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ARTICLE OPEN

New formation and fate of Isoprene SOA markers revealed by

field data-constrained modeling
Jie Zhang1,17, Junyi Liu2, Xiang Ding3,4, Xiao He5, Tianle Zhang 2, Mei Zheng2, Minsu Choi1, Gabriel Isaacman-VanWertz6,

Lindsay Yee 7, Haofei Zhang8, Pawel Misztal9, Allen H. Goldstein 7, Alex B. Guenther 10, Sri Hapsari Budisulistiorini11,

Jason D. Surratt 11, Elizabeth A. Stone12, Manish Shrivastava 13, Dui Wu14,15, Jian Zhen Yu 5,16✉ and Qi Ying1✉

Particulate 2-methyltetrols (2-MT) and 2-methylglyceric acid (2-MG) are typically used to indicate the abundance of isoprene-

derived secondary organic aerosols (SOA). However, their formation and fate are not fully understood. In this study, we showed that

particulate 2-MT and 2-MG collected at multiple monitoring sites under a wide range of atmospheric and emission conditions, with

concentrations spanning six orders of magnitudes, are well reproduced with an expanded isoprene-SOA scheme implemented into

the Community Multiscale Air Quality (CMAQ) model. The scheme considers their three-phase (gas-aqueous-organic phase)

partitioning, formation from acid-driven multiphase reactions, and degradation by OH radicals in the gas and aqueous phases. The

model results reveal that a non-aqueous formation pathway or direct biogenic emission is needed to supplement the commonly

assumed acid-driven multiphase reaction process to explain the observed 2-MT concentrations. This missing pathway contributes

to 20–40% of 2-MT in areas with aerosol pH<2 and more than 70% under less acidic conditions (pH~2–5), such as those

encountered in the western US and China. The typical summertime gas-phase photochemical lifetimes of 2-MT and 2-MG are

estimated to be 4–6 and 20–30 h, respectively, and their aqueous lifetimes are approximately 20–40 h. Our simulations show that

predicted 2-MT is mainly influenced by its aqueous phase loss to OH, but 2-MG is more sensitive to gas phase OH loss due to the

preferential partitioning of the two tracers in the aqueous and gas phases, respectively.

npj Climate and Atmospheric Science            (2023) 6:69 ; https://doi.org/10.1038/s41612-023-00394-3

INTRODUCTION

Isoprene is the most abundant nonmethane biogenic volatile
organic compound (VOC) emitted into the atmosphere, with
estimated annual global emissions of 500–750 Tg1. It is highly
reactive and can be oxidized by hydroxyl radical (OH)2,3, ozone
(O3)

4, and nitrate radical (NO3)
5 to generate semivolatile and low-

volatile organic aerosol products6–10. In areas with larger isoprene
emissions, such as the Eastern United States (US), isoprene
contributes to more than 45% of the summertime secondary
organic aerosol (SOA)11.
The chemical composition of isoprene SOA has been exten-

sively investigated in chamber experiments and modeling
studies9,10,12,13. Among the identified isoprene SOA species,
2-methyltetrols (2-MT, including 2-methylthreitol and 2-methyler-
ythritol)14 and 2-methylglyceric acid (2-MG) are considered unique
tracer compounds15,16, and have been widely used to estimate the
overall isoprene-derived SOA in field studies17,18. Immediate
precursors of 2-MT and 2-MG were found to be water-soluble
products, i.e., isoprene epoxydiols (IEPOX) from isoprene OH

oxidation under low-NOx conditions9,19, and methacrylic acid
epoxide (MAE) and hydroxymethyl-methyl-α-lactone (HMML)
formed under high-NOx conditions10,20, respectively. Formation
of 2-MT and 2-MG is thought to occur mainly in the highly acidic
aerosol water through irreversible surface uptake of IEPOX and
MAE/HMML, respectively9,10,21,22. Based on these studies, Pye et
al.23 and Budisluistiorini et al.24 implemented a multiphase
reaction scheme in a regional chemical transport model to
explicitly predict the generation of 2-MT and 2-MG in
aerosol water.
However, 2-MT and 2-MG have also been detected in the

