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Reply to Anonymous Referee #1

We thank the referee for their comments and respond to the points raised below.

C1

These concerns are detailed below in reference to the locations in the manuscript at
which they appear, but briefly, they generally include the effects of specific (particu-
larly the more poorly- understood) isoprene oxidation pathways on model outcomes
along with the treatment of SOA and monoterpenes. The authors acknowledge that
all of these aspects come with substantial uncertainty, but without any quantification
of that uncertainty in the model, it is difficult for the reader to know how much prover-
bial stock to put into simula- tion results. It is perfectly reasonable that the model is
not intended to provide detailed accounting of global biogenic SOA formation or the
effects of terpene oxidation, but more discussion is needed regarding the limitations
of these aspects of the model. For example, while some SOA formation pathways are
included in the model (e.g. IEPOX reactive uptake), others are only mentioned as the
likely sinks of isoprene oxidation products, without any physical reaction parameter-
ized in the model (e.g. dinitrates and the hydroperoxy-epoxides from D’Ambro et al.
(2017)). A modeler could assume that these products form SOA immediately with a
100% yield, but because some of the low-volatility species that lead to SOA forma-
tion would likely also have high deposition velocities, this could overestimate the SOA
yield. How do these (and other) sources of uncertainty in the important results from
this mechanism (e.g. HOx budgets, organic acid budgets, SOA) manifest themselves
in a global model, and what should the reader take away regarding the potential for
bias and error in simulating the overall effects of isoprene’s oxidation on the chemistry
of the global troposphere?

The Reviewer is of course correct that the hydroperoxy-epoxides from D’Ambro et al.
(2017) are not entirely converted to SOA. We now provide more discussion on SOA
formation in the global modeling results Section (Sect. 4.2). We provide quantitative
estimates of the main different pathways and their impact on the model results, as
discussed further below (see response to Referee comment on DHHEPOX and SOA,
p26 L14). In any case, we want to remind the Reviewer that the current focus of our
mechanism is not on SOA formation.
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On the issue of uncertainties: As discussed further below, uncertainties are plenty,
and not confined to a single specific part of the mechanism. It is very difficult, and,
to our view, out of scope of the present study, to go through every significant uncer-
tainty in the mechanism and quantify their potential consequences. As required be the
Reviewer, we provide some estimation of the potential impact of uncertainties related
to the effect of SOA formation and wet/dry deposition on the formaldehyde produc-
tion from monoterpene oxidation. Following the suggestion of Reviewer #2, we also
present a box model comparison of the MAGRITTE, Caltech and MCM mechanisms,
which will help readers to better evaluate in which conditions and for which species the
mechanisms present important discrepancies.

p4 L17: 5% can still be a lot of carbon for isoprene! Other pathways that also account
for less than 5% of the total carbon from isoprene are included in this mechanism. Are
there other reasons the bimolecular reactions of the delta-hydroxyperoxy radicals are
excluded? Do we have any knowledge of how much this simplification might bias the
results of simulations using this model?

We now include these pathways in the mechanism. We have added a new subsec-
tion detailing this chemistry (Section 2.1.3 Traditional chemistry of the initial δ-OH per-
oxy radicals). New model compounds are added: the C5 hydroxycarbonyls, HALD1
and HALD2, and the δ-hydroxynitrate ISOPANO3 (HOCH2-C(CH3)=CH-CH2ONO2),
not lumped anymore with ISOPCNO3 (HOCH2-CH=C(CH3)-CH2ONO2).

L25 & the rest of this section: the discussion of remaining uncertainties in this mecha-
nism pathway is welcome, but given the important effects of this pathway on simulation
results (e.g. as a source of HOx radicals in the otherwise HOx-consuming mecha-
nism), it would be useful to provide the reader with some discussion (perhaps in the
model results section) of how these uncertainties manifest themselves in the model.
What range of possible HOx recycling rates would be compatible with what is currently

C3

known about this part of the mechanism? Given the uncertainties, can the boundary
layer OH change due to this mechanistic pathway (Figure 3) be considered a bound or
a best guess, and is the uncertainty on that at all quantifiable?

This part of the chemical mechanism has undergone major changes. As now dis-
cussed in great detail in a new subsection (Section 2.1.2), which we provide in extenso
at the end of this Authors’ response, the quantitative product distribution from the 1,6
H-shift of the Z-δ-OH-peroxys is adopted from the recent experimental study of Berndt
et al. (2019), supported and complemented by computational results of the LIM1 pa-
per (Peeters et al., 2014). A crucial point is that, contrary to speculative suggestion
in the LIM1 paper, the Z–E isomerism of the transition states is conserved in the
allylic-radical products and in the resulting peroxys. The implications are detailed in the
new Section 2.1.2. Both theoretical expectation and experimental results imply a high
HPALD yield (ca. 75%), whereas hydroperoxy carbonyl epoxides (HPCE, 15%) and
the dihydroperoxycarbonyl peroxys (DIHPCARPs, 10%) make up the rest. The further
chemistry of HPCE and DIHPCARPs is also discussed in this Section. The MAGRITTE
mechanism (v1.1) has been revised to accomodate these important changes, includ-
ing new model compounds (HPCE as well as several compounds resulting from the
further chemistry of HPCE and DIHPCARPs). Note that the high HPALD yield is also
comforted by the model evaluation against SEAC4RS measurements at the CIMS mass
corresponding to HPALD (see our response to the last Reviewer comment).

