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• Formation path and source region con-
tributions to SOA in the YRD region
were investigated.

• Industry source in the YRD region dom-
inates total SOA during the heavy pol-
luted episodes.

• Reginal control policy should be consid-
ered in the VOCs and SOA reduction in
YRD.
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Since the concentrations of primary particles and secondary inorganic aerosol components have been reduced
significantly due to stringent emission controls, quantifying the source contributions and regional transport of
secondary organic aerosol (SOA) is critical to further improve air quality in eastern China. In this study, the Com-
munity Multiscale Air Quality (CMAQ) model coupled with the updated SAPRC-11 photochemical mechanism
and a revised SOA module was applied to investigate the emission sector and regional contributions to SOA in
winter 2015 (January 5–26, 2015) and 2016 (December 20, 2015–January 20, 2016) in the Yangtze River Delta
(YRD). The model is generally capable of reproducing the observed SOA concentrations at the Qingpu Supersite
in Shanghai. The observed and predicted SOA concentrations are 6.4 μg/m3 and 6.9 μg/m3 in winter 2015, and
5.7 μg/m3 and 9.6 μg/m3 in winter 2016. The mean fraction bias (MFB) of the hourly SOA predictions is 0.22
and 0.32, respectively. High SOA concentrations in thewintertime of YRD aremainly due to aromatic compounds
and dicarbonyls (glyoxal and methylglyoxal), which, on average, account for 43% and 53% of total SOA, respec-
tively. The average contributions of industrial, residential, and transportation sectors in the YRD region during
the entire simulation periods are 61%, 22%, and 17%, respectively. At the Qingpu Supersite in Shanghai, the indus-
trial sector contributes to as much as 65% of total SOA in the heavy pollution episode of 2016. The contributions
from transportation and residential sectors are 16% and 17%, respectively, during the same episode. The industry
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Fig. 1. (a) Themodel (WRF-CMAQ) domain covers China a
the monitor site in the YRD. The red rhombus represents
emissions from the Jiangsu, Zhejiang, and Shanghai are major contributors to the SOA at the Qingpu supersite
during the heavy-polluted episodes, accounting for 31%, 19%, and 14% of the total predicted SOA. This study rep-
resents the first detailed regionalmodeling study of source region contributions to SOA in the YRD region and the
detailed analyses of SOA in twowintersmonths complement the previous SOA source apportionment studies fo-
cusing on seasonal average contributions.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Although the annual average concentrations of PM2.5 in China have
been reduced by 33.3% from 2013 to 2017 (Huang et al., 2018), regional
heavy PM2.5 pollution events still occur frequently during autumn and
winter seasons (Wei et al., 2019). Organic aerosols (OA) are an impor-
tant contributor to the mass of fine particulate matter (PM2.5) (Crippa
et al., 2014; Jimenez et al., 2009). Secondary organic aerosol (SOA),
formed from both anthropogenic and biogenic oxidation products of
volatile and semi-volatile species, could account for over half of the
total OA (Jimenez et al., 2009).While the emissions of primary particles,
sulfur dioxide and nitrogen oxides have been reduced significantly in
recent years, of the emissions of volatile organic compounds (VOCs),
some of which are important precursors of SOA, remained relatively un-
changed (Li et al., 2019). Hence, quantifying the source apportionment
and regional transportation of SOA is critical for implementing efficient
mitigation measures of heavy pollution events.

