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ABSTRACT: The lack of statistically robust relationships between IEPOX (isoprene
epoxydiol)-derived SOA (IEPOX SOA) and aerosol liquid water and pH observed during
the 2013 Southern Oxidant and Aerosol Study (SOAS) emphasizes the importance of
modeling the whole system to understand the controlling factors governing IEPOX SOA
formation. We present a mechanistic modeling investigation predicting IEPOX SOA based
on Community Multiscale Air Quality (CMAQ) model algorithms and a recently
introduced photochemical box model, simpleGAMMA. We aim to (1) simulate IEPOX
SOA tracers from the SOAS Look Rock ground site, (2) compare the two model
formulations, (3) determine the limiting factors in IEPOX SOA formation, and (4) test the
impact of a hypothetical sulfate reduction scenario on IEPOX SOA. The estimated IEPOX
SOA mass variability is in similar agreement (r2 ∼ 0.6) with measurements. Correlations of
the estimated and measured IEPOX SOA tracers with observed aerosol surface area (r2 ∼
0.5−0.7), rate of particle-phase reaction (r2 ∼ 0.4−0.7), and sulfate (r2 ∼ 0.4−0.5) suggest
an important role of sulfate in tracer formation via both physical and chemical mechanisms. A hypothetical 25% reduction of
sulfate results in ∼70% reduction of IEPOX SOA formation, reaffirming the importance of aqueous phase chemistry in IEPOX
SOA production.

■ INTRODUCTION

Particles with aerodynamic diameters less than 2.5 μm (PM2.5)
are known to affect human health and regional climate forcing.1

Organic aerosol (OA) constitutes a large fraction of PM2.5

mass.2 In summer, biogenic secondary organic aerosol (SOA) is
a major fraction of OA and plays an important role in the
spatial and temporal distribution of aerosol optical thickness,
potentially causing regional cooling over the southeastern
United States.3−5

Isoprene (2-methyl-1,3-butadiene) emission is estimated to
be 600 Tg yr−1,6 which makes it the most abundant
nonmethane volatile organic compound (VOC) emitted
globally. It also plays a substantial role in SOA production.7

On average, isoprene-derived SOA tracers account for up to

20% of total OA observed in the southeastern U.S. (SE US),
and compounds derived from isoprene epoxydiol (IEPOX)
chemical pathways can account for >95% of isoprene SOA.8,9

IEPOX-OA, a positive matrix factor linked to IEPOX-derived
SOA (IEPOX SOA) tracers, comprises one-third of ambient
organic aerosol mass in urban and rural areas in the SE US,9−11

suggesting a regional source. Among isoprene-derived SOA
tracers, 2-methyltetrols (tetrols) and their sulfate ester
derivatives (organosulfates) contribute ∼33% and ∼34% of
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IEPOX-OA, respectively, at the Look Rock (LRK), Tennessee
site.9

Inclusion of biogenic and anthropogenic SOA precursors and
mechanisms in the Community Multiscale Air Quality
(CMAQ) model improves the temporal correlation between
predicted and semiempirical secondary organic carbon (OC).12

Addition of the acid-catalyzed reactive uptake mechanism of
IEPOX into CMAQ further improves predictions of tetrols
against field measurements.13 Using the updated SOA module
in the CMAQ model, Karambelas et al.14 reported a strong
correlation between predicted and observed IEPOX SOA,
although the simulations underestimate the measurements by
an order of magnitude.
McNeill et al.15 introduced GAMMA (Gas-Aerosol Model

for Mechanism Analysis), a detailed photochemical box model
of aqueous-aerosol SOA (aaSOA) formation. A version of
GAMMA with simplified aqueous reaction mechanism,
simpleGAMMA, has been shown to be computationally
efficient and suitable for coupling with large-scale atmospheric
chemistry models.16 The aqueous aerosol phase mechanism in
simpleGAMMA treats SOA formation from glyoxal and
IEPOX.
IEPOX-derived organosulfates (IEPOXOS) and tetrols,

which have been quantified in laboratory experiments,17,18

have been shown to contribute up to half of all known IEPOX-
derived aerosol-phase species in the southeastern U.S.8,9 The
accepted formation pathway for IEPOX SOA is through acid-
catalyzed ring-opening reactions of isoprene epoxides in
concert with nucleophilic addition in aqueous particles.18−20

An airborne study over the southeastern U.S. found a strong
dependency between IEPOXOS and acidic sulfate aerosol.21

However, ground-based studies in the eastern US suggest weak
or no correlation between IEPOX SOA and aerosol pH or
liquid water content (LWC), but a positive correlation with
sulfate.9,11 Additionally, a preliminary modeling study employ-
ing simpleGAMMA found good correlation (r2 ∼ 0.6) between
estimated IEPOX SOA and measurements made during the
2013 Southern Oxidant Aerosol Study (SOAS) campaign.9

This study aims to investigate the formation of two IEPOX
SOA tracers, IEPOXOS and tetrols, using CMAQ and
simpleGAMMA algorithms, and evaluate the model response
to perturbations that replicate atmospheric conditions.
Predictions from these two different algorithms are compared
with measurement results from the 2013 SOAS campaign. Only
two IEPOX SOA tracers are predicted and investigated by these
algorithms since they are the most abundant tracers during the
entire field observation.9 Limiting factors in IEPOX SOA
formation are investigated and the IEPOX SOA response due
to changes in SOx emission were estimated.

