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We thank the reviewers for the detailed and insightful comments. We have addressed the reviewers’

comments point by point as indicated below.

Reviewer #1:

This paper shows some interesting results from a novel experiment involving taking ambient air
in an urban environment and conducting a chamber experiment after enhancing the
concentrations of VOCs. The main emphasis of this paper is the use of o-pinene and p-
caryophylene, the characterisation of the SOA produced using aerosol mass spectrometry and

inferences are drawn regarding their contribution to particulate concentrations in the region.

1. Overall, this is a nice piece of work and well within the journal’s remit. However, I do think
that the significance is a little overblown in places and the authors need to express more caution
in how they interpret some of the results. In spite of their statements otherwise, this is not a true
simulation of atmospheric processes (see below), there are a few PMF-specific subtleties that
aren’t taken account of and how reliably this can be projected onto the wider world is open to
question on a number of levels. But in spite of these issues, the conclusions are largely sound and

this deserves to get published. I therefore recommend publication with minor revisions.

Response: We thank the reviewer for the thoughtful insights. To address the reviewer’s major
concerns, we have toned down the significance of our conclusions and expanded discussions on
PMF-specific subtleties in the revised manuscript. We think that the lab-in-the-field experiments
can mimic certain atmospheric processes, shed light on understanding the sources of OA factors,
and reflect potential issues that PMF analysis encounters. These responses will be discussed in
detail when we address the reviewer’s specific comments. Meantime, we agree with the reviewer

that more studies are warranted to test the reliability of our conclusions to the wider world.
General Comments:

2. This paper makes the assumption of a-pinene and [-caryophylene being representative of
monoterpenes and sesquiterpenes respectively. While these are common assumptions made in the
community and the VOCs are both very well studied, their overall representativeness is in question

because the level of oxidation in SOA from different precursors are known to vary substantially

between compounds (Alfarra et al., Atmos. Chem. Phys., 13, 11769-11789, 10.5194/acp-13-
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11769-2013, 2013). This is especially true of the sesquiterpenes, as difficulties in working with a
number of these compounds means that we lack data on a large subset of these. This should be

discussed and any evidence to support this assumption properly cited.

Response: In this study, we selected a-pinene and f-caryophyllene as representatives due to the
following reasons. Firstly, both VOCs are widely studied in the literature. Secondly, they are the
most abundant species in monoterpenes and sesquiterpenes, respectively (Guenther et al., 2012;
Helmig et al., 2007). Thirdly, the mass spectra of SOA from VOCs in the same class generally
share similar features. For example, the correlation coefficient (i.e., R) between the mass spectra
of SOA from the B-caryophyllene and a-humulene is 0.97 (Bahreini et al., 2005). Still using the
mass spectra reported in Bahreini et al. (2005), the R between a-pinene SOA and other
monoterpenes SOA (B-pinene, a-terpinene, myrcene, and terpinolene) is larger than 0.9. Fourthly,
in addition to the similar mass spectra, the time series of a-pinene in the southeastern U.S. is similar
to that of other monoterpenes, such as B-pinene and camphene (Xu et al., 2015a). The above
reasons have been added in the revised SI. We also add a caveat that future studies using other

monoterpenes and sesquiterpenes are still in need.

We agree with the reviewer that many properties of SOA (i.e., yield, hygroscropicity, etc)
from different monoterpenes or sesquiterpenes are different. To be precise, we have replaced

“representative” with “important” in some sentences in the revised manuscript.

3. Throughout the manuscript, there is a general tendency to treat LO-OOA and MO-OOA as
defined chemical entities, whereas the truth is that these represent reductions of highly complex
chemical systems and the exact factors reported are known to vary dataset to dataset. While
common trends have been noted in terms of behaviour and mass spectral profile, their exact mass
spectral nature depends on the measurement location and season and in many cases (particular
in the wintertime), PMF will fail to separate them at all, instead returning a single OOA factor.
This must be discussed in a meaningful manner in the introduction and discussion because it adds

an extra layer of nuance to the results.

Response: We agree with the reviewer that OA factors from PMF analysis represent complex
chemical systems. Understand what these OA factors represent is one of many motivations of this
study. In the revised manuscript, we have modified the language to avoid the confusion to treat

OA factors as defined chemical entities. We also agree with the reviewer that the exact mass
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spectral nature of OA factors varies with locations. We would like to point out that the mass spectra
of LO-OOA are highly similar (R > 0.95) across all the seven datasets in our study (Fig. R1). This
is one of many evidence to suggest that LO-OOA at different datasets may have similar sources.

Regardless, we clearly limit our conclusions to the southeastern U.S.
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Fig. R1. The correlation plot between the mass spectrum of LO-OOA for 2016 rooflab perturbation
study and the LO-OOA obtained in other six ambient datasets in the southeastern U.S.

In the introduction and implications sections of the revised manuscript, we have added the

discussion that a single OOA factor is resolved in some cases, especially in winter.

4. Related to the above point, there seems to be a general assumption that PMF had adequately
accounted for the new SOA being formed, but in my mind, the decrease in MO-OOA in response
to the B-caryophylene experiments in particular raises a number of red flags because this implies
that the data model didn’t hold and the factorization wasn’t sound. The authors need to pay much
closer attention to whether the factorisations ‘worked’ or not; a good starting point would be
inspecting the residuals (e.g. Q/Qexp) as a function of time over the course of the experiments and

if they positively correlate at all with the amount of additional SOA, this would imply that PMF
has failed to capture the chemistry perfectly.

Response: We agree with the reviewer that the decrease in MO-OOA after B-caryophyllene

injection raises a red flag and implies that factorization is not perfect. We have examined the PMF
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residual (i.e., Q/Qexp) in a-pinene and PB-caryophyllene perturbation experiments. As shown in Fig.
R2a, in a-pinene experiments, the difference in Q/Qexp between “Chamber Bf” (before a-pinene
injection) and “Chamber Af” (after a-pinene injection) is not statistically significant. This
suggests that PMF analysis has adequately accounted for the newly formed a-pinene SOA. This is
consistent with the observation that in a-pinene experiments, no OA factors show unexpected

dramatic decrease after a-pinene injection.

In contrast, in B-caryophyllene experiments, there is a clear pattern that Q/Qexp in
“Chamber_Af” is larger than that in “Chamber Bf” (Fig. R2b). This is likely because of the rapid
change in the subtleties of OA composition caused by the newly formed -caryophyllene. However,
the behavior of Q/Qexp is not quite expected because the OA mass spectra after injecting [-
caryophyllene are almost identical to those before perturbation (i.e., R between Chamber Bf and
Chamber Af is >0.99 as shown in Fig. R3b). The larger Q/Qexp in B-caryophyllene experiments
than a-pinene experiments may be a result of that AOA (i.e., the difference in OA concentration
between “Chamber Af” and “Chamber Bf”) is larger in f-caryophyllene experiments (average
value 1.95 ug m™ over 6 experiments) than a-pinene experiments (average value 0.98 ug m over
14 experiments). Regardless, under the simulated circumstances, PMF analysis cannot adequately

capture the newly formed p-caryophyllene SOA.

We would like to clarify that our conclusions are not dependent on if PMF has perfectly
accounted for the newly formed SOA, mainly because similar issues could also happen in the
analysis of ambient data. The B-caryophyllene perturbation experiments simulate a scenario when
there is a sudden change in the OA composition caused by an airmass encountering a plume or
change in OA sources due to shift in wind direction. Under these circumstances, PMF analysis
may have difficulty in accurately apportioning the OA sources. The simulated scenarios and the
observed PMF issues have been observed in previous studies. For example, in the Figure 9 of Sun
et al. (2016), an increase of hydrocarbon-like OA (HOA) is usually accompanied by a decrease in
cooking OA (COA) and verse vice. Another example is that figure 5 of Reyes-Villegas et al. (2018)
showed that a biomass burning plume leads to unexpected rapid variations in the concentration of
many OA factors on the time scale of minutes. Last example is that in the figure S10 of Milic et
al. (2017), the PMF residual during a biomass burning plume is orders of magnitude higher than

other sampling periods. Emphasizing the limitations of PMF analysis is one goal of this study.
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5. The modelling work presented in section 3.6 left me slightly confused as to what the authors
were trying to achieve and how. The text in the main article would suggest that an updated scheme
is being compared with a very old one, but the supplement seems to say that specific mechanisms

have been added here. This must be clarified.