A few studies related to source apportionment of SOA in China have
been reported. Zhu et al. (2017) used a secondary organic tracer ap-
proach (Kleindienst et al., 2007) and the positive matrix factorization
(PMF) to examine the sources of anthropogenic and biogenic SOA at
Mt. Tai in Shandong province. Lin et al. (2016) investigated the local
and distant source contributions to SOA in Beijing in the summertime
through the Comprehensive Air Quality Model with Extensions
(CAMx) along with the volatility basis-set (VBS) approach to model
SOA. Jiang et al. (2012) used the Weather Research and Forecasting
(WRF) model coupled with Chemistry (WRF/Chem), coupled with a
secondary organic aerosol model (SORGAM), to determine the relative
contributions of anthropogenic and biogenic sources to SOA in 2006
over China. Hu et al. (2017b) andWang et al. (2018) used the Commu-
nity Multiscale Air Quality (CMAQ) model v5.0.1 with a revised SOA
module (Ying et al., 2015) to improve SOA predictions and source ap-
portionment in 2013 over whole China. However, the previous model-
ing studies were mainly focused on the season average or during the
summer times. Little attention has been drawn for SOA during winter
pollution episodes, especially for the mega-city clusters such as the
nd (b) the Yangtze River Delta (YRD
the Qingpu Supersite.
Yangtze River Delta (YRD). Liu et al. (2018) and Wu et al. (2019)
found that the emissions of biogenic organic compounds are compara-
tively low in the YRD due to the dieback of vegetation and the presence
of snow cover in winter, which cause the leaf area index to decrease
sharply. While this suggests that biogenic contributions to SOA might
be low in the YRD region in winter, it is unclear how much SOA will
be produced due to anthropogenic emission and how regional transport
can contribute to SOA concentrations, especially during winter heavy
pollution episodes in the YRD.

The aim of this study is to investigate the SOA formation, transport
and source contributions during high winter pollution periods in the
YRD using a three-dimensional source-oriented chemical transport
model. The capability of the model in reproducing the evolution of
SOA during two months in the winter of 2015 and 2016 is evaluated
by comparing it with field measurements. The emission sector and
source region contributions are quantified. The results of this study
are expected to provide a comprehensive understanding of the SOA for-
mation processes, the major precursors, and the source and regional
contributions to SOA during winter polluted episodes. This information
can provide direct support for the development of emission control
strategies in the YRD region.

2. Materials and methodology

2.1. Model configurations

The air quality simulation in this study covered two winter months
in two different years, January 5–26, 2015 (winter 2015) and December
19, 2015 to January 20, 2016 (winter 2016). Three heavy pollution epi-
sodes (EP1: January 7–12, 2015; EP2: January 20–26, 2015; EP3: De-
cember 28, 2015–January 5, 2016), and one clean episode (EP4:
January 11–12, 2016) were identified and selected for further analysis.
Themodelingdomain is 36× 36 km2 in horizontal resolution and covers
China and its surrounding countries in east and southeast Asia (Fig. 1a).
The meteorological data were derived from the results of the WRF
model v3.9 with initial and boundary conditions from the global
) region focused in this study. This area covers 210×140 grid cells. The blue star represents
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reanalysis data from the National Centers for Environmental Prediction
(NCEP) (https://rda.ucar.edu/). A detailed evaluation of the meteoro-
logical predictions is described in Section 3.1. The CMAQ model v5.0.1
(Byun and Schere, 2006) with modifications to improve the SOA simu-
lationwas used in this study. Gaseous chemical mechanism used in this
study is a lumped version of SAPRC-11 (Carter and Heo, 2013) and the
SOA module in the AERO6 aerosol mechanism was modified to include
reactive surface uptake of dicarbonyls and isoprene epoxides, which are
shown to improve SOA predictions in the eastern United States (Ying
et al., 2015). Other changes in the SOA module, including the updated
aerosol yields to account for vapor wall loss during chamber experi-
ments, have been described elsewhere (Hu et al., 2016, 2017a, 2017b)
and thus are not repeated here. Initial and boundary conditions for the
CMAQ simulations were based on the vertical distributions of concen-
trations, which represent clean continental conditions. The first 5 days
of the simulation were excluded to avoid the impact of initial condi-
tions. The source tracking approach for SOA in the CTM has been de-
scribed by Zhang and Ying (2011b). Implementation of the approach
in CMAQ can be found in Ying et al. (2015) and Wang et al. (2018). A
brief description of this technique is included in Section 2.2.

The anthropogenic emission inventory is based on the Multi-
resolution Emission Inventory for China (MEIC 2016) (http://www.
meicmodel.org/), which has a resolution of 0.25°×0.25°. Biogenic emis-
sions are not included in this studydue to its negligible influence on SOA
contributions in the winter (Hu et al., 2017b; Kang et al., 2018; Wang
et al., 2018).

