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Response to Reviews for the ACPD paper “Organic peroxy radical chemistry in 

oxidation flow reactors and environmental chambers and their atmospheric 

relevance” 

We thank the referees for their reviews. To facilitate the review process, we have copied the 

reviewer comments in black text. Our responses are in regular blue font. We have responded to 

all the referee comments and made alterations to our paper (in bold text). Figures, tables, and 

sections in the responses are numbered as in the revised manuscript unless otherwise 

specified, while page and line numbers refer to the ACPD paper. 

 

Anonymous Referee #1 

This paper follows a number of others reporting the characterisation and optimisation of 

operating conditions for oxidation flow reactors (OFRs) through both experimental and modeling 

studies. This work focuses on a model study of the fate of organic peroxy radicals within OFRs 

under different operating conditions and makes comparisons to the fates of such species in the 

atmosphere. 

 

R1.0) While the rationale for such a study is sound, and the methods described are appropriate, 

the paper is quite long for the information it contains, and there are questions as to the wider 

interest and novelty of the work. It would help if the authors could state the main scientific 

outcomes and objectives of this work more clearly, and if some detail could be provided which 

outlines how assumptions regarding the fates of RO2 species have potentially impacted the 

results of previous studies. 

We believe that our paper fulfills an important need for the rapidly growing and interdisciplinary 

OFR research community. The paper provides a critical assessment of best practices in the use 

of OFRs, and dispels common notions regarding the shortcomings of OFRs, and thus is useful. 

We have added the following text to the introduction (after L67 of the ACPD version) to clarify 

this matter: 

“The use of oxidation flow reactors is growing rapidly in the atmospheric chemistry 

community. Some researchers have raised two concerns with regard to OFRs: (1) the 

chemical regime of OFRs may be unrealistic compared to the atmosphere and (2) OFRs 

are derivative of flow reactors with a long tradition in atmospheric chemistry, especially 

for chemical kinetic measurements, and thus there is not much new to be discussed or 

analyzed in their chemistry. While it is true that OFRs follow the tradition of flow tubes 

used in atmospheric chemistry, they attempt to simulate a much more complex system 

all-at-once and typically use much longer residence times, and thus many fundamental 

and practical issues arise that have not been addressed before. The need to achieve 

longer effective photochemical ages within a short residence time can, however, lead to 
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the occurrence of undesirable oxidation pathways. This paper uses computer modeling 

to define useful ranges in which to work.” 

Therefore, we strongly believe that the present paper does address the needs of people 

interested in practical OFR application and those interested in the study of fundamental 

chemical pathways). We do make a reasonable attempt to present the methods and results in a 

way that is both rigorous and accessible to many OFR users with limited chemical knowledge 

(e.g. researchers with more of an aerosol and/or engineering training), even though to 

knowledgeable chemists this paper might appear to be somewhat wordy and detail-oriented. 

In the response to R1.8, we have modified some text in the ACPD paper to give more details on 

and highlight several features of RO2 chemistry in the atmosphere and chambers. 

See also the response to comment R1.12. 

 

R1.1) Page 4, lines 117-122: Is production of RO2 from ozonolysis reactions or reactions 

between O(1D) and VOCs considered for conditions when significant ozone/O(1D) are present? 

Although photolysis of organics is considered, is there any consideration of photolysis of 

oxygenated VOCs (formaldehyde or acetaldehyde for example) which may photolyse to 

generate RO2 radicals? 

While RO2 production from ozonolysis and photolysis of VOCs and their reactions with O(1D) is 

possible in the OH OFRs that are the focus of this paper, these non-OH pathways are 

significant only when OH is suppressed or not sufficiently produced, i.e. under “risky” or “bad” 

conditions as defined in the paper. We have previously shown that all these non-OH reactions 

become important for similar reasons and photolysis at 254 nm is usually the most significant 

type of non-OH reactions (Peng et al., 2016). The physical conditions leading to significant 254 

nm VOC photolysis (non-tropospheric chemistry) are of little experimental interest. Thus we do 

not believe that it is necessary to include RO2 production through non-OH pathways in this 

study. 

We have added the following text to the end of the paragraph between L117 and L125: 

“RO2 production through other pathways, e.g. VOC ozonolysis and photolysis, is not 

considered, since all non-OH pathways of VOC destruction only become significant at 

low H2O and/or high OHRext
 (Peng et al., 2016). These conditions lead to significant non-

tropospheric VOC photolysis and thus are of little experimental interest.” 

 

R1.2) Page 4, lines 133-134: The authors assume average ambient HO2 concentrations of 

1.5x108 molecules cm-3 and kHO2+RO2 of 1.5x10-11 cm3 molecule-1 s-1. The generic rate 

coefficient for HO2 + RO2 used seems high, for HO2 + CH3O2 the rate coefficient is 5.2x10-12 

cm3 molecule-1 s-1, while that for HO2 + C2H5O2 is 6.9x10-12 cm3 molecule-1 s-1. How do 
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the assumptions regarding [HO2] and kHO2+RO2 influence the results reported in this work? 

Similarly, how does the assumption regarding kRO2+NO influence the results? 

In the typical OFR experiments focused on SOA formation that we are mainly studying in this 

paper, CH3O2 and C2H5O2 are minor contributors to the total RO2 pool. Their formation rates 

through methane and ethane oxidation are very small compared to the formation of larger RO2 

radicals from other VOCs. We thus do not believe that CH3O2 and C2H5O2 are important 

intermediates of VOC oxidation that are able to significantly alter the overall OH, HO2, and RO2 

budget in OFRs. In the ambient and chamber cases, OH and HO2 have been prescribed. If 

CH3O2 and C2H5O2 are not the RO2 of interest (which is usually the case in SOA formation 

studies), the different rate constants of the reactions of CH3O2 and C2H5O2 with HO2 than the 

typical value used for RO2+HO2 in this study will have no impact on the results of the ambient 

and chamber cases. 

For other unsubstituted and oxygenated RO2 radicals, the rate constants of their reactions with 

HO2 are indeed around 1.5x10-11 cm3 molecule-1 s-1 (~1–2 x10-11 cm3 molecule-1 s-1; see Table 5 

of Orlando and Tyndall, 2012). And the rate constants of RO2+NO are indeed very close to 

9x10-12 cm3 molecule-1 s-1 (see Table 1 of Orlando and Tyndall, 2012) for most RO2 radicals, 

including CH3O2 and C2H5O2. Only the rate constants of acyl RO2+NO are ~x2 the value used in 

the paper. 

For the modified text to clarify this issue, please refer to the response to comment R2.2. 

 

R1.3) Page 4, line 152 (and elsewhere): Please consider changing ‘RO2s’ to ‘RO2 radicals’ or 

similar. 

We have changed “RO2s” to “RO2 radicals” throughout the paper. 

 

R1.4) Page 5, line 175: Please quantify the statement ‘acylperoxy nitrates barely decompose’ 

with an example. 

We have modified the relevant sentences in L175–176 with some detail added to clarify this: 

“In OFRs operated at room temperature, acylperoxy nitrates barely decompose, as their 

thermal decomposition lifetime is typically ~1 h (Orlando and Tyndall, 2012), while OFR 

residence time is usually a few minutes. In contrast, peroxy nitrates of non-acyl RO2 do 

decompose on a timescale of 0.1 s (Orlando and Tyndall, 2012).” 

 

R1.5) Page 6, line 205: What is the rationale for this production rate of OH? What is the VOC 

concentration used? (i.e. What is the pseudo-first-order rate coefficient?) 
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First, we would like to clarify that the text in L205 and below discusses OH loss rather than OH 

production. In this study, we use a proxy of external OH reactant (SO2), but external OH 

reactivity (OHRext, the pseudo-first-order rate constant of OH loss due to external species (e.g. 

VOCs, CO, and SO2)) is not constrained to one value. Instead, its effects are explored over a 

very wide range (1–1000 s-1) across our model cases. The initial SO2 concentration used in 

each model case is determined by the initial OHRext chosen for that case. 

We use SO2 as a surrogate of external OH reactants for simplicity. OHRext for VOCs evolves 

over time (upon oxidation of VOCs and the formation and later oxidation of the stable reaction 

products) (Nehr et al., 2014; Fuchs et al., 2017; Sato et al., 2017; Schwantes et al., 2017). This 

evolution plays an important role in OH loss over time, but is not well modeled even with explicit 

chemical scheme such as Master Chemical Mechanism (Sato et al., 2017; Schwantes et al., 

2017). Using a slow-reacting external OH reactant, i.e. SO2, as a proxy can roughly account for 

the relatively slow decay of OHRext (compared to that of primary VOCs) due to the generation of 

second and later generation products. As we already stated in the ACPD paper (L208–209), this 

rationale has been discussed in detail in our previous papers (Peng and Jimenez, 2017; Peng et 

al., 2018). As this paper is already long, we prefer not to extensively discuss this approximation 

in the text again. 

Nevertheless, for more clarity, we have modified the text in L205 to read: 

“A generic slow-reacting VOC (with the same OH rate constant as SO2) is used as the 

external OH reactant. Its initial concentration is determined by the initial OHRext in each 

model case. Then as this proxy external OH reactant slowly reacts, OHRext slowly decays. 

This slow change in OHRext represents not only the decay of the initial reactant but also 

the generation and consumption of later-generation products that continue to react with 

OH. The reason for this approximation has been discussed in detail in previous OFR 

modeling papers (Peng and Jimenez, 2017; Peng et al., 2018).” 

 

R1.6) Page 6, line 220 and page 10, line 370: Are the results from these simulations reported 

anywhere? How is this estimate achieved? 

To address the Referee’s question, we have modified text to L219 and L369 to include more 

details about these calculations. The modified text in L219 reads as follows: 

“We used the fully chemically explicit (automated chemical mechanism generation based 

on available knowledge) box-model GECKO-A (Aumont et al., 2005) to simulate OH 

oxidation of several simple VOCs (e.g. propane and decane) under various OFR 

conditions with zero-NO. We consistently find that β~0.3.” 

And the modified text in L369: 
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“However, simulations using the GECKO-A model in urban (Mexico City) and forested 

(Rocky Mountains) atmospheres (Figure S8) show that acyl RO2 can still be a major (very 

roughly 1/3) component of RO2 at ages of several hours or higher. 
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Figure S8. (a) RO2 concentration and composition [primary (1ry), secondary (2ry), tertiary 

(3ry) and acyl RO2] as a function of aging time for the simulation of a parcel of air 

advected from Mexico City during the MILAGRO 2006 campaign using the fully explicit 

GECKO-A model (Lee-Taylor et al., 2015). (b) The same for a GECKO-A simulation of air 

in a Rocky Mountain pine forest for the average diurnal cycle during the BEACHON-

RoMBAS 2011 campaign (Palm et al., 2016; Hunter et al., 2017). Nighttime is denoted by 

shaded area.” 

 

R1.7) Page 8, line 304: I’m not sure forested areas should be described as ‘low VOC’ given high 

biogenic emissions in such regions. 

For more clarity, we have modified the text to L303 to read: 

“Although OFRs can reasonably reproduce RO2 fates in typical low- and moderate-OHRext 

ambient environments (e.g. typical pristine and forested areas; Figs. 1b,d and 3) and low-

OHRext chambers, OFR185 cannot achieve relative importance of RO2+RO2 significantly 

larger than 50%, such as found in remote environments with higher VOC (e.g. P1 in Fig. 
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1) and high-OHRext chamber experiments (e.g. C2 and C5 in Fig. 1; the distribution for C2 

is also shown in Fig. 3).” 

 

R1.8) Page 9, line 307: Are the labels C1, C2 etc. shown in the Figures described anywhere? 

We have described the typical cases corresponding to these labels in Section 3.1.1 of the 

ACPD paper. Nevertheless, for added clarity we have modified the paragraph starting from 

L262 to include more discussion about the typical ambient and chamber cases: 

“In this case non-acyl RO2 can have only three fates, i.e. RO2+HO2, RO2+NO and RO2+RO2. 

The relative importance of these three fates can be shown in a triangle plot (Figure 1). 

The figure includes data points of OFR185 (including OFR185-iN2O) and OFR254-70 

(including OFR254-70-iN2O), as well as several typical ambient and chamber studies, 

including two pristine remote area cases (P1 and P2) from the ATom-1 study (Wofsy et al., 

2018), two forested area cases (F1 and F2) from the BEACHON-RoMBAS and GoAmazon 

campaigns, respectively (Ortega et al., 2014; Martin et al., 2016, 2017), an urban area case 

(U) from the CalNex-LA campaign (Ryerson et al., 2013) and five typical chamber 

experiment cases (C1–C5) from the FIXCIT study (Nguyen et al., 2014). These typical 

cases shown in Fig. 1 bring to light several interesting points: 

● In all ambient and chamber cases, medium and slower RO2+RO2 contribute 

negligibly to the RO2 fate. This confirms a common impression that self-/cross-

reactions of many RO2 radicals do not significantly affect RO2 fates. 

● However, if RO2 self-/cross-reacts rapidly, RO2+RO2 can be the most important 

loss pathway among RO2+RO2, RO2+HO2 and RO2+NO even in pristine regions 

with higher VOC (e.g. P1 in Fig. 1) compared to an average pristine region case 

(P2). Note that the P1 case is still very clean compared to typical forested and 

urban areas (Table 2). 

● Forested areas located in the same region as pollution sources are not as “low-

NO” as one may expect (points F1 and F2 in Fig. 1). RO2+NO contributes ~20–50% 

to RO2 loss, as NO and HO2 concentrations are on the same order of magnitude in 

these cases. 

● RO2+NO dominates over RO2+RO2 and RO2+HO2 in almost all urban areas. Even in 

relatively clean urban areas such as Los Angeles during CalNex-LA in 2010 (point 

U in Fig. 1), average NO is ~1 ppb, still sufficiently high to ensure the dominance 

of RO2+NO among the three pathways. 

● Various chamber cases in the FIXCIT campaign (low to high OHRext; low to high 

NO; points Cx in Fig. 1) are able to represent specific RO2 fates that appear in 

different regions in the atmosphere. 

On these triangle plots, points for bad OFR conditions (in terms of non-tropospheric 

photolysis) are not shown because of the lack of experimental interest…” 
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R1.9) Page 12, line 421: Subscript in ‘RO2’. 

We have corrected it as suggested by the Referee. 

 

R1.10) Page 13, line 490: Should this read ‘Neither is the fast RO2 + RO2 …’? 

We quote relevant sentences in that paragraph below: 

“Since RO2+HO2 and RO2+NO both can vary from negligible to dominant RO2 fate in OFRs, 

chambers and the atmosphere (Figs. 1 and 2), these two pathways are not a concern in OFR 

atmospheric relevance considerations. Neither is the RO2+RO2 a major concern. Medium or 

slower RO2+RO2 is minor or negligible in the atmosphere and chambers, as well as in OFRs, as 

long as high OHRext is avoided in OFR254 (Fig. S2). Fast RO2+RO2 is somewhat less important 

in OFRs than in the atmosphere (Figs. 1b,d and 3), but is still qualitatively atmospherically 

relevant, given the uncertainties associated with the HOx recycling ratios of various reactive 

systems and the huge variety of RO2 types (and hence RO2+RO2 rate constants).” 

We do not believe that the relevant text needs to be modified as suggested by the Referee, as 

the sentence “Neither is the RO2+RO2 a major concern” is followed by discussions on both 

medium/slower RO2+RO2 and fast RO2+RO2. Both types of RO2+RO2 are generally 

atmospherically relevant in OFRs. 

 

R1.11) Page 16, line 585: Please provide a reference to the statement ‘. . . other major gas-

phase radical reactions have weak or no temperature-dependence’ or compare to a typical 

change in rate coefficient over a similar temperature range for RO2 + NO, RO2 + HO2 and RO2 

+ RO2. 

