, ~ 10-15 and ~ 10-17 cm3 molecule-

1s-1, respectively (Ziemann and Atkinson, 2012). Substituted RO2 types have higher 

reaction rate constants than unsubstituted RO2 types, which can reach ~10-11 cm3 

molecule-1s-1. Based on this, our study used relatively moderate levels of rate constants 

to quantify RO2 + RO2 channels. A value of 2.5 × 10-13 cm3 molecule-1s-1 was chosen 

based on Ziemann and Atkinson (2012)’s study. Meanwhile, for the RO2 + HO2 and 

RO2 + NO channels, we selected the values 1.5 × 10-11 cm3 molecule-1s-1 and 9 × 10-12 



cm3 molecule-1s-1 (Ziemann and Atkinson, 2012; Peng et al., 2019). The corresponding 

contents are added in the revised supplement (SI Pages 8-9, Lines 149-160). 

With the known reaction rate constants for each channel, we calculated the 

contribution of the three reaction channels using the following equations (R1) - (R4): 

2 2

2 2

2 2 2 2 2

RO HO 2 t

RO +HO ,t

RO HO 2 t RO RO 2 t RO NO t

k [HO ]
C

k [HO ] k [RO ] k [NO]



  


 

 (R1) 

2 2

2 2

2 2 2 2 2

RO RO 2 t

RO +RO ,t

RO HO 2 t RO RO 2 t RO NO t

k [RO ]
C

k [HO ] k [RO ] k [NO]



  


 

 (R2) 

2

2

2 2 2 2 2

RO NO t

RO +NO,t

RO HO 2 t RO RO 2 t RO NO t

k [NO]
C

k [HO ] k [RO ] k [NO]



  


 

 (R3) 
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(R4) 

where CRO2+HO2,t, CRO2+RO2,t and CRO2+NO,t (s-1) are the rate percentage of the three 

channels at the given time point (t), respectively. [HO2]t, [RO2]t and [NO]t (molecule 

cm-3) represent the concentration simulated in the MCM model at t, respectively. The 

percentage of each channel refers to the relative percentage of each reaction channel 

throughout the whole reaction process. kRO2+RO2 = 2.5 × 10-13 cm3 molecule-1 s-1, 

kRO2+HO2 = 1.5 × 10-11 cm3 molecule-1 s-1, kRO2+NO = 9 × 10-12 cm3 molecule-1 s-1. The 

corresponding contents are added in the revised supplement (SI Page 8, Lines 142-148) 

The calculation results are displayed in Fig. R1a below. The reaction pathway with 

the largest contribution is RO2 + NO (~50-80%), indicating that our experiments are 

under the typical high-NOx conditions. Even though the concentration of VOCs are 

atypical in the real atmosphere, it can be seen that the percentage of the RO2 + RO2 

reaction pathway is very low (<10%). This indicates that the RO2 self- or cross-reaction 

pathway is a minor fate in our chamber experiments. The corresponding contents are 

added in the revised supplement (SI Page 9, Lines 161-164; SI Page 18, Lines 273-275). 

In addition to the three bimolecular reaction pathways (i.e. RO2 + RO2, RO2 + HO2 

and RO2 + NO), RO2 isomerization is also an important reaction pathway. To determine 

whether isomerization can occur in different reaction systems, we calculated RO2 

bimolecular lifetimes (τ) (Xu et al., 2019), as shown in Equation (R5): 

2 2 2 2 2RO HO 2 t RO RO 2 t RO NO t

1

k [HO ] k [RO ] k [NO]


  


 

 (R5) 

An RO2 lifetime (without RO2 isomerization included) of 10 s leads to a relative 

importance of isomerization of 50% in the total fate (including all loss pathways) of 

RO2 with an isomerization rate constant of 0.1s-1, which is a typical order of magnitude 

for isomerization rate constants of multifunctional RO2 with hydroxyl and hydroperoxy 

substituents (Crounse et al., 2013; D’ambro et al., 2017; Praske et al., 2018). Peng et al. 

(2019) used models to simulate the atmospheric lifetime of RO2 in several typical 

ambient sites, chambers and flow tubes, with data extracted from (Fry et al., 2013; 

Martin et al., 2016; Martin et al., 2017; Ryerson et al., 2013; Peng et al., 2016; Mao et 

al., 2009; Stone et al., 2012; Nguyen et al., 2014). NO measured in Los Angeles during 

the CalNex-LA campaign (Ortega et al., 2016) was 1 ppb, which would to allow RO2 



to isomerize, even in an urban area. The environmental conditions in this region are 

similar to our experiments, both in a high-NOx environment. While 10 s is an important 

threshold, the conditions that apply are remote clean areas where little RO2 + NO 

reaction occurs. The atmospheric lifetime of RO2 in the Los Angeles area starts at 0.3 

s, which coincides with our experimental. Therefore, we used 0.3 s as the threshold to 

evaluate whether isomerization can occur under high NOx conditions. It can be found 

that the RO2 lifetime of all experimental systems are higher than 0.3 s from the Fig. 

R1b. Thus, it is likely that the isomerization channel of RO2 can occur in our 

experiments. The corresponding contents are added in the revised supplement (SI Page 

9, Lines 165-180; SI Page 18, Lines 273-275). 

Overall, even though the concentration of VOCs and oxidants in our experimental 

systems are not typical of the environment, the RO2 fate can still be considered 

atmospherically relevant. 

 

 
Figure R1. MCM model fitting results for the RO2 reaction channel. (a) Percentage of 

different reaction channels of RO2 in different experiments. (b) Atmospheric lifetime 

of RO2 (without RO2 isomerization included) in different oxidation systems. 

 

Meanwhile, the following texts were added in the revised manuscript. 

“In addition, even though the concentrations of VOCs and oxidants in our 

experimental systems are not typical of the environment, our experiments can still be 

considered atmospherically relevant. As discussed in detail in Sect. S7, the calculation 

results indicate that our experiments were conducted under typical high NOx conditions. 

Although VOC concentrations are high, RO2 + RO2 reaction is not a major fate of RO2. 

