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H I G H L I G H T S

• Emission controls were ef!cient on reduc-
ing isoprene-derived SOA.

• Isoprene and sesquiterpene-derived SOA
relatively increased during haze events.

• High abundance of biomass burning OC
and SOC were attributed to the NCP area.

• The emission controls reduced about 34%
of the estimated ambient OC level.

G R A P H I C A L A B S T R A C T

A B S T R A C TA R T I C L E I N F O

Editor: Jianmin Chen Strict emission controls were implemented in Beijing and the surrounding regions in the North China Plain to guaran-
tee good air quality during the 2014 Asia-Paci!c Economic Cooperation (APEC) summit. Thus, the APEC period pro-
vides a good opportunity to study the sources and formation processes of atmospheric organic aerosol. Here, !ne
particles (PM2.5, particulate matter with a diameter of 2.5 !m or less) collected in urban Beijing before and during
the APEC period were analyzed for molecular tracers of primary and secondary organic aerosol (SOA). The primary
organic carbon (POC) and secondary organic carbon (SOC) were also reconstructed using a tracer-based method.
The concentrations of biogenic SOA tracers ranged from 1.09 to 34.5 ng m!3 (mean 10.3 ± 8.51 ng m!3). Monoter-
pene oxidation products were the largest contributor to biogenic SOA, followed by isoprene- and sesquiterpene-
derived SOA. The concentrations of biogenic SOA tracers decreased by 50 % during the APEC, which was largely
attributed to the implementation of emission controls by the Chinese government. The increasingmass fractions of bio-
genic SOA tracers from isoprene and sesquiterpene during the pollution episodes implied that their photooxidation
processes contributed to the poor air quality in urban Beijing. The reconstructed biogenic and anthropogenic SOC
and POC concentrations were 89.6 ± 96.8 ng m!3, 570 ± 611 ng m!3, and 2.49 ± 2.08 !g m!3, respectively, ac-
counting for 21.9 ± 11.4 % of OC in total. Biomass-burning derived OC was the largest contributor to carbonaceous
aerosol over the North China Plain. By comparing the results before and during the APEC, the emission controls effec-
tivelymitigated about 34% of the estimated OC andweremore effective at reducing SOC than POC. This suggests that
the reduction of the primary organic aerosol loading is harder than SOA over the North China Plain.

Keywords:
Biogenic secondary organic aerosol
Secondary organic carbon
Primary organic aerosol
Emission controls

Science of the Total Environment 841 (2022) 156638

! Corresponding author.
E-mail address: fupingqing@tju.edu.cn (P. Fu).

http://dx.doi.org/10.1016/j.scitotenv.2022.156638
Received 7 November 2021; Received in revised form 5 June 2022; Accepted 7 June 2022
Available online 13 June 2022
0048-9697/© 2022 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv



1. Introduction

Natural emissions and human activities release an abundance of
!ne particulate matter (PM2.5, aerodynamic diameter less than or equal to
2.5 !m) into the atmosphere, which has signi!cant impacts on the atmo-
spheric environment, regional climate and hydrological cycles, and
human health (Li et al., 2016; Li et al., 2011b; Pöschl, 2005; Ramanathan
et al., 2001; Russell and Brunekreef, 2009; Zhang et al., 2020; Zhu et al.,
2017). Organic aerosol generally accounts for a large mass fraction
(20–90 %) of the atmospheric particulate matter, containing a complex
mixture of organic components and has various fates in the atmosphere
(Carlton et al., 2009; Hu et al., 2021; Kanakidou et al., 2005; Pöschl,
2005). Despite clear progress in the understanding of the atmospheric
chemistry of organic aerosol in recent years, our knowledge of its chemical
composition, formation mechanisms, and sources remains limited
(Bruggemann et al., 2020; Nozière et al., 2015; Qi et al., 2021).

Organic aerosol is composed of primary organic aerosol (POA) and sec-
ondary organic aerosol (SOA). Primary organic aerosol is directly emitted
from sources such as biomass burning (BB), fossil fuel combustion, biolog-
ical materials, and resuspension soil (Després et al., 2012; Huang et al.,
2021; Li et al., 2020; Pöschl, 2005; Wu et al., 2021; Yue et al., 2022).
Many organic molecular tracers, such as levoglucosan, arabitol, glucose,
and sucrose are speci!c tracers for primary sources (Burshtein et al.,
2011; Chen et al., 2017; Fu et al., 2012; Puxbaum and Kunit, 2003;
Simoneit et al., 2004; Wu et al., 2021; Yan et al., 2018). A tracer-based
method could help to estimate the contributions of POA to the organic
matter in aerosol.

Secondary organic aerosol, including biogenic (BSOA) and anthropo-
genic SOA (ASOA), is mainly formed by the photochemical reactions of
volatile organic compounds (VOCs) with atmospheric oxidants (e.g., O3,
OH, and NO3 radicals), followed by gas-to-particle conversion in the atmo-
sphere (Hallquist et al., 2009; Shrivastava et al., 2017). BSOA is formed by
the photooxidation of biogenic VOCs (BVOCs, mainly including isoprene,
monoterpenes, and sesquiterpenes), which is a large contributor to SOA
yields in the atmosphere (Shrivastava et al., 2017). It suggests that BVOCs
contribute approximately half of the organic carbon on a global scale
(Hallquist et al., 2009) and their oxidation pathways are related to different
atmosphere conditions (Wang et al., 2020). These BVOCs can also in"uence
the level of atmospheric oxidants (e.g., O3), air quality, and climate due to
their large global emission and high reactivity (Lelieveld et al., 2008;
Schurgers et al., 2009). Hence, BVOC oxidation products in the atmosphere
have been widely studied, and they can be used as tracers to estimate the
contribution of BSOA to OC (Kleindienst et al., 2007).