aerosol phase under dry conditions and in laboratory-generated
non-acidic seed aerosols15,16,25–27. 2-MT has been proposed to be
primarily emitted in the gas phase due to biological processes and
environmental stressors28, and its convective updraft and gas-
particle partitioning were shown to explain upper tropospheric
aircraft measurements of IEPOX-SOA over the Amazon rain-
forest29. These studies suggest the potential existence of non-
aqueous pathways for 2-MT from isoprene. Although
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Budisluistiorini et al. showed that the two tracers could be
reasonably estimated solely from the acid-driven multiphase
reactions, their treatment of the two tracers as non-volatile and
non-reactive species might compensate for the potentially
missing non-aqueous pathways23,30. In reality, the tracers have
been detected in significant amounts in gas and particle phases in
field experiments, suggesting both species are likely semivola-
tile31–33. Additionally, the 2-MT and 2-MG oxidation reactions with
OH radicals in the gas and aqueous phase could be effective
removal pathways, which have not been considered in modeling
studies28,34–36.
In this study, we expand the regional isoprene SOA scheme of

Pye et al.23 implemented in the Community Multiscale Air Quality
(CMAQ) model to simulate the formation of 2-MT and 2-MG by
treating these two species as semivolatile with gas-aqueous-
organic three-phase partitioning. Photochemical losses of the
two species in gas and aerosol phases by OH radicals are fully
considered for the first time. We also consider the non-aqueous
formation of 2-MT from isoprene, as described in Fig. 1. Modeled
2-MT and 2-MG concentrations in the US and China compared
well with measurements from the Southern Oxidant and Aerosol
Study (SOAS), the field campaign in the Pearl River Delta (PRD)
region in summer, and the West Pacific Ocean on a cruise ship

(R/V Dongfanghong II) in spring, ranging six orders of
magnitudes. Observed gas-particle partitioning of the two
species in SOAS was also well reproduced. Our model results,
constrained by the observation data, provide solid evidence for
the existence of non-aqueous 2-MT formation pathways, in
addition to the widely used acid-driven multiphase reaction
process. In addition, our results showed that gas-particle
partitioning and photochemical removal are important processes
that affect the particulate concentrations of the two tracers. To
the best of our knowledge, this is the first regional modeling
study to estimate the photochemical lifetime of 2-MT and 2-MG
in gas and aerosol aqueous phases.

RESULTS

2-MT non-aqueous pathway mass yield and its photochemical
lifetime

The photochemical lifetime of 2-MT and 2-MG in the aqueous phase
is determined by the 2nd order reaction rate coefficients (kaq,2-MT=
1.14 × 109M−1 s−1 and kaq,2-MG= 0.97–1.41 × 109M−1 s−1)35,36 and
the modeled OH radical concentrations in the aerosol water ([OH]aq).
As discussed in Supplementary Note 2: The formation, gas-particle
partitioning, and removal of 2-MT and 2-MG, [OH]aq is estimated from

Fig. 1 Schematic of the formation, partitioning, and photochemical decay of isoprene SOA tracers. a 2-methyltetrols (2-MT).
b 2-methylglyceric acid (2-MG).

Fig. 2 Mass yield and predicted 2-MT for four different [OH]aq scaling factors. a Estimated 2-MT mass yield from the additional non-
aqueous pathway for four different [OH]aq scaling factors. The x-axis is the modeled average daily [OH]aq concentrations at the SOAS and PRD
monitoring sites. The data points are colored by the mean fraction bias (MFB) of the predicted daily 2-MT at those monitoring sites.
Uncertainties for the OH radical concentrations are one standard deviation of the daily concentrations. Uncertainties of the mass yield are
based on the Monte Carlo analysis assuming that the measured and predicted 2-MT from the multiphase phase formation pathway has a 20%
relative uncertainty. b Predicted and observed daily average 2-MT concentrations along the cruise tracks (c).
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the equilibrium partitioning of modeled gas-phase OH radicals and
adjusted by a scaling factor to account for the net effect of OH
formation and loss in the aqueous phase37. A scaling factor of zero
indicates that no aqueous source/sink of OH is needed. The three
non-zero scaling factors (0.001, 0.005, and 0.01) are selected to cover
the possible range of reported [OH]aq from previous studies (see
Supplementary Note 2)35,36,38,39. The 2-MT from the non-aqueous
formation pathway (Fig. 1a) is assumed to form predominantly from
isoprene oxidation under low-NOx condition (i.e., from ISOPO2+HO2)
using a mass-yield approach. The mass yield of 2-MT (i.e., gram of
2-MT formed per mole of ISOPO2 reacted with HO2) is determined by
fitting the modeling results with daily field measurements in the
SOAS and PRD regions. Figure 2a shows that four scaling factors
investigated in this study lead to positive mass yields (α) of 2-MT from
the additional non-aqueous pathway, ranging from 0.021 ± 0.02
([OH]aq= 0) to 0.086 ± 0.01 for [OH]aq×0.01, which corresponds to an
average predicted daily [OH]aq of ~1.5 × 10−14M at the SOAS and
PRD monitor sites.
The mass yields and the average photochemical lifetime of