We have added several examples and corresponding references into this sentence. The 

modified text now reads: 

“A 15 K temperature increase in OFRs would lead to RO2 isomerization being accelerated 

by a factor of ~3, while other major gas-phase radical reactions have weak or no 

temperature-dependence (e.g. ~7%, ~5%, ~6% and ~19% slow-downs for isoprene+OH, 

toluene+OH, typical RO2+NO and RO2+HO2, respectively; Atkinson and Arey, 2003; 

Ziemann and Atkinson, 2012).” 

 

R1.12) Page 16, lines 599-611: The utility of the RO2 fate estimator is unclear. What does it do 

above and beyond a simple yield/budget calculations requiring knowledge of [HO2], [RO2], [NO] 
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and the corresponding rate coefficients? It would be surprising if groups performing OFR 

studies, or similar, weren’t already able to do such calculations. 

Actually, we developed the RO2 Fate Estimator partly due to a request by a well-known 

atmospheric chemist who is an expert in chamber experiments. While many chamber 

experimentalists are aware of the importance of RO2 fate in their laboratory experiments, often 

analyses are presented that are not completely consistent with each other, or that do not include 

all the relevant pathways. We also found relatively few available datasets in the literature for 

chamber experiment RO2 fate analysis, and we recommend performing such an analysis or 

reporting relevant data for it in the paper. Having a standardized RO2 fate estimator available 

may facilitate some of these tasks. 

For OFR users, their awareness of the importance of RO2 fate analysis may generally be lower 

than chamber experimentalists, as many of these groups have aerosol science or engineering 

backgrounds (e.g. aerosol optics and emission control of sources such as motor vehicles). As a 

result, RO2 fate has rarely been reported in OFR studies. A user-friendly tool for these OFR 

practitioners to analyze this relatively complex problem would be very useful. Also quantities 

such as HO2 concentration in OFRs are indeed very hard to measure, and many OFR users do 

not have tools to assess them independently. The estimation equations for these quantities 

embedded in the OFR RO2 Fate Estimator makes realistic analyses of RO2 fate in OFRs 

possible. 

Therefore, we believe that both of our RO2 Fate Estimators are of great practical interest and do 

not modify this paragraph (L599–611). 

See also the response and added text in response to comment R1.1. 

 

R1.13) Figure 1: The labels C1, P1, U etc. are unclear and/or overlapping with other labels on 

the plots. 

We have modified all triangle plots to avoid overlap of the case labels. Below is an example 

(Figure 1a). 
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Anonymous Referee #2 

This manuscript describes the use of a chemical model to evaluate the use of oxidative flow 

reactors. Overall, the work is important for groups using oxidative flow reactors, and includes a 

high quality analysis of the chemistry in those flow reactors, and should be published subject to 

appropriate revision. However, I have a few qualms that should be addressed by the authors, 

noted below. 
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R2.1) It is only a handful of groups that use OFRs, and the authors should address the 

generalizability of their research. Aside from acting as a handbook for OFR users, are there 

general notes on tropospheric chemistry that the authors can provide to the reader? For 

example, the relative importance of the different fates of RO2 is generally interesting, and a 

clear summarizing point from that first figure could be of use and generally interest. 

We would like to clarify that OFRs are not only used by a handful groups. Currently there are 

~50 research groups worldwide that use OFRs and this number is increasing very rapidly 

(probably by 10–15 groups per year). According to Google Scholar, the annual number of 

publications concerning OFRs has reached ~1/3 of that concerning traditional chambers and is 

increasing exponentially. We can comfortably claim that OFR has already become a 

mainstream atmospheric chemistry research tool. A study focused on such a tool, while 

comparing with the traditional tool (chambers) and the atmosphere, has enough scientific 

interest and practical importance to stand on its own. 

Nevertheless, to address the Referee’s concern, we have modified the text in Section 3.1.1 to 

provide more details of RO2 fates in the troposphere and chambers. Please refer to the 

response to comment R1.8 for the modified text. 

 

R2.2) The authors discuss RO2 as a general radical term, and in general their analysis makes 

sense from that perspective. However, in high NOx environments, RO2+NO dominantly 

produces RO+NO2, but sometimes produces organic nitrates (RONO2). The frequency of this 

branching will depend on the chemical identity of the RO2 precursor. I suspect this chemistry 

will impact the rates and radical balance in the OFR+N2O experiments. The authors include this 

reaction in Table 1, but do not discuss this reaction at all. Their model should be able to use 

RONO2 species to track the RO2 fate in high NOx experiments and see if the values are 

tropospherically relevant (i.e. will the OFR model - or OFR itself - produce a branching ratio that 

matches previous laboratory or field experiments?). 

In the model, we focus on simulating generic RO2 concentration and do not explicitly consider 

subsequent reactions of the products of RO2 loss pathways. The overwhelming majority of NOx 

in OFR-iN2O exists in the form of NO2 and NO2 is dominantly produced from the oxidation of NO 

by O3, HO2 and OH (Peng et al., 2018), whose concentrations are orders of magnitude higher 

than corresponding ambient values. In the ACPD paper, we have already shown that RO 2 

concentration in OFRs cannot be enhanced as much as O3, HO2 and OH. Therefore, whether a 

minor fraction of NO reacted with RO2 produces NO2 or not has virtually no impact on NO2 

concentration in OFR-iN2O. Also, the HO2 production from the reaction of RO with O2 is already 

implicitly accounted for by the HOx recycling described by β (see Section 2.3). In theory the 

RONO2 formation branching ratio may affect β, but this impact should be small compared to the 

total HOx recycling and generally negligible compared to the total HOx production (Peng et al., 

2015). As a result, subsequent reactions of the products of RO2+NO and their branching ratios 

do not significantly affect the HOx and NOx balances in the simulations of OFR-iN2O. 
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For simplicity, we do not specify the branching ratios of the RO+NO2 and RONO2 channels. As 

long as the relative contribution of RO2+NO to the fate of RO2 of interest in OFRs is close to that 

in other chamber or field experiments, the fractions (yields) of RO and RONO2 in the total 

amount of the products of RO2 loss pathways will also be close to those in other chamber or 

field experiments. Practically, readers can easily obtain those yields by multiplying the relative 

contribution of RO2+NO by the branching ratios for RO2 of interest. 

For added clarity, we have modified the text to L145 to read: 

“Recommended general rate constants are available for RO2+HO2 and RO2+NO (Ziemann 

and Atkinson, 2012; Table 1), albeit with some small dependencies on the type of RO2 

and a few deviations that are slightly larger but not important for the overall chemistry 

(e.g. CH3O2 and C2H5O2 for RO2+HO2). We use these recommended values for generic RO2 

in this study. RO2+NO has two main product channels, i.e. RO+NO2 and RONO2, whose 

branching ratios are RO2-structure-dependent (Ziemann and Atkinson, 2012). We do not 

include these product channels in this study, since they have negligible impacts on the 

chemical scheme described here. This feature results from two facts: i) we focus on the 

generic RO2 and do not explicitly consider the chemistry of products of the different RO2 

loss pathways; ii) the channel producing RO and NO2 contributes little to NO2 production 

(Peng et al., 2018).” 

 

R2.3) Finally, I would like to see the ’Guidelines for OFR Operation’ either have a short bullet 

point summary of key points (or those in the Conclusions section), or be made more concise. 

Overall, it would behoove the authors to consider whether all the text and figures/tables are 

necessary to make their main points, or if there are additional places that could be removed. 

The paper is dense, which will reduce the readership. Reducing the number of acronyms (and 

making a table of whatever acronyms are left) would be very helpful for readability. There are so 

many ’OFR-subversions’ that I had a challenging time reviewing portions of the manuscript. 

We think that in Section 3.3 there is an obvious logical flow linking the points discussed, and 

hence prefer to make the bullet point summary in Section 4 (Conclusions) instead of Section 

3.3. The modified second paragraph (starting from L630) now reads: 

“Besides the above-mentioned well-known pathways, RO2+OH and RO2 isomerization 

may also play an important role in RO2 fate and sometimes result in atmospherically 

irrelevant RO2 chemistry in OFRs. Here we summarize the main findings about all the 

pathways and the related guidelines for OFR operation: 

● Under typical high-NO conditions, RO2+NO dominates RO2 fate and RO2 lifetime is 

too short to allow most RO2 isomerizations, regardless of whether in the 

atmosphere, chambers or OFRs, thus raising no concern about the atmospheric 

relevance of the OFR RO2 chemistry. 
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● Under low-NO conditions, OFR254 cannot yield any physical conditions leading to 

sufficiently long RO2 lifetime for its isomerization because of the high radical 

levels and their resilience to external perturbations in OFR254. 

● In OFR185 with strong OH production (and hence high OH), RO2+OH and RO2 

isomerization may strongly deviate from that in the atmosphere [becoming 

important and negligible, respectively, for relatively rapidly isomerizing RO2 (rate 

constants on the order of 0.1 s-1)]. 

● To attain both atmospherically relevant VOC and RO2 chemistries, OFR185 

requires high H2O, low UV and low OHRext. These conditions ensure minor or 

negligible RO2+OH and a relative importance of RO2 isomerization in RO2 fate in 

OFRs within a factor of ~2 of that in the atmosphere. 

● Under conditions allowing both VOC and RO2 chemistries to be atmospherically 

relevant, the maximal photochemical age that can be reached is limited to a few 

eq. days. This age roughly covers the period required for maximum SOA 

formation in ambient air. 

● To most realistically study much higher ages for SOA 

functionalization/fragmentation by heterogeneous oxidation, a sequence of low-

UV SOA formation followed by a high UV condition (in the same reactor or in 

cascade reactors) may be needed. 

● High H2O, low UV and low OHRext in the OFR185-iNO mode can achieve conditions 

relevant to clean urban atmosphere, i.e. high-NO but not sufficiently high to inhibit 

common RO2 isomerization.” 

In addition, we have added a glossary table as a part of the appendices to clarify the meanings 

of the different acronyms. Unfortunately, there are indeed multiple ways of running OFRs, each 

having very different chemical properties. Users have to choose a specific mode for a given 

experiment. The mode acronyms are thus necessary when discussing the different modes and 

their advantages and disadvantages: 

“Appendix A: Glossary of the acronyms (except field campaign names) used in the paper 

OFR oxidation flow reactor 

VOC volatile organic compound 

SOA secondary organic aerosol 

H2O water vapor mixing ratio 

OHRext external OH reactivity (due to CO, SO2, VOCs etc.) 

PAM Potential Aerosol Mass, a specific type of OFR 

OFR185 oxidation flow reactor using both 185 and 254 nm light 
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OFR254 oxidation flow reactor using 254 nm light only 

OFR254-X OFR254 with X ppm O3 initially injected 

OFR-iN2O OFR with N2O initially injected 

OFR185-iN2O OFR185 with N2O initially injected 

OFR254-iN2O OFR254 with N2O initially injected 

OFR254-X-iN2O OFR254-X with N2O initially injected 

OHRVOC OH reactivity due to VOCs 

F185, F254 etc. UV photon flux at 185 nm, 254 nm etc. 

N2O N2O mixing ratio 

OHexp, F185exp etc. exposure (integral over time) to OH, F185 etc. 

” 

 

R2.4) line 51: remove the extra "(". 

We have moved the second “(“ in L51 as suggested by the Referee. 

 

R2.5) line 212: I genuinely don’t understand this sentence - please clarify (i.e. an accuracy of 

what?) 

We have modified this sentence (in L212) for more clarity. Below is the modified sentence: 

“The outputs of our model (e.g. species concentrations and exposures) were estimated to 

be accurate to within a factor of 2–3 when compared with field OFR experiments; better 

agreement can generally be obtained for comparisons with laboratory OFR experiments 

(Li et al., 2015; Peng et al., 2015).” 

 

R2.6) line 352: Acyl RO2 +NO2 is typically referred to as an ’equilibrium’, not ’quasi-irreversible 

reaction’. Consider what happens as temperature is increased - in the troposphere in summer, 

this equilibrium is important for most PAN-type compounds, and cannot be ignored! If this is the 

case in most OFRs, then there is a more serious problem with the RO2/NO2 and NO/NO2 

ratios... 
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We do not think that a temperature increase of 10–20 K will significantly change the importance 

of acylperoxy nitrates in OFRs. The equilibrium constant of acyl RO2+NO2↔acyl RO2NO2 may 

change substantially. The O-N bond energy of acylperoxy nitrates is ~28 kcal/mol (Orlando and 

Tyndall, 2012), which we take as an approximate reaction energy of their decomposition. Then 

a 20 K temperature increase results in the equilibrium constant shifted toward RO2+NO2 by 

x~20. However, this shift is still too small relative to the equilibrium constant itself. For the 

generic acyl RO2 in this study in an OFR at room temperature (298 K), RO2+NO2↔RO2NO2 has 

an equilibrium constant K1=~2x10-8 cm3 molecule-1. In a case with NO2 of 1012 molecules cm-3 (a 

relatively low level in typical OFR-iN2O experiments; Peng et al., 2018), we set K2 = K1[NO2] = 

[RO2NO2]/[RO2] = ~2x104 as the equilibrium constant for RO2↔RO2NO2 (only when 

[NO2]>>[RO2]). Even if reduced by x20 by increasing temperature by 10 K, K2 is still as high as 

~1000, which means that only ~1 part per thousand of RO2NO2 will be present in the reactant 

form. Even if acylperoxy nitrate decomposition is x20 faster than at room temperature and the 

formed acyl RO2 can irreversibly react with NO and decrease acylperoxy nitrate concentration, 

this effect is small: typically up to ~20% decrease in acylperoxy nitrate and usually negligible 

changes in NO and NO2. The minor effect is due to i) acylperoxy concentration that is still very 

low, ii) NO concentration that is much lower than NO2 and iii) acylperoxy nitrate decomposition 

lifetime that is still on the order of minutes. 

We believe that it is appropriate to describe acyl RO2+NO2 in high-NOx OFRs as a “quasi-

irreversible” reaction at room temperature and add “at room temperature” after “the quasi-

irreversible reaction RO2+NO2→RO2NO2” in L352 to be more rigorous.  

For OFR conditions ~10–20 K higher than room temperature, since they are different than 

conditions in other reaction systems and that may be unclear to other researchers, we have 

included a summary of the discussion above in the paper. We have added the new text at the 

end of the paragraph starting from L583. The added text reads as follows: 

“Besides, reduction of acylperoxy nitrate formation in OFRs, which may be useful to 

mimic some urban environments where NO plays a larger role in acyl RO2 fate (see 

Section 3.1.2), is unlikely to be achieved by increasing OFR temperature. The O-N bond 

energy of acylperoxy nitrates is ~28 kcal/mol (Orlando and Tyndall, 2012), which can be 

taken as an approximate reaction energy of their decomposition. Then a 20 K 

temperature increase results in the equilibrium constant of acyl RO2+NO2↔acyl RO2NO2 

shifted toward RO2+NO2 by a factor of ~20. However, this shift is still too small relative to 

the equilibrium constant itself. It can be obtained by a simple calculation that for the 

generic acyl RO2 in this study in an OFR at 318 K (20 K higher than room temperature) 

with NO2 of 1012 molecules cm-3 (a relatively low level in typical OFR-iN2O experiments; 

Peng et al., 2018), ~0.1% of the total amount of acyl RO2 + acyl RO2NO2 will be present in 

the form of acyl RO2. Even if acylperoxy nitrate decomposition is x20 faster than at room 

temperature and the formed acyl RO2 can irreversibly react with NO and decrease 

acylperoxy nitrate concentration, this effect is small: typically up to ~20% decrease in 

acylperoxy nitrate and usually negligible changes in NO and NO2. The minor effect is due 

to i) acylperoxy concentration that is still very low, ii) NO concentration that is much 
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lower than NO2 and iii) acylperoxy nitrate decomposition lifetime that is still on the order 

of minutes.” 

