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ABSTRACT: Oxidation of toluene by OH radicals plays a
signiﬁcant role in forming ozone (O3) and secondary organic
aerosol (SOA) in polluted urban atmospheres. However, the
branching ratio of the cresol formation pathway after OH addition
to the aromatic ring remains uncertain, aﬀecting model predictions
of O3 and SOA. In this study, SOA formation under low (18%)
and high (48%) cresol branching ratio conditions are determined
by modeling chamber experiments on toluene SOA formation,
using a photochemical box model with the semiexplicit master
chemical mechanism (MCM) v3.2 and an SOA module for the
equilibrium gas-to-particle partitioning of semivolatile products.
The modeled SOA concentrations are ﬁtted to determine the SOA
yields and saturation concentrations using the classical twoproduct representation. These parameters are then applied in the community multiscale air quality (CMAQ) model to assess the
impact of the cresol branching ratio on SOA formation. The reaction products of ARO1 (the lump species that includes mostly
toluene) with OH are also modiﬁed to reﬂect the higher cresol branching ratio. Two sets of CMAQ simulations for China (C0, with
low SOA yields and unmodiﬁed ARO1 + OH reaction, and C1, with high SOA yields and modiﬁed ARO1 + OH reaction) are
conducted for January and July 2013. Predicted monoaromatic compound concentrations in major urban areas are ∼4−7 ppb in
January and ∼1.5−3 ppb in July, which generally agree with measurements. The higher cresol branching ratio simulations lead to
slightly lower OH radicals and O3 predictions. Less than 1 ppb decrease of monthly average daily maximum 8 h and peak hour O3 is
found in the urban areas in July and with broader spatial coverage in January. The increase in January ARO1 SOA is approximately
1.2 μg m−3, corresponding to a relative increase of 40−70% to ARO1 SOA or an ∼10% increase of total SOA. This change reﬂects
the combined eﬀects of increasing ARO1 SOA due to higher yields and reduced formation of semivolatile organic products and
glyoxal and methylglyoxal due to lower OH radicals.
KEYWORDS: master chemical mechanism, aromatic compounds, secondary organic aerosol, smog chamber,
Odum two-product SOA model, SAPRC mechanism

1. INTRODUCTION
Photochemical oxidation of volatile organic compounds
(VOCs) by the hydroxyl (OH) radical results in tropospheric
ozone (O3) and secondary organic aerosol (SOA) formation.1−3 Toluene is one of the most abundant anthropogenic
VOCs in the urban atmosphere. Emitted from a variety of
sources, including vehicular exhaust, fuel evaporation, biomass
burning, and solvent usage,4−6 it is a major precursor to O3 and
SOA formation.7−9 It is generally accepted that the reaction of
toluene with OH mainly proceeds with the addition pathway
(∼90%), while the H-abstraction reaction (from the methyl
group) accounts for approximately 10%.10,11 The OH addition
products subsequently react via three diﬀerent pathways to
produce cresol, bicyclic peroxy radicals, and aromatic oxides.
The o-cresol and bicyclic peroxy radical pathways are
considered more important than the aromatic oxide pathway
© 2021 American Chemical Society

(∼10%). However, the relative importance of the cresol and
bicyclic peroxy radical pathways is still under debate. Several
chamber experiments reported that the cresol pathway is
relatively minor. For example, Klotz et al.12 measured a cresol
yield of 18%, which is currently used as the cresol pathway
branching ratio in the master chemical mechanism (MCM)
mechanism, together with a branching ratio of 65% for the
bicyclic peroxy radical pathway. While similar cresol yields
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hydrocarbons using detailed reactions and reaction products. It
has a total of 16,892 reactions (excluding inorganic reactions)
and 5710 organic species. The toluene mechanism includes
774 reactions and 256 organic species. The initial oxidation of
toluene by OH includes four branches. The branching ratio of
the methyl group H-abstraction pathway is 7%, as shown in
reaction R1

between 15 and 18% were found in other experimental
studies,13,14 higher cresol yields between 25 and 28% were also
reported previously.15,16 Recently, Ji et al.17 reassessed the
toluene-OH oxidation mechanism using both chamber experiments and quantum mechanical calculations and proposed a
lower limit of the cresol branching ratio of approximately 48%.
In a separate study, Qi et al.18 recommended an overall cresol
branching ratio of 42−53%, based on the real-time spectrum
data from a single photon ionization time-of-ﬂight mass
spectrometer (SPIMS) and single particle aerosol mass
spectrometry (SPAMS) instruments.
Diﬀerences in how models represent the toluene OH
oxidation pathways can aﬀect their predictions of O3. Sarwar et
al.19 used a regional atmospheric modeling system to evaluate
the diﬀerence in O3 prediction due to a new condensed
toluene mechanism in the carbon bond 05 mechanism with a
lower cresol yield (18%) than the original mechanism (36%).
An increase of 1−2 ppb of monthly mean daily maximum 8 h
(DM8H) O3 in populated US cities was estimated, and the
higher O3 reduced the under-prediction biases in the urban
areas. However, they only tested the changes under summer
conditions. It is still unclear how sensitive the modeled results
are under wintertime NOx saturated conditions in polluted
atmospheres. Diﬀerences in the representation of toluene OH
oxidation products are also expected to aﬀect the formation of
SOA. It has been shown that cresol can form highly
oxygenated low-volatility products and account for 20−40%
of the SOA produced from toluene.7 It is expected that, for the
models that use detailed oxidation products to predict SOA
formation,20 higher cresol yields could lead to higher model
predictions of toluene SOA.7 For the models that use lumped
semivolatile products whose yields are derived from chamber
experiments, the diﬀerence in cresol yields can still aﬀect the
predicted SOA concentrations indirectly due to changes in the
concentrations of OH and other oxidants. So far, the impact of
diﬀerent representations of the toluene oxidation chemistry on
model predictions of SOA has not been studied.
In this study, we ﬁrst used a photochemical box model to
assess the potential change of the toluene SOA yield with the
mechanism proposed by Ji et al.17 We incorporated the
reported branching ratio of the cresol pathway in the box
model to evaluate how well the model can reproduce the
observed SOA yields from toluene oxidation under high and
low NOx conditions in chamber experiments. We then derived
parameters for modeling SOA in regional models based on the
predicted SOA yields with a higher cresol branching ratio in
the box model simulations and assessed the impact of this new
mechanism on regional O3 and SOA predictions using the
community multiscale air quality (CMAQ) model, a regional
chemical transport model developed by the United States
Environmental Protection Agency (US EPA). The sensitivity
of the model predictions of toluene SOA to important
parameters such as the saturation vapor pressure is explored.