ASOA is formed through the homogeneous and heterogeneous reactions
of anthropogenic VOCs (AVOCs) with atmospheric oxidants (Al-Naiema
and Stone, 2017). SOA production from biogenic sources is potentially
larger than that from anthropogenic sources, but ASOA can be more impor-
tant in polluted regions (Kanakidou et al., 2005; Tsigaridis and Kanakidou,
2003). ASOA constitutes a substantial mass fraction of submicron aerosol
in populated areas around the world (Nault et al., 2021; Xie et al., 2020).
Diesel vehicles, gasoline vehicles, and cooking-related emissions were esti-
mated to account for 16–17 %, 35–61 %, and 19–35 % of the amount of
urban SOA in downtown Los Angeles during the California Research, re-
spectively (Hayes et al., 2015). The photooxidation of VOCs from vehicular
exhausts in urban conditions can lead to the nucleation and growth of ultra-
!ne particles (Guo et al., 2020). Cooking is potentially a large source of SOA
(Liu et al., 2017). It is therefore important to identify speci!c tracers for
ASOA. These ASOA tracers, such as 2,3-dihydroxy-4-oxopentanioc acid
(DHOPA) and phthalic acid (Al-Naiema and Stone, 2017), can be used to
estimate the contributions of oxidation products fromAVOCs to the organic
matter in aerosol.

In addition, anthropogenic pollutants can affect the formation and prop-
erties of BSOA, with these processes referred to as anthropogenic-biogenic
interactions (Goldstein et al., 2009; Shilling et al., 2012). For example,
BSOA generated in the presence of gas-phase PAHs has low volatility and
high viscosity (Zelenyuk et al., 2017). The oxidization of BVOCs is

potentially modulated by anthropogenic pollutants (e.g. NOx, SO2,
and POA) (Shrivastava et al., 2017; Wang et al., 2018), but not all POA
(e.g. hydrophobic POA) can enhance the SOA yield (Song et al., 2007).
SO2 oxidation can promote the formation of organicmatter on aqueous par-
ticles (Wang et al., 2016). Many previous studies have observed that global
models underestimate the loading of BSOA mass in the atmosphere, and
suggested thatmore laboratory and!eld studies are needed to better under-
stand the anthropogenic-biogenic interactions (Carlton et al., 2010;
Goldstein et al., 2009; Hallquist et al., 2009; McFiggans et al., 2019).

From 5th to 11th November 2014, the APEC summit was held in Bei-
jing, one of the biggest megacities in China, where was frequently impacted
by severe air pollution events. During the APEC summit, the government
implemented a series of stringent emission controls, such as shutting
down industrial plants and limiting the number of vehicles, in Beijing and
its surrounding regions to guarantee the good air quality. These emission
controls led to a large reduction in PM2.5 concentrations, which was gener-
ally referred to as the “APEC blue” (Ren et al., 2018),which provides a valu-
able opportunity to study the formation of air pollution episodes in Beijing.
Subsequently, many studies reported the characteristics of particulate
matter during the “APEC blue”. The light extinction coef!cient of aerosol
was reduced during theAPEC summit,with ammoniumnitrate, ammonium
sulfate, and SOA being the major contributors (Han et al., 2015). Regional
controls in the North China Plain (NCP) cities have effectively reduced or-
ganic gas species (Li et al., 2017). The mitigation of vehicular exhaust
VOCs, NH3 emissions, and non-fossil sources (e.g., biomass burning) was
largely responsible for the good air quality during the APEC summit
(Chang et al., 2016; Li et al., 2015; Liu et al., 2016; Ren et al., 2018; Yu
et al., 2018). The low concentration of SOA during APEC summit was re-
lated to the emission controls and the relatively colder and drier meteoro-
logical conditions which were unfavourable for the oxidation of organic
aerosol (Wang et al., 2017). Both aged aerosol from regional transport
and primary sources from local areas determine the air quality of Beijing
(Chen et al., 2015; Hua et al., 2016; Sun et al., 2016; Xu et al., 2015).
Such as air mass through the southwest pathway, which contributed higher
sulfur dioxide concentration, particle number concentration, and aerosol
backscattering coef!cient than the aerosol in Beijing, could contribute to
the haze formation in Beijing (Zhang et al., 2017). It suggests that reducing
regional emissions during pollution transition periods and local emissions
during polluted periods should be the most effective method of controlling
air pollution in Beijing (Tang et al., 2015).

There are many !eld measurements focused on air quality over the
APEC summit. However, the knowledge regarding the organic compounds
at a molecular level in the aerosol is still limited. The chemical composition
of the organic aerosol is essential to understand the impacts of particles on
visibility, health, and climate (Finlayson-Pitts et al., 2020). Many primary
organic species in PM2.5 in Beijing over the APEC summit have been re-
ported in the previous study (Ren et al., 2018). However, there is still a
lack of knowledge about the characteristics of SOA tracers and the effect
of emission controls on these organic tracers. Hence, this work aimed to
characterize the diurnal variations in SOA tracers and investigate the in"u-
ences of organic tracers on the formation of air pollution. Simultaneously,
the impacts of emission controls on organic compounds in carbonaceous
aerosol in Beijing over the APEC summit period were investigated.