In consequence, the product distribution of the 1,6 H-shift of the Z-δ-OH-peroxys is
probably not the most important source of uncertainty in the overall mechanism. Un-
certainties remain important, but are not confined to this part of the mechanism. It
is therefore very difficult to go through every significant source of uncertainty in the
mechanism and quantify its potential consequences. Following the suggestion of Re-
viewer #2, we now present a box model comparison of the MAGRITTE, Caltech and
MCM mechanisms, which will help readers to better evaluate in which conditions and
for which species the mechanisms present important discrepancies. For example, sig-
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nificant differences are found for OH at low-NOx, with Caltech predicting higher con-
centrations by about 30% higher than the other mechanisms. For the most part, the
differences can be traced back to assumptions regarding the isomerization of Z-δ-OH-
peroxys and the photolysis of hydroperoxycarbonyls. Although the MAGRITTE results
should be viewed as state-of-the-art, more work is needed to confirm and refine the
assumptions made in our study. An extensive review of the uncertainties and their
potential consequences is out of scope of the present study.

p9 L15: Fig 1 doesn’t show latitude dependence as claimed here. It also convolutes the
pressure and temperature dependences in a way that might not be useful for readers
who would like to extrapolate for conditions other than 40 degrees N in January and
July. I would suggest either clarifying some of the details of these conditions (e.g. add
side plots of temp and pressure vs. altitude in January and July, or separate this into
plots of yield vs. temp and yield vs. pressure).

The yields are now shown as functions of pressure instead of altitude, and the plot now
includes a side plot of temperature vs. pressure.

p9 L19: "such" should be "this". Also, Wennberg et al. (2018) does not show that
this procedure inherently overestimates most measured nitrate yields, though it does
suggest that this equation provides yields that seem excessive for dinitrates. Instead
it goes off the recommendation of Teng et al. (2017), which explicitly says that this
provides a better estimate than just n=#C, and improves this with a structure-activity-
relationship-style modification.

We now use the parameterization of Wennberg et al. (2018) for the calculation of
RONO2 yields. We have updated Section 2.6 (Peroxy radical reactions with NO and
HO2) accordingly.

p26 L3: what is "isoprene-OH segregation"? What was the logic behind the 7% minor
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addition channel, and behind including those but not the E/Z-delta bimolecular prod-
ucts?

As explained above, we have now included theE/Z-δ-OH-peroxy bimolecular reactions
and products. The “isoprene-OH segregation" effect results from incomplete mixing
within a model grid cell and unresolved anti-correlation between isoprene and OH (due
to their mututal reaction). The 10% reduction estimate is consistent with the results of
Pugh et al. (2011) based on measurements in a tropical forest in Borneo.

p26 L10: if you include the description of Y(Arey) in the table heading, you don’t need it
in the footnote; I think the table heading should be shorter and this could be a footnote.
Also, don’t all the scaling factors>1 suggest that N=#heavy atoms wouldv́e been better
than N=#C?

As suggested by the Reviewer, we shortened the table heading. As noted above, we
now use the organic nitrate parameterization by Wennberg et al. (2018).

p26 L11: define "room conditions" (this also comes up on p27 L4 & 13, p31 L15, 18 &
25, p32 L20, and p41 L34.

Done as requested.

p26 L14: Does this inherently assume that all DHHEPOX is lost to aerosols? Are there
any estimates of the OH reaction coefficient or uptake coefficient of DHHEPOX that
might put this assumption in context, or provide the reader with some idea as to the
uncertainty on this assumption? What fraction of carbon is lost to this pathway under
atmospheric conditions (and to other dead-end pathways assumed to either deposit
or partition to aerosols, e.g. the dinitrates discussed in N9), and what is the resulting
contribution to aerosol compared to other pathways (e.g. IEPOX)?
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The Reviewer is correct that DHHEPOX is not entirely lost to aerosols. We have up-
dated the text (Note N6) as follows: “The further chemistry of the dihydroxy hydroperoxy
epoxide resulting from this isomerisation, DHHEPOX, is not considered. Its saturation
vapour pressure is estimated to be of the order of 3·10−9 atm at 298 K using a group
contribution method (Compernolle et al., 2011), i.e. three orders of magnitude lower
than the estimated vapour pressure of β-IEPOX (3·10−6 atm). The Henry’s law con-
stant (HLC) of DHHEPOX estimated as described in Muller et al. (2018) is equal to
∼ 3 · 109 M atm−1 at 298 K, almost three orders above the estimated value for IEPOX.
DHHEPOX is therefore very probably more soluble and prone to loss by deposition or
SOA formation than IEPOX, which has been shown to deposit very rapidly on vegeta-
tion (Nguyen et al., 2015b) and to be a prominent SOA precursor (Surratt et al., 2010).
Furthermore, the products of the oxidation of DHHEPOX by OH (at a rate estimated at
∼ 2.1·10−11 molec.−1 cm3 s−1) are also expected to consist, for the most part, of highly
oxygenated products prone to deposition and heterogeneous uptake. "

