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• PM2.5, PAHs, OPAHs and other carbona-
ceous matters were monitored during
a severe haze episode in Beijing in 2015.

• The average total quantified PAHs
(ΣPAHs) and OPAHs (ΣOPAHs) during
haze events were 10 times higher than
those in clear days.

• A long period of haze is conducive to the
accumulation and oxidation of contami-
nant.

• Formations of highly oxidized organic
particulate matter favorably occur at
RH N 60%.
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Characterizations on polycyclic aromatic compounds (PACs) during frequent haze periods have been conducted
in an urban site of Beijing, China. Particulate polycyclic aromatic hydrocarbons (PAHs) and oxygenated-PAHs
(OPAHs) and other carbonaceous matters were quantified. The average PM2.5 during haze events (256.3 ±
103.7 μg/m3) were one magnitude over than that of clear periods (CRs, 24.7 ± 27.7 μg/m3).The average total
quantified PAHs (ΣPAHs) and OPAHs (ΣOPAHs) during haze events were 423.9 ± 178.4 ng/m3 and 581.4 ±
299.8 ng/m3, respectively, which were approximately 10 times higher than those of 40.3 ± 68.2 ng/m3 and
54.4 ± 82.4 ng/m3 in clear days. Four-rings PAHs had the highest compositions. 1,8-Naphthalic anhydride
(1,8-NA) is the most abundant OPAHs, accounted for 49.8% of ∑OPAHs, followed by 9,10-anthraquinone
(9,10-AQ) (13.8%) and benzo(a)anthracene-7,12-dione (BaAQ) (8.31%). In haze events, the contents of 5- to 7-
rings PAHs decreased by 2.32% compared with those of clear days, while lower molecular weight fractions of
3- and 4-rings PAHs increased. The relationships between PAHs, OPAHs and relative humidity (RH) were
found to be exponential. High oxygenation rate (R0) ratios of OPAH/PAH represents higher rates in secondary
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formation or degradation and gas- particle conversion for each PAH or OPAH during the wintertime. Significant
positive correlation between BeP and OPAHs (r= 0.97), combined with the results of photochemical aging and
negatively correlationwith O3, suggest that secondary atmospheric reactions of PAHs played an important role in
the burden of OPAHs.

© 2019 Elsevier B.V. All rights reserved.
Oxygenation rate
Haze
1. Introduction

Atmospheric pollution has been being drawn high attention in
Mainland of China due to its impacts on climate change and human
health (Cai et al., 2017; Li et al., 2017a; Zhang, 2017). Haze event is typ-
ically defined as a visibility lower than 10 km and a mass concentration
of airborne particulatematterwith an aerodynamic diameterwithin 2.5
μm (PM2.5) over 150 μg/m3 (Cai et al., 2017; Guo et al., 2016; Ma et al.,
2017; Zhang, 2017). Frequent haze events occurred in China, particu-
larly in North China Plain. Researches demonstrated that discharges of
primary local emission sources (Wu et al., 2014), immobilemeteorolog-
ical conditions for pollutant accumulations (Quan et al., 2014; Zheng
et al., 2015), regional transport of pollutants (Quan et al., 2013) and sec-
ondary aerosol formation (Huang et al., 2014) are strongly associated
with the formation of haze in the capital city of Beijing.

Chemicals such as trace elements, water-soluble inorganic com-
pounds (WSIC), and carbonaceous species in airborne particulate of Bei-
jing during haze days were harshly elevated in comparison to those of
non-hazedays (Gaoet al., 2015; Tan et al., 2016; Zhang et al., 2016). Sec-
ondary organic carbon (SOC) was found to be an important fraction
(Cao et al., 2003; Cao et al., 2004). However, variations on molecular
levels for individual organic substances have been rarely reported be-
tween haze and non-haze periods. Particulate toxic compounds such
as polycyclic aromatic hydrocarbons (PAHs) and their oxygenated
forms (OPAHs) in PM2.5 contribute to acute or potential long-term ad-
verse health outcomes (Mumtaz and George, 1995; Walgraeve et al.,
2010). These classes of compounds could be applied for source charac-
terization and apportionment (Bandowe et al., 2014).

Atmospheric PAHs andOPAHs are formednatural sources (i e. volca-
nic eruptions and forest fires) and anthropogenic sources include vari-
ous industrial processes, coal and wood burning, and fossil fuels
combustion (Alam et al., 2013; Arnott, 2004; Ravindra et al., 2008). Be-
sides direct formations, OPAHs, a neglected group of contaminants
(Lundstedt et al., 2007), are produced via photochemical reactions and
reactions with hydroxyl radicals, nitrate radicals and ozone (O3)
(Walgraeve et al., 2010). Airborne OPAH concentrations have been
highly correlated with reactive oxygen species (ROS) formation, sug-
gesting that oxidative stress is one of the toxicity mechanisms for
aerosol-induced human health effects during PMepisode or haze events
(Sklorz et al., 2007).