Response: We use the modelling work as one of the evidence to support our hypothesis that the
major source of LO-OOA in this region is the oxidation of MT and SQT by various oxidants. In
section 2.6, we described two simulations (i.e. “default simulation” and “updated simulation”) with
different organic aerosol treatment. Compared to “default simulation”, we incorporate two recent
findings in the “updated simulation”. Firstly, we implemented MT+NOs3 chemistry to explicitly
account for semivolatile organic nitrate compounds that contribute to SOA. Secondly, we
improved the parameterization of SOA formation from MT+O3/OH based on a recent study by
Saha and Grieshop (2016). In section 3.5 of revised manuscript, we pointed out that SOAmr+sQr
in the updated simulation reasonably reproduces the magnitude and diurnal variability of LO-OOA
for each site. The model bias is within ~20%. The reasonable agreement between modeled
SOAwmr+sqr and LO-OOA at multiple sites and in different seasons serves as one piece of evidence
to support our hypothesis that LO-OOA largely arises from the oxidation of MT and SQT in the

southeastern U.S.

6. Also, as pointed out later in this section, this work does not directly preclude that other
precursors may be contributing and the discussion dealing with this relies heavily on inferences
drawn from the literature, so this work isn’t really that dramatic a result in how it is presented
now. I would suggest a more defined modelling experiment is constructed around a clear working
hypothesis. This could just be a case of making the work shown here clearer and moving material

from the supplement to the main article.

More generally, I noted a very odd tendency to leave certain pertinent (and in many cases
interesting) details in the supplement that maybe should have been given more prominence or at
least linked to the main article better. For example, the box modelling described in section S6 was
very interesting, but it wasn’t clear at all how this fit into the narrative of the main article. I also
had a hard time reconciling the information about the CMAQ runs in the main article and the

supplement as well (see above).  would revise what information goes where, using the main article
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for the discussions relating to the scientific arguments and making sure the material in the

supplement is purely technical detail in support of this.

Response: We have toned down the significance of conclusions in the revised manuscript. We
have also re-organized the main text and SI, and improved the linkage between two parts. Many
details, although interesting, are kept in the Appendix or SI, because we prefer to focus on the

main message and keep the logic of manuscript easy to follow.
Specific comments:

7. Line 95: When saying ‘representative urban’, please be specific about what type of urban site

this (e.g. background) and how you qualify this statement.
Response: We have deleted the word “representative”.
8. Line 115: What counts as ‘too much’ SOA and why?

Response: As discussed in response to reviewer’s comment #4, when there is a sudden change in
the OA composition, PMF analysis may have difficulty in accurately apportioning the OA sources,
as shown in B-caryophellene perturbation experiments and previous studies. This is why we tried

to avoid producing too much SOA in the perturbation experiments.

It is challenging to quantify what counts as “too much”. As shown in B-caryophellene
perturbation experiments, even though (1) the newly formed -caryophyllene SOA only increases

the OA concentration by roughly 2 pug m

and (2) the OA mass spectra after injecting -
caryophyllene are almost identical to those before perturbation (i.e., R >0.99 as shown in Fig. R3b),

PMF analysis encounters difficulty in accurately apportioning the OA sources.

9. Line 265: It has long been shown that a-pinene SOA produced in chambers produces a mass
spectrum that is similar to LO-OOA and given that this mass spectral profile is also seen in the
presence of strong emitters of this VOC (e.g. temperate and boreal forests), the case for
a-pinene SOA being a strong contributor to LO-OOA has never really been in doubt in this
reviewer’s opinion. Why is the evidence presented here any more ‘direct’ than those published
previous? While the perturbation experiment does indeed produce LO-OOA as retrieved using
PMF, this retrieval is still based solely on mass spectral similarity, so I would contend that this

does not really present any new evidence to this effect.
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Response: We thank the reviewer for pointing this issue out. The “directness” of our conclusions
is not clearly communicated in the original manuscript and caused some confusions. While we
acknowledge that the mass spectra comparison approach largely improves our understanding of
OA factors, we think that the perturbation experimental approach provides more objective and
quantitative conclusions by addressing some limitations of the mass spectra comparison approach.
The mass spectra comparison approach has the following limitations. Firstly, the similarity
between two mass spectra is a subjective determination. In other words, what correlation
coefficient ® value implies SOA from a certain source contributes to one OA factor? For example,
the R values between laboratory-generated a-pinene SOA (using HONO as OH source) with LO-
OOA, isoprene-OA, and MO-OOA in this study are 0.96, 0.88, and 0.81, respectively. Using these
R values to imply whether a-pinene SOA contributes to a certain OA factor or not is subjective.
As another example, Jimenez et al. (2009) showed that the mass spectrum of a-pinene SOA
becomes more similar to that of MO-OOA (i.e., LV-OOA in older study) than that of LO-OOA
(i.e., SV-OOA in older study) with photochemical aging. The ability to determine when and how
much a-pinene SOA is apportioned to MO-OOA based on an R value is subjective. Secondly, the
conclusions from mass spectra comparison approach are qualitative. Even if the mass spectrum of
a-pinene SOA is the most similar to LO-OOA, this similarity does not guarantee that all a-pinene
SOA is apportioned into LO-OOA and this similarity does not provide information regarding what
fraction of a-pinene SOA is apportioned into LO-OOA.

The perturbation experiments could address the limitations of mass spectra comparison
approach and provide more objective and quantitative conclusions. Firstly, the perturbation
experiments simulate a short period of time with increasing a-pinene SOA concentration. we
perform PMF analysis on the combined ambient data and perturbation data. PMF analysis does
not distinguish SOA from natural a-pinene vs. from injected a-pinene, so that PMF analysis can
objectively apportion a-pinene SOA into factors. Thus, the conclusions from the perturbation
experiments are directly drawn without any subjective judgement on the similarity in mass spectra.
Secondly, using the perturbation data, we attempt to quantify the fraction of fresh a-pinene SOA
that is apportioned into different factors (i.e., ~80% into LO-OOA, ~20% into isoprene-OA, 0%
into MO-OOA, COA, and HOA). Although further studies are required to extrapolate the
conclusions from perturbation experiments to real atmosphere, a similar quantitative

understanding cannot be obtained from simple mass spectra comparison approach. Thirdly, the
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perturbation experiments have the potential to utilize subtle differences across the entire the mass
spectrum to evaluate the sources of OA factors. Based on previous laboratory study, the mass
spectrum of a-pinene SOA is highly correlated (R = 0.97) with that of B-caryophyllene SOA
(Bahreini et al., 2005). Using a mass spectra comparison approach would suggest that these mass
spectra are too similar to be differentiated by PMF analysis. However, perturbation experiments
show different behaviors of a-pinene SOA and B-caryophyllene SOA. That is, a fraction of the
fresh B-caryophyllene SOA 1is apportioned into COA factor, but similar behavior is not observed
for a-pinene SOA. The different behaviors are likely due to the subtle differences in their mass
spectra. For example, f5s(i.e., the ratio of m/z 55 to total signal in the mass spectrum) is typically
higher in B-caryophyllene SOA than a-pinene SOA (Bahreini et al., 2005; Tasoglou and Pandis,
2015), and the mass spectrum of COA is characterized by prominent signal at m/z 55 (Fig. 2).
Overall, the perturbation experiments provide more objective and quantitative insights into the

sources of OA factors than traditional mass spectra comparison approach.
We have added the above discussions in the revised manuscript.

10. Line 280: The fact that the oxidation rate of VOCs is dependent on oxidant concentration is
very well established in kinetics. The discussion regarding this observation would be considered
pointing out the obvious to many. It would be far more useful if a quantitative relationship with

ozone concentration could be reported here.

Response: In Line 280, we are not making the conclusion that the oxidation rate of VOCs depends
on oxidant concentration. Instead, we use this well-established conclusion to explain our
observation that the LO-OOA enhancement amount correlates with oxidant concentration. As the
SOA formation depends on a number of variables, including temperature, relative humidity, the
concentrations of oxidants, NOx, and existing particles, etc, the VOCs oxidation rate is not
equivalent to SOA formation amount. In this study, the a-pinene perturbation experiments were
conducted at different times of day (i.e., from 9am to 9pm) and under different conditions (i.e., T,
RH, oxidant, NOx, etc). Despite the large difference in reaction conditions, the LO-OOA
enhancement amount correlates well with O3 concentration, suggesting that the oxidant
concentration plays a more controlling role in the amount of OA formed in a-pinene experiments

than other reaction variables do.
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As a side note, we also want to point out that the oxidant concentration is not the sole
variable in determining the SOA formation from B-caryophyllene, which is in contrast to a-pinene
experiments. As shown in Fig. S22 in revised SI, the LO-OOA enhancement amount in -
caryophyllene perturbation experiments is greatly affected by NO: level. For example, for two
experiments with similar O3 concentration and injection time, more LO-OOA is formed in the

experiment with a lower NO: level (Fig. S22f in revised SI).

