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Isoprene peroxy interconversion is
prevalent in many vegetated
continents over the globe

We probe the photochemistry of isoprene, which is the dominant nonmethane
hydrocarbon emitted to the atmosphere, in a chemical regime characterized by
parts-per-trillion nitrogen oxides (NO,), a regime that becomes increasingly
prevalent owing to efforts taken to reduce anthropogenic NO, emissions world-
wide. We show the isoprene photooxidation pathway is remarkably sensitive to
NO, concentrations, which results in an appreciable perturbation in the global
distributions of isoprene oxidation products with associated impacts on the pro-
duction of ozone and particulate matter in the atmosphere.
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SUMMARY

The reactive chemistry of isoprene, which is the dominant hydrocar-
bon in biogenic emissions, has a controlling influence on the
composition and cleansing capacity of the global atmosphere.
Despite decades of research, isoprene continues to offer
surprises in its atmospheric chemistry, particularly in environments
with low-to-moderate levels of nitrogen oxides (NO,). Here, we
probe the isoprene photochemical oxidation in this “intermediate-
NO," regime by examining the yield distributions of two major
oxidation products, i.e., methacrolein and methyl vinyl ketone,
using chamber experiments and aircraft measurements. Such a
dataset provides strong constraints on the kinetics of the isoprene
peroxy radical interconversion—a newly discovered mechanism
that essentially governs the isoprene oxidation carbon flow. Insights
from measurement-model comparisons further reveal an efficient
operation of this mechanism across all the vegetated continents
over the globe, constantly modulating the radical cycling and
contributing to the formation of ozone and organic aerosols in the
atmosphere.

INTRODUCTION

Biogenic emissions from terrestrial vegetation account for approximately 90% of the
volatile organic compounds (VOCs) in Earth’s a*cmosphere.1 Isoprene (2-methyl-1,3-
butadiene), a five-carbon conjugated diene, is the dominant VOC of biogenic origin,
with global emission estimates of ~500-750 Tg C year™'.? Isoprene is highly reactive
toward atmospheric oxidants, in particular the hydroxyl radical (OH), with an average
lifetime of only 1 h against OH-initiated oxidation (top = 1.4 h for[OH] = 2 x 10° mol-
ecules cm ™3 at T = 298 K).? Owing to its large flux and high reactivity, the oxidative
chemistry of isoprene exerts profound influences on the composition of the global
atmosphere—modulating the balance of hydrogen oxide radicals (HO,)," ™ perturb-
ing the cycling of reactive nitrogen,”® and contributing to the formation of ozone
and secondary organic aerosols.”"®

The atmospheric photooxidation of isoprene is initiated by the addition of an OH
radical to the unsaturated carbon backbone, yielding four distinct OH-adducts
(Figure 1)."® The OH addition to the terminal carbons (i.e., 1-OH-adduct and
4-OH-adduct) has been shown to dominate the overall carbon flow from isoprene.’’

Following collisional thermalization, each OH-adduct adds O, to produce a

THE BIGGER PICTURE

Isoprene is the most abundantly
produced biogenic volatile
organic compound on Earth. Over
decades of research, the
atmospheric chemistry of
isoprene has been well studied
under polluted urban conditions
characterized by hundreds of
parts-per-billion nitrogen oxides.
With effective measures taken to
reduce the anthropogenic
emissions of nitrogen oxides
worldwide, chemical regimes at
play in the atmosphere are
gradually transitioning from the
polluted settings to environments
with diminishing human influence.
Here, by integrating chamber
experiments, aircraft
measurements, and model
simulations, we demonstrate that
in this transitional chemical
regime, isoprene is
photochemically oxidized
through a mechanism that is
remarkably different from our
traditional understanding. We
show that this mechanism
operates competitively in the
present atmosphere and
constantly impacts the chemical
composition and cleansing
capacity of the atmosphere.
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Figure 1. Reaction scheme for the formation of MACR and MVK from the OH-initiated oxidation of isoprene
The OH addition to the unsaturated carbon backbone of isoprene yields four structurally distinct OH-adducts, which further add O at either the B or
d position to form two B-ISOPOO and four 3-ISOPOO peroxy radical isomers. The OH-adducts to the inner carbon represent a negligible fraction of the

isoprene reactivity, and their following chemistry is not considered herein.

population of isoprene peroxy radicals (ISOPOO), the fate of which depends on the
level of nitric oxide (NO)."® In the absence of NO, ISOPOO radicals react primarily
with HO, giving rise to isoprene hydroxy hydroperoxides. In the presence of
elevated NO, the primary fate of ISOPOO radicals is to react with NO generating
a number of first-generation products, including methacrolein (MACR) and methyl
vinyl ketone (MVK) that dominate the reaction fluxes of the 4-OH and 1-OH systems,
respectively. The formation of MACR and MVK from isoprene photooxidation under
high-NO conditions (>300 parts per billion [ppb]) has been the subject of extensive
chamber studies over the past few decades, with reported yields of 23.5% + 4.5%
and 34.3% + 9.7%, respectively.'”?* This branching provides crucial information on
the atmospheric degradation mechanism of isoprene and has been translated into
robust parameterizations in chemical transport models for the assessment of the
impact of isoprene photochemistry on the oxidizing capacity and ozone formation
in polluted environments.