Despite much effort on characterizing PM pollution, our knowledge
on its sources contribution and evolution are still not fully understood.
Atmospheric dynamic processes and atmospheric phenomena in hazy
days are different from those in clear periods (Wang et al., 2014; Zhao
et al., 2013). However, the related studies on polycyclic aromatic com-
pounds (PACs) (i.e., PAHs and OPAHs) are still sparse. Beijing is the cap-
ital of China and has a population of N20 million. In this study, daily
PM2.5 were collected in urban site of Beijing in a heavy polluted
month of December 2015. Chemical characterization for organic carbon
(OC), element carbon (EC), PAHs, OPAHs, n-alkanes were conducted.
Variations and relationship with meteorological parameters and other
measured pollutants such as carbonic oxide (CO), nitric oxide (NO), ni-
trogen dioxide (NO2), ammonia (NH3), ozone (O3), and PM2.5 were also
investigated. The main objectives are to: (1) characterize airborne or-
ganic PM2.5 in different atmospheric pollution conditions; (2) investi-
gate influences of photochemistry on the formation of OPAHs; and
(3) identify possible sources contributed to the haze pollutions in
Beijing. This information is essential for establishing regulatory controls
of these pollutants in Beijing.

2. Methodology

2.1. Site description

The sampling site (N39° 58′ 58″, E116°20′ 52″) was located on the
roof of School of Public Health Building on the campus of PekingUniver-
sity Health Science Center (Beijing, China), approximately 20 m above
the ground level. The location is close to the 4th Ring Road with heavy
traffic. It is a representative of an urban area (Wehner et al., 2004; Wu
et al., 2008). On daily basis, PM2.5 were collected on quartz fiber filters
(23 × 18 cm2, Pall Life Science, Port Washington, NY, USA) using a
high-volume air sampler (Thermo Fisher Scientific, Waltham, MA,
USA) at a flow rate of 1 m3/min for 24 h (from 08:00 am to the next
day 07:59 am). Prior to the sampling, the filters were pre-fired in a fur-
nace (780 °C, 3 h) to remove volatile substances and organic contami-
nants. A total of 35 daily samples (including one field blank per week)
were collected from December 1, 2015 to December 31, 2015.

The masses of PM2.5 were measured with gravimetric method. Each
filter was weighed at least twice before and after sampling, which were
being equilibrated in a controlled room at temperature of 22± 2 °C and
relative humidity (RH) of 35–45%. The maximum differences between
the repeated measurements were b15 and b20 μg for blank filters and
loaded filters, respectively. To prevent any loss of volatiles, all samples
were packed in pre-baked aluminum foils and stored in a freezer at
−20 °C until chemical analyses. Barometric pressure, RH, wind speed
and ambient temperature were measured in 1-minute interval with
the use of an Automatic Weather Station (MAWS201, Vaisala, Vantaa,
Finland) configured with visibility sensor (Vaisala Model PWD22) and
RH probe (Vaisala Model QMH101). Briefly, commercial instruments
from Thermo Fisher Scientific (TE), USA were used to measure O3

(model 49I), CO (model 48I). Trace gases including sulfur dioxide
(SO2) and NO\\NO2\\NOX were measured every 1 min using trace
gas analyzers (Ecotech Pty Ltd., Australia; Model 9850, Model 9841b),
respectively. NH3wasmeasured in real-time by a commercial ammonia
analyzer (Picarro, G2103).

2.2. Chemical analyses

OC and EC were quantified from a 0.53 cm2 punch of each sample. A
DRI model 2001 carbon analyzer (Atmoslytic, Inc., Calabasas, CA, USA)
following the IMPROVE_A thermal/optical reflectance (TOR) protocol
was used for the carbon analyses (Chow et al., 2007; Chow et al.,
1993; Ho et al., 2004). This produced data for four OC fractions (OC1,
OC2, OC3, and OC4 at 140, 280, 480, and 580 °C in a helium [He] atmo-
sphere, respectively); the pyrolyzed carbon fraction (OP, determined
when reflected laser light attained its original intensity after oxygen
[O2] was added to the analysis atmosphere) and three EC fractions
(EC1, EC2, and EC3 at 580, 740, and 840 °C, in a 2% O2/98% He atmo-
sphere, respectively). OC is defined as the sum of OC1, OC2, OC3, OC4,
plus OP, and EC is defined as EC1, EC2, EC3 minus OP.

Organic compounds, including 19 PAHs, 10 OPAHs, and 25 n-alkanes
(n-C16-n-C40), were quantified using in-injection port-thermal desorp-
tion/mass spectrometry (TD-GC/MS) method (Ho et al., 2008; Ho
et al., 2011b; Ho and Yu, 2004). Briefly, aliquots of the filters
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(0.53–2.63 cm2) were cut into small pieces and inserted into TD tubes
for analyses. The temperature of the injector port was at 50 °C before
sample loading and then ramped to 275 °C for desorption in a splitless
mode, while the GC oven temperaturewas kept at 30 °C. After the injec-
tor temperature reached the set point, the oven program started. The
MSD was full scanned from 50 to 550 amu under electron impact ioni-
zation (EI) at a voltage of 70 eV and an ion source temperature of 230
°C. Identification was achieved by characteristic ion and retention
times of the chromatographic peaks with those of authentic standards.
Field blank filters were analyzed using the same procedures.
2.3. Quality assurance and control (QA/QC)

Detailed QA/QC procedures used in this study were documented
elsewhere (Cao et al., 2003; Ho et al., 2008; Ho et al., 2011a; Li et al.,
2018; Wang et al., 2016). Briefly, the aerosol sampler was checked
and calibrated regularly during the sampling periods, and the field
blank filters were collected to correct for backgrounds. The OC/EC anal-
ysis instrumentwas calibratedwith known quantities of methane daily.
Average blank filters were 1.72 and 0.09 μg/m3 for OC and EC, respec-
tively, and subtracted from each sample. The limit of detection (LOD)
for EC and OC were b1.0 μg/m3. Replicate analyses were done for each
group of ten samples. The relative standard deviation (RSD) was b5%
for Total Carbon (TC), and b10% for OC and EC.

