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H I G H L I G H T S  

• IVOCs emissions estimated by different methods differ by a factor of 2. 
• Simulated SOA concentrations could be enhanced by IVOCs emissions. 
• SOA modeling schemes have important influences on simulated SOA and the fraction of biogenic vs. anthropogenic sources.  
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A B S T R A C T   

Secondary organic aerosols (SOA) are an important component of fine particulate matter (PM2.5). However, 
photochemical models often have difficulty capturing the observed magnitudes of SOA due to uncertainties in 
precursor emissions and modeling approach. In this study, we conducted a modeling study of SOA in the Yangtze 
River Delta (YRD) region of China to investigate the impact of emissions of intermediate-volatility organic 
compounds (IVOC) and the SOA modeling schemes. IVOC emissions, which are important SOA precursors but are 
missing from most emission inventories, are estimated for the YRD region based on two methods. First, scaling 
IVOC from emissions of primary organic aerosols (POA) estimates 730 Gg with on-road and industry sectors 
being the main contributors. Second, scaling IVOC emissions using emission factors and activity data estimates 
313 Gg, 57% lower than the first method, with industry and off-road sectors being the major contributors. A 
photochemical model simulation of SOA for July 2018, conducted using standard emission inventories for the 
YRD region, significantly underestimates SOA by 61% at the Dianshan Lake monitoring site (DSL). A series of 
simulations with two different SOA modeling schemes found that with the traditional two-product modeling 
framework, IVOC emissions enhance simulated SOA concentrations by 8%–27% at DSL and 5%–26% over the 
YRD region in July 2018. Increasing SOA mass yields from IVOC by a factor of five leads to better agreement with 
observations at the DSL site. Switching to the 1.5-Dimension Volatility Basis Set (VBS) approach increases 
simulated SOA by 76% at DSL but reduced POA concentration by 72%, leading to an overall decrease of organic 
aerosol (OA) by 12%. Unlike the two-product scheme where POA is entirely inert, the VBS scheme includes POA 
in the OA chemistry. The SOA:OA ratio and the anthropogenic-to-biogenic SOA ratio (ASOA:BSOA) also vary 
systematically with SOA modeling schemes suggesting that detailed measurements of SOA composition could 
further constrain modeling methods.   
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1. Introduction 

Atmospheric fine particulate matter (PM2.5, aerodynamic diameters 
less than 2.5 μm) impacts atmospheric visibility, human health, and 
climate change (Kampa et al., 2008; Liu et al., 2014; Pui et al., 2014; Xie 
et al., 2014). Organic aerosol (OA) is an important component of PM2.5, 
accounting for 20–90% of total PM2.5 mass (Zhang et al., 2007). OA is 
composed of both directly emitted, or primary, organic aerosol (POA) as 
well as secondary organic aerosol (SOA). SOA is generated via oxidation 
reactions involving precursor emissions of volatile organic compounds 
(VOC) that form condensable gases with varying vapor pressures, fol-
lowed by gas-particle partitioning (Murphy et al., 2006). SOA represents 
an important part of OA (Guo et al., 2014; Huang et al., 2014; Sun et al., 
2016), particularly in China where previous studies show that SOA ac-
counts for 31–65% of OA in Shanghai and 30–76% in Beijing (Xu et al., 
2015, 2018; Sun et al., 2016; Zhang et al., 2018). Compared with sec-
ondary inorganic aerosols (i.e. sulfate, nitrate, and ammonium), SOA 
precursors and formation mechanisms are much more complicated and 
less understood (Hallquist et al., 2009). Due to the inclusion of polar 
functional groups such as oxygen and nitrogen, SOA exhibits stronger 
solubility and hygroscopicity, and thus presents greater impacts on 
aerosol optical properties and health effects (Gao et al., 2019; Zheng 
et al., 2014). 

SOA budgets in different regions of China have been estimated by 
three-dimensional photochemical air quality models (Lin et al., 2016; Li 
et al., 2019, 2020; J Li et al., 2019; Liu et al., 2020; Yao et al., 2020). In 
early years, SOA simulations were mostly conducted based on the 
“two-product” approach (Odum et al., 1996), such as the Secondary 
Organic Aerosol Processor (SOAP; Strader et al., 1999), which assumes 
that POA is non-volatile and unreactive, and each VOC precursor forms 
several product compounds that can coexist in the gas and aerosol 
phases based on their saturation concentration. However, experimental 
results have shown that POA is semi-volatile and can evaporate into the 
gaseous phase for further photochemical oxidation and therefore pro-
ducing SOA (Robinson et al., 2007; Donahue et al., 2009). As a result, 
models based on the two-product approach largely underestimate SOA 
concentrations (e.g. Jiang et al., 2012; Fu et al., 2011; Meroni et al., 
2017). To improve SOA simulations, Donahue et al. (2006) introduced 
the concept of the Volatility Basis Set (VBS), which provides a unified 
framework for gas-aerosol partitioning and chemical aging of both POA 
and SOA. Compared with the two-product approach, VBS is shown to 
significantly improve simulated SOA concentrations (e.g. Han et al., 
2016; Meroni et al., 2017; Giani et al., 2019). For example, Lin et al. 
(2016) simulated SOA in Beijing with both the two-product and VBS 
schemes and found that the latter improved the average SOA concen-
tration by 86%. Yao et al. (2020) simulated SOA with the traditional 
two-product approach, a 1-dimensional (1-D) VBS and a 1.5-dimen-
sional (1.5-D) VBS within the Comprehensive Air quality Model with 
extensions (CAMx) in the Pearl River Delta (PRD) region, and found that 
1-D VBS could better capture peak SOA concentrations while simulated 
annual average SOA concentrations increased by 63% relative to tradi-
tional SOA approaches. 

