
Response to the comments of Anonymous Referee #1 

 

General comments: 

Zhang et al used an oxidation flow reactor (OFR) to produce SOA at different relative 

humidities, and attempt to explain the changes in SOA loadings caused by the changing 

RH. Unfortunately, I do not find their explanations and conclusions to be based on solid 

evidence or argumentation. I also cannot envision that further analysis of their data 

would allow new insights into the topic of how humidity influences SOA formation. 

Therefore, I cannot suggest this manuscript for publication in ACP. I outline some of 

the main shortcomings below. 

 

Response: We thank the Referee for their feedback on our manuscript. We have 

carefully considered the comments and have made significant revisions to address the 

concerns that the Referee raised.  

In our revised version, we have conducted exocyclic double bond limonene 

ozonolysis experiments to verify the RH effects on multi-generation reactions of 

limonene. We have also added low concentration limonene experiments to provide 

further insights at low SOA loadings. In addition, we have revised the proposed 

mechanism and analysis for limonene and Δ3-carene ozonolysis. The responses are 

listed below in blue color text and the associated revisions to the manuscript are shown 

in red color text. 

 

Major comments 

 

1. The experiments were conducted at loadings far from atmospheric concentrations, 

yet this aspect, and how it might impact the relevance of the study to the atmosphere, 

was not discussed at all. The gas phase oxidation chemistry of monoterpenes is a 

complicated process, largely due to competing fates of RO2 radicals under different 

conditions, and further reactions are very likely to take place after condensation into 

SOA (e.g. Pospisilova et al., 2020; Kalberer et al., 2004). As such, using offline SOA 

composition data to infer something about the reactions taking place in the first 

milliseconds after oxidant attack is extremely challenging and would, at the very least, 

require detailed analyses to exclude that any of the other stages of potential reactions 

are negligible. This was not done, and I cannot see that it would be possible with the 

data available in this study. In fact, the offline MS data is even said to stay relatively 

unchanged with the change in RH (line 194), so the chemical insights will be very 

limited, and really the only data used to draw conclusions on is the SMPS data. This is 

simply not enough for reaching any conclusive chemical understanding of the processes. 

 

Response: To get a better understanding of the multi-generation reactions of limonene 

under low loadings, we have conducted a low-concentration limonene ozonolysis 

experiment (Fig. S6). The results of this experiment also revealed an enhancement 

effect of RH on limonene SOA similar to that observed at high loadings. This has been 

updated in the revised manuscript at Page 18, Line 339-348: “To investigate the multi-



generation reactions of limonene under low-concentration conditions, we conducted 

low-concentration limonene ozonolysis experiments, and the results are shown in Fig. 

S6. In these experiments, the limonene and O3 concentrations were 20.5 ppb and 5.7 

ppm, respectively. According to the experimental results, the number concentration of 

SOA formed from limonene ozonolysis increased by approximately 1.4 times under 

high RH, which is similar to the increase observed under high-loading conditions. The 

mass concentration increased by approximately 1.3 times at a precursor concentration 

of 20.5 ppb. The relatively small increase in mass concentration compared to the high-

concentration conditions may be attributed to the less pronounced distribution of 

SVOCs at low mass concentrations. This result indicates that the enhancement effect 

on limonene SOA by high RH is still valid for low precursor concentrations.”  

 

Figure S6. The SOA formation of low-concentration limonene under low and high RH 

(a) mass concentration (b) number concentration (c) SOA yield (d) mean diameter.  

 

Offline ESI mass spectrometry analysis of particulate matter is an effective 

technique that provides valuable information about the SOA formed from the oxidation 

of VOCs. This technique is powerful to provide the molecular composition of SOA and 

enable the determination of the formation mechanisms of the oxidation products, 

including gas-phase reaction products. Indeed, many previous studies have applied off-

line ESI-MS for the identification of SOA components and their formation mechanism. 

For instance, Zhao et al. (2022) proposed the gas-phase formation pathways of dimer 

esters in SOA arising from the ozonolyisis of α-pinene using the offline analysis with 

UPLC-QTOF-MS. Furthermore, employing offline HPLC/ESI-TOF-MS analysis, 

Iinuma et al. (2007) proposed a detailed formation mechanism for two organosulfates 

associated with SOA formation. Additionally, Li et al. (2020) proposed gas-phase OH 

oxidation mechanism of long-chain alkanes using offline ESI-TOF-MS. Similarly, 

through offline UPLC/ESI-TOF-MS analysis, Thomsen et al. (2021) inferred that the 

α-pinene-derived analogue, cis-pinic acid, tends to stay in the gas phase and undergo 

further reactions before condensing. 

In order to minimize the potential impact of post-collection reactions on our 



experimental results, we employed a consistent treatment across all experiments, where 

the collected particles are immediately dissolved to avoid any potential influence of 

particle-phase reactions under different experimental conditions. 

We did not observe significant changes in the type of mass spectrum peaks 

between low and high RH. However, we did observe variations in the peak intensities 

of certain specific products, which can be attributed to the influence of RH. These 

effects promote specific reaction pathways, thereby facilitating the formation of 

corresponding products.  

In addition, to further verify the hypothesis regarding the influence of water on 

multi-generation reactions of exocyclic double bonds, we have conducted the endo-

double bonds limonene ozonolysis under low O3 concentration (67 ppb) and high 

precursor concertation (450 ppb). Under this condition, the ozonolysis mostly happened 

for the endocyclic double bond in limonene, leaving the exocyclic double bond almost 

unreacted, since the reaction of O3 with endocyclic double bond is ~30 times faster than 

the reaction of O3 with exocyclic double bond (Shu and Atkinson, 1994). As expected, 

when limonene was oxidized at only the endocyclic double bond, we observed a slight 

decrease in both the number and mass concentrations as the RH increased (Fig. S7). 