2. Experimental section

2.1. Field sampling

Sixty PM2.5 samples were collected during daytime (07:00–18:00) and
nighttime (18:00–07:00) before (Non-APEC, 15th October to 3rd Novem-
ber 2014, n=40) and during the APEC summit (APEC, 4th to 13thNovem-
ber 2014, n=20) on the top of a two-"oor building (8m, a.g.l.) at an urban
site (the Institute of Atmospheric Physics, Chinese Academy of Science) in
Beijing. Air samples were collected onto pre-combusted quartz !lters
using a high-volume sampler (Tisch Environmental, USA). During the sam-
pling period, three !led blank !lters were collected by placing the !lter in
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the sampler without pumping. Each !lter sample was kept in darkness at
!20 °C prior to analysis.

2.2. Analysis of organic compounds

Details of the pre-treatment and analysis methods used for organic
markers were described elsewhere (Fu et al., 2011; Ren et al., 2018).
Brie"y, samples were extracted using dichloromethane/methanol (2:1, v/
v). Then the extracts were !ltered, concentrated, dried, and reacted with
N,O-bis-(trimethylsilyl) tri"uoroacetamide (BSTFA)with 1% trimethylsilyl
chloride and pyridine (5:1) for 3 h. Finally, an internal standard of
C13 n-alkane (1.43 ng !L!1) was added to the derivatives. The
pre-treated samples were analyzed by gas chromatography/mass
spectrometer (GC/MS) (7890A/5975C, Agilent, USA). The GC was oper-
ated in splitless mode and equipped with a fused silica capillary column
(DB-5MS, 30 m ! 0.25 mm i.d., 0.25 !m !lm thickness). The MS was
operated in full scan mode (50–650 m/z) with an electron ionization (IE)
ion source at 70 eV.

Qualitative and quantitative analyses of organic compounds were con-
ducted using literature data (Jaoui et al., 2005; Kleindienst et al., 2007;
Kourtchev et al., 2008), library information, and authentic standards. The
response factors of authentic standards or surrogates were used to quantify
these organic compounds according to a previous study (Fu et al., 2009).
The data reported in this work was corrected by taking account of the
!eld bank, but not the recoveries. The recoveries of the target analytes
were obtained by analyzing the spiked quartz !lter samples. Most of the
recoveries of the spiked standards in the laboratory were 75–110 %.

The data of OC was obtained by an OC/EC Carbon Aerosol Analyzer
(Sunset Laboratory Inc., USA) using the thermal/optical transmission
method (Mkoma et al., 2013; Ren et al., 2018).

2.3. Backward trajectories and !re counts

To investigate the in"uence of air mass origins on POA and SOA in the
urban aerosol of Beijing, three-day backward trajectories at 500 m height
(a.g.l.) for every 6 h starting at 08:00 (local time) were calculated for
each sample using TrajStart software with the archived meteorological
data (ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1.v1) (Stein et al.,
2015; Wang et al., 2019a). Cluster analyses during the whole sampling pe-
riod, the trajectories during pollution episodes and clean periods were also
generated to investigate the variations of organic compounds. Simulta-
neously, !re activities were displayed as red points on maps, with the
data obtained from the Moderate Resolution Imaging Spectroradiometer
(MODIS) !re spot website (https://earthdata.nasa.gov/earth-observation-
data/near-real-time/!rms).

2.4. Source apportionment using the tracer-based approach

The tracer-based approach has been widely used to investigate
the source apportionment of OA (Ding et al., 2014; Fu et al., 2009;
Kleindienst et al., 2012; Lewandowski et al., 2013). In the present study, or-
ganic tracers were obtained for three classes of OA. (1) Levoglucosan (frac-
tion factor: 0.0814), glucose (fraction factor: 0.631), arabitol, and mannitol
(fraction factors: 0.0923 and 0.1308, respectively) as special tracers for
POC, including BB (Andreae and Merlet, 2001), plant debris (Puxbaum
and Kunit, 2003) and fungal spore OC (Bauer et al., 2008; Burshtein
et al., 2011), respectively; (2) Phthalic acid (fraction factor: 0.0199) and
DHOPA (fraction factor: 0.0079 ± 0.0026) as tracers for ASOC, including
naphthalene (Kleindienst et al., 2012) and toluene SOC (Al-Naiema and
Stone, 2017). (3) Isoprene, monoterpenes, and "-caryophyllene oxidation
products as tracers for BSOC (Kleindienst et al., 2007), including isoprene,
monoterpene, and sesquiterpene derived SOC (marked as Iso_SOC,
Mon_SOC, and Sesq_SOC). The fraction factors for tracers to SOC from iso-
prene,monoterpenes, and sesquiterpene are set as 0.155±0.039, 0.231±
0.111, and 0.0230 ± 0.0046, respectively. The SOA-tracer based method
used in this work may have underestimated the contribution of SOC but

is suitable for estimating the amount of SOC in the atmospheric aerosol
(Ding et al., 2013; Ding et al., 2016b). The uncertainties of this method
have been estimated in other studies (Kleindienst et al., 2007; Kleindienst
et al., 2010; Offenberg et al., 2007). To obtain an accurate abundance of
POA and SOA to investigate the composition and formation processes of
carbonaceous aerosol in the atmosphere, more !eld studies combined
with chamber investigations and authentic standards are needed (Stone
et al., 2012).