In addition to improved SOA modeling schemes, inclusion of missing 
SOA precursors also leads to improved SOA simulations. Intermediate- 
volatility organic compounds (IVOC) are found to be important SOA 
precursors (Tkacik DS et al., 2012; Woody et al., 2014; Giani et al., 2019; 
Lannuque et al., 2019) and have significant impacts on SOA formation 
(Robinson et al., 2007 Jathar et al., 2017). IVOC are species with 
effective saturation concentration between 103 μg m− 3 and 106 μg m− 3, 
which, for context, correspond to n-alkanes C12 ~ C22 n-alkanes 
(Donahue et al., 2009; Presto et al., 2010). Many studies have found that 
adding IVOC emissions generally improved SOA simulation results 
(Couvidat et al., 2013; Hayes et al., 2015; Woody et al., 2016). For 
example, Zhao et al. (2016a) estimated IVOC emission based on IVOC: 
POA ratios and found that the contribution of IVOC emissions to SOA 
concentrations was about 50% in eastern China in 2010. Li et al. (2020) 

investigated the evolution and distribution of SOA over the 
Beijing-Tianjin-Hebei (BTH) region during the winter of 2014 and found 
that IVOC contributed 40% to SOA formation. However, IVOC emissions 
are usually not calculated or reported in conventional emission in-
ventories, yet there are large uncertainties associated with emission 
rates when they are estimated (Xia et al., 2018; Lu et al., 2018; Sun et al., 
2018; Wu et al., 2019). 

The Yangtze River Delta (YRD) region, one of the three most devel-
oped city-clusters in China (including BTH and PRD), has experienced 
heavy haze pollution during the past decade (e.g. Lin et al., 2016; Sun 
et al., 2020; Liu et al., 2020). With tremendous efforts to mitigate air 
pollution over China, the overall air quality in YRD has greatly improved 
over the past few years (Ministry of Ecology and Environment of China, 
2019). The contribution of OA to PM2.5 in YRD exceeded 40% with SOA 
contributing up to 69% of OA during the haze event in January 2013 
(Wang et al., 2009; Huang et al., 2014; Cheng et al., 2014; Chen et al., 
2016), indicating that SOA is an important PM2.5 component. To 
continuously reduce PM2.5 concentrations in YRD, it is important to 
understand the spatial and temporal patterns of SOA concentrations. 
However, modeling studies of SOA in YRD are lacking (Liu et al., 2020). 
The most recent study by Liu et al. (2020) investigated source contri-
butions of SOA during winter pollution episodes in YRD based on the 
Community Multiscale Air Quality (CMAQ) model. However, IVOC 
emissions were not considered in their study, which could lead to biased 
sectoral contributions to SOA formation to some extent. 

In this study, we first developed a comprehensive IVOC emission 
inventory with high spatial and temporal resolution for the YRD region 
using two different methods. SOA concentrations were then simulated 
with the SOAP scheme as well as the 1.5-D VBS scheme within the CAMx 
(Ramboll, 2018) for the month of July 2018. Several sensitivity simu-
lations examine the contribution of IVOC emissions to SOA and the in-
fluences of two different SOA modeling schemes over YRD. Results from 
this study provide useful information with respect to the spatial and 
temporal patterns of precursor emissions and SOA concentrations 
throughout YRD, which can further guide air pollution control in the 
future. 

2. Methodologies 

2.1. Development of IVOC emissions inventory 

Previous studies estimated IVOC emissions either by applying a 
source-specific IVOC factors to POA emissions (Hodzic et al., 2010; 
Woody et al., 2015; Murohy et al., 2017) or to emissions of non-methane 
organic gases (NMOG, Jathar et al., 2014). Alternatively, several studies 
calculated IVOC emissions from directly-measured IVOC emission fac-
tors from different sources (Huang et al., 2018; Zhao et al., 2015, 
2016b). In this study, we applied both the IVOC:POA ratio method 
(referred to here as the POA method) and the emission factor method 
(referred here as the EF method) to estimate IVOC emissions for the YRD 
region. 

For the POA method, a wide range of ratios have been used in pre-
vious studies for different sources. For instance, Robison et al. (2007) 
and Hodzic et al. (2010) estimated total IVOC emissions by multiplying 
POA emissions by a factor of 1.5 regardless of emission sector. 
Depending on the fuel type, reported ratios of IVOC emissions to POA 
emissions from on-road and non-road sources range from 1.5 to 30.0 
(Robinson et al., 2007; Zhao et al., 2016a). Most of the previous studies 
applied the ratio of 1.5 for industry, biomass burning (i.e. domestic 
combustion), cooking and other sources. Table 1 lists the IVOC:POA 
ratios adopted in this study. 

Estimation of IVOC emission based on the EF method is shown in Eq. 
(1): 

Ei =Ai × EFIVOCs,i Eq. (1)  
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where Ei represents IVOC emissions from source i; EFIVOC represents the 
source-specific IVOC emission factor; Ai represents the local activity 
data for different sources. Due to data availability, IVOC emissions from 
on-road, residential combustion and biomass burning were calculated 
using the EF method. Activity data (for example, vehicle volume, road 
length, off-road mobile volume, straw burned and coal volume, etc.) 
were collected from the 2018 statistical yearbooks for 41 cities in the 
YRD region. IVOC emission factors for on-road vehicles were obtained 
from Zhao et al. (2015, 2016b, shown in Table S1) and emission factors 
for other sources are listed in Table S2. 