11. Line 286: An alternative explanation here is that the experimental set-up here was not

conducive to HOM formation for whatever reason. This should be added as a caveat.
Response: We agree with the reviewer and have added this caveat in the revised manuscript.

12. Line 309: There is a major problem with this statement, the results indicate that the p-
caryophylene SOA spectrum to be represented by PMF as a combination of the LOOOA and COA
mass spectra, but it would be a mistake to imply in any way that it is producing two ‘types’ of OA
(this is clarified later in the manuscript but it is ambiguous here). Issues about the quality of the
PMF retrieval aside (see above), in the hypothetical situation that there is an environment with a
mixture of cooking and biogenic SOA, PMF will likely still separate these because it determines
factors not just by mass spectral profile but by temporal profile, so would still return factors
corresponding to cooking and an average of biogenic SOA from all sources. The only situation 1
could think where this would be a problem is if monoterpene and sesquiterpene SOA formation
were not well matched temporally, in which case I could see how the COA-like component of
sesquiterpene SOA would manifest as ‘mixing’ between the cooking and biogenic SOA factors, but

this would be evident in the temporal profiles.

Response: We agree with the reviewer that PMF separates factors based on features in both mass
spectrum and time series. However, we note that the temporal variations of COA and SOA from
monoterpenes and sesquiterpenes do not guarantee a clean separation between different sources.
For example, the concentrations of many oxidation products of monoterpenes (e.g. pinonic acid,
pinic acid, etc), COA, and LO-OOA show similar increasing trend near sunset (Allan et al., 2010;
Xu et al., 2015b; Zhang et al., 2018). The emissions of sesquiterpenes and diurnal variations of
sesquiterpene SOA are not well-studied. Thus, it is possible that some sesquiterpene SOA is

apportioned into COA.
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As mentioned in the manuscript, we agree with that COA is mainly from cooking emissions.
However, the perturbation experiments show the possibility that COA could include B-
caryophyllene SOA. There is no evidence in the literature to support that cooking OA factor is

purely from cooking and does not have any biogenic SOA.

13. Line 350: How much more ‘realistic’ is this? While this would give a more life-like oxidant
and NOx background, given that the chamber walls will act as a sink of VOCs, radicals and
particles, I would still expect that the precursor perturbations would have to be higher than typical
atmospheric concentrations to achieve realistic SOA concentrations and consequently have a
higher VOC:NOx ratio. This must be discussed in an objective manner and while some of this is

touched on in the supplement, it’s kind of glossed over in the main article.

Response: We would like to clarify that we did not want to produce realistic SOA concentration.
Instead, we aimed to produce small amount of SOA, which would not significantly perturb the
composition of existing organic aerosol. Based on the chamber volume and injected a-pinene
volume, we injected about 14ppb a-pinene. Most of injected a-pinene is carried out of the chamber
by dilution air and we estimated that only 2-5 ppb a-pinene is reacted in the chamber. We have

added this information in the main text.
14. Figure 6. The caption of this figure is excessively long.

Response: We prefer to keeping the caption descriptive of the figure, such that the readers could

comprehend the figure after reading the caption.

15. Line $477: This doesn’t make sense. Why would the solver reduce the concentration of MO-
OOA because it had been added to? I find it more likely that there was a breakdown in the data
model and mass was being erroneously rotated out of the factor. This is undesirable, but also feeds

into the discussion above regarding the relationship with COA.

Response: As stated in the SI, the reason why MO-OOA decreases after adding B-caryophyllene
is unknown. One possible explanation is that since the mass spectrum of B-caryophyllene SOA is
more similar to LO-OOA than MO-OOA, PMF solver somehow decreases the concentration of
MO-OOA to reduce the overall fitting residual. We agree with the reviewer that this result is
undesirable. However, as pointed out in response to reviewer’s comment #4, similar situation

could happen in ambient measurements. This issue deserves more attention.
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16. Line S480: What other studies?
Response: Please see response to comment#4.
Technical comments:

17. Line 113: Please be more specific over which VOCs are anthropogenic vs biogenic. The word

‘respectively’ does not work when four are listed.
Response: We have deleted the word “respectively”.
18. Line 179: Why not saturated fatty acids?

Response: We have deleted the word “unsaturated”, so that the “fatty acids” in the revised sentence
includes both unsaturated and saturated compounds. We have also cited Allan et al. (2010) in this

sentence.

19. Line 119: Correct ‘concentration’ to ‘concentrations’.
Response: We have made this correction in the revised manuscript.
20. Line 184: What are the oxidation states in each instance?

Response: We have added the oxidation states (i.e., -0.70 to -0.34 for LO-OOA and from -0.18 to
0.71 for MO-OOA in the southeastern U.S.) in the revised manuscript.

21. Section 2.2: Please specify the materials used for the aerosol and gas sampling lines.

Response: Teflon tubing and stainless steel tubings were used for gas and aerosol sampling lines,

respectively.
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Reviewer #2:

The manuscript presented by Xu et al. proposes an interesting study on the contribution of the
oxidation of alpha-pinene and caryophyllene to the SOA mass observed in the S.E.-US. The
characterization of SOA generated in the lab-in-the-field smog chamber was performed using an
aerosol mass spectrometer. Overall the work performed in this study is good and fall within the
scope of the journal. However, I think the conclusions proposed from the PMF analysis/chamber
experiments are not always well sustained and more caution should be taken when extrapolating

the results.

Response: We thank the reviewer for the positive comments. In the revised manuscript, we have

added more caveats regarding our conclusions drawn from the perturbation experiments.
General comments

1. The authors should carefully review their paper and avoid the repetition between the main text
and the SI. At many places, sentences are duplicated and are not useful. However, some important

details are left within the SI and should be moved to the main manuscript.
Response: We have re-organized the main text and SI, and improved the linkage between two parts.

2. The authors should provide more information in the PMF analysis and provide the elementary
checks to validate their analysis. For instance, it is a bit surprising that the factors don’t change
throughout the experiments (i.e. bf vs af) while significant perturbation has been made to the
system. Or do the authors consider/claim that most of the SOA sampled in the ambient are formed
from the oxidation of alpha-pinene or caryophyllene? In addition, we could expect that the fresh
LO-0O0A (formed within a few minutes, without lights) would have different signatures that LO-
OAA formed in the atmosphere (aged SOA, formed from different chemistry, ...). How do the
factors correlate throughout the experiments: e.g. LO-OOA_Amb_Bf vs LO-OOA_Chamber Af?

Response: We respond to the reviewer’s comment by addressing some confusions regarding PMF
analysis. Firstly, we performed PMF analysis on the combined ambient and perturbation data. Each
OA factor has a constant mass spectrum throughout the study, regardless of ambient or chamber
periods. In other words, the mass spectra of factors do not change between “Chamber Bf” and
“Chamber Af”. Secondly, we did not introduce significant perturbation to the system. In contrast,

our goal is to produce small amount of SOA, which would not cause dramatic change in the OA
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composition and would not bias PMF analysis. For example, the difference in average OA
concentration between “Chamber Bf’ and “Chamber Af” is within 4 ug m™ for all perturbation
experiments. Thirdly, we did not consider/claim that most of the SOA sampled in the ambient are
formed from the oxidation of a-pinene or B-caryophyllene. This assumption is not related to our

conclusions.

Regarding the last question in this comment, we believe that the reviewer suggests to
compare the OA mass spectra between “Chamber Bf (before VOC injection)” and “Chamber Af
(after VOC injection)”. As shown in Fig. R3 (in response to reviewer#1), the mass spectra between
two periods are almost identical, with R larger than 0.99 for all experiments. This is desired

because we do not intend to introduce significant change in the OA composition after perturbation.

3. How do the identified factors correlate with the reference MS? How do the residuals evolve
throughout an experiment? How does alpha-pinene-derived LO-OOA correlate with
caryophyllene derived LO-OOA? Overall, the authors should provide more statistical analyses in

order to give a robust validation of the analysis.

Response: In this study, we resolve and evaluate PMF factors according to the standard procedure
outlined in Zhang et al. (2011). The detailed description on OA factors and justification of PMF
results have discussed in section S3 of SI. As discussed in the SI, the PMF factors have the same
features as those in the literature. More importantly, the PMF results in this study are consistent
with our previous measurements (from 2012 to 2015) at the same site and in similar seasons, as
shown in Fig. S14 in revised SI. The mass spectra of LO-OOA are similar (R > 0.95) across all the

seven datasets in this study (Fig. R1 in response to reviewer#1’s comment#3).

