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ARTICLE INFO ABSTRACT

Editor: Jianmin Chen Secondary organic aerosol (SOA) is an important component of atmospheric fine particulate matter (PMy s5), with
contributions from anthropogenic and biogenic volatile organic compounds (AVOC and BVOC) and semi- (SVOC)

Keywords: and intermediate volatility organic compounds (IVOC). Policymakers need to know which SOA precursors are

Secondary organic aerosols
Air quality modeling
SOA aging

important but accurate simulation of SOA magnitude and contributions remain uncertain. Findings from existing
SOA modeling studies have many inconsistencies due to differing emission inventory methodologies/assump-
tions, air quality model (AQM) algorithms, and other aspects of study methodologies. To address some of the
inconsistencies, we investigated the role of different AQM SOA algorithms by applying two commonly used
models, CAMx and CMAQ, with consistent emission inventories to simulate SOA concentrations and contribu-
tions for July and November 2018 in China. Both models have a volatility basis set (VBS) SOA algorithm but with
different parameters and treatments of SOA photochemical aging. SOA generated from BVOC (i.e., BSOA) is
found to be more important in southern China. In contrast, SOA generated from anthropogenic precursors is
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more prevalent in the North China Plain (NCP), Yangtze River Delta (YRD), Sichuan Basin and Central China.
Both models indicate negligible SOA formation from SVOC emissions compared to other precursors. In July,
when BVOC emissions are abundant, SOA is predominantly contributed by BSOA (except for NCP), followed by
IVOC-SOA (i.e., SOA produced from IVOC) and ASOA (i.e., SOA produced from anthropogenic VOC). In contrast,
in November, IVOC became the leading SOA contributor for all selected regions except PRD, illustrating the
important contribution of IVOC emissions to SOA formation.

While both models generally agree in terms of the spatial distributions and seasonal variations of different SOA
components, CMAQ tends to predict higher BSOA, while CAMx generates higher ASOA concentrations. As a
result, CMAQ results suggest that BSOA concentration is always higher than ASOA in November, while CAMx
emphasizes the importance of ASOA. Utilizing a conceptual model, we found that different treatment of SOA
aging between the two models is a major cause of differences in simulated ASOA concentrations. The step-wise
SOA aging scheme implemented in the CAMx VBS (based on gas-phase reactions with OH radical and similar to
other models) exhibits a strong enhancement effect on simulated ASOA concentrations, and this effect increases
with the ambient organic aerosol (OA) concentrations. The CMAQ aerosol module implements a different SOA
aging scheme that represents particle-phase oligomerization and has smaller impacts on total OA. Different
structures and/or parameters of the SOA aging schemes are being used in current models, which could greatly
affect model simulations of OA in ways that are difficult to anticipate. Our results indicate that future control
policies should aim at reducing IVOC emissions as well as traditional VOC emissions. In addition, aging schemes
are the major driver in CMAQ vs. CAMx treatments of ASOA and their resulting predicted mass. More sophis-
ticated measurement data (e.g., with resolved OA components) and/or chamber experiments (e.g., investigating
how aging influences SOA yields) are needed to better characterize SOA aging and constrain model

parameterizations.

1. Introduction

Atmospheric fine particulate matter (PMy5) could reduce visibility
(Kampa and Castanas, 2008), affect regional climate directly or indi-
rectly (Liu et al., 2014), and exhibit adverse impacts on public health
(Xie et al., 2014; Zhang et al., 2007). With the substantial emission
reduction of sulfur dioxide (SO3), nitrogen oxides (NO,), and primary
particles in China over the past decade (Yan et al., 2021; Zheng et al.,
2018), the organic portion of PM; 5 has become increasingly important.
Observations show that organic aerosols (OA) could contribute 30-70 %
of total PMy5 in China, with the secondary portion (i.e., secondary
organic aerosols, SOA) accounting for a more significant portion than
the primary portion (i.e., primary organic aerosols, POA) (Li et al.,
2016a; Shi et al., 2016). SOA is formed via chemical reactions of
anthropogenic and biogenic precursors (e.g., volatile organic com-
pounds, VOC) followed by subsequent gas-particle partitioning pro-
cesses (Murphy et al., 2006). A recent study by (Pye et al., 2021)
reported that SOA is associated with a higher rate of cardiorespiratory
mortality than PMj 5 on a per-mass basis.

Numerical air quality models (AQM) are essential tools to evaluate
the effectiveness of emission control policies, quantify regional contri-
butions, and predict concentrations under future emission scenarios.
However, accurate simulation of the magnitudes and variations of SOA
via AQM has always been challenging due to the complexity of SOA
itself and the complicated chemical processes involved in SOA forma-
tion. Table S1 summarizes existing SOA simulation studies by different
AQMs in China during the past ten years, including the Community
Multiscale Air Quality (CMAQ) modeling system, Weather Research and
Forecasting model coupled with Chemistry (WRF-Chem), the Compre-
hensive Air-quality Model with Extensions (CAMx), the Goddard Earth
Observing System-Chem (GEOS-Chem), and other models. The SOA
formation modules within these AQMs models generally apply either the
two-product approach (Odum et al., 1996) and/or the volatility basis set
(VBS) approach (Donahue et al., 2006), with the former easy to imple-
ment and the latter better at capturing the SOA chemical aging (An et al.,
2022; Lin et al., 2016; Yao et al., 2020). Earlier modeling studies uti-
lizing the two-product approach usually underestimated SOA. For
example, Jiang et al. (2012) found a maximum underestimation of 75 %
in simulated SOA during 2016 over China. In another study by Li et al.
(2017b), although simulated SOA concentration increased nearly four
times after increasing aromatic emissions and changing SOA yields, the
model still underestimated observed SOA by 72 % on average. To better
represent the physical and chemical attributes of SOA in AQMs,