aqueous-phase 2-MT (16~157 h, kaq,2-MT= 1.14 × 109M−1 s−1)36

are further constrained using the 2-MT observations along the
cruise track in the Asian continental outflow impacted regions
over the Western Pacific. The predicted 2-MT in this region is
affected by the long-range transport from high isoprene emission
areas in East and Southeast Asia and direct ocean emissions of
isoprene, as shown in Fig. 2c. The 2-MT predictions in the outflow
region are highly sensitive to [OH]aq. Figure 2b shows that the
predictions with [OH]aq adjusted by a scaling factor of 0.005
(hereafter OH×0.005) with a corresponding non-aqueous pathway
mass yield of 0.066 ± 0.005 have the best agreement with the
observations with a mean fractional bias (MFB, Supplementary
Equation 18) of 0.09. The sensitivity tests with different OH
concentrations for the aqueous loss process greatly affect

predicted 2-MT from April 15th to May 5th. During this period,
the cruise encountered outflow from the land, which experienced
several days of gas and aqueous phase aging with OH radicals. In
contrast, from April 3rd-13th, the cruise traveled over the southern
part that only experienced local clean marine emissions and was
less affected by continental outflow. During this time, aqueous
photochemical decay did not affect 2-MT concentrations much
since 2-MT was mostly locally formed from the marine isoprene
emissions. Inclusion of this additional non-aqueous pathway
within the model was also found to greatly reduce the model-
measurement gaps in 2-MT concentrations at the SOAS sites in the
US and the PRD sites in southern China. In addition, the
independent measurements from Western Pacific were used to
evaluate the necessity of the non-aqueous formation pathway.
The MFB= 0.14 and R= 0.40 with the inclusion of this additional
pathway are much improved compared to the default MFB=
−0.33 and R= 0.33 without the additional non-aqueous pathway
using this mass yield and [OH]aq scaling factor.
Corresponding to the predicted [OH]aq in OH×0.005, the 2-MT

lifetime in the aerosol aqueous phase is ~20 h over the Western
Pacific Ocean in spring and ~30–35 h at the SOAS and PRD sites in
summer, as summarized in Table 1. The 2nd-order rate coefficients
for 2-MT with OH in the gas phase (kg,2-MT) estimated from the
three methods are consistent with each other
(2.5 ~ 4.9 × 10−11 cm3 molecule−1 s−1, see Supplementary Table
3). In the above simulations, an average value of 3.66 × 10−11 cm3

molecule−1 s−1 is used, which leads to lifetimes of ~4.3–6.4 h in
the gas phase (Table 1). Although the lifetime of 2-MT in the gas
phase is shorter than its lifetime in the aqueous phase, sensitivity
simulations show that the predicted concentrations are not
sensitive to the gas phase decay because most of the 2-MT is in
the particle phase, as discussed in 2-MT and 2-MG phase
distribution and formation pathways.

