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Abstract. Isoprene has the largest global non-methane hydrocarbon emission, and the oxidation of isoprene
plays a crucial role in the formation of secondary organic aerosol (SOA). Two primary processes are known to
contribute to SOA formation from isoprene oxidation: (1) the reactive uptake of isoprene-derived epoxides on
acidic or aqueous particle surfaces and (2) the absorptive gas—particle partitioning of low-volatility oxidation
products. In this study, we developed a new multiphase condensed isoprene oxidation mechanism that includes
these processes with key molecular intermediates and products. The new mechanism was applied to simulate iso-
prene gas-phase oxidation products and SOA formation from previously published chamber experiments under
a variety of conditions and atmospheric observations during the Southern Oxidant and Aerosol Studies (SOAS)
field campaign. Our results show that SOA formation from most of the chamber experiments is reasonably re-
produced using our mechanism, except when the concentration ratios of initial nitric oxide to isoprene exceed
~2, the formed SOA is significantly underpredicted. The SOAS simulations also reasonably agree with the
measurements regarding the diurnal pattern and concentrations of different product categories, while the total
isoprene SOA remains underestimated. The molecular compositions of the modeled SOA indicate that multi-
functional low-volatility products contribute to isoprene SOA more significantly than previously thought, with
a median mass contribution of ~ 57 % to the total modeled isoprene SOA. However, this contribution is in-
tricately intertwined with IEPOX-derived SOA (IEPOX: isoprene-derived epoxydiols), posing challenges for
their differentiation using bulk aerosol composition analysis (e.g., the aerosol mass spectrometer with positive
matrix factorization). Furthermore, the SOA from these pathways may vary greatly, mainly dependent on the
volatility estimation and treatment of particle-phase processes (i.e., photolysis and hydrolysis). Our findings em-
phasize that the various pathways to produce these low-volatility species should be considered in models to more
accurately predict isoprene SOA formation. The new condensed isoprene chemical mechanism can be further
incorporated into regional-scale air quality models, such as the Community Multiscale Air Quality Modelling
System (CMAQ), to assess isoprene SOA formation on a larger scale.
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1 Introduction

Isoprene (2-methyl-1,3-butadiene, CsHg) is a highly reactive
hydrocarbon that is widely recognized as the most abundant
biogenic volatile organic compound (BVOC) emitted into the
atmosphere (Guenther et al., 2006). Given its large flux glob-
ally and high reactivity, isoprene plays a key role in affecting
the balance of atmospheric trace species such as O3, NO;
(=NO + NO»), and HO, radicals (= OH + HO») and is also
a significant source of secondary organic aerosol (SOA) (Ed-
ney et al., 2005; Kroll and Seinfeld, 2005; Dommen et al.,
2006; Henze and Seinfeld, 2006; Kroll et al., 2006; Surratt
et al., 2006; Lewandowski et al., 2008; Fu et al., 2009; Jaoui
et al., 2010; Surratt et al., 2010). Field measurements indi-
cate high SOA mass concentrations from isoprene, which can
reach 4 pugm~3 or even higher in summertime (Claeys et al.,
2004; Kourtchev et al., 2005; Budisulistiorini et al., 2013;
Hu et al., 2015). Therefore, understanding the isoprene at-
mospheric oxidation and the corresponding SOA formation
mechanisms is of crucial importance for accurate estimation
of ambient PM; 5 mass concentrations, especially in BVOC-
dominant regions.

The gas-phase oxidation of isoprene initiated by both hy-
droxyl radicals (OH) and nitrate radicals (NO3) has been ex-
tensively investigated in laboratory and computational stud-
ies (Mcgivern et al., 2000; Paulot et al., 2009; Peeters et al.,
2009; Crounse et al., 2011; Teng et al., 2017; Wennberg
et al., 2018; Berndt et al., 2019; Guo et al., 2020; Vereecken
etal., 2021; Tsiligiannis et al., 2022; Zhang et al., 2022), with
many different chemical mechanisms having been proposed
(Paulson and Seinfeld, 1992; Carter, 1996; Poschl et al.,
2000; Fan and Zhang, 2004; Taraborrelli et al., 2009; Zhang
et al., 2011; Wennberg et al., 2018). Likewise, in the particle
phase, many isoprene-oxidation-derived molecular species
have also been reported in aerosol samples from field and
laboratory studies that can provide insight into the SOA for-
mation mechanisms (Claeys et al., 2004; Edney et al., 2005;
Kourtchev et al., 2005; Carlton et al., 2009; Surratt et al.,
2010; Lin et al., 2012, 2013; Liu et al., 2016; Schwantes
et al., 2019). While great advances have been made in both
the gas and particle phases, a comprehensive molecular-level
isoprene SOA model is lacking, partly because of the highly
complex processes that can contribute to isoprene SOA under
different conditions. In general, two primary pathways con-
tribute to SOA formation from isoprene oxidation: (1) the
reactive uptake of epoxides on acidic or aqueous particle sur-
faces (Surratt et al., 2010; Lin et al., 2012, 2013; Nguyen
etal.,2014; Y. Zhang et al., 2018) and (2) the gas—particle ab-
sorptive partitioning of multifunctional low-volatility com-
pounds, which are usually formed via multigenerational ox-
idation (Krechmer et al., 2015; Liu et al., 2016; Schwantes
etal., 2019).

SOA formation from the reactive uptake of epoxides gen-
erally refers to the ring-opening reactions of isoprene-derived
epoxydiols (IEPOX) onto aerosols catalyzed by acidity or
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water. The main SOA products from this pathway include 2-
methyltetrols (2-MT), C5-alkenetriols, and isoprene-derived
organosulfates (IEPOX-0OS) (Surratt et al., 2010; Lin et al.,
2012). Both SOA yield and composition from this path-
way vary greatly and depend on many factors, such as par-
ticle surface area, particle acidity, and particle phase state
(Gaston et al., 2014; Nguyen et al., 2014; Xu et al., 2015;
Y. Zhang et al., 2018; Yee et al., 2020). Owing to its re-
ported substantial contribution to ambient PM3 5, this path-
way has been extensively studied in prior laboratory research
(Lin et al., 2012; Nguyen et al., 2014). Many model stud-
ies have also attempted to explicitly model SOA production
from IEPOX reactive uptake (Pye et al., 2013; Budisulistior-
ini et al., 2015). In addition to IEPOX, other epoxide and lac-
tone species, such as methacrylic acid epoxide (MAE) and
hydroxymethel-methyl-a-lactone (HMML), have also been
suggested as significant contributors to isoprene SOA in the
presence of NO, (Lin et al., 2013; Nguyen et al., 2015b;
Riedel et al., 2015). Meanwhile, low-volatility products from
multigenerational oxidation may also contribute to isoprene
SOA, especially for those that maintain the five-carbon moi-
ety (C5-LV). A well-studied example is the fact that iso-
prene hydroxy hydroperoxide ISOPOOH), the direct precur-
sor of [EPOX, was found to undergo OH oxidation and form
highly oxidized low-volatility products that form SOA (see
Fig. 1) (Krechmer et al., 2015; Liu et al., 2016; D’ambro
et al., 2017; Mettke et al., 2023). In addition, N-containing
multifunctional low-volatility species (C5-NLV) from cham-
ber and field measurements suggest that further oxidation of
isoprene nitrates could be another SOA source (Lee et al.,
2016; Schwantes et al., 2019). These low-volatility isoprene
nitrates could be formed from NO,-involved pathways dur-
ing OH oxidation or during nighttime NO3 oxidation (Fig. 1)
(Ng et al., 2008; Schwantes et al., 2015, 2019).

While the basic understanding of these pathways and their
contribution to isoprene SOA formation have been estab-
lished, they have not been fully incorporated into chemical
models, especially for ambient SOA simulations. In early
studies, most regional and global models used highly sim-
plified gas-phase isoprene oxidation condensed mechanisms
such as the Carbon Bond mechanism (Gery et al., 1989;
Yarwood et al., 2005, 2010) and the SAPRC mechanisms
(Carter, 2000; Carter, 2010; Carter, 2023). Most of these
mechanisms are too condensed to comprehensively represent
these low-volatility products that are important for SOA for-
mation (Perring et al., 2009; Archibald et al., 2011). Fur-
thermore, the SOA formation in these early models used
volatility-based yield parameterizations (Odum et al., 1996;
Donahue et al., 2006). Because these parameterizations are
derived from laboratory SOA mass concentrations formed
under specific oxidation conditions, it may bring large un-
certainties to the SOA estimation under realistic conditions
(Marais et al., 2016). In order to better interpret and predict
isoprene SOA, more detailed representations of the isoprene
gas-phase oxidation and multiphase processes are needed
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Figure 1. Simplified reaction scheme for isoprene oxidation by OH and

NOs3. The major low-volatility species that may contribute to SOA

formation are highlighted in dashed boxes. For simplicity, further reactions of the low-volatility species with OH and photolysis, as well as
RO, + RO, reactions, are not shown in the scheme, but they are included in the mechanism.

in chemical mechanisms, especially for the products that
are relevant to SOA formation. In a prior work, Thornton
et al. (2020) incorporated and modified the near-explicit
Master Chemical Mechanism (MCM) into a dimensionless
(0-D) model to simulate isoprene SOA formation from cham-
ber studies. Their model estimations agree well with the ob-
servations in SOA mass concentrations. However, such near-
explicit mechanisms are too large to be applied to regional or
global models. To overcome these issues, a few recent stud-
ies have attempted to apply intermediate-size mechanisms in
large-scale models which include the isoprene gas-phase ox-
idation scheme to a certain extent of detail (Stadtler et al.,
2018; Bates and Jacob, 2019; Miiller et al., 2019). This im-
plementation allowed for simulations of the key gas-phase
products such as ISOPOOH and IEPOX, which turned out
to be very similar to the MCM (Miiller et al., 2019). The
model investigated by Bates and Jacob (2019) estimated that
the global production of isoprene SOA is about one-third
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from each of IEPOX, C5-NLV, and C5-LV. Nevertheless,
not all the important SOA species and formation pathways
were included in these mechanisms; gas—particle partitioning
and particle-phase chemistry were not always considered and
simplified parameterizations were still used in some of these
models. Systematic validation of these mechanisms against
laboratory and field measurements was also lacking.