Donahue et al. (2006) introduced the VBS scheme, which considers gas-
aerosol partitioning and chemical aging of both POA and SOA.
Compared to the two-product approach, VBS is shown to improve model
simulations of SOA substantially. Han et al. (2016) simulated SOA in
eastern China and found that the VBS approach could well reproduce the
observed SOA at four monitoring sites both in magnitudes (2.8 pgC/m>
vs. observed value of 3.3 ugC/m®) and in terms of the SOA/OA ratio (33
% vs. observed value of 32 %). Lin et al. (2016) applied the VBS
approach in CAMx to simulate SOA concentration and source attribution
in Beijing urban area in the summer; results show that the VBS approach
substantially improved simulated SOA concentration (from 0.73 pg/m>
to 5.3 pg/m> at a station in Beijing); however, the model still under-
predicted observed SOA values with NMB of —72 %. Due to the signif-
icant computational cost, current AQMs cannot adopt explicit chemical
mechanisms for SOA parameterizing. This limitation consequently leads
to a degradation of its model performance. Recent studies show prom-
ising results in predicting SOA and quantifying its sources based on
machine learning techniques (e.g., Pande et al., 2022; Qin et al., 2022;
Schreck et al., 2022). For instance, Wang et al. (2022) resolved the
importance of different VOCs on SOA in Tianjin based on the random
forest (RF) model. Wang et al., 2022 successfully applied the RF algo-
rithm to predict the concentrations of POA and oxygenated organic
aerosols at different sites in Hong Kong. Schreck et al. (2022) demon-
strated the ability of neural network models to accurately emulate SOA
formation from an explicit model with small error.

In addition to SOA module improvements, the inclusion of semi-
volatile and intermediate-volatility organic compounds (S/IVOC)
emissions has also been shown to reduce the gap between observed and
simulated SOA concentrations, although uncertainties exist with the
estimated S/IVOC emissions (Table S2). For example, the inclusion of
IVOC emissions was shown to increase the simulated SOA concentration
by 5 %-26 % at an observation site in the Yangtze River Delta (YRD)
region (Huang et al., 2021a). With an updated national S/IVOC emission
inventory, the average deviation between simulated and observed SOA
concentrations in China was reduced by 25 % (Wu et al., 2021b).
Regional or national emission inventory of S/IVOC emissions were
estimated based on either the conventional emission ratio method (i.e.,
ratio based on POA, VOC, or naphthalene, Wu et al., 2021b) or using
directly measured emission factor (Liu et al., 2017; Wu et al., 2021b).
Chang et al. (2022) proposed a full-volatility organic emission inventory
recognizing that emissions of organic compounds have a continuous
spectrum spanning from low to high volatility.

Although substantial progress has been made in improving SOA
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simulation, inconsistent findings were reported among recent SOA
modeling studies in China, which warrants further investigation. For
example, Miao et al. (2021) simulated much higher wintertime SOA
concentrations over eastern China than summertime SOA. In contrast,
An et al., 2022 and Chang et al. (2022) reported slightly higher SOA in
summer. Both Chang et al. (2022) and Wu et al. (2021b) reported higher
SOA formed from IVOC emissions (IVOC-SOA) than SVOC (SVOC-SOA),
which is opposite to Miao et al.’s (2021) results showing much higher
(by as much as two times) SVOC-SOA than IVOC-SOA in eastern China.
The simulated SOA from conventional anthropogenic VOC (ASOA) also
differs among studies. ASOA is estimated to be negligible (~0.25 pg
m~2) over the YRD region, and adding I/SVOC emissions increased SOA
concentration by 116 % (An et al. (2022). On the contrary, anthropo-
genic VOC (AVOC) are reported to contribute most to SOA formation
(35.6-59.1 %) and S/IVOC contributed the least (6.0-10.6 %) in Li et al.
(2022). These inconsistencies are potentially due to different S/IVOC
emission inventories and different SOA modules being applied, which
limits a direct comparison.

CAMx and CMAQ are two frequently used models to address various
air pollution questions, partially due to their ability to track source
contribution (Cao et al., 2022; Li et al., 2016b; Zhang et al., 2018). Both
models incorporated the VBS scheme to simulate SOA, but their simu-
lation results have not been compared with each other. Therefore, this
study attempts to resolve some of the existing inconsistencies of simu-
lated SOA by a detailed comparison between two commonly used air
quality models — CAMx and CMAQ. A publicly available national S/
IVOC emission inventory developed for China was used in both models
to facilitate direct comparison while temporarily ignoring the un-
certainties associated with the S/IVOC emission inventory itself. Simi-
larities and differences in the simulated results from the two models are
considered with a focus on contributions of different emission types
(POA, VOC, IVOC, SVOC) and the SOA aging schemes which differ.
Results from this study illustrate the uncertainties associated with SOA
schemes in AQMs even when the model input data are harmonized.
Revealing the important influence of SOA aging can stimulate future
improvements to SOA modeling schemes.