O2
C6H5CH3 + OH ⎯⎯→ C6H5CH 2O2 ,
k = 1.8 × 10−12exp(340/T ) × 0.07

(R1)

where T is the temperature in K and k is the reaction rate
coeﬃcient in units of cm3 molecule−1 s−1. Reaction R2 is the
cresol formation pathway and has a branching ratio of 0.18
O2
C6H5CH3 + OH ⎯⎯→ CRESOL + HO2 ,
k = 1.8 × 10−12exp(340/T ) × 0.18

(R2)

The SOA module calculates the equilibrium partitioning of
individual semivolatile products generated during the oxidation
of parent VOCs using the saturation vapor pressures estimated
by the EPI Suite program from the US EPA.23 It also considers
the activity coeﬃcients of SOA constituents using the
UNIFAC model.24 Details of the MCM-SOA module have
been described by Li et al.20 Particle and vapor wall losses are
not considered in the current model because the yield data
used in the analysis (Section 2.1.2) have already been
corrected to account for wall losses.
In this study, the branching ratios of four toluene primary
oxidation pathways in the MCM model are changed to match
those reported by Ji et al.17 It is evident from Table 1 that the
Table 1. Branching Ratios of the Original and Modiﬁed
Toluene Reaction with the Hydroxyl Radical in MCM v3.2
branching ratio (%)
toluene primary oxidation pathway
toluene + OH =

C6H5CH2O2
CRESOL + HO2
TLBIPERO2
TLEPOXMUC + HO2

original

new

7
18
65
10

11.3
47.9
35.4
5.4

branching ratio of the cresol pathway is increased from 18 to
47.9%, and that of the methyl group H-abstraction pathway is
increased to 11.3%, based on the benzaldehyde yield reported
by Ji et al.17 The other two pathways are reduced accordingly
so that the total branching ratios add to 100%.
2.1.2. Chamber Experiments. The chamber experiments of
SOA formation from photooxidation of toluene reported by
Hildebrandt et al.9 under high-NOx (experiments 2−6) and
low-NOx conditions (experiments 7−11) are simulated using
the original and the modiﬁed MCM with SOA formation. The
initial concentrations of toluene and NO, H2O2 (as the OH
source), and chamber conditions (temperature and relative
humidity) are strictly based on the reported values and are
summarized in Table S1.
The photolysis rate of NO2 (JNO2) is not described in the
chamber experiments by Hildebrandt et al., but a value of 0.06
min−1 is reported in a previous study using the same
chamber.25 However, the conditions of the black lights used
in prior experiments might not be the same as those used by
Hildebrandt et al.9 Thus, JNO2 in the MCM box model (with

2. METHODS
2.1. Photochemical Box Model Simulation of SOA
Formation from Toluene. 2.1.1. MCM-SOA Box Model. The
photochemical box model used in this study to simulate SOA
formed from photooxidation of toluene by OH is based on
MCM v3.211,21,22 for the gas phase photochemical reactions
and is equipped with an equilibrium gas-to-particle partitioning
SOA module. The MCM is a semiexplicit photochemical
mechanism representing the oxidation of 142 non-methane
1959
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Figure 1. Observed and modeled toluene SOA yields under high-NOx conditions using (a) original toluene + OH mechanism and (b) modiﬁed
mechanism with a higher branching ratio for the cresol pathway. Yield-10 and yield-20 represent the SOA yield when the SOA concentration in the
experiments or the model simulations are 10 and 20 μg m−3, respectively. The outlier on (a) is because the modeled SOA is less than 20 μg m−3.

the original toluene + OH reaction) to simulate the high-NOx
chamber experiments is adjusted to minimize the sum of
squared errors (SSEs) between the predicted and reported OH
concentrations by Hildebrandt et al.9 The optimum JNO2 is
found to be 0.0767 min−1 (Figure S1), and the predicted OH
in each experiment generally agrees with the experimental
values (Figure S2). More detailed discussions regarding the
photolysis rates used to simulate the chamber experiments are
included in Section S1.
The low-NOx experiments are simulated using the same
optimized JNO2. The comparison between the predicted and
estimated OH concentrations is shown in Figure S2. The OH
concentrations in the chamber experiments are in the range of
0.5−3.5 × 106 molecules cm−3. All the simulated OH in the
low-NOx cases are within a factor of 0.5−2 of the reported
OH.
2.1.3. SOA Yields. The SOA mass yields (Y, deﬁned as Y =
COM/ΔVOC, where COM is the SOA concentration) at COM of
10 and 20 μg m−3 are determined for each high-NOx
experiment and compared with vapor and particle wall loss
corrected chamber SOA data, as shown in Figure 1. With the
original toluene-OH oxidation branch ratio, the box model
simulations underpredict Y with a mean bias (MB) of −0.105.
The agreement between observed and predicted Y is improved
signiﬁcantly (MB = 0.015) when the updated branching ratios
are used. The modiﬁed toluene mechanism also leads to higher
Y values for the low-NOx experiments, although both the
original and the modiﬁed mechanisms underpredict the
observed yields, as shown in Figure S3. The SOA from glyoxal
(GLY) and methylglyoxal (MGLY) surface uptake20 is
included in the MCM simulation. However, they only account
for less than 2% of the SOA formed because the chamber
relative humidity (RH) values are less than 20%, far below the
deliquescence RH of the seed particles.
To assess the change in the branching ratios on SOA
predictions in regional scales, we ﬁt the calculated SOA yields
from the simulations of the chamber experiments at 298 K to
the two-product (2p) model that describes the equilibrium
partitioning of semivolatile organic vapor between gas and
particle organic phases,26 as shown in eq 1