In this study, we developed a new condensed multi-
phase isoprene oxidation chemical mechanism adapted to the
SAPRC structure (Carter, 2010). The new mechanism repre-
sents isoprene chemistry with an intermediate level of chem-
ical details to include the major SOA species. It was also
made flexible for the inclusion of new isoprene chemistry
that is reported in laboratory, mechanistic, and field studies
(e.g., Wennberg et al., 2018; Vasquez et al., 2020; Mettke
et al., 2022; Carlsson et al., 2023). Lastly, this mechanism is
also implementable into regional or global air quality models
to better represent isoprene chemistry and SOA formation.

Atmos. Chem. Phys., 24, 6153-6175, 2024
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This mechanism was incorporated into a box model to sim-
ulate existing isoprene oxidation chamber experiments un-
der various initial conditions (e.g., OH oxidation, NO3 oxi-
dation, and different NO, levels). The key gas-phase prod-
ucts from all the pathways described above and SOA mass
concentrations were compared with laboratory observations
(where available) and other chemical mechanisms to evalu-
ate the mechanism’s performance. We also applied the new
mechanism to model the 2013 Southern Oxidant and Aerosol
Studies (SOAS) field campaign at the Centreville, AL, site
(Lee et al., 2016; H. Zhang et al., 2018) to elucidate the rel-
ative importance of the various pathways in SOA formation
under real atmospheric conditions. To the best of our knowl-
edge, this is the first time that a comprehensive molecular-
level isoprene SOA mechanism is evaluated using field ob-
servations. Lastly, we also discuss the major uncertainties in
current mechanistic understandings and the needed future re-
search directions regarding isoprene SOA chemistry.

2 Model descriptions

2.1 FOAM-WAM

We use the Framework for zero-dimensional Atmospheric
Modelling (FOAM v3.2) (Wolfe et al., 2016) coupled to the
Washington Aerosol Module (WAM), denoted as FOAM-
WAM, to simulate the isoprene oxidation processes and pre-
dict SOA formation and evolution (Thornton et al., 2020).
FOAM is a flexible and efficient MATLAB-based framework
for modeling zero-dimensional atmospheric chemistry, and
it allows for easy incorporation of new and modified chemi-
cal mechanisms to simulate a variety of typical problems, in-
cluding photochemical chambers and field observations from
the ground and aircraft (Brune et al., 2021; Lyu et al., 2022).
The WAM is a specialized module designed to simulate the
formation and evolution of SOA by explicitly treating the
condensation and evaporation of low-volatility compounds.
In combination, FOAM-WAM provides a comprehensive tool
for studying the interactions between atmospheric gas-phase
chemistry and aerosol processes.

2.2 Gas-phase chemistry

A new isoprene oxidation gas-phase kinetic mechanism was
developed in this study, named UCR-ISOP. It was devel-
oped on top of a version of the SAPRCO7 mechanism that
is currently used in the CMAQ model (i.e., SAPRCO7tic)
(Carter, 2010; Xie et al., 2013). The other chemical mech-
anisms discussed in this work include the MCMv3.3.1 (de-
noted as “MCM” below), the Caltech isoprene mechanism
(the “reduced_plus_v5” version denoted as “Caltech” below)
summarized by Wennberg et al. (2018) and reduced by Bates
and Jacob (2019), the modified MCM by Thornton et al.
(2020) (denoted as “MCM-UW” below), and the isoprene
mechanism proposed by the Forschungszentrum Jiilich (de-
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noted as “FZJ” below) (Vereecken et al., 2021; Tsiligiannis
et al., 2022; Carlsson et al., 2023).

In UCR-ISOP, for the species that were already included
in the SAPRCO7tic mechanism, we have preserved their
nomenclature. For other species, the naming convention is
the same as in the Caltech mechanism, which lumps the iso-
mers with the same functional groups into one compound.
It is to be noted that our new mechanism includes many
multifunctional C5 species which were not included in the
SAPRCO7 mechanism but are pivotal as SOA precursors.
For example, isomers with two hydroxy (—OH) and two hy-
droperoxide (—OOH) groups are now represented by a sin-
gle species, IDHDP. Thus, each of the low-volatility species
shown in Fig. 1 is described as an individual compound that
could represent the sum of several isomers. On the contrary,
certain isomers are individually represented (with some ex-
tent of lumping in certain cases) for several major species, in-
cluding the isoprene hydroxyl peroxy radicals ISOPOHOO,
two isomers), hydroperoxyl aldehydes (HPALD, two iso-
mers), ISOPOOH (three isomers), IEPOX (two isomers),
and isoprene hydroxynitrates (IHN, three isomers). These
species have been extensively studied in the literature and
distinct reactivities and reaction products have been reported
(Wennberg et al., 2018). Maintaining some of the lumped
isomers for these species permits more accurate representa-
tions of their further product distributions. All the abbrevi-
ated names in the UCR-ISOP mechanism are described in
Table S1 in the Supplement. Compared to SAPRCO7tic (38
species and 124 reactions), UCR-ISOP adds 39 additional
species and 118 additional gas-phase reactions. In compar-
ison, the MCM has 610 species and 1974 reactions (re-
lated to isoprene); the Caltech mechanism has 155 species
and 429 reactions. In addition, our mechanism also incorpo-
rates many up-to-date theoretical or experimental findings on
isoprene oxidation and SOA formation, including (1) tem-
perature and pressure dependence of organic nitrate yield
from peroxy radical (RO2) + NO reactions as suggested by
the Caltech mechanism, (2) isomerization reactions for the
major RO, based on recent studies (D’ambro et al., 2017;
Wennberg et al., 2018; Vereecken et al., 2021; Mettke et al.,
2023), (3) dimer formation from several RO, + RO, reac-
tions that were supported by prior chamber experiments (Ng
et al., 2008; Mettke et al., 2023), and (4) the loss pathways
of C5-LV and C5-NLV species via reactions with OH and
photolysis as suggested by either the Caltech mechanism or
extrapolated from analogous reactions in MCM v3.3.1. For
the isoprene + NOj3 reactions, the new FZJ mechanism pro-
posed by recent studies was also incorporated to some extent
as discussed later (Vereecken et al., 2021; Tsiligiannis et al.,
2022; Carlsson et al., 2023).

This mechanism was implemented into FOAM-WAM to
simulate published chamber experimental data under differ-
ent conditions. The model outputs are compared with both
the available measurements and other existing mechanisms
(i.e., the Caltech mechanism and the MCM). It should be
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noted that the mechanism is highly condensed and simpli-
fied for potential application in regional or global models.
Thus, it does not capture all the known chemical reactions in
isoprene oxidation.

2.3 Gas—particle partitioning

In this work, partitioning of low-volatility or semi-volatility
species into the particle phase is parameterized to include
two separate processes: absorptive equilibrium partitioning
into an organic phase (Pankow, 1994; Odum et al., 1996)
and aqueous uptake by liquid water (Wania et al., 2015;
Isaacman-Vanwertz et al., 2016). In general, the condensa-
tion kinetics to particle is calculated as

K A 4\
cond=|-—+— x SA, (1)
D; oaw

where Kcond is the condensation rate (s~1), rp is the particle
radius (cm) obtained from particle size measurements, Dy is
the gas-phase diffusivity (cm?s™!), « represents the mass ac-
commodation coefficient, w is the molecular mean thermal
velocity (cms™!), and SA is the aerosol surface area per vol-
ume (cm®cm™3). In ideal gas—particle partitioning assump-
tions, o = 1 is used, while for nonideal partitioning (e.g., in
the presence of diffusion limitation), @ in the range of 0.1—
1 has been used (Saleh et al., 2013; Zhang et al., 2015).
In Thornton et al. (2020), it was suggested that this range
of o value has little impact on simulated isoprene SOA un-
der chamber experimental conditions. In this work, we will
test the influence of « in the SOAS simulations in sensitivity
analysis.

The evaporation rate back to the gas phase (s~!) is calcu-
lated as

RT COA)l @)

Keyap = Kcond X (Haq x LWC x W + I

where H,q is the estimated Henry’s law constant (M atm™ 1),
LWC is the aerosol liquid water content (ugm™3), R is the
ideal gas constant, T is the temperature (K), Coa is the or-
ganic aerosol mass concentration (ugm~3), and C* is the
saturation concentration (ugm~3). The C* value is calcu-
lated from the vapor pressure, which can be estimated using
EVAPORATION (Compernolle et al., 2011) and SIMPOL..1
(Pankow and Asher, 2008). The calculated C* values for the
major low-volatility and semi-volatility species are listed in
Table S2. When different C* values are estimated for differ-
ent isomers of each low-volatility species, we used the low-
est C*, and the uncertainty of this treatment is tested and
discussed later. When the gas—particle equilibrium is estab-
lished, the fraction of species in the particle phase F}, will be
estimated as

RT C()A)_1 3)

Fp=1—<1+H3q~LWC-W+F
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Under dry conditions, F, will be simplified into 1 — (1 +
Coa/C*)~! given that LWC =0 ugm™3.