The traditionally rationalized fate of ISOPOO radicals, however, has been chal-
lenged by recent studies. Theoretical calculations by Peeters et al.?>?® have re-
vealed that the ISOPOO radicals readily eliminate O, to regenerate the initial
OH-adducts on timescales faster than the bimolecular processes under atmospher-
ically relevant NO and HO, levels (tens to hundreds of parts per trillion [ppt]). As
such, the repetitive O, addition and dissociation process constantly interconvert
different ISOPOQO isomers, which eventually establish a thermal equilibrium distri-
bution in the atmosphere. The proposed interconversion of ISOPOO isomers was
later demonstrated by Teng et al."” with a novel analysis of isomer-specific yields
of a selection of first-generation oxidation products under a range of peroxy bimo-
lecular lifetimes. The consequence of such a highly dynamic system is the varying
population fractions of ISOPOO isomers—and their corresponding reaction prod-
ucts—that ultimately depend on the dominant peroxy radical removal channel. It is
therefore expected that NO plays a crucial role in modulating the distribution of
isoprene oxidation products, including MACR and MVK: under “high-NO" condi-
tions (NO > 10 ppb), the yields of MACR and MVK are determined by the initial
kinetic distribution of ISOPOO radicals, whereas at “low-to-moderate NO" levels
(10 ppt < NO < 10 ppb), the production of MACR and MVK is a synergistic result
of competing reaction pathways that govern the fate of their precursor p-ISOPOO
radicals (see the molecular structure in Figure 1). With effective measures taken to
reduce the anthropogenic emissions of nitrogen oxides (NO,) worldwide, the
chemical regimes at play in the atmosphere are gradually transitioning from highly
polluted urban settings to environments with diminishing anthropogenic influence,
where the photochemistry of isoprene is no longer adequately described by the
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classic mechanism developed under "high-NO"” chamber conditions. A mecha-
nistic understanding of isoprene degradation pathways under this emerging chem-
ical regime is thereby of crucial importance in accurate simulations of the budget
of ozone and aerosols—and their health and climate consequences—from local to
global scales.

In this study, we investigate the production of MACR and MVK from isoprene photo-
oxidation through an integration of chamber experiments, aircraft measurements,
and model simulations. Measurements of these two major first-generation products
over a wide range of atmospherically relevant NO and HO;, levels allow for an in-
depth diagnosis of the operating degradation mechanism of isoprene in the atmo-
sphere. Our chamber results reveal that the production of MVK is enhanced by up
to a factor of two as NO approaches to ~100 ppt level, at which the interconversion
of ISOPOO isomers outcompetes their bimolecular reactions. MACR formation at
sub-ppb NO level, on the other hand, is rather limited as the result of an isomeriza-
tion pathway that dominates the fate of the MACR-forming ISOPOQ isomer. Aircraft
observations conducted over North America further provide validation that the
isoprene peroxy dynamics effectively regulate the spatial distributions of MACR
and MVKiin regions with intertwined biogenic and anthropogenic activities. By incor-
porating this observationally constrained ISOPOO kinetics in a global transport
model, we show a remarkable increase in the surface concentrations of MACR and
MVK across all vegetated continents of the world. Such a widespread shift suggests
that the ISOPOO interconversion chemistry is prevailing in the present atmosphere
and constantly impacts the radical cycling efficiency and the production of ozone
and organic aerosols.

RESULTS AND DISCUSSION

Yields of MACR and MVK as a dependence of NO levels

A series of chamber experiments was conducted in the continuous-flow steady-
state mode, with each experiment simulated by a box model operating with
chemistry taken from the Master Chemical Mechanism (MCMv3.3.1, http://mcm.
york.ac.uk). The observed and simulated temporal profiles of NO,, O, and
isoprene are shown in Figure S1. At steady state, their predicted concentrations
agree within 8.4%, 5.7%, and 18.2%, respectively, with corresponding measure-
ments, thereby providing robust constraints on the quantitative estimation of
free radicals in the reaction system, as discussed shortly. To calculate the
molar yield of MACR (Ymacr—on) from the OH-oxidation pathway, six reactions
as its sources (OH+ISOP, O3+ISOP, and NO3+ISOP) and sinks (OH+MACR,
O3+MACR, and NO3+MACR) are considered. At steady state, two mass conserva-
tion equations are satisfied:

% = [ISOP]y/r — [ISOP../7 — kisop.on[OH]..[ISOP].,

B kISOP+O3 [03]55[ISOP}55 - kISOP+N03 [NO3]SS[ISOP]SS =0 (Equation 1)
d[MACR
[ dt s o Ymacr —onkisop+ on[OH][ISOP] + Ymacro,kisop+ 0, [Os],[ISOP],

+ Ymacr—nNos Kisop+ noy [NO3|[ISOP], —  kmacr+on[OH][MACR],,
— kmacr+0,[Os][MACR], — kwmacr+no, [NOs] [MACR]