PAHs, OPAHs and alkanes were quantified using the TD-GC/MS in-
strumentation. Chrysene-d12 (98%, Sigma-Aldrich, Bellefonte, PA,
USA), was added as internal standard (IS) for the PAHs,
Benzophenone-D10, Anthraquinone-D8 (98%, J&K chemical Ltd., USA)
for OPAHs, and n-tetracosane-d50 (n-C24D50) (98%, Aldrich, Milwaukee,
WI, USA) was used for the n-alkanes. A six-point calibration over a con-
centration range of 0.5–5.0 ng for each of the target compounds from a
standard mixture (Sigma-Aldrich, Bellefonte, PA, USA) was established,
and the correlation coefficients (R2) for linear regressions of the calibra-
tion curves were N0.99. The relative standard deviation of the replicates
for organic compounds was b15%. The limits of detection (LODs) and
limit of quantity (LOQs) for the targeted organic species are listed in
Table S1.
Fig. 1.Daily series of PM2.5 concentration, trace gases andmeteorological parameters. (CRI, clear
6–9; HZII, haze period II December 20–25.)
2.4. Data analysis

Secondary organic carbon (OCsec) (Cao et al., 2004; Castro et al.,
1999) is an index for characterization of pollution whichwas calculated
as,

OCsec ¼ OCtotal− OC=ECð Þmin � EC ð1Þ

Molecular indicators of n-alkanes, such as carbon preference index
(CPI) (Simoneit, 1999), odd-even predominance (OEP) (Wang et al.,
2015), and plant wax n-alkanes ratio (WNA%) were adopted for pollu-
tion source-tracking and calculated by Eqs. (2)–(6):

CPI1 ¼
X

C17−C39=
X

C18−C40 ð2Þ

CPI2 ¼
X

C17−C23=
X

C18−C24 ð3Þ

CPI3 ¼
X

C25−C39=
X

C26−C40 ð4Þ

OEP ¼ Cn þ 6Cnþ2 þ Cnþ4ð Þ= 4Cnþ1 þ Cnþ3ð Þ½ � −1ð Þnþ1 ð5Þ

WNA% ¼
P

Cn−0:5ðCnþ1 þ Cn−1½ �P
n−alkanes

ð6Þ

3. Results and discussion

3.1. PM and other pollutants levels

We defined haze period (HZ) as continuous days with daily PM2.5

mass concentrations over 150 μg/m3, while the other days with PM2.5

b 75 μg/m3 are clear period (CR). Two typical HZ and CR were thus ob-
served, including HZI (December 6–9) and HZII (December 20–25) and
CRI (December 2–5) and CRII (December 14–16) respectively, along the
study period.

Fig. 1 presents daily concentrations of PM2.5, trace gases and meteo-
rological conditions measured during the entire month of December in
period I December 2–5; CRII, clear period II December 14–16; HZI, haze period I December



able 1
ummary the concentrations of target compounds in PM2.5 in CRs and HZs (n = 31).

Compounds CRI CRII HZI HZII Average
concentration

Mean SD Range Mean SD Range Mean SD Range Mean SD Range Mean SD

OC (μg/m3) 6.40 6.73 (0.32–13.74) 1.04 0.81 (0.38–1.94) 30.89 4.64 (24.98–35.08) 51.45 32.06 (19.76–110.09) 24.27 22.40
OC1 1.05 1.25 (0.03–2.70) 0.14 0.12 (0.04–0.27) 4.87 0.73 (4.17–5.90) 9.68 6.07 (3.1–20.09) 4.19 4.26
OC2 1.28 1.39 (0.06–2.90) 0.19 0.15 (0.07–0.36) 6.38 0.98 (5.09–7.26) 9.37 4.51 (4.06–17.18) 4.61 3.77
OC3 1.90 1.96 (0.11–3.92) 0.31 0.23 (0.13–0.57) 8.37 0.91 (7.27–9.46) 10.77 3.87 (5.55–16.38) 5.85 4.22
OC4 1.14 1.09 (0.10–2.10) 0.25 0.18 (0.12–0.46) 4.49 1.44 (2.76–6.27) 3.54 1.47 (1.79–5.96) 2.46 1.80
OP 1.03 1.12 (0.02–2.15) 0.15 0.13 (0.02–0.28) 6.78 3.95 (1.67–10.26) 18.09 18.57 (4.31–52.29) 7.15 10.32
EC (μg/m3) 3.49 3.80 (0.17–7.99) 0.48 0.36 (0.2–0.89) 17.70 3.31 (14.84–20.94) 23.55 7.04 (13.43–30.65) 12.00 8.84
EC1 4.18 4.58 (0.16–9.45) 0.51 0.41 (0.18–0.97) 22.59 8.17 (12.43–29.84) 40.64 22.24 (18.19–81.08) 11.21 8.46
EC2 0.31 0.30 (0.02–0.61) 0.11 0.08 (0.05–0.20) 1.83 1.51 (0.88–4.08) 0.77 0.32 (0.43–1.22) 0.68 0.73
EC3 0.03 0.04 (0.03–0.07) – 0.07 0.06 (0.02–0.13) 0.22 0.10 (0.12–0.35) 0.11 0.10