RO2 isomerization can likely occur in our experiments as well.”  (Page 4, Lines 103-

107) 

 

R2-3:) Overall the experimental set up and design of the chamber experiments needs to 

be discussed in more detail, so the reader can understand the observations better. In 

particular the design of the chamber is not communicated well. There is some general 

confusion about the [OH] concentration within the chamber and how that plays into the 

observations of DMS and α-pinene. The DMS observations across the chamber results 



seem to have a linear and unmatched decay compared to that of the model. This is a 

significant fraction of mass that the model is not capturing that is not addressed in the 

text. A further discussion on limitations or missing mechanisms within the DMS 

mechanism should be communicated to better understand the present results and 

subsequent understanding on DMS’s effect on SOA yields.  

 

A2-3:) Thank you for your valuable suggestion. We calculated the average OH 

concentration by the decay of measured DMS concentration in the chamber. We found 

that the trend of OH concentration in different oxidation systems was consistent with 

the yield, and all of them showed an increasing and then decreasing trend. The change 

in OH concentration is likely due to the OH regeneration from the isomerization of 

CH3SCH2O2 radical. 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 (Table R1) 

(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 R1. 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 1.75×10-11×0.09 

HPMTF + OH = OH + HCHO + OCS 1.75×10-11×0.92 

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 



Reaction Rate constant 

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 

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 

 

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 (R6) - (R11):  
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  (R11) 

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. R2 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 R2. 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. 



 

Elevated OH concentration leads to faster precursors consumption and more SOA 

generation. We have added details related to the influence of OH concentration on 

VOCs and SOA in the revised manuscript. As follows: 

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

SOA formation. Increasing the average OH concentration within the reaction system 

helps to enhance the oxidation rates of α-pinene and DMS (Ng et al., 2007), resulting 

in the rapid generation of low volatile products. The rapid formation of low volatile 

products ensures the formation and growth of SOA even if there is wall loss of the gas 

phase products. In addition to this, high OH concentration contributes to 

multigenerational oxidation reactions (Sarrafzadeh et al., 2016; Robinson et al., 2007; 

Eddingsaas et al., 2012b). For example, intermediates such as unsaturated keto-

aldehydes as well as epoxides can be generated during the photooxidation of α-pinene. 

Increasing the OH concentration of the reaction system consumes more intermediates, 

resulting in an increase in the SOA mass concentration. The SOA yield was calculated 

based on the amount of precursors consumed as well as the SOA mass concentration. 

Thus the obtained SOA yield is higher at high OH concentration.” (Page 12, Lines 250-

258) 

 

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. 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 R1) 

(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). 

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. 

We have also added a short description of the gap between the fitted and measured 

DMS in the revised manuscript. As follows: 



 “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) 

 

In addition, we have revised the calculation of the average OH concentration in 

the revised manuscript. As follows: 

 “The steps for calculating the SOA yield have been mentioned earlier in Table 2.” 

(Page 10, Line 227) 

“[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) 

 

R2-4:) The discussion surrounding OH is confusing and deserves more explanation. In 

particular, more time needs to be spent describing (or citing) how OH was 

calculated/constrained within the chamber. Figure 2, presents OH numbers and a trend 

line, but descriptions of how this was derived is missing. DMS has a well known OH 

loss rate and is present in most of the experiments, I would recommend using that decay 

curve to inform your OH concentrations and compare that to your box model results. 

Additionally, I am confused about the connection between OH loss and aerosol acidity 

referenced in the work (line 190). 

 

A2-4:) Thank you for your valuable suggestion. The response regarding OH 

calculation and the comparison to model can be found above in our response to 

Comment R2-3. 

We apologize for the confusion caused by the use of the phrase "In addition to acid 

catalysis". We would like to clarify that DMS affects SOA generation not only through 

acid catalysis, but also through its own actions such as OH regeneration. In the new 

manuscript, we have removed this sentence. The trends in OH simulated by the MCM 

model were described in the original manuscript. We have also presented these texts in 

the revised manuscript. It is shown below: 

“To more accurately reflect the [OH]avg of each experiment, we combined the 

MCM model to calculate the trends of OH concentration in different experiments with 

time, as shown in Fig. S6. The maximum OH concentration before the turning point 

from Exp. AD-1 to Exp. AD-4 are higher than those after the turning point from Exp. 

AD-5 to Exp. AD-9 at the end of experiments. Interestingly, the largest OH 

concentration formed in Exp. AD-4 during the time period when the OH concentration 

was rising at the fastest rate from the local magnification graph, which is consistent 

with the average OH concentration reflected in Fig. 4d. The OH concentrations of other 

systems are also largely consistent.” (Page 12, Lines 244-250) 

 

R2-5:) Overall, there seems to be a lack of citations or validation for some of the 

comments made throughout the work. In particular, comprehensive citations 



referencing mechanisms, techniques and analysis used and previous chamber work is 

missing.  

 

A2-5:) Thank you for your valuable suggestion. We add more references to the relevant 

parts. In addition, the introduction mentioned some work related to chamber for 

simulated oxidation of mixed VOCs.  

Page 2, Lines 36, 37, 38, 42 in the revised manuscript. As follows: 

The ambient atmosphere is a complex mixture of different organic gases, which 

can interact and mix to form SOA through the same emission source or in the 

atmospheric transport (Voliotis et al., 2022; Malik et al., 2018; Luo et al., 2015; Voliotis 

et al., 2022a). The oxidation of organic gases with other VOCs produces more SOA 

with monoterpenes or sesquiterpenes in the mixed systems (Vivanco et al., 2011; 

Vivanco et al., 2013; Emanuelsson et al., 2013; Voliotis et al., 2022a; Jaoui et al., 2008). 

Special molecular structures can enhance the reactivity of mixed systems and 

accelerate the rate of oxidant consumption, while making the products tend to 

polymerize and promoting the particle nucleation (Li et al., 2021; Ylisirniö et al., 2020; 

Yang et al., 2019; Salvador et al., 2020; Vizenor and Asa-Awuku, 2018; Dada et al., 

2023; Voliotis et al., 2021). 