We thank the Reviewer for the interesting question on SOA formation. We inserted a
new paragraph at the end of Section 4.2: “Although SOA is not a focus of this study,
SOA formation processes are included in the model. The largest source of SOA is
the uptake of IEPOX, with a global flux (49 Tg or 25 TgC yr−1) of magnitude similar
to previous model estimates, of the order of 40 Tg yr−1 (Lin et al., 2012; Stadtler et
al., 2018). These estimates are very uncertain, since the reactive uptake parameter-
ization used in models ignores the complexity of SOA formation which involves the
partitioning of semi-volatile compounds and chemical transformations in the gaseous
and particulate phases (D’Ambro et al., 2019). Glyoxal is another well-identified source
of SOA, amounting to 10 Tg yr−1 globally (4.3 TgC yr−1), also well in the range of pre-
vious estimations (6-14 Tg yr−1) (Fu et al., 2008; Stavrakou et al., 2009b; Lin et al.,
2012). The dihydroxy dihydroperoxides (ISOP(OOH)2) formed from the oxidation of
ISOPOOH by OH were recently estimated to be a dominant source of SOA (Stadtler
et al., 2018); in our mechanism, these compounds are ignored since their yields are
believed to be negligible in atmospheric conditions (D’Ambro et al., 2017). The major
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non-IEPOX products of OH-addition to ISOPOOH are dihydroxy hydroperoxy epoxides
(DHHEPOX), also believed to form SOA as discussed above (Note N6). Their global
production in the model amounts to 30 Tg yr−1 (12 TgC yr−1). Assuming that their re-
active uptake is as effective as for IEPOX, and neglecting gas-phase oxidation by OH
(which generates other low-volatility compounds also expected to form SOA), we esti-
mate with the model that SOA formation accounts for two-thirds of the sink of DHHE-
POX (i.e. 20 Tg yr−1), whereas dry/wet deposition makes up the rest. If confirmed, this
would make DHHEPOX the second-largest contribution to isoprene SOA.

Other SOA formation pathways are implied, but not explicitly represented by the
MAGRITTE mechanism, such as the hydrolysis of dihydroxy dinitrates (Note N12)
and dihydroxy hydroperoxy nitrates (Note N13). The hydrolysis products, nitroxy- and
hydroperoxy-triols are expected to be of very low volatility and remain mostly in the
aerosol phase, as their vapour pressures (Compernolle et al., 2011) are estimated to
be very low. Those triols represent only a minor contribution to the global SOA budget,
however, as their estimated global production is ∼3 Tg yr−1 (1.2 TgC yr−1). "

p26 L22: despite this being "well known" I think it deserves a citation, and more sup-
port than that the "majority" of exothermicity is alternately directed, making it "appear
unlikely". It is difficult from reading this footnote to tell what is conjecture and what has
experimental evidence to support the pathways used. The language generally implies
certainty, but the lack of citations suggests that it is conjecture.

We have modified this part of the Note as follows: “Abstraction of hydroperoxide-H
(75%) and of hydroxy-α-H (25%) (Wennberg et al., 2018). The latter leads to a radical
proposed to undergo epoxide formation (Wennberg et al., 2018); we neglect this very
minor and uncertain pathway as the product was suggested to be due to an impurity
(St. Clair et al., 2016). "

p32 L1: Here you state that H-abstraction from the carbon dominates, but with a higher
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yield of HCHO than HCOOH, the former of which is derived from H-abstraction from
the hydroperoxide, isn’t that backwards? Also, within their reported uncertainty, Allen
et al. (2018) did not conclusively state that one path dominates over the other.

We thank the Reviewer for spotting this mistake. The text has been changed as fol-
lows: “H-abstraction from hydroperoxide group, followed by decomposition of the hy-
droxymethylperoxy radical, is slightly dominant (Allen et al., 2018). H-abstraction from
the carbon is followed by OH expulsion."

p32 L3: "he" should be "the"

Corrected.

p32 L5: the discussion here seems more suited for a subsection of section 2 than for
a note at the bottom of a table; the generic monoterpene oxidation scheme provided
here needs more discussion of its uncertainties and how the specific numbers were
arrived at. While the complexity of terpene oxidation and the relative lack of quantitative
knowledge about its oxidation mechanism make drastic simplification a necessity, it is
not clear to the reader why this particular set of simplifications is ideal, or what the
reasonable uncertainty bounds are on any of these rates and product yields. If pinene
(or generic terpene) oxidation is to be included in this model, it should be given more
than a paragraph in a footnote. The same might be said for MBO, but the relative
simplicity of its oxidation mechanism, the overlap with isoprene oxidation products, and
the smaller magnitude of its emissions make it less prone to substantial uncertainty and
bias from mechanistic simplifications and shortcuts. Maybe some sensitivity studies
showing the range of results you could get in a global model given the uncertainties in
this mechanism would be most useful? (e.g. assuming more of less of the products
are lost to SOA/deposition, or assuming a range of nitrate and/or HOx yields). Some
specific questions include: on line 10, where does the 45% number come from? How
do these simulated acetone and formaldehyde yields compare to previous work? What
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does this mechanism inherently assume for the SOA formation from pinene, and how
does that compare to both measured yields and the magnitude of SOA formed from
isoprene globally? What might be the implications in a global simulation of skipping
oxidative steps (and therefore likely sinks of OH, HO2, NO) in the oxidation mechanism,
as is presumably the case when only one generation of products are used?