Y=

α1
α2
+
1 + C1*/COM
1 + C2*/COM

(1)

where α1 and α2 are the mass-based stoichiometric yields of
semivolatile products and C1* and C2* are the saturation mass
concentrations (μg m−3) of two lumped semi-VOC products
to be determined. These parameters are used to replace the
existing parameters in a regional chemical transport model, as
described in Section 2.2. The detailed results of the
photochemical box model simulation of the chamber experiments are described in the Results section.
2.2. Regional Air Quality Model. The CMAQ model
v5.0.127 with the SAPRC-11 photochemical mechanism28 and
the AERO6 aerosol module is modiﬁed to evaluate the impact
of the higher branching ratio for cresol formation in the
toluene oxidation on regional O3 and SOA.
In this version of the SAPRC-11, toluene is included in the
lumped species ARO1 (aromatics with kOH < 1.36 × 10−11 cm3
molec−1 s−1). The rate constants and product yields of the
ARO1 + OH reaction in the original mechanism are based on
an assumed mixture of species lumped into ARO1.28 The
yields of the major products are listed in Table 2 as Case 0. To
assess the impact of a higher cresol branching ratio on O3, Dr.
William Carter of the University of California, Riverside
(personal communication), the developer of the SAPRC-11
mechanism, provided modiﬁed ARO1 + OH reaction by
combining the OH ring addition and nonring pathways and
assuming that the formation of cresol (from toluene) and other
phenolic compounds (from other monoalkylbenzenes) is the
only fate of the OH ring addition pathway. The molar yields of
the major products of this theoretical upper-limit case are also
listed in Table 2.
To make the reaction more consistent with the modiﬁed
MCM box model toluene yield of 47.9%, we update the ARO1
+ OH yield of cresol and other related products using a
weighted average of the yields for the original mechanism in
Case C0 (with a weighting factor w1) and the theoretical
upper-limit case (weighting factor w2). The weighting factors
w1 = 0.604 and w2 = 0.396 are calculated based on the original
cresol yield of 0.18 and the upper-limit cresol yield of 0.935 for
the toluene reaction with OH, which was also provided by Dr.
Carter, so that 0.180w1 + 0.935w2 = 0.479, and w1 + w2 = 1.
1960
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initial O3 formation in selected smog chamber experiments
than the original ARO1 + OH reaction (see Section S3 for
details).
In CMAQ model v5.0.1, SOA formation from ARO1 is
treated using the 2p model approach, as described in Section
2.1. To assess the impact of the higher cresol yield on SOA in
models with an explicit representation of the toluene oxidation
products using the lumped model approach, the SOA yield
parameters from the original and modiﬁed MCMs for the
photooxidation of toluene are applied in model simulations. A
detailed description of the determination of the parameters is
included in Section 3.1. The yield parameters in the default
CMAQ mechanism based on studies by Ng et al.8 are not used
in the study as the objective of this study is to evaluate the
potential changes in SOA due to changes in the cresol yield.
In addition, the CMAQ model used in this study also
includes the formation of nonvolatile oligomers from the
lumped semivolatile products29 and extensions to model SOA
formation from reactive surface uptake of GLY and MGLY.30
The model uses a precursor tracking scheme31 to determine
the complete contribution to SOA from individual precursors
using precursor-speciﬁc reactive species in the expanded gas
and aerosol mechanisms. An illustration of the scheme for
ARO1 is shown in Figure 2.

Table 2. Molar Yields of Major ARO1 + OH Reaction
Products Used in Three Diﬀerent CMAQ Simulation Cases
product yields
products

original (Case C0)

newa (Cases C1, C2)

upper-limitb

RO2XC
RO2C
HO2
CRESc
XYNLc
xGLY
xMGLY
xHO2
xAFG1e
xAFG2
yRAOOHf
OH
AFG3g
AFG5h

0.089
0.622
0.209
0.135
0.032
0.268
0.231
0.612
0.255
0.244
0.567
0.084
0.084
0.042

0.059
0.415
0.477
0.365
0.087
0.162
0.140
0.396
0.154
0.147
0.342
0.051
0.051
0.025

0.014
0.099
0.887
0.717
0.170
0.000
0.000
0.065d
0.000
0.000
0.000
0.000
0.000
0.000

Article

a

The new mechanism was interpolated between the original case and
the upper-limit case. bThe upper-limit estimation assumed that all
OH + ring adducts produce cresol (toluene) or other phenolic
compounds (for other monoalkylbenzenes). cThe sum of the CRES
and XYNL yields in the ARO1 reaction is slightly diﬀerent from the
CRES yield in the toluene reaction because the XYNL yields for other
monoalkylbenzenes in ARO1 are slightly diﬀerent from those of
cresol. dIncludes contributions from nonring reactions; the nonring
xHO2 yield is 6.53% based on the SAPRC mechanism generator for
toluene (available at http://mechgen.cert.ucr.edu/). eMonounsaturated dialdehydes or aldehyde-ketones formed from peroxy radical
reactions with NO and NO3 and RO2 (xAFG1 for most photoreactive
and xAFG2 for least photoreactive). fOrganic hydroperoxides formed
following RO2 + HO2 reactions or the formation of H-shift
disproportionation products. gDiunsaturated dicarbonyl aromatic
fragmentation products that are assumed not to photolyze rapidly.
h
3-Hexene-2,5-dione and other monounsaturated diketone aromatic
products.

Figure 2. Precursor-tracking scheme to model SOA formation from
ARO1 in the CMAQ model. The shaded boxes represent products
from the traditional 2p model. AGLY_T and AMGLY_T are SOA
products from irreversible surface uptake of GLY and MGLY,
respectively. SOA formation from other major precursors is also
tracked similarly.