The photochemical lifetime of 2-MG

The aqueous photochemical lifetime of 2-MG is close to that of 2-
MT, approximately 25–40 h based on OH×0.005. The 2-MG
predictions along the cruise track show little variation due to
different aqueous OH concentrations, as shown in Supplementary
Fig. 13 because only a small fraction of 2-MG exists in the aqueous
phase (less than 10%, as shown in Supplementary Fig. 15). However,
the 2-MG gas-phase reaction rate coefficient (kg,2-MG) estimations
have a wide range of 2.36 ~ 13.7 × 10−12 cm3 molecule−1 s−1. In this
work, we applied the average value (kg,2-MG= 6.87 × 10−12 cm3

molecule−1 s−1) of the three estimations in Table 1 for the base
case simulation (a list of cases simulated is shown in Supplementary
Table 4) and assessed the uncertainty of kg,2-MG in 2-MG predictions
by scaling up or down its value by a factor of 3 to cover the entire
range of the estimated rate coefficients.
The predicted particle-phase 2-MG concentrations along the

cruise track are approximately a factor of 2 higher than the
observations (MFB= 0.67) in the base case. The simulation with the
upper limit of reaction rate coefficient (kg,2-MG= 2.06 × 10−11 cm3

molecule−1 s−1) shows better overall agreement with the observa-
tions (MFB= 0.13) (see Supplementary Fig. 14a). Despite the
obvious large impact on 2-MG concentrations in the outflow
region, Supplementary Fig. 14c shows that the uncertainties in the
estimated kg,2-MG on the predicted 2-MG concentrations are small
(within ±25%) at the isoprene emission impacted SOAS and PRD
sites. The base case predictions show the best agreement with
observations at Centreville (CTR) and PRD sites, but it is over-
predicted at the Look Rock (LRK) site. Based on these results, kg,2-MG

is likely within 6.87 × 10−12 and 2.06 × 10−11 cm3 molecule−1 s−1,
but additional laboratory studies are needed to reduce the
uncertainty in this important parameter. The summertime lifetimes
of 2-MG in the gas phase at the SOAS and PRD sites are 11–33 and
8–23 h, respectively. The lifetime of 2-MG along the cruise track in

Table 1. Important parameters for simulating 2-MT and 2-MG in the

model and estimated lifetime of 2-MT and 2-MG in the gas and the

aerosol aqueous phase.

Parameters for simulating 2-MT and 2-MG

2-MT 2-MG

C* at 298 K (μg m−3) 14.6 30.3

4Hvap (kJ mol−1) 117.7 130.0

H* at 298 K (M atm−1) 3.38 × 1010 5.25 × 108

kOH;gas (cm
3 molecule−1 s−1) 3.66 × 10−11 6.87 × 10−12

kOH;aq (M−1 s−1) 1.14 × 109 0.97–1.41 × 109 a

Average conc. 2-MT
lifetime (h)

2-MG
lifetime (h)

OH gas (106

molec. cm−3)
OH aqueous
(10−14M)

Gas Aq. Gas Aq.

Typical 1.00 1.00 7.6 24.4 13.5b

(40.4)c
27.8

SOAS 1.23 0.71 6.2 34.1 11.0 (32.9) 38.9

PRD 1.75 0.78 4.3 31.4 7.7 (23.1) 35.8

West
Pacific

1.19 1.11 6.4 22.0 11.3 (34.0) 25.0

Chinad 1.87 1.16 4.1 21.0 7.2 (21.6) 23.9

aThe kOH;aq for 2-MG is pH dependent, kOH;aq = 9.7 × 108M−1 s−1 at pH= 2;

kOH;aq = 1.41 × 109M−1 s−1 at pH= 5.
bbased on higher reaction rate kg,2-MG= 2.06 × 10−11 cm3 molecule−1 s−1 in

the sensitive study.
cbased on kg,2-MG= 6.87 × 10−12 cm3 molecule−1 s−1 in the base case

simulation.
dAverage OH radical concentrations at 14 sites.
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the West Pacific in spring is ~11–34 h, as summarized in Table 1. We
find no clear indication of missing sources of 2-MG under ambient
conditions investigated in this study (overall MFB=−0.01 and
R= 0.40, as shown in Fig. 3c).