We moved this discussion to a new subsection (Section 2.4). As noted by the Reviewer,
drastic simplification of the monoterpene mechanism is a necessity. We now better
emphasize the limited scope of our simple mechanism, which is the reproduction of
the final yields of a few key products. The subsection text is as follows:

“Due to the complexity and poor understanding of monoterpene oxidation, we adopt a
simple parameterization based on box model simulations of α- and β-pinene oxidation
using the MCMv3.2 (Saunders et al., 2003). The scope of the parameterization is lim-
ited to the reproduction of total yields of several key products; those yields reflect not
only primary production but also secondary formation. The influence of monoterpenes
on radicals (e.g. HOx, RO2) and on ozone production is therefore likely not well rep-
resented by this simple mechanism. It should be stressed that even the monoterpene
mechanism in MCM is greatly oversimplified, as it neglects many possibly important
pathways (in particular H-shift isomerisations in peroxy radicals), with potentially very
large effects on radicals and other products. A thorough evaluation of mechanisms
against laboratory data will be needed in order to assess their uncertainties, but is out
of scope of the present study.

The parameterization relies on sixty-day simulations performed using the Kinetic Pre-
Processor (KPP) package (Damian et al., 2002). The photolysis rates are calculated
for clear-sky conditions at 30◦N on July 15th. Although both high-NOx (1 ppbv NOx, 40
ppbv O3 and 250 ppbv CO maintained throughout the simulation) and low-NOx simula-
tions (100 pptv NOx, 20 ppbv O3 and 150 ppbv CO) are conducted, only the low-NOx
results are used for the parameterization. Temperature and H2O are kept at 298 K
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and 1% v/v. To determine the product yields, counter compounds are introduced in the
equation file (e.g. HCHOa, MGLYOXa, etc.) having the same production terms as the
species they represent, but without any chemical loss.

The yield of acetone from both α- and β−pinene is very close to 100% after several
days of reaction, independent of the NOx level. The yield of methylglyoxal is low (4%
and 5% for α- and β-pinene, not counting the contribution of acetone oxidation by OH).
The overall yield of formaldehyde obtained in these simulations is ∼4.2 HCHO per
monoterpene oxidized, almost independent of NOx, for both precursors. The HCHO
yield comes down to 2.3 after subtracting the contributions of acetone and methylgly-
oxal oxidation. This yield is further reduced by 45% to account for wet/dry deposition of
intermediates and secondary organic aerosol formation. That fraction is higher, but of
the same order, as the estimated overall impact of deposition on the average formalde-
hyde yield from isoprene oxidation (∼30%), based on global model (MAGRITTE) cal-
culations. The higher fraction is justified by the larger number of oxidation steps and
the generally lower volatility of intermediates involved in formaldehyde formation from
monoterpene oxidation. Nevertheless, this adjustment introduces a significant uncer-
tainty in the model results. A sensitivity calculation shows that adopting a lower yield
reduction (20% instead of 45%) in the global model (Sect. 4.1) has negligible impact on
the calculated HCHO abundances (<∼1%) in most regions, but leads to higher HCHO
vertical columns in monoterpene emission regions, by ∼5% over Amazonia and by up
to 8% over Siberia. The associated impact on OH reaches +2% in those regions, due
to the additional HOx formation through HCHO photolysis.

The overall carbon balance of monoterpene oxidation in the mechanism is ∼50% due
to the combined effects of deposition, SOA formation and CO and CO2 formation be-
sides their production through the degradation of the explicit products. "

To our understanding, the assessment of uncertainties requested by the Reviewer is
currently out of reach, in absence of any reliable reference mechanism validated by
laboratory data. Note that the mechanism does not make specific assumption regard-
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ing SOA formation, besides the fact that it is expected to remove HCHO precursors
from the gas-phase, and therefore reduce the overall HCHO yield.

p37 L14: How is the oxidative degradation of anthropogenic NMVOCs treated in the
model? I am particularly concerned about the possible contribution of degradation of
non-isoprene compounds to the gas-phase budgets of glyoxal and the organic acids.
Along those same lines, could some discussion of the potential for additional sources
of the gas-phase organic acids not included in this model (e.g. degradation of other
compounds, revolatilization from SOA) be added to those sections?