3. Results and discussion

Meteorological parameters and the concentrations of the dominant
identi!ed organic molecular tracers in OA during the campaign are
shown in Table S1. The temporal variations in meteorological conditions
and the sum of BSOA tracers and OC are shown in Fig. S1. During the cam-
paign, a total of !ve pollution episodes occurred, and they were marked as
E1–E5, respectively. It is known that pollution episodes are likely to occur
under lower wind speeds (WS < 1 m/s) and continuously high relative hu-
midity (RH > 40 %), suggesting the in"uential roles of meteorological con-
ditions on the formation of air pollution under adverse meteorological
conditions (Ren et al., 2018).

The total concentrations of BSOA tracers (Table S1) ranged from 1.09 to
34.5 ngm!3 (10.3±8.51 ngm!3), andmonoterpene SOA tracers (5.98±
3.95 ng m!3) were the major contributor, followed by isoprene (3.31 ±
3.75 ng m!3) and sesquiterpene (1.01 ± 1.52 ng m!3) SOA tracers. The
concentrations of ASOA tracers were 7.83 ± 9.64 ng m!3 (phthalic acid)
and 2.73 ± 3.07 ng m!3 (DHOPA), respectively. For the POA tracers,
levoglucosan (BB marker) was 198 ± 174 ng m!3; glucose (plant debris
marker) was 8.94 ± 10.6 ng m!3; arabitol and mannitol (fungal spore
marker) were 4.48 ± 5.44 ng m!3 and 4.35 ± 7.53 ng m!3, respectively.
The sum of these source tracers was only contributed 0.11 %–4.09% to the
total OC. These speci!c tracers were also used to estimate the sources of OC,
as discussed in Section 3.3.

3.1. Diurnal variations in SOA tracers

The diurnal variations in BSOA tracers, including isoprene, monoter-
pene, and sesquiterpene SOA tracers, during !ve pollution episodes
(E1–E5) and six clean periods (C1–C6) are shown in Fig. 1a–c. Iso_SOA
tracers are oxidation products of the reaction of isoprene (mainly emitted
from broadleaf and deciduous plants) with the HOx radicals and NOx

(Paulot et al., 2009). In this study, the sum of Iso_SOA tracers was 3.43 ±
4.35 ng m!3 in the daytime and 3.20 ± 3.11 ng m!3 at night, with 2-
methylerythritol (2-MET) and 2-methylglyceric acid (2-MGA) being the
major species, followed by C5-alkene triols and 2-methylthreitol (2-MT)
(Table S1 and Fig. S2).The distribution pattern of isoprene products was
similar with the results over China's cities (Ding et al., 2014) and the
United States (Lewandowski et al., 2013), with 2-MET being dominant.

Mon_SOA tracers aremainly the photooxidation products of #/" pinene
(mainly emitted from conifer plants, soil, and leaf litter) initiated byO3, the
OH radical, and NOx (Faiola et al., 2014; Hallquist et al., 2009). The sum of
Mon_SOA tracers was 6.59 ± 4.64 ng m!3 in the daytime and 5.37 ±
3.07 ng m!3 at night, with pinonic acid (PNA) being predominant,
followed by 3-methyl-1,2,3-butanetricarboxylic acid (MBTCA), pinic acid
(PA), 3-hydroxyglutaric acid (3-HGA), and 3-(2-hydroxyethyl)-2,2-
dimethyl-cyclobutane carboxylic acid (HDCCA) (Table S1 and Fig. S3).
The distribution pattern ofmonoterpene products was similar to the aerosol
abundance reported in previous studies over Chinese cities (Ding et al.,
2016b) and Mt. Tai (Fu et al., 2010), but it was different from those re-
ported over the United states with 3-HGA and MBTCA being the predomi-
nant (Lewandowski et al., 2013) and the Canadian High Arctic and
marine locations with 3-HGA being the dominant (Fu et al., 2011), which
may be controlled by many factors such as the emission patterns of
BVOCs and their lifetime, ambient temperature, and atmospheric oxidant
levels.
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"-Caryophyllinic acid is a tracer for Sesq_SOA, which is usually formed
by the oxidation of "-caryophyllene (mainly emitted from grass and bio-
mass burning) (Li et al., 2018) in the presence of O3 (Jaoui et al., 2003; Li
et al., 2011a) and/or NOx (Jaoui et al., 2007). The average concentration
of "-caryophyllinic acid was 0.94 ± 1.58 ng m!3 in the daytime and
1.08 ± 1.49 ng m!3 at night. The toluene tracer, DHOPA, was 2.70 ±
3.44 ng m!3 in the daytime and 2.77 ± 2.70 ng m!3 at night.

Overall, the average concentrations of the SOA from isoprene, monoter-
pene, sesquiterpene and toluene showed not signi!cant differences be-
tween daytime and nighttime (Tables S3 and S4). Such weak diurnal
variations during the sampling period suggest that multi-factors on the for-
mation of SOA. In addition, both BSOA and ASOA tracers have relatively
long lifetime in the ambient air.