2.2. Source-oriented method for SOA

Ying and Krishnan (2010) and Zhang and Ying (2011a) developed
the source-oriented method in CMAQ to determine the contribution of
organic compounds and nitrogen oxides to ozone formation in Texas.
It is subsequently used to study the contributions to secondary nitrate,
sulfate and ammonium (Zhang et al., 2012) and SOA (Wang et al.,
2018) in China.

A brief introduction of this source-oriented method of SOA is de-
scribed in the following. Taking themodel species ARO2 (more reactive
Fig. 2. PM2.5, OC and SOA temporal variation at Qingpu supersite of (a) 2015 winter and (b) 2
revised SOA module. Red dots represent the observed data (SOA is calculated by (EC/OC)min m
aromatics with kOH N 5 × 10−4 ppm−1 min−1) as an example, to explic-
itly track SOA formation from a specific source X, the ARO2 reaction
with OH and the subsequent reaction of the peroxy radical with HO2

are expanded into two sets of reactions, as shown in reaction sets R1a
and R1b:

ARO2X þ OH→ARO2RO2X þHO2→XYLHRXNX þ…

ARO2þ OH→ARO2RO2þHO2→XYLHRXNþ… ðR1bÞ

The superscript X on ARO2 in reaction set (R1a) is used to represent
the aromatic compounds from a specified source X (for example, aro-
matics from power plants in Shanghai or aromatics from industrial
emissions in Jiangsu), while the none-tagged ARO2 in R1b represents
the aromatics emitted from all the other sources. For the tagged emis-
sion ARO2X, the source-tagged reaction counter species XYLHRXNX is
used to track the amount of ARO2X reacted in each chemistry timestep
that can form semi-volatile products under the lowNOx condition. Sub-
sequently, the amounts of semi-volatile products that can form SOA
based on the two-product model (SV_XYL1X and SV_XYL2X) are up-
dated in the SOA module based on XYLHRXNX and fine mode SOA
based-on the gas-to-particle partitioning of the two semi-volatile prod-
ucts (AXYL1JX and AXYL2JX) are determined. For the non-tagged ARO2,
which represents the emissions from all other sources, the total
amounts of SOA from these emissions (AXYL1J and AXYL2J) are deter-
mined using the same approach. One explicit source (from a single sec-
tor of the single region) was tracked in a single simulation to make sure
the overall reactivity of the system. To determine the source contribu-
tion for M explicit sources and N explicit regions, a total of M × N re-
gional simulations are conducted in this study.

2.3. Ambient observation datasets

Hourly mass concentrations of organic carbon (OC) and elemental
carbon (EC) were measured by a field semi-continuous OC/EC analyzer
(RT-4, Sunset Lab, USA)with 30-minute resolution (Bae et al., 2004) at a
016 winter. The black line represents the predicted data using SAPRC11 mechanism and
ethod).

https://rda.ucar.edu/
http://www.meicmodel.org/
http://www.meicmodel.org/


Fig. 3. Spatial distributions by different precursors to SOA in the YRD of 2015 winter and
2016 winter.
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regional supersite (120.98°E, 31.09°N) in the Qingpu District of Shang-
hai, the geographical center of the YRD region (shown in Fig. 1b). The
regional supersite is located on the rooftop of the Environmental Mon-
itoring Building (about 20m above the ground). Secondary organic car-
bon (SOC) was then estimated according to the minimum OC/EC ratio
method (Cao et al., 2004; Castro et al., 1999). Fig. S1 illustrates the ob-
served OC, EC concentrations and OC/EC ratio of 2015 winter and
2016 winter at the Qingpu Supersite. The (OC/EC)min was assigned to
1.0 for the winter of 2015 and 1.3 for the winter of 2016 according to
the regressions of all data points of OC versus EC for each month. The
OM/OC ratio for the SOA was set to 1.8 according to Turpin and Lim
(2001).