The chemical oxidation mechanism of anthropogenic and biomass burning VOCs has
been described in previous publications with the IMAGES model, as now mentioned in
the model description (Section 4.1). The yields of glyoxal in the oxidation of aromatic
compounds and acetylene are now provided in Section 4.5: “The glyoxal yields in
their reactions with OH (0.74, 0.7, 0.36 and 0.636 for benzene, toluene, xylenes and
acetylene, respectively) are obtained from the MCM (Saunders et al., 2003; Bloss et
al., 2005). Regarding aromatics, this yield includes not only primary formation but also
later-generation production (Chan Miller et al., 2016)." Since the topic of our study is
the oxidation mechanism of biogenic VOCs, we don’t believe necessary to lengthen
the paper with more details on the chemistry of other VOCs.

We now include a short discussion of potential additional sources of formic and acetic
acids at the end of Section 4.4: “Additional sources are likely at play, such as enol
formation through other pathways than those considered here (e.g. in monoterpene
and anthropogenic VOC oxidation, e.g. through the photolysis of aldehydes (Tadic et
al., 2001a; Tadic et al., 2001b)) and the photodegradation of organic aerosols (Paulot
et al., 2011; Malecha and Nizkodorov, 2016)."

p37 L18: Are there primary emissions of MBO in the model? What is the effect of the
MBO oxidation mechanism (and the terpene mechanism) in the model?
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The global biogenic emissions of MBO amount to 0.93 TgC yr−1. This is now men-
tioned in the model description section. The effect of MBO is small, due to its low
emissions. Its oxidation is a source of acetone (∼0.5 TgC yr−1).

Monoterpenes have multiple, but very uncertain effects. The comparison of model
simulations performed with and without monoterpene emissions indicates significant
increases of several compounds due to monoterpenes, e.g. glyoxal (global burden
+22%), acetone (+40%), acetic acid (+9%), formic acid (+12%) and formaldehyde
(+3%). Much larger impacts are calculated over emission regions, e.g. HCHO ver-
tical columns are increased by up to 15-20% over boreal forests and Amazonia. As
monoterpene chemistry is by far the most uncertain part of the BVOC mechanism, we
prefer not to discuss these impacts in the article, which is already very long.

p40 L5: In the comparisons to SEAC4RS data, it would be helpful to list the mea-
surement uncertainties and spreads alongside the over/underestimations of the model.
Also, what exactly is the model output being compared with the measurements in this
section? Are the simulated average profiles just the average over the entire SE USA be-
tween 0900 and 1700 hours, or are they points subsampled from the model concurrent
with the flight paths? If it’s the former, which assumes that the SEAC4RS observations
(masked for plumes and stratospheric intrusions) are representative of the averaged
regions, how might this skew the comparison between the model and measurements?

The model profiles are averages based on values interpolated at each measurement
location and time. This is now mentioned in the manuscript. Wherever relevant, mea-
surement uncertainties and model over/underestimations are reported in the text. We
don’t believe especially helpful to make the paper longer with a new Table providing
comparison statistics and measurement uncertainties.

p41 L5: Are these non-HPALD compounds also isoprene products? Do we have any
indication as to what they are? If they have the same mass as the HPALDs, are there
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other species in your mechanism that also have this mass that may account for this
mass?

Yes, the isoprene carbonyl hydroxy epoxides (ICHE) formed mainly from the oxidation
of IEPOX by OH have the same formula (C5H8O3) as HPALD. We now present a model
comparison with the SEAC4RS measurement for that mass (Fig. 9). The following text
accompanies this comparison: “The model-calculated HPALD concentrations (dotted
line on the C5H8O3 panel of Fig. 9) are on average about a factor of two lower than the
observed Caltech CIMS (Chemical Ionisation Mass Spectrometry) signal at the corre-
sponding mass; when adding the contribution of the carbonyl hydroxyepoxides (ICHE),
which have the same formula (C5H8O3) as HPALD and can be expected to interfere
with HPALD measurements, the model falls within the measurement uncertainty (50%)
with an underestimation decreased to -34% (solid line on Fig. 9). The ICHE com-
pounds are formed from the oxidation of IEPOX (as well as HPALDs) by OH. It is likely
than other, unknown compounds contribute to the CIMS signal at the same mass, as
also observed in the PROPHET campaign in Michigan, where the HPALD contribu-
tion to the CIMS measurement at the given mass was estimated at 38% based on the
relative contribution of the HPALD peaks to the total GC area (Vasquez et al., 2018).
This is consistent with our modelled HPALD accounting for 50% of the CIMS mea-
surement, when considering also that all isoprene oxidation products appear slightly
overestimated by the model as suggested by the ∼20% overprediction of modelled
ISOPOOH and MVK+MACR relative to the measurements. In spite of the important
uncertainties and remaining unknowns (e.g. the identity of additional compounds con-
tributing to the CIMS signal), this good consistency provides strong support to the high
HPALD yield (75%) adopted in this work in the isomerisation of Z-δ-OH-peroxys from
isoprene (Sect. 2.1.2). Lower yield values as proposed in recent previous work, i.e.
50% (Peeters et al., 2014; Jenkin et al., 2015) or 25% (Teng et al., 2017; Wennberg
et al., 2018) would lead to much stronger HPALD underestimations against SEAC4RS
data. "
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Section 2.1.2 Products from the isomerization of the Z-δ-OH-peroxys