■ MATERIALS AND METHODS

Two different representations of IEPOX SOA formation were
implemented in box-model form, namely CMAQ-box and
simpleGAMMA, using conditions representative of the SOAS
Look Rock (LRK) site.
CMAQ-box. CMAQ-box is based on the algorithms in the

CMAQ model, which are detailed in the work of Pye et al.13

Briefly, CMAQ treats IEPOX SOA formation as heterogeneous
uptake of gaseous IEPOX into the aerosol phase as a first order
reaction:

→IEPOX IEPOXSOAg( ) (R1)

Governed by a first order heterogeneous rate constant, khet,
22

such that

= −d
d
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SA is the aerosol surface area (μm2 cm−3) upon which uptake
occurs, ν is the mean molecular speed (m s−1) in the gas phase,
and rp is the effective particle radius (cm). Dg is the diffusivity of
IEPOX in the gas phase, which is estimated as Dg = 1.9
cm2s−1(MW)−2/3, with MW as molecular weight (g mol−1).15

The heterogeneous reaction is parametrized using a reactive
uptake coefficient (γ) calculated with the following.23,24

γ α
ν= +

* −RT D k q q
1 1

4H
1

coth( ) 1/a particle (3)

Here, α is the accommodation coefficient (0.02),15 H* is the
Henry’s Law coefficient (M atm−1), R is the gas constant, T is
temperature (K), Da is diffusivity in the aerosol phase (1 × 10−9

m2 s−1),25 q is the diffuso-reactive parameter r k D( / )p particle a ,

and kparticle is the pseudo-first order rate constant (s−1) for
reaction of IEPOX in the aerosol phase. This formulation
allows for the model to predict whether the particle-phase
reaction will occur throughout the particle, or as a surface
process based on the relative time scales for reaction (1/kparticle)
vs aerosol-phase diffusion (rp

2/Da). The Henry’s law coefficient
was set to 3 × 107 M atm−1 based on the value measured by
Nguyen et al. and used in CMAQ starting with v5.226 and
simpleGAMMA v1.0.16

simpleGAMMA. A detailed description of simpleGAMMA
is available in Woo and McNeill.16 Briefly, simpleGAMMA
represents IEPOX SOA in terms of aqueous uptake followed by
aqueous-phase reaction23 to form IEPOX SOA consisting of
tetrols and IEPOXOS:

→ →IEPOX IEPOX IEPOXSOAg( ) (aq) (R2)

Formation of the aaSOA of IEPOX SOA (mol L−1 of
aerosol) is given by
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where, PIEPOX is the gas-phase partial pressure of species
IEPOX. rk,aq are the rates of formation or decomposition of
IEPOX due to chemical reactions in aerosol phase (rk,aq =
kparticle[IEPOX(aq)]). kmt,IEPOX is the gas-to-aerosol mass transfer
coefficient of IEPOX, which can be described as follows:16
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Particle-Phase Reaction Parameters. The particle-phase
reaction rate constant for IEPOX is calculated assuming
protonation of the epoxide oxygen and nucleophilic addition
in both CMAQ and simpleGAMMA following an A2
mechanism by Eddingsaas et al.19 While CMAQ does not
treat NH4

+ as an acid for epoxide uptake purposes, we
implemented kparticle such that it was the same in both
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simpleGAMMA and CMAQ-box calculations using the most
recent values from literature which included updating the
organosulfate formation rate constant following Riedel et al.27

Thus, the particle-phase rate constant for both CMAQ and
simpleGAMMA simulations in this study is

= +

+ +

−

+ −

+ + −

+ + − +

k k a k

k k a

LWC [HSO ]LWC

[NH ]LWC [SO ]
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4

4 4
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aH+ is the proton activity which represents aerosol acidity.
ISORROPIA-II28 was used to estimate aH+ as well as
nucleophile concentrations (SO4

2−, HSO4
−, NH4

+, and LWC
in mol L−1 of aerosol) based on aerosol species (SO4

2−, NO3
−,

Cl−, and NH4
+ in μmol m−3) measured at the LRK site by an

Aerodyne Aerosol Chemical Speciation Monitor (ACSM) and
ammonia from the Ammonia Monitoring Network (AMoN)
(Supporting Information (SI) Table S1). Updating the particle-
phase reaction scheme to include NH4

+ protonation reaction
with IEPOX29 does not significantly change (increase by 5%)
prediction of kparticle (SI Figure S1). The resulting nucleophile
concentration used as input to the box models is not the same
as the ACSM measured values since the estimation considers
the contribution of inorganic ions (e.g., NO3

−, NH4
+, etc.) and

organics to total aqueous-phase aerosol particle volume in the
air (SI Figure S2).
All particles were assumed to consist of one internally mixed

organic−inorganic phase consistent with the dominant phase
state for highly oxygenated organic aerosol in a humid
environment;26,30 indeed RH is high enough (0.77 ± 0.10) at
LRK so that phase separation is unlikely to occur, and pH is
considered to be homogeneous across the aerosol particle
volume.31 Aerosol water was estimated based solely on the
uptake from inorganic species using ISORROPIA-II and used
as input to CMAQ-box and simpleGAMMA. Organic water was
not considered in the calculations owing to the unavailability of
organic aerosol water (or hygroscopicity) measurements. Water
associated with organic species could contribute 35% of total
aerosol water in southeastern US11,31 (especially during
nighttime) and modulate aerosol pH by ∼6%,31 compared to
only considering inorganic-associated aerosol water. This effect,
although a source of uncertainty (for acidity and other species
concentration), does not modulate aerosol water more than 2-
fold (SI Figure S3) nor considerably affect the correlations
between SOA tracers and particle volume (SI Table S2).
Therefore, considering only aerosol water associated with
inorganic aerosol species is sufficient for our study.
The ISORROPIA-II outputs as well as other parameters

described in SI Table S1 are used in the base case simulation of
IEPOXOS and tetrol formation. SOA tracer mass formed over
12 and 6 h of aqueous processing is compared with
measurements from Budisulistiorini et al.9 briefly described in
the following subsection. The rate constants for catalysis by H+,
HSO4