- [MACR]SS/T =0,
(Equation 2)
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where [ISOP] and [MACR]s are the measured steady-state concentrations of
isoprene and MACR, respectively; [ISOP]g is the measured initial concentration
of isoprene; [O3lss is the measured steady-state ozone concentration; [NOslg, is
the simulated steady-state NOj radical concentration; and 7 is the chamber
mean residence time and can be calculated as the total chamber volume divided
by the incoming/outgoing flow rate. The steady-state OH radical concentration
([OHlss) is derived by solving Equation 1. The yield of MACR from the ozonolysis
pathway (Ymacr—o,) is taken as 40.8%.”” The yield of MACR from the NOj3 oxida-
tion (Ymacr—no,) is taken as 12.6% although it may vary with the bimolecular life-
time of nitrooxy alkylperoxy radicals.”® Note that uncertainties associated with the
prescribed MACR yields from the ozonolysis and NOs-oxidation of isoprene are
small, as these two pathways account for less than ~12% of the overall isoprene
reactivity. The molar yield of MACR from the OH oxidation of isoprene is thus
given by

Yvacr—oH = (kMACR+OH[O"ﬂss[MACRLS + kMACR+O3 [Os]ss[MACRLS + kMACR+NO3[NO3]SS[MACR]SS

+ [MACR]SS/T - YMACR“OS leOP+O3[O3]ss[ISOP]ss

- YMACR“NO3 k(SOP+No3[NO3]ss“SOP}ss) / (k’SOP+OH[OH]ss[ISOP]ss) (Equation 3)

Uncertainties in the calculated yields mainly arise from the systematic errors in
the measurements, the calculation of steady-state OH concentrations, and the
estimation of the fraction of ISOPOO radicals reacting with NO. These individual un-
certainties were further propagated using the variance formula to yield the overall
uncertainties, as described in supplemental information section “uncertainties in
the yields calculation.” The expression of the MVKyield can be derived analogously,
see details given in supplemental information section “calculation of MVK yields
from the OH oxidation of isoprene in the continuous-flow mode.”

Figure 2 shows the measured yields of MACR and MVK scaled by the fraction of their
precursors, i.e., B-ISOPOO radicals, that react with NO as a function of the ISOPOO
bimolecular lifetime. We apply the scaling factor fz.;sopoo+no here in order to visu-
alize the B-ISOPOO radical dynamics as a synergic result of the interconversion and
isomerization of all ISOPOO radicals. The underlying assumption about the
fpsopoo+No factor is that MACR and MVK are exclusively produced from reactions
of corresponding B-ISOPOO precursors with NO. We caution that this assumption
may introduce a slight overestimation of the scaled yields (by less than ~5%) under
NO-free conditions as MACR and MVK have been suggested as minor products from
B-ISOPOO+HO, reactions.?’ The ISOPOO bimolecular lifetime (Thimolecular) 1S pri-
marily controlled by reactions of ISOPOOQ radicals with NO and HO,. Under moder-
ate-to-high-NO conditions investigated here (~1-50 ppb), the dominate fate of
ISOPOQO radicals is to react with NO, and Tpimolecular iS calculated from the measured
steady-state NO concentrations. For experiments with sub-ppb level of NO, HO,
competes for the ISOPOO reactivity, and uncertainties in the HO, simulations likely
introduce errors to the resulting Toimolecularr However, this uncertainty source is
reasonably constrained by the agreement (<9.1%) between the model-predicted
steady-state OH concentration and that calculated from direct measurements
via Equation 1, given that the HO, cycling in the system is essentially governed
by two well-quantified reactants, NO and H,O; (as OH sources), through H,O, +
OH — HO; + H,0 and HO, + NO — OH + NO, reactions.*”

The yields of MACR (24.6% + 1.1%) and MVK (33.0% + 2.0%) at short ISOPOO

bimolecular lifetimes (Toimolecutar < 20 ms) lie within the range of previous measure-
ments, i.e., 23.5% + 4.5% for MACR and 34.3% + 9.7% for MVK."""?* While these
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Figure 2. Molar yields of MACR and MVK from the OH-initiated oxidation of isoprene scaled by
fzasoroo+no (the fraction of B-ISOPOO radicals reacting with NO) as a function of the bimolecular
lifetime, Thimolecular = 1/(kisoroo+nolNOlss + kisoroo+Ho2[HO2lss), of B-ISOPOO radicals with
respect to reactions with NO (0.1-300 ppb, denoted by the triangle color) and HO, (10°-10°
molecules cm 3, denoted by the triangle size)

Also plotted are the reported yields with associated uncertainties from a number of previous
chamber studies.