2.4 Reactive uptake

All the chamber experiments used in this work to evaluate
the isoprene multiphase mechanism were performed in the
absence of aqueous and acidic sulfate seed aerosols (Kroll
et al., 2006; Ng et al., 2008; Schwantes et al., 2015; Liu
et al.,, 2016; D’ambro et al., 2017; Shilling et al., 2019).
Therefore, the reactive uptake of IEPOX (and other epox-
ides) is not expected to occur in these chamber experiments.
However, in the SOAS field campaign where aqueous parti-
cles containing sulfate were ubiquitous, [EPOX-derived SOA
was reported to be an important contributor to total or-
ganic aerosol (Hu et al., 2015; Xu et al., 2015; H. Zhang
et al., 2018). Therefore, in the application of the model to
the field measurements, in addition to the absorptive parti-
tioning of semi-volatility and low-volatility oxidation prod-
ucts, we also consider the SOA formation from IEPOX re-
active uptake onto acidic and aqueous aerosols. For model-
ing simplicity, only 2-MT and IEPOX-OS are assumed to
be formed from this process. Therefore, the “2-MT” in the
model is likely a summation of 2-MT, C5-alkenetriols, and
other minor IEPOX-derived non-OS species. Measurements
report C5-alkenetriols as a tracer for IEPOX-derived SOA
(Lin et al., 2012), but no formation pathway is known for
these compounds. Some work has indicated that they may
partly be analytical products of other tracers such as [IEPOX-
OS (Rattanavaraha et al., 2016; Cui et al., 2018), but their
origin remains highly uncertain, so no formation mechanism
is included in the mechanism examined here. The IEPOX-
SOA formation is parameterized in the model as follows:

IEPOX () — IEPOX — SOA (zerosol)» “)
SAXxwxy
o = S2ZCXT. )

where ke is the heterogeneous reaction rate of [IEPOX (s’l),
SA is the surface area of the aerosol that IEPOX is taken up
onto (cm?cm™3), w is the mean molecular speed of [EPOX
in the gas phase (cms™!), and y is the reactive uptake coef-
ficient, which can be parameterized using a resistor model
from previous studies (Gaston et al., 2014). This resistor
model can be calculated as

l_rpxw+l+l ©)
Y 4xDgs a Ty

where « is the unitless accommodation coefficient (0.02),
rp is the aerosol particle’s radius (cm), Dgys is the gas-phase
diffusion of IEPOX (cm2 s_l), and the aqueous term, I"yq, is
calculated from the following equation:

 4VRT Hygkyg

- , 7
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where V is the particle volume concentration (cm3cm™3),
R is the ideal gas constant, T is the ambient temperature
(K), o is the gas-phase mean molecular speed (cm s7h
of IEPOX, and k,q is the pseudo-first-order rate constant
(s™1) defined in Sect. S1 in the Supplement. The parame-
ter with the largest uncertainty regarding IEPOX reactive up-
take is Hyq, for which prior studies have used values ranging
from 1.9 x 107—4 x 103 Matm~! (Chan et al., 2010; Gaston
et al., 2014; Schmedding et al., 2020). Here, we choose to
use a median Hpq value of 1.3 x 108Matm_l, which was
predicted by Eddingsaas et al. (2010). In model sensitivity
analysis, it turns out that the IEPOX-SOA concentration is
not very sensitive to the chosen H,q value in this range.

An additional description of this process can be found in
Sect. S1. In the model, the aerosols were assumed to be a
homogeneous mixture of organic and inorganic constituents.
However, the influence of core—shell particle morphology on
reactive uptake is simulated based on the method reported
by Zhang et al. (2018) in sensitivity analyses. The LWC
is predicted using the thermodynamic equilibrium model
ISORROPIA 1I based on the measured concentrations of in-
organic species, including ammonium, nitrate, and sulfate
(Fountoukis and Nenes, 2007). The IEPOX concentration is
from the output of the gas-phase oxidation reactions. In ad-
dition to IEPOX, several other products from isoprene ox-
idation may also undergo reactive uptake, such as HMML
(Nguyen et al., 2015b), MAE (Lin et al., 2013), 1,2-IHN
(Vasquez et al., 2020), glyoxal (Kroll et al., 2005; Carlton
et al., 2007), and the other epoxide products included in the
mechanism (several examples shown in Fig. 1). The reac-
tive uptake of these species is included in the model. For
HMML and MAE, the major reactive uptake products are 2-
methylglyceric acid (MGA) and its corresponding organosul-
fate. The other epoxides which have not been studied in prior
research are assumed to undergo a similar process as IEPOX
in the model that form ring-open alcohols and organosulfates.
In the case of 1,2-IHN, the reactive uptake product is ex-
pected to be a diol (IDH) via hydrolysis that is expected to
quickly evaporate back to the gas phase. The reaction rate is
calculated from LWC, H,q, and the aqueous hydrolysis rate
used in Vasquez et al. (2020). For the reactive uptake of gly-
oxal, because the equilibrium state is quickly established be-
tween aqueous and hydrated glyoxal and the hydrated state is
strongly favored, we adopt the Hyq of 2.6 x 10’ Matm™~! to
calculate the glyoxal-derived aqueous SOA (Hastings et al.,
2005).

2.5 Particle-phase reactions

After low-volatility compounds partition to the particle
phase, they likely continue to undergo chemical evolu-
tion processes. These processes can either decrease organic
aerosol mass such as particle-phase photolysis and hydroly-
sis (Pye et al., 2015; Krapf et al., 2016; Zawadowicz et al.,
2020) or promote SOA formation like accretion reactions
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(Kroll and Seinfeld, 2008). Thus, it is necessary to include or
parameterize these particle-phase reactions in models in or-
der to better predict SOA’s evolving mass concentration and
chemical composition.

In prior work, Surratt et al. (2006) reported substantial for-
mation of peroxides in isoprene SOA formed under NO, -free
conditions, which exhibited a pronounced decrease with ex-
tended radiation time. Consistently, organic peroxides are be-
lieved to be susceptible to photolysis (Chacon-Madrid et al.,
2013) with lifetimes of about 6 d in Los Angeles. Zawadow-
icz et al. (2020) found that the SOA produced from isoprene
oxidation under low-NO, conditions underwent photolysis-
induced mass loss at rates between 1.5 % and 2.2 % of NO,
photolysis (jno,). In order to simulate the SOA decay in
the NO,-free chamber experiments (Kroll et al., 2006; Liu
et al., 2016), we apply a first-order photolysis rate coefficient
that is 2% of jno, to all the products with one or more —
OOH groups formed under NO, -free conditions, as proposed
by Thornton et al. (2020). However, under high-NO, condi-
tions, prior studies did not observe such a rapid SOA mass
decay (Kroll et al., 2006; Schwantes et al., 2019). Thus, we
assume that particle-phase organic nitrate products photolyze
at similar rate coefficients as for the known gas-phase alkyl-
nitrates, which is much slower.

In the SOAS campaign simulations, because of the high
relative humidity (RH) and LWC at the field site, we also
apply hydrolysis reactions for the organic nitrate species in
the simulated isoprene SOA. We assume that their average
lifetime against hydrolysis is 3 h, through which the -ONO;
group is converted to the —OH group (Pye et al., 2015). Other
particle-phase processes such accretion and heterogeneous
OH oxidation are not included in the current model because
the detailed kinetics and mechanisms are highly uncertain.

3 Results and discussions

3.1 Simulations of chamber isoprene oxidation
experiments

3.1.1 Description of chamber experiments

Isoprene oxidation chamber experiments from previously
published datasets were used here to test UCR-ISOP’s per-
formance in simulating trace gas species and SOA formation
under different conditions. These experiments were desig-
nated as UNC-2010/2012 (Zhang et al., 2011, 2013), Kroll-
2006 (Kroll et al., 2006), PNNL-2014 (Liu et al., 2016),
PNNL-2018 (Thornton et al., 2020; Zawadowicz et al.,
2020), Schwantes-2019 (Schwantes et al., 2019), Ng-2008
(Ng et al., 2008), Carlsson-2023 (Carlsson et al., 2023),
and Schwantes-2015 (Schwantes et al., 2015). Kroll-2006
(Run 1-9) and PNNL-2018 were performed under NO,-
free conditions; UNC-2010/2012, Kroll-2006 (Run 9-14),
PNNL-2014, and Schwantes-2019 experiments were per-
formed under high-NO, conditions; and Ng-2008, Carlsson-
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2023, and Schwantes-2015 experiments were performed un-
der NOs3 oxidation conditions. Some of these experiments
were only used for gas-phase mechanism evaluation due to
unavailable particle measurements, and some were also used
to evaluate the SOA simulations. The conditions for these
chamber experiments can be found in Tables S3-S7, and ad-
ditional details can be found in the corresponding literature.