−, and NH4
+ used in CMAQ and simpleGAMMA are

provided in Table 1. Repartitioning of tracers back to the gas
phase is not considered in this study. Organosulfates are

expected to have very low volatility, with a vapor pressure of 1.7
× 10−8 Torr at ambient temperature (estimated using eqs 1 and
2 by Li et al.32). There is considerable uncertainty surrounding
the gas-particle partitioning of tetrols.33 Although they are
relatively semivolatile in pure form (vapor pressure of 1.6 ×
10−5 Torr34), they are observed in unexpectedly high
concentrations in ambient particles, and their partitioning
cannot be described using equilibrium models, pointing to an
unquantified potential role of in-particle oligomer formation.35

In light of this uncertainty, they are assumed to be nonvolatile
in the model calculations in this work.
The speciation of IEPOX SOA between tetrols and

IEPOXOS in both models was determined based on the
relative rates of precursor conversion to tetrols and IEPOXOS.
Specifically,

β β= × + −IEPOXSOA IEPOXOS (1 )tetrols (7)

where β is the fraction of products resulting in an organosulfate
and is as follows

β =
−

+ − +k a

k

[SO ]HH ,SO 4
2

particle

4
2

(8)

This relative rate of tracer formation holds provided
conversion of IEPOXOS to tetrols is slow.

Field Measurements. Field measurements at the SOAS
LRK ground site provided inputs for the model simulations and
IEPOX SOA tracer concentrations for model evaluation.
Ambient temperature, RH and aerosol concentrations were
obtained from measurements9 and summarized in SI Table S1.
The sum of IEPOX and its gas-phase precursor ISOPOOH
were detected as [CH3COO·C5H10O3]

− ion at m/z 177 by an
Aerodyne high-resolution time-of-flight chemical ionization
mass spectrometry (HR-ToF-CIMS) using acetate reagent ion
chemistry. As reported in Budisulistiorini et al.,9 the instrument
had similar sensitivities toward both gaseous compounds, which
allowed us to estimate the IEPOX concentration as

=
+

m
b

IEPOX
/z177signal

1 (9)

where b is the concentration of ISOPOOH relative to IEPOX
predicted by Weather Research and Forecasting Community
Multiscale Air Quality (WRF-CMAQ) for LRK36 as a function
of hour of day (SI Table S3).
Tetrols and IEPOXOS were quantified during the 2013

SOAS campaign at the LRK ground site and details are
available in Budisulistiorini et al.9 Briefly, PM2.5 samples were
collected onto prebaked Tissuquartz filters (Pall Life Sciences,
8 × 10 in) with three high-volume PM2.5 samplers (Tisch
Environmental, Inc.). Each sampler collected PM2.5 every 3 h
during the high-NOx and SOx periods (intensive sampling
periods), and every 11 h during the low-NOx and SOx periods
(regular sampling periods). From each filter two 37 mm
punches were extracted in separate precleaned scintillation vials
with 20 mL high-purity methanol (LC-MS Chromasolv-grade,

Table 1. Rate Constants for Aqueous Aerosol IEPOX SOA Formation Catalyzed by H+, HSO4
−, and NH4

+ in CMAQ-box and
simpleGAMMA

species nucleophile added ki,H− [M−2 s−1] ki,HSO4

− [M−2 s−1] ki,NH4

+ [M−2 s−1]

2-methyltetrols water 9.00 × 10−4a 1.31 × 10−5a 3.10 × 10−7b

IEPOX-derived OS sulfate 1.27 × 10−3c

aEddingsaas et al.19 bNguyen et al.29 cBased on tetrols: IEPOXOS ratio from Riedel et al.27
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Sigma-Aldrich) by sonication for 45 min. One punch was used
for analysis by gas chromatography interfaced to an electron
impact-mass spectrometer (GC/EI-MS) and the other one was
used for ultra performance liquid chromatography coupled to
both diode array detection and high-resolution quadrupole
time-of-flight electrospray ionization mass spectrometry
(UPLC/DAD-ESI-HR-QTOFMS).
Tetrol concentrations were analyzed by GC/EI-MS

(Hewlett-Packard (HP) 5890 Series II Gas Chromatograph
equipped coupled to an HP 5971A Mass Selective Detector)
with prior trimethylsilylation of filter extracts by reaction with
100 μL of BSTFA + TMCS (99:1, v/v, Supelco) and 50 μL of
pyridine (anhydrous, 99.8%, Sigma-Aldrich) at 70 °C for 1 h.
Tetrols were quantified using authentic standards synthesized
in-house.9

IEPOXOS concentrations were analyzed by UPLC/DAD-
ESI-HR-QTOFMS (Agilent 6500 series system equipped with
a Waters Acquity UPLC HSS T3 column) with prior
reconstitution of filter residues in 150 μL of a 50:50 (v/v)
solvent mixture of methanol (LC-MS Chromasolv-grade,
Sigma-Aldrich) and laboratory Milli-Q water (18.2 MΩ).
IEPOXOS were quantified using an authentic standard
synthesized in-house.9