earlier measurements'”24

were taken at a lower temperature (295-303 K) compared
with the present work (306 K), temperature has a minimal influence on the kinetic
distribution of ISOPOO radicals and hence the MACR and MVK yields, when
bimolecular reactions with NO dominate the ISOPOQ reactivity, see supplemental
information section “effect of temperature on the MACR and MVK yields” and Fig-
ure S2 for more details.?® With the branching ratio of 0.88 for the formation of
B-ISOPO alkoxy radicals from the B-ISOPOO+NO reaction at 306 K and 0.83
atm,'® the fractional distributions of B-(4-OH,3-O0)-ISOPOO (as the MACR precur-
sor) and B-(1-OH,2-00)-ISOPOO (as the MVK precursor) at nearly the kinetic limit
are estimated as ~0.26 and ~0.37, respectively, accounting for over half of the
isoprene carbon. Both MACR and MVK yields increase rapidly as Thimolecular €Xceeds
0.1 s, indicating a transition from the kinetic distribution of ISOPOQ radicals to their
equilibrated distribution, which favors B-ISOPOO isomers as they can be stabilized
by the strong internal hydrogen bond. The yield data taken in the presence of ~1
ppb NO by Liu et al.?? fall within our measurement range at the intermediate bimo-
lecular lifetime (Tpimolecular = ~6 ). The higher temperature (306 K) used in this work
could accelerate the O, dissociation and hence ISOPOO interconversion, resulting
in an enhanced production of MACR and MVK by 3.3% and 0.6%, respectively,
compared with the measurements performed at 298 K by Liu et al.?” The MACR
yields maximize at Tpimolecular = ~1-10 s and then decline with further increase in
Thimolecular- 1His downward turn is caused by the rapid H-shift isomerization of
the Z-3-(4-OH,1-O0)-ISOPOO radical (Tisomerization = ~0.2 s at 306 K) that outcom-
petes the bimolecular reactions and effectively depletes the MACR precursor
through continuous O, addition and dissociation reactions. The MVK yields, on
the other hand, continuously rise with increasing bimolecular lifetime, reaching
59.4% + 5.0% at Tpimolecular ©f ~30 s. Such a near-linear upward trend suggests
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Figure 3. Comparison of the chamber measured molar yields (points) of MACR and MVK from the
OH-initiated oxidation of isoprene with model predictions using the updated Caltech Isoprene
Mechanism over a range of NO (0.01-1,000 ppb) and HO, (0.1-100 ppt) concentrations

that the ISOPOOQO isomerization rate in the 1-OH system is significantly lower than
~1072 57", and bimolecular reactions with NO and HO, remain the dominant exit
channels in the 1-OH system under all experimental conditions investigated here.

Constraining the ISOPOO interconversion kinetics with yield measurements
Measurements of MACR and MVK yields in this study constitute a unique dataset
that can be used to constrain the ISOPOO interconversion kinetics that has been
recently developed in the Caltech Isoprene Mechanism (CIM, https://data.caltech.
edu/records/247)."® Here the yields of MACR and MVK are used to probe indepen-
dently the ISOPOO dynamics in the 4-OH and 1-OH systems (see chemical structures
given in Figure 1), respectively. Box model simulations with operating mechanisms
taken from CIM can reproduce the measured MACR yields within £12% uncer-
tainties over the entire spectrum of bimolecular reactivities (Figure S3). For the
1-OH-adduct system, the ISOPOO interconversion kinetics were fine-tuned to opti-
mally fit the measurements taken by this work and Teng et al."’” Specifically, the
branching to B-(1-OH,2-O0)-ISOPOO was reduced by 20%, and the branching ra-
tios to E-3-(1-OH,4-O0)-ISOPOO and Z-3-(1-OH,4-O0)-ISOPOO became ~1.1
and ~5 times of the CIM originals, respectively; see best-fit parameters in
Table S1. The O, removal rate from Z-3-(1-OH,4-O0)-ISOPOO was reduced by
~40% according to the theoretical calculation by Peeters et al.?® These mechanistic
updates result in a closer agreement (within 14%) between the predicted and
measured MVKyields, as shown in Figure S3. Itis important to note that with the up-
dated CIM, the simulated yields of hydroxy nitrates as a function of the ISOPOO
bimolecular lifetime generally agree with the measurements by Teng et al.,"’
despite an underestimation of the B-1,2-hydroxy nitrate by less than 18% at short
ISOPOO bimolecular lifetimes (Thimolecutar < ~0.1), as shown in Figure S4.

Simulated yields of MACR and MVK with the updated CIM over a range of NO
(0.001-1,000 ppb) and HO, (0.1-100 ppt) levels are shown in Figure 3. In contrast
to the normalized yields shown in Figure 2, the actual yields reflect the competition
between reactions of the ISOPOOQ radicals with NO and HO; as two primary bimo-
lecular partners. This is particularly evident for the chemical regime where HO, im-
pacts the ISOPOO bimolecular reactivity, and as a result, the actual yields of MACR
and MVK are much lower than the scaled yields in Figure 2. Both MACR and MVK
exhibit strong dependence on the NO level, with the maximum yields appearing
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in the presence of ~1-100 ppb NO. In this NO range, the repetitive O, addition and
dissociation reactions effectively convert the bulk of the ISOPOO radical pools to the
thermally more stable B-ISOPOO isomers. Additionally, the subsequent
B-ISOPOO+NO reactions outcompete all other bimolecular and isomerization pro-
cesses, thereby maximizing the formation potential of MACR and MVK. The HO,
dependence of MVK yields as NO falls below 0.1 ppb is simply a result of competing
bimolecular reactions of the B-(1-OH,2-O0)-ISOPOO precursor with HO, versus
NO. On the contrary, negligible dependence of MACR yields on HO; is observed
at low NO levels. This is primarily due to the rapid isomerization of the Z-3-(4-
OH,1-O0)-ISOPOO radical (Tisomerization = ~0.2 s at 306 K), which constitutes the
predominant outflow of all 4-OH-ISOPOO fluxes at longer peroxy bimolecular life-
times. For simulations with the maximum level of HO,, i.e., 100 ppt, the isomeriza-
tion process is already nearly two orders of magnitude faster than the reactions
with HO,, and as a result, further decreases in HO, concentrations will have a negli-
gible impact on the simulated MACR yields.