This is similar to the results obtained for Δ3-carene, which contains only an endocyclic 

double bond. The results of these control experiments provide more evidence that the 

multi-generation reactions play important roles in the limonene SOA enhancement by 

high RH. This was revised it in Page18, Line 349-356: “To further confirm the 

assumption that water-influenced multi-generation reactions of the exocyclic double 

bond enhance the SOA formation, we conducted two comparative analyses: firstly, we 

examined the ozonolysis of the endocyclic double bond in limonene, leaving the 

exocyclic double bond unreacted. This was done by applying a low O3 concentration 

(~67 ppb), since the reaction of O3 with endocyclic double bond is ~30 times faster than 

the reaction of O3 with exocyclic double bond (Shu and Atkinson, 1994). Interestingly, 

when limonene was oxidized at only the endocyclic double bond, we observed a slight 

decrease in both the number and mass concentrations as the RH increased (Fig. S7). 

This is similar to the results obtained for Δ3-carene, which contains only one endocyclic 

double bond.” 

 



Figure S7. The SOA formation from endocyclic ozonolysis of limonene under low and 

high RH (a) mass concentration (b) number concentration (c) SOA yield (d) mean 

diameter. The initial concentration of limonene is 450 ppb and the concentration of O3 

is 67 ppb. Limonene ozonolysis primarily took place on endo-double bonds, with a rate 

constant of 2.01×10−16 cm3 molec−1 s−1 (Shu and Atkinson, 1994). Based on this rate 

constant, it can be estimated that approximately 10% of the limonene was consumed by 

O3 upon exiting the reactor. 

In summary, by keeping the same protocols in sample processing and analysis, the 

errors introduced from off-line analysis were minimized. The differences in specific 

products in the MS indicate the RH effects on the subsequent reactions after the 

ozonolysis of the exocyclic double bond. This mechanism was further verified by the 

control experiments at low ozone concentration. Therefore, we believe that the results 

here can improve our understanding of the multi-generation chemical processes of 

limonene. 

 

2. There are several studies concluding that RH does not have a noticeable impact on 

the formation of the most oxidized products that are expected to contribute most to SOA 

(e.g. Surdu et al., 2023; Li et al., 2019). Surdu et al. also analyze the potential reasons 

for the RH-driven changes in relation to particle phase reactions and changes in 

partitioning. 

 

Response: We acknowledge that relative humidity (RH) was reported not to have a 

noticeable impact on the formation of the most oxidized products such as in Surdu et 

al. (2023). However, it is important to note that this study was conducted under 

photooxidation conditions whereas our experiment was conducted under dark 

conditions. Furthermore, their investigation of SOA formation was carried out to 

achieve a steady-state particle growth, with RH gradually increasing while maintaining 

all other experimental conditions constant. In contrast, our experiment focused on 

exploring the influence of water throughout the entire oxidation process of SOA by 

using different initial degrees of humidity. 

With regard to Li et al. (2019), although both their study and ours investigate 

ozonolysis, the experimental conditions are quite different. The ozone concentration 

and residence time of the reactor are 900 ppb and 60 s in Li et al. (2019), while they are 

~6 ppm and 167 s in this study. This leads to a ~18 times higher ozone exposure in this 

study. In addition, the limonene concentrations are 1085 ppb and 321 ppb in Li et al, 

2019 and in this study, respectively. All these differences lead to an easier ozone 

reaction of the exocyclic double bond in our study. In addition, the high ozone/limonene 

ratio in this study is believed to be more similar to the real atmospheric conditions. We 

have revised this in the revised manuscript in Page 17, Line 322-328: “In contrast, Li 

et al. (2019) found negligible change in dimers and HOMs in limonene-O3 system when 

changing RH from 0 to 60%. The discrepancy is mainly attributed to the different 

experimental conditions. The ozone exposure in this study is ~18 times higher than in  

Li et al. (2019), while the limonene concentration in this study is only ~30% of that in 

their study. These two conditions both favor the multi-generation reactions occurred at 



the exocyclic double bond of limonene and its products. Thus, we believe this leads to 

the different results regarding the formation of HOMs and dimers.” 

 

3. In addition to their speculative nature, the chemical mechanisms drawn up and 

discussed are wrong/misleading concerning the sCI. Only a small part of the formed CI 

will stabilize (and thus be impacted by RH), as most of them will simply decompose 

through the typical vinyl hydroperoxide channel. Reaction with water vapor is normally 

only relevant for the stabilized CI. In this manuscript, it is proposed that ozonolysis 

produces sCI at a 100% yield (e.g. lines 206-208, Fig 3-4). This raises further questions 

concerning how well the authors have understood the reactions that they are using to 

explain their observations. 

 

Response: We have redrawn Figures 3, 4 and S5 and revised the corresponding 

mechanisms. In the revised figures, the POZ formed from the reaction of the endocyclic 

double bond generates eCI1 and eCI2 with branching ratios of 0.35 and 0.65, 

respectively. The reaction pathways associated with eCIs are complex. However, the 

generation of sCIs and the OH pathway are believed to be dominant (Nguyen et al., 

2016). It is inferred that about 46% of eCIs formed from α-pinene ozonolysis would 

stabilize (Tillmann et al., 2010). Furthermore, it has been observed that the presence of 

OH plays a significant role in promoting the formation of HOMs (Crounse et al., 2013). 

Therefore, in this study, we focus our discussion on the sCI and OH pathways which 

are illustrated in the proposed mechanism depicted in Figures 3 and 4.  

These details have been updated in the revised manuscript at Page 12 as follows: 

Line 218-221: 

“In the context of eCI1, several complex reactions occur, with the most dominant 

reaction being the generation of hydroxyl radicals (OH) and a reaction pathway known 

as sCI1. The sCI1 pathway can proceed through three distinct reactions, as depicted in 

Fig. 3.” 

Line 224-226: 

“The second and third pathways involve reactions of sCI1 with carboxylic acids and 

carbonyls, respectively, leading to the formation of anhydrides and secondary ozonides. 