Sensitivity Simulations. We performed sensitivity simu-
lations to examine the effects of atmospheric processing time
on the concentration of predicted tetrols and IEPOXOS.
Processing times of 12 and 6 h provide bounds on the amount
of time needed in the atmosphere for IEPOX to produce SOA
and fall within the range of PM2.5 sampling time. However, if
the Henry’s Law coefficient for IEPOX were higher, as
measured by Gaston et al. (1.7 × 108 M atm−1), or lower, as
predicted by HenryWin (Pye et al.,13 2.7 × 106 M atm−1) the
processing time required to produce a given concentration of
tracer would be shorter or longer, respectively. Thus, it is not
possible for us to separate the effects of processing time from
Henry’s Law coefficient in a robust way.
To examine the potential model sensitivity of IEPOX SOA

formation to SO2 emissions, sulfate mass concentrations in the
model were reduced by 25%.37 The other conditions (i.e., total
ammonia, RH, temperature) remained similar to the base case.
ISORROPIA-II was used to propagate the effects of the
reduced total sulfate concentration on the concentrations of
acids (H+, NH4

+, and HSO4
−) and LWC. The effect of reduced

mass on volume and SA was also propagated using the expected
changes in mass. These were then used as input to CMAQ-box
and simpleGAMMA.

■ RESULTS AND DISCUSSION
Tracers Estimation and Comparison to Observations.

CMAQ-box and simpleGAMMA predict variability in IEPOX
SOA formation well, as indicated by good correlation (r2 ∼ 0.6)
of predicted tracer concentrations with the measurements
(Figure 1). In this study, the 12 h processing time is assumed to
reflect atmospheric photooxidation time during a day, while
short processing times are consistent with observations of
IEPOX SOA in the southeast U.S. that have shown diurnal
trends reach a maximum around noon.9,10 Figure 1 shows that
12 h processing time in both CMAQ and simpleGAMMA
results in an overestimation of the sum of tetrol and IEPOXOS
mass by a factor of 2−3. A closer mass agreement of estimated
vs observed IEPOX SOA tracers is achieved when the model
processing time of aaSOA is shorter at 6 h (SI Table S4). While
processing time does not affect the correlation between

predictions and observations for each model, it affects the
magnitude of model predictions. At an integration time of 12 h,
CMAQ-box overpredicts tetrol mass (slope = 2.3, SI Table S4),
and under-predicts IEPOXOS (slope = 0.7). For simpleGAM-
MA, tetrol mass is overpredicted (slope = 3.25) and IEPOXOS
is estimated well (slope ∼1). By reducing the integration to 6 h,
both models underpredict IEPOXOS mass (slope = 0.4−0.5, SI
Table S4, Figure 2), but better estimate tetrol mass (slope = 1−
1.5). The overestimation of tetrols might be attributed to
repartitioning to and/or production in the gas phase33,35 that is
not considered in the model. The underestimation of
IEPOXOS and overestimation of tetrols also suggests that
Riedel et al.27 may underestimate the organosulfate formation
rate constant relative to the tetrol formation rate constant. The
PM2.5 samples were integrated over 3−11 h sampling time.9

Thus, assuming 6 h model processing time is reasonable and
within the range of filter measurements.
The predicted speciation between IEPOXOS and tetrols (β =

0.13 ± 0.05) is similar to previous laboratory results for bulk
solutions that are predominantly bisulfate vs sulfate such as in
the work of Eddingsaas et al.19 (β = 0.09 for 1.0 M H2SO4).
Note that β = 0.4 is used in standard GAMMA15 and
simpleGAMMA16 and corresponds to the most concentrated
bulk solution studied by Eddingsaas et al. (0.1 M H2SO4 with
3.0 M Na2SO4).

19 Piletic et al.38 predicted a higher rate
constant for aqueous IEPOX reaction with sulfate than the
value used here from Riedel et al.27 A sensitivity simulation with
the organosulfate formation rate constant of Piletic et al.38

resulted in 0.35 < β < 0.61. The third order organosulfate
formation rate constants determined by Riedel et al.27 and
implemented here are designed to be independent of sulfate
concentration. To get the overall rate of reaction, the rate
constants are multiplied by the concentration of sulfate and
LWC (eq 6). Thus, the effect of differences in sulfate
concentration between the laboratory and field conditions is
captured in the model. The reactive uptake coefficient of
IEPOX (γIEPOX) using the experimental values of Riedel et al.

27

is estimated to be 3.2 × 10−4 on average but ranged between
9.0 × 10−7 and 2.4 × 10−3. The values overlap with the low end
of ranges previously measured for reactive uptake of trans-β-
IEPOX on sulfate seed aerosol of varying acidity (2.0 × 10−4 to
7.0 × 10−2).39,40

Governing Model Processes. The particle-phase reaction
rate (eq 6, Table 1) and physical parameters used in
simpleGAMMA and CMAQ are intentionally made the same
in this study to eliminate potential differences in predictions
due to different chemical parameter choices. The difference