PAHs (ng/m3)
Acenaphthene (ACE) 0.09 0.08 (0.01–0.17) 0.02 0.01 (0.01–0.03) 0.50 0.30 (0.19–0.90) 0.51 0.25 (0.23–0.89) 0.27 0.24
Fluorene (FLO) 0.13 0.13 (0.02–0.26) 0.02 0.02 (0.01–0.04) 0.54 0.18 (0.32–0.73) 1.65 1.04 (0.48–3.4) 0.66 0.74
Phenanthrene (PHE) 2.85 2.91 (0.33–6.09) 0.37 0.21 (0.16–0.58) 8.95 2.19 (6.04–11.29) 30.34 17.64 (11.98–60.49) 12.47 13.16
Anthracene (ANT) 0.53 0.58 (0.04–1.26) 0.06 0.04 (0.04–0.10) 1.74 0.30 (1.45–2.07) 5.74 2.60 (2.63–9.27) 2.40 2.37
Fluoranthene (FLU) 8.43 9.84 (0.79–21.9) 0.82 0.64 (0.14–1.42) 37.36 7.89 (30.48–44.42) 76.42 34.92 (28.49–121.46) 34.62 30.58
Pyrene (PYR) 7.37 9.21 (0.58–20.38) 0.59 0.52 (0.03–1.07) 31.96 5.89 (27.46–39.85) 64.38 26.67 (25.28–89.35) 29.74 25.36
Benzo[a]anthracene (BaA) 6.80 9.57 (0.28–20.67) 0.42 0.10 (0.35–0.54) 28.40 10.97 (13.39–39.73) 45.14 14.98 (25.19–63.16) 22.52 17.54
Chrysene (CHR) 8.48 10.88 (0.47–23.77) 0.67 0.26 (0.47–0.96) 38.42 13.36 (20.29–51.97) 62.65 23.25 (32.5–87.65) 30.05 24.20
Benzo[b]fluoranthene (BbF) 7.93 10.35 (0.45–22.58) 0.62 0.21 (0.46–0.86) 38.84 14.25 (19.52–53.51) 53.59 16.95 (28.82–68.33) 27.44 20.78
Benzo[k]fluoranthene (BkF) 4.18 5.22 (0.26–11.43) 0.38 0.14 (0.27–0.53) 21.14 7.00 (11.76–28.39) 33.64 11.40 (19.36–45.59) 16.06 12.69
Benzo[a]fluoranthene (BaF) 1.40 2.01 (0.06–4.33) 0.09 0.02 (0.08–0.12) 6.11 2.50 (2.52–8.32) 8.97 3.84 (5.14–15.38) 4.64 3.64
Benzo[e]pyrene (BeP) 3.48 4.47 (0.21–9.77) 0.30 0.10 (0.22–0.41) 16.91 6.01 (9.10–23.61) 24.65 8.13 (13.5–32.49) 12.50 9.47
Benzo[a]pyrene (BaP) 4.21 5.86 (0.18–12.66) 0.27 0.06 (0.23–0.33) 18.79 7.76 (7.92–26.33) 28.64 9.80 (16.89–42.18) 14.61 11.14
Perylene (PER) 0.94 1.34 (0.04–2.89) 0.06 0.01 (0.05–0.07) 4.22 1.73 (1.87–6.05) 5.99 2.31 (3.70–9.30) 3.15 2.42
Indeno[1,2,3-cd]pyrene (IcdP) 4.43 5.72 (0.26–12.47) 0.36 0.10 (0.28–0.47) 21.64 7.65 (11.52–30.10) 32.32 12.27 (18.79–49.46) 16.58 12.60
Benzo[ghi]perylene (BghiP) 3.54 4.56 (0.20–9.95) 0.27 0.06 (0.24–0.34) 15.93 5.61 (8.84–22.45) 22.16 9.94 (14.01–37.67) 11.85 8.97
Dibenzo[a,h]anthracene (DahA) 0.83 1.09 (0.05–2.37) 0.06 0.01 (0.05–0.07) 3.69 1.51 (1.78–5.48) 5.63 1.81 (3.04–7.51) 2.89 2.16
Coronene (COR) 0.71 0.89 (0.04–1.94) 0.07 0.01 (0.06–0.08) 3.04 0.69 (2.34–3.74) 4.00 2.70 (1.89–8.84) 2.28 1.84
Dibenzo(a,e)pyrene (DaeP) 0.18 0.23 (0.01–0.51) 0.01 0.01 (0.01–0.01) 0.68 0.28 (0.43–0.92) 0.97 0.66 (0.41–2.12) 0.55 0.45
∑PAHs 66.50 84.60 (4.26–185.39) 5.45 2.44 (3.15–8.02) 298.87 79.61 (203.06–397.39) 507.39 180.56 (255.24–661.58) 245.27 192.70