3.2. Impacts of emission mitigation on the BSOA tracers

The total concentrations of Iso_SOA, Mon_SOA, and Sesq_SOA tracers
decreased during the APEC period due to the regional joint emission con-
trols on atmospheric contaminants (Fig. 2). The total BSOA tracers were
mitigated by approximately 50 % from the Non-APEC period (12.2 ±
9.65 ng m!3) to the APEC period (6.52± 3.28 ng m!3), which was poten-
tially related to the strict emission controls and the low temperature. Low
temperature can decrease the release of BVOCs (Li et al., 2017). The mass
fraction of BSOA from isoprene decreased during the APEC period com-
pared to the Non-APEC period, suggesting that isoprene photooxidation
processes were more restrained than those of the other BVOCs
(e.g., monoterpene and sesquiterpene) due to the emission controls. It
should be noted that the in"uence of isoprene from traf!c-related sources
cannot be ignored. This feature highlights the importance to estimate the
emission loading of isoprene from different sources in the future. In addi-
tion, the diurnal variation in the mass fractions of BSOA tracers from iso-
prene, monoterpene and sesquiterpene during the APEC summit was
larger than that of the Non-APEC period (Fig. 2). The mass fractions of

isoprene and sesquiterpene SOA decreased with monoterpene SOA in-
creased at night during the APECperiod, whereas no distinct day/night var-
iation was found during the Non-APEC period. These results suggest that
emission controls rather than the ambient temperature largely affect the
composition of BSOA during the sampling period.

The variations in the composition of Iso_SOA tracers during the Non-
APEC and APEC periods were also compared. During the APEC summit,
the mass fraction of 2-MGA was lower (~16 %) and the mass fraction of
2-methyltetrols (2-MTs) was higher (~12 %) than the Non-APEC period
(Fig. S4). The average value of the 2-MTs/2-MGA ratio was 2.48 (Non-
APEC) versus 4.28 (APEC). These values were in the range of the results
over China (Ren et al., 2021; Wang et al., 2019b; Zhang et al., 2019) and
the Arctic ocean (Fu et al., 2013). However, these ratios were higher than
the remote sites (<1) (El Haddad et al., 2011) and lower than the Mt. Fuji
(Fu et al., 2014) and lab studies (ratios: higher than 10) (Kleindienst
et al., 2009). Notably, these values were obtained by different analytical
methods which might cause uncertainties. According to laboratory studies,
2-MTs are photooxidation products of isoprene under low-NOx, and 2-MGA
is an oxidized product under high-NOx (Surratt et al., 2010). Relative lower
levels of NO2 were observed during the APEC summit (Wang et al., 2019a).
The composition change of the Iso_SOA tracers indicated that the emission
reductions effectively inhibited the formation pathway of 2-MGA due to the
mitigation of NOx. In addition, the mass fraction of 2-MTs decreased and
2-MGA increased during the daytime when compared with the nighttime.
This diurnal trend was similar to the results for aerosol in Mumbai, India
(Fu et al., 2016), suggesting that the 2-MGA loading was enhanced by the
in"uence of anthropogenic emissions from high levels of NOx in the day-
time. In addition, we also found the mass fraction of C5-alkene triols was
decreased (~30%) during the APEC summit. These results highlight impor-
tant effect of emission controls on Iso_SOA tracers, which should be further
studied.

3.3. Characteristics of BSOA tracers during clean and pollution periods

Previous studies have shown that SOA contributed about 25%of partic-
ulate matter in Beijing, and the SOA mass fraction was increased during
heavy pollution episodes (Huang et al., 2014). This highlights the need to
understand the role of SOA in the formation of air pollution. To investigate
the in"uence of BSOA on air pollution formation in Beijing, the relative
contributions of BSOA tracers during different clean and haze periods are
displayed in Fig. 3. Generally, the sum of BSOA tracers increased by

Fig. 1. Temporal variations in (a) Isoprene SOA tracers, (b) Monoterpene SOA
tracers, (c) "-Caryophyllinic acid (sesquiterpene SOA tracer), and (d) DHOPA
(toluene SOA tracer). C1–C6 represents clean periods and E1–E5 represents
pollution episodes.

Fig. 2. Diurnal variations and relative contributions in BSOA tracers during Non-
APEC (Oct. 15–Nov. 3, 2014) and APEC (Nov. 4–13, 2014) periods. Iso_SOA,
Mon_SOA, and Sesq_SOA represent isoprene, monoterpene, and sesquiterpene
SOA tracers, respectively.
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about three times during the haze periods (15.2 ng m!3, average) com-
pared with the clean periods (5.40 ng m!3, average) (Fig. 3a). The mass
fraction of BSOA tracers from isoprene was 34 % (haze) versus 21 %
(clean), while the corresponding values for monoterpene and sesquiterpene
were 54 % versus 75 % and 12 % versus 4 %, respectively. The BSOA mass
fractions from isoprene and sesquiterpene increased, while the BSOA mass
fraction from monoterpene decreased during the haze period, which was
consistent with the composition of BSOA tracers (Fig. S5). This suggests
that isoprene and sesquiterpene rather than monoterpene photooxidation
processes were more important for the formation of air pollution episodes.
In addition, the mass fraction of BSOA from isoprene showed about 10–20
% reduction in the two pollution events during the APEC period when com-
pared with the other three pollution events during Non-APEC period. This
result suggests that the causes of air pollution during the APEC summit
were different from the Non-APEC period.