Additionally, the generated OH radicals can react with limonene, giving rise to another 

alkyl radical, C10H17O·.” 

Line 236-238: 

“In addition to the eCI1 route, the eCI2 pathway is also responsible for the generation 

of various products (Fig. 4). Since the reaction of the hydroxyl radical (OH) attacking 

limonene is already depicted in Fig. 3, our main emphasis in Fig. 4 is on the pathways 

involved in the generation of SCI.” 



 

Figure 3. Proposed formation mechanism for SOA formation from eCI1 oxidation 

under high RH. The compounds in blue and in boxes are identified using UPLC/ (−) 

ESI-Q-TOF-MS. 

 

Figure 4. Proposed formation mechanisms for SOA formation from eCI2 and exocyclic 

double bond oxidation under high RH. The compounds in blue and in boxes are 

identified using UPLC/ (−) ESI-Q-TOF-MS. 



 

Figure S5. Proposed formation mechanisms for SOA formation from Δ3-carene 

ozonolysis under high RH. 

 

4. In addition to the major concerns above, there are various other question marks 

concerning the conclusions drawn. The reasoning is not very clear concerning how the 

effect of increased sCI+H2O reactions would cause the observed changes. The main 

argumentation seems to be that the yield of carbonyls increases, which also makes the 

oligomerization more efficient. However, for conclusions like this, there should be 

more clearly stated what the proposed reactions are and, even more importantly, what 

are the competing reaction pathways (which then should produce something else, with 

a lower SOA yield). 

Response: In this study, limonene, due to its extra exocyclic double bond, undergoes 

water-induced oxidation to form carbonyls. This oxidation process lowers its volatility, 

which results in a higher overall mass concentration compared to Δ3-carene. Specially, 

the oligomerization of these carbonyls generates more dimers including hemiacetal (or 

acetal) formation and aldol condensation (Zhang et al., 2022; Kroll et al., 2005; Jang et 

al., 2003). Correspondingly, it was found that 54 out of the total 187 dimers were 

exclusively observed under high humidity conditions for limonene-SOA (Table S6). We 

have added the following content in the revised manuscript (Page 15, Line 273-277): 

“and the oligomerization of these carbonyls generates more dimers including 

hemiacetal (or acetal) formation and aldol condensation (Zhang et al., 2022; Kroll et 

al., 2005; Jang et al., 2003). As shown in Table S6, 54 out of the total 187 dimers were 

exclusively observed for limonene under high humidity conditions, contributing to a 

corresponding intensity of ~19%.” 

 

Table S6. Dimers: RH-dependent discoveries for limonene and Δ3-carene. 

54 dimers exclusively detected under 

high RH (limonene) 

63 dimers exclusively detected under 

low RH (Δ3-carene) 

Molecular 

formula 

Absolute intensity 

(High RH) 

Molecular 

formula 

Absolute intensity 

(Low RH) 