OPAHs (ng/m3)

(continued on next page)
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Table 1 (continued)

Compounds CRI CRII HZI HZII Average
concentration

Mean SD Range Mean SD Range Mean SD Range Mean SD Range Mean SD

1,4-Naphthoquinone (1,4-NQ) 1.78 1.91 (0.18–4.11) 0.44 0.32 (0.15–0.78) 22.68 7.47 (15.17–33.01) 19.23 13.37 (3.88–40.44) 12.79 11.79
1-Naphthaldehyde (1-NALD) 0.23 0.23 (0.02–0.48) 0.04 0.03 (0.02–0.08) 1.08 0.97 (0.46–2.52) 1.09 0.45 (0.52–1.66) 0.65 0.55
1-Acenaphthenone (1-ACE) 3.44 4.21 (0.13–9.12) 0.60 0.54 (0.19–1.21) 15.91 12.05 (8.58–33.79) 21.07 8.30 (9.74–33.64) 10.48 8.83
9-Fluorenone (9-FLU) 3.04 2.72 (0.61–6.27) 0.75 0.54 (0.39–1.37) 25.89 33.38 (7.83–75.90) 28.29 18.48 (10.46–62.26) 13.93 17.07
9,10-Anthraquinone (9,10-AQ) 16.63 17.57 (0.26–37.81) 2.38 1.78 (0.84–4.33) 52.41 9.78 (40.21–63.84) 96.34 56.94 (45.33–197.37) 44.50 40.31
1,8-Naphthalic anhydride (1,8-NA) 40.84 47.42 (2.22–100.1) 3.42 2.90 (0.82–6.54) 193.16 69.18 (92.28–239.94) 355.40 202.48 (162.71–709.9) 163.13 156.03
Benzo(a)anthracene-7,12-dione (BaAQ) 7.36 9.39 (0.42–20.46) 0.80 0.82 (0.19–1.74) 35.09 12.48 (18.61–48.72) 54.12 20.19 (30.32–78.49) 27.25 21.18
1,4-Chrysenequinone (1,4-CHQ) 6.30 7.22 (0.51–15.73) 0.75 0.73 (0.17–1.57) 34.58 13.36 (19.98–50.88) 54.04 33.28 (23.51–107.96) 24.81 23.74
5,12-Naphthacenequinone (5,12-NQ) 2.76 3.55 (0.17–7.72) 0.25 0.25 (0.06–0.53) 14.54 6.57 (6.52–22.19) 20.10 8.21 (9.70–31.82) 10.16 8.24
6H-Benzo(c,d)pyrene-6-one (BcdPQ) 5.29 6.67 (0.31–14.55) 0.59 0.63 (0.13–1.31) 26.91 9.87 (13.99–38.01) 37.92 14.12 (23.77–56.88) 19.94 15.20
∑OPAHs 87.67 100.45 (5.84–216.33) 10.01 8.51 (2.96–19.46) 422.24 66.72 (223.63–608.8) 687.61 354.07 (319.94–1320.42) 327.62 290.44