 

The cited references are shown below: 

Voliotis, A., Du, M., Wang, Y., Shao, Y., Alfarra, M. R., Bannan, T. J., Hu, D., Pereira, 

K. L., Hamilton, J. F., Hallquist, M., Mentel, T. F., and McFiggans, G.: Chamber 

investigation of the formation and transformation of secondary organic aerosol in 

mixtures of biogenic and anthropogenic volatile organic compounds, Atmos. Chem. 

Phys., 22, 14147-14175, 10.5194/acp-2214147-2022, 2022b. 

Malik, T. G., Gajbhiye, T., and Pandey, S. K.: Plant specific emission pattern of 

biogenic volatile organic compounds (BVOCs) from common plant species of Central 

India, Environ. Monit. Assess., 190, 631, 10.1007/s10661-018-7015-6, 2018. 

Luo, Y., Zhu, L., Fang, J., Zhuang, Z., Guan, C., Xia, C., Xie, X., and Huang, Z.: Size 

distribution, chemical composition and oxidation reactivity of particulate matter from 

gasoline direct injection (GDI) engine fueled with ethanol-gasoline fuel, Appl. Therm. 

Eng., 89, 647-655, 10.1016/j.applthermaleng.2015.06.060, 2015. 

Voliotis, A., Du, M., Wang, Y., Shao, Y., Bannan, T. J., Flynn, M., Pandis, S. N., 

Percival, C. J., Alfarra, M. R., and McFiggans, G.: The influence of the addition of 

isoprene on the volatility of particles formed from the photo-oxidation of 

anthropogenic–biogenic mixtures, Atmos. Chem. Phys., 22, 13677-13693, 

10.5194/acp-22-13677-2022, 2022a. 

Vivanco, M. G., Santiago, M., Martínez-Tarifa, A., Borrás, E., Ródenas, M., García-

Diego, C., and Sánchez, M.: SOA formation in a photoreactor from a mixture of organic 

gases and HONO for different experimental conditions, Atmos. Environ., 45, 708-715, 

10.1016/j.atmosenv.2010.09.059, 2011. 

Vivanco, M. G., Santiago, M., Sánchez, M., Clavero, M. A., Borrás, E., Ródenas, M., 

Alacreu, F., Vázquez, M., Clemente, E., Porras, R., Muñoz, A., and Stein, A.: 



Experimental data on SOA formation from mixtures of anthropogenic and biogenic 

organic compounds, Atmosfera, 26, 59-73, 10.1016/S0187-6236(13)71062-2, 2013. 

Emanuelsson, E. U., Hallquist, M., Kristensen, K., Glasius, M., Bohn, B., Fuchs, H., 

Kammer, B., Kiendler-Scharr, A., Nehr, S., Rubach, F., Tillmann, R., Wahner, A., Wu, 

H. C., and Mentel, T. F.: Formation of anthropogenic secondary organic aerosol (SOA) 

and its influence on biogenic SOA properties, Atmos. Chem. Phys., 13, 2837-2855, 

10.5194/acp-13-2837-2013, 2013. 

Jaoui, M., Edney, E. O., Kleindienst, T. E., Lewandowski, M., Offenberg, J. H., Surratt, 

J. D., and Seinfeld, J. H.: Formation of secondary organic aerosol from irradiated α-

pinene/toluene/NOx mixtures and the effect of isoprene and sulfur dioxide, J. Geophys. 

Res., 113, 10.1029/2007JD009426, 2008. 

Li, J., Li, H., Li, K., Chen, Y., Zhang, H., Zhang, X., Wu, Z., Liu, Y., Wang, X., Wang, 

W., and Ge, M.: Enhanced secondary organic aerosol formation from the photo-

oxidation of mixed anthropogenic volatile organic compounds, Atmos. Chem. Phys., 

21, 7773-7789, 10.5194/acp-21-7773-2021, 2021. 

Ylisirniö, A., Buchholz, A., Mohr, C., Li, Z., Barreira, L., Lambe, A., Faiola, C., Kari, 

E., Yli-Juuti, T., Nizkorodov, S. A., Worsnop, D. R., Virtanen, A., and Schobesberger, 

S.: Composition and volatility of secondary organic aerosol (SOA) formed from 

oxidation of real tree emissions compared to simplified volatile organic compound 

(VOC) systems, Atmos. Chem. Phys., 20, 5629-5644, 10.5194/acp-20-5629-2020, 

2020. 

Yang, J., Ji, D., Hu, Y., Min, X., Zhou, X., and Chen, Q.: Cobalt-catalyzed 

hydroxymethylarylation of terpenes with formaldehyde and arenes, Chem. Sci., 10, 

9560-9564, 10.1039/C9SC03747K, 2019. 

Salvador, C. M., Chou, C. C. K., Ho, T. T., Tsai, C. Y., Tsao, T. M., Tsai, M. J., and 

Su, T. C.: Contribution of terpenes to ozone formation and secondary organic aerosols 

in a subtropical forest impacted by urban pollution, Atmosphere, 11, 1232, 

10.3390/atmos11111232, 2020. 

Vizenor, A. E. and Asa-Awuku, A. A.: Gas-phase kinetics modifies the CCN activity 

of a biogenic SOA, Phys. Chem. Chem. Phys., 20, 6591-6597, 10.1039/C8CP00075A, 

2018. 

Voliotis, A., Wang, Y., Shao, Y., Du, M., Bannan, T. J., Percival, C. J., Pandis, S. N., 

Alfarra, M. R., and McFiggans, G.: Exploring the composition and volatility of 

secondary organic aerosols in mixed anthropogenic and biogenic precursor systems, 

Atmos. Chem. Phys., 21, 14251-14273, 10.5194/acp-21-14251-2021, 2021. 

 

In addition, the following references were added in the revised manuscript. 

 “The chemical composition of SOA was determined by ultra performance liquid 

chromatography (UPLC, UltiMate 3000, Thermo Scientific) coupled with quadrupole 

time-of-flight mass spectrometry (Q-TOFMS, Bruker Impact HD) (Zhang et al., 2016).” 