 

R2.7) line 361: what are typical NO/NO2 ratios in the OFR and in the troposphere? It would be 

helpful to summarize in a sentence. 

We have modified the text to L361 to include the information requested by the Referee: 

“RO2+NO2 is an inevitable and dominant sink of most acyl RO2 in high-NOx OFRs, though 

the extent of this dominance differs substantially between the different OFR operation 

modes. In OFR254-70-iN2O, RO2+NO makes a minor or negligible contribution to acyl RO2 

fate because the required high O3 very rapidly oxidizes NO to NO2 and leads to very low 

NO-to-NO2 ratios (e.g. ~0.003–0.03; see Fig. S7). In OFR185-iN2O, the contribution of 

RO2+NO can be somewhat significant, with typical NO-to-NO2 of ~0.03–0.4. (Fig S7). 

Urban NO-to-NO2 ratios vary widely, for example (roughly, and excluding significant tails 

in the frequency distributions), 0.02–1 for Barcelona, 0.007–0.7 for Los Angeles and 

Pittsburgh (see Fig. S7). Given these variations among different urban areas, RO2+NO 

and RO2+NO2 for acyl RO2 in OFR185-iN2O can be regarded as relevant to urban 

atmospheres. Exceptions to the relevance of OFR185-iN2O occur during morning rush 

hours (e.g. see the high NO-to-NO2 tail for the Pittsburgh case in Fig. S7), near major NO 

sources, and/or in urban atmospheres with stronger NO emission intensity (e.g. Beijing, 

especially in winter; Fig. S7). In these cases, NO-to-NO2 ratios may significantly exceed 1, 

and RO2+NO may be the dominant acyl RO2 loss pathway. Such high-NO conditions 

appear difficult to simulate in OFRs with the current range of techniques. 
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Figure S7. Frequency occurrence distributions of NO-to-NO2 ratios for OFR185-iN2O and 

OFR254-70-iN2O model cases and measured at the Los Angeles, Pittsburgh and 

Barcelona ground sites during the CalNex-LA 2010, PAQS 2002 and DAURE 2009 

campaigns, respectively (Zhang et al., 2005; Reche et al., 2011; Ryerson et al., 2013) and 

at a ground site in Beijing in both summer and winter (Hu et al., 2016). OFR cases under 

bad conditions are filtered out. The total areas of all distributions are identical.” 

 

R2.8) line 371: The sentence that states that acyl RO2 dominate aged air plumes requires a 

reference. 

See the response to comment R1.6. 

 

R2.9) line 432: ’s’ on the end of ’reaction(s)’ should be deleted. 

We have remove this “s” as suggested by the Referee. 

 

 

Additional modification 

We have discovered a bug in the OFR RO2 Fate Estimator that affects the RO2 fate estimation 

in OFR185 (low-NO mode) and fixed it in the revised Supplement. 
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Abstract. Oxidation flow reactors (OFR) are a promising complem ent to environme ntal chambers for 12 

investigating atmospher ic oxidation processes and secondary aerosol formation. However, questi ons 13 

have been raised about how representative the chemistry within OFRs is of that in the tropospher e.  We 14 

investigate the fates of organic peroxy radicals (RO2), which play a central role in atmospheric orga ni c 15 

chemistry, in OFRs and environme ntal chambers by chemical kinetic modeling, and compare to a variety  16 

of ambient conditions to help define a range of atmospheri cally relevant OFR operating conditions. For 17 

most types of RO2, their bimolecular f ates in OFRs are mainly RO 2+HO2 and RO2+NO, similar to chambers 18 

and atmospheric studies. For substituted primary RO2 and acyl RO2, RO2+RO2 can make a signific ant 19 

contribution to the f ate of RO2 in OFRs, chambers and the atmosphere, but RO2+RO2 in OFRs is in general 20 

somewhat less important t han in the atmosphere. At high NO, RO 2+NO dominates RO2 fate in OFRs, as 21 

in the atmosphere. At high UV lamp setting in OFRs, RO2+OH can be a major RO2 fate and RO2 22 

isomerization can be negligible for common mult ifunctional RO2, both of which deviate from com mon 23 

atmospheric conditi ons. In the OFR254 operation mode (where OH is generated only from photoly si s 24 

of added O3), we cannot identify any conditions that can simultaneously avoid significant organic  25 

photolysis at  254 nm and lead to RO2 lifetimes long enough (~10 s) to allow atmosphe rically relevant 26 

RO 2 isomer ization. In the OFR185 mode (where OH is generated from reactions initiat ed by 185 nm  27 

photons), high relative humidity, low UV intensity and low precursor concentrati ons are recomme nde d 28 

for atmospherically relevant gas-phase chemistry of bot h stable species and RO2. These conditi ons  29 

ensure minor or negligible RO2+OH and a relative importanc e of RO2 isomer ization in RO2 fate in OFRs  30 

within ~x2 of that in the atmosphere. Under these conditions, the photochemical age within OFR185 31 

systems can reach a few equivalent days at  most, encompassing the typical ages for maxi m um 32 

secondary organic aerosol (SOA) production. A small increase in OFR temperature may allow t he relative 33 

importanc e of RO2 isomer ization to approach the ambient  values. To study heterogeneous oxidation of 34 

SOA formed under atmospherically-relevant OFR condit ions, a different UV source with higher  intensity 35 

is needed after the SOA formation stage, which can be done with another reactor in series. Finally, we 36 

recommend evaluating the at mosphe ric relevance of RO2 chemistry by always reporting measured 37 

and/or estimated OH, HO2, N O, NO2 and OH  reactivit y ( or at least precursor composition and 38 

concentration) in all  chamber and flow reactor experime nts. An easy-to-use RO2 fate estimator progra m 39 

is included with this paper to facilitate investigation of this topic in future studies.  40 
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1 Introducti on 41 

Laborat ory reactors are needed to isolate and study atmospheric chemical systems. Environme nt al 42 

chambers have been a major atmospheric chemistry research tool for decades (Cocker  et  al., 2001;  43 

Carter et al.,  2005; Presto et al., 2005; Wang et al., 2011; Platt et al., 2013). Over the last f ew years,  44 

oxidation flow react ors ( OFRs, see Appendix A for the meanings of the acronyms) (Kang et al., 2007) 45 

have emerged as a promising complement to chambers, and are being used to invest igate atmospheri c 46 

oxidation processes, particularly volatile organic compound (V OC) oxidation and secondary orga ni c 47 

aerosol (SOA) formation and aging (Kang et al., 2011; Lambe et al., 2015; Hu et al.,  2016; Palm et al., 48 

2016). These processes have air quality (Levy II, 1971), human health (Nel, 2005) and climate impacts  49 

(Stocker et al., 2014). 50 

The most important  advantage of OFRs is their ability to achieve relatively high photochemi c al  51 

ages (on the order of equivalent hours or days (assuming an average ambient OH concentration of 52 

1.5x106 molecules cm-3; M ao et al., 2009) in minutes instead of hours in chambers (Lambe et al., 2011) . 53 

Rapid aging is usually achieved by highly active HOx radical chemistry initiat ed by low-pressure Hg lamp 54 

emissions (185 and 254 nm) ( Li et al., 2015; Peng et al., 2015). This allows short er residence times in 55 

OFRs thus reducing the relative importanc e of gas and particle losses to walls (Palm et al., 2016), whi ch 56 

can be very important in Teflon chambers (Cocker  et  al., 2001; Matsunaga and Ziemann, 2010; Zhang et 57 

al., 2014; Krechmer  et  al., 2016). In addition, lower cost s and small size (volumes of the order of  10 L)  58 

of OFRs allow better portabili ty. These, together with the ability to rapidly achieve high photochemi ca l 59 

ages, are advantageous for field applications.  60 

These advantages of OFRs have led a number of atmospheric chemistry research groups (Lambe 61 

and Jimenez, 2018) to deploy them in field (Hu et al., 2016; Ortega et  al., 2016; Palm et al., 2016, 2017),  62 

source (Ortega et al.,  2013; Tkacik et al., 2014; Karjalainen et al., 2016; Link et  al., 2016) and laboratory 63 

studies (Kang et al., 2011; Lambe et al., 2013; Richards-Henders on et al., 2016; Lim et al., 2017). 64 

 However, the atmospheric relevance of V OC oxidation and SOA formation simulated in OFRs has 65 

repeatedly been called into question, because the UV  wavelengths most commonly used to initiate OFR 66 

chemistry do not exist in the troposphere, and because OH levels in OFRs (108–1010 molecules cm-3) can 67 

be much higher than tropospheric levels (106–107 molecules cm-3; M ao et al., 2009; Stone et al.,  2012).  68 

While t he use of oxidation flow reactors is growing rapidly in the atmospheric chemistry community,  69 

some researchers have raised two concerns with regard to OFRs: (1)  the chemica l regime of OFRs may 70 

be unrealistic compared to the atmosphere and (2) OFRs are derivative of flow reactors with a long 71 

tradition in atmospheric chemistry, especially for chemical kinetic measureme nts, and thus there is not 72 

much new to be discussed or analyzed in their chemistry. While it is true that OFRs follow the tradit ion 73 

of flow tubes used in atmospher ic chemistry, they attempt to simulate a much more complex system 74 

all-at-once and typically use much longer residence times, and thus many fundament al and practi ca l  75 

issues arise that have not been addressed before. The need to achieve longer effective photochemi c al  76 

ages within a short residence time can,  however, lead to the occurrence of undesirable oxida tion 77 

pathways. 78 
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To clarify this issue, a series of chemical kinetic modeling studies have been performed: Li et al. 79 

(2015) and Peng et al. (2015) established a radical chemist ry and oxidation model whose predictio ns  80 

compare well against laboratory experiments and found that OH can be substant ially suppressed by  81 

ext ernal OH reactants (e.g. SO2, N Ox and VOCs externally int roduced into the reactor) ; Peng et al. (2016) 82 

identified low water mixing ratio (H2O) and/or high externa l OH reactivity (OHRext, i .e.  first-order OH loss 83 

rate constant contributed by external OH reactants)  as conditions that can cause significant non-84 

tropospheric V OC reactions (e.g. through photolysis at 185 and/or 254 nm); Peng and Jimenez (2017) 85 

studied NOy chemistry in OFRs and showed that high-NO conditions, where organic peroxy radicals rea ct 86 

more rapidly with NO than with HO2, can only be realized by simple NO injection in a very narrow range 87 

of physical conditions, whose application to investigating intermediate- and high-NO environments (e.g.  88 

urban area) is limited; Peng et al. (2018) thus evaluated a few new techniques to maintain high-NO 89 

conditions in OFRs and found injection of percent-level N2O effective t o achieve this goal.  90 

While H Ox and NO y chemistri es have been extensively characterized in OFRs so far, organic peroxy  91 

radical (RO2) chemistry has yet to be considered in detail, as previous studies have only considered the  92 

balance between RO2+NO vs RO2+HO2. There has been some speculation that  due to high OH 93 

concentrations in OFRs, RO2 concentration and lifetime might be significantly different from ambient  94 

values, leading to dominance of RO2 self/cross reactions and elimination of RO2 isomer ization pathways  95 

(Crouns e et al. , 2013; Praske et al., 2018) . Given the central role RO2 plays in atmospheric chemistry  96 

(Orlando and Tyndall, 2012; Ziemann and Atkinson, 2012) and the rapidly increasing use of OFRs, RO2 97 

chemistry in OFRs needs to be studied in detail to characterize the similarities and differences betwee n 98 

their reactions conditions and those in t he ambient atmosphere and traditional atmospheric reacti on 99 

chambers. 100 

In this paper, we address this need via modeling. A ll major known fates of RO2 in OFRs will  be 101 

investigated and compared with those in typical chamber cases and in the atmosphere. This compariso n 102 

will provide insights into the atmospheric relevance of RO2 chemistry in atmospher ic simulat ion reactors 103 

and allow the selection of experimental conditions with atmospherically relevant  RO2 chemistry in 104 

experimental planning. 105 

2 Methods 106 

Due to a variety of loss pathways of RO2 and a myriad of RO2 types, RO2 chemistry is of enorm ous 107 

complexity. We detail  the RO2 production and loss pathways of interest in this study, the approximati ons 108 

used to simplify this complex problem, and steps to investigate it methodically. We briefly introduce the 109 

base OFR design and the model, which are describe d in detail elsewhere (Kang et al., 2007; Peng et al., 110 

2015, 2018).  111 

2.1 Potentia l Aerosol Mass oxidation flow reactor (PAM  OFR ) 112 

The concept of  the base OFR design simulat ed in this study, the Potential Aerosol Mass (PAM) 113 

reactor, was first introduced by Kang et al. (2007) The geometry of the most popular PAM  OFR is a 114 

cylinder of ~13 L volume. The PAM reactor we simulate is equipped with low-pressure Hg lamps (model  115 

no. 82-9304- 03, BHK Inc.) emitting UV light at 185 and 254 nm. When both 185 and 254 nm phot ons 116 
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are used to generate OH (t ermed “OFR185”), water vapor photolysis at 185 nm produces OH and HO2. 117 

Recombination of O2 and O( 3P), formed by O2 photolysis at 185 nm, generates O3. O(1D), formed thr ough 118 

O3 photolysis at 254 nm, reacts with water vapor and produces additional OH. 185 nm photons can be 119 

filtered by inst all ing quartz sleeves around the lamps. This converts the reactor into “OFR254” mode, 120 

where photolysis of O3, which must be init ially injected, is the only OH production route. The nota tio n 121 

“OFR254-X” is used to specify the initial amount of injected O3 (X ppm) in OFR254. Lambe et al. (2017) 122 

and Peng et al. (2018) have shown that  initial inject ion of N2O is able to maintain up to tens of ppb NO 123 

in both OFR185 and OFR254. These modes are denoted “OFR185-iN2O” and “OFR254-X-iN2O”, or more 124 

generally “OFR-iN2O”. In OFR254-iN2O, O(1D) generated f rom O3 photolysis reacts with N2O to generat e 125 

NO, while in OFR185-iN2O, O(1D) is mainly supplie d by N2O photolysis at 185 nm (Peng et  al., 2018). 126 

2.2 RO2 production and loss pathways 127 

A single generic RO2 is adopted for modeling purposes, to avoid the huge number of RO2 types 128 

that would complicate effective modeling and analysis. In OH-initiated VOC oxidation, RO 2 is pr imari ly 129 

produce d via VOC+OH → R (+H2O) followed by R+O2  RO2, where R is hydrocarbyl or oxygenated 130 

hydrocarbyl radical.  Since the second step is extremely fast in air (Atkinson and Arey, 2003), the firs t 131 

step controls the RO2 production rat e, which depends on OH concentration and OHRext due to VOCs 132 

(OHRVOC , see Appendix A B for details). OHRVOC  also includes the contribution from oxidat ion 133 

intermediates of primary VOCs (e.g. methyl vinyl ketone and pinonic acid). When the information about 134 

oxidation intermediates is insuff icient to calculate OHRVOC , OHR due to primary VOCs is used instead as 135 

an approximant. RO2 production through other pathways, e.g. VOC ozonolysis and photolysis, is not 136 

considered, since all non-OH pathways of VOC destruction only become signif icant at low H2O and/or 137 

high OH Rext
 (Peng et al., 2016). These conditions lead to significant non-tropospheric VOC photolysis 138 

and thus are of little experiment al interest. 139 

Table 1 lists all known RO2 loss pathways. Among those, RO2 photolysis, RO2+NO3 and RO2+O 3 140 

are not included in t his study,  since they are minor or negligible in OH-dominated atmospheres,  141 

chambers and OFRs for the following reasons. 142 

-  The first-order RO2 photolysis rate constant is of the order of 10-2 s-1 at the highest lamp setting in 143 