n-Alkanes (ng/m3)
Headecane (n-C16) 0.91 0.91 (0.12–2.04) 0.23 0.18 (0.05–0.41) 5.74 3.61 (1.44–10.28) 6.74 4.56 (3.68–14.84) 325.15 39.52
Heptadecane (n-C17) 1.22 1.19 (0.17–2.68) 0.35 0.24 (0.11–0.6) 7.20 5.08 (1.61–13.88) 8.19 4.26 (3.95–16.13) 367.17 41.87
Octadecane (n-C18) 1.33 1.27 (0.23–2.88) 0.39 0.24 (0.16–0.63) 7.41 6.35 (2.60–16.76) 9.91 4.94 (3.97–15.66) 397.15 44.30
Nonadecane (n-C19) 2.00 1.81 (0.49–4.42) 0.54 0.35 (0.24–0.93) 12.53 14.29 (4.08–33.85) 24.17 17.02 (5.47–52.59) 568.82 47.14
Icosane (n-C20) 4.84 4.91 (1.03–11.68) 1.04 0.65 (0.52–1.77) 24.57 21.24 (7.38–55.47) 61.89 47.56 (10.92–145.99) 1030.12 54.31
Heneicosane (n-C21) 10.18 11.51 (1.14–25.62) 1.57 1.16 (0.8–2.91) 41.59 14.16 (23.12–55.34) 101.04 64.28 (27.08–213.15) 1576.03 62.28
Docosane (n-C22) 15.01 17.53 (1.15–38.12) 1.62 1.06 (0.96–2.85) 66.82 14.14 (54.88–85.72) 135.65 72.65 (51.68–255.20) 2106.71 70.54
Tricosane (n-C23) 17.39 20.44 (1.23–44.3) 1.72 1.02 (1.05–2.9) 84.99 19.75 (60.14–108.36) 157.69 79.83 (63.82–283.82) 2441.05 77.33
Tetracosane (n-C24) 16.27 18.98 (1.11–40.96) 1.54 0.86 (0.99–2.53) 81.16 18.99 (56.36–102.65) 144.30 71.42 (60.89–259.16) 2299.94 75.23
Pentacosane (n-C25) 15.74 18.43 (1.10–39.94) 1.61 0.86 (0.96–2.58) 81.10 18.94 (57.98–104.37) 143.59 72.82 (58.78–259.57) 2303.60 77.14
heacosane(n-C26) 10.83 12.68 (0.69–27.39) 1.05 0.62 (0.59–1.75) 53.67 12.96 (38.88–70.37) 100.37 49.02 (45.33–179.48) 1706.02 69.65
Heptacosane (n-C27) 9.83 10.97 (1.03–24.17) 1.06 0.56 (0.55–1.66) 46.62 10.55 (33.61–58.86) 84.90 38.68 (38.74–140.62) 1527.58 69.06
Octacosane (n-C28) 4.42 5.12 (0.35–11.2) 0.48 0.28 (0.24–0.79) 24.76 5.11 (18.49–30.52) 40.34 17.27 (20.55–65.20) 948.61 68.32
Nonacosane (n-C29) 7.35 7.28 (1.22–16.51) 1.12 0.66 (0.41–1.73) 33.69 8.45 (23.56–43.33) 60.64 23.53 (30.24–83.88) 1241.23 71.18
Triacontane (n-C30) 2.79 3.10 (0.24–6.75) 0.34 0.21 (0.16–0.57) 16.16 3.09 (12.1–19.38) 28.75 11.97 (13.86–42.97) 803.75 73.26
Hentriacotane (n-C31) 3.50 3.17 (0.71–7.06) 0.70 0.38 (0.27–1.00) 14.89 2.68 (11.35–17.85) 27.84 9.25 (14.59–37.45) 823.72 75.54
Dotriacontane (n-C32) 1.29 1.36 (0.13–2.92) 0.17 0.10 (0.09–0.28) 6.44 1.16 (5.43–7.77) 12.73 4.92 (6.22–18.59) 621.12 78.72
Tritriactotane (n-C33) 1.36 1.33 (0.23–2.99) 0.21 0.10 (0.09–0.28) 5.67 1.17 (4.28–7.13) 11.70 4.73 (5.96–18.77) 624.37 81.23
Tetratriactoane (n-C34) 0.86 0.91 (0.09–1.95) 0.08 0.04 (0.04–0.11) 3.40 0.56 (2.85–3.91) 7.53 4.21 (3.29–14.61) 577.55 83.99
Pentatriacontane (n-C35) 0.76 0.75 (0.08–1.53) 0.06 0.02 (0.05–0.08) 2.87 1.02 (1.73–4.09) 5.85 2.88 (2.84–10.45) 570.14 86.56
Hetatriacotane (n-C36) 0.30 0.35 (0.03–0.77) 0.03 0.01 (0.02–0.03) 1.16 0.29 (0.9–1.47) 2.77 1.56 (1.17–5.20) 541.87 89.25
Heptatriacotane (n-C37) 0.31 0.37 (0.03–0.83) 0.03 0.01 (0.02–0.04) 1.21 0.24 (1.00–1.56) 2.36 1.51 (0.90–4.99) 551.90 91.75
Ocatriacotane (n-C38) 0.25 0.30 (0.03–0.67) 0.02 0.01 (0.02–0.03) 1.09 0.40 (0.78–1.67) 2.12 1.06 (1.09–3.78) 563.19 94.24
Nonatriacotane (n-C39) 0.20 0.25 (0.02–0.54) 0.01 0.00 (0.01–0.01) 0.84 0.11 (0.7–0.96) 1.72 1.33 (0.51–3.94) 572.16 96.74
Tetracontane (n-C40) 0.15 0.18 (0.02–0.41) 0.01 0.00 (0.01–0.01) 0.58 0.19 (0.38–0.83) 1.29 1.04 (0.35–2.84) 578.85 99.25
∑n-Alkanes 129.11 144.84 (12.66–318.32) 15.98 9.37 (8.41–26.45) 626.20 93.02 (560.5–762.09) 1184.08 596.37 (485.64–2129.57) 510.25 476.86

CRI, clear period (December 2–5); CRII, clear period (December 14–16); HZI, haze period I (December 6–9); HZII, haze period II (December 20–25).
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2015. The average daily PM2.5 mass was 141.3 ± 114.9 μg/m3, much
higher than other polluted months in the same year (Zheng et al.,
2015). In addition, the PM2.5 mass during HZs (including HZI and HZII)
(256.3 ± 103.7 μg/m3) were one magnitude over than that of CRs (in-
cluding CRI and CRII) (24.7 ± 27.7 μg/m3). The maximum daily concen-
tration of 500.3 μg/m3 was found in December 25 during HZII,
considerably exceeds the guideline value set byWorld Health Organiza-
tion (WHO) for PM2.5 of 25 μg/m3 (WHO, 2006). Such high levels of
PM2.5 during HZswere likely due to stable synoptic meteorological con-
ditions and increased use of coal and other fuels for winter heating (Ye
et al., 2003). The lowest PM2.5 level of 4.5 μg/m3 was observed in De-
cember 15 during CRII. In comparison, the average PM2.5 mass during
HZII (287.7 ± 124.6 μg/m3) was 1.4 times higher than that of HZI
(209.3 ± 38.5 μg/m3).