3. Results and discussion

3.1. Evaluation of the meteorological predictions

Meteorology inputs play important roles in the air quality model,
which could affect transport, deposition among other processes (Jacob
and Winner, 2009). The evaluation of the accuracy of the meteorology
inputs to the CMAQ model is a key step to ensure the accuracy of the
air quality model predictions. In this study, the observation data is
from the Qingpu Supersite. The hourly atmospheric pressure (AP),
wind speed (WS), wind direction (WD), relative humidity (RH), and
surface temperature (T) are compared with WRF model predictions.
Fig. S2 shows thepredicted and observed hourly values of thesefiveme-
teorological factors during the simulation periods at the Qingpu
Supersite. The WRF model catches the magnitude and the trends for
all factors except missing some peak values of wind speed and relative
humidity in winter 2015. Table S1 shows the statistical measures, in-
cluding the mean observation, mean prediction, mean bias (MB), root
mean square error, and normalized mean bias, at 8 monitor sites in
the YRD (shown in Fig. 1b and Table S2). In general, theWRFmodel pre-
dictions satisfies the evaluation criteria except for the AP (MB= 1.0) in
winter 2015. Simulations of 2016 have better model performance than
that of 2015 with the MB values of 0.3, −0.2, −1.78, and −0.27 for
AP, WS, RH, and T respectively. Comparing to the previous studies in
the YRD region (Chen et al., 2019; Hu et al., 2017b), the overall WRF
model performances are considered acceptable to support the CMAQ
simulations.

3.2. CMAQ model evaluation

Predicted hourly concentrations of OC, PM2.5, and SOA are compared
with the observationsmeasured at theQingpu Supersite in thewinter of
2015 and 2016 as shown in Fig. 2. Overall, the CMAQmodel successfully
captures the hourly variations of these three species. For PM2.5, the
monthly average concentrations are relatively similar between 2015
and 2016 (96.5 and 99.5 μg/m3, respectively). In both months, the
hourly peak PM2.5 concentrations reach N250 μg/m3.

The CMAQmodel slightly under-estimates the PM2.5 in 2015 (Mean
fraction bias (MFB) =−0.06) while over-estimates the concentrations
in 2016 (MFB = 0.19). While the CMAQ model generally agrees with
the hourly OC observations, it over-estimates the concentrations in
both years as indicated by the positive MFB values (0.19 and 0.37 for
2015 and 2016, respectively). In 2015, themodel performsbetter during
the high-OC (N20 μg/m3) days (January 9–12, 2015), however, it over-
estimates the OC in other days. In 2016, the over-estimations of OC be-
come more ubiquitous. Hourly SOA predictions agree well with obser-
vations (MFB values are 0.22 and 0.32 for 2015 and 2016 winter,
respectively). Similar to OC, in 2015, better model performance occurs
in the high-SOA (N30.0 μg/m3) days, withMFB= 0.22. In 2016, the pre-
dicted peak SOA values are relatively close to that of observations ex-
cept the over-estimation occurred on December 20–21, 2015.In
summary, available PM2.5, OC, and SOA observations indicate that OC
may be slightly over-estimated at the Qingpu Supersite based on the
current emission inventory, leading to the SOA over-estimation simul-
taneously. A more detailed local anthropogenic emission inventory
and a higher spatial resolution might be needed to further improve
the OC and SOA predictions.
3.3. SOA formation pathways and spatial distribution

Fig. 3 shows predicted average SOA concentrations from dif-
ferent precursors: ARO1 (aromatics with kOH b 5 × 10−4 ppm−1-

min−1), ARO2 (aromatics with kOH N 5 × 10−4 ppm−1 min−1),
ALK5 (alkanes with kOH N 1 × 10−4 ppm−1 min−1), and primary
GLY (glyoxal) and MGLY (methyl-glyoxal) in the YRD of two
winter months. For SOA originated from primary emissions of
GLY and MGLY, the high SOA regions are located in the



Fig. 5. Predicted SOA regional distributions in the YRD of (a) 2015 winter, (b) 2016 winter, (c) EP1, (d) EP2, (e) EP3, and (f) EP4.