Figure 1. Comparison of sum of SOA tracers (i.e., IEPOXOS and
tetrols) estimated by models (simpleGAMMA and CMAQ-box) with
measurements during 2013 SOAS. 12 h simulation results are depicted
as solid circles, whereas 6 h simulation results are shown in open
triangles. Shorter simulation time resulted in lower slopes but no
change in correlation values.
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between the two models lies in the formulation of the uptake of
IEPOX. CMAQ-box represents the uptake of IEPOX as an
irreversible heterogeneous process onto a particle surface (khet),
whereas simpleGAMMA calculates equilibrium mass transfer
between the gas and aerosol phases according to Henry’s Law
at each time step. SimpleGAMMA allows for unreacted IEPOX
in the aqueous particle phase while CMAQ-box does not. The
reactive uptake formulation of CMAQ does, however, allow for
potential mass transfer limitations in the particle that would
result in a surface-based reaction instead of reaction in the bulk.
Figure 1 indicates that simpleGAMMA tends to give slightly
higher estimates of SOA mass than CMAQ-box. Differences in
predictions between the two models were attributed to different
dependencies on the representation of aerosol size. Specifically,
CMAQ-box explicitly depends on aerosol SA while simple-
GAMMA depends on aerosol volume. The SA, liquid volume
(wL), and radius input (rp) for both models were estimated
from observations of dry SA, mass concentrations, and dry size
distributions. Uncertainty in corrections of those quantities for
aerosol water using thermodynamic models could result in
slight inconsistencies in physical properties; especially, since
atmospheric aerosols are not monodisperse and uniform
particles, surface-area-weighted and volume-weighted proper-

ties may be different.41 simpleGAMMA resulted in higher

aerosol concentrations than CMAQ-box when
·

w
r

3
SA

L

p
was greater

than 1 which occurred in all but three cases. When =· 1w
r

3
SA

L

p
,

simpleGAMMA and CMAQ-box algorithms yield the same
predictions of total IEPOX-derived aerosol. Thus, higher
simpleGAMMA predictions can be attributed to its higher
dependency on aerosol volume (wL).
Strong correlations (r2 ∼ 0.7) are found between kparticle and

estimated tracers, and moderate correlations are found for
kparticle and measured tracers (r2 0.4−0.5) (Figure 3a). In
addition, moderate correlations are also found between sulfate
and estimated and measured tracers (Table 2). IEPOXOS
formation is governed by kH+

,SO4
2− (rate constant for [H+]-

[SO4
2−]). Marais et al.42 reported that effect of sulfate on aH+

Figure 2. Time traces of IEPOXOS and tetrols as predicted by simpleGAMMA and CMAQ-box model (solid bars) in comparison with
measurements (solid red line) during 2013 SOAS.

Figure 3. Correlation between estimated IEPOXOS (solid purple circle) and tetrols (open green triangle) by CMAQ and simpleGAMMA in μg m−3

as well as measured tracers during 2013 SOAS at LRK with model variables: (a) kparticle, (b) gas-phase IEPOX (mol cm−3), (c) aerosol surface area
(SA, cm2 cm−3), (d) liquid water content (LWC, mol L−1), and (e) aH+ (mol L−1). Both models estimate the tracers for 6 h processing time.

Table 2. Correlation Values (r2) of IEPOXOS and Tetrols
with Aerosol Sulfate Measured by ACSM

simpleGAMMA CMAQ-box measurements

IEPOXOS 0.48 0.36 0.36
tetrols 0.54 0.41 0.35
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and volume leads to a strong correlation between IEPOX SOA
and sulfate measurements. Correlation between kparticle and
IEPOX SOA tracers in this work suggests that the rate of
particle-phase reaction, indicated by kparticle, plays an important
role in model predictions. This is consistent with Marais et al.,42

while in contrast with observations of no correlation between
IEPOX-OA factor and aH+ from Look Rock9 and Centerville11

ground sites during 2013 SOAS campaign. The lack of
correlation between IEPOX SOA and aH+ in previous studies
might be due to the fact that aH+ from the field measurements
was estimated based on ion balances and molar ratios of dry
aerosol and did not use a thermodynamic model.37 In addition,
previous estimates of aH+ did not consider how organic
compounds occupy particle volume, thus diluting aH+ (SI
Table S2).
Local gas-phase IEPOX is weakly correlated with tracer

masses estimated by CMAQ (r2 ∼ 0.3) and simpleGAMMA (r2

∼ 0.3−0.4) (Figure 3b). Small differences in correlation values
indicate that gas-phase IEPOX input plays a similar role in each
model. The weak correlation is consistent with ambient data
and indicates that there is little correlation between gas-phase
IEPOX and the measured tracers (r2 ∼ 0.15−0.35), likely
because it is not a limiting factor.
Investigation of the roles of SA and aH+, as illustrated in

Figures 3(c) and (e), suggests that they could be limiting
factors for IEPOXOS and tetrol formation in simpleGAMMA,
CMAQ, and the ambient atmosphere. SA and aH+ are correlated
with tracers estimated by both models (r2 ∼ 0.5−0.7) and
moderately correlated with the measurements (r2 ∼ 0.3−0.5).
On the contrary, aerosol volume does not correlate (r2 ≤ 0.2)
with tracers from model predictions or field observations (SI
Figure S4b). Further, we evaluate the significances of kparticle and
SA variables to SOA tracers (IEPOXOS and tetrol) predicted
by CMAQ-box model, and aH+ and sulfate variables to kparticle
through multivariate regression analysis. The results reaffirm
that kparticle and SA are significant (p-value < 0.05) to IEPOXOS
and tetrol predictions as well as aH+ and SO4