C18H26O4 4.66×102 C17H24O5 1.59×103 



C16H20O6 7.24×102 C10H14O11 3.90×103 

C13H18O9 3.36×102 C14H14O8 4.02×103 

C17H22O6 6.63×103 C20H40O2 4.60×103 

C18H26O5 6.28×102 C12H10O10 4.00×103 

C19H32O4 1.58×103 C13H16O9 8.34×103 

C15H18O8 1.65×103 C19H26O4 4.96×103 

C13H12O10 8.85×103 C17H22O6 1.05×103 

C14H20O9 8.44×102 C13H12O10 5.46×103 

C16H28O7 9.89×103 C13H18O10 4.68×103 

C15H26O8 2.18×103 C15H12O9 4.22×103 

C10H8O13 6.33×103 C10H12O13 5.00×103 

C18H24O6 6.06×102 C22H28O3 8.88×103 

C11H14O12 7.70×102 C19H26O6 1.54×103 

C21H22O4 4.80×103 C16H20O9 1.64×103 

C20H34O4 2.53×103 C15H18O10 5.00×103 

C23H32O2 2.12×103 C16H22O9 1.69×103 

C18H32O6 3.68×102 C18H22O8 3.32×103 

C17H30O7 7.46×103 C12H16O13 4.00×103 

C14H22O10 4.04×103 C20H32O6 8.21×103 

C21H36O4 1.36×104 C16H18O10 4.50×103 

C17H30O8 4.68×102 C16H20O10 5.20×103 

C12H16O13 2.43×103 C19H24O8 8.21×103 

C11H14O14 4.46×102 C20H28O7 2.38×103 

C18H30O8 4.46×102 C17H20O10 4.16×103 

C16H26O10 7.44×102 C21H36O6 8.03×103 

C17H20O10 2.12×103 C16H26O11 1.16×103 

C16H24O11 1.48×103 C17H26O11 1.32×103 

C20H24O8 3.96×103 C18H18O11 4.02×103 

C17H22O11 2.48×103 C18H22O11 4.54×103 

C21H34O8 1.28×104 C18H26O11 1.49×103 

C13H22O15 4.06×102 C22H28O8 4.62×103 

C19H32O10 5.30×102 C15H18O14 4.08×103 

C22H32O8 5.90×103 C20H32O10 5.97×103 

C20H28O10 1.53×103 C17H22O13 5.10×103 

C18H18O13 4.49×103 C21H28O10 4.25×103 

C19H24O12 1.49×104 C19H22O12 5.44×103 

C19H30O12 6.10×102 C22H34O9 7.52×103 

C15H18O16 1.14×103 C21H34O10 2.12×103 

C23H38O9 4.34×102 C14H24O16 4.80×103 

C32H44O2 8.96×102 C15H22O16 4.04×103 

C21H36O11 3.74×102 C17H30O14 3.51×103 

C14H26O17 1.00×103 C22H36O10 4.02×103 

C20H26O13 1.26×104 C18H24O14 4.44×103 



C22H34O11 1.92×103 C19H28O13 6.68×103 

C20H30O13 9.36×102 C20H22O13 3.90×103 

C18H24O15 2.05×103 C21H26O12 4.48×103 

C21H38O12 9.16×102 C22H30O11 2.29×103 

C24H38O10 3.78×103 C15H24O17 4.70×103 

C16H24O17 1.26×103 C25H38O9 5.24×103 

C21H24O14 4.80×103 C17H26O16 5.18×103 

C20H34O4 4.98×102 C21H26O13 4.82×103 

C18H30O6 2.74×103 C22H30O12 2.47×103 

C18H28O7 1.53×104 C16H24O17 5.16×103 

  C17H28O16 6.58×103 

  C29H44O6 5.82×103 

  C17H30O16 2.06×103 

  C22H38O12 3.86×103 

  C16H32O17 7.04×103 

  C23H30O12 1.26×103 

  C24H34O11 6.82×103 

  C20H30O10 4.14×103 

  C20H32O11 3.41×103 
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Response to the comments of Anonymous Referee #2 

 

General comments: 

 

In the study by Zhang et al., the authors explore the effect of humidity (RH) on the 

formation of secondary organic aerosol (SOA) from ozonolysis of two structurally 

different monoterpenes; limonene and Δ3-carene, and the sesquiterpene β-

caryophyllene. Experiments are performed at constant temperature in an oxidation flow 

reactor at RHs ranging from 1-60 % whilst monitoring SOA particle number and mass 

concentrations followed by off-line analyses of the SOA chemical composition using 

ultra-high performance liquid chromatography quadrupole time-of-flight mass 

spectrometry (LC-MS). The study reports large differences in the effect of RH on the 

SOA formation from limonene and Δ3-carene, with the former showing increasing SOA 

mass and particle number concentration at elevated RH whilst little or no effects are 

observed in the case of Δ3-carene. From the chemical composition of the formed SOA 

the authors explain these discrepancies by water-influenced reactions on exocyclic 

double bonds yielding lower volatile organic compounds under higher RH. 

 

The topic is relevant and fall within the scope of ACP, however, the manuscript is in 

need of major revision before any consideration for publication in ACP   

 

Major concerns include the far from atmospheric relevant conditions applied in the 

study experiments, lack of validation of experimental approach, lack of discussion on 

contribution of other oxidizing agents, as well as scarce evidence of enhanced dimer 

formation at elevated RH from chemical analysis of formed the SOA. These are 

concerns that needs to be addressed if the manuscript is in any way to contribute to the 

work of the many previous studies reporting on the influence of RH on the formation 

of SOA from monoterpenes.   

Response: We thank the Referee for providing the feedback on our manuscript. We have 

carefully considered all of the concerns raised by the Referee and made revisions 

accordingly. Below are the specific changes we have made: 

1. We have conducted a low-concentration limonene ozonolysis experiment to better 

simulate atmospheric conditions and enhance the relevance of our findings.  

2. In order to give an evidence of enhanced dimer formation at elevated RH from 

chemical analysis of formed the SOA, we have reanalyzed the distribution of the dimers 

formed by limonene and Δ3-carene ozonolysis. Additionally, we have added the 

distribution of the monomers, dimers, trimer and tetramer in the overall mass 

spectrometry spectrum of Δ3-carene. 

The responses are listed below in blue color text and the associated revisions to 

the manuscript are shown in red color text.  

 

Major comments: 

 

1. As I understand, this is the first publication using the custom-made oxidation flow 



reactor (OFR). With a length of 6.02 meters, have the authors validated that 

measurements of e.g. ozone, RH, temperature and VOC performed at the end of the 

OFR represent initial conditions at the point of injection and thus initial oxidation? 

Other OFRs, such as in Jonsson et al., (2006) and Li et al., (2019), is designed to ensure 

proper mixing of injected oxidant (e.g. O3) and VOCs at the initial stage of the OFR. 

When using OFRs the uniform distributions of O3, VOCs and H2O in the tube should 

be confirmed by measuring O3, VOC and RH at the different locations prior to the 

experiments. A particular concern is that the O3: VOC ratio and maybe RH may be 

different at the point of injection compared to the end of the 6.02 meter tube. 

Response: We are sorry for the oversight in labeling the dimensions of the oxidation 

flow reactor. It should have been specified as 602 mm, and we have made the correction 

in the revised version of the manuscript, as indicated by the highlighted yellow text 

(Page 3, Line 80). This OFR is similar to the design shown in previous studies (Liu et 

al., 2019; Liu et al., 2014), containing a mixing tank and a reacting tube, which has 

been proved to have good mixing ability. We have added more descriptions of OFR 

(Fig. S2) and related references in the revised manuscript.  

“The OFR is a 602 mm long stainless cylinder with a volume of 2.5 L (Fig. S2) (Liu et 

al., 2014; Liu et al., 2019)” 

 

Figure S2. Schematic description of the experiment. 

 

2. The authors report SOA mass concentrations of 980-2200 ug/m3 from the oxidation 

of 321 ppb of limonene by 6 ppm of O3 with corresponding yields of 63-142% (table 

1). These values are very high in comparison with other studies which should be made 

apparent by the authors. E.g. for clarification, please add mass concentrations and yields 

of all studies in table 2. Any explanation for these high yields? 

Response: We have added O3 concentration, SOA mass concentration and yield in Table 

2. As a comparison, the ozonolysis of 13.2 ppb of limonene (Δorg) with 430 ppb of O3 

resulted in concentration ranges of 62-229 μg/m3, and the corresponding yields ranged 

from 77.4% to 285.7% (Jonsson et al., 2006). In addition, the SOA potential of the 

exocyclic bond was found to be relatively high. Specifically, the SOA yield from the 

exocyclic bond was up to eight times higher compared to the endocyclic bond, with 

corresponding yields of approximately 23.8%-55.3% and 7.4%, respectively (Gong and 

Chen, 2021). Due to high limonene and O3 concentrations, the SOA yields in this study 

are relatively high, but still in the range that was previously reported. 
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3. Also, I think the author should discuss the feasibility of extrapolating their flow tube 

results to the real environment. Limonene mixing ratios are at the sub-ppb level for 

forest and urban environments, thus the conditions applied in the current study seems 

far from atmospheric relevant. Could the authors explain the rational for using such 

high concentrations? 