2. Methodology
2.1. Model configuration

In this study, two commonly used air quality models - CAMx version
7.10 (Ramboll, 2021) and CMAQ version 5.3.2 (US EPA, 2020) were
used to simulate SOA concentrations in China for July (representing
summer) and November (representing fall) of the calendar year 2018.
The models are applied over the same domain with input data developed
from the same sources, although each model has its own processes for
handling input data. Table 1 summarizes the key differences in model
configurations between the two models. The modeling domain covers
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China with a spatial resolution of 36 km (Fig. 1). The Weather Research
and Forecasting (WRF) model (version 4.0, Skamarock and Klemp,
2008) was applied to simulate meteorological fields, and WRF model
configurations were summarized in our previous studies (Huang et al.,
2023; Huang et al.,, 2021b). Anthropogenic emissions within China
utilized the Multi-resolution Emission Inventory for 2017 (MEIC, Zhang
et al., 2019) developed by Tsinghua University; emissions outside China
are based on the Emissions Database for Global Atmospheric Research
(EDGAR, Li et al., 2017a) for the year 2010.

The CAMx model configuration included the CB6 photochemical gas-
phase mechanism (Yarwood et al., 2010), the static two-mode coarse/
fine (CF) PM chemistry option with ISORROPIA inorganic gas-aerosol
partitioning scheme (Nenes et al., 1998), the Regional Acid Deposition
Model (RADM) aqueous phase chemistry, the Zhang dry deposition
option (Zhang et al., 2003) and wet deposition. In terms of the SOA
modeling scheme, CAMx provides the option to select one of two
schemes: a traditional two-product scheme (named SOAP) or a 1.5-D
VBS scheme which is a simplified version of the 2-D VBS scheme (Koo
et al., 2014). This study used the CAMx 1.5D VBS scheme because it is
more similar to the VBS in the CMAQ SOA aerosol module. Compared
with the SOAP scheme, the 1.5-D VBS scheme treats POA as being
semivolatile and includes multi-stage aging of SOA with both oxidation
and fragmentation occurring to describe the evolution of OA in terms of
oxidation state and volatility. For CMAQ simulations, the model
configuration included the CB6 gas-phase mechanism, the RADM
aqueous phase chemistry, ISORROPIA inorganic particulate thermody-
namics, and the AERO7 aerosol scheme (Appel et al., 2021).

Both CMAQ and CAMx consider SOA formation from traditional
anthropogenic VOC (e.g., benzene, toluene, and xylene) and biogenic
VOC (i.e., isoprene, monoterpenes and sesquiterpenes emitted by
vegetation), but there are several differences. For instance, CMAQ in-
cludes SOA formation from isoprene oxidation product (ioprene epox-
ydiol, IEPOX) in the aqueous phase (Pye et al., 2017; Pye et al., 2013),
organic nitrate from monoterpene oxidation (Pye et al., 2015), SOA
formed from glyoxal and methylglyoxal uptake to particles (Pye et al.,
2015) and in clouds (Carlton et al., 2008). Important differences exist in
the VBS framework between the CAMx 1.5D VBS and CMAQ AERO7
schemes. In CAMx, SOA formation from all precursors is treated in a VBS
style, and each volatility bin can be oxidized continuously to the next
lower volatility bin in a step-wise manner providing a dynamic SOA
volatility distribution. Aging of BSOA is disabled due to over-prediction
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of OA in rural areas reported in previous studies (Koo et al., 2014). On
the other hand, CMAQ treats some SOA formation pathways (e.g.,
oxidation of VOC and SVOC) in a VBS style and others not (e.g., aqueous
pathways and pcVOC oxidation). The SOA formed with VBS treatment in
CMAQ does not undergo further oxidation, so a static volatility distri-
bution is maintained. Oligomerization of the condensed aerosol was
considered to partially account for SOA aging in CMAQ (Carlton et al.,
2010; Pye and Pouliot, 2012). This point will be discussed further in
Section 3.4.

2.2. VOC/SVOC/IVOC emissions

Conventional anthropogenic VOC emissions were provided in the
MEIC inventory, while biogenic VOC emissions were calculated using a
recent offline version of the Model of Emissions of Gases and Aerosols
from Nature (version 3.2, https://bai.ess.uci.edu/megan). Specifically,
MEIC provides VOC emissions speciated for Carbon Bond 2005 (CB05)
and SAPRC 2007 (SAPRC07), which were combined to generate speci-
ated VOC emissions for the CB6 mechanism (see Supplemental text 1).
To evaluate the contributions of SVOC and IVOC emissions to SOA
formation, we included a gridded (0.25° x 0.25°) monthly S/IVOC
emission inventory from industry, residential, transportation, power
plants, and shipping for the year 2016, which was developed by
applying source-specific emission ratio of S/IVOC to POA (Wu et al.,
2021a). The total reported SVOC and IVOC emissions were 2881 and
6718 Gg, respectively, with industry and residential sectors being the
dominant contributor. On an annual scale, industrial and residential
sources accounted for 12.6 % and 64.6 % of the total SVOC emissions
and 63.1 % and 15.5 % of the total IVOC emissions. Spatially, S/IVOC
emissions are mainly distributed in China’s highly industrialized and
urbanized regions, for example, the Beijing-Tianjin-Hebei (BTH) and
YRD regions (Wu et al., 2021b). Regarding the monthly variations, S/
IVOC emissions are higher in winter (due to residential sources) and
lower in summer, with winter season (i.e., three months) emissions ac-
counting for 31 % of annual total emissions.