2.2. Model configuration 

An integrated modeling system comprising the Weather Research 
and Forecasting (WRF) model version 3.40 and the CAMx version 6.50 
photochemical grid model (Ramboll, 2018) were used to simulate SOA 
for the YRD region. WRF physics settings are listed in Table S3. The 
CAMx configuration included the Carbon Bond 6 (CB6) photochemical 
gas-phase mechanism (Yarwood et al., 2010), the static two-mode 
coarse/fine (CF) PM chemistry option with the ISORROPIA (Nenes 
et al., 1998) inorganic gas-aerosol partitioning scheme, Zhang dry 
deposition option (Zhang et al., 2003) and wet deposition. The organic 
PM chemistry methods employed in this study are described below. 
Three nested domains were used as shown in Fig. 1. Domain 1 (D01) 
covers most of China, Japan, Korean Peninsula, parts of India, and 
southeast Asia with a grid spacing of 36 km; Domain 2 (D02) covers the 
eastern part of China with 12 km grid spacing; the inner domain (D03) 
covers the YRD region (Shanghai, Jiangsu, Zhejiang, Anhui provinces) 
and parts of surrounding areas with a grid spacing of 4 km. Boundary 
conditions (BC) and initial conditions (IC) for D01 were extracted from 
the Model for Ozone and Related chemical Tracers (MOZART) global 

chemical model (Emmons et al., 2010) using CAMx pre-processing 
software. The simulation period of July 2018 included a 5-day spin-up 
period to mitigate the impact of initial conditions. Anthropogenic 
emissions outside the YRD region were based on the multi-resolution 
emission inventory for China (MEIC, http://www.meicmodel.org/). 
The emission inventory for the YRD region was locally developed 
(Huang et al., 2011) with activity data updated to year 2017. Anthro-
pogenic emissions were prepared for modeling via the Sparse Matrix 
Operator Kernel Emissions (SMOKE) processing system (Houyoux et al., 
2000). Biogenic emissions were generated using by an updated version 
of the Model of Emissions of Gases and Aerosols from Nature (MEGAN, 
version 3.0, http://aqrp.ceer.utexas.edu/projects.cfm) along with 
metrological data generated by WRF. 

CAMx provides two modeling schemes for SOA chemistry: the SOAP 
scheme (Strader et al., 1999) and the 1.5-D VBS scheme (Koo et al., 
2014). The former SOAP treats POA as non-volatile and includes species 
that do not undergo further chemical reactions and consist of two parts: 
gas-phase oxidation of anthropogenic and biogenic aromatic precursors 
forming condensable gases (CG) with gas-aerosol partitioning equilib-
rium distribution for forming SOA (Ramboll, 2018). 

The latter VBS considers the volatility of POA and multiple genera-
tions of SOA, and has evolved from a 1-D to 1.5-D scheme (Donahue 
et al., 2006, 2011, 2012; Koo et al., 2014). In 1-D VBS, organic com-
pounds are grouped only according to volatility and could not describe 
varying degrees of oxidation. The 2-D VBS groups organic compounds 
based on oxidation state and volatility but incurs high computation cost. 
1.5-D VBS efficiently combines the simplicity of 1-D treatment of vola-
tility with a representation of OA oxidation state (Koo et al., 2014). In 
terms of IVOC oxidation, SOAP scheme does not differentiate among 
different sources of IVOC emissions while VBS scheme does. In the 
former scheme, IVOC is oxidized by OH/HO2 radical and NO to generate 
more-volatile, less-volatile and non-volatile products and the mass 
yields for each product is NOx-dependent (Ramboll, 2018). In VBS 
scheme, IVOC is oxidized only by OH radical with a rate constant of 4 ×
10− 11 cm3 molecules− 1 s− 1 and the mass yields is also NOx-dependent. 

2.3. Simulation scenarios 

In order to evaluate the impacts of IVOC emissions and SOA 
modeling framework on simulated SOA over the YRD region, five sce-
narios were conducted (Table 2). The BASE scenario was conducted 
without IVOC emissions, while the other four scenarios added IVOC 

Table 1 
IVOC:POA ratios employed in this study for different emission sectors.  

Emission category IVOCs/POAs References 

Industry 1.5 Robinson et al. (2007) 
Biomass burning 1.5 Zhao et al. (2016a) 
Cooking 1.5 Robinson et al. (2007) 

Robinson et al. (2007) 
Robinson et al. (2007) 

Dust 1.5 
Residential combustion 1.5 
On-road 8 Zhao et al. (2015) 
Off-road 8 Zhao et al. (2016a)  

Fig. 1. CAMx modeling domains.  
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emissions. SCEN1 employed IVOC emissions estimated by the combi-
nation of both POA and EF methods (i.e. the POA method is used for 
industry, cooking, dust and off-road, and the EF method is used for on- 
road, biomass burning and residential combustion) while SCEN2 and 
SCEN4 used the POA method only (i.e. the POA method is used for all 
sources). Since SOA yields from IVOC are associated with large un-
certainties (Chan et al., 2009; Stockwell et al., 2015; Zhao et al., 2016b; 
Hodzic et al., 2016; Ma et al., 2017; Qi et al., 2019), SCEN3 scaled the 
SOA mass yields by a factor of 5 to investigate sensitivity on top of 
SCEN2. For BASE and SCEN1 through SCEN3, the SOAP framework was 
used while for SCEN4 the 1.5-D VBS modeling framework was used. 

