Response to Anonymous Refer ee #3

We thank the reviewer for the very careful reviefvoor manuscript; your time, comments and
suggestions are greatly appreciated. All the contenleave been addressed and we believe they have
improved our manuscript substantially. In the folilog please find the responses to your comments
and the changes made to the manuscript.

General Comments

Zhao et al. presents a mathematical frameworkrtk fiarticle growth rate with OH reactivity of total
organics from three monoterpene (i.e. alpha-pindreta-pinene, limonene) systems. They compare
the OHe-initiated oxidation of these compounds t@notysis (using CO as OH scavenger)
experiments and find comparable efficiency in p#tigrowth. The paper is generally well-written
and clear (great motivation in the introduction) canhe approach in methodology (low organic
aerosol loadings, low VOC and NOx concentrations)chamber experiments is commended, but the
discussion of results did not highlight new resiritsontext of the initial motivation and atmosgher
relevance. The derivation of the “novel method Wwhiuantitatively links particle growth to the
reaction of OH with organics” seems to be overijmgiified (comments below). While attempts are
made to chemically describe the SOA formation aesliting particle growth observed in the
experiments, | find treatment of the chemistryenegal to be cursory and/or mostly speculation. In
particular, attempts are made to explain observagiof particle growth in terms of functionalization
and fragmentation processes using elemental amaly$#/C, O/C) using an aerosol mass
spectrometer (AMS), though more defensible cheraicpiments should be made by making a better
effort to explain results in the context of cherhinogechanisms (examining expected oxidation
products from these systems that have been stadetdharacterized in numerous previous studies).
This paper could merit publication after addressthg following comments

Response:

Specific Comments:
1) In general, loose terminology that needs to &fned
a. p. 12592, line 7: Define “low Ozone”

Response:
We have specified the range of the ozone concénirat the revised manuscript. Now it reads:
“...low ozone (@) concentration (<20 ppbV).

b. p. 12592, line 15: Define “ambient relevant cidimhs”
Response:

We guess that the reviewer meant p.12595, linéMé have specified the conditions in the revised
manuscript.

Now it reads:
"In this study, we investigated the SOA formationd agrowth of several common
monoterpenespa-pinene, B-pinene and limonene, by OH oxidation at ambienévant



conditions (low NQ (0.01-1 ppbV), low VOC (~ 4 ppbV) and low partiatencentrations
(subug m* to severajig m>)).”

c. p. 12595, line 16: Define “low O3 concentratioas relevant to atmospheric conditions
Response:

We have specified the;@oncentration in the revised manuscript. Now aidise

“...low O3 concentration (<20 ppbV)...”

d. p. 12595-6, lines 29-1: Define “ambient relevat®,/RO, ratios”

Response:

We have elaborated this point in the revised maiptday defining the ratios. Now it reads:
“Compared withother OH scavengers, mainly organics sastbutanol, cyclohexane, etc., CO
helps keep the REHO, concentration low since in the atmosphere; ld8ually exceed or is close to
RO, concentration (Hanke et al., 2002; Mihelcic et 2D03), in contrast with many laboratory studies
where RQ concentration is much higher than He&ncentration (Kroll and Seinfeld, 2008).”

2) In general, use of reactivity, reaction ratemddH, lon, Ron, etc. is confusing.
a. p. 12592, line 9: “...overall reaction rates ofganic compounds with OH were quantified”

This gives a false sense that reaction rates withv@re determined for multiple organics in each
system. Clarify up front here that you have lummmsed total OH reactivity of all organic in each

experiment for a monoterpene system.

Response;

We have clarified this in the revised manuscrigiwNt reads:

“OH concentration and total OH reactivityo(§ were measured directly, and through this the aler

reaction rate of total organics with OH in eaclctem system was quantified.”

b. p. 12592, line 16: “...the reaction of OH with argcs in a reaction system”

This is more precise, but still innately confusing

Response:

We have clarified this in the revised manuscripiwNt reads:

“...links particle growth to the reaction rate of @¥th total organics in a reaction system.”

c. p. 12595, lines 20-21: “Direct derivation of tlgerall reaction rate of organics with OH (product
of OH reactivity from organics and the OH concetita)...”