3.1.2 Gas-phase modeling

To evaluate the new UCR-ISOP gas-phase mechanism, we
compared its simulations against the above-described cham-
ber experimental data and other existing mechanisms. The
gas-phase species concentrations that are typically available
for model evaluations are O3, NO,, and isoprene. Quanti-
tative organic product concentrations, although crucial, are
usually unavailable. Therefore, we evaluated the UCR-ISOP
mechanism against isoprene—O3—NO, measurements from
prior high-NO, (UNC-2010/2012) and low-NO, chamber
experiments (Kroll-2006) and against simulated oxidation
products between different mechanisms, including the MCM
(Jenkin et al., 2015), the Caltech mechanism (Wennberg
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et al., 2018), and the SAPRCO7tic mechanism (Carter, 2010;
Xie et al., 2013).

Figure 2a—c show representative examples of the simula-
tion performance of the various gas-phase mechanisms for
three UNC-2010/2012 high-NO, experiments with varied
initial NO, /isoprene concentration ratios. The results in-
dicate that UCR-ISOP can reasonably predict the temporal
evolutions of isoprene, O3, and NO concentrations under a
wide range of initial conditions. The statistical evaluation for
all the simulated experiments is summarized in Fig. 2d—f us-
ing the normalized root mean square error (NRMSE) as the
metric. NRMSE can provide a harmonized assessment of the
average magnitude of errors between the predicted and the
observed values. It appears that the isoprene and NO decay is
modeled very well by UCR-ISOP compared to other mecha-
nisms with a median NRMSE of 0.07 and 0.12, respectively.
The O3 concentrations are modeled reasonably well by all
four mechanisms with median errors less than 0.15. For the
NO prediction, the MCM and the Caltech mechanism pre-
dicted relatively larger bias against measurements with me-
dian errors around 0.2. The simulation-measurement com-
parison for NO, was not examined because the measured
NO; is interfered with by other NO, species (e.g., NO3,

Atmos. Chem. Phys., 24, 6153-6175, 2024



6160 C. Shen et al.: Observation-constrained kinetic modeling of isoprene SOA formation in the atmosphere
il s oaoaaaaal s oaoaa el i1 100 1l L 113l L L3yl 100 L1l R | soaa gl
4 24 4 e .
i - <N 3 Ry F 8] K
3 (@)  [MACR+MVK L (b) ISOPOOH P (c) IEPOX @g@’ E
Q 1 A 4 F
2 1004 % . ] C
5 - e
® 44 Pt
% 1 @ 10 A =
g 2 Ry 8 E
G . E e:
o 3 4
O [ o UNC-2010/2012 | 1
2 o Kroll-2006 C 21
5 & PNNL-2018
% A Schwantes-2019 C 4 3
s -~ 1:1line L ] L 61
----- +30% E 417
T 468 ¢ 4 T S S SN I 254 PR B S 3 AU S BN
100 1 10 100 1 10 100

Caltech simulations (ppb)
1 PR | 1 L

54 I/ L
= (d) i
o P
g . &
2 O
S 2 o&p
E ,"/// (ﬁ
£ e
o 8] R ,O
o 7] A
=) 6 Eaaa
5 5 NG
s 4 )@f
(@)
=R Y N

B

% 1 55758 T 3 5%
1 10° 10" 10°®

Caltech simulations (ppb)

Caltech simulations (ppb)

Caltech simulations (ppb)

Caltech simulations (ppb)
L 11l L i1l

2 (f) C5-NLV
&
6]
4] 2O
4 //O
] =i L
o AL 5 E
6] ‘E]/ ‘
q A Pg
- R e
102 10" 10° 10’ 0.1 1 10

Caltech simulations (ppb)
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HNO3;, alkyl nitrates, N»Os) (Zhang et al., 2011). The perfor-
mances of all the compared mechanisms are in general simi-
lar to each other. These results support the fact that with the
new additions of species and pathways key to isoprene SOA
formation on top of the SAPRC07 mechanism as well as re-
duction of the more explicit mechanisms into UCR-ISOP, the
capability to accurately predict isoprene, O3, and NO, is not
negatively affected.

For the other important gas-phase products such as
ISOPOOH, IEPOX, methacrolein (MACR), methyl vinyl ke-
tone (MVK), IHN, glyoxal, methylglyoxal, and all the mul-
tifunctional low-volatility compounds, comparisons were
made only among different mechanisms since real-time and
quantitative measurements were not available. The results
for the major products and categories (i.e., C5-LV and C5-
NLV) from isoprene OH oxidation can be found in Fig. 3,
and additional comparisons for individual species can be
found in Fig. S1 in the Supplement. In these comparisons,
the predictions for all these products are generally consis-
tent between the UCR-ISOP mechanism, Caltech mecha-
nism, and MCM with some species and conditions more
scattered than the others. Specifically, the six major indi-
vidual and groups of products presented in Fig. 3 show
very good agreement between the three mechanisms, es-
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pecially under the lower concentration ranges, suggesting
that UCR-ISOP does not sacrifice model performance dur-
ing mechanism reduction and can simulate the most impor-
tant products very well under most OH oxidation condi-
tions. However, the mechanism comparisons for some in-
dividual species exhibit larger differences, as illustrated in
Fig. S1. For example, the two low-volatility products from
ISOPOOH + OH oxidation, IDHPE and IDHDP, exhibit op-
posite trends when comparing between the UCR-ISOP and
Caltech mechanisms. This is because we adopted a slower
isomerization rate coefficient for ISOPOOHOO (CsHj;Og,
peroxy radical from ISOPOOH + OH, see Fig. 1) than that
used in the Caltech mechanism (Wennberg et al., 2018)
and other models (D’ambro et al., 2017; Thornton et al.,
2020). Recent work by Mettke et al. (2023) suggested that
the ISOPOOHOO isomerization is ~0.002s~! rather than
the order of 0.1s~! reported by D’ambro et al. (2017) and
Wennberg et al. (2018). Thus, in the UCR-ISOP mechanism,
we chose to use a rate coefficient 10 times slower than the
Caltech mechanism (i.e., 0.01 s_l), which is between the
two very different suggested rate coefficients. This change
greatly affects the yields of IDHPE vs. IDHDP. In addition,
we consider the rapid ISOPOOHOO self-reaction to form the
corresponding carbonyl (C5H1¢Og), alcohol (C5H120g), and

https://doi.org/10.5194/acp-24-6153-2024



C. Shen et al.: Observation-constrained kinetic modeling of isoprene SOA formation in the atmosphere 6161

dimer (C19H22010), suggested by Mettke et al. (2023), with
a rate coefficient of 1 x 10~ cm? molec.™! s~!. This dimer
formation pathway could partly explain the slightly lower
C5-LV simulation using the UCR-ISOP mechanism under
high concentrations (Fig. 3e).

Moreover, the higher ICPDH predictions in the MCM sim-
ulations are due to the fact that the IEPOX-derived RO re-
acting with HO; is assumed to completely form ICPDH,
while in the Caltech and UCR-ISOP mechanisms, a much
smaller branching ratio (~ 35 %) leads to this hydroperox-
ide, and the rest leads to RO that subsequently decomposes.
The latter treatment is likely more reasonable because sev-
eral isomers of IEPOX-derived RO, are tertiary RO, which
were suggested to form RO at high branching ratios by re-
acting with HO, (Kurtén et al., 2017). Another very differ-
ent simulated product is glyoxal, for which the UCR-ISOP
and Caltech mechanisms predict lower glyoxal concentra-
tions than the MCM by a factor of ~ 3. This result is driven
by the combined influence of many reactions. One of the ma-
jor contributors to glyoxal formation in the MCM is from RO
decomposition of C5270, which stems from isomerization of
a first-generation RO from isoprene + OH (CISOPCO, see
Fig. S2). However, we think this is a less likely pathway con-
sidering the multiple complex H shifts involved. Two other
major glyoxal contributors in the MCM are from the NO3
oxidation pathway that will be discussed later.