For the CAMx simulations, IVOC were labelled as ‘IVOG’, ‘IVOD’,
‘IVOB’, and ‘IVOA’, each representing IVOC emissions from gasoline
engines, diesel engines, biomass burning, and other anthropogenic
sources; the corresponding SVOC was renamed as ‘POA_GV’, ‘POA DV’,
‘POA_BB’ and ‘POA_OP’ (Ramboll, 2021). In CMAQ simulations, IVOC
were directly mapped to pcVOC, the precursor of potential SOA for-
mation from combustion emissions (pcSOA). According to (Murphy
et al., 2017), pcSOA was introduced to compensate for missing SOA
mass from sources such as IVOC oxidation, aging of secondary organic
vapors, biases in SOA yields due to vapor wall losses, enhanced organic
partitioning, and oxidation of unidentified SOA precursors. In the
default CMAQ v5.3.2, pcVOC is scaled to the POA emissions using a
constant scaling factor. A detailed comparison of the emission magni-
tudes as well as the corresponding SOA yields of the IVOC emissions
used in this study and the pcVOC emissions calculated based on the
CMAQ default scaling factor was provided in Supplemental text 2. SVOC
were allocated into CMAQ semivolatile species based on existing ratios
provided (Donahue et al., 2006; Murphy et al., 2017; see Table S6 for
details).

2.3. Simulation scenarios

In order to evaluate the impact of different models and VOC/SVOC/
IVOC emissions on simulated SOA concentration, three sets of parallel
simulations (each set with CMAQ and CAMx, respectively, so a total of
six) were conducted for July and November 2018 with identical mete-
orological fields (Table 2). In the base scenarios (‘CAMx_base’ and
‘CMAQ_base’), only the conventional anthropogenic emissions and
biogenic emissions were included. The simulated SOA in these base
scenarios is the sum of ASOA and BSOA. In the second set of IVOC
scenarios (‘CAMx_IVOC’ and ‘CMAQ_IVOC’), IVOC emissions were

Science of the Total Environment 903 (2023) 166162

Table 2
Model scenarios.
Scenario AQM Anthropogenic VOC IVOC SVOC
emissions emissions emissions
CAMx_base CAMx MEIC None None
CAMx_IVOC v7.10 MEIC Wu et al. None
(2021a,
2021b)
CAMx_S/ MEIC Wu et al. Wu et al.
IVOC (2021a, (2021a,
2021b) 2021b)
CMAQ _base CMAQ MEIC None None
CMAQ_IVOC v5.3.2 MEIC Wu et al. None
(2021a,
2021b)
CMAQ_S/ MEIC Wu et al. Wu et al.
IVOC (2021a, (2021a,
2021b) 2021b)

included, and the simulated SOA now includes ASOA, BSOA, and IVOC-
SOA. In the final set of S/IVOC scenarios (‘CAMx_S/IVOC’ and
‘CMAQ_S/IVOC’), both IVOC and SVOC emissions were included. The
contribution of IVOC and SVOC emissions to SOA was quantified by
subtracting the base case results from the corresponding scenarios (e.g.,
‘CAMx_IVOC’ minus ‘CAMx base’ to get IVOC contribution, etc.).
Different OA components, including POA, anthropogenic SOA (ASOA),
and biogenic SOA (BSOA), were distinguished in each scenario because
they are resolved by the model OA schemes.

2.4. PM, 5 and OC/EC observations

Simulated concentrations of PM;, 5 and secondary organic carbon
(SOC) were compared against surface observations of hourly PM, 5 at
364 national monitoring sites, and organic carbon (OC)/elemental car-
bon (EC) were compared at a limited number of sites. Observations of
PM, 5 were obtained from the China National Environmental Moni-
toring Centre (http://www.cnemc.cn/, accessed on 25th September
2021). Hourly observed OC/EC during July and November 2018 at 13
monitoring sites (see detailed locations in Table S7) were used to eval-
uate simulated SOA by applying the minimum OC/EC ratio method (Cao
et al., 2004; Castro et al., 1999) to the observations. The OC/EC sites
were mainly located in North China, East China, and South China. Model
performance was evaluated based on commonly used statistical metrics,
including the mean bias (MB), normalized mean bias (NMB), normalized
mean error (NME), and FAC2 (see Table S8 for definitions).

3. Results and discussions
3.1. Model performance evaluation

Fig. 2 shows the spatial distribution of monthly averaged PMjy s
concentration simulated under CAMx_S/IVOC and CMAQ_S/IVOC sce-
narios. Overall, the two models are able to capture the spatial distri-
butions and seasonal variations of observed PM5 5 with MB of —4.1-8.3
pg m~3, NMB of —17.1-17.5 %, and NME of 37-49 %. Values of NMB
and NME meet the criteria standards (NMB within 20 % and NME within
45 %, except for CAMx NME) proposed by (Huang et al., 2021c), indi-
cating acceptable model performance for PMj; 5. Regionally, simulations
over NCP and Sichuan Basin show an overestimation with MB of
-8.2-24.8 pg m~3 and NMB of —16.0-59.6 % (Table S9). CAMx
generally tends to simulate higher PM; 5 concentrations (by 13.4-60.2
%) than CMAQ. We further evaluated simulated SOC at a limited
number of observation sites (Fig. S2 and Fig. S3), noting that the
“measured” SOC is diagnosed from measurements of total OC as dis-
cussed above. Model performance for simulated SOC varies across
different sites, with a general pattern of overestimation in July and
underestimation in November (Table S10).


https://bai.ess.uci.edu/megan
http://www.cnemc.cn/

L. Huang et al.

CAMx_S/IVOC

=49%
2=12%

=49%
2=71%

pg/m

Science of the Total Environment 903 (2023) 166162

CMAQ_S/IVOC

NMB=-17.1%

%=3 8%
FA@R=78%

pg/m?