2-MT and 2-MG phase distribution and formation pathways

The predictions in the base case (OH×0.005, α= 0.066,
kg,2-MG= 6.87 × 10−12 cm3 molecule−1 s−1) are more thoroughly
evaluated. The evaluation of isoprene mixing ratio and organic
carbon (OC) is discussed in Supplementary Note 4. and shown in
Fig. 3a, b. The model predicted aerosol pH agrees well with that
derived from ISORROPIA based on measured aerosol composition
in SOAS and West Pacific Ocean. The daily 2-MT and 2-MG
predictions at the SOAS and PRD sites and over the open ocean
are mostly within a factor of 5 of the observations in a wide
concentration range across six orders of magnitudes (10−2 to
103 ngm−3, see Fig. 3c). There is no significant bias for daily 2-MT
and 2-MG predictions (MFB= 0.13 and −0.01, respectively) with a
moderate Pearson correlation (R= 0.44 and 0.40, respectively).
2-MT is slightly overpredicted at the SOAS sites (MFB= 0.32) but
underpredicted at the PRD sites (MFB=−0.23). The 2-MG at the
SOAS sites is well captured (MFB= 0.14). Although 2-MG is slightly
underpredicted in the PRD region (MFB=−0.51), the correlation
between daily observations and predictions is strong (R= 0.71).
Systematic differences in the observed concentrations could
partially contribute to the variation in model performance
statistics among different data sets because data collection and
measurements were performed using different methods40–42.
The average isoprene tracer concentrations at SOAS sites are

significantly higher than those from the PRD sites, but the phase
distributions are similar, as shown in Supplementary Fig. 15a. 2-MT
is mainly partitioned into the particle phase (daily average
74~78%), and approximately 70% of the total 2-MT is in the
aqueous phase at both SOAS and PRD sites. In contrast, 2-MG is
mostly in the gas phase (only 18~25% in the particle phase) due to
the lower Henry’s law constant, higher saturation mass

concentration (Table 1), and low aerosol pH. Moreover, the
fraction of 2-MG in the aqueous phase is lower than that in the
organic phase. The similar phase distribution is related to the
environmental conditions between the southeast US and the PRD
region in China (see Supplementary Fig. 16). The estimated
Henry’s Law constants (H*) vary over several orders of magnitude
for both species. Uncertainties in the predicted 2-MT and 2-MG are
investigated in Supplementary Discussion: Uncertainty in tracer
predictions due to gas-aqueous partitioning. In summary, particle
phase and total concentrations of 2-MG are not very sensitive to
H*, but 2-MT predictions show higher sensitivity to the H* value.
In this work, 2-MT is formed from the IEPOX multiphase

chemical pathway and the additional non-aqueous pathway, and
contributions from each pathway are tracked separately. As shown
in Supplementary Fig. 12b, the non-aqueous pathway contributes
up to 15~40% to the 2-MT predictions at SOAS and PRD sites. The
higher contributions correspond to higher estimated [OH]aq as
more non-aqueous formation is required to compensate for the
higher aqueous-phase removal of 2-MT by OH radicals. The 2-MG
is formed from the multiphase oxidation pathway of HMML and
MAE in the model. The HMML pathway is the major contributor
based on the updated gas chemistry mechanism, accounting for
70~80% of the total 2-MG. This agrees with the recent observation
analysis41,43. The regional distributions of 2-MG formed from
HMML and MAE pathways are similar, as shown in Supplementary
Fig. 17.
Figure 4 shows the relative contribution from the non-aqueous

pathway to the predicted 2-MT in the US and China. In the high
concentration areas (i.e., Southeast US and Southern China), 2-MT
is mainly formed by the multiphase chemical reactions of IEPOX
(also see Supplementary Fig. 18). Approximately 10~30% is
generated from the non-aqueous pathway, caused by the low
aerosol pH (pH = 1~2 in the southeast US and pH = 2~3 in
southern China). The contribution from the non-aqueous pathway
becomes more than 70% in the less-acidic regions in the western
US and China, where pH = 4~6 due to alkaline elements from
windblown dust44–46.