Response: To get enough SOA particles to analyze, many lab studies use VOC 

concentrations that are much higher than the ambient concentration. According to Table 

2, the limonene concentration applied in previous studies was in the range of ~15-1000 

ppb. The limonene concentration in this study (321 ppb) is within this range, but 

relatively high because we need to collect enough particles for off-line MS analysis 

with a small sampling flow through the OFR (0.9 L min-1). To examine the feasibility 

of extrapolating our results to lower concentrations, we have performed a low-

concentration limonene ozonolysis experiment. In this experiment, the limonene 

concentration was 20.5 ppb, ~16 times lower than previously used and close to the 

lower limit of the range applied in previous lab studies (i.e., ~15 ppb). According to the 

experimental results (Fig. S6), the number concentration of SOA formed from limonene 

ozonolysis increased by approximately 1.4 times under high RH, which is similar to the 

increase observed under high-loading conditions. The mass concentration increased by 

approximately 1.3 times at a precursor concentration of 20.5 ppb. The relatively small 

increase in mass concentration compared to the high-concentration conditions may be 

attributed to the less pronounced distribution of SVOCs at low mass concentrations. 

This result indicates that the enhancement effect on limonene SOA by high RH is still 

valid for low precursor concentrations. We have revised this at Page 18, Line 339-348: 

“To investigate the multi-generation reactions of limonene under low-concentration 

conditions, we conducted low-concentration limonene ozonolysis experiments, and the 

results are shown in Fig. S6. In these experiments, the limonene and O3 concentrations 

were 20.5 ppb and 5.7 ppm, respectively. According to the experimental results, the 

number concentration of SOA formed from limonene ozonolysis increased by 

approximately 1.4 times under high RH, which is similar to the increase observed under 

high-loading conditions. The mass concentration increased by approximately 1.3 times 

at a precursor concentration of 20.5 ppb. The relatively small increase in mass 

concentration compared to the high-concentration conditions may be attributed to the 

less pronounced distribution of SVOCs at low mass concentrations. This result 

indicates that the enhancement effect on limonene SOA by high RH is still valid for 

low precursor concentrations.”  



 

Figure S6. The SOA formation of low-concentration limonene under low and high RH 

(a) mass concentration (b) number concentration (c) SOA yield (d) mean diameter. 

 

4. Looking at Table 1, it seems that more O3 is consumed in limonene experiments than 

in Δ3-carene experiments (if reported O3 concentrations relates to measurement 

performed during the oxidation). To examine this, could the authors maybe report on 

the consumed O3 (ppb) in all experiments (e.g. concentration before and after the OFR). 

In relation, have the authors considered the influence of OH-radicals as possible 

explanation for the differences in SOA formation from limonene and Δ3-carene? I 

wonder to what extent the resulting SOA from limonene and Δ3-carene can be ascribed 

to oxidation by OH vs O3. I would expect that reaction with O3 is the dominating 

oxidation pathway for limonene, whilst reactions with OH-radicals may be more 

significant in Δ3-carene experiments. Espec no such RH effect was observed for 

O3+limonene. Consequently, although all experiments in the current study are 

conducted as dark ozonolysis of limonene and Δ3-carene, it might be important to 

address that this does not rule out the influence of other oxidation pathways (e.g. OH-

radical reactions) which may be less effective at producing SOA compared to 

ozonolysis and which also could exhibit different response to RH. For instance, it may 

be that the Δ3-carene + OH reaction is unaffected (or enhanced relative to Δ3-carene + 

O3 reactions) by RH (e.g. Bonn et al 2002) in contrast to the Limonene + O3 reaction. 

The authors spend much effort on presenting and discussing the results related to the 

limonene experiments. However, in comparison, discussions on the Δ3-carene results 

seems lacking. In particular, results on the molecular analysis of the Δ3-carene SOA is 

lacking, e.g. comparison of mass spectrums recorded at different RH (such as in Figure 

2), number and intensity proportion of the monomers, dimers, trimers and tetramers (as 

in Table S1). 

 

Response: Following the Referee’s suggestion, we have measured the O3 consumptions, 

which are ~250 ppb for limonene experiments and ~100 ppb for Δ3-carene experiments. 

The text has been added in Page 4, Line 102-103: “Correspondingly, the O3 



consumption for limonene and Δ3-carene were ~250 ppb and ~100 ppb, respectively.” 

Molar OH radical yields were reported as 0.65±0.10 (Hantschke et al., 2021), 

0.86±0.11 (Aschmann et al., 2002) and 0.56 to 0.59 (Wang et al., 2019) for Δ3-carene, 

while for limonene, the reported yields were 0.67±0.10 (Aschmann et al., 2002) and 

0.76±0.06 (Herrmann et al., 2010). It seems that the OH radicals produced from 

limonene and Δ3-carene are quite similar within the range of uncertainties. Therefore, 

the increased ozone consumption by limonene is primarily attributed to the presence of 

its exocyclic double bond. We have also updated this in the revised manuscript (Page13, 

Line 254-261), “In such progress, we cannot rule out the possibility that relative 

humidity (RH) may influence the generation of other free radicals (Ma et al., 2009), 

thereby impacting the formation of secondary organic aerosols (SOA), such as, OH-

radical reactions (Bonn et al., 2002; Fick et al., 2002). However, Molar OH radical 

yields were reported as 0.65±0.10 (Hantschke et al., 2021), 0.86±0.11 (Aschmann et al., 

2002) and 0.56 to 0.59 (Wang et al., 2019) for Δ3-carene, while for limonene, the 

reported yields were 0.67±0.10 (Aschmann et al., 2002) and 0.76±0.06 (Herrmann et 

al., 2010). It seems that the OH radicals produced from limonene and Δ3-carene are 

quite similar within the range of uncertainties. Therefore, the increased ozone 

consumption by limonene is primarily attributed to the presence of its exocyclic double 

bond.” 