2.4. Observed data 

Hourly observed concentrations of PM2.5, PM10, SO2, NO2, and O3 
from July 1 to 31, 2018 at 41 monitoring sites over the YRD region 
(Fig. 1) were used for model validation. In addition, hourly observed 
data for organic carbon (OC) and elemental carbon (EC) over July 2018 
at the Qingpu Dianshan Lake site (DSL site; 31.0935◦N, 120.978◦E, 
Fig. 1) was used for the validation of modeled OC and EC. Because SOA 
observations are not available, a direct comparison of modeled SOA with 
observations is not possible. Nevertheless, the observed OC and EC 
provide constraint for the total amount of carbon, and the ratio of the 
two is an indicator of the extent of secondary organic aerosol formation. 
At the same time, the observed SOA was estimated based on a relatively 
simple method for preliminary comparison with simulated SOA. Sec-
ondary organic carbon (SOC) was calculated from OC based on the 
minimum OC/EC ratio method (Castro et al., 1999; Cao et al., 2004). 
Fig. S1 shows the concentration of OC and EC and the OC/EC ratios for 
July at the DSL site. Based on these data, the (OC/EC) min of 1.0 was used 
in this study. Note that OC includes only mass of carbon, whereas OA 
includes all mass associated with organic aerosols (carbon, oxygen, 
hydrogen, etc.). Therefore, OA derived from CAMx must be converted to 
OC. An OA:OC ratio of 1.6 was used to convert simulated SOA for SOAP 
scheme (Feng et al., 2009); for VBS scheme, different OA:OC ratios for 
different OA sources and different volatility bins were used according to 
Koo et al. (2014) (Table S4). Observed hourly temperature (T), wind 
speed (WS), and relative humidity (RH) from Shanghai (Qingpu and 
Pudong), Hangzhou, Nanjing and Hefei were used for WRF evaluation 
(Fig. 1). The meteorological data were obtained from National Data 
Center of the Chinese Meteorology Agency (http://data.cma.cn/). 

3. Results and discussions 

3.1. Estimated IVOC emissions for the YRD region 

Based on the POA method, total IVOC emissions in 2017 were esti-
mated at 730 Gg, while IVOC emissions calculated by the EF method 
were 313 Gg, about half the value estimated by POA method (Table 3). 
Fig. 2 shows the total IVOC emissions at the provincial level based on 
these two methods. Anhui province has the largest IVOC emissions (124 
Gg by EF method ~ 281 Gg by POA method), followed by Jiangsu (115 
Gg ~ 259 Gg), Zhejiang (60 Gg–148 Gg) and Shanghai (13 Gg ~ 42 Gg). 
According to the IVOC emission inventory estimated by Liu et al. (2017), 
emission from vehicular sources in 2010 was 29 Gg for the YRD region, 
which is 1.8 times higher than the results by EF method but much lower 
than the results by POA method in our study. 

Based on the POA method, on-road emissions were the largest IVOC 
contributor, accounting for 36.1% of the total, followed by industry 
(21.4%), biomass burning (13.1%), residential combustion (12.4%), and 
off-road machinery (10.2%). IVOC emissions from dust and cooking are 
relatively small (together less than 10%). For the EF method, industry 
was the largest IVOC contributor at 49.9%, followed by off-road 
(23.8%), and dust (12.0%). On-road emissions only accounted for 
5.1% in the EF method in contrast to 36.1% in the POA method. Emis-
sions from biomass burning, residential combustion and on-road sources 
in the POA method were respectively 6.4 times, 69.5 times and 16.5 
times higher than those in EF method. The source contribution of IVOC 
emissions based on the POA method was similar to the results reported 
by Wu et al. (2019) for the PRD region, where the largest contributor of 
S/IVOC emissions was also on-road (41.6%), followed by industry 
(35.4%), and dust (14.5%). 

The spatial distribution of total IVOC emissions estimated from both 
methods is shown by Fig. 3. IVOC emissions from individual source 
categories are shown in Fig. S2. For the POA method, the spatial dis-
tributions of total IVOC emissions over the YRD region were roughly 
consistent with the distribution of on-road and industrial sources. A 
large number of IVOC emissions associated with biomass burning 
(Fig. S2a) were found in Anhui and north of Jiangsu. IVOC emissions 
from dust sources in cities like Shanghai, Hefei, Ningbo and Xuzhou 
were high due to heavy traffic and accelerating urbanization processes 
(Fig. S2c). High industrial emissions of IVOC were mainly concentrated 
in the north of Anhui province, southern part of Jiangsu province 
(Suzhou-Wuxi-Changzhou) and Shanghai (Fig. S2g). The spatial distri-
bution of IVOC emissions estimated based on the EF method were 
similar to the POA method except the magnitudes are much smaller. 

The estimation of IVOCs emissions is associated with large un-
certainties. This is demonstrated by the substantial difference of IVOCs 
emissions estimated based on two different methods. One important 
reason for this large difference is due to the fact that for most of the 
emission sources, the emission factor of IVOCs and the emission factor of 
POA were not measured simultaneously, except for the on-road sector 
where the emission factors for both POA and IVOCs were measured 
under the same conditions and the IVOC emission factor is estimated 
about 8 times that of POA (Zhao et al., 2015, 2016b). For other emission 

Table 2 
CAMx simulation scenarios.  