NMB=2.2%
=37%
o 2=76%

pg/m?

Fig. 2. Spatial distributions of simulated and observed (filled circles) PM; s concentration (pg/m) in July (upper row) and November (bottom row) 2018 based on
CAMx (left column) and CMAQ (right column) simulations, including S/IVOC emissions.

3.2. OA components simulated by CAMx and CMAQ

Fig. 3 shows the spatial distribution of different OA components
simulated by CAMx and CMAQ for July and November. Five OA com-
ponents, including POA, ASOA, IVOC-SOA, SVOC-SOA, and BSOA, were
identified as direct model outputs (i.e., POA and BSOA) or obtained as
the differences between different modeling scenarios listed in Table 2.
Figs. 4 and 5 show the subdomain averaged relative contribution of
different OA components for selected regions for July and November,
respectively. The spatial distributions of relative percentages of each
SOA component are shown in Fig. S4. Table S11 shows the domain
averaged concentration for each OA component by selected regions.

CAMx

(Jul)

CMAQ

(Jul)

CAMx

(Nov.)

CMAQ

(Nov.)

3.2.1. Primary organic aerosols (POA)

POA represents organic aerosols that are directly emitted from
anthropogenic sources (e.g., residential wood combustion). In the VBS
scheme, POA is allowed to vaporize into the gaseous phase and undergo
further oxidation processes to form SOA. The magnitudes and spatial
distributions of POA agree well between CAMx and CMAQ results as
well as previous studies (e.g., Hu et al., 2017), with high concentrations
simulated over Northeast China, NCP, northern YRD, and Sichuan Basin.
Seasonally, simulated POA concentration in November is much higher
than in July due to higher emissions. In July, POA ranged from 0.3 pg/
m® in PRD (simulated by CMAQ) to 1.9 pg/m3 in Sichuan Basin (simu-
lated by CAMx) and accounts for <10 % of the total OA concentrations
for all selected regions, except Sichuan Basin (~15 %), suggesting a

IVOC-SOA SVOC-SOA

Fig. 3. Spatial distributions of different OA components in July and November.
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Fig. 4. Domain-averaged OA concentration (labelled on top) and relative contributions of different components (labelled inside Figures) in July 2018 (Note that the

relative contributions of ASOA, BSOA, IVOC-SOA, and SVOC-SOA sum to 100 %).

relatively minor role compared to SOA during the summer season. In
November, domain-averaged POA ranged from 1.3 pg/m® in PRD
(simulated by CMAQ) to 6.7 pg/m3 in Northeast (simulated by CMAQ)
and became the dominant OA component in Northeast China (~70 %).
For other regions in November, POA contributed from ~10 % (in PRD)
to ~40 % (in NCP) of the total OA concentration, suggesting that SOA is
still the dominant OA component for most regions.

3.2.2. Secondary organic aerosols (SOA)

Except for Northeast China in November, SOA concentration exceeds
that of POA, and different SOA components show distinctly different
seasonal and spatial variations. Biogenic SOA (BSOA) is mainly
concentrated in southern China, where BVOC emissions are abundant
(Fig. S5). In contrast, anthropogenic-oriented SOA (i.e., ASOA and
IVOC-SOA) are mainly concentrated over northern China in July and
shifted southward in November. Seasonally, BSOA concentration is
much higher in July, with maximum monthly-averaged BSOA concen-
tration exceeding 15 pg/m> over specific areas in Central China. In
contrast, most regions had higher ASOA and IVOC-SOA concentrations
in November. Figs. 4 and 5 show the subdomain averaged relative
contribution of different OA components for selected regions. In July,
BSOA represented the dominant SOA component (except NCP), ac-
counting for 45.5 % - 60.2 % in the Northeast to as much as 71.5 % —
82.7 % in Central China. In November, when BVOC emissions are
dramatically lower, the relative contribution of BSOA decreases sharply.
Nevertheless, BSOA still represents the most abundant SOA component

(37.1 % - 51.0 %) for PRD in November.