OFRs (Kalafut- Pettibone et al., 2013) and of the order of 10-5 s-1 in the troposphere under the 144 

assumption of unity quantum yield (Klems et al.,  2015),  while RO2 reacts with HO2 at >1 s-1 at the 145 

highest lamp setting in OFRs and at ~2x10-3 s-1 in the troposphere. Note that in this study we assume 146 

an average ambient HO2 concentration of 1.5x108 molecules cm-3 (Mao et al., 2009; Stone et al., 147 

2012) and RO2+HO2 rate constant of 1.5x10-11 cm3 molecule-1 s-1 (Orlando and Tyndall,  2012).   148 

- When daytime photoche mistry is active, NO3 is negligible in the atmosphere.  In OFR-iN2O modes,  149 

RO 2+NO3 is negligible unless at very low H2O and high UV intensity (abbr. UV hereafter), which 150 

result in high O 3 to oxidize NO2 to NO3 and keep HO2 minimized. However,  very low H2O causes 151 

ser ious non-tropospheric organic photolysis (Peng et al.,  2016) and thus t hese conditions are of no 152 

experimental interest.  153 

- In the atmosphere RO2+O 3 is thought to play some role only at night (Orlando and Tyndall, 2012).  154 
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Similar conditions may exist in some OFR254 cases, if a very large amount of O3 is injected and H2O 155 

and UV  are kept very low to l imit HO x production. These conditions are obviously not OH-156 

dominated and not further investigated in this study. 157 

Of the RO2 fates considered in this study, RO2+HO2 and RO2+NO and RO2+RO2 have long bee n 158 

known to play a role in t he atmosphere (Orlando and Tyndall, 2012). Recommende d general rate 159 

constants are available for RO2+HO2 and RO2+NO (Ziemann and Atkinson, 2012); Table 1), albeit with 160 

some small dependencies on the t ype of RO2 and a f ew deviations that are slightly larger but not 161 

important for the overall chemistry ( e.g. CH3O2 and C2H5O2 for RO2+HO2). We use these recommen de d 162 

values for generic RO2 in this study. RO2+NO has t wo main product  channels, i.e. RO+NO2 and RONO2,  163 

whose branching ratios are RO2-structure-depe ndent ( Ziemann and Atkinson, 2012). We do not include 164 

these product channels in this study, since they have negligible impacts on the chemical sche me 165 

describe d here. This feature results f rom two facts: i)  we focus on the generic RO2 and do not explici tly 166 

consider the chemistry of products of the different RO2 loss pathways; ii) the channel producing RO and 167 

NO2 cont ributes little to NO2 production (Peng et al., 2018).Despite some small dependencies on the 168 

type of RO2, recommende d general rate constants are available for RO2+HO2 and RO2+NO ; Table 1). We 169 

use t hese recommended values for generic RO2 in this study. However, RO2 self-/cross-reaction rate  170 

constants are highly dependent on the specific RO2 types and can vary over a very large range (10-17–171 

10-10 cm3 molecule-1 s-1). Unsubstitute d primary, seconda ry and tertiary RO2 self-react  at  ~10-13, ~10-15 172 

and ~10-17 cm3 molecule-1 s-1, respectively (Ziemann and Atkinson, 2012). Rate constants of  cross-173 

reactions between t hese RO2 types also span this range (Orlando and Tyndall,  2012).  Substituted RO2s 174 

have higher self-/cross-reacti on rate constants (Orlando and Tyndall, 2012). RO2+RO2 of highly 175 

substituted primary RO2 can be as high as ~10-11 cm3 molecule-1 s-1 (Orlando and Tyndall,  2012).  Very 176 

recently, a few highly oxidized 1,3,5-trimethylbenzene-derive d RO2s were reporte d t o self-/cross-react 177 

at ~10-10 cm3 molecule-1 s-1 (Berndt et al.,  2018). In the present work, we make a simplification to ada pt 178 

to the generic RO2 treatment by assuming a single self-/cross-reaction rate constant for generic RO 2 in 179 

each case. Three levels of RO2+RO2 rate constants, i.e. 1x10-13, 1x10-11, and 1x10-10 cm3 molecule-1 s-1, 180 

are studied in this paper. The first level is referred to as “medium RO2+RO2” as many ot her RO2 can hav e 181 

self-/cross-reaction rate constants as low as 10-17 cm3 molecule-1 s-1; the second level is defined as “fast 182 

RO 2+RO2”; the last level is called “very fast RO2+RO2.” No RO2+RO2 rate constant lower than the medium  183 

level is investigated in the current  work, alt hough there are stil l a large variety of RO2 whose self-/cros s 184 

reactions are at lower rate constants, since at the medium level, RO2+RO2 is already negligible in all the  185 

environment s studied in this work, i.e. OFRs, chambers and the atmosphere (see Section 3.1.1). Since 186 

there are only a f ew very specific examples for very f ast RO2+RO2 reporte d to date, we will not 187 

systematically explore this category but compare very fast  RO2+RO2 as a sensitivity case with the ot her 188 

two types of RO2+RO2 reactions. 189 

Acyl RO2 is considere d as a separate RO2 type (neither medium nor fast RO2+RO2) in this study 190 

since its reaction with NO2 can be a major sink of RO2 in OFR (Peng and Jimenez, 2017). Thermal 191 

decomposition lif etimes of the product of RO2+NO2, i .e.  acylperoxy nitrates, can be hours at laboratory  192 
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temperatures (Orlando and Tyndall, 2012; also taken into account in the current work, see Table 1), 193 

while OFR residence times are typically minutes. Besides, acyl RO2 react with many RO2 at ~10-11 cm3  194 

molecule-1 s-1 (Orlando and Tyndall,  2012),  similar to that of fast RO2+RO2. We thus assume acyl RO2 195 

self-/cross-reaction rate constant to be also 1x10-11 cm3 molecule-1 s-1 to facil itate the comparison with 196 

fast RO2+RO2 results.  197 

In OFRs operated at room temperature, acylperoxy nitrates barely decompose, as their thermal  198 

decomposition lif etime is typically ~1 h (Orlando and Tyndall, 2012), while OFR residence time is usually  199 

a few minutes. In contrast, peroxy nitrates of non-acyl RO2 do decompose on a timescale of 0.1 s 200 

(Orlando and Tyndall, 2012; Table 1).In OFRs operate d at room temperature, acylperoxy nitrates barel y 201 

decompos e, while peroxy nitrates of non-acyl RO2 do decompose on a timescale of 0.1 s (Table 1). As a 202 

consequence, the production and decomposition of peroxy nitrates of non-acyl RO2 reach a steady state 203 

in OFRs, which can be greatly shif ted toward t he peroxy nitrate side in cases with very high NO2 (Peng 204 

and Jimenez, 2017; Peng et al., 2018). 205 

RO 2+OH (Fittschen et al., 2014) and RO2 isomer ization (Crounse et al., 2013) have recently been 206 

identified as possible significant RO2 fates in the at mosphe re. Reactions of the former type, accordi ng 207 

to several recent experimental and theoretical studies (Bossolasco et al., 2014; Assaf  et  al., 2016, 2017b,  208 

2017a; Müller et al., 2016; Yan et al., 2016), have similar rate constants (~1x10-10 cm3 molecule-1 s-1) 209 

regardless of RO2 type. Therefore, the reaction rate constant of generic RO2 with OH is assigned as 1x10-210 

10 cm3 molecule-1 s-1. RO2 isomer ization react ivity is highly structure-dependent (Crounse et al., 2013;  211 

Praske et al., 2018) and rate constant measurem ents are still  scarce, preventi ng us from assigning a 212 

generic RO2 isomer ization rate constant. However,  for generic RO2, isomerization is generally not a sink 213 

but a conversion between two RO2 (both encompassed by the generic one in this study),  as RO2  214 

isomerization usually generat es an oxygenated hydrocarbyl radical, which rapidly recombines with O2 215 

and forms anothe r RO2. Therefore, RO 2 isomer ization is not explicitly taken int o account in the modeling,  216 

but is considered in the RO2 fate analysis. 217 

In summary, 6 pathways are included in the RO2 fate analysis of this study. The need to explore 218 

these 6 pathways for a high number of OFR, chamber, and atmospheric conditions makes presenta t io n 219 

of results challenging. For clarity, we present the results in two steps. In the first step, only well-know n 220 

RO 2 fates (reaction with N O2, H O2, N O and RO 2) will be included in the model. In the second step, the 221 

results of the f irst step will  be used t o guide the modeling and analysis of a more comprehensive set of 222 

significant RO2 fates. 223 

2.3 Model descr iption 224 

The model used in the present work is a standard chemical kinetic box model, implemente d in the  225 

KinSim 3.4 solver in Igor Pro 7 (WaveMetrics,  Lake Oswego,  Oregon, USA), and has been described in 226 

detail  elsewhere (Peng et al.,  2015, 2018). Plug flow in the reactor with a residenc e t ime of 180 s is 227 

assumed, since the effects of non-plug flow are major only in a narrow range of conditions of little 228 

experimental interest and the implementati on of laminar flow or measured residence time dist ributi on 229 

substantially increases computational cost ( Peng et al., 2015; Peng and Jimenez,  2017).  The reactions 230 
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of RO 2 discussed in Section 2.2 are added to the chemical mechanism. A generic slow-reacting VOC 231 

(with the same OH rate constant as SO2) is used as the external OH  reactant . Its initial concentrati on is 232 

determined by the initial OHRext in each model case. Then as this proxy external OH reactant slowl y 233 

reacts, OHRext slowly decays. This slow change in OHRext represent s not only the decay of the initia l 234 

reactant but also the generation and consumpti on of later-generati on produc ts that continue to react  235 

with OH.This slow rate also represents the generation and consumption of latter-generation product s 236 

that continue t o react with OH. The reason for  this approximati on has been discussed in detail in 237 

previous OFR modeling papers (Peng and Jimenez, 2017; Peng et al., 2018). We exclude NOy species,  238 

which are explicitly modele d, from the calculation of OHRext; thus OHRext only includes non-NOy OHRex t 239 

hereafter.  As OHRext is dominate d by OHRVOC  in most OFR experi ments, we use OHRext to denote OHRVOC  240 

in OFRs (while for ambient  and chamber cases OHRVOC  is still used to exclude the contribution of CO 241 

etc.). The outputs of our  model (e.g.  species concentrations and exposures) were estimated to be 242 

accurate to within a fact or of 2–3 when compared with field OFR experimentsThe model was estimate d 243 

to achieve an accuracy of a factor of 2–3 when compared to field OFR experiments; better agreement 244 

can generally be obtained for laboratory OFR experiments (Li et al., 2015; Peng et al. , 2015) . 245 

Anot her key parameter in the model is the HOx recycling ratio (β), defined in t his study as the 246 

number of HO2 molecule(s) produced per OH molecule destroyed by external OH reactants (Peng et al., 247 

2015). This rat io depends on the produc ts of RO2 loss pathways. The main product of RO2+HO2 is usually 248 

ROOH (Table 1), yielding no recycled HO2, while the main products of RO2+NO are RO and NO2, the 249 

former of which can often undergo extremely fast H-abstraction by O2 to form a carbonyl and HO2. We 250 

used the fully chemically explicit ( automated chemical mechanism gener ation based on available 251 

knowledge) box-model G ECKO-A  (Aumont et al., 2005) to simulate OH oxidat ion of several simple VOCs 252 

(e.g.  propane and decane) under various OFR conditions with zero-NO.  We consistently find that 253 

β~0.3.From V OC oxidat ion simulations by the fully explicit model GECKO -A (Aumont et al.,  2005),  we 254 

est imate β~0.3 in zero-NO OFRs. At the ot her extreme, where RO2 is solely consumed by RO2+NO, the 255 

product  RO yields HO2 at a branching ratio close to 1, β~1. For intermediate cases, we assume that β 256 

may be interpolated as a linear function of r(RO2+NO)/[r(RO2+NO)+r (RO2+HO2)], where r(RO2+NO) and 257 

r(RO2+HO2) are the local reactive fluxes of RO2+NO and RO2+HO2. 258 

In the present work, we model OFR185, OFR254-70, and OFR254-7 (including their -iN2O variants).  259 

We specif y t he same temperature and atmospheric pressure (295 K and 835 mbar, typical values in 260 

Boulder, Colora do, USA) as our previous OFR modeling studies (Li et al., 2015; Peng et al., 2015, 2016,  261 

2018; Peng and Jimenez, 2017). The explored physical condition space follows that  of  our previous OFR-262 

iN2O modeling work (Peng et al. , 2018) . The only differences are that in this study we also include case s 263 

without any N2O injected (OFR185 and OFR254 only) and exclude OHRext=0 conditions, which produc e 264 

no RO2. In detail, the explored physical condition space covers:  H2O of 0.07–2. 3% ( relative humidity of 265 

2–71% at 295 K); UV photon flux at 185 nm (abbr. F185) of 1.0x1011–1.0x1014 photons cm-2 s-1 266 

[corresponding phot on flux at 254 nm (F254) of 4.2x1013–8.5x1015 photons cm-2 s-1]; OH Rext of 1–1000 267 

s-1; N 2O mixing ratio (abbr. N2O hereafter) of 0 and 0.02–20%. A ll model cases are logarithmically evenly 268 
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distributed except for N2O=0 and F254. The latter is calculated based on t he F185–F254 relationship for 269 

the lamps simulated here ( Li et al., 2015). 270 

For the classification of conditions, the same criteria as in the OFR-iN2O modeling study (Peng et 271 

al., 2018) are adopt ed. In det ail, high- and low-NO conditi ons are classified by r(RO2+NO)/r(RO2+HO 2 ).  272 

In the current work, these reactive fluxes are explicitly t racked in the modeling instead of approxi ma te d 273 

as in previous studies (Peng and Jimenez, 2017; Peng et al., 2018). The terms “good,” “risky” and “bad”  274 

are used to describe OFR operating conditions in terms of non-t ropospheri c organic photolysis, and are 275 

defined based on the rat ios of F185 and F254 exposure (F185exp and F254exp, i .e.  integrated photon 276 

fluxes over residenc e t ime) to OH exposure (OHexp), as presented previously (Peng and Jimenez, 2017;  277 

Peng et  al., 2018). Briefly, under a given condition non-tropospheric photolysis is of different relative 278 

importanc e in the fate of each specif ic organic species: under good conditions,  photolysi s at 185 and/or 279 

254 nm is unimportant for almost all  VOCs;  under bad conditions,  non-troposphe ric photolysis is 280 

problematic for most V OC precursors, since significant photolysis of their oxidation intermediates at  281 

185 and/or 254 nm is almost inevitable; and risky conditions can be problematic for some but not all  282 

VOCs. Note that good/risky/bad condit ions refer only to non- tropospheric organic photolysis and not to 283 

whether RO2 chemistry is atmospherically relevant. Table S1 summarizes our condition classification 284 

criteria. 285 

3 Results and discussion 286 

In this section, the results are presented in two parts, i.e. first for  the simulations with well-known 287 

pathways only, and secondly with all significant pathways, as proposed in Section 2.2. Then based on 288 

the results and their comparis on with the at mosphere and chamber experiments, we propose  289 

guidelines for OFR operation to ensure atmosphe rically relevant RO2 chemistry, as well as other 290 

chemistries already discussed in the previ ous studies (Peng et al.,  2016, 2018), in OFRs. 291 

3.1 Simulations with well- known pathways (RO2+HO2, R O2+RO2, R O2+NO and RO2+NO2) 292 

Due to signif icantly different reactivities of non-a cyl and acyl RO2, the results of  these two types 293 

of RO 2 are shown separately. 294 

3.1.1 Non-acyl RO2 295 

In this case non-acyl RO2 have only three fates, i.e. RO2+HO2, RO2+NO and RO2+RO2. The relative 296 

importanc e of these three fates can be shown in a triangle plot (Figure 1). The figure include s data 297 

points of OFR185 (including OFR185-iN2O) and OFR254-70 (including OFR254-70-iN2O), as well as 298 

several typical ambient and chamber studies, including two pristine remote area cases (P1 and P2) from 299 

the ATom-1 study (Wofsy et al., 2018), two forested area cases (F1 and F2) from the BEACHON-RoM BA S 300 

and GoAmazon campaigns, respectively (Ortega et al., 2014; M artin et al., 2016, 2017), an urban area 301 

case (U) from the CalNex-LA campaign (Ryerson et al., 2013) and five typical chamber experiment cases 302 