Comparison of simulated vertical profiles with aircraft measurements

The updated CIM was incorporated into an observationally constrained box model
and validated against airborne measurements of MACR and MVK taken by the Trace
Organic Gas Analyzer (TOGA)®! during the Southeast Atmospheric Studies (SAS)
and the Atmospheric Tomography Mission (ATom). These two major campaign ef-
forts surveyed the atmospheric composition from the remote environment to re-
gions at the intersection of human activities and natural processes.””?* Taken
together, SAS and ATom covered a broad range of NO (5 ppt-1.9 ppb) and HO,
(3.3-74 ppt) levels, corresponding to a peroxy bimolecular lifetime of ~2-300s. In
addition, a wide span of meteorological conditions was sampled during the two
campaigns (T ~ 276-299 K and P ~ 0.6-1 x 10° Pa), allowing for testing whether
the updated CIM is applicable to the actual atmosphere across different climate
zones.

The SAS dataset was selected from three research flights that sampled an array of
trace species and radicals over the Eastern US during June 2013. Figure 4 shows
the flight tracks, and the TOGA measured vertical profiles of MACR and MVK,
with measurement uncertainties of 20% and 30%, respectively. A gradual decline
in the concentrations of MACR and MVK with increasing altitude is observed, as a
reflection of the short atmospheric lifetimes of both compounds and their precursor
isoprene (~4.9, ~6.4, and ~1.4 h, respectively, at 298 K). Compared with the base-
case simulation where MACR and MVK are produced from the isoprene OH oxida-
tion with fixed yields of 22.6% and 33.6%, respectively, the inclusion of the peroxy
interconversion mechanism significantly enhances the predicted levels of MACR
and MVK by 23%-54% and 57%-79%, respectively (Figure S5). The extent of
enhancement depends mainly on the levels of NO and HO,, which together control
the bimolecular lifetime of RO, radicals and therefore the competitiveness of the
RO, interconversion in regulating the abundance of B-ISOPOO radicals, as well as
the fraction of the RO,+HO, reaction that leads to a small amount of MACR and
MVK under low NO conditions. Near the surface (~0.3-0.5 km above ground level),
simulations with the updated CIM agree closely with observations but overestimate
MACR levels by ~20%. Constraining HO, as the model input to corresponding mea-
surements taken by the chemical ionization mass spectrometer®® enables much
improved predictions of MACR across all altitudes (Figures 4A and S5A). In the
free troposphere (~1.0-1.5 km), the box model with updated CIM reproduces the
vertical profiles of MACR, while it underestimates the MVK concentrations by
~35%, which is near the TOGA measurement uncertainty. This is likely because
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Figure 4. Vertical profiles of MACR and MVK over North America and Greenland collected from SAS (top) and ATom (bottom) campaigns

Each datapoint (denoted by the circle marker) has a color-coded bimolecular lifetime with respect to reactions with NO and HO,. The observationally
constrained box model sampled the air in the same manner as the aircraft measurements. The point-to-point comparison between simulations and
measurements is given in Figure Sé. Data are grouped in 0.2 or 0.3 km bins. The measurement average within each bin is represented by the square
marker, with the horizontal line as the interquartile range of the measurement. Mean values of simulations are represented by colored lines (solid gray:
simulations with the base mechanism that prescribes fixed yields, i.e., 22.6% MACR and 33.6% MVK, from isoprene OH oxidation in the presence of NO,;
solid orange: simulations with the updated CIM; solid magenta: SAS simulations with the updated CIM and HO, constrained to measurements; and
dashed red: ATom simulations with the updated CIM and OH constrained to measurements).

the MACR production is insensitive to HO; levels, as the 3-ISOPOO radical isomer-
ization channel contributes to the majority of the carbon outflow in the 4-OH system
at extended peroxy bimolecular lifetimes.

The ATom dataset was selected from ATom #1, #3, and #4 flights taken over the
Northern Hemisphere from spring to fall during 2016-2018. As shown in Figure 4,
these flights sampled the air over Greenland, Alaska, as well as the inner land and
coastal areas of North America. Compared with the SAS measurements that focused
on the Southeast US, the ATom dataset covers a much larger span of geographic and
climate conditions. Due to these surface heterogeneities and meteorological varia-
tions that affect the isoprene emissions and chemistry, the compiled vertical profiles
of MACR and MVK scattered widely over the sub-ppb range (~1-300 ppt). Despite
the missing altitude trends, these measurements complement the SAS dataset by
extending the average peroxy bimolecular lifetime from ~25 to ~101 s. The simu-
lated average concentrations of MACR and MVK match corresponding observations
within 14.6% and 15.7%, respectively, across all altitudes in the boundary layer
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Figure 5. CAM-chem sensitivity analysis of the influence of the isoprene ISOPOO interconversion chemistry on the seasonal-average surface con-

centrations of MACR (top row) and MVK (bottom row) over the vegetated continents in 2016

Comparison was performed between the updated Caltech Isoprene Mechanism by this work and the original MOZART-TS1 mechanism in CAM-chem.