2− to kparticle (SI
Table S5). These suggest the importance of aH+, SA, and SO4

2−

to the prediction of the SOA tracers. Despite simpleGAMMA
not having an explicit dependence on SA, it shows similar
behavior to both CMAQ-box and the ambient data in terms of
a strong correlation of predictions with SA, but not volume. SI
Figure S5a shows a strong correlation between sulfate and SA
(r2 = 0.75) but weaker correlation with aerosol volume (r2 ∼
0.4). This suggests that the sulfate concentration in the fine
aerosol may more strongly dictate SA than volume, because its
size distribution is at the upper range of fine aerosol.43

In addition to sulfate and aH+, aqueous-phase chemistry in
both models is driven by aerosol liquid water content.
Interestingly, no correlation (r2 ≤ 0.2) is found between
estimated and measured tracers and aerosol liquid water
content (Figure 3d) and RH (SI Figure S4a), which is
consistent with field observations.9,11 Aerosol liquid water
content is also not correlated (r2 ∼ 0.1) with the dry aerosol
volume from measurements and the estimated wet aerosol
volume as shown in SI Figures S6(a) and (d), respectively. This
is consistent with field observations at Look Rock9 suggesting
that LWC might not be a limiting factor for IEPOX SOA
production at this site.
The low correlations (r2 ∼ 0.3−0.4) between LWC and SA,

and LWC and sulfate (SI Figures S6(d) and (e) respectively)
can be explained in terms of their temporal variability. Sulfate is
a regional pollutant with a minimal diurnal variation (SI Figure

S7), while RH and LWC have pronounced diurnal cycles; given
this and that LWC scales linearly with sulfate amount and
exponentially with RH, we expect RH variability to drive the
LWC variability. To support this, we repeat the correlation
calculation between LWC and sulfate for narrow RH ranges (SI
Figure S8a) and find r2 to be much higher (0.5−0.6). Similarly,
a slightly stronger correlation is found between LWC versus SA
for narrow RH ranges (r2 ∼ 0.5−0.6; SI Figure S8b), suggesting
an impact of RH variability to SA variability. A stronger
correlation between LWC and aH+ at the lower RH range (r2 =
0.90; SI Figure S8c) compared to that at the higher RH range
(r2 ∼ 0.5) indicates a significant impact of RH on aH+. In
addition, LWC can serve to dilute aH+.

Effect of Sulfate Reduction on Estimated SOA.
Ambient data and modeling in the previous section suggests
that sulfate plays a significant role in IEPOX SOA formation
through its effects on SA and particle-phase reaction rate. Using
the CMAQ model, Pye et al.13 showed a SOx reduction resulted
in a more significant reduction of isoprene-derived SOA
compared than a similar NOx reduction. Furthermore, SOx
reductions have also been observed to be correlated with
organic aerosol in ambient measurements in the SE US.44,45

In this study, we find that a 25% sulfate reduction results in a
∼70% decrease in the predicted tetrol concentration and ∼75%
decrease in IEPOXOS (Figure 4). Due to the decrease of

sulfate, the proton activity (aH+) decreases up to 64%. These
results indicate sulfate (a proxy for SOx) reductions are about a
factor of 2 more effective in reducing IEPOX SOA than was
found by Pye et al.13 (see figure associated with abstract), which
might be related to the examination of different years with
different aerosol loadings (2006 in Pye et al.13 vs 2013 here)
and the higher rate constant for reaction with sulfate in this
work as well as the difference in using a box model versus 3-D
chemical transport model. Figure 4 indicates the IEPOXOS
concentration is slightly more sensitive to changes in sulfate
than the tetrol concentration. Reductions in sulfate aerosol
mass do not change LWC (in mol L−1 of aerosol) substantially
(∼13% reduction; SI Figure S9) since RH is more influential to
LWC than sulfate.

Atmospheric Significance. Previous studies have ob-
served large discrepancies between model estimations and
measurements of organic aerosol46 and in particular IEPOX
SOA.14 Improvements in model representations of SOA are
important for environmental policy and management, and for
establishing an effective predictive capability, which is the
ultimate goal of atmospheric chemistry research.47 This study
provides a comparison between two model estimates and

Figure 4. Reduction of (a) IEPOXOS (purple), and (b) tetrols
(green) mass concentration estimated by CMAQ and simpleGAMMA
as a result of 25% reduction in sulfate. Vertical bars represent 1-
standard deviation of average percent reduction of each model
prediction.
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measurements of IEPOX SOA (i.e., IEPOXOS and tetrols).
IEPOXOS and tetrols observed at the SOAS-LRK site are
estimated well by simpleGAMMA and CMAQ-box (r2 ∼ 0.6).
The particle-phase reaction rate computed from the acids and
nucleophile concentration in the particle, influences IEPOXOS
and tetrol formation (r2 ∼ 0.6−0.7 in the models). In addition,
aerosol physical characteristics (i.e., surface area) are observed
to have strong correlations with aerosol sulfate and IEPOX
aerosol tracer concentrations in both models and measure-
ments. The significant reduction of IEPOX SOA from a 25%
reduction of SOx emission (implemented as a sulfate aerosol
reduction) observed in this study highlights the nonlinear
(synergistic) interactions between anthropogenic and biogenic
emissions in the atmosphere.
In locations where aqueous-phase glyoxal chemistry may also

play a significant role in isoprene SOA formation, for instance
in urban environments, simpleGAMMA should be further
evaluated as it includes the mechanism of SOA formation from
glyoxal uptake.16 GEOS-Chem42 also includes aqueous-phase
glyoxal chemistry in its representation of isoprene SOA and this
may be the reason that the total isoprene-SOA in GEOS-Chem
is less sensitive to SOx (abstract figure) than individual IEPOX
SOA tracers, such as 2-methyltetrols and IEPOXOS.
Furthermore, a full-scale chemical transport model calculation
may show a more moderate response to emission changes
compared to a box model since multiple aerosol pathways
would be considered. Estimates with CMAQ that did not
consider acid-catalyzed reactive uptake of IEPOX, previously
suggested 50% of biogenically derived SOA in the eastern U.S.
is controllable.4,7 The work here suggests that the estimate is
too low since aqueous phase IEPOX SOA is sensitive to SOx
emission changes.
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Table S1. Variables used in ISORROPIA-II, CMAQ-box and simpleGAMMA models. 