Now you introduce “reaction rate” and “reactivity”How does this definition differ with what is
presented in Fig. 3 legend#(Org) vs. what you define here (interpreted ag®H]). See Comment
2e.

Response;

kon(Org) is thekon (OH reactivity) of total organics in Fig. 3n the revised manuscript we have modified
these to make it consistent. Now it reads:

“Direct derivation of the overall reaction ratetofal organics with OH (product of OH reactivity of
total organics and the OH concentration)...”

In the caption of Fig. 3, now it reads “.e{Org) (OH reactivity of total organics)”.
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d. p. 12600, line 10: “...reaction rate of OH withgamnics for the first time”
Response;

We have changed this in the revised manuscripeép kt consistent. Now it reads:
“...reaction rate of OH with total organics for thesf time”

e. p. 12605, line 10: “...reaction rate of OH of atiganics”

Now you state this for “all organics” — maybe jukeep wording to be “total organics” to be
consistent

Response:
We have changed this in the revised manuscripeép kt consistent. Now it reads:
“...reaction rate of OH with total organics”

f. p. 12605, line 17:dwis for all organics in the system, right? This atusing compared to general
use of krreferenced as rate constant for individual spec&sould state this to make the distinction
early on.

Response;

In our manuscript, we usedkonly as OH reactivity, not as the rate constanttfie reaction of
individual species with OH. As the review suggestee have added a brief statement to avoid
confusion as follows.

“Note that ly denotes OH reactivity throughout this paper ratifan the rate constant for the
reaction of individual species with OH.”

g. Fig. 3: lon generally referenced as rate constant rather thaaction rate and legend entry
kor(Org) is inconsistent with axis label asdleven though units are correct. Be clearer with tiota
Response;

We have corrected the axis label ag4{Org)” in the revised manuscript to make it coresist

3) p. 12597, line 1: With regard to dilution of tbhamber over experiment duration, authors claim
that dilution “applies equally to suspended pamisland gases,” but what about dilution source
affecting gas-particle equilibrium?

Response:

The dilution affects the gas-particle equilibriuomfortunately due to the unknown identities, vapor
pressure of the compounds and unknown amountseopdtticle, it is not possible in this study to
correct this effect. However, the compounds coutiity to the particle growth here have very low
vapor pressure (effective vapor pressure on theratimagnitude ofig m?), which makes the effect
of dilution on the gas-particle equilibrium lesgrsficant.

In the revised manuscript, we have added a comonretiiis as follows (page 25, lines 20-25).

“In addition, the dilution may also affect particieass concentration through altering the gas-pertic
equilibrium. Due to the unknown identities, vapoegsure of the compounds and unknown amounts
on the particle, it is not possible in this study dorrect this effect. However, the compounds



contributing to the particle growth here have vieny vapor pressure, which may make the effect of
dilution on the gas-particle equilibrium less sfgmnt.”

4) p. 12598, line 6: How would considering a dgnsitange during course of the experiment affect
interpretation of your results?

Response:

We had the AMS data and from its PToF (particlestiofi-flight) mode we could obtain the densities
throughout the experiments. However, the low plrttmncentration in the study makes the density
characterization highly uncertain. From our pregiatudies, the density was found to be relatively
constant throughout the whole experiment (Salol.et2811; Saathoff et al., 2009). Therefore, we
assume the density change has little effect dutirg course of the experiment. In the revised
manuscript, we have added this explanation (pafiees 16-18).

5) p. 12599, line 7: What is the LDL of the NOx beerd for these experiments?

Response:

For a time resolution of 90 s the detection lindfsthe NOx analyzer were 5 and 10 pptV and the
accuracies 5% and 10% for NO and Nf@spectively. In the revised manuscript, we hadged this
description.

6) P. 12599, line 23: “...oxidation products are gaaied, which condense on the particle phase
resulting in particle growth.” Are the initial comhsing surfaces on pre-existing particles what
remains in the chamber between cleanings? No seeiitlps added, or do you attribute initial
particle growth to nucleation?

Response;
The initial particle growth was due to the nucleatalthough there were some pre-existing particles
but with fairly low concentration before the expeeint started (see Table 1).

