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Reviewer 1 Responses

We would like to thank the reviewer for the constructive comments and the helpful
suggestions to improve this manuscript, especially in the context of trying to use this
work to inform future research in the area, as this aligns very well with our future goals.
In the following the reviewer comments are shown in blue, and our responses in black.

1. Where does the gas-phase chemistry leave and the VBS take over? Page 2 high-
lights how auto-oxidation is similar to other RO2 fates (+NO or +HO2) whose products
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can be treated by a VBS. The RO2+HO2, etc is not predicted by the VBS, but a gas-
phase mechanism. Would it be more accurate (e.g. to state in the abstract) that “a new
implementation of the VBS that explicitly resolves peroxy radical (RO2) PRODUCTS
formed via auto-oxidation”? When do the kernels take over? At a specific volatility?
Would a chemical transport model use the VBS (or kernels) to predict auto-oxidation?

We added the suggested language to the abstract to clarify that yes, a gas-phase
mechanism predicts the reaction yields and the volatility yields are resolved using
kernels following that. In this framework the RO2 radicals are always treated within
the chemical mechanism and their molecular products resolve into the VBS (so auto-
oxidation is treated within the mechanism). The attribute for any RO2 in the chemical
mechanism, including within a CTM, to be resolved into the VBS is a volatility (C◦)
estimate and O:C. In this implementation all RO2 are resolved into the VBS but this is
in part because we are only modeling α-pinene oxidation and even the initial RO2 has
a relatively low (SVOC) C◦; implementations for a richer chemistry will be free to se-
lect any subset of all RO2 to resolve into a VBS and also to lump RO2 were that desired.

2. The work is highly idealized and hypothetical and could be informed by recent mech-
anistic work on the a-pinene system. Future work (aimed at, for example, estimating
auto-oxidation rate constants and RO2+RO2 dimer rates) could also be better informed
if some of the already published parameters were considered in this work.

We chose not to directly simulate individual experiments because we are reluctant to
attach meaning to the tuned parameters that would result in such an exercise. Further,
it would require a well-vetted model of each experiment, which would in our opinion
obscure the message of this paper. This is based on past experience. As an exam-
ple, equilibrium interpretation of chamber experiments, extending from Odum et al.,
through many of our own VBS analyses of chamber experiments, was ultimately found
to be erroneous for two reasons. First, the dynamics of SOA condensation is often
important, and, second, vapor losses to chamber walls can vary between experiments
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and within experiments in ways that make mass yields appear low at low overall aerosol
mass (really Fuchs-adjusted surface area) loadings. The only parameters in the equi-
librium model capable of reproducing the rising mass yields with rising loadings were
the VBS bin mass yields themselves. The resulting fits were not only good but they
were highly predictive (including temperature effects) in part because they implicitly
contained chamber effects and these effects reasonably transferred from one experi-
ment to another. However, the entire tongue of (UE)LVOCs that are the major topic of
this paper was completely missing from those fits, and the inference was an SOA pop-
ulation that was far more “semi volatile” than now appears to be appropriate. This was
compounded by the lack of a chemical mechanism to explain that low-volatility tongue
(without auto oxidation, HOMs, and dimers). The more semi-volatile SOA was far more
consistent with the then canonical oxidation mechanisms, making the whole scheme
self consistent but, ultimately, incomplete in important ways.

Rather than directly comparing to experiments, our approach is to use the (often un-
certain and sometimes contradictory) current experimental findings as constraints on
the kinetic parameters of our model current simple model. There are at least two areas
where our simple scheme may well ultimately require more nuance before more direct
comparisons with experiments is fruitful. Both are related to the diversity of chemical
behavior likely in the (many) peroxy radicals arising even from a single precursor such
as α-pinene. Fortunately, the rate coefficients and products for reactions with NO and
HO2 appear to be relatively constant across a sequence of RO2 radicals, but the RO2

cross reactions and also the auto-oxidation rate constants are highly variable. Rather
than a single tongue of progressively more oxidized RO2, which we currently employ, it
is likely that we will require at least a “less reactive” and “more reactive” RO2 at each
stage of auto-oxidation. It is unclear whether “less” and “more” will apply equally to the
internal H-atom transfers and the RO2 cross reactions, so even more diversity may be
in order.

It is unlikely that aggregate fits and comparisons with bulk measures such as SOA
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mass and nucleation rates will be useful constraints for these RO2 kinetics parameters.
Rather, the emerging set of kinetics data on individual reactions will need to be used to
define the mechanism itself; however, in our opinion the phase space of RO2 reactions
is too large to make that fruitful right now.

a. The authors assert OH radical-derived RO2 do no auto-oxidize as readily as ozone
initiated ones with a reference to Ehn et al. 2014 (page 4). Berndt et al. 2016 found
that quantification of the OH-initiated HOMs from a-pinene are highly sensitive to the
detection technique and that previous work likely underestimated them. Revise in con-
sideration of this more recent work.