(C1–C5) from the FI XCIT study (Nguyen et al., 2014). These typical cases shown in Fig. 1 bring to light 303 

several interesting point s:.  Conditions f rom the FIXCIT campaign (Nguyen et al., 2014) are used to 304 

represent chambe r studies as they were designed for specific RO2 fates within the limitations of cur rent 305 

high-quality laboratory chambers (Table 2). 306 
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- In all ambient and chamber cases, medium and slower RO2+RO2 cont ribute negligibly t o the 307 

RO 2 fate. This confirms a common impression that self-/cross- reactions of many RO2 radical s  308 

do not significant ly aff ect RO2 fates. 309 

- However, if RO2 self-/cross-reacts rapidly, RO2+RO2 can be the most importa nt loss pathwa y 310 

among RO2+RO2, RO2+HO2 and RO2+NO even in pristine regions with higher V OC (e.g. P1 in Fig.  311 

1) compared to an average pr istine region case (P2). Note that the P1 case is still very clean 312 

compared to typical forested and urban areas (Table 2). 313 

- Forested areas located in the same region as pollution sources are not as “low-NO” as one may  314 

expect (points F1 and F2 in Fig. 1). RO2+NO contribute s ~20–50% to RO 2 loss, as NO and HO2 315 

concentrations are on the same order of magnitude in these cases. 316 

- RO 2+NO dominates over RO2+RO2 and RO2+HO2 in almost all urban areas. Even in relat ive ly  317 

clean urban areas such as Los Angeles dur ing CalNex-LA in 2010 (point U in Fig. 1), average NO 318 

is ~1 ppb, sti ll sufficiently high to ensure t he dominance of RO2+NO among the three pathwa ys . 319 

- Various chamber cases in the FIXCIT campaign (low to high OHRext; low to high NO; points Cx in 320 

Fig. 1) are able to represent specific RO2 fates that appear in diff erent  regions in the  321 

atmosphere.   322 

On these plots, points for bBad conditions (in t erms of non-tropospheric photolysis) are not 323 

shown on these plots because of the lack of experime ntal interest. The tr iangle plots for  OFR254-7 324 

(including OFR254-7-iN2O) in the same form (Figure S1a,b) show no qualitative dif ferences from the 325 

results of OFR254-70, implying that initial O 3 in OFR254 modes has only minor impacts on RO2 fate. We 326 

see t his result not only for well-known non-acyl RO2 fate, but also for the aspects discussed in the 327 

following sections. The similarity between OFR254 modes can be explained by the minor eff ects of a 328 

lower O3 on HOx at relatively low OHRext (Peng et al., 2015). Cases at higher OHRext often have stronger 329 

non-tropospheric photolysis (Peng et al., 2016) and hence are more l ikely to be under  bad conditio ns  330 

and are not shown in Figs. 1 and S1a,b. For simplicity, this similarity is not discussed further. 331 

An import ant feature confirmed in Fig. 1 is that OFR-iN2O modes effectively realize conditions of 332 

experimental interest with variable relative importanc e of RO2+NO in RO2 fate (Lambe et al., 2017; Peng 333 

et al., 2018). Tuning initially injected N2O can achieve this goal (Fig. 2). While it is possible to reduce 334 

RO 2+HO2 in OFR185-iN2O to negligible compared to RO2+NO by increasing N2O, this is not possible in 335 

OFR254-70-iN2O due t o f ast N O oxidation by the large amounts of O3 added in the reactor. Neverthel ess , 336 

OFR254-70-iN2O can still  make RO2+NO dominate over  RO2+HO2 in RO2 fate. OFR and chamber cases 337 

span a range of ~0–~100% in relat ive importance of  RO2+NO in RO2 fate (Fig. 2), suggesting that both 338 

chambers and OFRs are able to ensure the atmospheri c relevance of RO2+NO in RO2 fate. 339 

Anot her important feature that can be easily seen in Fig. 1 is that medium rate RO2+RO2 (and 340 

hence also RO2+RO2 slower than 10-13 cm3 molecule-1 s-1) are of negligible importance in the fat e of RO2  341 

(Fig. 1a,c) in OFR185 (including OFR185-iN2O), OFR254- 70 (under most conditions, including OFR254-342 

70-iN2O), chambers and the atmosphere. Thus, a very large subset of RO2 have only minor or negligi ble 343 

contribution from RO2+RO2 to their fate. This is already known for ambient RO 2 fate (Ziemann and 344 
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Atkinson, 2012). The reason why this is also true in OFRs is that while OH is much higher than ambi ent 345 

levels, HO2 and NO (high-NO conditions only) are also higher. One can easily verify that steady-state RO2  346 

concentrations (see Appendix A B for details) would not deviate from ambient levels by orders of 347 

magnitude. The reactive fluxes of RO2+RO2 in OFRs are thus not substantially different than in the 348 

atmosphere,  while RO 2+HO2 and RO2+NO (high-N O conditions only) are both faster  in OFRs because of 349 

higher HO2 and NO. The combine d effect is a reduced relative importance of RO2+RO2 in RO2 fate in 350 

OFRs compare d t o t he atmosphere. The only exception in OFRs occurs at very high VOC precurs or 351 

concentrations (OHRext significantly >100 s -1) in OFR254 (Fig. S2), where OH levels are not substantially 352 

suppressed due to large amounts of O3 (Peng et al., 2015). As a result,  RO2 concentrati on is remarkably 353 

increased by strong production and RO2+RO2 relative importance increases roughly quadrati ca lly and 354 

becomes significant . 355 

The generally lower  relative importance of RO2+RO2 in OFRs than in t he atmosphere is more 356 

obvious for the fate of RO2 with fast RO2+RO2 rate constants (Figs. 1b,d and 3). Although OFRs can 357 

reasonably reproduce RO 2 fates in typical low- and moderate-OHRext ambient environme nts (e.g. typic al 358 

pristine and forested areas; Figs. 1b,d and 3) and low-OHRext chambers, OFR185 cannot  achieve relative 359 

importanc e of RO2+RO2 significantly larger than 50%, such as f ound in remote environme nts with higher  360 

VOC (e.g.  P1 in Fig. 1) and high-OHRext chamber experiments (e.g. C2 and C5 in Fig. 1; the distribution for 361 

C2 is also shown in Fig. 3). Although OFRs can reasonably reproduce RO2 fates in low-VOC ambie nt 362 

environment s (e. g. typical pristine and forested areas; Figs. 1b,d and 3) and low-OHRext chambers , 363 

OFR185 cannot achieve relative importance of  RO2+RO2 significantly larger than 50%, corresponding to 364 

higher-VOC environments (e. g. P1 in Fig. 1) and high-OHRext chamber experiments (e.g. C2 and C5 in Fig.  365 

1; the dist ributi on for C2 is also shown in Fig. 3).  In OFR254-70, a relative importance of RO2+RO2 as high 366 

as ~90% may be att ained (Fig. S3). H owever, this requires very high OHRext, which leads t o medium (and 367 

slower)  RO2+RO2 showing higher-tha n-am bi ent relative importance. In reality, fast RO2+RO2 all  involve 368 

substituted RO2, which almost certainly arise from and coexist with unsubstituted RO2 (with slower self-369 

/cross reactions). Therefore, very high OHRext in OFR254 is not really suitable for attaining dominant 370 

RO 2+RO2 conditions. In OFR185, a higher  OHRext generally also results in a higher RO2+RO2 relative  371 

importanc e because of higher  RO2 production (Fig. S3). Nevertheless, higher OHRext is more likely to 372 

lead to risky or bad conditions (Fig. 3; Peng et al., 2016). It should be noted that although it is difficult 373 

to reliably achieve RO2+RO2 with a relative import ance larger than 50% in RO2 fate in OFRs, the  374 

distributions of RO2+RO2 relative importance in OFRs seems to be within a factor of 2 of those of 375 

field/aircraft  campaigns (Fig. 3). 376 

In the case of very fast RO2+RO2, all features for fast RO2+RO2 discussed above are stil l pres ent 377 

(Fig. S1c,d). The only major difference betwee n the results for fast RO2+RO2 and very fast RO2+RO2 is 378 

the significantly higher relative importanc e of RO2+RO2 in RO2 fate in the latter case, which is expected.  379 

In summary, the fast RO2+RO2 is not perfectly reproduced in OFRs in terms of relative importa nce in RO2 380 

fate,  but it is significant when this pathway is also important in the atmosphere. 381 

The HOx recycling ratio β (see Sect. 2.3)  is one of the key factors determining H O2 in the OFR 382 
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model, yet it is not well constraine d. Although we make reasonable assumptions f or it in t he model 383 

input (see Section 2.3 for details),  a sensitivity study to explore its effect s is also performed here. For 384 

RO 2 with the fast self-/cross-reac tion rate constant, we perform the simulations with the HOx recycling 385 

ratios fixed to a number of values from 0 (radical termination) to 2 (radical proliferati on) in l ieu of those 386 

calculated under the assumptions descr ibed in Section 2.3. As expected, the cont ributi on of RO2+RO2  387 

to RO 2 fate increases monotonically between β=2 and β=0 (Fig. S4), as the recycling of the compet in g 388 

reactant HO2 decreases. Nevertheless, the change in the average RO2+RO2 relative importance from β=0 389 

to β=2 is generally within a factor of 2. Thus, it stil l holds t hat the RO2+RO2 relative importance in OFRs 390 

is generally lower than in the atmosphere. Only at β~0 may OFR185 theoretically attain a relativ e 391 

importanc e of RO2+RO2 of ~70%, as in the P1 case (pristine, but relatively high-VOC, Figure S5). Note  392 

that β=0 for all VOC oxidation (including oxidation of intermediates) is extremely unlikely.  I n OFR254,  393 

even if RO2+RO2 may contribut e up to ~100% to RO 2 fate at very high OHRext at β=0, these conditio ns 394 

stil l also lead t o significant RO2+RO2 in the fate of RO2 that self-/cross-rea ct more slowly, which is not 395 

atmospherically relevant. 396 

3.1.2 Acyl RO 2 397 

As described in Section 2.1, the generic acyl RO2 modeled in this study has the same los s 398 

pathways as RO2 with the fast self-/cross-reac tion rate constant, except for RO2+NO2, which can be a 399 

significant acyl RO2 loss pathway in OFRs as well as both chambers and atmosphere. When this reaction 400 

is included in the simulations of acyl RO2, it is a minor or negligible loss pathway of RO2 at low N2O, 401 

while it  can be the dominant fate of acyl RO2 at high N2O (Fig. 4). In general, the RO2+NO2 relative  402 

importanc e increases with initial N 2O. This is always true in OFR254-70-i N2O between N2O=0.02% and 403 

N2O=20%, while in OFR185-iN2O, the average relative contribution of RO2+NO2 to RO2 fate starts to 404 

decrease at N2O~10%, because RO2+NO regains some importance. This results from the HOx 405 

suppression caused by high NOy and strong NO production at high N2O. Strong NO producti on increases  406 

its concentration and suppresses HOx under these conditi ons, l imiting the conversion of NO to NO2. 407 

Because of the strong OH suppression by high NOy at N2O≥10%, these conditions are not desirable (Peng 408 

et al., 2018). 409 

The only difference between the simulations of acyl RO2 and of the fast-self-/cross-reacting non-410 

acyl RO2 is the quasi- irreversible reaction RO2+NO2RO2NO2 at room temperature,  whose ef fects are 411 

revealed by a comparison of the triangle plots of the RO2 fates in each case ( Figs. 1b,d and S6). RO2+NO 2  412 

is clearly dominant in acyl RO2 fate in OFRs as long as RO2+NO plays some role ( not necessarily under  413 

high-NO conditions). In OFR185-iN2O, the relative importance of RO2+RO2 in the sum of the HO2, NO 414 

and RO2 pathways is reduced ( Fig. S6a),  compared to that of non-acyl RO2 with the fast RO2+RO2 (Fig. 415 

1b), because RO2+NO2 decrease acyl RO2 concentration. Such a decrease is not signif icant in OFR254-416 

70-iN2O (Fig. S6b, compared to Fig. 1d), since for non-acyl RO2, it is already stored in the form of RO2NO2 417 

as RO 2 reservoir. In other words, the high initial O3 greatly accelerates NO-to-NO2 oxidation, and shift s 418 

the equilibrium RO2+NO2↔RO2NO2 far t o t he right even for non-acyl RO2. 419 

RO 2+NO2 is an inevitable and dominant sink of most acyl RO2 in high-NOx OFRs, though the exte nt 420 
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of this dominance differs substant ially between t he different OFR operation modes. I n OFR254-70-iN2 O,  421 

RO 2+NO makes a minor or negligible contribution to acyl RO2 fate because the required high O3 very 422 

rapidly oxidizes NO to NO2 and leads to very low NO- to-NO2 ratios (e.g. ~0.003–0. 03; see Fig. S7). In 423 

OFR185-iN2O, the contribution of RO 2+NO can be somewhat significant, with typical NO-to-NO2 of 424 

~0.03–0.4. (Fig S7). Urban NO-to-NO2 ratios vary widely, for example (roughly, and excluding significa nt 425 

tails in the frequency distributions), 0.02–1 for Barcelona, 0.007–0.7 for Los Angeles and Pittsburgh (see 426 

Fig. S7). Given these variations among different urban areas, RO2+NO and RO2+NO2 for acyl RO2 in 427 

OFR185-iN2O can be regarded as relevant to urban atmosphere s.  Excepti ons to the relevance of 428 

OFR185-iN2O occur during morning rush hours (e.g. see the high NO-to-NO2 tail for the Pittsburgh case  429 

in Fig. S7) , near major  NO sources, and/or in urban atmosphere s with stronger NO emission intensity 430 

(e.g.  Beijing, especially in winter; Fig. S7). In these cases, NO-to-NO2 ratios may significantly exceed 1,  431 

and RO2+NO may be the domi nant acyl RO 2 loss pathway.  Such high-NO conditions appear difficult to 432 

simulat e in OFRs with the current range of techniques.RO2+NO2 is an inevitable sink of most acyl RO2 in 433 

high-NO x OFRs. Its contribution to acyl RO2 fate in OFRs is often higher than in urban atmosphere s,  434 

where the relative amounts of NO and NO2 vary over time. At midday, most NO is usually oxidized to 435 

NO2 in urban atmospheres and RO2+NO2 dominate s acyl RO2 fate, as in high-N Ox OFRs. During morning  436 

rush hours and/or near major NO sources, NO may be significantly more abunda nt than NO2 and 437 

RO 2+NO is likely the dominant  acyl RO2 loss pathway,  which cannot be simulated in OFRs with the  438 

current range of techniques. 439 

Acyl RO2 are not the dominant type among RO2s under most conditions in OFRs, chambers and 440 

the atmosphere, since their formation usually require s multistep (at least 2 steps) oxidation via specific 441 

pathways leading to an oxidized end group (i.e. aldehyde and then acylperoxy). However, simulations 442 

using the GECKO-A model in urban (Mexico City)  and forested (Rocky Mountains) atmospheres (Figure 443 

S8) show that acyl RO2 can still  be a major (very roughly 1/3) component of RO2 at ages of several hours  444 

or higher.However, acyl RO2 can still  be a major (very roughly 1/3) source of RO 2 at ages of several hours  445 

or higher according to estimations made using the GECKO-A model in urban and forested atmospher es.  446 