The gas-phase isoprene + NO3 mechanism has a large un-
certainty and is not consistent among different experimental
studies. The key discrepancy lies in the fates of the alkoxy
radicals (INO) from the primary nitrate RO, (NISOPO2) re-
acting with NO3, HO;, and RO». In the Caltech mechanism
(Wennberg et al., 2018), the B-isomers of INO exclusively
undergo dissociation to form MACR+MVK, formaldehyde,
and NO,, while the §-isomers of INO mainly isomerize
or add Oy to form isoprene carbonyl nitrates (ICN) and
HO,. This mechanism was constrained by prior labora-
tory measurements by Schwantes et al. (2015). In con-
trast, the recent FZJ mechanism suggests that all the INO
isomers predominantly undergo ring-closure reactions to
form epoxide-containing RO,. The two different mecha-
nisms could lead to significant discrepancies in the concen-
trations of MACR/MVK, ICN, HO;, and NO,. Carlsson et al.
(2023) suggested that the FZJ mechanism is likely more ac-
curate by showing that the Caltech mechanism significantly
overpredicts MACR+MVK measured in experiments due
to INO fragmentation. However, Carlsson et al. (2023) also
stated that the FZJ mechanism underpredicts HO;, suggest-
ing missing sources. In the UCR-ISOP mechanism, we seek
to reach a balance between the two isoprene + NO3 mecha-
nisms. We tentatively choose to have 50 % of the 8-1,2-INO
isomer (a major isomer) undergo the ring-closure reaction,
while the rest of the INO does not form epoxides. This leads
to much better agreement with the measured MACR+MVK
than the Caltech mechanism (but still slightly worse than the
FZJ simulations). Figures S3 and S4 show the model results
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in comparison to the experiments in Carlsson et al. (2023)
and Schwantes et al. (2015). Nevertheless, we regard this
as a simplified solution and there are still large uncertain-
ties in this pathway. Future mechanistic studies are needed to
better understand the fates of INO. The lower isoprene car-
bonyl nitrates (ICN) and hydroperoxy nitrates (IPN) in the
UCR-ISOP simulations than the other two mechanisms are
generally found in UNC-2010/2012 conditions (OH oxida-
tion with high NO,., under which NOj3 oxidation of isoprene
is also occurring) and the Schwantes-2015 conditions (NO3
oxidation, Fig. S4). This is in large part due to the differ-
ing treatment of the NO3+ isoprene pathway in UCR-ISOP.
In particular, the MCM assumes that INO exclusively forms
ICN, which is also a major source of glyoxal via ozonoly-
sis and OH oxidation (Fig. S2). Thus, the higher simulated
ICN in the MCM is also a major reason for the higher gly-
oxal predictions. Nevertheless, UCR-ISOP appears to agree
with the Schwantes-2015 experimental data slightly better
for ICN and IPN compared to the other two mechanisms
(Fig. S4). Furthermore, the simulated IDHDN and ICHDN
in UCR-ISOP are both lower than those predicted by the
Caltech mechanism because the INO fates are treated differ-
ently. However, it should be noted that these differences stem
largely from conditions where later-generation RO, from
NOs3 +isoprene reacts with NO. Such conditions are only
prominent in the UNC-2010/2012 experiments. In the real at-
mosphere, NO3 + isoprene is minimal during daytime when
NO may be present. Thus, these differences are less likely to
be as significant as found under the laboratory experiments.
But as stated above, this pathway is still highly uncertain and
requires future investigation.

Furthermore, we considered that NISOPO2 from
isoprene +NO3 undergoes rapid self-reactions at a
rate coefficient of 5 x 107!12¢m3 molec. ™ 1s7!, sug-
gested by Schwantes et al. (2015). In a previous study,
Kwan et al. (2012) proposed dimer formation from
NISOPQO2 + NISOPO2 with a branching ratio of 3 %—4 %
based on gas-phase measurements. However, Ng et al.
(2008) observed a substantial quantity of dimers in the SOA
from the same experiments, suggesting that the actual dimer
formation branching ratio could be much higher given their
very low volatility. In UCR-ISOP, we assume this branching
ratio to be 10 %, which leads to good agreement with the
SOA simulation (see next section). This dimer formation
pathway from NISOPO2 + NISOPO2 could also partly
explain the slightly lower C5-NLV simulation using the
UCR-ISOP mechanism under high concentrations (Fig. 3f).

3.1.3 SOA formation modeling

To evaluate the UCR-ISOP mechanism for SOA formation,
we applied the mechanism to model several chamber ex-
periments and compared the simulated SOA with measure-
ments. The chamber experiments include Kroll-2006 (Kroll
et al., 2006), PNNL-2018 (Thornton et al., 2020; Zawadow-
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icz et al., 2020), PNNL-2014 (Liu et al., 2016), Schwantes-
2019 (Schwantes et al., 2019), and Ng-2008 (Ng et al., 2008).
The detailed model setup can be found in Sect. S2.

Figure 4 shows the comparisons between modeled iso-
prene SOA and observations under different conditions. Un-
der low-NO, OH oxidation conditions presented in Fig. 4a,
a noteworthy consistency between the modeled and mea-
sured SOA is evident. Despite a slightly lower bias in the
modeled SOA derived from the PNNL-2018 chamber, it lies
within a reasonable 50 % uncertainty range. This bias can
be perceived as reasonable given the underlying uncertainty
encapsulating the estimation of C*, measurement and ex-
perimental errors, uncertainties in the assumed particle den-
sity, and the high sensitivity of SOA mass production to
the starting HyO, /isoprene ratio in these types of experi-
ments (Chen et al., 2023). In comparison to the simulations
from Thornton et al. (2020) for the same experiments, our
results show slightly larger discrepancies compared to the
data. This is caused by two main factors. First, we used the
ISOPOOH + OH rate coefficients from the Caltech mecha-
nism, which were obtained from carefully performed cham-
ber measurements (Paulot et al., 2009; St. Clair et al., 2016).
These rate coefficients are slower than those used by Thorn-
ton et al. (2020) by 40 % and 6 % for the major ISOPOOH
isomers. The second reason was described above regarding
the different treatments of the ISOPOOHOO isomerization
rate coefficient and hence the product distributions. These
differences together determine the slightly worse model per-
formance by UCR-ISOP, but as shown in Fig. 4a, the overall
model uncertainty within 50 % is still reasonable.
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Contrastingly, the high-NO, OH oxidation conditions out-
lined in Fig. 4b present a complicated case in the SOA
simulations. When the initial NO/isoprene concentration ra-
tio is relatively low (<2), which corresponds to PNNL-
2014 and some of the Kroll-2006 experiments, the model-
predicted SOA is generally consistent with the measurements
within 50 %, similar to the results under low-NO, condi-
tions shown in Fig. 4a. Under these conditions, the pre-
dicted SOA composition is a mixture of both the low-NO,
products like IDHDP and ICPDH and high-NO, products
like IDHPN and IDHDN. A lower initial NO/isoprene ra-
tio enhances the contribution from low-NO, products, lead-
ing to the overall reasonable simulation—measurement agree-
ment. However, when the initial NO/isoprene ratio is rela-
tively high (> 2), which corresponds to Schwantes-2019 and
some of the Kroll-2006 experiments, there is a discernible
underestimation in the modeled SOA formation, with the
simulations showing in principle negligible SOA formation.
To rule out the possibility that this may be due to the un-
certainties in volatility calculations, we estimate the upper
limit of the SOA mass concentrations by assuming that all
the included low-volatility products (e.g., IDHDN, IDHPN,
ICHNP, IDHCN, and ICHDN) can entirely partition to the
particle phase (Fig. S5). But this still significantly underes-
timates the SOA mass concentrations. This stark deviation
from measurements is not only for the UCR-ISOP mecha-
nism but is a common theme observed in other compared
chemical mechanisms, as shown in Fig. S5. This pronounced
discrepancy unveils a substantial gap in our current under-
standing of isoprene oxidation under high-NO, conditions,
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necessitating a concerted focus by future studies to unravel
the complexities therein.

For the NO3 oxidation of isoprene, as the simulations
shown in Fig. 4c, there is reasonable consistency between
the modeled and measured SOA mass concentration, with
dimers, IDHDN, and IHPDN as the primary contribu-
tors (Fig. S6). For the Caltech and MCM-UW mecha-
nisms (Thornton et al., 2020), the dominant contributors are
IDHPN, IDHDN, and ICHNP. The difference in SOA species
largely comes from the fates of NISOPO2. In the Caltech
mechanism, the dominant sink of NISOPO?2 is to react with
NOj3 and itself to form INO, IHN, and ICN, which will later
be oxidized into IDHPN, IDHDN, or ICHNP. A small frac-
tion of NISOP2 is consumed by HO> to form hydroper-
oxide nitrates and other species like MVK and MACR. In
the UCR-ISOP mechanism, the formation of dimers from
NISOPO?2 + NISOPO2, as described above, also greatly con-
tributes to SOA under this experimental condition. In a re-
cent study, Graham et al. (2023) showed that SOA from
isoprene + NO3 exhibits lower volatility than that from -
pinene + NOs3, supporting the fact that dimers are largely
present in isoprene + NO3 SOA.

In addition to the gas-phase formation mechanisms for
the low-volatility products, the other potential major un-
certainty in simulating isoprene SOA from these chamber
experiments lies in the C* calculations. As described in
Sect. 2.3, the C* values of the low-volatility species are cal-
culated from the vapor pressure, which can be estimated us-
ing EVAPORATION (Compernolle et al., 2011) and SIM-
POL.1 (Pankow and Asher, 2008). Both EVAPORATION
and SIMPOL.1 are group contribution structure—activity re-
lationships, but EVAPORATION includes proximity-based
functional group interactions, so it responds to differences
in the locations of functional groups, while SIMPOL.1 does
not vary based on functional group locations. In the results
shown in Fig. 4, we used EVAPORATION to estimate the
vapor pressures, using the lowest vapor pressure for all the
possible isomers of each low-volatility species. This intro-
duces some uncertainty, as the lowest-volatility isomers are
not necessarily the most dominant isomers, which is not al-
ways obvious due to mechanism reduction. To investigate
how the selections of isomeric structures and vapor pres-
sure estimation methods could affect the simulated SOA,
we compare the simulated maximum SOA mass concen-
trations for the experiments shown in Fig. 4 (experiments
with NO/isoprene > 2 excluded for this comparison) us-
ing different vapor pressure estimation methods and (in the
case of EVAPORATION) isomers with the higher-bound C*
vs. those with the lower-bound C*. The comparison results
shown in Fig. S7 suggest that the model-predicted SOA is
generally lower than the measured values, especially when
the higher-bound C* values are adopted. When the lower-
bound C* values are used (as used in the simulations shown
in Fig. 4), the model prediction is within 50 % compared
to the measurements. Using higher-bound vapor pressures

https://doi.org/10.5194/acp-24-6153-2024

6163

in EVAPORATION or using SIMPOL.1, simulated SOA is
lowered by ~ 20 %. This highlights the needs to better esti-
mate the vapor pressures of multifunctional oxidation prod-
ucts in SOA as they may lead to uncertainties as great as
those from the less constrained chemical mechanisms.