(Page 6, Line 136) 

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

SOA formation. Increasing the average OH concentration within the reaction system 



helps to enhance the oxidation rates of α-pinene and DMS (Ng et al., 2007), resulting 

in the rapid generation of low volatile products.” (Page 12, Line 252) 

 “In addition to this, high OH concentration contributes to multigenerational 

oxidation reactions (Eddingsaas et al., 2012b; Sarrafzadeh et al., 2016; Robinson et al., 

2007).” (Page 12, Line 255) 

 “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 show the 

possible formation pathways of some of these typical CHO molecules in Fig. 11.” 

(Pages 17-18, Lines 374-376) 

 

The cited references are shown below: 

Zhang, X., Dalleska, N. F., Huang, D. D., Bates, K. H., Sorooshian, A., Flagan, R. C., 

and Seinfeld, J. H.: Time-resolved molecular characterization of organic aerosols by 

PILS + UPLC/ESI-Q-TOFMS, Atmos. Environ., 130, 180-189, 

10.1016/j.atmosenv.2015.08.049, 2016. 

Ng, N. L., Kroll, J. H., Chan, A. W. H., Chhabra, P. S., Flagan, R. C., and Seinfeld, J. 

H.: Secondary organic aerosol formation from m-xylene, toluene, and benzene, Atmos. 

Chem. Phys., 7, 3909-3922, 10.5194/acp-7-3909-2007, 2007. 

Eddingsaas, N. C., Loza, C. L., Yee, L. D., Chan, M., Schilling, K. A., Chhabra, P. S., 

Seinfeld, J. H., and Wennberg, P. O.: α-Pinene photooxidation under controlled 

chemical conditions - Part 2: SOA yield and composition in low- and high-NOx 

environments, Atmos. Chem. Phys., 12, 7413-7427, 10.5194/acp-12-7413-2012, 2012b. 

Sarrafzadeh, M., Wildt, J., Pullinen, I., Springer, M., Kleist, E., Tillmann, R., Schmitt, 

S. H., Wu, C., Mentel, T. F., Zhao, D., Hastie, D. R., and Kiendler-Scharr, A.: Impact 

of NOx and OH on secondary organic aerosol formation from β-pinene photooxidation, 

Atmos. Chem. Phys., 16, 11237-11248, 10.5194/acp-16-11237-2016, 2016. 

Robinson, A. L., Donahue, N. M., Shrivastava, M. K., Weitkamp, E. A., Sage, A. M., 

Grieshop, A. P., Lane, T. E., Pierce, J. R., and Pandis, S. N.: Rethinking organic 

aerosols: Semivolatile emissions and photochemical aging, Science, 315, 1259-1262, 

10.1126/science.1133061, 2007. 

Librando, V. and Tringali, G.: Atmospheric fate of OH initiated oxidation of terpenes. 

Reaction mechanism of α-pinene degradation and secondary organic aerosol formation, 

J. Environ. Manage., 75, 275-282, 10.1016/j.jenvman.2005.01.001, 2005. 

Kristensen, K., Cui, T., Zhang, H., Gold, A., Glasius, M., and Surratt, J. D.: Dimers in 

α-pinene secondary organic aerosol: effect of hydroxyl radical, ozone, relative humidity 

and aerosol acidity, Atmos. Chem. Phys., 14, 4201-4218, 10.5194/acp-14-4201-2014, 

2014. 

Yasmeen, F., Vermeylen, R., Szmigielski, R., Iinuma, Y., Böge, O., Herrmann, H., 

Maenhaut, W., and Claeys, M.: Terpenylic acid and related compounds: precursors for 

dimers in secondary organic aerosol from the ozonolysis of α- and β- pinene, Atmos. 

Chem. Phys., 10, 9383-9392, 10.5194/acp-10-9383-2010, 2010. 

Aschmann, S. M., Reisseil, A., Atkinson, R., and Arey, J.: Products of the gas phase 

reactions of the OH radical with α- and β-pinene in the presence of NO, J. Geophys. 

Res., 103, 25553-25561, 10.1029/98JD01676, 1998. 



Gao, S., Surratt, J. D., Knipping, E. M., Edgerton, E. S., Shahgholi, M., and Seinfeld, 

J. H.: Characterization of polar organic components in fine aerosols in the southeastern 

United States: Identity, origin, and evolution, J. Geophys. Res., 111, D14314, 

10.1029/2005JD006601, 2006. 

 

Technical comments: 

R2-6:) Line 46: Emerging work on DMS oxidation has found the formation of a key 

intermediate, hydroperoxymethyl thioformate (HPMTF). This intermediate is formed 

via an isomerization reaction and regenerates OH in the process. I would recommend 

adding context to this reaction and using it to understand the effect of DMS on the 

chamber observations.  

 

A2-6:) Thank you for your valuable suggestion. We have added background on HPMTF 

in the introduction section. The following texts and figure were added in the new 

manuscript.  

 “During the daytime, DMS is consumed mainly by the reaction with OH, with H 

atom-abstraction reaction accounting for 65% (Berndt et al., 2019). A key branch point 

in DMS + OH is the methylthiomethylperoxy radical (CH3SCH2OO) formed from H-

atom abstraction followed by O2 addition. This subsequent reaction of RO2 plays a 

dominant role in the product distribution of DMS. The CH3SCH2OO radical can 

undergo bimolecular or unimolecular reactions (Jacob et al., 2024). Recent studies have 

identified a key intermediate, hydroperoxymethyl thioformate (HPMTF) (Ye et al., 

2022; Veres et al., 2020). HPMTF is formed via secondary isomerization of the 

CH3SCH2OO radical and regenerates the OH radical in the process (Berndt et al., 2019; 

Wu et al., 2015). In addition, DMS forms the major oxidation products, 

methanesulfonic acid (MSA), sulfuric acid (H2SO4), and sulfur dioxide via bimolecular 

pathways (with NO, HO2 and RO2) (Cala et al., 2023). The H-atom abstraction path of 

DMS is shown in Fig. 1. These products can contribute significantly to oceanic new 

particle generation, particle growth, and atmospheric chemical processes (Arquero et 

al., 2017; Fung et al., 2022).” (Page 2, Lines 50-59) 

 

The scheme of the DMS isomerization channel is also presented in the new 

manuscript (Page 3, Lines 60-62).  