Therefore, acyl RO2 chemistry in high-NO OFR can significant ly deviate from t hat in an urban 447 

atmosphere with NO dominating NOx, and can be relevant t o an urban atmosphere with NO2 448 

dominating NO x. On the other hand, a few theoretical studies suggested that H-abst raction by the 449 

acylperoxy radical site from hydroperoxy groups close to the acylperoxy site in multifunctional acyl RO2 450 

may be extremely fast (Jørgensen et  al., 2016; Knap and Jørgensen, 2017). If these theoreti c al  451 

predictions are sufficiently accurate, these acyl RO2 may exclusively undergo intramolec ular H-shift to 452 

form non-acyl RO2 or other radicals and prevent RO2+NO2 from occurring even at very high (ppm-leve l) 453 

NO2. H owever, this type of RO2 is structurally specific and may not have strong impacts on the overal l  454 

acyl RO2 chemistry. 455 

3.2 Simulations with all significant pathways 456 

Since RO2 isomer ization does not significantly affect the generic RO2 concentrati on, the two RO2 457 

fates that were recently found to be potentially important,  i.e. RO2+OH and RO2 isomer ization, can be  458 
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discussed separately. 459 

3.2.1 RO2+OH 460 

In the troposphere, RO2+OH is a minor (at low N O) or negligible (at high NO) RO2 loss pathway 461 

(Fittschen et al., 2014; A ssaf et al., 2016; Müller et al., 2016), as its rate constant is roughly an-order -of-462 

magnitude higher than that of RO2+HO2 (Table 1) while ambient OH concentration is on average 2-463 

orders-of-magnitude lower  than that  of  HO2 (Mao et al., 2009; Stone et al., 2012; Fig. 5). We will  not 464 

discuss RO2+OH in the high-NO cases in detail. Simply put, the relative importance of RO2+OH is 465 

generally negatively correlate d with input  N2O in OFR-iN2O, as NOx suppres ses OH and the relati ve 466 

importanc e of RO2+NO increases. Below, we focus on low-NO (actually, for simplicity, zero-NO) 467 

conditions. 468 

At N2O=0, it would be ideal if  an HO2-to-OH ratio identical to the ambient values was realized in 469 

OFRs. I n OFR185 cases with medium RO2+RO2, H O2-to-OH ratio around 100 occurs at a combination of 470 

low H2O (on the order of 0.1%), low F185 (on the order of 1011 photons cm-2 s-1), and medium OHRex t 471 

(10–100 s-1); and also at medium F185 (~1012 photons cm-2 s-1) combined with very high OHRext (~1000 472 

s-1, Fig. S7S9). Under both sets of conditions, relatively high external OH reactants suppre ss OH, whose 473 

product ion is relatively weak, and convert some OH into HO2 through HOx recycling in organic oxidation 474 

(e.g.  via alkoxy radical chemistry). The reason why such an OH-to-HO2 conversion is needed to attain an 475 

ambient-like HO2-to-OH ratio is that OFR185 is unable to achieve this via the int ernal (mainly assisted 476 

by O3) interconver sion of HOx. This inability is most evident when F185 (1013–1014 photons cm-2 s-1) and 477 

H2O (on the order of 1%)  are high and OHRext is low (<~10 s-1; Fig. S7S9). Under these conditions,  OH 478 

product ion by H2O photolysis is so strong that the HO2-to-OH ratio is lowered to ~1, since OH and H 479 

(which recombines with O2 to form HO2) are produced in equal amounts from H2O photolysis. As the 480 

RO 2+OH rate constant is only roughly 1-order-of-magnitude higher than that for RO2+HO2, sl ightly lower 481 

HO2-to-OH ratios (e.g. ~30) suffice to keep RO2+OH minor in this case. A combination of UV and H2O 482 

that are not very high and a moderate OHRext that is able to convert  some OH t o H O2 and somewha t 483 

elevate the HO 2-to-OH ratio results in minor relative importance RO2+OH (Figs. S7 S9 and S8S10).  484 

In OFR254-70,  it is more difficult to reach an HO2-to-OH ratio of ~100, which can only be realized 485 

at a combination of very low H2O and F254 (~0.07% and ~5x1013 photons cm-2 s-1, respectively) and very 486 

high OH Rext (~1000 s-1). This is mainly due to high O3 in OFR254-70, which controls the HOx 487 

interconversion throug h HO 2+O 3OH+2O2 and OH +O3HO2+O 2 and makes both OH and HO2 more 488 

resilient to changes due to OHRext (Peng et al., 2015). Even without H2O photolysis at 185 nm as a major 489 

HO2 source, the HOx interconversion controlled by O3 in OFR254-70 still brings HO2-to-OH ratio to ~1 in 490 

the case of minimal external perturbati on (see the region at the highest H 2O and U V and OHRext=0 in 491 

the OFR254-70 part of Fig. S7S9). This rat io cannot be easily elevated in OFR254-70 because of the 492 

resilience of OH to suppression for this mode (Peng et al., 2015). Thus, this ratio is relatively low (<30) 493 

under most conditions (Fig. S7S9), and consequently (and undesira bly), RO2+OH is a major RO2 fate in 494 

OFR254-70. There is an exception at relatively low H2O and U V with very high OHRext (Fig. S8S10) , 495 

however t hese conditions are undesirable in terms of non-tropospheric organic photolysis ( Peng et al.,  496 
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2016). 497 

Only the results of RO2 with the medium RO2+RO2 are discussed in this subsecti on. Those of RO2 498 

with the fast  RO2+RO2 are not shown as they are not qualit atively different. In OFR185, for the fast- self-499 

/cross-rea cti ng RO2, RO2+RO2 is relat ively important at high OHRext (>~100 s-1; Fig. S3), while RO2+OH is 500 

a major RO2 fate at low OHRext (generally on the order of 10 s-1 or lower) and relatively high H2O and UV 501 

(Fig. S8S10). These two ranges of conditions are relatively far away from each other, and hence there is 502 

no condition under which RO2+RO2 and RO2+OH are both major pathways that compete, which 503 

simplifies understanding RO2 fate. However, in OFR254-70, some conditions may lead to both significa nt 504 

RO 2+RO2 (for the fast-self-/cross-reacting RO2) and RO2+OH (e.g.  H2O~0.5%, F254~1x1015 photons cm-2 505 

s-1 and OH Rext~100 s-1). Nevertheless, as long as RO2+OH plays a major role, these conditions do not 506 

bear much experiment al interest and thus do not need to be discussed in detail. 507 

3.2.2 RO2 isomer ization 508 

RO 2 isomer ization is a first-order reaction. For t his type of reactions to occur, RO2 does not need 509 

any other species but only a sufficiently long lifetime against all  other react ants combined, as most RO 2 510 

isomerization rate constants are <10 s-1. Radical (OH, HO 2, N O et c.)  concentrations in OFRs are much 511 

higher than ambient levels and may shorten RO2 lifetimes compared to those in the tropospher e.  512 

Possibly reduced RO2 lifetimes naturally raise concerns over the potentially diminished import anc e of 513 

RO 2 isomer izati on in OFRs. 514 

In this section we examine generic RO2 lifetimes against all reactions (calculat ed without RO2 515 

isomerization taken into account) in OFR (including OFR-iN2O) cases ( for the medium RO2+RO2 case) and 516 

compare t hem with the RO2 lifetimes in recent major field/aircraft campaigns in relatively clean 517 

environment s and a field campaign in an urban area ( CalNex-LA), as well as a low-NO cham ber 518 

experiment ( Fig. 6). Indeed, RO2 lifetime in clean ambient cases and in chambers with near-ambie nt 519 

radical levels are generally much longer than t hose in OFRs. The RO2 lifetime dist ributi on of the explore d 520 

good and risky cases in OFR254-70 (including OFR254-70-iN2O) barely over laps wit h the ambient and 521 

chamber cases, while in OFR185 ( including OFR185-iN2O), RO2 lifetime can be as long as ~10 s, which is 522 

longer than in urban areas and roughly at the lower end of the range of ambient RO 2 lifetime in clean 523 

environment s (Fig. 6).  The longest RO2 lifetime in OFR185 occurs at very low F185 (on t he order of 1011 524 

photons cm-2 s-1) and H2O (~0.1%; Fig. S9S11), where H Ox is low. In OFR254-70,  for RO2 to survive for 525 

~10 s, in addition to very low UV  and H2O, high OHRext is also needed (Fig. S9S11). High-OHRext conditi ons 526 

in OFR254-70 cause OH suppres sion and a decrease in HOx concentration, and hence result in relatively  527 

long RO2 lifetimes. However, the strong OH suppression is l ikely to give bad conditi ons (high contributi on 528 

of non-tropospheric photolysis).(Peng et al., 2016) Low-OHRex t conditions do not lead to long RO2 529 

lifetimes in OFR254-70 even at very low F254 and H2O, since O3-assisted HO x recycling prevents a very 530 

low HOx level even if HOx primary producti on is low. (Peng et al.,  2015) 531 

An RO2 lifetime (without RO2 isomer ization included) of 10 s leads to a relative importance of 532 

isomerization of 50% in the total f ate (including all  loss pathways) of RO2 with an isomerization rate  533 

constant of 0.1 s-1, which is a t ypical order of magnitude for  isomerization rate constants of 534 



15 
 

multifunctional RO2 with hydroxyl and hydroperoxy substituents (Fig. 6; Crounse et  al., 2013; D’Ambro 535 

et al., 2017; Praske et al., 2018). Althoug h a 50% relative importa nce of isomerization under some OFR 536 

conditions is sti ll lower t han those in relatively low- NO ambient environments and low-NO chambers,  537 

this relative importanc e should certainly be deemed major and far from negligible as some have 538 

speculated (Crounse et al., 2013). Other monofunct ional RO2 (with peroxy radical site only) and 539 

bifunctional RO 2 with peroxy radical site and a carbonyl group isomerize so slowly (~0.001–0.01 s-1) that 540 

their isomerizations are minor or negligible loss pathways in the atmosphere, chambe rs and OFRs with 541 

RO 2 lifetimes around 10 s (Fig.  6) . Isomerizations of other types of multifunctiona l RO2 (e.g. 542 

multifunctional acyl RO2 with hydroxyl and hydroperoxy substituents at favorable positions) are 543 

ext remely fast  (rate constants up to 106 s-1; Jørgensen et al. , 2016;  Knap and Jørgensen, 2017)  and 544 

always dominate in their fates in the relatively low-NO atmosphere and chambe rs and OFRs with RO2 545 

lifetimes around 10 s. 546 

In the discussion about RO2 isomer ization above (as in the RO2+OH exploration in Section 3.2.1), 547 

we only examine low-NO ( or zero-NO for simplicity) conditions with medium RO 2+RO2. In high-NO 548 

environment s,  e. g. polluted urban atmospheres wit h NO of at least ~10 ppb and high-NO OFRs in the 549 

iN2O modes, RO2 lifetime is so short that isomerization is no longer a major fate for any but the most 550 

rapidly isomerizing mult ifunctional RO2 discussed above. NO measured in Los Angeles during the 551 

CalNex-LA campaign (Ortega et al., 2016) was only ~1 ppb, which would to allow RO2 to survive for a 552 

few seconds and isomerize (Fig.  6), even in an urban area.  553 

The OFR simulations for the discussions about RO2 isomer ization are the same as t hose 554 

conducted to study RO 2+OH, i. e. the ones wit h the medium RO2+RO2 and RO2+OH included. For fast RO2 555 

self-/cross-reaction cases, RO2 lifetimes may be significantly shorter than for RO2 with the medium self-556 

/cross-rea cti on rate constant at high OHRext (>~100 s-1) in OFR185 (Fig. S3). These high-OHRext conditi ons 557 

are likely to be risky or bad (of l ittle experimental interest) (Peng et al. , 2016)  and thus do not need to 558 

be discussed further in detail.  OFR254-70 (a zero-NO mode) does not generate good or risky (of at lea st 559 

some experimental int erest in terms of non-tropospheric organic photolysis) condit ions also leading to 560 

low-NO-atmosphere-relevant RO2 lifetimes (Fig. 6). RO2 with faster self-/cross-reac tion rate constants  561 

have even shorter lifetimes in OFR254- 70 and will not be discussed further.  562 

3.3 Guidelines for OFR operation 563 

In this subsection we discuss OFR operation guidelines for atmospherically relevant RO2 chemis try, 564 

with a focus on OFR185 and OFR254 (zero-N O modes). Since RO2+HO2 and RO2+NO both can vary from  565 

negligible to dominant  RO2 fate in OFRs, chambers and the atmosphere (Figs. 1 and 2), these two 566 

pathways are not a concern in OFR atmospheric relevance considerations. Neither is the RO2+RO2 a 567 

major concern. M edium or  slower RO2+RO2 is minor or negligible in the atmosphere and chambers, as 568 

well as in OFRs, as long as high OHRext is avoided in OFR254 (Fig.  S2). Fast RO2+RO2 is somewhat less 569 

important in OFRs than in the at mosphere (Figs. 1b,d and 3), but is stil l qualitatively atmospheric all y 570 

relevant, given the uncertai nties associated with the HOx recycling ratios of various reactive systems  571 

and the huge variety of RO2 types ( and hence RO2+RO2 rate constants).  572 
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Accordingly, we focus on the atmospheric relevance of RO2+OH and RO2 isomer izati on, i.e. their  573 

relative contribut ions close to ambient values.  Under typical high-NO conditions, RO2+NO domina tes 574 

RO 2 fate and RO2+OH is negligible. High NO also shortens RO 2 lifetime enough to eff ectively inhibit RO2 575 

isomerization. Both the dominance of RO2+NO and the inhibition of RO2 isomer ization also occur in the 576 

atmosphere and in chambers, so high-NO OFR operati on (typically NO>10 ppb) represents these 577 

pathways realistically. Some care is, however, required with the RO2+OH and RO2 isomer izati on 578 

pathways at low NO. Since RO2+HO2 in OFRs is always a major RO2 fate at low NO  and RO2+RO2 are 579 

generally not problematic, RO2+OH and RO2+HO2 can be kept atmospherically relevant as long as HO2-580 

to-OH ratio is close to 100 (the ambient average). I n addition, RO2 lifetime (calculated without RO2 581 

isomerization taken into account) should be at least  around 10 s. 582 

Practically, OH production shoul d be limited to achieve this goal. Too strong OH production at high 583 

H2O and U V can elevate OH and HO2 concentrations, which shortens RO2 lifetime, and decreases the 584 

HO2-to-OH ratio to ~1 (see Sect. 3.2.1). OH producti on is roughly proportional to bot h H2O and U V (Peng 585 

et al., 2015), so can be l imited by reducing either or both. However,  H2O and U V have different effects  586 

on non- tropospheric organic photolysi s.  At a certain OHRext, OH production rate roughly determines OH 587 

concentration in OFRs. Reducing UV decreases both OH and UV roughly proportionally ( Peng et al., 588 

2015), and hence changes in F185exp/OHexp and F254exp/OHexp are small (Peng et al., 2016); i .e.  non-589 

tropospheric organic photolysis does not become significantly worse if UV is reduced. By contrast, if H2O 590 

is reduced without also decreasi ng UV, F185exp/OHexp and F254exp/OHexp both increase, signifying  591 

stronger relative importa nce of non-tropospheric photolysis. Therefore, reduci ng UV is strongly 592 

preferred as an OH production limitation method, and is effective in making both RO2+OH and RO2 593 

isomerization more atmospherically relevant. 594 

To further explore the effects of UV reduction on the RO2+OH (Fig. 5) and RO2 isomer ization (Fig. 595 

6) pathways, we divide our OFR case distributions int o higher-U V and lower-UV classes, with the  596 

boundary being the mid-level (in logarithmic scale) UV in t he explored range. The distribut ions for 597 

lower-UV conditions (solid l ines in Figs. 5 and 6) are clearly closer to the ambient cases (i.e.  HO2-to-OH 598 

ratio closer to 100, smaller  RO2+OH relative importance and longer RO2 lifetime).  599 