Generally, the release of BVOCs from vegetation in an urban areawould
not be strongly impacted by external factors, except for the atmospheric
temperature (Li et al., 2017; Tarvainen et al., 2005). The slightly elevated
temperature during the events is likely one reason for the formation of
!ne particles during the pollution episode (Fig. S1). Previous studies have
shown that isoprene can be released from anthropogenic sources
(e.g., petrol and diesel motors) (Borbon et al., 2001). The formation of
isoprene-derived SOA can be signi!cantly enhanced by acidi!ed sulfate
seed (Surratt et al., 2010). The increasing concentrations of sulfate during
the episodes (Sun et al., 2016) are likely to in"uence the oxidation products
from isoprene. Biomass burning has been regarded as a contributor to
"-caryophyllinic acid in many !eld campaigns (Ding et al., 2016a; Fu
et al., 2010; Li et al., 2018). These results suggest that isoprene and sesqui-
terpene oxidation products from anthropogenic origins are potentially
responsible for their increasing mass fractions during pollution episodes.
The regional transport of these organic compounds from other pollution
regions may be another cause. Moreover, the in"uence of atmospheric con-
ditions also cannot be ignored. For example, relative humidity and atmo-
spheric oxidants can in"uence the reaction pathways of BVOCs and the
formation of BSOA (Ding et al., 2011; Jaoui et al., 2007; Perraud et al.,
2012; Zhang et al., 2011). These factors can also cause the differences in
the mass fractions of BSOA during the Non-APEC versus APEC period.

3.4. In"uence factors on the characteristics of BSOA tracers during the
sampling period

3.4.1. In"uences of anthropogenic sources on BSOA tracers
Anthropogenic pollutants can affect the formation and properties of

BSOA which is referred to as anthropogenic-biogenic interactions
(Goldstein et al., 2009; Shilling et al., 2012). Hence, the impacts of organic
compounds from anthropogenic sources on BSOA tracers were discussed.

Aromatic acids are usually considered to be ASOA tracers, and DHOPA
is a speci!c marker of toluene photooxidation. The relationships of
BSOA tracers with aromatic acids and DHOPA under the constraint of
levoglucosan can re"ect the in"uences of anthropogenic sources (BB and
aromatic derived SOA) on BSOA. As shown in Fig. 4, positive correlations
were observed between the three BSOA tracers and aromatic acids. The cor-
relation coef!cients (r2) were generally higher than 0.62, except for that of
the Sesq_SOA tracer and DHOPA (r2 = 0.40). These results suggest that
the increase in the concentration of BSOA tracers was likely associated
with anthropogenic sources. The low correlation coef!cients (r2 ! 0.44)
between BSOA tracers and levoglucosan suggest that the impact of BB on
BVOCs products was weak. Overall, these results indicate that the BSOA
loading in atmospheric aerosol was in"uenced by anthropogenic sources
(e.g., vehicle emissions).

3.4.2. Effects of air mass origins on BSOA mass fractions
To investigate the impacts of air mass origins on the mass fractions of

BSOA tracers in the urban aerosol of Beijing, the relative contributions of
BSOA tracers under six clustered air masses were calculated (Fig. 5). In
this study, the mass loading of BSOA tracer under the in"uence of air
masses from the west and south areas of China was larger than in these pe-
riods in"uenced by air masses from other areas. Simultaneously, the mass
fractions of isoprene-derived SOA also increased with monoterpene-
derived SOA being decreased under the in"uence of air mass from west
and south. These results imply that air masses from the west and south of
Beijing largely contributed to the BSOA loading in the urban aerosol of
Beijing. The same results have also been reported in the previous studies
(Sun et al., 2016; Zhao et al., 2017).

Fig. 3. Relative contributions of BSOA tracers under clean and haze periods: (a) average mass fractions of BSOA tracers during the whole sampling period, clean period, and
haze period, and (b) averagemass fractions of BSOA tracers during clean and haze periods. C1–C6 represent clean periods and E1–E5 represent pollution episodes. The values
in the center of the pies are the average concentrations (ng m!3).
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3.5. Characteristics of POC and SOC during the sampling period

3.5.1. Diurnal variations in POC and SOC
The diurnal variations of concentrations (Fig. 6a) and percentages

(Fig. 6b and c) in estimated POC and SOC were displayed. The sum of the
estimated OC (including SOC and POC) was 3.26 ± 2.61 !g m!3, contrib-
uting 21.9 ± 11.4 % to the total OC (Table S2). Toluene
derived SOC (358 ± 380 ng m!3) was the largest contributor to SOC
(660± 691 ng m!3; 4.45± 3.13 % of total OC), followed by naphthalene

SOC (212±245 ngm!3) and BSOC (89.6±96.8 ngm!3). Sesquiterpene-
derived SOC was more abundant than monoterpene and isoprene-derived
SOC in this study. Biomass burning OC (2.49 ± 2.08 !g m!3) was esti-
mated to be the largest contributor to POC (2.59 ± 2.12 !g m!3; 17.5 ±
10.0 % of total OC), followed by fungal spores (90.4 ± 113 ng m!3) and
plant debris (16.3 ± 16.7 ng m!3).

The day/night average concentrations of these estimated OC were not
signi!cant except for biomass burning OC and POC during the APEC sum-
mit (Tables S4 and S5). The concentration of biomass burning OC was

Fig. 4. Relationships of aromatic acids (circle, black line, left) and DHOPA (triangle, blue line, right) with BSOA tracers: (a) Isoprene SOA tracers; (b) Monoterpene SOA
tracers; (c) Sesquiterpene SOA tracer and (d) relationships of levoglucosan with BSOA tracers (circle, left) and DHOPA (triangle, blue, right).