The molar yields of this modiﬁed ARO1 + OH reaction are
included in Table 2 as Case C1.
The molar yields of cresol (CRES in Table 2) and other
higher alkylphenol compounds (XYNL) in Case C1 are
increased from 0.135 and 0.032 to 0.365 and 0.087,
respectively. Changes are also made to the hydroperoxyl
radical (HO2), which has an increased yield of 0.477 from
0.209. However, the yield of the xHO2 operator (representing
the formation of HO2 from alkoxy radicals formed in peroxy
radical reactions with NO and NO2 and other peroxy radicals)
decreases from 0.612 to 0.396 due to the increased cresol
pathway. As a result, the overall HO2 formation in the
modiﬁed ARO1 + OH reaction is slightly increased from 0.821
to 0.873. In addition, the yield of the peroxy radical operators
RO2C (representing peroxy radical reactions that convert NO
to NO2) and RO2XC (representing peroxy radical reactions
that consume NO) is decreased from 0.622 and 0.089 to 0.415
and 0.059, respectively. The formation of GLY and MGLY
from alkoxy radicals, as represented by the operators xGLY and
xMGLY, is reduced as well. The yields of ring-opening
products formed from peroxy radical reactions (i.e., xAFG1,
xAFG2, AFG3, AFG5, and yRAOOH) and byproduct OH are
also reduced due to the lower branching ratio of the bicyclic
peroxy radical pathway. The complete reactions of original,
upper-limit, and modiﬁed ARO1 + OH reactions are listed in
Section S2. The modiﬁed reaction leads to slightly slower

2.3. Model Application. The CMAQ model is applied to
simulate air quality in China in January and July 2013 to study
the impact of the toluene chemistry on O3 and SOA in winter
and summer. Two sets of simulations are performed for each
month. The ﬁrst simulation (base case, Case C0) uses the
unmodiﬁed ARO1 + OH reaction, and the ARO1 SOA yields
are derived from the original MCM. In the second simulation,
ARO1 + OH is based on Case C1 described in Section 2.2, and
the SOA yields are from the modiﬁed MCM with a higher
cresol branching ratio.
Previous studies showed the signiﬁcance of the cresol
pathway contributing to toluene SOA.7 As cresol does not
form SOA in this version of the CMAQ model directly, the
changes in the product yields listed in Table 2 do not directly
aﬀect SOA predictions, although they indirectly aﬀect SOA
formation from changes in OH and O3 concentrations.
Another sensitivity case (Case C2), where the gas-phase
mechanism is based on Case C1 but the ARO1 SOA yields are
the same as those in Case C0 is also included in the study. This
is designed to isolate the impacts on increased SOA yields and
the reduced gas-phase reactivity on predicted SOA concentrations.
1961
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The 197 × 127 36 × 36 km2 spatial resolution domain
covers China and the surrounding regions. Eighteen stretching
vertical layers with a ﬁrst layer height of approximately 35 m
reach a model top nearly 20 km above the surface.
Meteorological and emission inputs to the model have been
described by Hu et al.,32 and a summary is provided as follows.
Emissions in China are generated using the Multiscale
Emission Inventory of China (MEIC) v1.0, which is based
on activities in the base year 2012. Emissions from other
countries in the model domain are generated using the
Regional Emission inventory in Asia version 2 (REAS2). The
MEIC and REAS2 inventories are in 0.25 × 0.25o grids and are
re-projected to the Lambert conformal coordinates in the 36 ×
36 km2 resolution. Windblown dust emissions in the entire
domain are generated by the CMAQ inline module.33 Biogenic
emissions are generated using the Model for Emissions of
Gaseous and Aerosols from Nature (MEGAN) v2.10.34 The
Weather Research and Forecasting model v3.6 is used to
generate the meteorological inputs to the CMAQ model. Initial
and boundary conditions are generated using the vertical
proﬁles distributed with the CMAQ model. The ﬁrst 5 days of
the simulation results are treated as spin-up and are excluded
in the ﬁnal analysis.
The emission inventory and meteorological ﬁelds have been
used in several previous studies using the same host CMAQ
model for O3, NOx, CO, PM2.5, secondary inorganic aerosol,
and SOA in China during 2013.32,35,36 The performance of the
model has been extensively evaluated against observations in
these studies. In general, the model can reproduce the
observed concentrations of O3 and PM2.5 in most urban
areas. Model performance evaluation for the primary and
secondary inorganic components is done mostly for Beijing
due to limited observation data. Concentrations of total SOA
in January 2013 are still underestimated.37
To further evaluate the model capability in reproducing the
observed high PM2.5 concentrations in January and July 2013,
we obtained the hourly PM2.5 concentrations in ﬁve major
Chinese cities measured at the US Consulates (downloaded
from https://www.airnow.gov/international/us-embassiesand-consulates/) and compared with predicted concentrations
from Case C1, as shown in Figures S4 and S5, for January and
July, respectively. The predicted concentrations show reasonable agreement with the measurements, as indicated by the
model performance statistics shown in Table S2 with mean
fractional biases (MFBs) between −0.55 and 0.06 and mean
fractional errors (MFEs) less than 0.7 and can capture high
concentrations up to 400−500 μg m−3. This agreement
provides further evidence that the emissions and meteorological conditions and the formation of secondary PM2.5 are
generally well represented. The relatively larger underprediction of PM2.5 in Beijing than those in the other cities,
as indicated by the MFB, is mostly caused by the failure of the
model in predicting the extremely high concentrations of PM2.5
∼900 μg m−3 in Beijing on January 12−13. To the best of the
authors’ knowledge, none of the published studies can
reproduce this high PM2.5 pollution event.