(Figures 4B and S5B). It is interesting to note that model simulations of MVK at higher
altitudes are also biased low although to a much lesser extent compared with the
SAS simulations. The underprediction of MVK aloft, or the total of MACR and MVK
in general, is likely caused by the excessive atmospheric aging and transport that
deviate their mass balance from the initial steady state. In addition to MACR and
MVK, the model-predicted HO, levels agree reasonably with measurements taken
via laser-induced fluorescence,® with the best-fit slope of 0.93 on the observation
versus simulation scatterplots, as shown in Figure S7. Simulated OH levels are lower
by 46.7% on average compared with the measurements, consistent with Brune
et al.*® showing that OH observations exceeded modeled values by ~40%. Never-
theless, our model sensitivity analysis suggests that such OH variations have a
limited effect on the simulated vertical profiles of MACR and MVK (Figure 4B). Over-
all, the level of agreement between the observed and modeled vertical profiles
demonstrates that the updated isoprene peroxy kinetics operate effectively within
the temperature range investigated over continental air masses with little to moder-
ate human influence.

Atmospheric implications

We performed a sensitivity analysis using the Community Atmosphere Model with
Chemistry (CAM-chem) version 2.1.0 to assess how the ISOPOO dynamics affect
the temporal and spatial distributions of MACR and MVK worldwide. Figure 5 com-
pares the predicted seasonal-average surface concentrations of MACR and MVK in
2016 using the default MOZART-TS1 mechanism versus the updated CIM. The
MOZART-TS1 mechanism prescribes a fixed yield of 21.6% for MACR and 33.6%
for MVK, respectively, from the OH-initiated oxidation of isoprene, whereas in the
updated CIM, the production of MACR and MVK is a synergistic result of competing
unimolecular and bimolecular reactions that govern the population distribution of
the six ISOPOQ radicals. Upon incorporating the ISOPOO interconversion chemistry
into CAM-chem, the vast majority of vegetated continents across the world show a
remarkable increase in the surface levels of MACR and MVK. The largest increase ap-
pears in tropical rainforests (e.g., Pacific Islands and Amazonia), where the surface
concentrations of these two species nearly double due to rich isoprene emissions
and low-to-moderate NO, levels. Even in developing regions with frequent occur-
rence of pollution episodes featuring hundreds of ppb NO, (e.g., East and Southern
Asia), ~30%-70% increases in MACR and MVK concentrations are still predicted dur-
ing the summer season. This suggests that in most vegetated areas of the world, the
isoprene peroxy interconversion chemistry operates efficiently and competitively,
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and as such, the ISOPOQ distribution is closer to their thermal equilibrium that
favors the production of MACR and MVK than the kinetic distribution created in clas-
sical high-NO, chamber experiments.

The enhanced production of MACR and MVK at intermediate NO levels (~500
ppt—~10 ppb) suppresses the HO, radical regeneration and recycling from isoprene
photooxidation. When the bulk of ISOPOO radical pools is channeled through the
formation of MACR and MVK, the reaction fluxes distributed to the branch of 3-1SO-
POO radicals are consequently reduced. Compared with the default MOZART-TS1
mechanism that prescribes a fixed 40% yield to the lumped 8-ISOPOO radical, the
actual fraction of 3-ISOPOQ radicals can be as low as ~5% at their thermal equilib-
rium distribution. Emerging evidence suggests that isomerization of 3-ISOPOO
radicals followed by a cascade of reactions, predominantly the photolysis of hydro-
peroxyl aldehydes, constitutes a direct source of HO, radicals.***” While reaction
pathways leading to MACR and MVK also contribute to HO; radicals, this HO, pro-
duction mechanism is not unique to the B-ISOPOQO channel. In fact, an equal amount
of HO; radicals can be likewise produced through the 3-ISOPOO+NO reactions.
Further oxidation of MACR and MVK can be considered as OH neutral or even pos-
itive overall, depending on the HO,-to-OH conversion efficiency, but the limited
amount of OH preserved or regenerated falls far short from compensating the frac-
tion being lost due to the suppression of the 8-ISOPOO isomerization pathway. The
daytime average HO, mixing ratios over the vegetated continents can decrease by
up to ~5% when the 3-ISOPOO channel is less favored at extended bimolecular
lifetimes, as shown in Figure S8. The suppressed regeneration and recycling of
HO, radicals further result in a reduction in the surface Oz accumulation, in the
tropical region in particular, as shown in Figure S9.

The NO-dependent MACR yields characterized in this work will aid in a more accu-
rate estimation of the isoprene-derived SOA budget from local to global scales. At
present, most chemical transport models simulate the SOA formation from isoprene
photooxidation by parameterizing the chamber-derived isoprene SOA yields with
the “two-product” or “volatility basis set” approach, e.g., a fixed ~3% isoprene
SOA yield in the presence of NO, and 10 ug m™ absorbing organic aerosols.*®
Recent chamber experiments have suggested that SOA generated from isoprene
photooxidation with NO, is essentially derived from the MACR photochemistry.>”
The mass yield of SOA from the OH oxidation of MACR ranges from ~5% to
~39%, depending on the NO, to NO ratio (in the range of 1.7-10).4° To capture
the heterogeneity in the spatial distribution of isoprene SOA, 3D models are sug-
gested to first parameterize the MACR yields from isoprene photooxidation as a
function of NO and then the SOA yields from the MACR+OH reaction as a function
of the NO/NO; ratio. Taking the southeastern US as an example, the MACR yield
increases by ~44% on average when the ISOPOO interconversion chemistry is
accounted for. Such an increase will result in a ~2%-17% SOA enhancement in
the presence of moderate-to-high level NO, (e.g., NO ~ 0.5-50 ppb and
NO; > 10 ppb).