Fig. 3 Model evaluation of isoprene, organic carbon (OC), 2-MT, and 2-MG. a Daily isoprene concentrations at the monitoring sites in the
US (background density scatter plot – PAMS data; red dots – CTR SOAS site data) and China (brown dots). b Daily organic carbon (OC) at the
CTR site and the PRD sites (Supplementary Fig. 1) sites. c 2-MT and 2-MG daily (light color dots) and campaign average concentrations (points
with error bars) at multiple SOAS (CTR, LRK, and RTP) and PRD sites, and along the cruise tracks (Cruise, Fig. 1c). The predictions are based on
the OH×0.005 case (Base Case in Supplementary Table 4). The locations of the PAMS stations and the CTR site are shown in Supplementary Fig.
6a and Supplementary Fig. 1, respectively. The locations of the isoprene monitoring sites in China are shown in Supplementary Fig. 6b. Error
bars represent one standard deviation of the daily concentrations.
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It should be noted that 2-MT formation in the gas phase
reactions is one possible way to explain the underestimation of
2-MT from the multiphase chemical pathway alone. Direct
emissions of 2-MT might also explain the missing 2-MT29. As
shown in Supplementary Fig. 19, using a molar emission ratio of
2-MT to isoprene of 0.54%, the direct emissions of 2-MT lead to
similar 2-MT concentrations as the assumed formation from the
gas phase oxidation with α= 0.066. It is also possible that the
additional 2-MT is not directly emitted but due to reactions of low
volatility oxidation products from isoprene (e.g., multifunctional
peroxides) within the canopy. Additional evidence from both the
field study (e.g., spatial distributions of 2-MT, as in Ye et al.28) and
the chemical mechanism sides is needed to further clarify this. The
potential uncertainties on IEPOX uptake coefficient due to particle
phase separation is analyzed in Supplementary Discussion:
Uncertainty on IEPOX uptake coefficient due to the particle phase
separation. In addition, some recent studies suggested that GC/
MS-based measurements might potentially lead to biased high
2-MT due to reactions that form 2-MT during the analyses47–49.
The impacts of this analytical uncertainty on α are discussed in
Supplementary Discussion: Uncertainty in the analytical artifacts of
2-MT measurements.
Isoprene-SOA tracers (i.e., 2-MT and 2-MG) and other formed

SOA compounds are more significant during the summertime
when isoprene emitted from biogenic sources is at its highest18.
Based on previous study in the southeast US, the aerosol water is
relatively lower in winter, and the aerosol pH is higher by ~1 unit
than that in summer50. These will reduce the 2-MT and 2-MG
formed through multiphase acid-driven reactions. Therefore, the
2-MT formation from the additional non-aqueous phase pathway
suggested in this study could become more important during the

wintertime. However, further observations of the isoprene SOA
tracers, especially in winter/spring seasons are needed to support
modeling studies of the seasonal variability of the 2-MT formation
pathways.

2-MT model predictions from the additional and multiphase
pathways in China

The SOAS and PRD field campaigns are at locations with high
isoprene emissions and acidic aerosols, so the relative contribu-
tions from the multiphase chemical pathway of IEPOX to 2-MT are
high. To further evaluate the capability of our model in broad
areas with a wide range of atmospheric and emission conditions,
we simulated 2-MT at 14 sites across China from June to August
2012 and compared our predictions with particle-phase 2-MT
measurements reported by Ding et al.42 (Supplementary Fig. 20).
Predicted 2-day average 2-MT concentrations are approximately a
factor of 2 lower than observations (MFB=−0.85 ~−0.60), but
they show a very strong correlation (R > 0.7). The larger under-
predictions at the Nam Co and Dunhuang sites are at least
partially related to the under-estimations of isoprene emissions
from local sources at the two sites51,52. As shown in Supplemen-
tary Fig. 20a, the fractional contribution of the additional non-
aqueous pathway at monitoring sites in Eastern China is generally
lower than 50%. However, the non-aqueous formation becomes a
dominant pathway for the sites in Western China, i.e., Xishuang-
banna, Linzhi, and Sanya, where the estimated aerosol pH is
higher than that at other sites. The strong correlation between
observations and predictions shows that our model with the
additional 2-MT formation from the non-aqueous pathway can
predict 2-MT under a wider range of aerosol acidity conditions.