Article

SOA model reported by Li et al.20 The ﬁve high-NOx and six
low-NOx chamber experiments are simulated using a standard
temperature of 298 K instead of the reported chamber
temperatures to determine the SOA yield parameters.
Figure 3 shows the simulated SOA yield data from all ﬁve
high-NOx simulations, as well as the 2p model parameters

Figure 3. Parameters for the ARO1 SOA yield under high-NOx
conditions used in the original CMAQ model (pink line) and those
derived based on the photochemical box model simulations using the
original MCM and the modiﬁed MCM with a higher branching ratio
for the cresol pathway. The small triangles are 10 min resolution yield
data from the simulations, and the large triangles show the yields at
the end of each simulation.

determined using the MATLAB curve ﬁtting app (cftool). For
the SOA yields simulated by the original toluene mechanism,
α1and α2 are 0.239 and 0.738, respectively. The two products
have drastically diﬀerent C* values of 10.15 and 2147 μg m−3,
making the second product essentially always in the gas phase
under realistic atmospheric loadings of organics. The data from
the modiﬁed MCM, when ﬁt to the 2p model, as shown in eq
1, lead to two products with very similar C* values. Thus, they
are ﬁnally determined using a one-product representation with
α1 = 0.770 and C*1 = 21.1 μg m−3. In the COM range of 5 to 50
μg m−3, the high-NOx toluene SOA yields predicted by the
modiﬁed MCM are approximately 1.8−2.5 times those of the
original mechanism. Both the original and modiﬁed MCMs
predict higher SOA yields than the default parameters used in
the CMAQ model, based on those experiments of Ng et al.8
The modiﬁed MCM predicts SOA yields 2.4−4.0 times of
those based on the default CMAQ parameters in the COM
range of 5−50 μg m−3.
SOA formation under low-NOx conditions is much slower
than that under high-NOx conditions, and neither the original
nor modiﬁed MCM could correctly predict the observed SOA
yields in the chamber experiments. As shown in Figure S3, the
predicted SOA yields from the original MCM can be ﬁtted
with a one-product model with α1 = 0.1 and C1* = 9.592 μg
m−3, while the data from the modiﬁed mechanism can be
described using a nonvolatile product with a ﬁxed mass yield of
0.179. However, it is still 50% lower than the ﬁxed mass yield
of 0.360 used in the CMAQ model. Table S3 shows a summary
of the ARO1 SOA yields used in this study.
An additional set of box model simulations is conducted
using data from the studies of Ng et al.8 to illustrate that the
MCM-SOA mechanism can simulate SOA formation under

3. RESULTS
3.1. Determination of 2p SOA Model Parameters. In
this study, the 2p model parameters from the original and
modiﬁed MCM are used in the regional simulations to assess
how the increased cresol yield would aﬀect regional SOA
predictions without the necessity of using the CMAQ-MCM1962

https://doi.org/10.1021/acsearthspacechem.1c00092
ACS Earth Space Chem. 2021, 5, 1958−1970

ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

Article

Figure 4. Monthly average DM8H concentrations (a) and daily peak hour O3 (b) predicted with the modiﬁed SARPC-11 mechanism (Case 1) for
July 2013; diﬀerence of the monthly average DM8H O3 (c) and peak hour O3 (d) between the modiﬁed and original SAPRC-11 mechanisms
(Case 1−Case 0) for July 2013. Units are ppb. Relative diﬀerence of monthly average DM8H O3 (e) and peak hour O3 (f) between the modiﬁed
and original SAPRC-11 mechanisms [(Case 1 − Case 0)/Case 0].

diﬀerent experimental conditions. A more detailed discussion
of this evaluation is included in Section S4 in Supporting
Information.
3.2. Comparison with Observations. Before estimating
the impacts of the changes in ARO1 SOA yields on regional O3
and SOA, it is necessary to assess if the current model gives
reasonable estimations of the concentrations of monoaromatic
precursors. However, direct observations of monoaromatic
compounds are very limited for the year 2013. Therefore, to
provide an understanding of the general range of the
concentrations of these species, we summarize the observed
concentrations of toluene and ethylbenzene (major species in
ARO1) and xylenes (o + m/p, major species in ARO2) in six
Chinese cities (see Figure 4a for the locations of the cities) in
recent years, as shown in Table S4. In most cities, the toluene
concentrations are between 1 and 5 ppb, and ethylbenzene
concentrations are approximately 20−40% of toluene. The
concentrations of xylenes are usually lower than toluene, in the
range of 0.5−2.0 ppb. For the same city, concentrations in
urban locations are usually higher than those in suburban
locations.
The predicted monthly ARO1 and ARO2 concentrations in
seven major cities from Case C1 are listed in Table S5. In
January, ARO1 and ARO2 concentrations are approximately
3−4 and 1.5−2.5 ppb, respectively. Concentrations in the
summer are lower, with ARO1 and ARO2 in the ranges of
1.5−2.0 and 0.7−1.4 ppb, respectively. These concentrations
are in general agreement with the observations. However, as
intensive air pollution controls have been implemented after
2013 throughout the country, concentrations in 2013 are