In a-pinene perturbation experiments, the PMF residual is not significantly different
between “Chamber Bf” and “Chamber Af”’, suggesting that PMF analysis has adequately
accounted for the newly formed a-pinene SOA. More detailed discussions can be found in response

to reviewer#1’s comment #4.

As noted in response to the reviewer’s comment#2, the mass spectrum of LO-OOA is the
same throughout the study, regardless of ambient vs. perturbation and regardless of a-pinene vs.

B-caryophyllene experiments.
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4. The authors should report the concentration of the inorganics in their experiments and in case
of significant concentrations of sulfate estimate the aerosol acidity. Indeed, the presence of acidic
aerosols can lead to multiphase reactions (e.g. reactive uptake of IEPOX) that could greatly
impact the SOA composition. In addition, an estimation (modeling?) of the concentrations of other
VOCs would be interesting (especially isoprene). Ozonolysis of alpha-pinene leads to the
formation of OH radicals, which could further react and oxidize alpha-pinene but also other VOCs
present in the ambient air. The authors should discuss this possibility and provide more
information in the background of the chamber/ambient air. As it is, the conclusions proposed in
the paper on the potential increase of the IEPOX-OA or COA factors from the oxidation of alpha-
pinene and caryophyllene, respectively appear speculative (correlations are not sufficient to
validate such trend: r~0.5). For instance, the authors could estimate the amount of IEPOX (thus
isoprene) formed in the chamber to explain the formation of IEPOX-OA and check if the numbers

make sense or not.

Response: We interpret that the reviewer’s key question as the following: “is the enhancement in
isoprene-OA factor due to the oxidation of isoprene in the chamber after injecting a-pinene?” The
most direct evidence to rule out this hypothesis is that the concentration of IEPOX+ISOPOOH
(CsHi1003¢I') and isoprene hydroxyl nitrates (CsHoNO4eI"), measured by I' HR-ToF-CIMS, did not
change after a-pinene injection (Fig. S3b in revised SI). This suggests that the a-pinene injection

does not introduce isoprene oxidation in the chamber.

The relatively weak correlation between Aisoprene-OA and ALO-OOA (where the A
indicates the difference in concentration between the “Chamber Af” and “Chamber Bf”) across
all a-pinene perturbation experiments is not contradictory to the conclusion that a-pinene SOA
influences isoprene-OA factor. The weak correlation could be because a-pinene SOA in different
perturbation experiments were formed under different conditions (e.g., NOx) and had different
mass spectra (Fig. 7 in revised manuscript). Thus, the fraction of a-pinene SOA apportioned into
isoprene-OA factor varies with experiments and results in the weak correlation. However, we
would like to point out that although the correlation between Aisoprene-OA and ALO-OOA across
all a-pinene perturbation experiments is relatively weak, the time series of isoprene-OA and LO-
OOA in the same a-pinene perturbation experiment are strongly correlated. The R is 0.88 for the

a-pinene perturbation experiment on 07/20 (Fig. R4a). It is well studied that isoprene produces
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SOA slower than a-pinene, as isoprene SOA involves higher-generation products. If the
enhancement in isoprene-OA factor is due to isoprene oxidation, the enhancement is expected to
occur later than the enhancement in LO-OOA, but it is not observed in the experiments. Thus, the
strong correlation between isoprene-OA and LO-OOA in the same a-pinene perturbation
experiment serves as another evidence that the enhancement in isoprene-OA factor is due to

interference from newly formed a-pinene SOA, rather than oxidation of isoprene after injecting a-

pinene.
(a)ap_0720_2 (b) ca_0726
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Fig. R4. (a) The correlation between isoprene-OA and LO-OOA in the “Chamber Af” period of
one a-pinene perturbation experiment (i.e., ap_0720 2). (b) The correlation between COA and

LO-OO0A in the “Chamber Af” period of one B-caryophyllene experiment (i.e., ca_0726).

At the reviewer requested, the concentrations of inorganic species have been added into

the revised SI.
Specific comments:
5. Lines 104:111. Did the authors characterize the chamber? Mixing, wall losses,

Response: Since our goal is to qualitatively understand which OA factors the a-pinene SOA is
apportioned into, we did not characterize the mixing and wall loss of the chamber. We would like
to note that because of the continuous exchange air between chamber and ambient air, the particle

wall loss is difficult to characterize. The chamber characterization will be one focus of future work.

6. Lines 141: The authors claim that by having an overflow, it suppressed the particle loss. Did

they mean reduce? Have you done some tests to validate such statement?
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Response: We used a bypass flow to reduce the particle loss in sampling line. We have replaced

“suppressed” with “reduced”.

7. Lines 217-220: Why not using the outdoor chamber to do such experiments? Can the authors

discuss the strategy here?

Response: In the laboratory studies, we follow traditional chamber experimental procedure
produce a-pinene SOA under controlled conditions. Then we compare laboratory experiments with

lab-in-the-field experiments to evaluate the representativeness of laboratory studies.

8. Lines 266-268: The decay of LO-OOA is quite fast and I do not think it can only explain by the
dilution and or dead-volume. The residence time in the chamber is ~100 min. Where were located

the sampling inlets?

Response: The ~100min residence time is calculated with the assumption of no dead volume. The
existence of dead volume would largely decrease the residence time and change the decay rate of

LO-OO0A, as shown in Fig. S21 in revised SI.

The sampling inlets were inserted into the center of the chamber, which has been specified

in the revised SI.
9. Lines 278:284.: It is quite expected. What is the point of the authors?
Response: Please see response to reviewer#1’s comment#10.

10. SI Line 150:157: These results are a bit intriguing. The data reported for the boreal forest do
not exhibit prominent ions at m/z 53 or 82. The authors suggest that alpha-pinene/monoterpene
can contribute to IEPOX-OA but according to Fig S7 the correlation is far to be obvious strong.
The authors should compare the MS obtained in their study with other PMF data obtained from

monoterpene-dominated areas (e.g. boreal forest).

Response: In SI Line 150-157, we suggest that monoterpenes SOA may influence isoprene-OA
factor, if the isoprene-OA factor is present. In other words, for a location without isoprene-OA
factor, the influence of monoterpenes SOA on isoprene-OA does not exist. Regarding the
reviewer’s comment on Fig. S7 (i.e., Fig S5 in revised SI), we have addressed it in response to
comment#4. As the reviewer suggest, we compared the mass spectrum of LO-OOA in this study
with that obtained in a coniferous forest mountain region in Whistler, British Columbia, Canada

(Lee et al., 2016). The correlation coefficient is 0.99.
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Reviewer #3:

This paper presents results from experiments and model runs focusing on the monoterpene
contribution to biogenic SOA in the SE US. A small Teflon reactor was used to oxidize ambient
air to which single VOC precursor was added. Based on simple PMF analysis and simple CMAQ
model runs, it is concluded that monoterpenes are major contributors to ambient OA in the SE US.
The authors are wellknown in the field and have published much excellent work, the paper falls
within the scope of ACP, and has some interesting aspects. However, in my opinion the new
evidence is weak, partially supported with circular logic, and is very overinterpreted. The new
evidence is very insufficient to support the very strong conclusions. I don’t see how this paper can
be published in ACP in anywhere near its present form. I recommend that the authors go back to
the drawing board and summarize the new experimental aspects into a paper whose conclusions
are actually supported by the evidence presented. For example, the results on Appendix B seem

more novel to this reviewer than the ones that are described in the main paper.

Note that I made this recommendation already in the access review, with the concurrence of the
previous Editor, and hoping to avoid having to post this review in public. However, after an appeal

by the authors, it was decided to publish the paper in ACPD anyway without significant revisions.

Response: We thank the reviewer for detailed comments in both access review and ACPD stages.
We appealed the reviewer’s suggestion in the access review stage because we respectfully disagree
with many of the reviewer’s comments. We would like to use the open discussion to clarify a

number of issues.
1. Brief statement of the major issue

1) The main problem of this paper is that the evidence presented does not support the conclusions.
The conclusions are summarized in the paper title “Large Contributions from Biogenic
Monoterpenes and Sesquiterpenes to Organic Aerosol in the Southeastern United States.” Or L80-
84: “We provide direct evidence that newly formed SOA from a-pinene [ ...] and [-caryophyllene

(representative sesquiterpene) dominantly contributes to LO-OOA in the southeastern U.S.”
The new evidence presented in this manuscript has two parts:
1.a) Some interesting, but incomplete, experiments with an ambient reactor, that have been

analyzed using PMF. What the authors have really shown with these experiments is (in their own
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words) “to qualitatively understand which OA factors the a-pinene SOA is apportioned into”
(Supp. Info. L349-350). Most importantly, experiments with other precursors failed, and
experiments using for example cloud pathways were not even attempted. It is highly likely (based
on prior published work) that spectra from other precursors and pathways would also have looked
similar to LO-OOA, so it is very problematic that those experiments failed or where not even

attempted.