Scenarios SOA chemistry IVOC emissions SOA mass yields from IVOCs 

BASE SOAP / default 
SCEN1 SOAP POA + EF methods default 
SCEN2 SOAP POA method default 
SCEN3 SOAP POA method default × 5 
SCEN4 1.5-D VBS POA + EF methods default  

Table 3 
Estimated IVOC emission in the YRD region for year 2017.  

Emission category POA method EF method POA/EF method ratio 

IVOCs (Gg) Contribution (%) IVOCs (Gg) Contribution (%) 

Industry 156.1 21.4 156.1 49.9 1.0 
Residential combustion 90.3 12.4 1.3 0.4 69.5 
On-road 263.6 36.1 16.0 5.1 16.5 
Off-road 74.4 10.2 74.4 23.8 1.0 
Dust 37.7 5.2 37.7 12.0 1.0 
Biomass burning 95.6 13.1 15.0 4.8 6.4 
Cooking 12.4 1.7 12.4 4.0 1.0 
Total 730.1 100.0 312.9 100.0 2.3  
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sources where both the EF and POA method is applied (e.g. residential 
combustion), IVOCs emission factor is obtained from specific measure-
ments studies whereas POA emissions are estimated based on the 
emission profile of PM2.5. On top of that, the factor of 1.5 used for scaling 
IVOCs emissions based on POA is subjected to large uncertainties 
(Robinson et al., 2007; Zhao et al., 2016a). Future studies that directly 
measure IVOCs emissions from sources are needed to constrain the 
estimation of IVOCs emissions. We estimated uncertainties associated 
with IVOC emissions based on the Monte Carlo method. For the POA 
method, the probability distribution coefficients for different sources 
were based on the reliability of the local data with coefficients adopted 
from Wu et al. (2019) (Table S5). Based on our calculation, the uncer-
tainty of total IVOC emissions over all source sectors in the YRD region 
during 2017 ranges from − 36% to 386% at the 95% confidence interval, 
which is mainly contributed by uncertainties associated with emissions 
from off-road, dust and cooking. Since some uncertainty coefficients 
were not available for the EF method, we made some assumptions based 
on the reliability of the source data and obtained an uncertainty from 
45% to 610% for IVOC emissions (Table S6). 

3.2. BASE model evaluation 

Table S7 summarizes meteorological performance statistics for 
simulated hourly T, WS, and RH during July 2018 at selected sites in 
Shanghai (Qingpu and Pudong site), Hangzhou, Nanjing, and Hefei 
(time series are included in Fig. S3). We applied commonly used sta-
tistical indicators including Index of Agreement (IOA), Mean Bias (MB) 
and Normalized Mean Bias (NMB) to evaluate model performance. In 
general, the model adequately captured the temporal variations of 
observed T and RH with IOA higher than 0.80 (except Hefei with IOA for 
WS and RH of 0.60 and 0.67, respectively). NMB for T was within 
− 0.1%–0.5%, RH ranged − 20.4% to − 1.0%, and WS ranged − 12.9%– 
33.2%. In summary, the meteorological simulations reasonably char-
acterized weather conditions during July 2018 to support CAMx 
simulations. 

Fig. S4 shows the spatial distribution of monthly average concen-
trations of PM2.5, SO2, NO2 and O3 over the YRD region during the 
simulation period. In general, the model tended to overestimate PM2.5 
and NO2 concentrations, especially over Suzhou-Wuxi-Changzhou re-
gion. Observed PM2.5 concentration generally showed a decreasing 
trend from north to south, which was captured by the model. For sites 

Fig. 2. IVOC emissions and proportions of different sources in the YRD region.  

Fig. 3. Spatial distributions of total IVOC emissions from POA and EF methods.  
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located in northern Anhui, northern Jiangsu, and southern Zhejiang 
province, the simulation showed good agreement with observations, 
while in southern Anhui, southern Jiangsu, and northern Zhejiang 
province, the model overestimated PM2.5. Table S8 shows the MB and 
NMB of PM2.5 for selected monitoring sites over the YRD region. We also 
collected OC and EC observations reported for cities over the YRD region 
to show that our simulated OC concentrations are generally in the same 
order of magnitude with reported values in the literature while EC 
concentrations are lower (Table S9). 

Fig. S5 depicts PM2.5 daily time series for the DSL site over July 2018 
while Table 4 summarizes statistical results for several chemical species. 
Overall, the model adequately captured the temporal variation of daily 
PM2.5 and O3 with IOA above 0.54 and 0.81, respectively. The model 
tended to underestimate PM2.5 and NO2 but overestimated O3, SO2 and 
PM10. For carbonaceous aerosol, EC and OC were underestimated with 
NMB of − 27% and − 32% and underestimations of OC are usually 
associated with underestimation of SOA (Liu et al., 2020). 

3.3. Simulated SOA at DSL site 

In this section, we illustrate how the model simulated SOA concen-
trations at the DSL site with different model configurations. The time 
series of observed and simulated daily SOA concentrations are shown in 
Fig. 4 to demonstrate the model’s capability of capturing the temporal 
variations (similar plots for OC and EC are shown in Fig. S6). Scatter 
plots of observed vs. modeled SOA, OA and EC concentrations are pre-
sented in Fig. 5. 