The 1,6 H-shift of the Z-δ-OH-peroxys HOCH2-C(CH3)=CH-CH2O2 (Case I) and
O2CH2-C(CH3)=CH-CH2OH (Case II) forms allylic radicals, e.g. Z-HOC◦ H-
C(CH3)=CH-CH2OOH ⇔ Z-HOCH=C(CH3)-C◦H-CH2OOH for Case I. Therefore, two
second-generation peroxys can result, peroxy i (Z-HOCH(O2)-C(CH3)=CH-CH2OOH)
and peroxy ii (Z-HOCH=C(CH3)-CH(O2)-CH2OOH), in an approximate ratio of 40:60,
and two pathways are open to product formation (Peeters et al., 2014). The sub-
sequent chemistry is given here for Case I, unless stated otherwise. Peroxy i read-
ily eliminates HO2 at a rate of ∼2000 s−1 (Hermans et al., 2005) to produce Z-
O=CH-C(CH3)=CH-CH2OOH (HPALD1) (Peeters et al., 2014; Peeters et al., 2009;
Crounse et al., 2011; Teng et al., 2017). Peroxy ii may isomerise by a fast 1,6 enol-
H-shift, promptly at ∼1.5·109 s−1 and thermally at >104 s−1, to form Z-O=CH-C◦

(CH3)-CH(OOH)-CH2OOH (Peeters and Nguyen, 2012; Peeters et al., 2014) that in
part arises chemically activated such that it can promptly undergo concerted OH-loss
and ring-closure to an hydroperoxy-carbonyl epoxide Z-HOOCH2-CHOC(CH3)-CHO
(HPCE), as proposed and observed by Teng et al. (2017), and for another part lead
to a third-generation peroxy, Z-O=CH-C(CH3)(O2)-CH(OOH)-CH2OOH (DIHPCARP1)
(Peeters et al., 2014). The DIHPCARP radicals were suggested (Peeters et al., 2014)
to either undergo a fast aldehyde-H-shift and eliminate CO and expel OH to form dihy-
droperoxy carbonyls, or react with NO and HO2, to result mainly in OH + CH3C(O)CHO
(MGLY) + HOOCH2CHO (HPAC) (Case I), or OH + OCHCHO + CH3C(O)CH2OOH
(HPACET) (Case II). While the CO elimination above may be fast enough to outrun O2

addition for Case I (Novelli et al., 2018b), this appears less likely for Case II, for which
the barrier should be about 2 kcal mol−1 higher (Méreau et al., 2001). Note that HPAC
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and HPACET were observed by Teng et al., but in a ratio to HPALDs nearly indepen-
dent of the NO level. Secondly, it is estimated using statistical rate theory that the 1,6
enol-H-shift above can occur for about half while its peroxy precursor is still chemically
activated such that the resulting radical contains close to 30 kcal mol−1 internal energy
(Peeters et al., 2014), sufficient for prompt HPCE epoxide formation.

In this work, the quantitative product distribution from the 1,6 H-shift of the Z-δ-OH-
peroxys is adopted from the recent experimental study of Berndt et al. (2019), sup-
ported and complemented by computational results of the LIM1 paper (Peeters et al.,
2014). Note that the 1,6 H-shifts of the Z-δ-OH-peroxys occur for ∼85% by tunneling
(Coote et al., 2003) at energies lower than 2 kcal mol−1 below the barrier top, such that
the Boltzmann population there is only marginally affected by the O2-loss that occurs
only at energies above this range; therefore there is no reason to suspect (Wennberg
et al., 2018) that the agreement between experimental results (Teng et al., 2017) and
the TST-predicted rate constants of Peeters et al. (2014) is fortuitous. The Berndt et
al. investigation offers several advantages: (i) the reaction time was so short (8 s)
that no secondary products could be formed; (ii) due to the absence of NO and near-
absence of HO2, essentially only the products of the Z-δ-OH-peroxy 1,6 H-shift could
be formed, so excluding potential interferences; (iii) the peroxy radicals could also be
observed; (iv) the sampled products and peroxy radicals could be quasi-quantitatively
converted into ion-complexes, detected by high-resolution mass spectrometry capable
of measuring concentrations as low as 104 cm−3. Hydroxyl radicals were prepared
by reacting 1012 cm−3 of O3 with 2·1011 cm−3 of tetramethylethylene, in presence of
2.5·1012 cm−3 of isoprene. At 8 s reaction time, the modeled total ISOPOO concen-
tration is 1.2·109 cm−3, of which 6·106 cm−3 Z-δ-OH-peroxys (50% Case I isomer
HOCH2C(CH3)=CHCH2O2, and 50% Case II isomer O2CH2C(CH3)=CHCH2OH at 8
s). Integrated over the entire reaction time of 8 s, the modeled ratio of these two per-
oxys is circa 0.8:1.0. Using the isomer-specific 1,6 H-shift rates of 0.36 s−1 and 3.7
s−1 for Z-δ-OH-peroxys I and II (Teng et al., 2017), the expected total formation rate
of isomerization products at 8 s is 1.2·106 cm−3 s−1. For these conditions, Berndt et