Model Quantity Units Source of Estimate 

SO4
2- µmol m-3 ACSM 

NO3
- µmol m-3 ACSM 

Cl- µmol m-3 ACSM 

NH4
+ µmol m-3 ACSM 

NH3 µmol m-3 Ammonia Monitoring Network (AMoN) 

IEPOX+ISOPOOH mol cm-3 HR-ToF-CIMS 

Aerosol surface areaa cm2 cm-3 SEMS-MCPC 

RH fraction NPS  

Temperature °C NPS  

LWCb mol L-1 ISORROPIA-II 

SO4
2-b mol L-1 ISORROPIA-II 

HSO4
-b mol L-1 ISORROPIA-II 

NH4
+b mol L-1 ISORROPIA-II 

H+b mol L-1 ISORROPIA-II 

pH  Calculated from ISORROPIA-II outputs 

wLc cm3 cm-3 Calculated from ISORROPIA-II outputs and 
observed organic aerosol 

2-methyltetrols µg m-3 GC/EI-MS 

IEPOX-OS µg m-3 UPLC/DAD-ESI-HR-QTOFMS 
ameasured dry surface area was adjusted for the presence of water using aerosol water predicted by 

ISORROPIA-II: 𝐴 = 𝐴!"# ∗
!!"#$%&"!'

!!"#$%&"!'
+ !!"#

!!"#
+ !!"#$%

!!"#$%
/ !!"#$%&"!'

!!"#$%&"!'
+ !!"#

!"#

!/!
, where Mi is the mass 

of i per volume of air and ρi is the density of the species. 
baqueous-aerosol phase concentrations (Ci) obtained from ISORROPIA-II in mol L-1 were adjusted for the 
inclusion of organic aerosol (from the ACSM) prior to use in CMAQ and simpleGAMMA box model 
calculations: 𝐶!  =  𝐶!,!"#$$#%!& 𝑤𝐿!"#$$#%!&/𝑤𝐿 
ctotal liquid aerosol volume per volume of air including ISORROPIA-II predicted aqueous aerosol 
(sulfate, water, etc) and organic aerosol: 𝑤𝐿 = 𝑤𝐿!"#$$#!"# +𝑀!"#/𝜌!"#  
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Table S2. Correlation values (r2) between the SOA tracers formed over 12 hours processing time and model variables. Measured SOA 

tracers are also correlated with the model variables. 

 Tetrol (µg m-3) IEPOXOS (µg m-3) 
 CMAQ simpleGAMMA Measured CMAQ simpleGAMMA Measured 
 w/o corr. w/ corr. w/o corr. w/ corr. w/o corr. w/ corr. w/o corr. w/ corr. w/o corr. w/ corr. w/o corr. w/ corr. 

kparticle 
(s-1) 

0.26 0.68 0.16 0.69 0.07 0.39 0.36 0.68 0.30 0.71 0.23 0.46 

IEPOX(g) 
(mol cm-3) 

0.53 0.30 0.40 0.31 0.15 0.15 0.55 0.30 0.47 0.37 0.35 0.35 

SA 
(cm2 cm-3) 

0.63 0.55 0.69 0.72 0.46 0.59 0.50 0.55 0.61 0.61 0.48 0.48 

LWC 
(mol L-1) 

0.06 0.11 0.01 0.19 0.01 0.16 0.12 0.11 0.07 0.12 0.08 0.05 

𝑎!!  
(mol L +) 

0.30 0.50 0.20 0.53 0.09 0.32 0.40 0.55 0.34 0.64 0.26 0.50 

RH 
 

0.05 0.00 0.01 0.00 0.00 0.00 0.12 0.01 0.06 0.02 0.07 0.07 

Volume 
(cm3 cm-3) 

0.17 0.13 0.41 0.23 0.33 0.18 0.08 0.10 0.24 0.12 0.14 0.06 

w/ corr. and w/o corr. respectively refer to variables with and without liquid water added to the measured dry-size distribution to get the 
atmospherically relevant size distribution particles and organics added to the predicted particle volume by ISORROPIA. 
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Table S3. CMAQ predicted IEPOX and ISOPOOH for the Look Rock, TN site averaged by hour 

of day for July 2013. CMAQ simulations for this time period are the same as those in Pye et al. 

(2015). 