Fig. 4.Average fractional contributions bydifferent precursors to SOAatQingpu supersite of (a) 2015winter and (b) 2016winter. Red block represents ARO1, green block represents ARO2,
blue block represents ALK5, cyan block represents GLY, magenta block represents MGLY.
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northwest of Anhui and southwest of Shandong with concentra-
tions of ~4.0 μg/m3 and ~4.5 μg/m3 in winter 2015 and 2016, re-
spectively. ARO2 also has similar regional contributions to SOA
in 2016 with the highest concentrations ~4.0 μg/m3 in the north-
west of Anhui and southwest of Shandong. Fig. 4 illustrates the
average fractional contributions of different precursors to SOA
in winter 2015 and 2016 at the Qingpu site in Shanghai. GLY
and MGLY directly form SOA due to irreversible reactive surface
uptake reactions, and can contribute 25%, and 29% in the winter
of 2015, and 23%, and 29% in the winter of 2016, respectively.
The high SOA concentrations from aromatics oxidation can
nerve be forgotten. ARO2 is one of the biggest contributors of
both 2015 (28%) and 2016 (30%), and ARO1 can also contribute
13% and 14%, respectively. The fractional contributions from dif-
ferent precursors are similar during the heavy-polluted episodes.
Fig. 6. Spatial distributions by sector (industry, residential and trans
3.4. Averaged SOA source apportionment and regional transport

Fig. 5 shows predicted averaged SOA concentrations in the YRD re-
gion of two simulation episodes. Overall, the 2016 winter has higher
SOA concentrations than that of 2015 with the highest SOA concentra-
tion up to N16.0 μg/m3, which is mainly due to relatively high predicted
SOA concentrations in December 2015 since emissions for January are
the same. For both 2015 and 2016 winter, the high SOA regions are lo-
cated in the northwest of Anhui province (N11 μg/m3). Also, higher
SOA concentrations are observed at east Henan and the conjunction of
Jiangsu and Shandong province in winter 2016. At the Qingpu site,
SOA concentrations are higher in 2016 (9.6 μg/m3) than that of 2015
(6.9 μg/m3) aswell. Fig. 6 shows the regional concentrations of averaged
SOA attributed to different emission sources in winter 2015 and 2016,
respectively. Industry source is the most important emission sector
portation) to SOA in the YRD of 2015 winter and 2016 winter.



Fig. 7. Average fractional contributions by sector to SOA of (a)the whole YRD and (b) the Qingpu supersite of 2015 winter, 2016 winter, EP1, EP2, EP3 and EP4.
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that contributes to the SOA with the higher concentrations (N4 μg/m3)
regions cover vast areas in the YRD. Inwinter 2016, the SOA from the in-
dustry sector is higher than that in 2015. In Anhui, southwest Shandong,
and east Henan provinces the maximum concentration is as high as
12 μg/m3. The residential sector plays an important role in the west
Anhui near Henan province with an SOA concentration of over 4 μg/
m3. In winter 2016, the higher SOA concentrations from the residential
sector are also observed in south Shandong (up to 5 μg/m3). In Shanghai,
the SOA from the residential sector is only approximately 1.0 μg/m3 on
average. The contributions from the transportation sector are 1.2 μg/m3

on average. The power sector just contributes to 1% of SOAbecause of its
low VOCs precursor emissions.

Fig. 7 summarizes the source contributions to SOA of the whole YRD
and Qingpu supersite. Source contributions of the two places in the two
wintertimes are similar. The average contributions of industrial, resi-
dential, and transportation sectors in the YRD region during the entire
simulation periods are 61%, 22% and 17%, respectively. The industry sec-
tor is also the dominant contributor to SOA at the Qingpu supersite with
an average contribution of over 60% in both 2015 and 2016 winter. The
contributions from transportation and residential sectors are 20% and
19% in winter 2015, and 16% and 17% in winter 2016 respectively.
Wang et al. (2018) reported that the transportation sector only contrib-
utes 4% SOA in China in wintertime. However, a much higher contribu-
tion is observed in this study, suggesting that there can be significant
spatial variations in SOA source apportionment. Therefore, SOA control
policies should be established based on the local situations. In both
years, the contributions from the power sector are relatively small
(0.6% and 0.7% for 2015 and 2016, respectively), which is consistent
with the previous study (Wang et al., 2018).