 



 

Figure 1. H-abstraction reaction path of DMS with OH, the blue part indicates the 

intramolecular H-shift of CH3SCH2O2 radical, and the red color indicates the formation 

of OH. 

 

R2-7:) Line 70: How was the chamber run? Is this a batch mode or continuous flow 

method? Please explain in more detail how the chamber was run and what steps were 

taken to account for processes like dilution.  

 

A2-7:) All experiments in the chamber were run in the batch mode. Therefore there was 

no dilution process. In addition, we have added some details of the experiments. The 

following texts were added in the new manuscript. 

“All experiments in the chamber were run in batch mode.” (Page 4, Line 85) 

“Zero air generated by an air compressor combined with a zero-air generator 

(Model 1160; Thermo scisentific, USA) was used as the background gas and reactant 

carrier gas for the simulation experiments.” (Page 4, Lines 90-92) 

“Following this, hydrogen peroxide (H2O2, 30 wt%, Aladdin) was vaporized and 

flushed into the reactor to serve as a OH radical precursor. The concentration of H2O2 

in all experiments was controlled at ~300 ppb. NO was introduced into the chamber 

from a gas cylinder (510 ppm in N2, Qingdao Deyi Gas Company) using a mass flow 

controller.” (Page 4, Lines 96-99) 

“After all the reactants were introduced into the chamber, they were diluted to the 

desired volume by injecting zero air.” (Page 4, Lines 99-100) 

“All experiments were conducted at temperature of 299 ± 1 K and relative 

humidity (RH) of 30 – 40%.” (Page 4, Lines 101-102) 

 



R2-8:) Line 83: What are the concentrations of H2O2 used in the chamber? You use 

H2O2 photolysis to produce OH under high concentrations of NO. This will lead to a 

complex and high concentration mixture of HO2, RO2 and NO thus changing the fate 

of the peroxy radical formed in MT and DMS oxidation. Please devote more time to 

discussing this interaction.  

 

A2-8:) The concentration of H2O2 in all experiments was controlled at ~300 ppb. The 

corresponding contents are added in the revised manuscript (Page 4, Lines 97-98).  

Even though we have H2O2 as the OH precursor in our reaction systems, the 

simulation by MCM modeling revealed that the experiment still falls under the typical 

high NOx oxidation condition. The details have been shown in the reply to Comment 

R2-2. 

 

R2-9:) Line 100: Wall loss for SOA and VOC can be an important driver of loss within 

an environmental chamber. Values are given for the wall loss terms without any 

validation or reasoning for the values. Could the authors please provide context and 

assumptions made for the values used.  

 

A2-9:) The determination of wall losses of gases and particles is showed in the revised 

supplement (SI Pages 2-3, Lines 9-37; SI Pages 12-13, Lines 248-253). 

(a) Gases 

In order to quantify the gas wall loss, the target gas was injected into the clean 

reactor and its concentration over time was monitored. Wall deposition of gases inside 

the reactor can be considered as a first-order kinetic process as shown in equation (R12): 

ig,w

d[C]
k [C]

dt
    (R12) 

t
ig,w

0

[C]
ln( ) k t

[C]
   (R13) 

where [C] denotes the concentration of gas (ppb). kig,w denotes the wall loss rate 

constant of gas (min-1). Further integration of equation (1) leads to equation (R13). [C]t 

and [C]0 denote the concentration of inorganic gases at 0 min and t min, respectively. 

We calculated the first-order wall loss rate constants for α-pinene, DMS, NO, NO2, SO2, 

and O3 using equation (2). The corresponding values were 3.159 × 10-6, 8.982 × 10-

6,1.178 × 10-6, 1.241 × 10-6, 2.878 × 10-6, and 2.205 × 10-6 min-1 (Fig. R3). The 

calculated values are closer to the inorganic gases in the literature (Wu et al., 2007; 

Bloss et al., 2005; Metzger et al., 2008). Therefore, the wall losses for the gases are 

negligible.  

 (b) Particles 

To perform the wall loss correction for the particles, the particles were injected the 

clean chamber. The number and mass concentrations of SOA produced in the formal 

experiment were corrected by measuring the wall loss constants of ammonium sulfate 

particles. Ammonium sulfate particles were generated as follows: ammonium sulfate 

solid particles were configured as a solution and small ammonium sulfate droplets were 

generated through an atomizer (Model 3076, TSI), which was then passed through a 



silica-gel diffusion dryer and injected into the reactor. After the ammonium sulfate 

aerosols mixed well with zero air in the reactor, the number and mass concentrations of 

ammonium sulfate particles were monitored for 6-8 hours using SMPS. We assume that 

the particle wall loss is a first-order reaction and the particle wall loss rate constant, kDp, 

was defined in equation (R14) (Wang et al., 2018). kDp is related to the particle size and 

time:  

Dp Dpln[N (t)] k t i       (R14) 

where NDp (nm) is the particle number concentration at size DP and time t, kDp (h
−1) is 

the first-order particle wall-loss rate constant determined as the slope of the equation, 

and i is an arbitrary constant. Then, for kDp at a certain particle size, the four empirical 

parameters (a, b, c, d) are obtained by fitting with the four-parameter method as shown 

in equation (R15):  
b d

Dp p pk aD c / D      (R15) 

In this experiment, the parameters a, b, c and d were 1.95 × 10-7, 1.72, 0.015 and 

0.53, respectively. Therefore, the expression for the wall loss rate coefficient can be 

determined as kDp = 1.95 × 10-7 × Dp
1.72 + 0.015 × Dp

-0.53 (Fig. R4a). Then, the corrected 

SOA number concentration was obtained by equation (R16): 
t

c m m

Dp Dp Dp Dp
0

V (t) V (t) k V (t)dt       (R16) 

Where NDp
m(t) and NDp

c(t) are measured and corrected particle volume concentration at 

size DP. The particle mass concentration was corrected as above.  As shown in Fig. R4b 

and d, the particle mass concentration and number concentration were well corrected.    