As shown by Fig. 4, the model was able to capture day-to-day vari-
ations of SOA at the DSL site with noticeable peaks on July 25th. 
However, the model under predicted the magnitude of SOA concentra-
tions: the observed monthly average SOA concentration (SOAavg) was 
3.7 μg m− 3 while in the BASE scenario, the model predicted only 1.4 μg 
m− 3, an underestimation of 61.0%. The SOA:OA ratio based on obser-
vations was 0.67 (suggesting more secondary than primary organic 
aerosols) as opposed to only 0.36 in the BASE scenario. During July 24th 
to July 31st (referred as the episodic period, EP), the average observed 
SOA concentration was 6.2 μg m− 3 (70.9% higher than July averaged 
concentrations); maximum hourly concentrations reached 26.1 μg m− 3 

(at 11:00 local time on July 26th), constituting 25.3% of PM2.5 at this 
specific hour. For the EP, the BASE scenario estimated SOA concentra-
tion of only 2.4 μg m− 3, an underestimation of 61.2%. These results 
suggest that the traditional two-product scheme significantly under-
estimated the magnitude of observed SOA and the fact that under- 
predictions do not only occur during the EP indicates that a systematic 
underprediction exists. Observed EC concentration exhibits sharp in-
crease during EP (Fig. S6), which might be due to sudden fluctuation of 
emissions that are not captured by the emission inventory. 

3.3.1. The impact of IVOC emissions 
IVOC emissions estimated by different methods were incorporated 

into SCEN1 and SCEN2, respectively, to investigate their contribution to 
SOA formation. With IVOC emissions, simulated SOA showed im-
provements over the BASE scenario, especially for SCEN2 when IVOC 
emissions were larger: SOAavg in SCEN1 and SCEN2 was 1.5 μg m− 3 and 

1.8 μg m− 3, respectively, which increased by 7.9% and 26.8% compared 
to the BASE scenario. However, large SOA underestimations still existed 
with NMB of − 58% and − 51%, respectively (Fig. 5). In terms of SOA:OA 
(Fig. 6), adding IVOC emissions led to higher values over the BASE 
scenario in July 2018 at DSL site. This improvement is also evident 
during the EP: compared with the BASE scenario, the SOAavg during the 
EP increased by 6.5% and 25.9% when IVOC emissions were added. 

Simulated OA concentrations in SCEN1 were similar to the BASE 
scenario (Fig. 5), while SCEN2 showed slight improvement over the 
BASE scenario with increases of 19.0%. Interestingly, simulated EC 
concentrations were expected to remain constant under these different 
scenarios since it is treated as inert in CAMx using SOAP. However, the 
average EC concentration increased from 0.8 μg m− 3 in the BASE sce-
nario to 0.9 μg m− 3 in SCEN2 (Fig. 5), representing an increase by 
12.5%. This is likely attributable to changes in removal of EC via 
deposition. In CAMx, PM2.5 is treated as an internal mixture and all 
PM2.5 components share a single value of deposition velocity. This 
deposition velocity is dependent on the density and hygroscopicity of 
PM2.5. It is likely that the increase of SOA in SCEN2 changes the overall 
deposition velocity that affects the removal of EC, whereas in SCEN1 the 
increase in SOA was much weaker and deposition rates were less 
affected. 

3.3.2. The impact of SOA mass yields 
Given that adding IVOC emissions still underestimated SOA con-

centrations at the DSL site, and that large uncertainties exist with SOA 
yields from IVOC (Cappa et al., 2016; Ma et al., 2017; Qi et al., 2019), we 
conducted a third scenario (SCEN3) with IVOC emissions same as SCEN2 
but with higher SOA mass yields by a factor of 5 (see Table S10). In fact, 
we conducted two more sensitivity studies where SOA yields were 
increased by 2 and 10 times; the former led to slight increases in SOA 
while the latter generated too much SOA. Results from SCEN3 showed 
that simulated SOA concentrations were significantly improved 
compared with previous scenarios: SOAavg for SCEN3 increased by 
135.8% and 85.9% compared with BASE and SCEN2, respectively. This 
increase led to much better agreement with observations at the DSL site 
where NMB and MB were only − 8% and − 0.3, respectively, and IOA 
increased to 0.79. During the EP, SOAavg simulated in SCEN3 was 
128.8% higher than BASE with an under estimation of only 10%. 

With respect to OA and SOA:OA ratio, SCEN3 performed much closer 
to observed values in July 2018 at DSL site. Predicted OA in SCEN3 was 
8.9% higher than observed due to the large increase in SOA. The SOA: 
OA ratio was around 0.57, slightly lower than observed. It is possible 
that POA emissions were overestimated in our study, which may have 
led to under estimated SOA:OA ratio but slightly over estimated OA 
concentrations. Nevertheless, these results from SCEN3 suggest that 
simulated SOA is sensitive to assumed mass yields from IVOC and 
further constraints from experimental studies are needed. 