7) p. 12600, line 1: What do you mean here “...Olbabacts with saturated compounds”? Are you
assuming that the first generation products areissted compounds?

Response:

Here we mean that most of the first generation @amgs are saturated for monoterpenes that have
only one carbon-carbon double bond, and OH calnrs#tt with them, while for ozonolysis once the
double bond reacts with ozone, the products doreatt with ozone any more. In the revised
manuscript, we have elaborated this (page 9 liBek6).

8) Mathematical derivation

a. p. 12601, line 7: For conservation of Gloes this not assume that i+ is a resulting piiduith
sufficiently low vapor pressure to stay in the petphase?

Response:

We consider € to be constant in each time step since the chiang@ch time step is minor compared
to GP.

We have modified this sentence in the revised naipisNow it reads:



“C{ is assumed to be constant in each time step bedaeighange in each time step is minor
compared to €, and additionally loss of i is compensated by gaii+ when the vapor pressure of i+
is sufficiently low to be on the particle phase dmas @ is approximately conserved.”

b. p. 12602, line 15: How do you reconcile use mfazerage molecular weight, M, when there is
fragmentation as well?

Response:

We assume that the molecular weight of i+ is simiféh that of i, i.e., neither functionalizatiorom
fragmentation change the molecular weight dramififickn the case of fragmentation, it is possible
that molecular weight changes significantly if tfragmentation happens in the middle of the
molecule. In this case we keep the molecular wesflbach species.

Eq. 14 becomes:

dm _ W
dt _iZR)H,im(Q(i C;IO
Eq. 17 becomes:
Mi. M;
GEon 1) = 25~ &5

M; and M. can be incorporated in the definition of the ollevapor pressure with a slight
change.

Mi+

M
SR B
c
SRy O

Mi+
SR
—_TO

2. Rous

In the revised manuscript, we have added thesdiegado the Appendix A.

c. p. 12604, line 15: What potential implication® dahere considering individual saturation vapor
pressures of multi-generational species rather tlzem average saturation vapor pressure which
allows simplification and derivation to equation&/23?

Response:

The individual saturation vapor pressures of nysiteration species here were only used to derive an
average saturation vapor pressure and final relstiip between particle growth and the reaction of
total organics with OH (Eq. 22 and 23). Since tbaction system is a complex mixture of various
organics with known or unknown identities and thaper pressures of individual species are
unknown, an average saturation vapor pressure sexkio this study.



d. How are the following factors accounted forhistderivation: 1) evaporation, 2) dilution, 3) vap
and particle-phase wall loss, 4) as well as padiphase photolysis?

Response:

Gas phase and particle phase are assumed to heilibgum as stated in the manuscript (p. 12600
line 21), i.e. evaporation and condensation arergnfitly included and are in dynamic equilibrium.
The effects of dilution and particle wall loss carticle concentration have been corrected as siated
the manuscript (p.12597 linel-4). The effect ofarapvall loss is not corrected since it is hard to
determine directly due to the unknown identitiempar pressures and its contribution in the particle
phase etc. In our study, we used a large reactimmber with low surface to volume ratio
(surface/volume ratio ~0.88 1) which is favorable for reducing the wall loss\afpor. We have
estimated the uncertainty of particle mass cona#otr due to the vapor loss to be approximately
17%. This is estimated using the measured wall tats of pinonaldehyde and assuming the lost
vapors have the same particle yield as in the icgasystem.

The particle-phase photolysis is not included is trerivation, which could also potentially affé¢lae
gas-equilibrium.

In the revised manuscript we have elaborated titegses including the limitation of our analysis
similarly as above (page 14 lines 15-19; pager&sl20-25).