Fig. 5. Relative contributions of BSOA tracers (pie) and total concentrations (the blue values, ng m!3) from each air mass origin. Total six clusters of 6 h 3-day backward
trajectory at 500 m a.g.l. are generated, the percentages were shown near the clusters. Six clusters including Cluster1 (15 %, northwest), Cluster 2 (21 %, northwest),
Cluster 3 (12 %, northeast), Cluster 4 (9 %, northeast and southeast), Cluster 5 (17 %, south), Cluster 6 (26 %, west).
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1.75 ± 1.63 !g m!3 (daytime) and 3.22 ± 2.24 !g m!3 (nighttime). The
night to day ratio of biomass burning OC (1.84) suggests that BB activities
were increased at night in the urban area of Beijing. The night to day ratios
of biomass burning OC during APEC and non-APEC summit were 2.64 and
1.63, respectively. It suggests that the control of biomass burning at night
needs to be strengthened. This featurewas also likely in"uenced by residen-
tial cooking in the rural areas of Beijing during nighttime (Yu et al., 2018).
In addition, the stagnant meteorological conditions and lower boundary
layer at night might restrict the diffusion of pollutants and lead to their
accumulation.

It should be noted that the tracer-based method is subject to substantial
uncertainties in the estimated ambient OC because the factors (ratios of
tracers/SOA and SOA/SOC) were estimated from the laboratory-
generated mass fractions (Kleindienst et al., 2007; Kleindienst et al.,
2010), and more studies are needed to develop authentic standards as
well as chamber investigations on SOA formation to improve the precision
of the tracer-based method.

3.5.2. Increased contributions of BB and ASOC during pollution events
As shown in Fig. 6a, the estimated POC and SOC concentrations in-

creased during the pollution periods, suggesting their important contribu-
tion to urban haze formation. Their mass fractions demonstrated different
patterns during clean and polluted periods. The mass fractions of biomass
burning OC increased during the E1 and E3 to E5, and those of ASOC sub-
stantially increased during the E2 event when compared with before and

after each event. Three-day backward trajectories of air masses and !re ac-
tivities during these !ve episodes (E1–E5) and six clean periods (C1–C6)
are displayed in Figs. S6 and S7, respectively. The E1 to E4 were largely
in"uenced by air masses from the south of Beijing, while E5 was mainly af-
fected by air masses from the northwest of Beijing. During the observation
period, residential heating due to the start of the cold season began over the
NCP, and emission control measures were not strictly enforced in some
areas. Therefore, BB could be amajor source of atmospheric pollutants dur-
ing the cold season in Beijing. The intensive !re activities over the NCP po-
tentially contributed to the increasedmass fractions of BB in Beijing during
pollution episodes. C1 and C3 to C6 were mainly affected by air masses
from the northwest of Beijing, and C2 was in"uenced by air masses from
the NCP (Fig. S7). Hence, the high contribution of BBwas also found during
the C2 period (Fig. 6a).

The air mass origins indicated that the elevated mass fractions of bio-
mass burningOC during the pollution events (E1 and E3 to E5) were largely
subject to regional transport aerosol. However, E2 was mainly in"uenced
by aerosol from the south of Beijing. Hence, the increased mass fraction
of ASOC during E2 was likely associated with the enhanced loading of
ASOC from the south of Beijing. These results suggest that both BB aerosol
from regional transport and ASOA from the south of Beijing were responsi-
ble for the formation of air pollution in the cold season in Beijing.

3.5.3. In"uence of air mass origins on POC and SOC
To determine the in"uence of air mass origins on the contributions of

POC and SOC in Beijing, the collected samples were attributed to be in"u-
enced by six clustered backward trajectories of air masses. The mass frac-
tions of these estimated sources under the six air mass origins are shown
in Fig. 7. The estimated OC increased with the in"uence of air mass origins
being shifted from Cluster 1 to Cluster 6. It was largely associated with the
contribution of BB activities from these areas for the elevatedmass fractions
of BB sources. Despite the indistinct feature of ASOC fractions, the high
mass loading of ASOC under the in"uence of these areas was another im-
portant cause. In summary, high loading of biomass burning OC and
ASOC were typically found in aerosol in"uenced by air masses from the
North China Plain and Northeast China Plain, suggesting an urgent need
to strengthen emission reduction policies over these areas.

3.6. Impacts of emission mitigation on POC and SOC

The concentrations of total OC were 14.7 ± 7.72 !g m!3 and 10.7 ±
4.67 !g m!3 during the Non-APEC and APEC periods, respectively. The re-
sults of variance analysis of the concentrations of POC, SOC, and their
tracers over the APEC summit were shown in Table S5. Most kinds of
SOC showed signi!cant differences expect POC, suggesting that the emis-
sion mitigations largely affected the formation of SOC. Approximately
27 % of the total OC was reduced under the implementation of emission
controls, suggesting that joint emission control policies were effective in
mitigating the OA in Beijing (Ren et al., 2018). The temporal variations in
BSOC, ASOC, and POC associated with their mass fractions during the
Non-APEC and APEC periods are shown in Fig. 8. The average concentra-
tions of estimated OC were 3.68 ± 2.76 !g m!3 (Non-APEC) and 2.43 ±
2.11 !g m!3 (APEC), with average total OC percentages of 23 % and
19 %, respectively. The estimated OC was mitigated by about 34 %,
which was higher than the mitigation of the total OC. Additionally, BSOC
decreased by approximate 45 %, with an average concentration of
105 ng m!3 (Non-APEC) versus 58.2 ng m!3 (APEC); while ASOC was re-
duced by about 50 %, with an average concentration of 685 ng m!3 (Non-
APEC) versus 341 ng m!3 (APEC); and POC was reduced by about 16 %,
with an average concentration of 2.88 !g m!3 (Non-APEC) versus
2.03 !g m!3 (APEC). The decrease in the estimated SOC agreed with that
>40 % to 50 % of VOCs were reduced by the implementation of emission
controls (Li et al., 2015; Li et al., 2017).