The authors do acknowledge (L415) that based on the experimental work alone “we do not
conclude that LO-OOA arises exclusively from MT and SQT.” Next, they do acknowledge that
their title is just a hypothesis, after all the experimental evidence has been considered: (L387-391):
“we propose that the major source of OOA in this region is the oxidation of MT and SQT by
various oxidants (O3, OH, and NO3). To test this hypothesis, we use CMAQ to simulate pollutant

concentrations across the southeastern U.S.”

So given how weak the evidence from (1.a) is in terms of supporting the paper’s conclusions, how

strong is the complementary evidence from the model?

1.b) The CMAQ model is run with a different parameterization for terpene SOA that has higher
yields than a very old one. Not surprisingly, the terpene contribution to SOA in the SE US goes up
in CMAQ. I understand that the parameterization is in principle improved compared to some older
ones, but how do we know it is really accurate? The parameterization is still very simple, and does
not included detailed chemistry such as a HOM mechanism. The justification about why this
parameterization would be accurate when implemented in as complex a region as the SE US is
very light and not satisfactory (sect. 2.6). I agree the model is “upgraded” (L25), but not that it
has been shown to be accurate. There is a long history of simple parameterizations (after various
“upgrades”) being wrong when compared to ambient air. I do not see sufficient evidence that
supports the accuracy of these model runs, so that strong conclusions about MT + SQT
contributions (that could not be reached with the experiments alone) could now be reached with

certainty.

In addition, the use of the CMAQ results suffers from circular logic. Section 1.a. ended with a
hypothesis that LO-OOA was arising from MT & SQT. Now the fact that the CMAQ results are of
the same order as LO-OOA is used as confirmation that indeed LO-OOA comes from MT & SQOT.
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But we did not know that LO-OOA came from MT & SQOT yet, that was only a hypothesis. The

logical structure here is therefore problematic.

Other evidence from the literature is mentioned, such as high emissions of MT & SQT in the SE
US, and the fact that some previous results suggest that anthropogenic SOA is not a major
contributor in this region. The first one has been known for decades. The second result is not quite
consistent with some modeling studies and measurements of fossil carbon (when taking into
account that urban pollution has a significant fraction of non-fossil carbon, see Kim et al. (2015)
and references therein). Together, the combined evidence is still not sufficient for the sweeping

conclusions.

Ten years ago we didn’t know about the IEPOX-SOA pathway (Paulot et al., Science 2009), that
has since proven to be a major contributor to SOA over the SE US. A paper written in 2008 may
have used the existing literature to conclude that isoprene was a minor contributor to SOA in the
SE US, and would have been sorely wrong in doing so. We also didn’t know till very recently about
autoxidation being important in the atmosphere (Ehn et al., 2014). The importance of autoxidation
for urban emissions in the US has recently been demonstrated (Praske et al., PNAS 2018), and is
not included in the CMAQ runs or literature studies cited here. SOA formation in clouds is also
highly uncertain (Ervens et al., 2011), and could also lead to LO-OOA through various mixtures
of precursors and pathways (which remain almost completely unexplored). For example perhaps
there is an isoprene SOA pathway through clouds that has not been discovered yet and that
contributes half of the LO-OOA in the SE US. The present paper is implicitly saying that other
precursors and pathways are not important in the SE US, and risks shutting down research on
other alternatives. Is that justified? In my opinion it is not, and the evidence is this paper is not

anywhere near sufficient to justify its title and sweeping conclusions.

Response: We think the reviewer over-states the “weakness” of our evidence and the “strongness”
of our conclusion. In many places of reviewer’s comments, the reviewer indicates “the authors
draw the conclusion that LO-OOA is exclusively monoterpenes SOA based on a single evidence”
and that is a significant shortcoming. Our hypothesis is that “the major source of LO-OOA in the
southeastern U.S. is the fresh SOA from the oxidation of monoterpenes (MT) and sesquiterpenes
(SQT) by various oxidants (O3, OH, and NO3)”. We never argue that LO-OOA is exclusively MT
and SQT SOA and never state that SOA from other sources/pathways is not important. While
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monoterpenes have been recognized an important SOA source for some time, until Zhang et al.
(2018), there was no evidence for them being a contributor on the order of half of the ambient OA.
Even with Zhang et al. (2018), the scientific literature lacks information on the role of
monoterpenes on larger spatial (e.g. entire southeast U.S.) and temporal (different times of year)
scales which are included in our work. We support our hypothesis based on a weight of evidence

provided in the literature and this study, as listed and discussed below.

(1) The large emissions of MT and SQT in the southeastern U.S. (Guenther et al., 2012), which

has been established in decades and the reviewer agrees with.

(2) The majority (roughly 80%) of carbon in SOA is modern in the southeastern U.S. The reviewer
suspects that this evidence is not quite consistent with some modeling studies. We beg to differ
due to following reasons. Firstly, Weber et al. (2007) measured that the biogenic fraction of carbon
is roughly 70-80% at two urban sites in Georgia that were also used in our study. Note that
measurements in Weber et al. (2007) were performed in 2004 and the biogenic fraction is expected
to be higher in 2016 than 2004, as a result of reductions in anthropogenic emissions (Blanchard et
al., 2010). Secondly, we checked Kim et al. (2015) and found that the paper clearly stated that “we
estimate that 18% of the total OC burden is derived from fossil fuel use. This is consistent with an
18% fossil fraction from radiocarbon measurements made on filter samples collected in Alabama
during SOAS.” In brief, Kim et al. (2015) is consistent with other studies (Zhang et al., 2018;
Lewis and Stiles, 2006; Weber et al., 2007).

(3) Previous studies suggest that the oxidation of B-pinene (another important monoterpene) by
nitrate radicals (NO3) contributes to LO-OOA in the southeastern U.S. (Boyd et al., 2015; Xu et
al., 2015a) and this reaction alone cannot replicate the magnitude of LO-OOA (Pye et al., 2015).

(4) The mass spectra of LO-OOA are almost identical (i.e., R ranges from 0.95 to 0.99 in Fig. R1)
across all the seven datasets in our study. In addition, LO-OOA across all datasets also shares the
same diurnal trends (Xu et al., 2015a). The similarity in LO-OOA features suggests that LO-OOA

may share similar sources across multiple sites and in different seasons in the southeastern U.S.

(5) Perturbation experiments in this study show that the majority of fresh SOA from the oxidation
of MT and SQT contributes to LO-OOA. Previous studies, mainly based on mass spectra
comparison, concluded that MT SOA contributes to LO-OOA, but did not quantitatively show the
fraction of MT SOA that is apportioned into LO-OOA. In other words, previous studies did not
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show whether 100% or 50% of MT SOA is apportioned in to LO-OOA. The quantitative
understanding is the basis when comparing modeled MT SOA with PMF factors. The reviewer

raises concern regarding this conclusion in next comment and we will address his/her concern later.

(6) CMAQ model calculations for the region showed consistency between modeled SOAmr+sQr
and observed LO-OOA in terms of both magnitude and diurnal trend at different sites and in

different seasons when an updated monoterpene SOA parameterization was used.

The new VBS parameterization implemented in the updated simulation represents a
significant scientific improvement over the Odum 2-product parameterization currently used in the
public version of CMAQ (v5.2). Specifically, the VBS parameterization does promptly form low
volatility species, likely from autoxidation, which were absent from the previous Odum-2 product
parameterization. In addition, the new parameterization allows for enthalpies of vaporization that
are more consistent with species of the specified volatility, since the parameterization was
produced from a richer dataset than the original Odum 2-product representation. The work shown
here is an important step in the right direction and will allow for an improved representation of
monoterpene SOA in current models while mechanistic pathways are still being determined. As
shown in Fig. S16 in revised SI, implementing the new parameterization of MT SOA substantially

reduces the normalized mean bias (NMB) between modeled and measured OA for all six datasets.

(7) A recent study by Zhang et al. (2018), which was published after our manuscript submission,
offered other evidence to support our hypothesis. Zhang et al. (2018) characterized the molecular
tracers of MT SOA at Centreville, AL (a site included in our study as well) and concluded that

monoterpenes are the largest source of summertime organic aerosol in the southeastern U.S.

Therefore, we use above weight of evidence to support our hypothesis. We have revised

the manuscript to clarify the logic and avoid confusions.