3.3.3. The impact of SOAs modeling scheme 
To investigate the impact of an alternative OA treatment on simu-

lated SOA concentrations, a fourth scenario (SCEN4) was conducted that 
utilized the 1.5-D VBS scheme while using IVOC emissions based on the 
EF method (i.e. same as SCEN1). Monthly SOAavg simulated by the VBS 
scheme was 2.7 μg m− 3, 75.6% higher than the SOAP scheme in SCEN1. 
The NMB for simulated SOA was reduced from − 58% in SCEN1 to − 26% 
in SCEN4 and IOA increased from 0.53 to 0.78. During the EP, SOAavg 
with the VBS scheme increased by 109.3% over the SOAP scheme. In 
terms of the SOA:OA ratio, VBS gave the highest value among all sce-
narios with an averaged ratio of 0.70 in July 2018 at DSL site, which is 
slightly higher than the observed value. The maximum simulated SOA: 
OA ratio reached 0.94, reflecting the multi-aging features of VBS over 
SOAP (no aging). During the EP, averaged SOA simulated by the VBS 
scheme was 5.4 μg m− 3 with a SOA:OA ratio of 0.79. 

However, VBS scheme reduced model performance for total OA 
compared to the SOAP scheme at the DSL site. The estimated OAavg in 

Table 4 
Statistics of BASE case model performance at DSL site.  

Species Observation (μg⋅m− 3) Model (μg⋅m− 3) MB NMB IOA 

O3 62.1 85.0 23.0 40% 0.81 
NO2 23.4 20.8 − 2.6 − 11% 0.61 
SO2 5.4 5.1 − 0.3 − 5% 0.44 
PM10 31.7 30.2 − 1.5 − 5% 0.46 
PM2.5 25.4 16.3 − 9.1 − 36% 0.54 
EC 1.1 0.8 − 0.3 − 27% 0.54 
OC 3.4 2.3 − 1.1 − 32% 0.55 
OC:EC 3.4 3.0 − 0.4 − 13% 0.41  
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Fig. 4. Daily time series of observed and simulated SOA concentrations over July 2018 at the DSL site.  

Fig. 5. Scatter plots of simulated and observed SOA (top left), OA (top right) and EC (bottom) concentrations from different model scenarios at the DSL site.  
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Fig. 6. Boxplots of SOA, OA, POA and SOA:OA in different model scenario at the DSL site (Whiskers below and above the boxes are the 10th and 90th percentiles; 
lower and upper boundaries of boxes are the 25th and 75th percentiles; lines and circles are the median and mean values, respectively). 

Fig. 7. Spatial distributions of monthly-average SOA in the BASE and SCEN4 scenario (top) and differences between the two (bottom).  
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SCEN4 was 3.3 μg m− 3, the lowest among all scenarios (even lower than 
BASE). Simulated OA was 38.5% lower than observation; this decrease 
was related to the treatment of POA as a semi-volatile species in VBS that 
exceeds the increase of SOA concentration due to additional formation 
and aging from the gas-phase precursors. At the DSL site, averaged POA 
concentration decreased from 2.6 μg m− 3 in the BASE scenario to only 
0.6 μg m− 3 in SCEN4, which outcompeted the increase associated with 
SOA. It is obviously that the concentrations of POA in SCEN4 are much 
lower than other scenarios (Fig. 6). Another possibility that could 
partially explain the decrease in OA is again related to changes in the 
deposition velocity. 

Results presented so far suggest that adding IVOC emissions could 
increase model simulated SOA concentrations by 7.9%–135.8%, 
depending on the magnitudes of those emissions as well as the SOA mass 
yields within the model, both of which are subjected to large un-
certainties and need further constraints. The choice of SOA modeling 
scheme also exhibits significant impacts on simulated SOA concentra-
tions, and more to the fraction of SOA that comprises total OAs due to 
different treatments of POA. At the DSL site, SOA simulated by the VBS 
scheme was 75.6% higher than the SOAP scheme whereas POA was 
71.6% less, leading to an overall 16.0% lower OA in VBS scheme in July 
2018. Other source of uncertainties associated with SOA includes its 
photolytic loss recently implemented in CAMx, which is also associated 
with significant uncertainties by orders of magnitudes (Henry and 
Donahue, 2012). 

3.4. Spatial distribution of SOA over the YRD region 

In the BASE scenario, domain-averaged SOA concentration was 1.4 
μg⋅m− 3 with high values (maximum of 11.4 μg⋅m− 3) over the boundary 
between southern Anhui and northern Zhejiang provinces (Fig. 7). In 
SCEN1 through SCEN3, where either IVOC emissions were added and/or 
SOA mass yields were boosted, simulated SOA concentrations showed 
ubiquitous increases over the entire domain (Fig. S7). The increase in 
average SOA ranged from 0.1 to 1.4 μg⋅m− 3, depending on the magni-
tude of IVOC emissions as well as the mass yields. The spatial patterns of 
SOA in SCEN1 and SCEN2 did not differ much from the BASE scenario. 
In SCEN3, maximum SOA concentrations exceeded 20 μg⋅m− 3 and re-
gions with high SOA shifted further north of the region (Fig. S7), which 
seems to closely follow the distribution of IVOC emissions (Fig. 3). Using 
the 1.5-D VBS scheme resulted in similar spatial pattern of simulated 
SOA as that of SCEN3, where regions with high SOA coincide with IVOC 
emissions. However, VBS led to remarkably different changes in simu-
lated SOA concentrations from the SOAP scenarios. In contrast to the 
ubiquitous increase in simulated SOA in SCEN1 through SCEN3 over the 
BASE scenario, both increases and decreases in SOA occurred in 
different regions with the VBS scheme (Fig. 7). For example, in southern 
Anhui province and Zhejiang province, simulated SOA in SCEN4 were 
much lower than that of BASE scenario while the opposite trend is 
observed for northern YRD. 