In the winter of both 2015 and 2016, the YRD region is under the
control of the north and northeast wind (see Fig. S3). Fig. 8 shows the
average SOA regional concentrations from different regional sources in
the YRD in winter 2015 and 2016. Jiangsu, Shanghai, Zhejiang, Anhui,
and Shandong are five important regional contributors to SOA in Shang-
hai with different regional distributions. For emissions originated from
Jiangsu, the high SOA regions are located in northwest Shanghai with
concentrations of ~2.0 and ~2.4 μg/m3 for 2015 and 2016, respectively.
Higher SOA concentrations from Jiangsu emissions are observed in
2016 and in most parts of Shanghai contributions to SOA due to emis-
sions from Jiangsu are higher than 1.6 μg/m3. In 2015, theVOC emissions
from Shanghai only have contributed to SOA concentrations within
Shanghai, especially in east Shanghai. In winter 2016, the emissions
from Shanghai contribute more to SOA in south Jiangsu. The highest
SOA concentration from the Shanghai emissions is approximately
1.2 μg/m3. For the emissions from Zhejiang, the contributions to SOA
in Shanghai are mostly in the south part of Shanghai in both years,
with concentrations of 1.2 and 2.4 μg/m3 for 2015 and 2016, respec-
tively. The higher SOA concentrations in central Zhejiang are mainly
due to the lower elevation of this region, which prevents the transport
of pollutants. Throughout Shanghai, the SOA from Anhui and Shandong
sectors are observed with the averaged concentrations of 1.3 μg/m3 for
both 2015 and 2016. Under the impact of the north wind in the winter-
time, the SOA from Shandong could cover a vast area in the YRD with
the highest areas located in the north part of Jiangsu, with the highest
concentrations reaching 2.8 μg/m3 and 3.6 μg/m3 in 2015 and 2016,
respectively.

Fig. 9a summarizes the fractional contributions from different re-
gions to SOA at Qingpu site. Jiangsu, Zhejiang, Shanghai, Shangdong,
Anhui are the five major regional contributors to SOA in Shanghai
with a total contribution of over 75%. Jiangsu is themost important con-
tributor (31% on average) followed by Zhejiang (19%). In 2016, contri-
butions from the Zhejiang and Shanghai increase to 22% and 16% from
15% and 9% respectively in 2015. In addition, contributions from emis-
sion regions further away, such as Hebei and Beijing, also observed in
Shanghai. Fig. 10 shows the time series contributions. On January 11,
and 24–25, 2015, and January 3–4, 2016, contributions from Zhejiang
see a significant increase. That is mainly caused by the wind direction
changes from northeast to westsouth in these days (see Fig. S2). There-
fore, changing wind directions can absolutely effect the regional trans-
port results.

Considering the synergistic impacts from both emissions and re-
gional sources, the industry from Jiangsu, industry from Zhejiang, and



Fig. 8. Spatial distributions by region (Jiangsu, Shanghai, Zhejiang, Anhui and Shandong)
to SOA in the YRD of 2015 winter and 2016 winter.
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transportation from Jiangsu are themost important contributors to SOA
in Shanghai in 2015 (see Fig. 9b). However, the industry from Jiangsu,
industry from Zhejiang, and industry from Shanghai become in 2016
with a total contribution of over 40%. Although the prevailing wind di-
rections are north in wintertime in Shanghai, Zhejiang is still a signifi-
cant contributor to SOA, especially for the industrial emissions. In
addition, super-regional sources (others in Fig. 9b) contribute 24% and
20% to SOA in Shanghai for 2015 and 2016, respectively, indicating the
regional transport impacts should be included in the local SOA control
policy.

3.5. SOA source apportionment and regional transport under haze and
clean days

To investigate the source contributions to SOA and establish effec-
tive SOA control in Shanghai, the simulation periods are further split
into 4 episodes as shown in Table S3. EP1 (PM2.5: 138.90 μg/m3) and
EP2 (PM2.5: 118.66 μg/m3) are considered as the heavy-pollution epi-
sodes in 2015. EP3 (PM2.5: 109.42 μg/m3) is a heavy-pollution episode
in 2016, and EP4 is the clean episode in 2016 (47.41 μg/m3). The higher
wind speed (up to 4 m/s in most of the two episodes; see Figs. S2 and
S3) are favorable for the dilution of the SOA precursors. However, rela-
tively low solar radiation in EP4 (Fig. S4) can further lead to a significant
decrease in SOA concentrations. In EP4, the predicted SOA concentra-
tion is only 0.68 μg/m3 on average, while it is 10.21 μg/m3, 9.46 μg/m3,
and 12.48 μg/m3 for EP1, EP2, and EP3, respectively. Simultaneously,
the SOA fraction in total PM2.5 (SOA/PM2.5) drops sharply in the EP4.
In the heavy-polluted episodes (EP1, EP2, and EP3), the SOA/PM2.5