For trace gases, the average concentrations in HZs were 2.3–6.5
times higher than those in CRs. Given that the utilization of new energy
for heating, the concentration of SO2 (33.5 ± 14.1 μg/m3), emitted
mainly from coal burning, was lower than that of NO2 (78.5 ± 29.4
μg/m3), which is mainly exhausted from fueled-vehicles (Hang et al.,
2015). The concentrations of the trace gases displayed similar tendency
as PM2.5, except for O3 (Fig. 1). The average O3 concentration levels in
CRswere 5.4 times higher than those in HZs. An evident negative spear-
man correlation (r=−0.8) between O3 and PM2.5 inwinter is observed
(Fig. S1). The O3 levels crossing haze episodes remained at consistent
low concentrations, attributed to low solar radiations (i.e., low temper-
atures and poor visibilities) and highNO2 levels (Wang et al., 2012). The
relationship between O3 and PM2.5 is complex. It is known that O3, as an
oxidant, can vary the concentration of free radicals in the atmosphere
and thus impact the formation of secondary aerosols and the concentra-
tion of PM2.5. Therefore, O3 and NO2 are both important contributing
factors to PM2.5 pollution, which can lead to the formation of haze
(Xiao et al., 2011). General, while PM2.5 loading was high, O3 degraded
atmospheric visibility but its concentration was reduced (EPA, 2009).

Average temperatures and thermal amplitudes (HZs: 0.5 ± 2.0 °C,
CRs: 0.3 ± 2.1 °C) were almost constant during the sampling campaign.
Significant fluctuation was observed for RHs (HZs: 78.6 ± 11.0%, CR:
Fig. 2. Average and ranges of PAHs, OPAHs, OC, EC and Alkanes in PM
39.6 ± 10.4%) and wind speeds (HZs: 7.5 ± 2.8 m/s, CRs: 29.1 ±
19.6 m/s). Meteorological conditions have strong impacts on the accu-
mulation of air pollutants. RH was reported to be an important contrib-
utor to the visibility reduction (Quan et al., 2014). In the present study,
the visibility decreased with increasing RH. When RHs increased from
30 to 88%, the visibility dropped from 26 km on December 15 (with
highest wind speed of 42.2 m/s) to 0.6 km on December 25 (with
lower wind speed of 8.5 m/s). During the 1-month observation period,
there were a total of 14 days with visibility below 10 km, RH above
60%, and PM2.5 mass concentration exceeded 150 μg/m3. The lowest
wind speed (4.5 m/s) was seen on December 21 with high PM2.5 of
264.8 μg/m3. Atmospheric pressure and amplitude slightly decreased
during the haze occurrences and aggravation. The atmospheric pressure
decreased from 1027.7 Pa on December 7 to 1019.6 Pa on December 9,
and from 1023.7 Pa on December 21 to 1013.2 Pa on December 25.

3.2. Concentration variations of PAHs and OPAHs

Table 1 summarizes the concentrations of target organic component
in PM2.5 during the sampling periods. The statistical analysis showed
that they all followed normal distribution (Kolmogorov–Smirnov test,
p N 0.05). The average of total quantified PAHs concentration
(∑PAHs) in HZs (423.9 ± 178.4 ng/m3) was ten times of that of CRs
(40.3 ± 68.2 ng/m3) on average. The ∑PAHsHZII (507.4 ±
180.5 ng/m3) was 1.7 times higher than ∑PAHsHZI (298.9 ±
79.6 ng/m3). Fluoranthene (FLU), chrysene (CHR), and pyrene (PYR)
were the three most abundant PAHs, accounted for a sum of 36.5%
and 36.6% of ∑PAHs in HZs and CRs, respectively (Fig. 2). Average
BaP concentration was 24.7 ± 10.0 ng/m3 in HZs, one magnitude of
that of CRs and 21 times exceed the WHO guideline of 1.2 ng/m3

(2017), suggesting that severe health risk in Beijing during the heavy
polluted periods. The PAHs were classified according with the number
of aromatic rings (i.e., 3–7) and their concentrations during CRs and
HZs episodes are shown in Fig. 3. No significant percentage difference
was observed. In CRs, the 4-rings PAHs contributed the most (46.7%),
followed by the 5-rings (34.4%), the 6 rings (12.1%), the 3 rings
2.5 during CRs and HZs. (CRs, clear periods; HZs, haze periods).



Fig. 3. The individual composition of PAHs and OPAHs during CRs and HZs. (CRI, clear
period I, December 2–5; CRII, clear period II, December 14–16; HZI, haze period I,
December 6–9; HZII, haze period II, December 20–25.)
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(5.64%), and the 7 rings (1.13%). In HZs, similar trend was found while
the compositions of 5- to 7-rings PAHs decreased by 2.32% but the 3–4
rings increased by 2.43%. This is attributed to the case that the concen-
trations of phenanthrene (PHE), FLU, and PYRweremuch higher in pol-
luted days, which have been evidenced to be originated from coal
combustions (Gao et al., 2011; Zhang et al., 2017). The finding is consis-
tent with the fact that coal combustion was one of the pollutant source
and contributed to atmospheric pollution during HZs (Li et al., 2017b).