 

Figure R3. Variation of gas concentration with time. (a) - (e) show the variation of VOC, 

NO, NO2, SO2 and O3 with time, respectively. 

 



 

Figure R4. Wall-loss correction of particle. (a) Variation of particle wall-loss 

coefficient with particle size. (b) Total particle mass concentration of aerosols 

generated from mixed system. (c) Size-dependent particle number concentration before 

correction from mixed system. (d) Size-dependent particle number concentration after 

correction from mixed system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



R2-10:) Figure 1: The axis’s colors and labels do not match. I would recommend 

matching them to guide the readers eye.  

 

A2-10:) Figure 1 (now Figure 2 in the current version) was revised in the manuscript 

(Page 8, Lines 185-187). 

 

Figure 2. Variation of precursors with reaction time. Red and black dots indicate the 

results of smog chamber experiments and the curves indicate the results of MCM 

simulations. Blue dots indicate mass concentration of particles in smog chamber. 

R2-11:) Line 150: Can you add a more in-depth analysis of DMS oxidation? You 

present one DMS chamber experiment and state that your observations don’t match 

with Chen and Jang (2021). DMS has been studied through various oxidation methods 

and strategies. I would recommend further literature review to see if other work on 

DMS oxidation can match your observations and if not why. Just stating RH, oxidant 

and collection method does not explain the observed trends.  

 

A2-11:) Previous studies have shown that the ratio of particulate MSA to non-sea salt 

sulfate varies between 0.05 and 0.75 and is usually below 0.5 (Bates et al., 1992; Ayers 

et al., 1996; Chen et al., 2012; Ayers et al., 1991). The ratio of MSA to H2SO4 in our 

study was ~0.67, which was consistent with the actual atmosphere. The multiphase 

chemical mechanism is complex, and the yields of H2SO4 and MSA depend on 

temperatures well as atmospheric composition (Mauldin Iii et al., 1999; Shen et al., 



2022). Moreover, field measurements of gas-phase MSA and H2SO4 show a wide range 

of concentrations.  

In this study, we detected these two typical products of DMS using IC. However, 

the focus of our study is on the effect of these acidic products of DMS on α-pinene SOA 

via heterogeneous reactions. In addition, DMS itself influences the generation of SOA 

in the mixed systems through OH regeneration. This aspect of the ratio of MSA to 

H2SO4 is less addressed in our study. To avoid a shift in focus, we have removed the 

relevant content in the revised manuscript.  

If possible, we hope to deeply explore the formation of important products of DMS 

photooxidation in future studies. We also look forward to further understanding the 

effect of the ratio of MSA to H2SO4 on particulate matter formation. 

 

R2-12:) Line 157: What is SOA in the DMS photooxidation? Could you please 

elaborate on what the components are of SOA that are not H2SO4. Could you please 

elaborate on what the new particles are in this case? Is the DMS SOA pure sulfuric acid 

clusters that other DMS derived species build upon. Do you have any indication of NH3 

or a gas-phase base to build with sulfuric acid.  

 

A2-12:) Thank you for your valuable suggestion. DMS-SOA is defined as organosulfur 

compounds generated by DMS oxidation in the manuscript. Previous environmental 

monitoring data have shown that particulate matter generated by DMS photooxidation 

is mainly composed of sulfuric acid and organosulfur compounds. Organosulfur 

compounds such as DMSO, MSIA, and MSA, as well as other products, are also 

produced from DMS oxidation via the OH-addition pathway. Many of these products 

partition into the condensed phase, and extensive data sets exist for methanesulfonate 

(CH3SO3
-, MS) and non-sea-salt sulfate (nss-SO4

2-), the deprotonated forms of MSA 

and H2SO4, respectively (Barnes et al., 2006). Methylsulfonylperoxynitrate (MSPN, 

CH3SO2OONO2) have been observed as products of the OH-radical-initiated oxidation 

of DMS in laboratory studies (Ye et al., 2021). 

In fact, we also attempted to utilize UPLC/ESI-Q-TOFMS to detect the particle- 

phase product of DMS, i.e., Exp. D-2. Unfortunately, we did not detect any valuable 

signals or substances. We suspect that the insensitivity of the extraction process and 

program settings of the offline technique to the sulfur-containing products of DMS is 

the cause. Our exploration of the composition of SOA focuses on the effect of DMS on 

α-pinene SOA, while assuming the particulate phase products of DMS to be typical 

final products such as H2SO4 and MSA. In addition, Chen and Jang (2012) showed that 

the contribution of detectable H2SO4 and MSA, etc., to the offline analysis of the 

particulate phase products of DMS is not exactly equal to the mass concentration of 

OM, which is similar to our results. Currently, researchers typically use on-line 

instruments (e.g., AMS) to detect the particulate phase products of DMS (Ye et al., 

2022; Ye et al., 2021). This makes the analysis of the products of DMS more sensitive. 

We expect that in future studies, the gas-phase and particle-phase components of DMS 

can be investigated in more detail at the molecular level using AMS, CIMS, etc. 



Regarding the form of SO4
2- in the particles, we found that previous studies did 

not mention the effect of NH3 on SO4
2-, whether SO2 or DMS was added as a reactant 

(Ye et al., 2018; Liu et al., 2019; Lewandowski et al., 2015; Liu et al., 2017). In our 

experiments, we detected the amount of NH4
+ in the particulate phase using IC to be 

between 0.1 and 0.5 μg m-3 in the presence of DMS. The concentration of NH4
+ was 1 

to 3 orders of magnitude lower than the mass of the other products of DMS. 

Alternatively, very small amounts of ammonium sulfate clusters do not affect the mass 

concentration of SOA. Therefore, we have neglected the effect of NH4
+ on SO4

2-. We 

concluded that all SO4
2- quantified by ion chromatography is H2SO4 in our experiments.  

We attribute particle nucleation to two aspects.  

H2SO4 affects the formation of particulate matter (Vivanco et al., 2013; Liu et al., 

2016). The role of H2SO4 in new particle formation has been well studied in previous 

studies (Berndt et al., 2005; Zhang et al., 2012; Sipilä et al., 2010; Kirkby et al., 2011; 

Almeida et al., 2013). H2SO4 promotes the formation of new particles by participating 

in nucleation or forming organosulfates. H2SO4 increases particle mass concentration 

and LVOC production via heterogeneous reactions (Xu et al., 2021; Zhang et al., 2023). 