Additionally, we have included the mass spectra of SOA from Δ3-carene 

ozonolysis (Fig. S4) and the quantification of monomers, dimers, trimers, and tetramers 

of Δ3-carene, along with their corresponding number and intensity proportions in Table 

S2. The distribution of Δ3-carene SOA is similar to that of limonene-SOA , i.e., most of 

the SOA molecules are monomers (~70%) and dimers (~25%), while trimers and 

tetramers contribute to very small fractions (~2% and <1%). The corresponding 

discussion was changed in the revised manuscript (Page 11, Line 200-203): 

“Correspondingly, the distribution of Δ3-carene-SOA can be divided into four groups 

(Fig. S4), comparable to that of limonene-SOA. Most of the SOA molecules are 

monomers (~70%) and dimers (~25%), while trimers and tetramers contribute to 

smaller proportions (~2% and <1%, respectively) (Table S2).” 

 
Figure S4. UPLC/ (−) ESI-Q-TOF-MS mass spectra of SOA from Δ3-carene 

ozonolysis. (a) MS under high and low RH conditions; (b) the identification of 

monomers under low RH condition. 

 



Table S2. The number and intensity proportion of four groups for ∆3-carene 

Groups Monomers Dimers Trimers Tetramers 

Number (L)a 239 178 76 4 

Number (H)b 216 151 26 1 

Intensity 

proportion 

(L)a 

69.8% 28.6% 1.6% 0.5% 

Intensity 

proportion 

(H)b 

72.5% 26.9% 2.0% 0.2% 

aL means under low RH. bH means under high RH. 

 

5. In relation, the observed increase in SOA mass in limonene experiments at elevated 

RH is proposed to arise from increased particle number concentration from nucleation 

promoted by low-volatile compounds such as dimers. To support this, the authors report 

25 more dimers (187 vs 162) in limonene SOA formed at higher RH compared to low 

RH. This relatively small increase in LVOC species seems unlikely to account for the 

observed enhancements of SOA particle formation at high RH. At least the authors need 

to show that these extra dimers indeed contribute significantly to the formed SOA. Also, 

Could the authors please provide similar results from Δ3-carene experiments; i.e. how 

many dimers where found in Δ3-carene SOA and do the number of dimers change with 

changes in RH? 

Response: To clarify the contribution of extra dimers, we conducted a reanalysis of the 

mass spectra for limonene SOA, specifically focusing on the dimers obtained under 

high RH conditions (Table S6). Among the 187 dimers observed, 54 (~19%) dimers 

were exclusively detected under high (RH) conditions. Note that some of the 162 

dimers under low RH conditions were found under high RH conditions, so the number 

of newly formed dimers under high RH conditions (54) is larger than the absolute 

number difference (25). These particular dimers contribute to enhanced nucleation 

under high RH. 

According to Table S2 (see our response above), the number of dimers in Δ3-

carene SOA decreased under high RH conditions. As shown in Table S6, we observed 

63 dimers exclusively under low humidity conditions, with a corresponding intensity 

of ~35%. 

We have added the following text in the revised manuscript  

Page 15, Line 275-277:  

“As shown in Table S6, 54 out of the total 187 dimers were exclusively observed for 

limonene under high humidity conditions, contributing to a corresponding intensity of 

~19%.” 

Page 18, Line 335-337:  



“Correspondingly, the number and relative intensity of HOMs and dimers detected 

under high RH conditions are both lower than those under low RH conditions (Table 

S7). Furthermore, out of a total of 178 dimers, 63 dimers were exclusively identified 

under low RH conditions (Table S6).” 

 

Table S6. Dimers: RH-dependent discoveries for limonene and Δ3-carene. 

54 dimers exclusively detected under 

high RH (limonene) 

63 dimers exclusively detected under 

low RH (Δ3-carene) 

Molecular 

formula 

Absolute intensity 

(High RH) 

Molecular 

formula 

Absolute intensity 

(Low RH) 