expected to be higher than in later years. Thus, concentrations
of the aromatics are likely underestimated, which can lead to
the underestimation of toluene SOA.
DHOPA is considered as a speciﬁc tracer for SOA formed
from the oxidation of toluene,45 and studies show that it can
also form from other monoaromatic compounds.46 DHOPA
has been measured in ﬁeld studies to estimate aromatic SOA in
several Chinese cities, as summarized in Table 3. Among the
seven references, ﬁve report toluene (or aromatics) SOA
concentrations of 2−5 μg m−3, and in Shanghai, the
concentration can be as high as 23 μg m−3 on polluted days.
These reported concentrations are in closer agreement with
the predictions from Case 1, as shown in Table 4. It should be
noted that the moderate diﬀerence between the two
mechanisms, the large uncertainty of the toluene SOA
estimation from DHOPA and the comparison of the predicted
toluene SOA against these tracer-based estimations are not
suﬃcient to draw a conclusion which mechanism is better in
predicting toluene SOA.
In July, average concentrations in Shanghai are between 0.7
and 1 μg m−3 for SOA from ARO1 and 1.7−2.5 μg m−3 if SOA
from ARO2 is included. This is slightly lower than the
monoaromatic SOA concentrations measured in Shanghai
(∼4.6 μg m−3) using the tracer-based method on August 4−7,
2014.39 The predicted monthly average SOA concentration
from ARO1 in Beijing also ranges from approximately 1−1.5
μg m−3 (1.6−3.2 μg m−3 if ARO2 SOA is included), which is
also close to the SOA tracer-based estimation of approximately
3 μg m−3 in Beijing in early summer 2016.43 In Guangzhou,
Ding et al.42 estimate that the SOA due to aromatics is about
1963
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respectively. The modiﬁed ARO1 reaction with OH in
SAPRC-11 leads to a small decrease in DM8H and peak
hour O3 in large urban areas with large emissions of toluene
and their immediate downwind regions where high O3
concentrations are predicted, mostly located along the east
coast of China from the Yangtze River Delta (YRD) region to
the Bohai Bay region north of the Shandong Peninsula. The
decreases of DM8H and peak hour O3 in the polluted regions
are higher than 0.5 ppb (∼1%) and could be as large as 0.7 and
0.9 ppb, respectively. The decreases of O3 transition to no
obvious changes, as one moves away from the urban center.
The change of O3 due to the modiﬁed ARO1 reaction
correlates with changes in the OH radical concentrations.
Figure S6 shows a relative OH decrease of ∼1% and a
maximum of 2.1% in O3 in large urban areas. The small
decrease of OH in large urban areas is expected because of the
slightly lower yields of OH radicals and reactive ring-opening
products such as the di-carbonyl aromatic ring-opening
products (AFG3) in the modiﬁed reaction.
Figure 5a,b shows the regional distribution of DM8H and
peak hour O3 for January 2013 in Case 1 and the relative
increases in O3 (Case 1−Case 0). O3 concentrations in
northern China are low, but high concentrations still occurred
in southern China and the Sichuan Basin. The decrease in O3
is not limited to urban areas. Large areas in central and south
China show decreases in DM8H by approximately 0.5 ppb and
up to 0.7 ppb, and peak hour O3 decreases could be as high as
0.8 ppb. The relative changes in the O3 decreased areas are
more than 1%, and the maximum decrease of peak hour O3 is
1.7%. The diﬀerence in the regional distribution of ARO1 +
OH reaction modiﬁcations on O3 between the summer and
winter months is likely due to the contributions of ARO1
oxidation to the overall VOC oxidation. In the summer month,
biogenic VOCs such as isoprene and terpenes are abundant,
and they react fast with OH and have large maximum
incremental reactivity. Based on the analysis of Wang et al.,47
biogenic emissions could account for more than 50% of the O3
formation attributed to VOCs in China in the summer. Based
on the integrated reaction rate (IRR) analysis of the OH
consumption by VOCs (Figure S7), ARO1 only accounts for
less than 2% of OH consumed by VOCs in most areas and
about 4−8% in urban areas in the summer month. However, in
the winter month, biogenic emissions in northern and central
China are much lower, and the relative contribution of ARO1
becomes much more important, reaching 6−8% in most areas.
3.4. Impacts on Regional SOA. Figure 6a shows that in
January, higher concentrations of the ARO1 SOA are

Table 3. Observed Toluene (Monoaromatics) SOA
Concentrations in China in Recent Years Based on the
Organic Tracer DHOPAa
location

season

conc. (μg m−3)

reference

Beijing (urban)
Beijing (rural)
Shanghai
Shanghai
Shanghai

summer, 2008
summer, 2008
summer, 2014
winter, 2018
Jan. 2010/2011
Apr.−May, 2010
Jul. 2010
Oct.−Nov., 2010
summer, 2008
fall-winter, 2008
summer, 2016
summer, 2016
summer, 2018
summer, 2018
autumn, 2018
autumn, 2018

3.3
3.1
4.6
3−23
0.06−0.08
0.14−0.28
0.48−0.52
0.48−0.66
4.5
3.3
3.3
2.2
0.22
0.36
0.44
0.52

Guo et al.38

Guangzhou
Guangzhou
Beijing (urban)
Beijing (rural)
Tianjin (urban)
Tianjin (rural)
Tianjin (urban)
Tianjin (rural)

Article

Gao et al.39
He et al.40
Feng et al.41

Ding et al.42
Tang et al.43
Wang et al.44

a

In all studies, the organic tracer 2,3-dihydroxy-4-oxopentanoic acid
(DHOPA) was used to estimate SOA concentrations. Some studies
considered this as toluene SOA, while others reported this as SOA
from aromatic compounds. The concentrations in the original
references are secondary organic carbon and are converted to SOA
using an OM/OC ratio of 2.0.45

4.5 μg m−3 in summer 2008. The CMAQ-predicted monthly
average SOA from ARO1 and ARO2 in Guangzhou are both
∼0.1−0.5 μg m−3, lower than the estimation reported by Ding
et al. Two of the studies41,44 report summer aromatic SOA
concentrations in Shanghai and Tianjin in the range of 0.2−0.5
μg m−3, which is almost a factor of 10 lower than other
reported values. For wintertime monoaromatic SOA, Ding et
al.42 estimate that the average aromatic SOA concentration in
fall-winter Guangzhou is approximately 3 μg m−3, which is
similar to the predicted ARO1 SOA of ∼2 μg m−3, but is lower
than the prediction if SOA from ARO2 (∼2.5 μg m−3) was also
included. He et al.40 found that aromatic SOA concentrations
in Shanghai vary from ∼3 μg m−3 on relatively clean days to 20
μg m−3 on very polluted days. In comparison, the predicted
monthly ARO1+ARO2 SOA in winter Shanghai is approximately 2.5−3 μg m−3.
3.3. Impacts on Regional Ozone. Figure 4a,b illustrates
the severe O3 pollution in the North China Plain (NCP) in
July 2013. The highest monthly average of DM8H and peak
hour O3 concentration in Case 1 reaches 83 and 90 ppb,

Table 4. Predicted Monthly Average SOA Concentrations from ARO1 (Case C1 and C0) and ARO2 (Case C1 Only) in Seven
Cities in Chinaa
January
site
Beijing
Shenyang
Nanjing
Chengdu
Guangzhou
Shanghai
Zhengzhou

ARO1 C1
0.50
0.80
1.90
2.57
1.98
1.04
1.65

(0.23,0.71)
(0.51,0.96)
(1.72,2.09)
(1.44,3.14)
(1.85,2.06)
(0.93,1.23)
(1.37,1.98)

ARO1 C0
b

0.34
0.47
1.28
1.69
1.38
0.74
1.08

(0.16,0.48)
(0.31,0.57)
(1.17,1.40)
(0.96,2.09)
(1.28,1.43)
(0.67,0.87)
(0.91,1.30)