In summary, emission control measures in Beijing and surrounding cit-
ies during the cold season reduced secondary sources more signi!cantly
than primary sources, which was largely due to the decrease of VOCs

Fig. 6. Temporal variations in (a) the concentrations of estimated POC and SOC
concentrations (left) and the total OC (right), (b) the percentages of estimated
POC and SOC in OC, and (c) relative contributions of estimated POC and SOC.
These pies in (a) represent the relative contributions of calculated sources during
each period. E1–E5 represents pollution periods and other periods are classi!ed as
clean. The solid and open circles were night and day samples, respectively.
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emissions, especially from traf!c emissions and solvents (Li et al., 2017).
The lower effectiveness of reducing primary sources than secondary
sources, especially BB, was more likely linked to the intensive !re activities
for residential heating during this season. This suggests that the policymak-
ers should strongly consider controlling primary sources, like biomass

burning, which is potentially a continuous contributor of atmospheric pol-
lutants over the North China Plain.

Moreover, both primary sources (BB, plant debris, and fugal spore POC)
and anthropogenic secondary sources (toluene and naphthalene SOC) have
a similar mass fraction when comparing the Non-APEC and APEC periods.

Fig. 7.Relative contributions of estimated POC and SOC using the tracer-basedmethod from each airmass cluster. The pies in the center represent estimated SOC and the out
circles represent estimated OC by the tracer-based method. The blue values near the pies represent the concentrations of estimated OC (estimated SOC).

Fig. 8. Temporal variations in the estimated (a) BSOC, (b) ASOC, (c) POC, and (d) relative contributions of them during Non-APEC and APEC.
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It indicates that emission control policies have little in"uence on the mass
fractions of these POC and ASOC. However, the mass fraction of BSOC
changed after the implementation of emission controls. The mass fraction
of Iso_SOC decreased by 10 % (22 % versus 12 %), while the mass fraction
of Mon_SOC increased by 7 % (27 % versus 34 %) and the mass fraction of
Sesq_SOC increased slightly by 3 % (51 % versus 54 %). This indicates that
the release of BVOCs or the rate of their oxidation processes in the atmo-
sphere changed under the in"uence of the mitigation controls imposed by
the government.

A previous study reported that isoprene and monoterpene concentra-
tions decreased by >40 % and 60 % during the APEC summit (Li et al.,
2017). This was mainly attributed to the low temperature during the
APEC summit, which affected the release of BVOCs from vegetation. In ad-
dition, the decreasing emission of BVOCs from anthropogenic sources
(e.g., vehicles and the wood industry) cannot be ignored (Li et al., 2017).
Hence, the decreasing mass fraction of Iso_SOC and increasing mass frac-
tion of Mon_SOC during the APEC summit were potentially in"uenced by
the release of BVOCs from natural and anthropogenic sources. Moreover,
the BVOCs photooxidation processes were potentially in"uenced by the
"uctuations of atmospheric oxidants related to the emission controls.
Higher levels of atmospheric O3 and lower levels of NOxwere found during
the APEC period than Non-APEC (Wang et al., 2019a), which might have
restricted the formation of isoprene oxidation products.

4. Conclusions

The characteristics of organic compounds in the!ne carbonaceous aero-
sol in Beijing during the 2014 APEC summit were investigated. The diurnal
variations of these organic tracers and their changes under different air
quality were discussed, and the in"uences of air mass origins and emission
controls on these carbonaceous compounds were also evaluated. Both
BSOA tracers and the toluene SOA tracer (DHOPA) displayed weak diurnal
variations during the sampling period. The sum of the BSOA tracers was
10.3 ± 8.51 ng m!3, with Mon_SOA tracers being more abundant than
Iso_SOA and Sesq_SOA tracers. The concentrations of approximately 50 %
of BSOA tracers decreased during the APEC summit compared with their
levels during the Non-APEC period, with the mass fractions of BSOA from
isoprene decreasing andmonoterpene increasing, respectively. The compo-
sition of BSOA tracers during pollution episodes suggests that the oxidation
of isoprene and sesquiterpene was more signi!cant than the oxidation of
monoterpene in the formation of air pollution episodes in Beijing.

The total estimated OC (3.26 ± 2.61 !g m!3) using the tracer-based
method accounted for 21.9 ± 11.4 % of the total OC, with BSOC, ASOC,
and POC concentrations of 89.6 ± 96.8 ng m!3, 570 ± 611 ng m!3 and
2.49 ± 2.08 !g m!3, respectively. Concentrations of biomass burning OC
and toluene SOC increased at night, which indicates large contributions
from BB activities and traf!c exhaust in urban Beijing. The high abundance
of BB and ASOC in urban aerosol when airmasses originated from the south
suggests that stricter emission controls need to be carried out over the south
of Beijing. Furthermore, the implementation of cross-regional joint emis-
sion controls reduced 34 % of the estimated OC, with 45 %, 50 %, and
16 % reduction in BSOC, ASOC, and POC, respectively, indicating the
need for strict measures to reduce primary pollutants in the North China
Plain.
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