9) Chemistry

a. p. 12606, line 13: Does the PTR-MS or use ofMEZallow for identification of multi-generation
products that you can monitor to support this claim

Response;

The multi-generation products discussed here hawky flow vapor pressure. Unfortunately neither
PTR-MS nor GC-MS is able to measure these compobecsuse of the significant loss by adsorbing
to the sampling line and possible degradation eénditift tube of the PTR-MS.

b. p. 12607, line 10: How do you support chemicdhg claim that low-volatility compounds
(functionalization) were actually generated here@wHdo you know their vapor pressure? What
particles are available for condensation of thepparent low-volatility products? (see comment 6)
Responses:

The formation of low-volatility compounds from mdegpene oxidation such as 3-methy butane
tricarboxylic acid (3-MBTCA) has been found in gorevious studies (Emanuelsson et al., 2013).
This has also been reported by a number of stdthes the oxidation of monoterpene and its first
generation products (Hallquist et al., 2009; Jaal., 2005; Szmigielski et al., 2007; Claeyslet a
2007; Muller et al., 2012; Kristensen et al., 2018)nce these compounds have multi-functional
groups, each of which can reduce the vapor pressareatically (Kroll and Seinfeld, 2008; Ziemann
and Atkinson, 2012), these compounds with multefional groups are estimated to have very low
vapor pressure.

As in the response to comment 6, there was nuoleati these experiments, which introduced
particles available for the condensation.

In the revised manuscript, we have elaboratedpéis similarly as above, adding more explanations
and references.

c. p. 12607, line 19: Do you mean “...saturated vap@ssures [increased]” instead?
Responses:



The reviewer is correct. We have corrected thigakéesin the revised manuscript.

d. P. 12607, lines 23-25: Additional explanatiorosld be given for why alpha-pinene continues to
grow and beta-pinene plateaus as shown in Fig. 2.

Response;

As we explained in the manuscript (page 12607 [ih83, fora-pinene the reaction was stopped by
closing the louvre before particle size reachedpllageau phase (due to the experiment time limit).
Therefore, before closing the louvre particles sbdwontinuous growth.

We have added additional comments in the revisatuswiipt (page 17 lines 2-4).

“For a-pinene, particle growth did not reach the platphase. This is because the reaction was
stopped by closing the louvre when particles wahegsowing.”

e. Fig. 2A: What do you attribute the drop in pelei diameter at the beginning of the alpha-pinene
experiment when text suggests that beginning eriag of functionalization/particle growth?

Response;

As in the response to the reviewer 1, before nticledhere were some pre-existing particles present
introduced during humidification which had relativdarge diameter (median diameter 40-60 nm).
When the nucleation started, the median diametifiedhto a small size, manifesting a seemingly
drop in the particle diameter. In the revised marips we have left out the particle size data befo
nucleation in case this may mislead the readersabedadded the note about this data process.

f. p. 12608, lines 17-19: It does not seem likeoigtE drops dramatically when O/C reaches 0.4 for
beta-pinene system. The drop after this point is really any different than the drop prior to
reaching this O/C level.

Response;

We had some wording problems here. We meant thehv@/C reaches 0.4, Git) has dropped
dramatically to a low value. In the revised manimcwe have re-written this sentence. Now it reads
“GEon(t) had decreased dramatically to a much lowerevadhen O/C ratio increased to around 0.4
and leveled off. Accordingly, H/C started to desesdrom the beginning of the reaction and then
leveled off at the same time as O/C. The decreds&ky(t) reflects the increasing role of
fragmentation. ”

g. p. 12609, lines 8-13: This is the only specpecdic vapor pressure validation done. Can you do
this for other systems like alpha-pinene as well?

Response:
Here we tool3-pinene system as an example for the referenceoperpn the revised manuscript, we
have added the values f@pinene and limonene system.

h. p. 12613, lines 19-21: Can this statement alsatbonyl incorporation during oxidation be backed
up mechanistically to support the calculated eletaleratios?

Response:
In the reaction of monoterpene withy,Qaking a-pinene as an example, the -£Hroup can be
converted to -C=0O group which reduces the H/C amlense O/C. One path way is shown as



follows, which is now added to the revised manyscionoterpene reacts with;@roducing R@J
radical, which can undergo internal hydrogen shiftning another RO,[radical (Ehn et al., 2014).
The RO [Tadical can react with other ROadical forming -C=0 group at the same time loging
hydrogen atoms.

In the revised manuscript, we have elaboratedoibiist.
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Figure S7. Schematics illustration of one posgiaihway of reducing H/C fax-pinene ozonolysis

i. p. 12613, lines 26-29: Are you implying thateaflO; reacts with monoterpenes, there is no
additional oxidation because the products are neaetive with O3? If this presumably also means
products that are more saturated as in commenghuld H/C not be higher?