C16



al. measured the following concentrations at 8 s: C5H8O3 (HPALDs): 2.3·107 cm−3;
C5H8O4 (hydroperoxy carbonyl epoxides): 4.6·106 cm−3; C4H8O5 (dihydroperoxy car-
bonyls): 6.2·105 cm−3; C5H9O5 (the second-generation peroxys above): 1.7·106 cm−3

; and C5H9O7 (the third-generation peroxys): 3.5·105 cm−3. In principle, these values
are minimum concentrations. No HPAC nor HPACET was detected. The detected prod-
uct and peroxy concentrations account together for 60% of the modeled total products
at 8 s using the experimental kinetic parameters of Teng et al., which, together with the
uncertainties, leaves room for some other products. The theoretically derived parame-
ters of Peeters et al. (2014) predict a higher product formation from the Z-δ-OH-peroxy
isomerization at 8 s, but this is due to a too low LIM1-predicted O2-loss from the per-
oxys, such that the populations of the Z-δ-OH-peroxys at 8 s are still too close to their
high initial formation fraction and attain their much lower final steady-state fraction too
late.

The Berndt et al. results thus give the following product yields at 8 s: HPALDs: 76%;
HPCE: 15%; dihydroperoxy carbonyls: 2%; while 5.5% of the reacted Z-δ-OH-peroxys
is present as second-generation peroxys C5H9O5 and 1% as third-generation peroxys
C5H9O7. The HPALD yield determined by Berndt et al. is much higher than that of
Teng et al. However, another, non-HPALD, C5H8O3 compound observed by Teng et
al. could be speculated to be a perhemiketale formed from HPALDs on the walls of
the 1 m sampling tubing. Another observation of Berndt et al. indirectly supports a
high HPALD yield. The concentration of the second-generation peroxys is strikingly
high, given that the peroxys of type i are expected to react at a rate of ∼2000 s−1 and
those of type ii even at > 104 s−1, such that at the given Z-δ-OH-peroxys concentra-
tions, and using the experimental 1,6 H-shift rates for Z-δ-OH-peroxys I and II, they
should be present in a quasi- steady-state concentration of only about 104 cm−3. This
indicates that a large fraction of the C5H9O5 peroxys are Z,E′-HOCH=C(CH3)-CH(O2)-
CH2OOH isomers of peroxy ii (and similar for Case II) with the OH pointing outwards,
away from the peroxy function, such that they cannot undergo the 1,6 enol-H-shift, and
can only be removed by (repeated ) O2-loss and re-addition, to finally convert to Z,E′-
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HOCH(O2)C(CH3)=CHCH2OOH peroxys i that quickly expel HO2 to form additional
HPALDs. Such a high fraction of Z,E′ peroxys ii is consistent with the computational
results (Peeters et al., 2014) on the various transition states for the 1,6 H-shift of the
Z-δ-OH-peroxys. For Case I, a Z,Z ′-TS with the OH inward was found to account for
about 67% of the rate and a Z,E′-TS with OH outward for 33%, while for Case II two
Z,E′-TSs account for 69% and a Z,Z ′-TS for 31% of the rate. For the conditions of
Berndt et al. at 8 s, with the integrated 1,6 H-shift rate due for ∼92% to the Case II-
and for ∼8% to the Case I-Z-δ-OH-peroxys, the weighted average is ∼65% reaction
through Z,E′- and 35% through Z,Z ′-structures. Taken together, the above strongly
suggests that, contrary to a speculative suggestion in the LIM1 paper, the Z − E iso-
merism of the transition states is conserved in the allylic-radical products and in the
resulting peroxys i and ii. A statistical rate estimate for the prompt internal rotation
of the OH in the Z,E′-hydroxyl-allyl product radicals, with computed barrier 12 kcal
mol−1 and imaginary frequency close to 100 cm−1, and for a nascent vibration energy
of 21 kcal mol−1, predicts k ∼ 108 s−1, or 10 times slower than collisional stabilization
followed by O2-addition. Therefore, allowing for 10% internal rotation of the OH in the
nascent Z,E′ product isomers to form the more stable, H-bonded Z,Z ′ forms, about
40% of the allylic radicals and their O2-adducts would end up with the OH inwards and
∼60% with the OH outwards in the Berndt et al. conditions. Further adopting also the
spin densities in the allylic product radical of the LIM1 paper, i.e. 0.4 on carbon 1 and
0.6 on carbon 3 for Case I (and similarly 0.4 on carbon 4 and 0.6 on carbon 2 for Case
II), as well as the corresponding 40:60 branching ratio for peroxy i and ii formation,
the mechanism above would result in 40% direct formation of HPALDs through peroxy
i, only 24% enol-H-shift products through Z,Z ′ peroxy ii, and 36% formation of the
slowly reacting Z,E′ peroxy ii, which in the Berndt et al. conditions would lead to ca.
31% indirect HPALD production through O2-loss and re-addition of the Z,E′ peroxy ii
to form peroxy i, while around 5% still survives as Z,E′ peroxy ii in the short reaction
time available. The so predicted overall 71% HPALD yield, based on computational
results from the LIM1 paper, is strikingly close to the experimental yield of Berndt et al.
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Moreover, at a total product formation rate of 1.2·107 cm−3 s−1, the 31% contribution
due to Z,E′ peroxy ii reacting to HPALDs at 8 s implies a reaction rate of 3.8·106 cm−3