To explain this trend, we further looked at the differences in the 
spatial distribution of ASOA (SOA generated from anthropogenic VOC/ 
IVOC and POA) and BSOA (SOA generated from biogenic VOC) between 
the BASE and SCEN4 scenario (Fig. S8). As shown by the ASOA differ-
ences, VBS led to higher ASOA concentrations because of the aging of 
anthropogenic VOC (for example, toluene and xylene), the inclusion of 
IVOC emissions, and the oxidation from POA. Increases in domain- 
average ASOA concentration was 0.7 μg⋅m− 3 (maximum of 6.9 
μg⋅m− 3). Regions with high POA emissions tended to match the large 
enhancement of ASOA in SCEN4. In contrast to ASOA, BSOA simulated 
with VBS was significantly lower over southern YRD region, where there 
is dense vegetation with high biogenic emissions (Liu et al., 2018) and 
BSOA dominated over ASOA. The large decrease in BSOA could be 
explained by two reasons. First, large decreases in POA and relatively 
smaller increases in ASOA over the southern region led to overall less 
available particulate mass on which BSOA could condense. Second, SOA 

mass yields from terpene emissions (second largest BVOC species) are 
lower in VBS than SOAP, which could also partially explain the reduced 
BSOA concentrations over regions with high BVOC emissions. There-
fore, changes in SOA concentrations observed between the BASE (SOAP 
scheme) and SCEN4 (VBS scheme) are the combined results of changes 
in ASOA (pervasive increase) and BSOA (decrease over regions with 
high BVOC emissions). 

We further compare the relative importance of ASOA and BSOA 
among the different scenarios (Fig. 8 and Fig. S9). For all cases, BSOA 
dominated over the southern YRD region due to high BVOC emissions 
while ASOA concentrated over the northeast YRD region. For the BASE 
scenario, BSOA dominated over ASOA with a domain-averaged ratio of 4 
to 1, where the monthly-average ASOA concentration (ASOAavg) was 
only 0.3 μg m− 3 in the YRD region and monthly-average BSOA con-
centration (BSOAavg) was 1.2 μg m− 3. When IVOC emissions were 
added, ASOAavg increased by 30.9–106.1%, depending on the magni-
tude of those emissions. Interestingly, BSOA also showed slight increases 
when IVOC emissions were added. This is probably because the increase 
of ASOAavg led to more BSOA entering the particulate phase. The ASOA: 
BSOA ratio increased from 0.3 to 0.9 when IVOC emissions were added. 
When SOA yields were increased by five times (SCEN3), ASOAavg was 
1.5 μg m− 3, approximately five times higher than BASE scenario. 
Although BSOAavg again showed slight increases in SCEN3, ASOAavg 
exceeded BSOAavg, suggesting comparable composition of ASOA and 
BSOA. In SCEN4 where the 1.5-D VBS scheme was applied, ASOAavg was 
higher by almost three times than the BASE scenario. Because BSOAavg 
was found to decrease by 11.5% compared with the BASE scenario due 
to reasons mentioned above, the ASOA:BSOA ratio was similar to that of 
SCEN3. These results have two implications. First, the formation of 
biogenic SOA could be affected by changes in anthropogenic emissions. 
Second, the magnitude of simulated SOA concentration should not be 
considered as the only criteria to evaluate a model’s ability to simulate 
SOA. The relative contributions of ASOA and BSOA are also key in-
dicators to constrain model performance. Observed SOA composition 
data based on SOA tracers are suitable for this purpose. 

4. Conclusions 

In this study, IVOC emissions for the Yangtze River Delta region were 
estimated based on two methods. IVOC emissions calculated by the POA 
method were 730 Gg with on-road and industry emissions being the 
dominant sources (accounting for 36.1% and 21.4%, respectively). IVOC 
emissions estimated by the EF method were 313 Gg, 57% less than POA 
method, where the major IVOC emission sources are industry (49.9%) 
and off-road (23.8%). IVOC emissions calculated by both methods are 
subject to large uncertainties (− 36%–386% and 45%–610%, 
respectively). 

Five scenarios were conducted with the CAMx photochemical model 
to evaluate the effects of different IVOC emissions and SOA treatments 
on SOA formation over the YRD region. In the BASE scenario, SOA was 
significantly underestimated by 61.0% at the DSL monitoring site. 
Adding IVOC emissions increased SOA by 7.9%–26.8%. Boosting SOA 
yields from IVOC by a factor of five substantially boosted simulated SOA 
concentrations by 135.8%. Applying the 1.5-D VBS scheme also 
increased SOA concentrations by 75.6% and results in highest SOA:OA 
ratio among all scenarios. 

The distribution of ASOA and BSOA had large spatial variability, 
where ASOA was concentrated in the northeast of the YRD region and 
BSOA dominated in the southern YRD region where BVOC emissions 
dominate. In addition, comparison of ASOA and BSOA from different 
modeling scenarios showed that BSOA dominated over ASOA when the 
traditional SOAP scheme was used, and only when SOA yields were 
boosted by a factor of five did simulated ASOA concentrations exceed 
BSOA. In contrast, ASOA simulated by the VBS scheme was comparable 
with BSOA, demonstrating that credible SOA modeling methods have 
policy-relevant differences. Observed SOA tracer data are needed to 
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draw conclusions on which simulated SOA composition better represent 
reality. Nevertheless, our results show that biogenic SOA is also affected 
by changes in anthropogenic emissions, which has important policy 
implications that potentially affect further PM2.5 reduction measures. 
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