Response;

After O; has reacted with monoterpenes containing only carbon-carbon double, the reaction
products have no carbon double bond left and doesatt with @ anymore. However, H/C relates to
not only the carbon-carbon bond but also othertfanal groups such as carbonyl, hydroxyl etc.
During the reaction of monoterpene with, ©@arbonyl function can be formed from -EHas shown

in Fig. S7), therefore reducing the H/C. Based @ H/C from AMS measurement, such a process
reducing the hydrogen efficiently seems to be mamportant in the ozonolysis of monoterpene
compared to OH oxidation.

j- p. 12614, lines 9-11: | do not think you canikiato know functionalization vs. fragmentation

“...through the analysis of the evolution of particiee and particle mass.” They may be correlated,
but changes in particle size and particle mass lwaraffected by dilution, evaporation, condensation,
particle photolysis, and other processes not relat® particle-phase reactions leading to

functionalization/fragmentation.

Response;

The review is right in that particle size and paetimass can be affected by other factors. Asén th

response to comment 8 d, some of the factors heee bonsidered or corrected in our analysis, and
others are not.

We have changed this sentence in the revised mapiustreads now:

“In the OH oxidation, we found the transition ofhfitionalization and fragmentation correlated with
the evolution of particle size and particle masa &sction of OH dose.”

k. In the conclusion | would like to see additiosalmment on placing the results described in p.
12613, lines 26-29 along with the result of compdeaparticle growth efficiency between OH-
oxidation and ozonolysis described in the contdxatmospheric relevance. Understandably, OH
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scavenger in ozonolysis experiments was used lat@soxidation by O3, but in the atmosphere, with
both O3 (and secondary OH formation) and OH, how yu synthesize the experimental
observations? What if you did not put in an OH steer during an ozonolysis experiment so you
can see the effective growth due to ozonolysis @R

Response;

The reviewer is correct. Isolation of ozonolysis @i scavenger is not directly transferable to the
atmosphere. However, the technique to scavengen@iddnolysis experiments to isolate the effect of
ozone is an accepted, standard procedure in maticastudies as here. Moreover, in the atmosphere
there are always “OH-scavengers” around, becawsenttrix e.g. of VOC is more complex than in
our chamber experiment. Therefore an experimerfiouit scavenger can be also unrealistic as too
much dark OH is available compared to a real atimersp So “somehow” scavenging reflects some
realism, however not in a way that can be easyeelto the real atmosphere. But this debate is
outside the scope of this paper.

The point we could not address is the oxidationzufholysis primary products by OH. This is likely
the same as formation of higher generation producta primary OH products. We would estimate
that if the total turnover of a VOC with ozone a@#l increases, the growth rate after first oxidation
step (which is determined by both OH and &xidation) increase similar as in OH oxidation
experiments.

In the revised manuscript, we have added more cortsnom this aspect as follows.

“In this study, we designed the experiment to studgchanistically the particle formation and
growth; therefore we used two extreme cases: plteoxddation and pure ozonolysis case. We did
not do experiments with both OH and @ the dark). In the atmosphere, where both O @nare
present, products from the reaction monoterpené Wi can further react with OH, hence the
chemical composition of aerosol (in terms of eletaeoompaosition) may keep evolving continuously
and turning more and more to the OH path. In theoaphere, both OH oxidation and ozonolysis of
monoterpene are important pathways for the partictenation and growth, with their relative
importance depending on the specific ambient cardit”

I. Where do we need to go further if overall reawtrate of total organics with OH is an important
parameter towards getting effective growth rataiticles—can this be applied to the atmosphere?
Response:

The relationship of overall reaction rate of theakmrganics with OH with the particle growth rate
applies well in the well-characterized system, likghamber experiments. Such relationship is being
planned to be used in more VOC systems in the chamRperiment. For applicability in the
atmosphere, the approach must be tested in atmmasphedels and compared with other approaches
like 2-product model or vapor pressure basis seould be seen as independent consistency test to
compare growth rates otherwise generated by masigts that expected from total turnover (OH
reactivity in the model). To generalize the VOCeaation must be extended. Different VOC types
(such as sesquiterpene or isoprene or linear akeategiven overall reaction rate of total organics
with OH may have fairly different particle growtlifieiencies, thus resulting in different particle
growth rates.