3.2 Simulation of field observations using the
multiphase isoprene chemical mechanism

3.2.1 Model setup

To further evaluate the multiphase isoprene mechanism and
understand the impacts of the various pathways on isoprene
SOA formation under atmospheric conditions, we performed
0-D kinetic box model simulations for the 2013 SOAS cam-
paign and compared our model results with the field obser-
vations. The field site information can be found in previ-
ous literature (Nguyen et al., 2015a; Xu et al., 2015; Lee
et al., 2016; H. Zhang et al., 2018). In the FOAM-WAM
setup, meteorological parameters such as temperature, pres-
sure, RH, and boundary layer height were directly obtained
from the measurements. Photolysis rates in the model were
calculated from real-time solar zenith angle (not adjusted by
cloud coverage). Model inputs including the gas-phase con-
centrations of isoprene, OH, HO,, NO, NO,, NO3, and O3,
as well as the mass concentrations of total submicron or-
ganic aerosols, LWC, and inorganic ions were all constrained
by measurements that were averaged hourly throughout the
campaign. In dealing with missing data, for instances where
data were missing for less than 6 h, linear interpolation was
applied. In cases where the missing data spanned longer,
we used an average diurnal profile derived from measure-
ments taken throughout the entire field campaign. The sub-
micron organic aerosol mass concentrations measured by
time-of-flight aerosol mass spectrometry (AMS) were used
to calculate gas—particle partitioning based on organic ab-
sorptive equilibrium (Pankow, 1994); the inorganic ion con-
centrations, also from AMS measurements, were used to es-
timate aerosol acidity (Song et al., 2018), and the LWC data
were used to calculate aqueous uptake of water-soluble com-
pounds (Wania et al., 2015). The AMS-derived positive ma-
trix factorization (PMF) for IEPOX-SOA was used to com-
pare with our simulated isoprene SOA (Hu et al., 2015). Fur-
thermore, molecular-level measurements of gas-phase iso-
prene products measured in real time by time-of-flight chem-
ical ionization mass spectrometry with CF30~ ionization
(CF307-CIMS) (Nguyen et al., 2015a) and particle-phase
isoprene oxidation products measured by offline thermal des-
orption two-dimensional gas chromatography time-of-flight
mass spectrometry (TD-GC x GC-MS), in situ semi-volatile
thermal desorption aerosol gas chromatography mass spec-
trometry (TAG-MS), and the iodide-adduct CIMS with a fil-
ter inlet for gases and aerosols (FIGAERO) were also used
to compare with the model simulations (Isaacman-Vanwertz
etal., 2016; Lee et al., 2016; H. Zhang et al., 2018).
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Both dry and wet depositions are parameterized and incor-
porated in the box model. For each species, the dry deposi-
tion velocity (cm s~1) is assumed to follow a diurnal pattern
proportional to the cosine of the solar zenith angle, with the
peak value estimated using the parameterization method il-
lustrated in Nguyen et al. (2015a). The dry deposition veloc-
ity for particles is assumed to be 0.2cms™! (Farmer et al.,
2021). The dry deposition rate (s~!) for each species is the
ratio of its dry deposition velocity to boundary layer height.
For the wet deposition, Bi and Isaacman-Vanwertz (2022)
illustrated that the wet deposition lifetime for one species
can be simply estimated only from its Henry’s law constant,
H,q. The detailed precipitation information like droplet dis-
tribution and precipitation intensity has little influence on the
wet deposition lifetime. Thus, in our model, we calculated
the wet deposition lifetime for all species based on Hyq val-
ues and apply the corresponding wet deposition rate (i.e.,
first-order loss at a rate of 5.5 x 107 s~! for the most sol-
uble gases) when precipitation is observed. The H,q values
were estimated from EPI Suite (Card et al., 2017). The es-
timated H,q values were also used for modeling aqueous-
phase uptake. Given the difficulty in quantifying the influ-
ence of advection on local concentrations in the 0-D model,
a first-order dilution rate was added to all species to account
for potential mixing and ventilation. The diurnal variation of
the dilution rate was scaled based on boundary layer height
(Kaiser et al., 2016) with the time-dependent scaling factors
determined such that the modeled MACR + MVK concen-
trations could approximately agree with the measurements.
This is based on the assumption that the MACR and MVK
can be reasonably simulated by the Caltech isoprene mecha-
nism (Zhang et al., 2022). However, as discussed above, this
treatment could have larger uncertainties for nighttime dilu-
tion rate estimation owing to the potential overprediction of
MACR + MVK from isoprene NO3 oxidation by UCR-ISOP.
Nevertheless, the overprediction is only within a factor of 2
(Fig. S3), and the nighttime isoprene concentration is very
low for SOAS. Thus, this is likely less critical than the other
uncertainties discussed in this work.

During the SOAS campaign, because RH is usually at a
moderate to high level (50 %-100 %) and many oxidation
products from isoprene are relatively water-soluble (Fig. S8),
the aqueous uptake of soluble compounds was considered
for the species with H,q larger than 1 x 10’ Matm™!, includ-
ing all the abovementioned low-volatility species as well as
other smaller water-soluble products, such as glyoxal. Fur-
thermore, because the particle phase state is very important
for gas—particle partitioning of low-volatility species and the
reactive uptake of IEPOX (Y. Zhang et al., 2018), the average
O : C ratio (derived from the AMS measurements), organic
mass to sulfate ratio, and ambient RH were used to determine
the particle phase and occurrence of phase separation behav-
ior (Schmedding et al., 2020). Aerosols were found to be in
liquid-like phase and internally mixed most of the time dur-
ing the SOAS campaign at ground level (Fig. S9), suggesting
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that the usage of @ =1 and homogeneous mixing of inor-
ganic and organic species are valid. However, as described
above, we still examined the influence of nonideal partition-
ing and core—shell morphology on simulated isoprene SOA
in sensitivity analyses.

3.2.2 SOAS simulation results

With the hourly constraints of meteorological conditions,
isoprene, and major oxidants (Fig. S10), the model is well
suited to simulate isoprene chemistry at the SOAS ground
site. Because a portion of the HO; concentrations were
from prior CMAQ simulations rather than measurements,
extra verification was conducted by comparing the mod-
eled gas-phase HyO; (mostly from HO, + HO,) with the
measurements (Fig. S11), which shows reasonable agree-
ment. This suggests that the initial isoprene oxidation chem-
istry and ISOPOHOQ’s various unimolecular and bimolec-
ular fates (e.g., reacting with NO and HO,) are expected
to be well represented. This setup should also lead to rea-
sonable simulations of the first- and second-generation ma-
jor products whose chemistry has been well studied. How-
ever, when comparing these gas-phase products between the
simulations and quantitative measurements, especially for
ISOPOOH+IEPOX and IHN, the model overpredicts their
concentrations by factors of 1.8 and 1.9 on average, reach-
ing 2.7 and 3.3 at the daily peak, respectively (Figs. S12
and S13). This overprediction is not only produced by UCR-
ISOP, but also by the Caltech mechanism because these two
mechanisms predict almost identical gas-phase concentra-
tions. It should be pointed out that the loss of these species
via reactive uptake onto acidic and aqueous particles (for
[EPOX and IHN) has already been considered in UCR-ISOP
using kinetic information from the literature (Pye et al., 2013;
Vasquez et al., 2020). For IEPOX reactive uptake, we tested
different H,q values that have been reported in prior studies
(ranging from 1.9 x 107—4 x 108 Matm™"), but the amount
of IEPOX taken up is not very sensitive to this value and this
uncertainty does not help resolve the differences. Thus, the
discrepancy must suggest additional loss pathways for these
species, such as loss via cloud interactions, which is not con-
sidered in the current model. Alternatively, better quantifica-
tion of these key gas-phase intermediates is needed.