At last, we fully acknowledge the progress already made and the need to improve our
understanding of atmospheric chemistry and all the unknowns the reviewer brought up. In fact,
our study is motivated by many unknowns that the reviewer brought up. For example, due to the
high O:C ratio of highly oxygenated molecules (HOMs) formed during monoterpene oxidation, it
is hypothesized that HOMs maybe a potential source of MO-OOA. This hypothesis challenges our
current understanding that MO-OOA represents aged SOA and also raises the question if
monoterpenes SOA is exclusively apportioned into LO-OOA. Although previous studies
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repeatedly showed the similar mass spectra between a-pinene SOA and LO-OOA, the mass spectra
comparison approach cannot tell us what is the fraction of a-pinene SOA apportioned into LO-
OOA vs. other factors. The limitations of mass spectra comparison approach motivate us to explore
alternative approaches to understand the sources of PMF factors. Another example is still related
to HOMs. As the reviewer is aware of, the formation of HOMs and the contributions of HOMs to
SOA are not captured by the Odum 2-product model implemented in current regional models
which do not include prompt formation of material with saturation concentrations less than 10
ng/m?>. This is one of the reasons we replaced Odum 2-product model with VBS parameterization
in the updated simulation. The new parameterization based on Saha and Grieshop (2016) considers
the HOMs contribution to SOA and the HOMs yield in Saha and Grieshop (2016) is consistent

with recent observations.

Throughout the manuscript, we never imply that SOA sources, other than monoterpenes
and sesquiterpenes, are not important. Based on our measurements, LO-OOA accounts for 19-34%
of total OA in the southeastern U.S. The sources of MO-OOA, which accounts for 24-49% of OA
in the southeastern U.S., are highly uncertain. Many reaction pathways the reviewer brought up
are actually potential sources of MO-OOA. For example, SOA produced from aqueous-phase
chemistry is generally highly oxidized (Lee et al., 2011) and is likely apportioned into MO-OOA,
instead of LO-OOA. A recent study by Xu et al. (2016) suggests that aqueous-phase reaction has
a dominant impact on MO-OOA in China. There are also hypotheses in the literature that the SOA
formed through cloud chemistry together with long-range transport and entrainment from aloft
may contribute to MO-OOA (Crippa et al., 2013; Robinson et al., 2011; Xu et al., 2015b). In brief,
we never make any implication that SOA from other sources/pathways are not important in the

southeastern U.S.
A little more detail on the major issues

2) A very important problem with the manuscript is the logic of the PMF analysis (with both of the
other reviewers explicitly pointing out serious problems in it). Indeed the a-pinene SOA is most
similar to LOOOA (also referred to as SV-OOA in older works). This has been known for a decade,
see for example Fig 2C of Jimenez et al. (2009) (cited in the manuscript) and several other papers.
Or in the words of reviewer 1: “the case for a-pinene SOA being a strong contributor to LO-O0OA

has never really been in doubt in this reviewer’s opinion. Why is the evidence presented here any
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more ‘direct’ than those published previous?” The same conclusion can be deduced quickly by
comparing spectra of chamber apinene SOA and ambient LO-OOA from the AMS spectral
databases (much like the authors do again in their Fig. 6). So this it is not a new finding of this
work. Here an interesting (though not completely new) experimental procedure is used to reach
once again a conclusion that was already firmly established in the literature. See for example the
figure below (Kiendler-Scharr et al., 2009, as an example, but there are quite a few such
comparisons in the earlier AMS literature. Note that the Chebogue BSOA represents the outflow

for the E US, similar to the work in the present paper).

Therefore the conclusion is not really new and has been known for over a decade. So it seems
surprising that suddenly the same specific result allows the present authors to reach far more
general conclusions. The critical flaw is in the logic flow. It is true that (a) a-pinene SOA is most
similar to LO-OOA. However, that cannot be used to conclude that (b) ambient LO-OOA in the
SE US is mostly from apinene. Hypothesis (a) being true is a necessary, but not sufficient condition
for the converse hypothesis (b) to be true. Much more evidence is needed to prove hypothesis (b)

and to disprove alternative hypotheses.

A critical piece of additional evidence would include proving that spectra from other sources of
SOA likely to be present in the region are not spectrally similar to LO-OOA. This is not shown in
the manuscript. Experiments with other precursors were attempted (L313): “by injecting isoprene,
mxylene, or naphthalene, which are major biogenic and anthropogenic emissions, respectively.
However, the SOA formation from these VOCs is not detectable.” So the experiments failed, and
as a consequence no spectra from other likely sources are available to establish that spectra from
those sources do not look like LO-OOA. A look at the AMS literature and the AMS databases
suggest that spectra from these and other precursors have spectra which are indeed very similar

to ambient LO-OOA. So it is very problematic that the experiments did fail.

Inexplicably the authors do not use the publicly available database spectra, nor perform regular
chamber experiments for other precursors, and have a very handwavy section (sect. 3.4) trying to
Justify that. This is simply not acceptable. I do not agree that the ambient perturbation experiments
are better than regular chamber experiments, but I would agree that they can be just as good.
Adding a-pinene to ambient air, and using the oxidants (O3 and OH) and OA seed from ambient

air, is not significantly different to injecting O3 in a chamber and using either a sulfate seed or no
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seed. If the authors expect that the spectra would be significantly different, they should explain
why this would be. But their own Figure 6 indicates that the spectra from the ambient perturbation
experiments and a regular chamber are indeed very similar. Why then not use chamber
experiments (either from the literature database, or the authors’ chamber) to obtain spectra from

other precursors and pathways, and see whether they are similar to the ambient LO-OOA or not?

Response: The reviewer’s comment targets on why our conclusions from perturbation experiments
are more “direct” than previous studies based on mass spectra comparison method. We have
carefully addressed this question in response to reviewer#1’s comment#9. In brief, in the authors’
opinion, the mass spectra comparison approach is subjective and qualitative. It relies on subjective
judgement to determine whether lab SOA is similar to OA factor. Also, even if the mass spectrum
of a-pinene SOA is similar to LO-OOA, the similarity is not equivalent to that a-pinene SOA is
exclusively apportioned into LO-OOA. In contrast, in the perturbation approach, PMF analysis
does not distinguish SOA from natural a-pinene vs. from injected a-pinene, so that PMF analysis
can objectively apportion a-pinene SOA into factors. Further, we attempt to quantify the fraction

of a-pinene SOA that is apportioned into different factors.

The reviewer also argued that it is problematic that the perturbation experiments with other
VOCs (isoprene, m-xylene, or naphthalene) failed. In fact, the results with other VOCs are

expected and explainable as will be discussed in response to reviewer’s comment #7.

3) Similar experiments and analysis (VOC addition to ambient air in a flow reactor, followed by
spectral comparison) have already been conducted and published by Palm et al. (2018) as part of
the GoAmazon campaign, an area comparable to the SE US with high biogenic impact, but also
other sources. In that work multiple VOCs were added to ambient air individually, and oxidized
to form SOA in an oxidation flow reactor, which was then measured by an HR-AMS. Those authors
were able to oxidize bcaryophyllene, longifolene, limonene, b-pinene, a-pinene, toluene, and
isoprene, and to obtain yields and HR-AMS mass spectra for all of them. They further state: “The
mass spectrum of the SOA formed from OH oxidation [of ambient air] was correlated (R2=0.72-
0.93, shown in Fig. S12) with spectra of the SOA formed from the injected VOCs from the standard
injection experiments in Sect. 3.4. These correlations show that the SOA formed from OH oxidation

of ambient air appeared similar to SOA from known precursors, but the spectra from the different
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precursors appear too similar to be able to differentiate the SOA sources in ambient air from the

spectrum alone.” Fig. S12 of that work is reproduced below for reference.

Thus the difficulty of apportioning the SOA in ambient air through this type of experiments, and
given the high fragmentation and limited information content of AMS spectra is clear and has been
previously documented. If the authors disagree, the burden of proof is on them to show that they
can unequivocally associate ambient air spectra with those of specific VOC precursors, including
disproving that ambient LO-OOA may have major contributions from other precursors and
pathways. Let’s imagine that Palm et al. had only conducted experiments with limonene, and the
rest of the experiments had failed. Then they would have observed R2 of 0.9 between SOA of those
experiments and SOA from ambient air. Would that have been sufficient evidence to justify the title
“Large Contributions from limonene to Organic Aerosol in the Amazon”? That paper performed
additional analyses, and concluded instead that biomass burning and anthropogenic precursors
were also important contributors at that particular location, in addition to biogenics. Therefore

one has to avoid making expansive conclusions based on narrow evidence.