July
ARO2 C1
1.22
1.64
2.88
3.65
2.35
1.53
3.14

(0.47,1.92)
(1.03,2.08)
(2.58,3.18)
(1.90,4.29)
(2.15,2.40)
(1.38,1.84)
(2.54,3.61)

ARO1 C1
1.12
0.79
0.53
1.15
0.25
0.78
1.02

(0.90,1.50)
(0.73,0.84)
(0.43,0.72)
(0.53,1.15)
(0.07,0.34)
(0.66,0.97)
(0.80,1.02)

ARO1 C0
0.79
0.56
0.37
0.83
0.21
0.55
0.74

(0.64,1.06)
(0.51,0.59)
(0.30,0.50)
(0.39,0.83)
(0.05,0.28)
(0.46,0.68)
(0.58,0.74)

ARO2 C1
1.21
0.92
0.86
1.50
0.37
1.18
1.19

(0.95,1.75)
(0.80,1.05)
(0.76,1.11)
(0.67,1.50)
(0.13,0.47)
(1.06,1.50)
(0.98,1.19)

Units are μg m−3. bNumbers in the parenthesis represent the range of concentrations within the 3 × 3 grid cells with the urban center in the
middle.
a
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Figure 5. Monthly average DM8H O3 concentrations (a) and daily peak hour O3 (b) predicted with the modiﬁed SARPC-11 mechanism (Case 1)
for January 2013; diﬀerence of the monthly average DM8H O3 (c) and peak hour O3 (d) between the modiﬁed and original SAPRC-11
mechanisms (Case 1−Case 0) for January 2013. Units are ppb. Relative diﬀerence of monthly average DM8H O3 (e) and peak hour O3 (f)
between the modiﬁed and original SAPRC-11 mechanisms [(Case 1 − Case 0)/Case 0].

peroxy radical pathway branching ratio. The oligomers are
increased by 0.4−0.7 μg m−3 following the increase of
semivolatile products from the 2p model. The changes in
ARO2 SOA are represented by less than 0.04 μg m−3 increases
in the south of China and slight decreases (less than 0.01 μg
m−3) in the north. The increases of ARO2 SOA are likely due
to slightly more semivolatile products and their oligomers and
slightly more surface uptake of GLY and MGLY, and the slight
decreases of ARO2 SOA are related to the lower OH
concentrations.
Figures 8 and S10 illustrate the hourly concentrations of
ARO1 SOA in the major cities of China in January and July
2013, respectively. The higher ARO1 SOA yields used in Case
C1 lead to signiﬁcant increases in the hourly concentrations up
to two times higher than those from Case C0. In most cities,
the maximum peak hour concentration of ARO1 SOA
increased ∼1−2 μg m−3 in January. Among the cities,
Zhengzhou, located in central China, has the highest
wintertime ARO1 SOA with a peak hourly concentration
reaching 5.0 μg m−3 in Case C1. In July, the ARO1 SOA
concentrations are generally lower than those in January.
Concentrations in the coastal cities such as Guangzhou and
Shanghai show larger day-to-day variations in the ARO1 SOA
concentrations in July, which was likely due to strong land-sea
breeze circulation in the summer. The maximum hourly
concentration of ARO1 SOA in Shanghai reached approximately 5 μg m−3 in July, and in nearby areas it even reached as
high as 10 μg m−3. The predictions from Case 0 were
signiﬁcantly lower, approximately two-thirds of those predicted
with higher yields.

distributed in the mid-south and northeast areas of China, with
a maximum monthly average concentration of approximately
3.6 μg m−3 in Case C1. The increase of ARO1 SOA (Case
C1−C0) is widely distributed spatially, as shown in Figure 6c,
with a maximum regional increase of 1.1 μg m−3. Due to the
higher cresol yield, the relative increase of ARO1 SOA is
approximately 40−70% in regions where the predicted toluene
SOA is greater than 0.05 μg m−3. The impact on higher yields
on ARO1 SOA in July is relatively small because higher
temperature tends to drive the semivolatile products into the
gas phase. Relatively higher ARO1 SOA concentrations are in
east China, with a maximum monthly average concentration of
approximately 1.6 μg m−3, based on Case C1 (Figure 6b). As
shown in Figure 6d, the increase in ARO1 SOA is also small,
about 0.2−0.3 μg m−3, with a maximum increase of 0.4 μg m−3.
The general increase in the NCP is approximately 30−40% of
the ARO1 SOA concentration in Case C0.
The increase of total SOA, as shown in Figure S8, is slightly
higher than the increase due to ARO1 SOA alone. The relative
increase in total SOA is approximately 10% in January and 5%
in July. Most of the additional increases are due to increases in
SOA from ARO2 (Figure S9). Figure 7 shows the predicted
changes in monthly average ARO1 and ARO2 SOA
components for January 2013, as Case C1−Case C0.
Approximately 0.3−0.5 μg m−3 of the increase can be
attributed to increased ARO1 oxidation products from the
2p model (Figure 7a). The GLY and MGLY surface uptake is
decreased by less than 0.2 μg m−3. The decrease is likely
caused by the reduction of GLY and MGLY product yields in
the ARO1 + OH mechanism due to the reduction of the
1965
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Figure 6. Predicted monthly average SOA from ARO1 for January 2013 (a) and July 2013 (b) from Case C1, and the increase in ARO1 toluene
SOA (Case C1−Case C0) for January (c) and July 2013 (d). Units are μg m−3. The relative increase in ARO1 toluene SOA [(Case C1 − Case
C0)/Case C0] for January and July 2013 are shown in (e) and (f), respectively. The ARO1 SOA includes the 2p model components (ATOL1J and
ATOL2J) under high NOx conditions and a nonvolatile component (ATOL3J) under low-NOx conditions, as well as nonvolatile components from
surface uptake of GLY and MGLY formed from oxidation of ARO1 and oligomers formed from the semivolatile components. The white spaces in
panels (e) and (f) are grid cells with ARO1 SOA concentrations less than 0.05 μg m−3 in Case C0.