s−1, or at the measured Z,E′-peroxy ii concentration of 1.7·106 cm−3, an effective
rate constant of 2.2 s−1. Since on average 2.5 cycles of O2-loss and re-addition are
required to form HPALD from Z,E′ peroxy ii through peroxy i, an O2-loss rate of 6 s−1

is derived, which is typical for hydroxy-allyl peroxys such as the very similar initial Z-
and E-δ-OH-peroxys from isoprene (Teng et al., 2017).

The 15% HPCE yield measured by Berndt et al. is compatible with the product rad-
ical of the 1,6 enol-H-shift of Z,Z ′-peroxy ii arising for a large fraction with sufficient
chemical activation to overcome the barrier of ca. 15 kcal mol−1 for the concerted
ring-closure and OH loss. The theory-based 24% enol-H-shift products through peroxy
ii, above, comprises the HPCE epoxides and products of the third-generation peroxys
(DIHPCARP). Adopting the experimental 15% HPCE yield would leave room for some
10 % DIHPCARP-derived products, of which, apparently, the dihydroperoxy carbonyls
account for only a small fraction of 2%. The minimum concentration of the DIHPCARPs
in the Berndt et al. experiment is 3.5·105 cm−3, while their loss rate by aldehyde-H shift
(followed by either CO elimination or O2-addition) should be about 2 s−1 according to
Møller et al. (2019), and 6 s−1 according to Novelli et al. (2018c), such that their
expected reaction rate is 0.7–2.1·106 cm−3 s−1, or 6–18% of the overall products for-
mation rate of 1.2·107 cm−3 s−1 above. Subtracting the 2% dihydroperoxy carbonyls
leaves 4–16 % going to other products, consistent with the ∼8% estimated above,
and in line with the expectation, in the introduction of this section, that the acyl prod-
uct of aldehyde-H-shift in the most abundant DIHPCARP (Case II) does not eliminate
CO but rather adds O2 to continue the autoxidation chain by forming fourth-generation
peroxys C5H9O9, with HOOCH2-C(CH3)(O2)-CH(OOH)-C(O)OOH (DHPAO2) likely the
most stable isomer after fast hydroperoxide-H shifts (J orgensen et al., 2016) because
it allows three H-bonds of which two are synergic and therefore stronger (Dibble, 2004).
Since (other) fast H-shifts for this isomer are not possible, it can only react with NO or
HO2. The main resulting oxy product radical should decompose rapidly (Vereecken et
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al., 2009) into HPACET + OH + OCHC(O)OOH.

In atmospheric conditions, the various peroxys are all in quasi-steady state, which
means ∼5% more HPALD production from the Z,E′-peroxys ii, and ∼1% more
DIHPCARP products than in the Berndt et al. conditions at 8 s. On the other hand,
the atmospheric steady-state product formation ratio from the Z-δ-OH-peroxys Case I
and Case II is rather 18:82, instead of the 8:92 ratio of the Berndt et al. experiment
(Teng et al., 2017), such that about 43% of the second-generation radicals would end
up with the OH inwards and ∼57% with the OH outwards. Taking into account also
the above, direct (40%) plus indirect (34%) HPALD formation would add up to 74%,
while the expected HPCE yield is 16% and that of the DIHPCARP products around
10%, of which 2% the dihydroperoxy carbonyl DHPMEK. Acknowledging the large
uncertainties in those yields, we represent the Z-δ-OH-peroxy isomerisations as

ISOPBO2→ 0.75 (HPALD1 + HO2) + 0.15 (HPCE + OH) + 0.1 (DHPMEK + CO + OH)

ISOPDO2→ 0.75 (HPALD2 + HO2) + 0.15 (HPCE + OH) + 0.1 (DHPAO2)

Here, HPCE is a mixture of 18% Case I and 82% Case II compounds. Its oxida-
tion by OH proceeds mainly by aldehyde-H abstraction, forming a carbonyl radical;
the same radical can also be formed through OH-abstraction of the hydroperoxide-H
in HPCE, followed by a 1,6 aldehyde-H-shift. The carbonyl radical can undergo con-
certed CO elimination and ring opening, forming CH3C(O)CH(O2)CH2OOH (for Case
I) or OCHC(O2)(CH3)CH2OOH (for Case II). The latter peroxy undergoes a 1,4 H-
shift to CO + OH + CH3C(O)CH2OOH (HPACET). Such H-shift being not open for
the Case I peroxy radical, it reacts primarily with NO or HO2, leading for the most
part to CH3C(O)CH(O◦)CH2OOH that promptly decomposes into either CH3C(O) +
OCHCH2OOH (HPAC), or HCHO + OH + MGLY. Photolysis of HPCE can be expected
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to proceed by splitting off the formyl radical, leading to the same peroxy radicals as
above.
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