Response: Firstly, we do not agree with the reviewer that the analysis in Palm et al. (2018) is
similar to our study. Palm et al. (2018) focused on the SOA formation from oxidizing ambient air
with OH in an oxidation flow reactor. This SOA is referred to as “potential SOA”. Both the mass
spectra comparison and the “additional analysis” the reviewer referred to aim to understand the
“potential SOA”, instead of the existing SOA in the atmosphere. As clearly stated in Palm et al.
(2018), “Importantly, this analysis does not provide information about what amounts or fractions
of the preexisting (i.e., ambient) OA measured at the T3 site came from each of these sources.”
Thus, the analysis in Palm et al. (2018) is not similar to our study, as our study aims to understand

the sources of preexisting OA.

The reviewer quote from Palm et al. (2018) that “...but the spectra from the different
precursors appear too similar to be able to differentiate the SOA sources in ambient air from the
spectrum alone.”. The R? in Palm et al. ranges from 0.72 to 0.93. We would like to ask the question
what counts as “too similar”? We believe that the mass spectra comparison method cannot provide
an objective answer to this question, but the PMF analysis as done in our study can potentially

answer the question. That is, if Palm et al. (2018) performed PMF analysis on the combined
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ambient data and perturbation data, SOA from different precursors may be apportioned into

different factors.

Secondly, the reviewer raised one question that if Palm et al. had only conducted
experiments with limonene, would that have been sufficient evidence to justify the title “Large
Contributions from Limonene to Organic Aerosol in the Amazon™? We agree with the reviewer
that the answer is definitely no, because this conclusion is drawn based on simply mass spectra
comparison, instead of cumulative evidence as in our study. Let’s imagine that Palm et al. simulate
the SOA formation from limonene in Amazon, would that match the LO-OOA in both magnitude
and diurnal trend at multiple sites and in different seasons? Is limonene the most abundant
monoterpenes in the Amazon? Is there any study to objectively show that the majority of limonene
SOA contributes to LO-OOA, instead of other factors? We state again that our hypothesis is

supported by a weight of evidence, instead of simple mass spectra comparison.

Thirdly, to support the hypothesis that LO-OOA is largely from the oxidation of
monoterpenes and sesquiterpenes in the southeastern U.S., we have shown cumulative evidence in
response to this reviewer’s comment#1. Below, we list more evidence to support that LO-OOA

unlikely has major contributions from anthropogenic VOC:s.

(1) m-xylene, an important and abundant anthropogenic VOC is likely apportioned to MO-
OOA. The mass spectrum of laboratory-generated m-xylene SOA (Bahreini et al., 2005) is more
similar to the MO-OOA (R = 0.97) than LO-OOA (R = 0.83), using the standard mass spectra in
Ng et al. (2010). Using the reviewer’s recommendation to leverage the similarity of spectra
between laboratory experiments and the ambient measurements, m-xylene SOA contributes to

MO-0OOA, instead of LO-OOA.

(2) As indicated in Fig. S8 in revised SI, the modeled concentration of SOA from
anthropogenic VOCs is on the order of 0.1 ug m>. Even if we double the SOA yields of
anthropogenic VOCs to account for the potential vapor wall loss in laboratory studies (Zhang et
al., 2014) and even if we assume all SOA from anthropogenic VOCs oxidation contributes to LO-
OOA, anthropogenic SOA only account for a small fraction of LO-OOA. Also, the modeled
anthropogenic SOA peaks in the day, which is different from that of LO-OOA, which reaches

daily maximum at night. This small amount of anthropogenic SOA is consistent with Zhang et al.
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(2018), who performed molecular-level characterization of OA and showed that anthropogenic

SOA only accounts for 2% of total OA in Centreville, AL.

4) Some results of the PMF analysis appear to have been misinterpreted. The ambient data had
10 times as many points in time as the perturbation experiments. In such a situation, the ambient
data effectively “dictates” the spectra due to its much higher fractional contribution to the Q value
(weighed residual that PMF is minimizing). As expected in this situation (L167) “the perturbation
experiments do not create a new factor that does not already exist in the ambient data.” Under
that setup, the PMF results for the chamber time periods are similar to multiple linear regression
onto the spectra already predetermined for ambient air (since the chamber results have a low

contribution to Q, and then are unable to change the factor spectra much).

As the spectra of SOA from the chamber are being forced to be represented by a linear combination
of a limited set of ambient spectra (which they cannot influence in practice), it is normal that some
SOA spectra from the chamber VOC additions “project” onto more than one ambient spectrum.
That is, if an SOA spectrum produced in the chamber is not exactly similar to one of the ambient
spectra, PMF may be able to reduce the residual by representing those experimental spectra as a
linear combination of two of the “basis” spectra that were determined primarily from the ambient
data. Those results are expected and not surprising. They do not “clearly demonstrate” at all that
if a given type of SOA was present in an ambient dataset, it would be split into two factors in the
same way. Mathematically these are two very different situations, with very different structures
and residual contributions. For example an ambient cooking OA (COA) factor would have a
different time variation, which PMF would also exploit in extracting the factors, but such
structural difference in the variance is not present here. Experiments (for example using simulated
data) could be carried out to investigate the interference point for ambient data alone.
Unfortunately, the authors misinterpret their results for a very specific PMF situation for non-
ambient data, into completely unsupported general statements for PMF analyses of ambient data
(that for example ambient COA may contain caryophillene SOA, or that isoprene SOA may have
interferences from a-pinene SOA), even though such analyses have not been performed in this
work! Perhaps those interferences exist, but they have not been proven by this study. Rather here

the results of a complex PMF analysis are being misinterpreted.
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In fact, the result that some of the a-pinene and carophyllene SOA apportions to other factors in
the authors’ methods weakens the main stated conclusions further. Even these types of SOA are
not quite well represented by LO-OOA and need to “lean” on other ambient factors to reduce the
residual in PMF. Therefore making the conclusion that ambient LO-OOA is mainly from MT &

SOT is even more weakly supported.

Response: As stated in the manuscript, we designed our experiments in a way that the perturbation

experiments do not influence the mass spectra of OA factors and would not create a new factor.

The reviewer argued that “PMF results for the chamber time periods are similar to multiple
linear regression onto the spectra already predetermined for ambient air”. Let’s put aside whether
this interpretation is correct, we think the same argument/interpretation also applies for ambient
monoterpenes SOA. Imagine that there is a short period of ambient data with increasing
monoterpenes SOA concentration. For this short period, one can also argue that this short period
has small contribution to overall Q value and thus PMF results for this period are similar to
multiple linear regression onto the spectra already predetermined for ambient air. The perturbation
experiments simulate this short period with increasing a-pinene SOA concentration. It does not
matter how PMF treats the perturbation experiments, as long as the treatment is the same for
ambient data. Therefore, conclusions drawn from perturbation experiments are applicable to
ambient data from a similar situation. The perturbation experiments point out the possibility that
isoprene-OA factor could have interference from a-pinene SOA. This interference has not been
acknowledged in previous studies and there is no study in the literature to prove that this
interference does not exist. In fact, the interference of a-pinene SOA on isoprene-OA factor helps
to address some uncertainties regarding the isoprene-OA factor in the literature. For example, Liu
et al. (2015) compared the mass spectrum of laboratory-derived IEPOX SOA with isoprene-OA
factors at some sites. The authors observed stronger correlation for isoprene-OA factors resolved
at Borneo (Robinson et al., 2011a) and Amazon (Chen et al., 2015), and weaker correlation at
Atlanta, U.S. (Budisulistiorini et al., 2013) and Ontario, Canada (Slowik et al., 2011). As another
example, the fraction of measured total IEPOX-SOA molecular tracers in isoprene-OA factor
highly varies with location, ranging from 26% at Look Rock, TN (Budisulistiorini et al., 2015) to
78% at Centreville, AL (Hu et al., 2015). To address the uncertainties in above two examples, one
possible reason is that the isoprene-OA factors resolved at different sites are not purely from

IEPOX uptake. Isoprene-OA factors likely have interference from monoterpenes SOA or other
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sources, but the interference magnitude varies with locations. We hope to use this study to raise

the public awareness of the possible interference in OA factors.

The reviewer proposed a great suggestion to use simulated dataset to investigate the
potential interference. However, a great amount of work is required to fully carry out this idea, as
the creation of the simulated dataset (i.e., what mass spectrum, time series, and concentration of

a-pinene SOA should be used?) is complicated and subjective. It would be an entire study in itself.

We agree with the reviewer that the perturbation experiments do not simulate all scenarios
in the atmosphere and do not consider the temporal variation. The applicability of the conclusions
drawn from the specific scenario to general atmosphere warrants further exploration. We have

clearly discussed the caveats of the conclusions in the revised manuscript.