We detected a certain amount of SO4
2- using IC, which is attributed to H2SO4.  

LVOCs/ELVOCs formed during reactions were previously found to be involved 

in the new particle formation (Wildt et al., 2014; Kirkby et al., 2016) and growth of 

particles, such as highly oxidized multifunctional molecules (HOMs), dimers, and 

trimers, etc. (Ehn et al., 2014; Kirkby et al., 2016). HOMs of C8 - C10 were identified 

in our study. These molecules are important for new particle generation. 

The corresponding contents are added in the manuscript.  

“Previous environmental monitoring data have shown that particulate matter 

generated by DMS photooxidation is mainly composed of H2SO4 and organosulfur 

compounds (Gaston et al., 2010; Chen and Jang, 2012; Veres et al., 2020). Organosulfur 

compounds such as DMSO and MSA, as well as other products, are also produced from 

DMS oxidation via the OH-addition pathway. Many of these products partition into the 

condensed phase (Barnes et al., 2006). We attempted to utilize UPLC/ESI-Q-TOFMS 

to detect other particle-phase products of DMS. Unfortunately, we did not detect any 

valuable signals or substances. We suspect that the insensitivity of the extraction 

process and program settings of the offline technique to the sulfur-containing products 

of DMS is the cause.” (Page 8, Lines 178-184) 

“The particulate matter generated by DMS photooxidation mainly contains two 

types of components, H2SO4 and SOA (or organosulfur compounds).” (Page 8, Lines 

188-189) 

“b IC detection, particle-phase products generated by DMS photooxidation. NH4
+ 

was hardly detected. All SO4
2- were detected by IC as H2SO4.” (Page 9, Line 198) 

 

R2-13:) Table 2: The connection between max O3, SO2, and NOx and max SOA is not 

a straight forward concept that should be evaluated within the text. Presenting one or 

two of the time traces could be an informative way to understand when the peaks are 

occurring and how that relates to the steady state or end of experiment concentration. 

The amount of O3 produced across the experiments varies by a decent amount. I would 



recommend addressing this variability and seeing if its formation can help understand 

what is happening within the chamber. Also is O3 + MT important at these 

concentrations?  

 

A2-13:) Thank you for your valuable suggestion. We discussed the relationship 

between inorganic gases and SOA generation in our experiments in Sec. S5 of the 

original supplement. The trend of the inorganic gas over time was shown.  

 We found that the O3 generated in our experiments affect little on the oxidation 

of α-pinene and the conversion path of the intermediates by comparing the reaction 

rates of O3 and OH with α-pinene. 

We calculated the rates of reaction of different systems of α-pinene with O3 and 

OH, respectively. The corresponding contents are added in the revised supplement (SI 

Page 11, Lines 236-246; SI Page 18, Lines 276-277). The rate constants of O3 + α-

pinene and OH + α-pinene reactions were determined to be 8.7 × 10-17 and 5.4 × 10-11 

cm3 molecule-1 s-1, respectively (Zhang et al., 1992). The reaction rate is calculated as 

equations (R17) and (R18): 

O3 -pinene O3 -pinenek [ -pinene]   v  (R17) 

OH -pinene OH -pinenek [ -pinene]   v  (R18) 

where vO3+α-pinene and vOH+α-pinene denote the reaction rate (s-1) of α-pinene with O3 and 

OH, respectively. kO3+α-pinene and kOH+α-pinene denote the rate constants (cm3 molecule-1 

s-1) of the reaction of α-pinene with O3 and OH, respectively. [α-pinene] and [DMS] 

denote the measured concentrations of the two VOCs, respectively (cm3 molecule-1). 

Figure R5 below demonstrates the trend of the reaction rate with time for different 

oxidation systems. The rate of reaction between α-pinene and OH has been much 

greater than that between α-pinene and O3 during the time period when α-pinene was 

present. The reaction of O3 with α-pinene was consistently close to 0. This suggests that 

O3 has a negligible effect on the consumption of α-pinene. 

Hence, the α-pinene reaction with O3 would be less important than the reaction 

with OH in our study. 

 



 

Figure R5. The reaction rate of α-pinene with O3 or OH in different experiments. 

 

Inorganic gases are described as shown below. The corresponding contents can be 

found in the revised supplement (SI Pages 5-6, Lines 81-88, 103-106, SI Page 14, Lines 

254-255). 

Figure S3 shows the reaction profiles of inorganic gases (i.e., NO, NOx, O3, and 

SO2) over the course of the chamber experiments. NO was consumed more rapidly in 

the mixed experiments than in Exp. A-1. This is probably due to the higher 

concentration of RO2 in the mixed experiments since the oxidation of both DMS and 

α-pinene produces RO2 that can react with NO. In addition, it is found that the SO2 

concentration increases with the increasing initial concentration of DMS in the mixed 

system, which is due to the SO2 production from DMS photooxidation. However, there 

is no significant difference in the maximum ozone concentration with increasing DMS, 

indicating the weak effect of DMS on O3 production (Chen et al., 2019). 

Figure 2 also shows the evolution of the particle mass concentration after the 

particle wall loss correction. It is demonstrated that the particle mass start to increase 

before α-pinene has been fully reacted, which is consistent with previous studies (Kari 

et al., 2017). In addition, the SOA generation occurred after NO is consumed to ~0 ppb 

due to suppression of hydroperoxide formation by the RO2 + NO reaction (Liu et al., 

2022).  

 



 

Figure S3. Time profiles of inorganic gases (i.e., NO, NOx, O3, and SO2) 

 

Figure 2. Variation of precursors with reaction time. Red and black dots indicate the 

results of smog chamber experiments and the curves indicate the results of MCM 

simulations. Blue dots indicate mass concentration of particles in smog chamber. 



 

We have also added a description of the relevant details in the revised manuscript. 