Figure 7. Predicted increase in monthly average ARO1 (a−c) and ARO2 (d−f) SOA components for January 2013 using the modiﬁed SOA yields
(Case C1−Case C0). Units are μg m−3.
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Figure 8. Predicted hourly concentrations of SOA from ARO1 in several urban areas for January 2013 using the original and modiﬁed SOA yields.
Units are μg m−3. The shaded areas represent the range of concentrations within the 3 × 3 grid cells with the urban center in the middle. The solid
lines are the average concentrations in the 3 × 3 grids.

4.2. Uncertainty in the Saturation Vapor Pressure of
MCM Species on the Modeled SOA Yields. The simulated
SOA mass concentrations, thus the SOA yields, in the chamber
experiments are aﬀected by the vapor pressure of individual
species in the MCM, estimated using the Estimation Program
Interface Suite (EPI Suite) from the US EPA.23 The
uncertainty in the predicted vapor pressure by the EPI Suite
is estimated using the reference compounds included in the
EPI’s database (a total of 3707 species). As shown in Figure
S12, the error in the estimated vapor pressure increases with
lower vapor pressure and can be as large as several orders of
magnitude. After grouping the vapor pressure of the species
into log-scale bins with a bin width of 1.0, the standard
deviation of the ratio of the experimental vapor pressure to the
EPI-estimated vapor pressure (in logarithmic scale) is
determined as a function of the EPI-estimated saturation
concentration CEPI
* , as shown in Figure S13.
A Monte Carlo technique is used to assess the uncertainty in
the MCM-modeled SOA yield and major components of SOA
due to uncertainties in the saturation vapor pressure. For each
chamber experiment listed in Table S1, 200 simulations were
performed. In each simulation, the saturation concentrations of
each semivolatile species in the MCM based on the EPI Suite
(CEPI
* ) were modiﬁed using eq 2

While it appears that the MCM box model with modiﬁed
branching ratios of toluene + OH reaction can simulate the
high-NOx chamber experiments reported by Hildebrandt et
al.9 and the predicted ambient toluene SOA concentrations are
reasonable when compared with estimated SOA using speciﬁc
tracers, these results do not provide a strict conﬁrmation of the
validity of the high cresol branching ratio suggested by Ji et
al.17 because the diﬀerences in the predictions are relatively
small, and large uncertainties exist in the estimated model
parameters and input data.

4. DISCUSSION
4.1. Impact on SOA Formation due to Changes in the
Gas-Phase Chemistry Only. The change of regional SOA in
Case C1 is due to the changes in gas-phase ARO1 + OH
reaction and the diﬀerences in the ARO1 SOA yields. In Case
C2, the modiﬁed gas-phase ARO1 + OH mechanism used in
Case C1 and the original SOA yield used in Case C0 are
applied to evaluate the impact on the regional toluene SOA
due to gas-phase chemistry changes only. Figure S11 shows
that the ARO1 SOA concentrations in Case C2 are lower than
those in Case C0 by approximately 0.05−0.1 μg m−3 in winter
and less than 0.05 μg m−3 in the NCP region in summer, which
is generally consistent with the GLY/MGLY SOA changes in
Case C1 (as shown in Figure 7b). These decreases account for
approximately 5% of the original ARO1 SOA concentrations,
and there are no signiﬁcant changes in concentrations of the
semivolatile products and their oligomers. As the HO2 and
NOx concentrations in Case C2 are not signiﬁcantly diﬀerent
from those in Case C0, the gas-phase ARO1 + OH changes do
not aﬀect the low-NOx pathway contributions to aromatic
SOA. The relative contributions of the low-NOx pathway to
ARO1 SOA are approximately 1−5% in winter and 5−15% in
summer.

*
C* = 10ΔlogpC EPI

(2)

where Δlog p is randomly generated to follow a normal
distribution with zero mean and standard based on the C*EPI
(equation in Figure S13). All simulations were conducted at
298 K and were run long enough so that the amount of SOA
produced in the simulations exceeds at least 100 μg m−3.
Figure S14 shows that uncertainties in the saturation vapor
pressure estimation could lead to large uncertainties in the
estimated SOA yields. For the high-NOx condition, SOA yields
at COM = 10 μg m−3 have a 90th percentile range of [0.09,
1967
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0.45], and for the low-NOx condition, the 90th percentile
range is [0.02,0.22]. The uncertainty in the SOA yields from
the existing chamber experiments was equally large, as shown
in Figure S14. Additional studies are needed to reduce the
uncertainties in the SOA yield estimations and quantify the
impact on regional SOA estimations.
4.3. Uncertainty in SOA Yields due to Problems in the
MCM Predictions of Later Generation Products. Another
large uncertainty in the predicted SOA yields is from the MCM
predictions of later generation oxidation products from the
toluene oxidation. For example, recent studies reported
detection of tri-, tetra-, and pentahydroxy toluene and hydroxy
and dihydroxyl methyl benzoquinone from cresol oxidation
under both low- and high-NOx conditions, which imply
successive addition of the OH group to the aromatic ring after
the formation of methyl catechol.7,48,49 A most recent
environmental chamber study showed a dominant yield of
cresol and large contribution from earlier generation products
including dicarbonyls and organic acids to SOA formation
from toluene oxidation.50 However, the MCM assumes that
OH reaction with methyl catechol follows the H-abstract
pathway entirely to form nitro methyl catechol (MNCATECH), suggesting that it likely misses important SOA
precursors and lead to underpredictions in the SOA yields. It
is possible that when the additional later generation oxidation
pathways are included, good predictions of SOA yields can be
obtained without increasing the cresol pathway yield. However,
the extent of missing these later OH addition products on SOA
yield simulations also depends on their vapor pressures, which
have large uncertainties. The inaccuracies in the MCM
representation of the later generation oxidation processes on
the SOA yield may have been partially compensated by the
uncertainties in the estimated saturation vapor pressure,
leading to reasonable high-NOx SOA yields reported in this
study. These species may be more important under low-NOx
conditions, and properly incorporating them in a modiﬁed
MCM can potentially improve the modeled SOA yields.
Studies are needed to further assess the uncertainties in SOA
yields and their impact on regional SOA estimations with the
improved toluene oxidation chemistry for later generation
oxidation products while considering the uncertainties in the
estimated vapor pressures.
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