Since OFR254 is unable to achieve both conditions with at least  some experimental interest (i.e. 600 

with sufficiently low non-tropospheric photolysis) and atmospherically relevant RO2 lifetime, we now 601 

discuss preferable conditions for  OFR185 only.  As F185 close to or lower than 1012 photons cm-2 s-1 is 602 

needed for RO2 lifetime to be around 10 s or longer (Fig. S9S11), the OH concentrat ion under prefera ble 603 

conditions for atmospherica lly relevant RO2 chemistry (~109 molecules cm-3
 or lower) is much lowe r 604 

than the maximum that OFR185 can physically reach (~1010–1011 molecules cm-3). Furthermore, lower 605 

OH production leads to higher susceptibility to OH suppres sion by external OH reactants (Peng et al., 606 

2015), which can create non-tropospheric phot olysis problems (Peng et al., 2016). We thus recomm en d 607 

as high H2O as possible to maint ain practically high OH while allowing lower UV to limit the importa nc e 608 

of non-tropospheric organic photolysis. 609 

The per formance of various OFR185 conditions at high H2O (2.3%) is i llustrated in Fig. 7 as a 610 
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function of F185 and OHRext. The three criteria for the performance, i.e. RO2 lifetime (calculated without 611 

RO 2 isomer ization considere d), relative importance of RO2+OH and log(F254exp/OHexp) (a measure of 612 

254 nm non-troposphe ric photolysis, which is usually worse than that at 185 nm;  Peng et al., 2016) are 613 

shown. At F185 of ~1011–1012 photons cm-2 s-1
 and OHRext around or  lower than 10 s-1, all three criteria 614 

are satisfied. Since UV ( and hence OH producti on) is relatively low, a low OHRext (~10 s-1) is required to 615 

avoid heavy OH suppression and keep conditions good (green area in the bottom panel of Fig. 7). 616 

Neverthel ess, risky conditi ons [log(F254exp/OHexp)<7; light red area in the bottom panel of Fig. 7] may 617 

also bear some experime ntal condi tions depending on the type of VOC precurs ors (specifically on their 618 

reactivity toward OH and t heir photolabili ty at 185 and 254 nm, and the same quantities for their 619 

oxidation intermediates; Peng et al.,  2016; Peng and Jimenez, 2017) . Thus, higher OHRext (up to ~100 s-620 

1) may also be considered in OFR experiments wit h some precursors (e.g. alkanes).  In practice, the 621 

preferred conditions may require F185 even lower than that our lowest simulated lamp setting (Li et  al., 622 

2015). Such a low F185 may be realized e.g. by partially blocking 185 nm photons using non-transpa re nt 623 

lamp sleeves with evenly placed holes that allow some 185 nm transmission. 624 

Under t hese preferred conditi ons, OH concentration in OFR185 is ~109 molecules cm-3, equivalent 625 

to a photochemical age of ~1 eq. d for a typical residence t ime of 180 s. This is much short er than ages 626 

corresponding to the maximal oxidation capacity of OFRs (usually eq. weeks or months;  Peng et al., 627 

2015) but it is similar to the ages of the maximal organic aerosol formation in OFRs proces sing ambi ent 628 

air (Tkacik et al.,  2014; Ortega et al., 2016; Palm et al., 2016). We show the maximal SOA formation case  629 

in the OFR185 experiments in the BEACHON-RoMBAS campaign in the Rocky Mountains (Palm et al., 630 

2016) as an example (Figs.  5 and 6). During the campaign,  relative humidity was high (>60% in most of 631 

the period), OHRext was estimated to be relatively low (~15 s -1) in this forested area, and UV  in the OFR 632 

was limited in the case of the maximal SOA format ion age (~0.7 eq. d). All  these physical conditi ons 633 

were favorable for atmospherically relevant RO2 fate (Figs. 5 and 6). RO2+OH was minor in this case and 634 

the relative importance of RO2 isomer ization in RO2 fate in the OFR was wit hin a factor of ~2 of that in 635 

the atmospher e f or all  RO2 (regardless of isomerization rate constant) during the BEACH ON-RoM BAS 636 

campaign (Fig. 6). The effect of UV on the relative importance of RO2 isomer ization for this example is 637 

also illustrated in Fig. 6.  In the sensitivity case with a lower age, a lower UV results in a larger  638 

contribution of  isomerization to RO 2 fate, while the relative importa nce of RO 2 isomer ization is lower in 639 

a sensitivity case with an age 3 times of that of t he maximal SOA formation. In an extreme sensitivity  640 

case with the highest UV  in the range of this study (with an age of 4 eq. mo), RO2 isomer ization becomes 641 

minor or negligible for all RO2 except extremely rapidly isomerizing ones. 642 

The discussions above indicate that t he atmospheric relevance of gas-phase RO2 chemistry in OFRs 643 

deteriorates as the photochemical age over the whole residence time (180 s) increases. To reach longe r 644 

ages, longer residence times (with UV being still  low) can be adopted. However, OFR residence times > 645 

10 min tend to be limited by the increasing importanc e of wall losses (Palm et  al., 2016). As a result,  646 

longer residence times can only increase photochemical age in OFRs up to about a week. This implies 647 

that in OFR cases with ages much higher than that of maximal SOA formation (corresponding t o t he 648 
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heterogeneous oxidation st age of SOA) , the atmospheric relevance of gas-phase RO2 chemistry in the 649 

SOA formation stage (before the age of maximal SOA formation)  of ten cannot be ensured. Howeve r,  650 

under those conditions typically new SOA formation is not observed, and the dominant proce ss  651 

affecting OA is heteroge neous oxidation of the pre-exist ing OA (Palm et al. , 2016) . If the heterogene ous  652 

oxidation of the newly formed SOA is of interest, a two-stage solution may be required. Lower  UV can 653 

be used in the SOA formation st age to keep the atmospheric relevance of the gas-pha se chemistr y, whil e 654 

high UV can be used in t he heterogeneous aging stage to reach a high equivalent  age. The latte r 655 

approach is viable since heterogeneous oxidation of SOA by OH is slow and particle-phase chemistry is 656 

not strongly af fected by gas-phase species except OH, when OH is very high ( Richards-He nderson et al.,  657 

2015, 2016; Hu et al., 2016). This two-stage solution may be realized t hrough a cascade-OFR system or 658 

UV sources at dif ferent intensities within an OFR (e.g. spliced lamps). 659 

Praske et al. (2018) measured RO2 isomer ization rate constants at 296 and 318 K and observed an 660 

increase in the rate constants by a factor of ~5 on average. A 15 K temperature increase in OFRs woul d 661 

lead to RO2 isomer ization being accelerated by a factor  of  ~3, while other major gas-phase radica l 662 

reactions have weak or no temperature-dependence (e.g. ~7%, ~5%, ~6% and ~19% slow-downs for  663 

isoprene+OH, toluene +OH, typical RO2+NO and RO2+HO2, respectively; (Atkinson and Arey, 2003;  664 

Ziemann and Atkinson, 2012) . As a consequence, the relat ive importance of RO2 isomer ization in RO2  665 

fate in OFRs can be elevated and closer to atmospher ic values (Fig. 6). Nevertheless, a 15 K increase in 666 

temperature may also result in some OA evaporation (Huf fman et al., 2009; Nault et al., 2018). Besides ,  667 

reduction of acylperoxy nitrate formation in OFRs, which may be useful t o mimic some urban 668 

environment s where NO plays a larger role in acyl RO2 fate (see Section 3.1.2), is unlikely to be achie ve d 669 

by increasing OFR temperature. The O-N bond energy of acylperoxy nitrates is ~28 kcal/mol (Orlando 670 

and Tyndall, 2012), which can be taken as an approximate reaction energy of their decomposition. T hen 671 

a 20 K t emperature increase results in t he equilibrium constant of acyl RO 2+NO2↔acyl RO2NO2 shifted 672 

toward RO2+NO2 by a factor of ~20. However,  this shift is still  too small relative to the equilibr i um 673 

constant itself. It can be obtained by a simple calculation that for the generic acyl RO2 in this study in an 674 

OFR at 318 K (20 K higher t han room temperat ure) with NO2 of 1012 molecules cm-3 (a relatively low 675 

level in typical OFR-iN 2O experiments; (Peng et al., 2018), ~0.1% of the total amount of acyl RO2 + acyl 676 

RO 2NO2 will be present in the form of acyl RO2. Even if acylperoxy nitrate decomposition is x20 faster 677 

than at room temperature and the formed acyl RO2 can irreversibly react with NO and decrea se  678 

acylperoxy nitrate concentration, this effect  is small: typically up to ~20% decrease in acylperoxy nit rate 679 

and usually negligible changes in NO and NO2. The minor effect is due to i) acylperoxy concentrat io n 680 

that is stil l very low, ii) NO concentrati on that is much lower than NO2 and iii)  acylperoxy nitrate 681 

decomposition lif etime that is still on the order of minut es. 682 

As discussed above, high H2O, low UV and low OHRext are recommende d for keeping t he 683 

atmospheric relevance of RO2 chemistry in OFRs. These three requirements are also part of t he 684 

requirements for attaining good high-NO conditions in OFR185-iNO (the OFR185 mode with initial NO 685 

injection; Peng and Jimenez, 2017). In addition to these three, an initial NO of several tens of ppb is also 686 
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needed to obtain a good high-NO condition in OFR185-iN O. Under these conditions, RO2+NO domina tes 687 

over RO2+HO2, and hence RO2+OH; UV is low, the photochemical age is typically ~1 eq. d, and RO2  688 

lifetime can be a few seconds. Therefore, these conditions are a good f it for studying the environme nts 689 

in relatively clean urban areas, such as Los Angeles during CalNex-LA  (Ortega et al., 2016), where NO is 690 

high enough that the dominant bimolecular fate of RO2 is RO 2+NO but low enough to maintain RO2 691 

lifetimes that allow most common RO2 isomer izations. 692 

As RO2 fate in OFRs is a highly complex problem and it can be tricky to find suitable physical 693 

conditions to simultaneously achieve experi mental goals and keep the atmospheric relevance of the  694 

chemistry in OFRs, we provide here an OFR RO 2 Fate Estimator (in Supplement) to qualitatively aid 695 

experimental planning. The OFR RO2 Fate Estimator couple s the OFR Exposure Estimator ( Peng et al., 696 

2016, 2018) to a General RO2 Fate Estimator (also in Supplement,  see Fig. S10 S12 for a screenshot of  697 

its layout) . The OFR Exposure Estimator updated in this study also contains estimation equations for the 698 

HO2-to-OH ratio in OFR185 (in OFR254, RO2 fate is always at mosphe rically irrelevant at low NO, while 699 

at high NO, RO 2+NO dominates and a detailed RO2 fate analysis is no longer needed). In the General RO2 700 

Fate Estimat or, all RO2 reactant concent rations and all RO 2 loss pathway rat e const ants can be specified.  701 

Thus the General RO2 Fate Estimator can also be applied to the atmosphere and chamber experiment s,  702 

in addit ion to OFRs.  When applied to OFRs,  the General RO2 Fate Estimator is provided by the OFR RO2  703 

Fate Estimat or with quantities est imated in the OFR Exposure Estimator (e. g. OH and NO). RO2 704 

concentration and fate are calculated according to Appendi x A B in the RO 2 Fate Estimators.  705 

4 Conclus ions 706 

We investigated RO2 chemistry in OFRs with an emphasis on its atmospheric relevance. All 707 

potentially major  loss pathways of RO2, i .e.  reactions of  RO2 with HO2, N O and OH, that of acyl RO2 with 708 

NO2, self-/cross- reactions of RO2 and RO2 isomer ization, were studied and their relative importance in 709 

RO 2 fate were compared to those in the atmosphere and chamber experiments. OFRs were shown to 710 

be able to tune the relative importance of RO2+HO2 vs. RO2+NO by injecting different amounts of N2O. 711 

For many RO2 (including all unsubstituted non-acyl RO2 and subst ituted secondary and tertiary RO2), 712 

their self-reactions and the cross-reacti on between them are minor or negligible in the atmosphere and 713 

chambers. This is also the case in OFR185 (including OFR185-iN2O) and OFR254-iN2O, however those  714 

RO 2 self-/cross-reactions can be important at high precursor  concentrations (OHRext>100 s-1) in OFR254.  715 

For substituted primary RO2 and acyl RO2, their self-/cross-reactions (including the ones with RO2 whose 716 

self-reaction rate constants are slower)  can play an important role in RO2 fate in the atmosphere and 717 

chambers, and may also be major  RO 2 loss pathways in OFRs, although they are somewhat less 718 

important in OFRs than in the at mosphere. Acylperoxy nitrates are the dominant  sink of acyl RO2 at high 719 

NOx in OFRs (particularly in OFR254-iN2O where RO2+NO is negligible for acylperoxy loss), while only a 720 

minor reservoir of acyl RO2 in the atmosphere under most conditions except in urban atmosphere s,  721 

where RO2+NO and RO2+NO2 acylperoxy nit rate formation can both be the dominant acylperoxy loss  722 

pathway when most NO is oxidized to NO 2depending on conditions. In chambers, most acyl RO2 can be 723 

stored in t he form of acylperoxy nitrates if N O2 is very high (hundreds of ppb to ppm level). 724 
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Besides the above-mentioned well-known pathways, RO2+OH and RO2 isomer ization may also play 725 

an important role in RO2 fate and sometimes result  in atmospherically irrelevant RO2 chemistry in OFRs.  726 

Here we summarize the main findings about all t he pathways and the related guidelines for OF R 727 

operation: 728 

- Under t ypical high-NO conditions,  RO 2+NO dominates RO2 fate and RO2 lifetime is too short to 729 

allow most RO2 isomer izati ons, regardless of  whether in the atmosphere, chambe rs or  OFRs,  730 

thus raising no concern about the atmospheric relevance of the OFR RO 2 chemistry. 731 

- Under low-N O conditions, OFR254 cannot  yield any physical conditions leading to suf ficientl y 732 

long RO2 lifetime for its isomer ization because of t he high radical levels and their resilience to 733 

ext ernal pert urbations in OFR254. 734 

- In OFR185 with strong OH production (and hence high OH), RO2+OH and RO2 isomer izati on 735 

may strongly deviate from that in the atmosphere [ becoming important and negligibl e,  736 

respectively, for relatively rapidly isomerizing RO2 (rate constant s on the order of 0.1 s-1)]. 737 

- To attain both atmospherically relevant VOC and RO2 chemistri es, OFR185 requires high H2O, 738 

low UV  and low OHRext. These conditi ons ensure minor or negligible RO2+OH and a relative 739 

importanc e of RO2 isomer ization in RO2 fate in OFRs within a factor of ~2 of that in the 740 

atmosphere.  741 

- Under condit ions allowing both VOC and RO2 chemistri es to be atmospherically relevant, the 742 

maximal photochemical age t hat can be reached is limited to a few eq.  days. This age roughly 743 

covers the period required for  maximum SOA formation in ambient air.  744 

- To most realistically study much higher ages for SOA functi onalization/fragme ntati on by 745 

heterogeneous oxidation, a sequence of low-UV SOA formation followed by a high UV  746 

condition (in the same reactor or in cascade reactors) may be needed. 747 

- High H2O, low UV and low OHRext in the OFR185-iNO mode can achieve conditions relevant to 748 

clean urban atmosphere, i. e. high-NO but  not sufficiently high to inhibit common RO2 749 

isomerization.Under typical high-NO conditions, RO2+NO dominates RO2 fate and RO2 lifetime 750 

is t oo short to allow most RO2 isomer izations, regardless of  whether in the atmospher e,  751 

chambers or OFRs, thus raising no concern over t he atmospheric relevance of the OFR RO2  752 

chemistry. However, under low-NO conditions, OFR254 cannot yield any physical conditio ns 753 

leading to sufficient ly long RO2 lifetime for its isomer ization because of t he high radical levels 754 

and their resilience to external perturbations in OFR254.  In OFR185 wit h strong OH produc tio n 755 