Hour Predicted 
ISOPOOH 

Predicted 
IEPOX 

Predicted 
IEPOX/ISOPOOH 

Predicted 
ISOPOOH/IEPOX (b) 

EST=GMT-5 ppt ppt ratio ratio 

0 42 152 3.24 0.28 

1 39 142 3.41 0.28 

2 40 139 3.77 0.29 

3 43 142 4.24 0.30 

4 42 146 4.52 0.29 

5 35 133 4.08 0.26 

6 29 105 3.11 0.27 

7 40 116 2.44 0.34 

8 70 162 2.25 0.43 

9 103 187 1.65 0.55 

10 131 198 1.36 0.66 

11 154 216 1.33 0.71 

12 173 248 1.40 0.70 

13 187 282 1.53 0.66 

14 199 324 1.67 0.61 

15 187 345 1.83 0.54 

16 183 336 1.84 0.54 

17 164 278 1.78 0.59 

18 134 207 1.70 0.65 

19 109 167 1.66 0.65 

20 86 153 1.91 0.56 
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Hour Predicted 
ISOPOOH 

Predicted 
IEPOX 

Predicted 
IEPOX/ISOPOOH 

Predicted 
ISOPOOH/IEPOX (b) 

21 65 143 2.25 0.46 

22 55 151 2.59 0.36 

23 48 163 3.01 0.29 

 

Table S4. Correlations of estimated and measured IEPOXOS and tetrols.  

Estimated 
tracer 

simpleGAMMA CMAQ-box 

 r2 Slope r2 Slope 

  t = 12 h t = 6 h  t = 12 h t = 6 h 

IEPOXOS 0.60 1.04 ± 0.09 0.52 ± 0.04 0.57 0.74 ± 0.08 0.37 ± 0.04 

Tetrols 0.53 3.25 ± 0.30 1.51 ± 0.14 0.50 2.27 ± 0.25 1.14 ± 0.12 

 
 

Table S5. Multivariate regression analysis of relationships between kparticle and SA to SOA tracers 

prediction (IEPOXOS and tetrols) as well as between 𝑎!! and SO4
2- to kparticle.  

 r2 p-value 

Equation S1: IEPOXOS 0.70  

Intercept   6.27 x 10-6 

kparticle  8.51 x 10-7 

SA  4.66 x 10-2 

Equation S2: Tetrol  0.73  

Intercept   1.25 x 10-7 
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 r2 p-value 

kparticle  1.99 x 10-5 

SA  5.19 x 10-4 

Equation S3: kparticle 0.89  

Intercept  2.11 x 10-4 

𝑎!!  6.25 x 10-19 

SO4  2.82 x 10-5 

Multivariate regression models are:  

𝐼𝐸𝑃𝑂𝑋𝑂𝑆 = 𝑎 + 𝑏 ∙ 𝑘!"#$%&'( + 𝑐 ∙ 𝑆𝐴  (S1) 

𝑡𝑒𝑡𝑟𝑜𝑙 = 𝑎 + 𝑏 ∙ 𝑘!"#$%&'( + 𝑐 ∙ 𝑆𝐴  (S2) 

𝑘!"#$%&'( = 𝑎 + 𝑏 ∙ 𝑎!! + 𝑐 ∙ 𝑆𝑂!   (S3) 
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Figure S1. Effect of adding NH4

+ protonation reaction with IEPOX in kparticle (s-1) is negligible as 

showed by slope of 1.05 for both CMAQ and simpleGAMMA.  

 

Figure S2. Scatterplots of [SO4
2-] measured by the ACSM at LRK site (x-axis) versus (a) output 

of the ISORROPIA-II, and (b) input used in the SOA model (CMAQ and simpleGAMMA). 
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contribution of other inorganic ions and organics, as described in the footnote of Table S1. Thus, 

the values are different from SO4
2- measured by ACSM.  

	

	

Figure S3. Fraction of inorganic (red), organic (green) and liquid water (blue) in the aerosol. 

 

Figure S4. Correlation between estimated IEPOXOS (solid purple circle) and tetrols (open green 

triangle) by CMAQ and simpleGAMMA in µg m-3 as well as measured tracers during 2013 

SOAS at LRK with model variables: (a) relative humidity (RH) and (b) aerosol volume (Vol., 

cm3 cm-3). RH is on average 0.77 ± 0.10 during the entire SOAS campaign.     
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Figure S5. Correlation between aerosol surface area (SA) and liquid volume with sulfate mass 

concentration from ACSM measurements for (a) base case and (b) sulfate reduction scenarios. 

Reduction of sulfate does not impact correlation between sulfate, SA and volume.  
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Figure S6. Dry aerosol surface area (SA) and volume measured by SEMS-MCPC (a), and 

sulfate aerosol measured by ACSM (b) show no relationship with estimated aerosol liquid water 

directly from ISORROPIA-II (excluding organic aerosol), whereas estimated proton activity 

(𝑎!!) has a negative relationship (c). Aerosol SA and volume determined by SEMS-MCPC, 

ISORROPIA-II, and observed organic aerosol information (d), sulfate aerosol measured by 

ACSM (e), and estimated 𝑎!! (f) show a relationship with estimated aerosol liquid water when 

water, organic aerosol, and inorganic aerosol are properly included.  

 

d 

e 

f 

a 

b 

c 



  S12 

 

Figure S7. Diurnal trends of RH, LWC and sulfate at LRK site.  

 

Figure S8. Scatterplots of (a) sulfate (SO4
2-), (b) aerosol surface area (SA), and (c) acidity (𝑎!!) 

versus LWC classified for RH ranges of 0.6 – 0.7 and 0.8 – 0.9. 
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Figure S9. Effects of SO4

2- reduction to proton activity (𝑎!!) and aerosol liquid water content 

(LWC) variables are presented as average percentage of changes. Vertical bar shows one 

standard deviation of the average change percentage. Large changes are found in 𝑎!! variable; 

however, the variability is large as well. On the other hand, LWC variable does not change 

significantly.  

 
 
 