Fig. 4 Relative contributions of non-aqueous pathway to 2-MT. a, d Fraction of predicted 2-MT from the non-aqueous pathway (fnon-aq).
b, e Total concentrations of 2-MT (ng m-3). c, f Aerosol pH in the US and in China for the OH×0.005 case (Base Case in Supplementary Table 4).
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Optimizing the gas-particle partitioning of 2-MG

The predicted particle fraction (Fpt) of 2-MT and its diurnal
variations (0.6–0.85) during SOAS at the CTR site agree well with
observed gas-particle partitioning (see Supplementary Fig. 21b)
using the thermal desorption aerosol gas chromatography (SV-
TAG)32. For 2-MG, predicted Fpt values (0.1–0.4) are consistently
lower than observed values at all hours (0.4–0.6), with larger
discrepancies occurring during the day. The predicted total and
particle-phase 2-MG concentrations are higher than the observa-
tions, although they agree well with the filter-based
measurements.
Since a large fraction of 2-MG is in the gas phase, and the

particle phase concentrations are low, filter-based measurements
may be subject to biases from sampling (e.g., adsorption of gas-
phase 2-MG on filters) and analysis (e.g., formation from other
species during thermal desorption). In comparison, the SV-TAG
measured particle-phase concentrations, sampled with a carbon
denuder placed upstream and for a much shorter duration32, are
expected to be more accurate than the filter-based measure-
ments. Through trial and error, we determined a set of
adjustments that led to better agreements in the total concentra-
tions (Supplementary Fig. 21c, 21d) and the gas-particle partition-
ing (Supplementary Fig. 21a). In addition, the predicted average
particle-phase 2-MG at the LRK site also agrees better with the
filter-based observation (Supplementary Fig. 21e). Details of the
changes in the related parameters are shown in Table 1. Since
most of the data used in this study are filter-based and more
careful comparisons are needed between the filter-based and SV-
TAG data, we refrain from adopting these adjustments in the base
case model result. Additional evaluation of the model predictions
against more SV-TAG measurements is needed to confirm or
refute them in future studies.

DISCUSSION

Most previous modeling studies of 2-MT and 2-MG formation are
limited to the multiphase reactions followed by the irreversible
reactive surface uptake of IEPOX and HMML/MAE, respectively,
while the volatility, removal processes, and the possibility of other
formation pathways are not considered. Under ambient air
conditions, the three-phase partitioning scheme distributes a
large fraction of 2-MT in the particle phase and 2-MG in the gas
phase. The partitioning equilibrium is important due to different
photochemical lifetimes estimated based on the reactions with
OH radicals in the particle and gas phases. The influence of the
removal processes could cause large variations in the predicted
concentrations by several orders of magnitude in remote regions.
The photochemical lifetime of 2-MT in the particle phase

depends on the OH radical concentrations in the aerosol water.
Our modeling investigation suggests that the reasonable aqueous-
phase 2-MT lifetime could be ~25 h when [OH]aq is approximately
1 × 10−14M. The value of kg,2-MG= 6.87 × 10−12 cm3 molecule−1 s−1

leads to reasonable agreement between 2-MG predictions and
observations under various atmospheric conditions. However, the
uncertainty in the rate coefficient needs to be further reduced in
future studies.
When the removal processes of 2-MT are included in the model,

predicted 2-MT concentrations from the multiphase chemical
reactions of IEPOX alone are biased low. The inclusion of an
additional non-aqueous formation pathway is found to offset the
systematic under-predictions of 2-MT, especially in areas with
lower aerosol acidity. In addition, this additional pathway may be
able to explain the formation of 2-MT in smog chamber
experiments with non-acidic seed particles and under dry
conditions, although some of the 2-MT seen in these experiments
might be an analytical artifact originated from the reactions of the
organic peroxides during the GC/MS analysis53. In this study, we

found that the estimated 2-MT primary emission rate based on the
modeled non-aqueous 2-MT from gas-phase chemistry was close
to the 2-MT primary emission rate proposed in Shrivastava et al.29

over the Amazon. While further experimental and modeling
studies are still needed to elucidate the actual chemical mechan-
ism of this non-aqueous 2-MT formation pathway, it is clear that
this additional source is needed to explain observations in a variety
of locations. In addition, using unique cruise observations, our
study shows that the photochemical loss processes of 2-MT with
OH radicals in the aqueous phase are important processes that
reduce model-measurements gaps by orders of magnitude
corresponding to the continental outflow over oceans.