C18H26O4 4.66×102 C17H24O5 1.59×103 

C16H20O6 7.24×102 C10H14O11 3.90×103 

C13H18O9 3.36×102 C14H14O8 4.02×103 

C17H22O6 6.63×103 C20H40O2 4.60×103 

C18H26O5 6.28×102 C12H10O10 4.00×103 

C19H32O4 1.58×103 C13H16O9 8.34×103 

C15H18O8 1.65×103 C19H26O4 4.96×103 

C13H12O10 8.85×103 C17H22O6 1.05×103 

C14H20O9 8.44×102 C13H12O10 5.46×103 

C16H28O7 9.89×103 C13H18O10 4.68×103 

C15H26O8 2.18×103 C15H12O9 4.22×103 

C10H8O13 6.33×103 C10H12O13 5.00×103 

C18H24O6 6.06×102 C22H28O3 8.88×103 

C11H14O12 7.70×102 C19H26O6 1.54×103 

C21H22O4 4.80×103 C16H20O9 1.64×103 

C20H34O4 2.53×103 C15H18O10 5.00×103 

C23H32O2 2.12×103 C16H22O9 1.69×103 

C18H32O6 3.68×102 C18H22O8 3.32×103 

C17H30O7 7.46×103 C12H16O13 4.00×103 

C14H22O10 4.04×103 C20H32O6 8.21×103 

C21H36O4 1.36×104 C16H18O10 4.50×103 

C17H30O8 4.68×102 C16H20O10 5.20×103 

C12H16O13 2.43×103 C19H24O8 8.21×103 

C11H14O14 4.46×102 C20H28O7 2.38×103 

C18H30O8 4.46×102 C17H20O10 4.16×103 

C16H26O10 7.44×102 C21H36O6 8.03×103 

C17H20O10 2.12×103 C16H26O11 1.16×103 

C16H24O11 1.48×103 C17H26O11 1.32×103 

C20H24O8 3.96×103 C18H18O11 4.02×103 

C17H22O11 2.48×103 C18H22O11 4.54×103 

C21H34O8 1.28×104 C18H26O11 1.49×103 

C13H22O15 4.06×102 C22H28O8 4.62×103 

C19H32O10 5.30×102 C15H18O14 4.08×103 



C22H32O8 5.90×103 C20H32O10 5.97×103 

C20H28O10 1.53×103 C17H22O13 5.10×103 

C18H18O13 4.49×103 C21H28O10 4.25×103 

C19H24O12 1.49×104 C19H22O12 5.44×103 

C19H30O12 6.10×102 C22H34O9 7.52×103 

C15H18O16 1.14×103 C21H34O10 2.12×103 

C23H38O9 4.34×102 C14H24O16 4.80×103 

C32H44O2 8.96×102 C15H22O16 4.04×103 

C21H36O11 3.74×102 C17H30O14 3.51×103 

C14H26O17 1.00×103 C22H36O10 4.02×103 

C20H26O13 1.26×104 C18H24O14 4.44×103 

C22H34O11 1.92×103 C19H28O13 6.68×103 

C20H30O13 9.36×102 C20H22O13 3.90×103 

C18H24O15 2.05×103 C21H26O12 4.48×103 

C21H38O12 9.16×102 C22H30O11 2.29×103 

C24H38O10 3.78×103 C15H24O17 4.70×103 

C16H24O17 1.26×103 C25H38O9 5.24×103 

C21H24O14 4.80×103 C17H26O16 5.18×103 

C20H34O4 4.98×102 C21H26O13 4.82×103 

C18H30O6 2.74×103 C22H30O12 2.47×103 

C18H28O7 1.53×104 C16H24O17 5.16×103 

  C17H28O16 6.58×103 

  C29H44O6 5.82×103 

  C17H30O16 2.06×103 

  C22H38O12 3.86×103 

  C16H32O17 7.04×103 

  C23H30O12 1.26×103 

  C24H34O11 6.82×103 

  C20H30O10 4.14×103 

  C20H32O11 3.41×103 

 

6. What is the detection limit of the analytical method i.e. could the observation of the 

additional dimers (and HOMs) merely be due to higher filter mass loadings in high RH 

experiments. Excluding dimers and HOMs not found in low RH conditions, very little 

evidence is presented showing increased dimer and HOM formation at high RH. Also, 

despite more than 160 dimers found in LC-MS analysis of collected SOA, intensities 

are only reported for 5 dimers in limonene SOA and 7 dimers in Δ3-carene SOA (table 

S2 and S5). At least it would be beneficial to report how the intensities of these dimers 

change as a function of RH (not only high vs low RH). Particularly in Limonene 

experiments performed at 30, 40, 50 and 60 % RH where the particle number do not 

seem to changes significantly between experiments 

Response: The absolute intensities of most monomers and dimers are relatively high 

(>103, see Table S3 and S7), which are much higher than the intensities of trimers and 



tetramers that can still be detected by the LC-MS (Fig. 2). This indicates that the 

intensities of these dimers and HOMs are likely much higher than the detection limit. 

In the original version of the manuscript, we specifically focused on reporting the 

products with proposed molecular structures, containing 5 dimers in limonene SOA and 

7 dimers in Δ3-carene SOA. In the current version, we have added the molecular 

formulas of more dimers in Table S6. See our response above. 

Due to the uncertainties related to filter collection and processing and the LC-MS 

itself, off-line analysis under every different RH is highly challenging. Thus, similar to 

the way applied in most of the previous off-line studies (Zhao et al., 2022; Li et al., 

2020), we only collected and analyzed samples under the most extreme different 

conditions, i.e., the highest and lowest RH. 

 

 

Fig. 2. UPLC/ (−) ESI-Q-TOF-MS mass spectra of SOA from limonene ozonolysis. (a) 

MS under high and low RH conditions; (b) the identification of monomers under high 

RH condition. 

 

Other comments and suggestions: 

 

7. Please add to Figure S3 time evolution of SOA size and mass concentration from all 

Δ3-carene/O3 and limonene/O3 experiments to validate the stable conditions of the OFR. 

Response: We have added the time evolution of SOA size and mass concentration from 

limonene/O3 experiments in Fig. S3. 



 

Fig. S3. Time evolution of SOA size (electromobility diameter) and mass concentration 

obtained from limonene/O3 and Δ3-carene/O3 experiments (Exp. 6 and Exp. 11). 

 

8. Line 103-104: No description of materials are found in S2 (Figure?) 

Response: S2 meant “Section S2. Materials” in the Supplement. We have changed “S2” 

into “Section S2” (Supplement, Page 2) 

 

9. Line 259-260: Note that HOMs are not all considered low-volatile (see Kurtén et al. 

(2016), entitled “α-Pinene Autoxidation Products May Not Have Extremely Low 

Saturation Vapor Pressures Despite High O:C Ratios”) 

Response: We agree with the Referee that not all HOMs are considered low-volatile. 