As the major first-generation products that account for up to ~80% of the oxidized
carbon formed from isoprene photochemistry, MACR and MVK serve as tracers in
probing the fate of isoprene under vastly different conditions spanning from
remote to urban environments. The measured MACR and MVK yields as a function
of varying peroxy bimolecular lifetimes in this work provide strong constraints on
the kinetics of the ISOPOO interconversion and their subsequent isomerization
processes. While further investigations toward a carbon mass closure are
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warranted, the present study clearly demonstrates the widespread operation of
the ISOPOO dynamics in the present atmosphere. The implication is that an
incremental change in the NO, concentration above the background level
will result in an appreciable perturbation in the isoprene oxidation product
distribution with associated impacts on the radical cycling and the production of
ozone and organic aerosols. Looking to the future, projected reductions in global
anthropogenic emissions will further enhance the importance of isoprene chemis-
try in modulating the chemical composition and oxidative capacity of the
atmosphere.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Xuan Zhang (xzhang87@ucmerced.edu).

Materials availability
This study did not generate new materials.

Data and code availability
All data and codes are available from the lead contact upon request.

Chamber experiments and analytical measurements

Experiments were conducted in the 10 m® NCAR Atmospheric Simulation Cham-
ber.*® Prior to each experiment, the chamber was flushed with purified dry air
from an ultra-high purity zero air generator (Model 737, Aadco Instruments) for
>12 h until ozone, and NO, levels were below 1 ppb. During the operation of the
steady-state continuous-flow mode, the chamber was constantly flushed with puri-
fied dry air at 40 L min™", which resulted in an average chamber residence time of
4.17 h. The incoming and outgoing flows were balanced by a feedback control sys-
tem that maintains a constant internal pressure that is 1.2-4.9 x 10~* atm above
ambient. Hydrogen peroxide was used as the OH source (H,O, + hv — 20H,
Jr0, ~ 3.93 X 1077 s7h. Specifically, a 20 mL syringe (Norm-Ject, Henke-Sass
Wolf) held on a syringe pump (Model 100, KDScientific) kept at ~4°C was used to
deliver the H,O; solution (1 wt %, Sigma Aldrich) into a glass bulb that was gently
warmed at ~32°C. The liquid delivery rate was sufficiently slow (200 uL min~") that
all the H,O, vapor was released into the glass bulb through evaporation of a small
droplet hanging on the needle tip. An air stream (5 L/min) swept the H,O, vapor
into the chamber, resulting in an inflow mixing ratio of ~1.3 ppm. Constant NO in-
jection flow in the range of ~1-100 ppb was achieved by diluting the gas flow from a
concentrated NO cylinder (NO = 133.16 ppm, balance Ny). Similarly, isoprene from
a concentrated cylinder (CsHg = 531 ppm, balance Ny) was constantly diluted by the
flushing air to achieve an inflow mixing ratio of ~20 ppb. As reactant-laden air was
continuously flowing through the chamber, it took approximately three turnover
times (~12.5 h) for all reactants to reach steady state in the chamber. Figure S1
shows the temporal profiles of NO,, O3, and isoprene for ten experiments operated
in the continuous-flow mode. Once the concentration of all reactants was stable in
the dark, photooxidation was initiated by irradiating the chamber with 128 fluores-
cent lights (Uno, ~ 1.27 x 1073 s7"). It generally took ~16 h for the chamber air
contents to establish the final steady state, where mass balance was achieved for
all species through inflow supply, outflow dilution, and chemical production and
removal. Two static experiments were performed for the measurements of MACR
and MVK yields under high-NO conditions. H,O, was used as the OH source by
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evaporating 133 plL of 30 wt % aqueous solution into the chamber with 5 L/min of
purified air for ~120 min, resulting in an approximate starting concentration of
4 ppm.*""*? Isoprene and NO were injected into the chamber using the cylinder
sources described above to achieve initial concentrations of ~20 ppb and >300
ppb, respectively. One static experiment in the absence of NO was also conducted
to examine the formation of MACR and MVK under NO,-free conditions. Injections
of H,O, and isoprene followed the same protocols as described in high-NO exper-
iments. The chamber air contents were allowed to mix for ~60 min before the onset
of irradiation.

A suite of instruments was used to monitor gas-phase constituents in the chamber
outflow. O3 was monitored by absorption spectroscopy (Model 49, Thermo Scienti-
fic). NO, was monitored by chemiluminescence (Model CLD 88Y, Eco Physics). In
addition, a customized high sensitivity chemiluminescence instrument with a detec-
tion limit of ~25 ppt was used to detect NO at sub-ppb level. Mixing ratios of
isoprene, MACR, and MVK were measured using a gas chromatograph with a
customized Peltier-cooled pre-concentrator and a flame ionization detector (GC-
FID, Model G1530A, Agilent). Artifacts in the measured MACR and MVK signals
can be produced through thermal decomposition of isoprene oxidation products,
such as the peroxides and epoxides, on contact with hot metal surface.*” A cold
trap was thus used to eliminate these interferences in the interpretation of the
GC-FID data. Specifically, a 1-m section of coiled Teflon tubing was submerged in
a low temperature ethanol bath (—40°C £ 2°C) to trap oxidized products less vola-
tile than MACR and MVK after steady state was established in the chamber. The
quantification of MACR and MVK was then based on the GC-FID measurements
downstream of the cold trap.