Differences are observed in the magnitude of simulated BSOA and
ASOA concentrations between the two models, although the spatial
distributions and seasonal variations are consistent. On the one hand,
CMAQ tends to simulate slightly higher BSOA concentrations than
CAMzx. For example, the domain averaged BSOA concentration over NCP
in July is 2.8 pg/m® based on CAMXx results, which is 22.2 % lower than
that of CMAQ. For Central China, where BVOC emissions are abundant,
BSOA estimated from CAMx in July (10.8 pg/m?®) is 33.1 % lower than
CMAQ (14.8 pg/m3). In November, the relative differences in BSOA
between the two models become even larger, although the absolute
magnitudes are lower compared to July. The higher BSOA simulated by
CMAQ is likely associated: (1) the yield of organic aerosol from mono-
terpene oxidation was increased (Xu et al., 2018); (2) alpha-pinene was
treated explicitly in the model, and 30 % of the total terpenes emissions
were allocated to alpha-pinene (Pye et al., 2010) and (3) more BSOA
formation pathways are included in CMAQ, for example, the aqueous
SOA formation from IEPOX (Pye et al., 2017; Pye et al., 2013). However,
we did not investigate this difference because our study focuses on
anthropogenic emissions. On the other hand, CAMx predicts much
higher ASOA concentration than CMAQ, by up to ~ four times higher in
July and ~ 2 times higher in November. For instance, CAMx simulated
ASOA concentration in NCP is 5.7 pg/m° for July instead of 1.4 pg/m>
by CMAQ. CAMx simulated ASOA concentration in YRD in November
was 4.1 pg/m® compared to 2.4 pg/m® by CMAQ. This difference in
simulated ASOA concentration is discussed in detail in Section 3.4.
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Because of these differences, the relative contribution of ASOA and
BSOA varies between the two models. For CAMx simulations, ASOA
accounts for 10.9 % (Central China) — 42.1 % (NCP) of total SOA con-
centration in July and 23.6 % (Northeast China) — 38.7 % (Sichuan
Basin) in November. For CMAQ simulation, the relative SOA contribu-
tion of ASOA ranges from 4.3 % (Central China) — 15.0 % (NCP) in July
and 16.3 % (PRD) - 21.8 % (YRD) in November. In November, CMAQ
results suggest that BSOA concentration is always higher than ASOA,
while CAMx emphasizes the importance of ASOA more than BSOA.
The two models simulate similar IVOC-SOA concentrations with a
maximum of up to 7.3 pg/m® in July and 8.7 pg/m® in November. The
relative contribution of IVOC emissions to SOA ranged from 13.4 % —
13.8 % in PRD to 35.0 % — 42.5 % in NCP for July and 26.3 % — 29.7 % in
PRD to 51.4 % — 62.5 % in NCP for November, suggesting an important
contribution of IVOC emissions to SOA, especially during November.
This finding is consistent with many previous studies that reported the
importance of IVOC contribution to SOA (Chang et al., 2022). Compared
to other components, both models suggest that SOA generated from
SVOC emissions (i.e., SVOC-SOA) are negligible (<0.5 pg/m>), ac-
counting for <5 % of SOA concentration for most regions. This is
different from Miao et al.’s (2021) results which showed much higher
SVOC-SOA than IVOC-SOA in eastern China (by as much as two times).
However, it should be noted that there still exist large uncertainties in
estimating the S/IVOC emissions (Table S2). For example, Liu et al.
(2017) obtained a national total of 200.4 Gg IVOC from mobile sources
for the year 2015 based on the emission factor method, which is slightly

lower than the value (241.2 Gg) reported by Wang et al. (2022) and
much higher than Wu’s result (134.4 Gg; Wu et al., 2019) based on the
IVOC/POA ratio. Using three different estimation methods, Miao et al.
(2021) reported a range of 3.8-6.6 Tg anthropogenic IVOC emissions for
2014 in China, which is 30 % — 60 % lower than the value (9.6 Tg) re-
ported by Wu et al. (2021a) for 2016. Regionally, Huang et al. (2021a)
calculated the IVOC emissions in the YRD region, and IVOC emissions
could be different by a factor of 6.4-69.5 when different methods were
applied. The relative contributions from different sources also differ
among studies, further increasing the uncertainties of SOA source
tracking. Chang et al. (2022) indicate that domestic combustion
(including fossil fuel and biomass) and open biomass burning represents
the dominant contributors to S/IVOC emissions. In contrast, industry
and residential sources contribute 78 % of total S/IVOC emissions, ac-
cording to Wu et al. (2021b). These results indicate significant un-
certainties associated with S/IVOC emission inventory and the
subsequent SOA simulation, which warrant more measurement data to
better constrain the emission estimation in the future. In this study, we
utilized the emission inventory developed by Wu et al. (2021a, 2021b)
and focused on the similarities and differences between the models
while temporarily ignoring the uncertainties associated with the S/IVOC
emission inventory.

3.3. The impact of SOA aging

Although a VBS scheme is implemented in both CAMx and CMAQ
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models, substantial differences were found in the simulated ASOA
concentrations, as shown above, with CAMx predicting much higher
values than CMAQ (Fig. 4 and Fig. 5). For example, simulated domain-
averaged ASOA concentration in July by CAMx is 5.7 pg/m° and 2.9 pg/
m® over NCP and YRD, respectively, but the corresponding values
simulated by CMAQ are only 1.4 pg/m® and 0.8 pg/m®, which are
approximately four times lower. The relatively high contribution of
ASOA in CAMx (35.6 % ~ 59.1 % of total SOA) is consistent with the
study by Li et al. (2022), who reported 48.3 % of SOA was formed from
AVOC emissions. Meanwhile, the much lower ASOA concentrations
simulated by CMAQ in July over the YRD region (domain-average: 0.8
pg/m°) are consistent with another CMAQ study conducted by An et al.
(2022), who showed minimal SOA contribution (<0.5 pg/mg) from
AVOC for all four seasons. The significant differences in simulated ASOA
concentrations between the two models are mainly driven by the
different treatments of SOA aging. In the CAMx 1.5D VBS, gas-phase
oxidation products in different volatility bins are continuously
oxidized by reactions with OH (with an OH rate constant of 2 x 1071
em®/molecule/s) that move mass from higher volatility bins to the next
lower volatility bin in a step-wise manner (for example, from C* = 1000
pg/m? to C* = 100 pg/m® and from C* = 100 pg/m° to C* = 10 pg/m°).
The CAMx aging scheme will tend to produce more extensive aging in
summer than winter due to higher OH concentrations and greater
evaporation of SOA to the gas phase in warmer conditions. In contrast,
the VBS in CMAQ AERO?7 has no gas-phase oxidation of VBS products
and instead converts SOA in VBS bins with C* = 1 ug/m® to C* = 100 pg/
m? directly to non-volatile SOA at a constant rate of 3.4 % per hour. The
CMAQ aging scheme, representing oligomerization, will tend to produce
more extensive aging in winter than in summer due to greater conden-
sation of SOA in colder conditions. In this study, we can characterize
how these schemes differ, but we are unable to assess how well either
scheme agrees with the atmosphere because only limited ambient data
are available to us for model evaluation.