We have changed this sentence into “Many HOMs have low volatilities (Donahue et al., 

2011; Ehn et al., 2014)” 
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Response to the comments of Anonymous Referee #3 

 

General comments: 

The manuscript by Zhang et al. investigated the effect of relative humidity (RH) on the 

formation of secondary organic aerosols (SOA) from structurally distinct monoterpenes 

from a molecular-level perspective. They observed a significant difference between 

limonene and Δ3-carene SOA formation on RH dependence. Further, they proposed 

potential chemical reaction mechanisms and pathways based on mass spectrometry 

analysis to explain the observed increase in limonene SOA and the decrease in Δ3-

carene SOA. They suggested that the exocyclic double bond in limonene plays an 

important role in multi-generation reactions, contributing to the formation of lower 

volatile compounds under high RH conditions. Compared to many previous studies on 

the RH effects of SOA formation from monoterpenes, this study provides important 

insights into the multi-generation reactions that drive SOA formation by applying high-

resolution MS analysis. The findings of this manuscript have significant implications 

for a better understanding of the mechanism of monoterpene oxidation reactions and 

the generation of secondary organic aerosols. This manuscript is well-written and I 

recommend publication in Atmospheric Chemistry and Physics after addressing the 

following minor concerns. 

Response: We thank the Referee for the valuable comments and suggestions regarding 

our manuscript. We have made revisions to address these issues and believe that the 

updated version significantly improves the quality and meet the standard of ACP. The 

major revisions are as follows: 

1. We have conducted low precursor concentration experiments to investigate the 

influence of SOA loading on multi-generation reactions of limonene. 

2. We have supplemented the distribution of mass spectrum of ∆3-carene to provide a 

more comprehensive understanding for the increase of number concentration under low 

RH. 

The responses are listed below in blue color text and the associated revisions to 

the manuscript are shown in red color text. 

 

Specific comments： 

1. The authors used high precursor concentrations in the experiments. It would be 

more convincing if similar results can be found with lower precursor concentrations. 

Response: We have added the low-concentration limonene ozonolysis experiment 

(Fig. S6). The details are updated in the revised manuscript at Page 18, Line 339-348.  

“To investigate the multi-generation reactions of limonene under low-

concentration conditions, we conducted low-concentration limonene ozonolysis 

experiments, and the results are shown in Figure S6. In these experiments, the limonene 

and O3 concentrations were 20.5 ppb and 5.7 ppm, respectively. According to the 

experimental results, the number concentration of SOA formed from limonene 

ozonolysis increased by approximately 1.4 times under high RH, which is similar to the 

increase observed under high-loading conditions. The mass concentration increased by 



approximately 1.3 times at a precursor concentration of 20.5 ppb. The relatively small 

increase in mass concentration compared to the high-concentration conditions may be 

attributed to the less pronounced distribution of SVOCs at low mass concentrations. 

This result indicates that the enhancement effect on limonene SOA by high RH is still 

valid for low precursor concentrations.” 

 
Figure S6. The SOA formation of low-concentration limonene under low and high 

RH (a) mass concentration (b) number concentration (c) SOA yield (d) mean diameter. 

 

2. The authors have extensively described the mass spectrometry analysis of 

limonene, while only briefly providing the distribution of high oxygenated compounds 

and dimers in Δ3-carene. It would be beneficial to include additional analysis of Δ3-

carene mass spectrometry. 

Response: Like limonene, we have analyzed the number and intensity proportion 

of four groups for ∆3-carene. The details have given in Table S2 in the Supplement, and 

the distribution is similar to that of limonene-SOA, i.e., most of the SOA molecules are 

monomers (~70%) (Fig. 2b) and dimers (~25%), while trimers and tetramers contribute 

to very small fractions (~2% and <1%). The corresponding discussion was changed in 

the revised manuscript (Page 11, Line 200-203): “Correspondingly, the distribution of 

Δ3-carene-SOA can be divided into four groups (Fig. S4), comparable to that of 

limonene-SOA. Most of the SOA molecules are monomers (~70%) and dimers (~25%), 

while trimers and tetramers contribute to smaller proportions (~2% and <1%, 

respectively) (Table S2).” 

Table S2. The number and intensity proportion of four groups for ∆3-carene. 

Groups Monomers Dimers Trimers Tetramers 



Number (L)a 239 178 76 4 

Number (H)b 216 151 26 1 

Intensity 

proportion 

(L)a 

69.8% 28.6% 1.6% 0.5% 

Intensity 

proportion 

(H)b 

72.5% 26.9% 2.0% 0.2% 

a L means under low RH. b H means under high RH. 

 

3. Method: what is the temperature ramp program in liquid chromatography? 

Response: The temperature ramp program was: 0–3min with 0%–3% phase B, 3–25min 

with 3%–50% phase B, 25–43min with 50%–90% phase B, 43–48 min with 90%–3% 

phase B, 48–60min with 3% phase B. The corresponding content has been added in the 

revised manuscript at Page 6, Line 138-140. 

 

R4: Page 5, Line116: “limonene-” should be “limonene-SOA”. 

Response: Revised. 

 

R5: Page 7, Line 156: the authors have pointed out that the OH scavenger will produce 

additional products which may influence the reactions of target precursors, so what 

about the 2-butanol and cyclohexane discussed in this article? 

Response: Though there is no difference between 2-butanol and cyclohexane in the 

scavenging ability of OH radical, 2-butanol will produce more HO2· than cyclohexane 

and, consequently, R· will react with HO2· to produce more hydroxyl acids and 

hydroxyl per-acid products, most of which have low volatility, thus high partitioning 

into the particle phase. The corresponding content has been revised in Page 7, Line 161-

165: “For example, there is no difference between 2-butanol and cyclohexane in the 

scavenging ability of OH radical, though 2-butanol will produce more HO2· than 

cyclohexane and, consequently, R· will react with HO2· to produce more hydroxyl acids 

and hydroxyl per-acid products, most of which have low volatility and, thus high 

partitioning into the particle phase.” 

 

R6: Page12, Line 238-239: specify the condition of the increase and decrease of 

C9H14O3 and C10H16O2, respectively. 

Response: In order to avoid ambiguity, we have revised the sentence to “This 

mechanism can well explain the decrease in the relative intensity of C10H16O2 from high 

RH to low RH and the increase in the relative intensity of C9H14O3 from low RH to 

high RH (Table S3)”. 

 



R7: Supplement, Page 11: there were two (K) in Table S6. 

Response: Revised.  

 

 