METHODS

Observation data

The 2-MT and 2-MG observation data includes field measurements
from campaigns including the SOAS54, the PRD region of China55,
the 14 inland sites in China42, and the West Pacific Ocean. Aerosols
were collected on quartz fiber filters at three SOAS monitoring
sites (i.e., CTR, LRK, and RTP) from June 1st to July 15th, 2013, and
the samples were analyzed using GC/MS24,56. In addition to the
filter-based measurements, hourly SV-TAG measurements at the
CTR site were used to evaluate the modeled gas-particle
partitioning of 2-MT and 2-MG. While the SOAS sites are located
in the rural area of the southeast US, the 4 monitoring sites in the
PRD region of China are located in urban, suburban, and industrial
areas. 24 h PM2.5 samples were collected on quartz filters and
analyzed by an Agilent GC-MSD system in summer of 201255,57,58.
During the same time, tracer concentrations at other 14 sites
across China with large variation of isoprene emissions and
atmospheric conditions were measured by the same method, as
reported by Ding et al.42. The cruise ship (R/V Dongfanghong II)
was traveling along the outflow impacted region in the West
Pacific Ocean and collected PM2.5 filter samples during the spring
of 2015. The preprocessing and analytical methods are found in
Zhang et al.40 and Ding et al.18.
The site locations, detailed descriptions, and quantification

methods can be found in the Supplementary Note 1: Field
measurement data of 2-MT and 2-MG.

Model development and application

The 2-MT and 2-MG schemes developed in this study include gas-
particle partitioning, gas and multiphase formation, and photo-
chemical decay processes. Their equilibrium partitioning between
the gas, aqueous and organic phases follows a similar three-phase
partitioning approach described by Griffin et al.59. The gas-organic
phase partitioning equilibrium is described by the absorptive gas-
organic matter (OM) partitioning coefficient60, and the gas-
aqueous phase partitioning equilibrium is described by
Henry’s Law.
The multiphase chemical formation of 2-MT and 2-MG in the

aerosol water23 and an additional non-aqueous formation path-
way of 2-MT in the gas phase from isoprene low-NOx oxidation
using a mass-yield approach are implemented in the model28, as
shown in Fig. 1. The optimal mass yield of 2-MT from this non-
aqueous pathway is determined by a modified multilinear
regression approach using an objective function with log-normal
error suggested by Liao et al.61. It should be noted that this non-
aqueous pathway yield may have large uncertainties because the
2-MT formation rate coefficients in the aqueous phase (i.e., kHþ)
were determined in a bulk solution62. Recently, Zhang et al.
showed that these coefficients may have been greatly over-
estimated63, so the non-aqueous yield determined in this study
may represent a lower bound estimate. The photooxidation
reactions of 2-MT and 2-MG with OH radicals in the gas phase and
aqueous phase are considered and fully evaluated in this study. A
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more detailed description of the schemes is included in
Supplementary Note 2: The formation, gas-particle partitioning,
and removal of 2-MT and 2-MG. The parameters related to the
partitioning and reaction kinetics34–36 of 2-MT and 2-MG are
summarized in Table 1.
The tracer formation, partitioning, and decay schemes described

above were implemented in the CMAQv5.0.1 with 6th version of
the aerosol module (AERO6). The modified model was applied to
simulate the 2-MT and 2-MG for three field campaigns: summer of
2013 in the US, summer of 2012 in China, and spring of 2015 in
China and the West Pacific Ocean. Detailed information about the
model inputs is described in Supplementary Note 3: General
information about the model setup. The simulations conducted to
evaluate the impact of the reaction rates and phase partitioning
constants in this study are listed in Supplementary Table 4.

DATA AVAILABILITY

The SOAS observation data are publicly available from https://csl.noaa.gov/groups/

csl7/measurements/2013senex. The observations of 2-MT and 2-MG at the PRD, 14-

sites in China, and over the West Pacific, and the CMAQ source code with updated

2-MT and 2-MG mechanism are available from the Texas Data Repository (https://

doi.org/10.18738/T8/XB5XV4).
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