“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.” (Page 9, Lines 

196-197)  

“We calculated the reaction rates of O3 or OH with α-pinene, respectively. It is 

shown that the effect of O3 was very low (Fig. S11). Therefore, the effect of O3 on the 

α-pinene SOA is ignored in the discussion. Details can be found in Sect. S10 in the 

supplement.” (Page 11, Lines 235-237) 

 

R2-14:) Table 3: The header of Table 2 is added to the start of Table 3. Please fix this.  

 

A2-14:) We have corrected the header of this table. 

Page 9, Line 198 in the revised manuscript. 

 

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. 
 

R2-15:) Line 205: Needs citation for the isomerization rate. Additionally, I would 

recommend reviewing the literature around HPMTF formation as new slower rates exist 

compared to Wu et al. It is also important to caution the 43% increase in OH with 



comments about how much isomerization is occurring in the chamber work presented 

here. High NO, HO2 and RO2 likely present here could arrest this channel.  

 

A2-15:) Thank you for your valuable suggestion. We reviewed the literature on HPMTF 

and summarized the isomerization rate of CH3SCH2O2 radical in Table R2 below. The 

temperature range of our experimental setup was 299 ± 1 K, similar to those of (Jacob 

et al., 2024; Assaf et al., 2023)’s studies. Therefore, we set the isomerization rate of 

CH3SCH2O2 radical to 0.06 s-1. We cite the isomerization rate in the relevant part of the 

new manuscript.  

 

Table R2. Literature summary of isomerization rates of CH3SCH2O2 radicals. 

 Rate of isomerization T Ref. 

 (s-1) (K)  

1 2.1 293 (Wu et al., 2015) 

2 0.23 ± 0.12 295 ± 2 (Berndt et al., 2019) 

3 0.2 293 (De Jonge et al., 2021) 

4 0.041 293 (Veres et al., 2020) 

5 0.06 ± 0.02  298 
(Jacob et al., 2024; Assaf et al., 

2023) 

 

We reviewed the Berndt et al. (2019)’ study. Their study showed that a 42% 

increase in OH occurs when the percentage of isomerization channel exceeds 95%. We 

revised this in the new manuscript.  

We fitted the time series of HO2, RO2, NO, and CH3SCH2O2 using the modified 

MCM model. We have added reactions related to the isomerization pathway of the 

CH3SCH2O2 radical to the MCM model. We calculated the rate for each reaction path 

and evaluated the absolute amount of the isomerization channel of the CH3SCH2O2 

radical using the MCM model, see our reply to Comment R2-3 for details. 

Related results are displayed in Fig. R6 and R7 below. As can be seen from Fig. 

R6, the MCM model results demonstrate the importance of the isomerization channel 

rate. The rate at which isomerization occurs for the oxidation of DMS alone does not 

change significantly and rises only slowly after 200 min. However, most of the mixed 

experiments showed an increase in the slope of the rate of isomerization channel after 

a reaction time of ~75 min. The isomerization was second important channel that only 

slower than the NO + CH3SCH2O2 reaction. Relative percentage of HO2, RO2, NO and 

isomerization channel of CH3SCH2O2 radical further demonstrates this (Fig. R7). 

Among the four reaction channels, the isomerization pathway of CH3SCH2O2 radical 

accounts for a sufficient percentage to compete with the other bimolecular reaction 

channels. Therefore, it suggests that isomerization is an important reaction channel of 

CH3SCH2O2 radical, and is not arrested by the high NO, HO2 and RO2 concentrations. 

 



 
Figure R6. Rates of each reaction channel of the CH3SCH2O2 radical calculated by the 

MCM model in DMS individual and mixed experiments.  

 

 

Figure R7. Relative percentage of HO2, RO2, NO and isomerization channel of 

CH3SCH2O2 radical obtained from MCM model fitting in different mixing experiments. 

 

 

 



The corresponding contents are added in the revised supplement (SI Pages 7-8, 

Lines 128-141; SI Page 19, Lines 278-280) and manuscript (Page 13, Lines 273-277). 

 

We have also added relevant details about the isomerization channel of DMS in 

the revised manuscript. As follows: 

 “As shown in Fig.1, DMS forms CH3SCH2O2 radical, which undergoes an 

isomerization process to form HOOCH2SCHO product, accompanied by OH 

regeneration (Berndt et al., 2019; Wu et al., 2015). The isomerization rate of the 

CH3SCH2O2 radical is 0.06 s-1 (Assaf et al., 2023; Jacob et al., 2024).” (Page 12, Lines 

259-261) 

“Their results of atmospheric chemistry simulations demonstrate the 

predominance (≥ 95%) of CH3SCH2O2 isomerization. We fitted the contribution of the 

different reaction channels of the CH3SCH2O2 radical using the MCM model (Fig. 5a). 

The calculations are detailed in Sec. S7. We find that the isomerization channel is a 

major reaction channel in our experiments following the NO + CH3SCH2O2 channel. 

(Fig. S12).” (Page 12, Lines 263-267) 

 

R2-16:) Figure 6: “a” and “b” are not labeled on the Figure. 

 

A2-16:) “a” and “b” have been labeled on the Figure in the revised manuscript (Page 

16, Lines 341-343).  

 

R2-17:) Figure 7: Please define and describe the meaning of “low, middle, and High” 

for the mixtures within the description. 

A2-17:) “Low, medium and high” represent Δ[DMS]/Δ[α-pinene] in mixed 

experiments, indicating different mixing ratios. Specifically, “low” represents Exp. 

AD-10 below the turning point, “medium” represents Exp. AD-11 at the turning point, 

and “high” represents Exp. AD-12 below the turning point. The corresponding contents 

are added in the manuscript (Page 17, Lines 363-365). 

 

R2-18:) Figure 8: A hydrogen shift mechanism across 4 carbons is presented and 

assumed to be a reaction within the chamber. I am not aware of this being a known 

reaction. Could the authors please provide evidence or citations that would support this 

mechanism. I understand that the bicyclic nature of the molecule could bring the 

hydrogen and alkyl radical close, but replacing a secondary radical with a primary 

seems highly unlikely.  

 

A2-18:) Thank you for your valuable suggestion. We have corrected the mechanisms. 

We think 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.  
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