Aircraft observations during SAS and ATom

Airborne measurements of MACR and MVK were taken by the TOGA instrument
(supplemental information section “"MACR and MVK measurements by TOGA
during SAS and ATom")*" during the SAS and ATom campaigns. The Nitrogen,
Oxidants, Mercury, and Aerosol Distributions, Sources and Sinks (NOMADSS) exper-
iment under the umbrella of the SAS campaign took place in the summer of 2013.
The experiment flew 19 research flights with the NSF/NCAR C-130 aircraft over
the southeastern US based out of Smyrna, TN. Measurements discussed in this study
were extracted from flights taken on 20, 22, and 29 June over parts of rural Eastern
US covered with various vegetation types. For these three flights, complete datasets
of meteorological parameters, water vapor, CO, SO,, NO,, HO,, Os;, HONO,
methane, VOCs, and photolysis frequencies were downloaded from the SAS
data archive (https://data.eol.ucar.edu/master_lists/generated/sas/). The ATom
campaign was designed to map the remote atmosphere composition over the
globe. It consisted of four individual field campaigns conducted in each of four
seasons, over a 2-year period, using the NASA DC-8 research aircraft to sample
the atmosphere from ~180 m to ~12 km above sea level from the Arctic to the Ant-
arctic over the Pacific and Atlantic Oceans. Measurements discussed in this study
were selected from flights over North America and Greenland (data are accessible
at https://doi.org/10.3334/ORNLDAAC/1581), where the influence of ocean emis-
sions on the measured vertical profiles of trace species is minor.

0D box model

Chamber experiments were simulated by a box model*® with the MCMv3.3.1
(accessible at http://mcm.york.ac.uk). Initial model inputs include temperature
(306 K), local pressure (8.6 x 10* Pa), relative humidity (5%), light intensity
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(Uno, = 1.27 x 1073 s7"), chamber mean residence time (4.17 h), and continuous
inflow of H,O; (~0.6-0.8 ppm), NO (~0.7-96 ppb), and isoprene (~19-21 ppb). The
predicted steady-state HO, concentrations are used for the calculation of the lifetime
of ISOPOO radicals with respect to reactions with HO, and NO, as well as the scaling
factor fgisopoo+No applied to the measured yields shown in Figure 2. The updated
CIM was incorporated into the box model framework for the prediction of MACR and
MVK yields from the isoprene OH oxidation under a range of NO and HO levels shown
in Figure 3. The model was operated with constant radical levels, including OH (2 x 10°
molecules em™3), HO, (0.1-100 ppt), NO (0.01-1,000 ppb), NO, (2 ppb), and NO; (0
ppb), in order to limit the impact of the HO,/NO, cycling inherent in the isoprene chem-
istry on the predicted product yields.

In addition to simulating chamber experiments, the box model was also employed to
simulate the horizontal and vertical distributions of MACR and MVK observed during
the SAS and ATom campaigns. The model was constrained by a comprehensive
suite of in situ measurements that characterize the meteorological conditions and
the chemical composition of air masses sampled by the aircraft, including tempera-
ture, humidity, pressure, CO, NO,, O3, SO,, HONO, biogenic and anthropogenic
VOC:s (including isoprene), and photolysis frequencies of O3, NO,, NO3;, HONO,
HCHO, and H,0, (see details given in Table S2). Predicted diurnal steady-state
levels of MACR and MVK are compared with the TOGA measurements taken during
ATom and SAS flights. Also included in the comparison are simulated and measured
HO, concentrations cross all altitudes, as shown in Figure S7.

CAM-chem

Sensitivity simulations were performed using the CAM-chem model, a component of the
Community Earth System Model (CESM2.1.0), with the MOZART-TS1 chemical mecha-
nism,*> which contains 221 species and 528 reactions. The specified dynamics compo-
nent set (FCSD) was used as the default model settings except for the following: 32 ver-
tical levels were used instead of 56; the meteorology was nudged to Modern-Era
Retrospective analysis for Research and Applications; Version 2 (MERRA2) interpolated
to 32 levels; and the biogenic emissions were expanded to include more species from
the Model of Emissions of Gases and Aerosols from Nature (MEGAN) inventory.? Further
details of these changes are provided in Schwantes et al.*® In the MOZART-TS1 chemical
mechanism, OH oxidation of isoprene yields two peroxy radicals, one of which further re-
acts with NO leading to 22.6% MACR and 33.6% MVK. Updates to the base mechanism
for this study include the following: isoprene reacts with OH to form 4 OH-adducts, which
react with O to form 6 hydroxy peroxy radicals; the O, addition/removal rates are from
the Leuven Isoprene Mechanism? for the 1-OH-adduct system and the CIM for the 4-OH-
adduct system; and each of the hydroxy peroxy radicals react with NO, HO,, NOg,
CH30,, and CH3CO3, and isomerize. The isomer-dependent product yields of MVK
and MACR are updated for these peroxy radical bimolecular and isomerization reactions,
butall other products remain the same as the MOZART-TS 1 chemical mechanism (see the
list of reactions given in Table S3). The updated model simulation was spun-up for
7 months from the base simulation, which was spun-up for 2 years
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