This is a valid point but there are other constraints as well. For example, Kirkby
et al. (2016) found that the nucleation rate associated with additional oxidation of
α-pinene by OH (after initial ozonolysis, as simulated here) had only a small effect
on the observed new-particle formation rates. This is consistent with OH oxidation
having lower overall HOM yields than ozonolysis (and inconsistent with similar yields).
However, the point is well taken that it is appropriate to consider a range of the HOM
yields from OH oxidation, and so we will revise the manuscript to consider a higher
HOM yield from OH in addition to our base-case lower yield. This does not change our
conclusions about the temperature and NO dependence of the processes.

b. Rather than specifying one value per oxidant for the fraction of RO2 able to undergo
auto-oxidation (alpha, page 6), can the authors provide insight into a plausible range?
For example, the alpha for OH is set at 0.1 while Vereecken et al., 2007, Berndt et al.,
2016, and Pye et al., 2019 all suggest values on the order of 0.2. Can one of those
values (0.1 or 0.2) be ruled out or are they both plausible?

An α value of 0.2 is completely reasonable within this framework. We do not present
a full sensitivity analysis but instead hold some parameters constant, such as α. How-
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ever, we have explored the sensitivity parameters including α, the RO2 isomerization
barrier height and pre-factor, the dimer formation rate constant, etc. What we find
is a substantial co-variance among these parameters suggesting a complex parame-
ter phase space with many possible parameter sets producing equally “good” results.
Again, because our objective in this work is to explore the sensitivity of the HOM yields
to temperature and NO, more than to describe their absolute yields, we chose to hold
this parameter fixed for the sake of simplicity. The effect of these two parameters on the
temperature and NOx dependencies are relatively small, as can be seen in the figure
at the end of the response.

c. You may want to consider examining faster auto-oxidation rate constants (3-10 1/s)
and add a-pinene RO2+RO2 specific values (Section 3.1.3-3.1.5) based on literature
(Zhao et al. 2019).

We do address this by allowing the isomerization pre-factor to vary, as shown in Fig-
ure 9. Qualitatively, the high-temperature HOM (monomer + dimer) yields increase to
essentially all of the HOMs allowed by the parameter α, and only drop once it is cold
enough to slow down the isomerization enough for bimolecular reactions to compete.
Likewise, it requires proportionally more NO to quench the RO2. As we discussed
above, it is possible that to adequately describe auto-oxidation, its effects on new-
particle formation as well as SOA formation, and the sensitivity of both to NO, T, HO2,
etc, we will need to treat “fast” and “slow” reacting RO2. There is ample evidence in
the kinetic literature for a high degree of variability in both the RO2 cross reactions
and the auto-oxidation rate. Equally, we are unsure whether the RO2 species are di-
rectly comparable in the relatively low-concentration, long timescale experiments such
as CLOUD and the relatively high-concentration, short timescale experiments such as
flowtubes.

We will add text in a revised manuscript to make this clearer.

d. How does the value of gamma (page 8) predicted in this work match up with gamma

C5

https://www.atmos-chem-phys-discuss.net/
https://www.atmos-chem-phys-discuss.net/acp-2019-509/acp-2019-509-AC1-print.pdf
https://www.atmos-chem-phys-discuss.net/acp-2019-509
http://creativecommons.org/licenses/by/3.0/


ACPD

Interactive
comment

Printer-friendly version

Discussion paper

from mechanistic work (e.g. Zhao et al. 2019)?

The γ value ranges from 10−8 for the least oxidized RO2s to 0.9 for
the most oxidized at 298 K. The value of gamma is dependent on the
Coref, whichisdependentontemperature, butthesevaluesarethelowestforeachperoxyradicaloverthetemperaturerangeinvestigatedhere.Zhaoetal. predictaminimumgammavalueof0.04.Formostoftheassociationreactions, ourγ
values agree with their work. However, their work also predicts slower rate constants
than used here, which had we used, we would need higher gamma values.

e. Why wasn’t an actual a-pinene experiment simulated? How well would the parame-
terization perform?