values could reach to N30% in Shanghai (see Fig. S5). In contrast, this
fraction is b10% in thewhole EP4. In the EP1, the higher SOA concentra-
tions regions (N8 μg/m3) are located throughout the domain except for
the south part of Zhejiang. However, these higher concentrations re-
gions only cover the southwest Jiangsu, west Shanghai, and north
Zhejiang. In the EP3, peak SOA concentrations are in the west north of
the YRD. In Shanghai, higher SOA concentrations (9–12 μg/m3) occur
during EP1 and EP3. The peak hourly concentration of SOA in Shanghai
can be as high as 31 μg/m3 (EP2) and 48 μg/m3 (EP3) in 2015 and 2016,
respectively. The fractional contributions from emission sources are
similar during the heavy-polluted episodes (Fig. S6), while, an increas-
ing contribution from the transportation is observed in the clean epi-
sode (see Fig. 7a). During the clean days, the contribution from the
transportation sector increases from 18% to 33%. Jiangsu, Zhejiang,
Shanghai, and Anhui are four major contributors to SOA in Shanghai
during the heavy-polluted episodes with the averaged contributions
of 25%, 24%, 10%, and 8% respectively (Fig. 9a and Fig. S7). In 2016,
Zhejiang is themost important contributor to SOA in Shanghai (EP3) in-
stead of Jiangsu in 2015, suggesting that the regional control policy
should be considered rather than the local one in the VOCs and SOA re-
duction. In the clean days, the contributions from the downwind re-
gional sectors such as Zhejiang are further reduced due to the higher
wind speed. A significant reduce (from8% to 1%) of Anhui sector also oc-
curs during the clean days. The industry emissions from the key areas
(Jiangsu, Zhejiang, and Shanghai) are the most contributors to the SOA
in Shanghai during the heavy-polluted episodes (see Fig. 9b and
Fig. S8). Except for the EP3, the transportation sector from Jiangsu
plays an important role in the SOA in Shanghai during both heavy-
polluted and clean episode with the averaged contribution of 28%. The
SOA precursors from the transportation sector should be considered in
the control policy as well.

4. Conclusion

In this study, we applied the source-oriented treatment in CMAQ
coupledwith themodified SAPRC-11 chemicalmechanism and relevant
SOA module to conduct the source apportionment and regional trans-
port of SOA in the YRD, with a monthly average of 6.9 and 9.6 μg/m3

for 2015 and 2016 winter respectively, mainly due to industry source,
the most important emission sector that contribute to the SOA (over
60%) in both two winters. Fractional contributions from emission
sources in the wintertime are similar to which in the three heavy-
polluted episodes, indicating that cutting down industry emissions
would efficiently reduce the overall SOA pollution. Regional transport



Fig. 9. Temporal variation in the contributions by region (a) and regional sectors (b) to SOA at Qingpu supersite of 2015 winter, 2016 winter, EP1, EP2, EP3 and EP4.
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results show that Jiangsu, Zhejiang, Shanghai, Anhui and Shandong are
five major contributors to SOA. However, Zhejiang is the most impor-
tant contributor to SOA in EP3 of 2016 winter (35%) instead of Jiangsu
in 2015 winter (32%, averagely), suggesting that the regional control
policy also should be considered in the VOCs and SOA reduction. Further
study shows that the industrial emissions of Jiangsu, Zhejiang, and
Shanghai are the most contributors to the SOA during the heavy-
polluted episodes. Therefore, the most cost-effective SOA reduction
strategy is to impose restrictions on industry sources from those key
areas. The government can control the SOA pollution during the
heavy-polluted episodes by cutting the industrial emissions in Jiangsu,
Zhejiang, and Shanghai. And it should be noted that the quantity of
SOA source apportionment and regional transport in this study is
based on the Qingpu supersite. SOA modeling studies with a higher
Fig. 10. Temporal variation in the contributions by region to SOA
solution in different places can be conducted to compare the regional
features of SOA formation.
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