(and hence high OH), RO 2+OH and RO2 isomer ization may strongly deviate from the 756 

atmosphere (becoming important and negligible,  respectively, for relatively rapidly isomeriz ing 757 

RO 2). To attain both atmospherically relevant VOC and RO2 chemistries, OFR185 requires high 758 

H2O, low UV and low OHRext, which conditions ensure minor or negligible RO2+OH and a 759 

relative importance of RO2 isomer ization in RO2 fate in OFRs within x~2 of that in the  760 

atmosphere but l imit t he maximal phot ochemical age that can be reached to a few eq. days.  761 

This age roughly covers SOA formation in ambient air up to its maximum. To reach a much 762 
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higher age for studying SOA funct ionalization/fragmentati on by heterogene ous oxidation, a 763 

sequence of low-UV SOA f ormation followed by a high UV condition (in the same reactor or in 764 

cascade reactors) would be needed. High H2O, low UV and low OHRext in the OFR185-iNO mode 765 

can achieve conditions relevant to clean urban atmosphere, i.e. high-NO but not sufficiently 766 

high to inhibit common RO2 isomer ization. 767 

Finally,  RO2 chemistry is not only highly complex but also plays a central and instrumental role in 768 

atmospheric chemistry, in particular VOC oxidation and SOA formation. For all  experiments conduct ed 769 

with atmospheric chemistry simulation apparatus (chambers, flow reactors etc.), an atmospherical ly 770 

relevant RO2 chemistry is crucial to meaningful experiment al results. However, most l iterature studi es  771 

did not publish experimenta l dat a that are suff icient for estimating RO2 fate. The FIXCIT cham be r 772 

experiment campaign is one of t he few exceptions where comprehensive data were reported (N guye n 773 

et al., 2014) and used for the RO2 fate analysis in t he present work. We recommend measuring and/or 774 

est imating and reporti ng OH,  HO2, N O, NO2 and OH RVOC  (or initial precursor composition at least) 775 

whenever possible, for all future atmospheri c laboratory and field experiments for organic oxidati on to 776 

facilitate the analysis of RO 2 fate and the evaluation of its at mospheric relevance. 777 

 778 

Appendi x A: Glossary of the acronyms (except field campaig n names) used in the paper 779 

OFR oxidation flow react or 

VOC volatile organic compound 

SOA secondary organic aerosol 

H2O water vapor mixing ratio 

OHRext ext ernal OH reactivity (due to CO, SO2, V OCs etc.) 

PAM Potential Aerosol Mass,  a specific type of  OFR 

OFR185 oxidation flow react or using both 185 and 254 nm light 

OFR254 oxidation flow react or using 254 nm light only 

OFR254-X OFR254 with X ppm O3 initially injected 

OFR-iN2O OFR with N2O initially injected 

OFR185-iN2O OFR185 with N2O initially injected 

OFR254-iN2O OFR254 with N2O initially injected 

OFR254-X-iN2O OFR254-X with N2O initially injected 

OHRVOC  OH reactivity due to VOCs 
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F185, F254 etc. UV photon flux at 185 nm, 254 nm etc. 

N2O N2O mixing ratio 

OHexp, F185exp etc. exposure (integral over time) to OH,  F185 etc. 

 780 

Appendi x AB: Steady- st ate approximation for  generic R O2 781 

The production rate of a generic RO2 is almost identical to the VOC consumption rate, since the 782 

second step of the conversion chain VOCRRO2 is extremely fast. Therefore, the generic RO 2 783 

product ion rate, P, can be expressed as follows: 784 

𝑃 = ∑ 𝑘𝑖𝑐𝑖 ∙ OH𝑖 = OHRVOC ∙ OH     (A1) 785 

where OH is OH conce ntration and ci  and ki  are respectively the concentrati on and the reaction rate  786 

constant with OH of the ith VOC. OHRVOC  is the t otal OH R due to VOC and equal to Σikici  by definit ion. 787 

For the generic RO2 loss rate, the reactions of RO2 with HO2, N O, RO2, N O2 (for acyl RO2 only) a nd 788 

OH are considered. Isomerization generally does not lead to a total RO 2 concentration decrease and is 789 

thus not included in its loss rate. Then t he RO2 loss rate is 790 

𝐿 = 𝑘HO2RO2 ∙ HO2 + 𝑘NORO2 ∙ NO + 2𝑘RO2RO2 ∙ RO2 + 𝑘NO2RO2 ∙ NO2 + 𝑘OHRO2 ∙ OH (A2) 791 

where RO2, H O2, NO, NO2 and OH  are the concent rati ons of corresponding species and kA (A  = RO 2, HO2, 792 

NO, NO 2 and OH ) is t he reaction rate constant of RO2 with A. For non-acyl RO2, the term 𝑘NO2RO2 ∙ NO2  793 

is not include d; for cases with well-known pathways only ( RO2+HO2, RO2+RO2, RO2+NO and RO2+NO2; 794 

see Section 3.1), the term 𝑘OHRO2 ∙ OH is excluded. 𝑘RO2  needs to be given a value (which may be the 795 

main levels of RO2 self-/cross-reaction rate constants in this study, 1x10-13 and 1x10-11 cm3 molecule-1 s-796 

1, or other values depending on the RO2 type). 797 

At the steady state, P and L are equal. For  an ambient/chamber setting, OH, H O2, N O, NO2 and 798 

OHRVOC  are often measured or known. In this case,  simultane ously consider ing Eqs. A1 and A2 yields a 799 

quadrati c equation of RO2 concentrati on (the only unknow n). Then generic RO2 concentration can be 800 

easily obtained by solving this equation: 801 

RO2 = (−𝐾 + √𝐾2 + 8𝑘RO2 ∙ OHRVOC ∙ OH) (4𝑘RO2)⁄                                 (A3) 802 

where 𝐾 = 𝑘HO2HO2 + 𝑘NONO+ 𝑘NO2NO2 + 𝑘OHOH. 803 
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 1061 

(c) OFR254-70 1062 

 1063 

(d) OFR254-70 1064 

Figure 1. Triangle plots of RO2 fate by RO2+HO2, RO2+RO2 and RO2+NO (without RO2+OH and RO2 1065 
isomerization considered in the model) for RO2 with the medium self/cross reaction rate constant (1x10-1066 
13 cm-3 molecule-1 s-1) in (a) OFR185 (including OFR185-iN2O) and (c)  OFR254-70 (including OFR254-70-1067 
iN2O) and for RO2 with the fast self/cross reaction rate constant  (1x10-11 cm-3 molecule-1 s-1) in (b) 1068 

OFR185 (including OFR185-iN2O) and (d) OFR254-70 (including OFR254-70-iN 2O). I nclined tick values on 1069 
an axis indicate the grid lines that should be followed (in parallel t o t he inclination)  to read the 1070 
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corresponding values on this axis. The OFR data points are colored by the logarithm of the exposure ratio 1071 

between 254 nm photon flux and OH, a measure of badness of OFR conditions in terms of 254 nm organi c 1072 
photolysis. Several t ypical ambient and chamber cases (see Table 2 for details of these cases) are also 1073 

shown for comparison. 1074 

  1075 
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 1076 
F igure  2 . Frequency distributions of the relative importance of RO2+NO in the fate of RO2 (with medium 1077 
self/cross reaction r ate constant  and without RO2+O H and RO2 isomer ization considere d) for O FR185 1078 
(including OFR185-iN2O) and OFR254-70 (including OFR254-70-iN2O). Distributions for several  different 1079 
N2O levels are shown. Only good and risky condit ions (in terms of non-tropospheric organic photolysi s)  1080 
are included in the distributions. Also shown is the r elative importance of  RO 2+NO for several t ypical  1081 
ambient and chamber cases (see Table 2 for detai ls of these cases). 1082 
  1083 
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 1084 
F igure  3 . Frequency distributions of the relative importance of RO2+RO2 in the fate of RO2 (with fast 1085 
self/cross reaction r ate constant  and without RO2+O H and RO2 isomer ization considere d) for O FR185 1086 
(including OFR185-iN2O), O FR254-70 (including O FR254-70-iN2O) and a chamber experiment and in the 1087 
atmosphere (a couple of  different environments). The OFR distributions for good and risky conditions (in 1088 
terms of 254 nm organic phot olysis, see Table S1 for the definitions of these conditions) are shown 1089 
separat ely. Also shown is the relative importance of RO2+RO2 for several typical chamber cases (see Table 1090 
2 for details of  these cases). The range of the RO2+RO2 relative impor tance for most high-NO conditio ns  1091 
is highlighted in cyan. 1092 
  1093 



34 
 

 1094 
F igure  4. Average relative import ance of RO2+NO2 in acyl RO2 fate (RO2+O H and RO2 isomer ization not 1095 
considered) in OFR185 (including OFR185-iN2O) and OFR254-70 (including OFR254-70-iN2O). The  1096 
averages are calculated based on good and risky conditions (in t erms of non-tropospheric organic 1097 
photolysis) only.  1098 
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   1099 

 1100 
F igure  5. Frequency distributions of (top) the HO2-to-OH ratio and (bottom) the relative importance of 1101 
RO 2+O H in the fate of RO2 (with medium self/cross reaction rat e const ant) for OFR185 (including OFR185 -1102 
iN2O), O FR254-70 (including O FR254-70-iN2O) and a chamber experiment and in the atmosphere (a 1103 
couple of different environme nts). The OFR distributions for lower  (F185<3.16x1012 photons cm-2 s-1; 1104 
F254<5.95x1014 photons cm-2 s-1) and higher UV ( F185≥3.16x1012 photons cm-2 s-1; F254≥5.95x101 4  1105 
photons cm-2 s-1) are shown separat ely. Only good and risky conditions (in terms of non-troposphe r ic  1106 
organic photolysis) are included in the dist ributions for OFRs. Also shown are the HO2-to-OH and t he 1107 
relative importance of RO2+O H for OFR experiments with ambient air input in field st udies.  1108 
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Figure 6. (top) Same format as Fig. 5, but for RO2 lifetime (RO2 isomerizat ion inc luded in t he model but excluded from lifetim e calculation). (bottom) Relative contribut ion of 1109 
isomerization to RO2 fate as a function of RO2 isomerizat ion rate constant in  several model cases for OFR experiments in  the BEACHON-RoMBAS campaign (Palm et al., 2016), 1110 
in a chamber experiment and in two am bient cases. Isomerization rate cons tants of s everal RO2  (Crounse et al., 2013; Praske et al., 2018)  are also shown. 1111 
  1112 



38 
 

 1113 
F igure  7. (top) RO2 lifetime in the absence of isomerization, (middle) relative importance of RO 2+O H in 1114 
RO 2 fate and (bottom) logarithm of the exposure ratio between 254 nm photon flux and OH as a function 1115 
of 185 nm photon flux and external  OH reactivity for O FR185 at  N2O=0 and H2O=2.3%. Three lines  1116 
denoting conditions leading to O H of  3.16x108, 1x109 and 3.16x109 molecules cm-3, respectively, are 1117 
added in each panel. The thick and thin parts of these l ines correspond to good and risky conditions (in 1118 
terms of 254 nm organic phot olysis (which is usually worse than 185 nm organic photolysis; Peng et al., 1119 
2016) respectively. 1120 
  1121 
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Table 1. Rate constants [in cm3 molecule-1 s-1 except for isomerization (in s -1)] /  cross section (in cm2) and 1122 
product (s)  of  RO2 loss pathways. Only organic species are list ed for product(s). 1123 

RO2 lo ss pathway Rate constant / cross sect ion Product(s) 

RO2+HO2 1.5x10-11 a mai nly ROOH for m ost RO2
a 

RO2+NO 9x10 -12 a RO, RONO2
b 

RO2+RO2 

Primary: ~10 -13 a 

Seco ndary: ~10 -15 a 
Tertiary: ~10 -17 a 

Substi tute d: can b e up to 2 
orders of magnitude higherb 
Acyl : ~10 -11 b 

ROH+R(=O) , RO+RO, ROORa 

RO2+NO2 (in  OFRs) 7x10 -12 c RO2NO2
b 

RO2+OH 1x10 -10 d 
ROOOH (fo r ≥C4 RO2), RO 
(smaller RO2)e 

RO2 isome ri za ti on 
Autoxidation: ~10 -3–102 f 
Other: u p to 1 06 g 

generally an other RO2 

RO2 ph otolysis 
~10 -18 at 254 nmh 

~10 -21–10 -19 in  UVA a nd UVB h  

mai nly R, othe r 

photochemical products 
poss iblei  

RO2+NO3 ~1–3 x10 -12 b ROb 

RO2+O3 ~10 -17 b ROb 
a: Ziemann and Atkinson (2012); 1124 
b: Orlando and Tyndall (2012);  1125 
c: typical value within t he reported range in Orlando and Tyndall (2012); t hermal decomposition rate  1126 
constants of nitrates of acyl and non-acyl RO 2 are assumed to be 0.0004 and 3 s -1, respectively, also 1127 
typical values within the reported ranges in Orlando and Tyndall (2012); 1128 
d: value used in the present work based on Bossolasco et al. (2014); Assaf et al.  (2016,  2017a); M üller 1129 
et al. (2016); Yan et al. (2016); 1130 
e: M üller et al. (2016); Yan et al.  (2016); Assaf et al. (2017b, 2018); 1131 
f: Crounse et al. (2013); 1132 
g: Knap and Jørgensen ( 2017); 1133 
h: Burkholder et al. (2015); 1134 
i: Klems et  al. (2015). 1135 
  1136 
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Tab le 2. Several typical am bient and chamber (the FIXCI T campaign) cases that are compared to OFR cases. 1137 

Type Label Case OHRVOC (s-1) OH NO HO2 

Ambi ent 

P1 Pristine (Pacific Ocean, high RO2)a 1.9 0.39 ppt 1.9 ppt 11 ppt 
P2 Pristine (Pacific Ocean, typical)a 1 0.25 ppt 3 ppt 25 ppt 
F1 Forested (Rocky Mountains)b N/Ac 1 ppt 60 ppt 100 ppt 
F2 Forested (Amazon,  wet season)d 9.6 1.2x106 mol ecules  cm-3 37 ppt 5.1x108 mol ecules  cm-3 
U Urban (Los Angel es)e 25f 1.5x106 mol ecules  cm-3 g 1.5 ppbi 1.5x108 mol ecules  cm-3 g 

Chamber 
(FIXCIT) 

C1 Exp.  No.  25h 30.5i 3x106 mol ecules  cm-3 15 ppt 150 ppt 
C2 Exp.  No.  17h 116i 1.2x106 mol ecules  cm-3 10 ppt 50 ppt 
C3 Exp.  No.  26h 32i 2x107 mol ecules  cm-3 3.5 ppb 230 ppt 
C4 Exp.  No.  22h 147i 2.3x106 mol ecules  cm-3 430 ppb 4.3 ppb 

C5 Exp.  No.  16h 45.7i 4x106 mol ecules  cm-3 80 ppt 8 ppt 
a: Wofsy et al. (2018) for the Atom-1 Campai gn; 1138 
b: Fry et al. (2013), for the BEACH ON-RoMBAS c ampa ign; 1139 
c: RO2 c oncentration was gi ven in Fry et al. (2013) (50 ppt), s o that OHRVOC is not nee ded for RO2 fa te es timat ion;  1140 
d: personal comm unication from Daun Jeong and Sa ewung Kim for the GoAmazon Ca mpai gn (Martin e t a l., 2016, 2017); 1141 
e: typical  case in the CalN ex-LA campaign (Ryerson et al., 2013); 1142 
f: e st imated (Peng et al., 2016); 1143 
g: typical ambient value (Ma o e t al., 2009; Stone et a l., 2012); 1144 
h: data from  N guyen et al.  (2014); 1145 
i: initial value . 1146 

 1147 