As discussed above, we did not simulate individual experiments because the large
number of tunable parameters would allow us to reproduce a data set fairly easily with-
out providing more clarity on the parameters. For example making the auto-oxidation
rate constant faster would cause more oxidized products to be form and keeping
everything else the same would lead to more HOM formation. But if we simultaneously
slow down the dimerization rate constants and the unimolecular rate constant, we
may be able to return to the same picture we present in this paper with a different
set of parameters. We would also need to develop a corresponding chamber or
flow-tube model, with appropriate wall-loss treatment, to properly model any individual
experiment. The uncertain parameters associated with that reactor model would
further confound the analysis.

f. Page 12, line 33: “NOx suppresses dimer yields more aggressively than it does HOM
monomer yields.? How likely is this to be generally applicable to the atmosphere? Can
you modify rate constants and branching to state with more/less confidence what the
NOx modulation of HOM is?

Lehtipalo et al., 2018 reported strong decreases in dimer yields coupled with an
increase in total HOM yields due to nitrate-containing monomers in chamber exper-
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iments. However, this is another case where the full potential array of parameters
leaves several possibilities open. One possibility is that the isomerization rate coeffi-
cient important here remain relatively constant as the auto-oxidation progresses (this
is our base case). Another is that the initial isomerization rate coefficient is relatively
slow and these accelerate with increasing functionalization. In that case the initial
RO2 would be a significant bottleneck and NO could substantially quench both HOM
monomer and dimer formation.

g. Page 13, line 23: what bounds do you propose for the auto-oxidation rate coefficient?
The bounds on the carbon yield in Fig 9 can be quite large (the min/max bound is also
hard to see and link with monomer vs dimer).

We allow the rate coefficient to vary through two parameters – the barrier and the A
factor (Fig 8 and Fig 9). We suggest bounds of 7500 < Ea < 9000 K or approximately
15-18 kcal/mol for the barrier (with the rate constant fixed at 300) and (10, 7, 6)× 107±1

This low end range allows auto-oxidation to be competitive with fast bimolecular reac-
tions

and to have the strong temperature dependence that is seen experimentally. The high
end of this range is when the barrier becomes too high to overcome even at high
temperatures where we expect to see a significant fraction of auto-oxidized products.

3. How generalizable are the parameters within the a-pinene system and to other
systems? Previous work (e.g., Kurten et al., 2017) has highlighted how structure spe-
cific product distributions can be. Can the a-pinene system be treated with a series
of general kernels or will we eventually need an explicit mechanism that replaces the
specified values of alpha, the dimer kernel, etc. with individual species and unique
yields? How important is it to capture the diversity of barriers and rate constants (page
6)? Can you provide some bounds for what might be good enough?
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It is important to capture the diversity of of barriers and rate constants, however
being able to group peroxy radicals as we did here would allow for a much simpler
implementation into chemical models. Without specific rate constants for every peroxy
radical being produced, here we seek to group the peroxy radicals by the extent of
oxidation they have undergone. There is evidence in Kurten et al and Zhao et al
2019 that these trends may be present, however in the future comparison with a more
explicit chemical mechanism would be able to tell us what is “good enough."

1. Page 2, line 9-add units after 300

Done.

2. Page 2, clarify Co is volatility at temperature, T?

We plot everything using C*(300) as the x-axis so as to visualize how the products of
the chemistry are changing rather and inferring how this would affect condensation.
This language was added on page 2.

3. Page 6, section 3.1.2: what are the parameters (A) based on?

The value of A was chosen to give auto-oxidation rate constants of about 0.01 s−1

while maintaining a high barrier for a strong temperature dependence.

4. Section 3.1.3 and 3.1.5 both cover RO2 cross reactions. How are they connected?

They are the same reaction, however not all association reactions form dimers as
some may form 2 alkoxy radicals that stabilize with other radicals to form monomers.
Section 3.1.3 and 3.1.4 were switched as 3.1.3 and 3.1.5 are in fact very closely related.
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5. Page 9, line 9-add units after 300. Note additional appearances of 300 should be
300 K throughout the manuscript.

This was fixed.

6. Page 11, near line 20, Does the LVOC characterization apply based on the C* at Tref
or C* at T? Is the definition of LVOC, ELVOC, etc environment dependent or unique to
the species? Also page 11, line 32 ?. . .the volatility classes shift toward higher Co
(300) at lower temperature. . .? is a bit confusing.

The LVOC range is different at every temperature. It is visually represented in Figs 5
and 6, but we agree the written language is confusing and page 11 line 20 has been
restated.

Interactive comment on Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2019-509,
2019.
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Fig. 1. The NOx dependence of monomer (solid lines) and dimer yields (dashed lines) at
alpha_OH = 0.2 (dark colors) and alpha_OH = 0.2 (light colors).
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Fig. 2. The temperature dependence of monomer (solid lines) and dimer yields (dashed lines)
at alpha_OH = 0.2 (dark colors) and alpha_OH = 0.2 (light colors).
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