We investigated how the different treatments of SOA aging in the
CMAQ and CAMx VBS schemes influence simulated SOA concentrations
by performing simple conceptual calculations outside the models. By
doing this, the SOA yields are computed solely based on Pankow’s
partitioning theory, the total OA concentration, and temperature. Other
physical processes (e.g., removal by deposition, atmospheric dispersion)
or chemical reactions (i.e., complex radical chemistry) are not included.
Based on Pankow’s partitioning theory (Pankow, 1994), the SOA yield «
from a specific precursor (e.g., benzene) is calculated using Eq. (1):
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where f; is the mass yields from each volatility bin (i), which are the
values listed in Table S12; C;* is the volatility defined for each bin, and
Coa is the total ambient OA concentration; N is the number of volatility
bins, and here it equals to 5. We performed separate calculations under
both high- and low-NOx conditions, where “high-NOx” refers to condi-
tions where RO, radicals react primarily with NO, whereas under “low-
NOx” conditions, they react primarily with HO; radicals (Seinfeld et al.,
1998). We first consider a scenario with no aging in CAMx (CAMx_no-
aging). Taking benzene as an example and assuming Coa = 1 pg/m3 in
Eq. (1), SOA mass yield (dimensionless units) from benzene under high
and low-NOx conditions is 0.009 and 0.029, respectively. With ambient
Coa increased by ten times (i.e., Coa = 10 pg/m>), the gas-particle
partition equilibrium shifts more towards the particle phase, and the
SOA mass yield for benzene increases to 0.056 and 0.105 for high and
low-NOx, respectively. Thus we obtain the SOA mass yields for benzene
as a function of Cpp shown by solid lines in Fig. 6 (similar calculations
for toluene and xylene are presented in Fig. S6). Similarly, for CMAQ
with no aging (CMAQ_no-aging) and Coa = 1 pg/m?, the SOA mass yield
from benzene is 0.021 and 0.145 under high-and low-NOx conditions,
respectively. As Coa increased to 10 pg/m>, SOA mass yield remained
unchanged under low-NOx conditions and increased by a factor of 3.2
under high-NOx conditions, as shown by dashed lines in Fig. 6. When
oligomerization (aging) over 6 h is considered in CMAQ (CMAQ_aging),
SOA yield for benzene is enhanced by approximately a factor of 2 under
the high-NOx condition, but there is no enhancement under low-NOx
condition because the VBS in CMAQ AERO7 always treats this aerosol as
being non-volatile and therefore unaffected by aging.

The effect of aging can be much stronger in CAMx than in CMAQ,
depending upon the modeled OH radical concentration. We performed a
simple offline sensitivity analysis assuming a representative winter OH
concentration of 5 x 10° molecules/cm®. As shown in Fig. 7, an initial
VBS distribution favoring higher volatility bins (i.e., towards bin 5)
evolves over time with aging (i.e., OH-reaction of the gas-phase fraction
in each bin) to favor lower volatility bins (i.e., towards bin 1) which
reduces overall volatility and increases aerosol yield. An OH exposure of
10 molecules/cm®, equal to an exposure time of 5.75 h, was used so
that the aging effects shown for CAMx and CMAQ are for a similar
duration. With this amount of aging/oxidation effect, the VBS bin molar
yields for benzene under high-NOx become 0.081, 0.420, 0.324, 0.145,
and 0.041 as compared to 0, 0.001, 0.079, 0.148, and 0.222 with no
aging (Table S12). These aged yields are converted to SOA mass yields
under different total OA concentrations using Eq. (1), as shown by the
red symbol line in Fig. 7. For a Coa = 1 pg/m> with ~6 h of aging, CAMx
simulated a SOA mass yield of 0.322 from benzene under the high-NOx
condition as opposed to 0.009 without aging, an enhancement greater
than a factor of 30. This aging effect becomes even stronger as the
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Fig. 6. Conceptual SOA mass yield (ug/m> SOA formed per pg/m?> precursor reacted) from benzene under (a) high- and (b) low-NOx conditions by different model
configurations. Aging time of 5.75 h is applied for “CAMx_aging” and “CMAQ_aging”.
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ambient OA concentration increases. These conceptual calculations
reveal significant differences in the magnitude of SOA enhancement
produced by SOA aging applied within CAMx and CMAQ. However,
caution should be taken when interpreting the results calculated by the
conceptual model. The aging effect calculated by the offline conceptual
model is just an illustration of the aging differences between CAMx and
CMAQ, without considering other processes, such as deposition of
evaporated SOA (which corresponds to wall-losses in chamber experi-
ments) or atmospheric dilution. Thus the factor of 30 referenced above is
a theoretical number that is not directly comparable to chamber ex-
periments. To demonstrate the effect of SOA aging in CAMx simulation,
we conducted another set of CAMx base simulations (i.e., without S/
IVOC emissions) with no ASOA aging by setting the rate constant of OH
with SOA to zero. The spatial distribution of ASOA with and without
aging is displayed in Fig. S7. The aging effect in CAMx 1.5D VBS
increased ASOA mass by factors of 6- 14.3 in July and 6.3- 9.3 in
November, which is on average 2— 3 times stronger than another study
conducted by CMAQ 2D-VBS (Zhao et al., 2016). A detailed comparison
is included in Supplemental Text 3.