We agree with that PMF separates factors based on features in mass spectrum and time
series. However, we do not agree that the temporal variations of monoterpenes and sesquiterpenes
SOA and COA can guarantee a clean separation between different sources. For example, the
concentrations of many oxidation products of monoterpenes (e.g. pinonic acid, pinic acid, etc),
COA, and LO-OOA show similar increasing trend near sunset (Allan et al., 2010; Xu et al., 2015b;
Zhang et al., 2018). As an attempt to test if our conclusion is affected by the temporal variation,

we performed perturbation experiments at different times of day (9am to 9pm) in this study.

5) No uncertainty analysis, such as from bootstrapping, is performed for the PMF results. This is
more glaring given that very strong conclusions about the identity of a major fraction of the
ambient OA, and of potential interferences between factors are made, but we are not shown that

the results are even statistically significant or what the uncertainties in the analysis may be.

Response: As the reviewer requested, we performed 100 bootstrapping runs to quantify the
uncertainty of PMF results. As shown in Fig. R5. The statistical uncertainties in the time series

and mass spectra of 5 factors are small and the PMF results reported in this study are robust.
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Fig. RS5. PMF results from bootstrapping analysis. (a) Average mass spectra (sticks) with 1-c error

bars (caps). (b) Average time series and 1-c error bars (red).

6) The statements about the novelty of the approach (L19, L21, L87-88, L457-458) are exaggerated.
As cited in the paper, both Leungsakul et al. (2005) and Palm et al. (2017) have already published
results from very similar experiments. The only difference between the present experiments and
those previous ones is (in the authors’ words, L22-123) that “no extra oxidant precursors were
added into the chamber.” That is correct, but would the authors expect that ambient O3 or OH
produced from ambient air would be that different than those produced in other ways? I am sure
that the a-pinene molecules don’t care about how the O3 or OH colliding with them were formed.
If the authors expected that adding a-pinene to ambient air but using ambient oxidants was going
to significantly change the results compared to standard chamber experiments, the reasons for

such expectations should be discussed in detail.
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Otherwise the experiments are interesting, but follow on prior publications. I mention this because
in some places (e.g. abstract L20-25, also in L87-88, L457-458) the statement that the experiments
were ‘“novel” is somehow used to prop the weak conclusions. As if somehow the ‘“novel”
experiments would have allowed the authors to reach some conclusions that were not reachable
by previous authors. But the novelty is very minor. And the one reason why the experiments are a
little different from previous experiments (no added oxidants) is the reason why the experiments
failed in multiple cases! Therefore the “novelty” does not provide any real support for the

conclusions.

Response: As the reviewer noted, we already referenced and acknowledged previous studies which
used ambient air. However, the goals of previous studies are completely different from that of our
perturbation experiments. In Leungsakul et al., the main purpose of using rural ambient air is to
flush the 270m? outdoor chamber reactor. In Palm et al., their main goal is to measure the SOA
yield from individual VOCs in the OFR under ambient RH and temperature conditions. Our goal
to use ambient air is to examine which factor the fresh a-pinene and B-caryophyllene SOA is
apportioned into by PMF analysis. With our goal in mind, we want to produce SOA only from o-
pinene and B-caryophyllene. The reviewer is totally right that the a-pinene molecules don’t care
about where the O3 or OH comes from. However, adding extra oxidants will produce SOA via a
number of reactions (i.e., oxidize other existing VOCs/SVOCs/IVOCs). If so, we would not
unambiguously know if the LO-OOA enhancement in the perturbation experiments arise from

injected VOC or from other pathways.

We realize that the description of the novelty of our approach is not accurate in many places

and we have modified the language in the revised manuscript.

7) Statements such as (L316-318) “The perturbation experiments with other VOCs confirm the
stronger ability of a-pinene and B-caryophyllene to produce SOA” are misleading, and frankly
just perplexing. A lot was already known about the relative potential of different VOCs to make
SOA before this paper, and nothing new is learned from the experiments here about this point. The
low SOA observed for other precursors is attributed (SI, L405-406 “to the low SOA yields or slow
oxidation rates of these VOCs (Ng et al., 2007). Yields for naphthalene are certainly not low, but
are higher than for a-pinene (Chan et al., 2009). Later it is acknowledged (SI L412-414) that

“Isoprene oxidation products which form SOA are mostly second or higher generation products.
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They are not formed in large amount in the relatively short perturbation experiments (i.e., 40min).”
The main issue is that a-pinene has a lifetime of ~1 h under the conditions of the ambient
perturbation experiments (using well-known rate constants) and caroyphyllene has an even
shorter lifetime. m-xylene has a lifetime of ~10 hrs, and therefore it reacts too slowly under the
conditions of these experiments with no added oxidants. And for some precursors (other than
isoprene) second or higher generation products are also needed to make SOA, which results in

even longer time constants. However, those timescales are readily accessible in the atmosphere.

Response: The confusion regarding the referred statement mainly arises from the phrase “stronger
ability”. We realize that this phrase is not properly defined, but we do not think this statement is
fundamentally wrong. Here, the “stronger ability of a-pinene and -caryophyllene to produce SOA”
means that under the same atmospheric conditions (i.e., oxidants level, NOx, per-existing particles,
etc) and the same initial VOC concentration, more SOA would be produced from a-pinene and f3-
caryophyllene than from other VOCs (i.e., isoprene, m-xylene) after the same oxidation time (i.e.,
40min in perturbation experiments). This conclusion is well supported by laboratory studies in the

literature. This is why we used the word “confirm” in the sentence.

The “main issue is that ...” brought up by the reviewer is exactly the same meaning as “the
low SOA yields or slow oxidation rates of these VOCs”, which we wrote in the original manuscript.
The timescale required to produce SOA of other VOC:s (i.e., isoprene and m-xylene) is longer than
our perturbation experiments. This is why we did not detect SOA formation from these VOCs in

our experimental approach. Thus, the results are expected and explainable.

After submitting the manuscript, we realize another reason for the lack of SOA formation
in naphthalene experiments. We injected naphthalene by passing pure air (1 liter per min) over the
solid naphthalene flakes under ambient temperature for 1 min. Due to the relatively low vapor
pressure of naphthalene (23.6Pa at 30°C) and rapid dilution in the chamber, the injected

naphthalene concentration could be very low. We add this possible reason in the revised SI.

8) The discussion in the introduction about MO and LO OOA is unclear. Those factors do not
represent the same sources or pathways in different studies. In some locations and times they are
tied to biomass burning, in others to urban emissions, in others to biogenic SOA, and in others to
various combinations. In older studies in which Isoprene-SOA (or “IEPOX-SOA) was not
separated, it was necessarily part of MO and LO OOA. Care should be taken to clearly
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communicate that any interpretations about sources contributing to MO or LO OOA are specific
to a given location and time period. And the possibility should be considered (including in the SE
US) that different periods may have larger contributions to these factors from different sources,
for example BB during one period, pollution during another, and biogenics during another (if the
sources impacting a site change substantially in time due to air mass changes or other causes).

See e.g. Palm et al. (2018) for an example of such a situation.

Response: We agree that the OOA factors represent different sources or pathways in different
regions. For example, in the original manuscript, we stated that “There is evidence that LO-OOA
in California is related to the oxidation of anthropogenic VOC:s, as radiocarbon analysis suggests
68-75% of carbon in LO-OOA in California stems from fossil sources (Hayes et al., 2013; Zotter
et al., 2014).” We have further emphasized these points in the revised manuscript and expanded

the discussions on OOA factors in the introduction, as the reviewer requested.

While we agree with the reviewer that interpretations about the sources contributing to
OOA factors are location- and time-specific, we would like to point out that our study includes
measurements at multiple sites in the southeastern U.S. and in different seasons. The LO-OOA
across all datasets have similar diurnal variation (Xu et al., 2015a) and mass spectra (Fig. R1).
Moreover, the modeled SOAmT+sqQT can capture the magnitude and diurnal variation of measured

LO-OO0A at all datasets. These evidence suggests a general source of LO-OOA on a regional scale.
Other points

9) L71-72: “The assumption that LO-OOA represents fresh SOA has yet to be directly verified.”
Fig 2C, 2D, 2E in Jimenez et al. (2009) (where the older terminology SV-OOA was used for LO-
OOA), and similar results in other publications, would appear to have directly verified that long
ago.

Response: Please see response to reviewer#1’s comment#9.

10) A paper with a similar title to this one, but using different lines of evidence, has been recently

published (Zhang et al., 2018).

Response: Thanks for pointing this out. We note that Zhang et al. (2018) was published after our
manuscript submission. The conclusion in Zhang et al. (2018) is consistent with our study and has

been discussed in the revised manuscript.
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