The simulated isoprene SOA diurnal medians from three
general categories (i.e., [EPOX-SOA, C5-LV, and C5-NLV)
are shown in Fig. Sa—c along with the respective molecular-
level measurements during the 2013 SOAS campaign. The
C5-LV and C5-NLV represent C5 low-volatility species
without and with nitrogen, respectively. The detailed time
series comparison throughout the field campaign can be
seen in Fig. S14. As shown in Fig. 5a, the measurements
from FIGAERO-CIMS (the “2-MT data”) are the summa-
tion of the estimated concentrations for chemical formulas
of CsH204, assumed to represent 2-MT and CsH{(O3, as-
sumed to represent C5-alkenetriols; those from the filter-
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Figure 5. The diurnal trend of the modeled and measured isoprene SOA from different pathways during the 2013 SOAS campaign. (a) The
modeled diurnal trends of IEPOX-SOA from the reactive uptake pathway. The measured filter-based isoprene SOA by TD-GC x GC-MS
and the measured 2-MT by FIGAERO-CIMS are presented. (b) Comparison between the modeled and measured total C5-LV, the latter of
which is derived from a detailed summation of specific molecular species measured by FIGAERO-CIMS. The dashed line corresponds to
the model results when the reactive uptake of other epoxides is not considered. (¢) Comparison between the modeled and measured total
C5-NLV. The dashed line corresponds to the model results when rapid photolysis of C5-NLV species containing a -OOH group is assumed.
The inserted pie charts in (b) and (c¢) show the relative contributions of several major species to the respective SOA categories. (d) The total
modeled isoprene SOA from different pathways (left y axis). “ISOP-OS” includes both the IEPOX- and other epoxide-derived OS; the colors
blue, purple, and green represent the same categories as shown in (a—c). The diurnal fraction of IEPOX-SOA in total modeled isoprene SOA
is shown with the right y axis. For all the measurement data, the whiskers indicate the 25th and 75th percentiles.

based TD-GC x GC-MS are the non-OS IEPOX-SOA data, suggest that the 2-MT and C5-alkenetriol tracers are likely
including 2-MT, C5-alkenetriols, and other species that cor- partly decomposed from other tracers (e.g., [EPOX-OS) to
relate well with them (H. Zhang et al., 2018). However, it different extents, highlighting the needs to better quantify
has been suggested that the IEPOX-OS may partly decom- these important IEPOX-SOA tracers in future work.

pose to 2-MT and C5-alkenetriols during the thermal des- Figure 5b and c show the median diurnal variations
orption process in GC (Rattanavaraha et al., 2016; Cui et al., of modeled C5-LV and C5-NLV, respectively. The mea-
2018). Thus, the TD-GC x GC-MS measurements could rep- sured C5-LV and C5-NLV are determined from the sum
resent the total IEPOX-SOA to some extent. The diurnal of many molecular species measured by the FIGAERO-
variations from both measurements are characterized by a CIMS with chemical formulas of CsHg_1,05_7 (C5-LV) and
peak in the afternoon and a nadir in the morning. Our mod- CsH7_1105_9N (C5-NLV) (Lee et al., 2016; H. Zhang et al.,
eled IEPOX-SOA nicely replicates this diurnal trend and the 2018). It should be noted that some of these formulas may

magnitude, demonstrating its proficient capacity in mirror- not all be from isoprene oxidation. For instance, C5HgOs5
ing the IEPOX reactive uptake pathway. In contrast to the could also be 3-hydroxyglutaric acid from monoterpene ox-
comparison shown in Fig. 5a, the TAG-MS measurements idation (Claeys et al., 2007). In addition, the quantification

exhibit much higher concentrations, especially during night- of these species in the FIGAERO-CIMS data could have
time and morning (Fig. S15), despite the fact that the TAG- high uncertainties. For example, the C5-NLV species were
MS analysis principle is essentially the same as that by the quantified using an IHN isomer with the highest sensitiv-
TD-GC x GC-MS. The discrepancies in these measurements ity as the surrogate standards (Lee et al., 2016). Thus, the
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quantified C5-NLV is considered the lower limit. For C5-
NLYV species which have lower sensitivity such as carbonyl
nitrates, this quantification approach will underestimate the
concentrations. These abovementioned issues could lead to
uncertainties in quantifying the C5-LV and C5-NLV mass
concentrations. Nevertheless, these measurements are likely
still the best quantitative data available from field measure-
ments. The simulated C5-LV shown in Fig. 5b exhibits simi-
lar diurnal trends and magnitude as the measurements, while
the C5-NLV shows a more significant discrepancy between
the modeled and measured mass concentration (Fig. 5c),
in part due to the quantification uncertainties mentioned
above. It is interesting to note that in the C5-LV simula-
tions, ICPDH, ITHC, and IDHPN in these species can partly
be contributed by the reactive uptake of epoxides other than
IEPOX. As shown in the gas-phase simulations (Fig. S16),
although the other epoxides are smaller than IEPOX, they
may also be important, with the largest epoxides being ICPE
from ISOPOHOO isomerization and ICHE from HPALD ox-
idation. This underscores the need to further study the mul-
tiphase fates of these previously less-studied epoxides. In
addition, the C5-NLV simulations may also be greatly af-
fected if hydrolysis and photolysis rates are treated differ-
ently. For example, as shown in Fig. 5c, if C5-NLV species
containing —OOH groups are allowed to undergo rapid pho-
tolysis like those formed in low-NO, conditions, the simu-
lated C5-NLV may be largely reduced. To gain further in-
sights into the roles of the low-volatility pathways in iso-
prene SOA formation, the modeled molecular contributions
for each SOA category throughout the SOAS field campaign
are investigated. In the C5-LV category, IDHPE and IDHDP
are the two largest contributors (see the pie chart insert in
Fig. 5b), both originating from the oxidation of ISOPOOH
under low-NO, conditions. Interestingly, despite the fact
that IDHPE and IDHDP are predicted to have large con-
centrations in SOAS isoprene SOA, their chemical formula
(C5H 1206, assuming IDHPE opens the epoxide ring in the
particle phase to form hydroperoxyltetrols) was found to be
very low in the FIGAERO-CIMS measurements (D’ambro
et al., 2017). It should be noted that rapid photolysis of these
hydroperoxide compounds have already been considered in
the model. Thus, we suspect that additional multiphase or
bulk-phase reactions also readily take place that further trans-
form these labile species into more stable oxygenated com-
pounds (e.g., products reported by Jaoui et al., 2019). ICPDH
(CsHj0Os) is the third-largest C5-LV species that is formed
from IEPOX + OH oxidation, followed by bimolecular reac-
tion with HO». In the C5-NLV category, ICHNP (CsHoNO7)
primarily from IHN + OH and subsequent RO> (ISOPNOO)
isomerization emerges as the largest contributor (> 70 %,
see the pie chart insert in Fig. 5c). This chemical formula
has been shown to be a major particle-phase organic nitrate
with time series consistent with isoprene SOA during SOAS
(Lee et al., 2016). The other main C5-NLV species, IDHPN
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(CsH{1NO7), can be formed from both ISOPNOO + HO,
and ISOPOOHOO + NO (see Fig. 1).

In Fig. 5d, we present the diurnal variations of the total iso-
prene SOA derived from both the low-volatility and reactive
uptake pathways, offering a holistic perspective on the iso-
prene SOA composition and concentrations stemming from
different formation mechanisms. This comparison suggests
that the explainable non-IEPOX fraction accounts for ~ 57 %
of total simulated isoprene SOA during SOAS throughout
the day, which is unexpected and highlights the importance
of better understanding the reaction pathways in more de-
tail. Notably, this fraction is approximately consistent with
a previous laboratory study (Liu et al., 2015), but the re-
sults shown in the present work are for realistic atmospheric
conditions. In addition, we also compare the simulated low-
volatility SOA (C5-LV and C5-NLV) in correlation with the
[EPOX-SOA with hourly resolution (Fig. S17). It turns out
that the isoprene SOA from these two formation pathways
correlated reasonably well (R?=0.80). In particular, calcu-
lated R? is 0.82 for IEPOX-SOA with C5-LV and 0.35 for
C5-NLV, which highlights a stronger convolution of [EPOX-
SOA with C5-LV than C5-NLV. Interpreting from this strong
time series correlation and based on the way PMF works
in deconvoluting organic aerosol sources (Lanz et al., 2007;
Zhang et al., 2007; Ulbrich et al., 2009), we suggest that the
AMS-PMF analysis may not always effectively separate the
I[EPOX-SOA from the other isoprene SOA, despite the fact
that prior studies have reported a specific AMS-PMF fac-
tor for the ISOPOOH-derived SOA which is quite different
than the well-known IEPOX-SOA factor (Riva et al., 2016).
Therefore, the IEPOX-SOA factor from AMS-PMF, which
was previously considered to represent SOA only from the
IEPOX reactive uptake pathway, could partly include iso-
prene SOA from the LV pathways.

However, a discernible underestimation of our modeled to-
tal isoprene SOA is present when compared to the IEPOX-
SOA factor (Fig. S15), suggesting additional SOA formation
pathways from isoprene oxidation in the atmosphere that our
mechanism does not include. Furthermore, the observed dis-
crepancy between modeled results and actual measurements
could be exacerbated if slow gas—particle partitioning and
core—shell particle morphology are considered. In the sen-
sitivity test shown in Fig. S18, such an adaptation in the
model could lead to a further decrease in peak IEPOX-SOA
estimates by ~ 40 %, consistent with Y. Zhang et al. (2018),
but negligible change for non-IEPOX SOA due to slow par-
ticle diffusion and partitioning, consistent with Thornton
et al. (2020). In chamber experiment simulations discussed
above, we failed to simulate SOA formation under initial
NO/isoprene ratios higher than 2. But during the SOAS cam-
paign, the Centreville site is always under low-NO, con-
ditions with this ratio usually lower than ~0.1 (Fig. S10).
Thus, it is unlikely that this unrepresented SOA formation
explains the model underestimation. In our model, we exten-
sively included pathways that lead to multifunctional low-
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Figure 6. The comparisons of the C5-LV and C5-NLV formation pathways. (a,b) The modeled diurnal concentrations of
ISOPOOH + IEPOX (precursors for C5-LV) and IHN (precursors for C5-NLV). (¢, d) The modeled diurnal RO, production rates for C5-LV
RO; (i.e., ISOPOOHOO and IEPOXOO0) and C5-NLV RO; (i.e., ISOPNOO). (e, f) The modeled diurnal concentrations of gas-phase C5-LV
and C5-NLV. In (a—f), the simulations are for the gas phase only. (g,h) The influence of LWC on particle-phase C5-LV and C5-NLV mass
concentrations. Simulated scenarios include LWC =0 ug m—3 (red), LWC set to be a factor of 10 lower than actual concentrations (olive),
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products increase from 0.1 to 0.91 under SOAS conditions.

volatility products which retain the isoprene C5 backbone.
Thus, it is possible that some fragmentation products (<C5)
may also contain multiple functional groups through fur-
ther oxidation and contribute to SOA formation. For these
species, we only included SOA from HMML+4MAE as they
are well-studied isoprene SOA precursors (Lin et al., 2013;
Nguyen et al., 2015b). This could partly explain the observed
model—-observation discrepancy. Moreover, although dimer
formation from RO; 4+ RO, reactions is considered in the
model in both the daytime and nighttime pathways with rapid
reaction rate coefficients and high branching ratios, it is pre-
dicted to be low under the SOAS conditions. However, prior
studies suggested that the formation of dimers from isoprene
RO; and monoterpene RO, may be prominent under condi-
tions like the SOAS site (Tiszenkel and Lee, 2023). This pro-
cess is not included in our mechanism because the monoter-
pene chemistry is not explicitly described. To better under-
stand the isoprene SOA molecular composition from these
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pathways, especially in atmospheric aerosols, future research
is certainly warranted.