A literature review reveals that different treatments of SOA aging, or
no aging, are widespread in the application of VBS schemes. For
example, Hayes et al. (2015) applied box models with multi-generating
aging parameterization to simulate SOA in Los Angeles during CalNex
2010, which was shown to over-predict urban SOA at photochemical age
larger than one day. With several alternate model configurations, Dze-
pina et al. (2011) predicted SOA mass in Mexico City during MILAGRO
2006 and found that a scenario with a multi-generational SOA aging
scheme and no S/IVOC emissions could successfully predict observed
SOA but adding S/IVOC emissions resulted in large over-predictions.
Jiang et al. (2012) applied WRF-Chem to simulate SOA in China with
no aging scheme and concluded that omitting chemical aging of SOA
and POA might be the main reason for their underestimation of SOA by
up to 75 %. Han et al. (2016) contrasted simulated SOA results based on
the VBS scheme with and without considering aging in RAQMS and
found that a VBS scheme with aging under-estimated SOA by only 15 %,
whereas VBS without aging under-estimated SOA by 70 %.

The examples of differing OA model assumptions and outcomes
found in this brief literature review and our simulation results empha-
size that model simulations of OA are very sensitive to whether and how

SOA aging is represented. A diverse variety of VBS schemes are being
used in air quality models, and the predicted OA concentrations may
depend upon scheme structure and/or parameters in ways that are
difficult to anticipate. Comparing SOA yield curves under idealized
conditions (e.g., Fig. 6) can be helpful for comparing different schemes.
The range of outcomes produced by current OA schemes illustrates that
large uncertainties remain, as well as uncertainties in emission in-
ventories, which should be considered when interpreting results from
OA modeling studies. There is a continuing need for sophisticated
measurement data to provide better constraints.

4. Conclusions

We applied two commonly used air quality models to simulate SOA
concentration and contributions from VOC, IVOC, and SVOC emissions
over China for July and November 2018, with emphasis on comparing
the models and their sensitivity to assumptions within the VBS schemes.
Five OA components were resolved, including POA, SOA formed from
biogenic VOC (BSOA), anthropogenic VOC (ASOA), IVOC-SOA, and
SVOC-SOA. The POA contribution to total OA is <10 % in July and
ranges from 10 % — 40 % in November (except for Northeast China),
indicating the dominant role of SOA. Both models suggest that SOA
contributions from SVOC emissions are negligible, but IVOC represents
an important SOA precursor, especially during November when IVOC
becomes the leading SOA contributor for all selected regions except PRD
(accounting for 26 % to 30 % in PRD and 45 % to 63 % in NCP).
Although our modeling results are subject to the uncertainties associated
with the S/IVOC emission inventory, as discussed above, the consis-
tently large contribution of IVOC emissions to total OA indicates that
future control policies should aim at reducing IVOC emissions as well as
traditional VOC emissions. More measurement data to better constrain
the emission estimation are warranted in the future.

While both models show generally consistent results in terms of the
spatial distributions and seasonal variations of the resolved OA com-
ponents, differences were found with simulated ASOA and BSOA con-
centrations. CMAQ tends to estimate higher BSOA concentration, while
CAMx generates more ASOA. As a result, CMAQ results suggest that
BSOA concentration is always higher than ASOA in November, while
CAMx emphasizes the importance of ASOA. With the help of a
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conceptual model, we demonstrate that the higher ASOA simulated by
CAMx is attributable to the aging effect on ASOA implemented in CAMx.
In the CAMx 1.5D VBS, SOA formed in higher volatility bins is assumed
to undergo further gas-phase oxidation by OH into lower volatility bins.
It is estimated that with 6 h of aging at a representative wintertime OH
concentration of 5 x 10° molecules/ecm®, SOA aging could enhance
ASOA concentration by an order of magnitude, or more, depending on
the total ambient OA concentration. The VBS in CMAQ AERO7 imple-
ments a different SOA aging scheme that represents particle-phase
oligomerization and has smaller impacts on total OA, or no impact,
than the CAMx 1.5D VBS aging scheme. A brief literature survey reveals
that a diverse variety of VBS schemes (aging or no-aging) and/or pa-
rameters are being used in air quality models and could greatly affect
model simulations of OA in ways that may be difficult to anticipate.

Several limitations in the current study warrant follow-up work.
First, only observed OC/EC data at a few available were used for model
validation. Future studies should apply more advanced monitoring data
that resolve OA constituents to improve model evaluation and devel-
opment when these data become available. Second, the emission in-
ventory utilized in this study was not comprehensive. For instance, the
volatile chemical products (VCP), recently reported as an increasingly
important SOA contributor, were not included. Lastly, the current work
only contrasts two commonly used air quality models. A comprehensive
inter-model comparison incorporating more models would benefit the
modeling community.
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