In the revised manuscript, we have added the fatigwomments:

“The relationship of overall reaction rates of th&al organics with OH with the particle growthest
applies well in well-characterized chamber syster8sch relationship is being planned to be tested
using more VOC systems in the chamber. . For thesgphere, it is much more complex to apply



such method. Different VOC types (such as sesgéter or isoprene or linear alkenes) contribute to
overall reaction rate of total organics with OH boay have different particle growth efficiencies
resulting in different particle growth rates. Thiss still to be characterized in experiments. ”

10) Figures

a. Figs 1-5: | find the x-axes on these figure®¢oinconveniently inconsistent. Can both metrics of
time/reaction time be shown on figures (e.g. OHedaisd HC consumed) so different events can be
compared across all timelines presented in thepads? (e.g. does the Louvre closing coincide with
the change in rate of aerosol concentration andrdger in Fig. 2A?

Response;

The HC consumed did not change linearly with reactime, and so did OH dose. That is the reason

why HC consumed and OH dose were used as x-akigirl and Fig. 2, respectively. In Fig. 3-5 the
reaction time was used.

In Fig. 2A only the data for photooxidation perigdshown, i.e. before the Louvre close. The Louvre
closing did not coincide with the change in rat@efosol concentration and diameter.

In the revised manuscript, we have added the fggah®wing the OH dose and HC consumed as in
Fig.1 and Fig.2 using reaction time as x-axis.

b. Fig. 1. The “hook”/vertical portion in the timdependent growth curve can be interpreted as
purely multi-generation products with the initialHconcentration completely consumed. It would be
nice to see how this times with events in Figswh8n you know that particle evolution is due pyrel
to multi-generation products.

Response:

Accepted. As in the response to 10.a, a figure sigpthe time series of aerosol concentration and
HC has been added to the revised manuscript sdhbathanges in Fig. 1 can be easily compared
with those in Fig. 2-5.

c. Fig. 2: Additional explanation for general shapecurves would be appreciated. Why in Fig. 2A
are there so many changes in rate of aerosol grewtthy in Fig. 2C do the particle growth rate and
mass growth rate seem parallel and never cross eoedpto the case of alpha- and beta-pinene?

Response;
Accepted.

The initial drop in the aerosol size in Fig.2A isedto the shift from background particles to péetic
nucleation and subsequent growth the as explamé#teiresponse to comment 9 e. The other changes
in the aerosol growth in Fig.2A were mainly duethe significant fluctuation of OH concentration
due to the cloud coverage which also caused thefisint fluctuations in the reaction rate of all
organics with OH in Fig. 4A. In the revised manifgicwe have added the similar explanation (page
16 lines 10-13).

In Fig. 3C, the seeming parallel was due to thdirsgaf particle concentration and particle size.
These are two independent parameters. When the s@a just, the two curves could also cross
(shown in the following figure).
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d. Fig. 3A: What is the explanation for all of thariation in GEon(t) for the case ofa-pinene
experiment?

Response:

As in the response to comment 10.c), the variatiorthe GEy(t) for thea-pinene case are due to
cloud coverage change that day. This caused the afad significant fluctuations in the OH
concentration and reaction products concentrations.

We have added more explanations in the revised scapt

Technical Corrections:
1) p. 12593, line 17: Recommend changing “...thuslonate depends...” to, “...thus depends on...”
Response: Accepted.

2) p. 12595, line 18: Change “...of whole the...” to bf.the whole...”
Response: Accepted.

3) p. 12606, line 9: Delete “the” in “difference &fOC and the particle concentration.”
Response: Accepted.

4) P. 12607, line 14: Change “promote” to “promogr

Response: Accepted.

5) p. 12610, line 22-23: Use same notation for jglgtnumber concentrations reported.
Response: Accepted.

6) Fig. 2 caption: Add “of” before “each monoterperand change “in respect to” to “with respect
to”
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