It is also remarkable to note that the predicted C5-NLV
mass concentration is nearly as high as (ratio ~0.91) that
from the C5-LV category at daily maximum during SOAS,
despite the fact that the field site is an isoprene-dominant
forest area with low NO,. For reference, the major gas-
phase intermediates for C5-NLV (IHN) are about a factor of
10 lower than those for C5-LV (i.e., ISOPOOH + IEPOX)
(Fig. 6a and b). The strong contrast suggests that the IHN
oxidation pathway is much more efficient in producing LV
SOA than the ISOPOOH + OH and IEPOX + OH pathways.
We suggest that this results from several effects. First, the
OH oxidation of ISOPOOH and IEPOX produces C5-LV
RO; (i.e., ISOPOOHOO and IEPOXOO0) at smaller branch-
ing ratios than C5-NLV RO; (ISOPNOO) production from
IHN + OH (Wennberg et al., 2018), and IEPOX has a life-
time ~ 5 times longer than IHN against OH. These kinetic
differences lead to a reduced difference between the pro-
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duction rates of the C5-LV RO, and the C5-NLV RO; to
a factor of ~4 (Fig. 6¢ and d). Furthermore, ISOPNOO is
more effective to be converted to ICHNP (dominant C5-
NLV species) under the SOAS conditions in comparison
with ISOPOOHOO and IEPOXOO to IDHPE, IDHDP, and
ICPDH. As shown in Fig. S19, the pseudo-first-order rate of
RO, against bimolecular reactions (kro,,1st) during SOAS
estimated using HO» and NO measurements is < 0.02s™!
during most times of day. Thus, the unimolecular isomer-
ization of ISOPNOO (~ 0.04-0.08 s~ 1) outcompetes its bi-
molecular reactions and directly produces the most abundant
C5-NLV species, ICHNP at 100 % yield. In contrast, the uni-
molecular isomerization rate constant of ISOPOOHOO is
similar to kro,,1st, while that of IEPOXOO is fast but pro-
duces C5-LV products at much lower yields (Wennberg et al.,
2018). As a result, the produced C5-NLV / C5-LV ratio in the
gas phase is further reduced to a factor of only ~ 2 (Fig. 6e
and f). Lastly, the presence of LWC brings particle-phase C5-
NLV and C5-LV concentrations even closer because LWC
more prominently enhances SOA formation for the C5-NLV
species. As shown in Fig. S8, the C5-NLV species have
the highest Hyq values. This leads to the high sensitivity of
this category to LWC. In contrast, the LWC allowing for
IEPOX reactive uptake diminishes formation of some of C5-
LV species from IEPOX oxidation. As a result, in the sensi-
tivity analysis shown in Fig. 6g and h, one can see that the
C5-NLV mass concentration and ratio over C5-LV both sub-
stantially increase as LWC is enhanced from 0 to the SOAS
ambient level. These comparisons indicate that formation of
organic nitrates in SOA can be important even for low-NO,
environments.

4 Future directions and atmospheric implications

While the molecular-level understanding of isoprene oxida-
tion chemistry has improved significantly, it is still challeng-
ing to include all the process in a multiphase chemical mech-
anism for laboratory and atmospheric SOA predictions. This
work first presents such a condensed chemical mechanism
for modeling gas-phase isoprene oxidation chemistry as well
as SOA with the major molecular products represented. Our
condensed mechanism provides a substantial step toward im-
proved model estimation of isoprene-derived SOA, includ-
ing both multigenerational oxidation leading to low-volatility
products and the reactive uptake pathways. In the process of
developing and evaluating the new mechanism by compar-
ing with other mechanisms and data from chamber studies
and field measurements, it is recognized that significant un-
certainties remain in understanding isoprene oxidation chem-
istry and SOA formation. Thus, we consider this mechanism
to be a starting point with flexibilities for future updates.
Among the many uncertainties, a few major ones are sum-
marized here. First, there are large discrepancies in isomer-
ization rate coefficients for some key isoprene RO, and RO
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species between different measurements and between ex-
periments and computational calculations. These rate coef-
ficients may be crucial for determining the RO, and RO
fates and hence product distributions, especially under at-
mospheric conditions where unimolecular isomerization (for
RO;) can be more important. An example we show in this
work is that the difference in RO, fates plays a significant
role in controlling the C5-NLV composition and formation
efficiency: in the SOAS simulations, the ISOPNOO uni-
molecular isomerization outcompetes its bimolecular reac-
tions to directly produce the most abundant C5-NLV species,
ICHNP at 100 % yield. Instead, under laboratory experi-
mental conditions, bimolecular reactions of ISOPNOO likely
dominate its fate and produce other C5-NLV species at
smaller yields. These striking differences highlight the chal-
lenge to mimic atmospheric oxidation conditions in labora-
tory experiments and the fact that distinct RO, fates can sig-
nificantly shift the product distributions. Besides, gas-phase
dimer formation from RO, + RO; reactions should be better
understood. This is a need not only for the isoprene chem-
istry, but also for other VOC systems (e.g., monoterpenes). It
can be even more complex but important when RO; + RO,
reactions occur across different VOC systems. Moreover, we
suggest that the gas-phase mechanisms for isoprene + NO3
as well as the high-NO,, pathways are not well understood in
terms of how and what low-volatility products are formed. In
addition, we show that our model does not accurately predict
the atmospheric concentrations of major gas-phase products
such as ISOPOOH, IEPOX, and IHN in the SOAS field cam-
paign. We regard this to be a lack of understanding of their
missing sinks, rather than their formation chemistry, because
the mechanisms and kinetics for their production are likely
well understood from prior laboratory studies. Investigating
the missing sinks could be crucial for improving our under-
standings of areas such as cloud processes.

Regarding isoprene SOA formation, a major uncertainty
lies in the gap between the predicted total SOA and the
measurements from a variety of techniques (e.g., AMS,
FIGAERO-CIMS, and GC-based techniques). It is certainly
crucial to resolve the differences between these measure-
ments and examine the possible decomposition processes
during analyses. We also suggested that part of the gap is due
to the SOA species with carbon numbers smaller than 5 not
being represented in the current mechanism. But it should
be noted that the gap is more significant during nighttime
and morning, especially when comparing the simulations
with measurements by TAG-MS and AMS, which exhibit
a smaller diurnal pattern than the model (e.g., comparing
Figs. S15 and 5d). The source of this nighttime SOA is
not well described by the model, warranting future inves-
tigation. In addition, the vapor pressure estimation of the
low-volatility species could also introduce uncertainty. This
uncertainty may be a greater challenge in cases where iso-
mers are lumped into a condensed mechanism. Furthermore,
prior studies have extensively studied the reactive uptake of
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IEPOX (Surratt et al., 2010; Lin et al., 2012, 2013; Nguyen
et al., 2014; Y. Zhang et al., 2018). Here, we show that if
the other epoxides formed from isoprene oxidation undergo
similar reactive uptake reactions, they may also contribute to
SOA formation. These epoxides should be more thoroughly
studied in future research. Lastly, significant uncertainties re-
main for the particle-phase reactions. In the current mecha-
nism, we simplified the photolysis for hydroperoxides and
hydrolysis for organic nitrates by using the same photoly-
sis and hydrolysis rate coefficients, respectively. But we also
show that the total isoprene SOA mass concentrations and
compositions could be greatly affected by these parameters.
In addition, other particle-phase reactions such as oxidative
aging and accretion are not well constrained but are impor-
tant to bridge molecular-level measurements and model pre-
dictions.

Despite the uncertainties, the model can reasonably pre-
dict the mass concentration and composition of isoprene
SOA in the SOAS field campaign, estimating the contribu-
tions from different pathways in the ambient environment.
Our model results also highlight that the low-volatility path-
ways contribute greatly to isoprene SOA formation. We ex-
pect that their importance could be even higher in the future
given that the emissions of sulfur and nitrogen are reduced.
Implementing the multiphase mechanism into air quality
models in future studies may provide new insights into iso-
prene SOA chemistry at regional and global scales.
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