The sumof OPAHs (∑OPAHs)was 327.6±290.4 ng/m3 on average.
The average ∑OPAHs in HZs (581.4 ± 299.8 ng/m3) was ten times
higher than that of CRs (54.4 ± 82.4 ng/m3). Among the two haze
events, the ∑OPAHsHZII (687.6 ± 354.1 ng/m3) was 1.6 times higher
than ∑OPAHsHZI (422.2 ± 66.7 ng/m3). The PM2.5-bound concentra-
tions of OPAHs measured in wintertime were one or two magnitudes
of the annual levels in Beijing in recent years, as well as other cities in
China (Table S2). The average concentration of OPAHs duringDecember
in Beijing is the highest among the cities where the data are available.

Our measurements suggest that high levels of PM2.5-bound OPAHs
were present in the atmosphere of Beijing during winter. For individual
compounds, 1,8-naphthalic anhydride (1,8-NA) is the most abundant
OPAHs which accounted for 49.8% of ∑OPAHs, followed by 9,10-an-
thraquinone (9,10-AQ) (13.8%) and benzo(a)anthracene-7,12-dione
(BaAQ) (8.31%). Relatively high concentrations of 1,8-NA could be
Table 2
Spearman correlation coefficients of OPAHs with parent PAHs.

1-ACE 9FLO ANTQ BaAQ 1,4-CHQ ∑OPAHs/∑pPAHs

r 0.91 0.90 0.88 0.93 0.98 0.94
p 0.000 0.000 0.001 0.000 0.000 0.001

**Abbreviations for OPAHs are specified in the Table 1.
formed in the presence of the sunlight and low photochemical O3 accu-
mulation by the oxidation processes of several PAHs, such as acenaph-
thylene, acenaphthene (ACE) and even those with more than three
rings like benzo[a]anthracene (BaA) based on the laboratory experi-
ments (Kamens et al., 1989; Lee et al., 2001; Reyes et al., 1998;
Sigman et al., 1996). Obvious proportion decrease of 9,10-AQ during
HZs (HZI 12.4% and HZII 14.0%) was found compared of CRs (CRI 19.0%
and CRII 23.7%) (Fig. 3). Good correlations between the individual
pairs of parent PAHs (pPAHs) and their corresponding oxygenated
forms (i.e., OPAH) (overall r=0.94, Table 2) were observed, potentially
suggesting that either OPAHs are formed from primary incomplete
combustion or the significances of the secondary formation by radical
reactions with pPAHs.

Fig. 3 compares the profiles of pPAHs and OPAHs in the Event I (i.e.
CRI and HZI) and Event II (i.e., CRII and HZII). Interestingly, different pat-
terns were shown between the two events. During Event I, the compo-
sition of middle molecular weights (MMW, 228 ≤ MW ≤ 252) PAHs
(i.e., CHR, BbF, BkF, and BeP) in HZI increased 2.43% from CRI. However,
the concentrations of MMW PAHs reversely dropped 1.72% in HZII from
CRII in Event II, while PYR and BaA increased by 3.01%. Meanwhile, the
5–7-rings PAHs in HZII were 7.14% lower than that of HZI. The concen-
trations of other PAHs (i.e., FLO, PHE, ANT, FLU, and PYR) were 2.0–3.4
times higher in HZII than HZI. For OPAHs, the concentrations of 1,4-NQ
in HZII were lower but 9,10-AQ and 1,8-NA were nearly twice of those
in HZII. The contributions of high molecule weight OPAHs (MW ≥ 258)
were more consistent. Lower contribution was found for low molecule
weight OPAHs (MW ≤ 168) during HZII than HZI.

3.3. Relationships of PACs with other atmospheric pollutants

The averageOC and EC levelswere 24.3±22.4 and 12.0±8.8 μg/m3,
respectively, in the entire month of December. The OC and EC were 4.1
± 5.5 and 2.2 ± 3.1 μg/m3, respectively, in CRs, whereas much higher
values of 40.5 ± 26.5 and 19.9 ± 7.3 μg/m3, respectively, were found
in HZs. The average contributions of OC (CRs: 17.0%; HZs: 18.8%) and
EC (CRs: 8.94%; HZs: 8.31%) to PM2.5 were similar between the periods.
Abundances of the thermal fractions differ by source type (Chow et al.,
2004). Eight carbon fractions have been used for source appointment
of carbonaceous (Cao et al., 2013; Kim et al., 2003). The average percent-
ages for eight carbon fractions in CRs andHZs TC are shown in Fig. 2. The
average abundances of OC1, OC2, OC3, OC4, EC1-OP, EC2, EC3 and OP
during CRs (8.82%, 12.4%, 20.9%, 16.7%, 27.4%, 5.73%, 0.25% and 8.38%)
were different from those during HZs (11.40%, 12.8%, 16.2%, 6.82%,
32.6%, 1.36%, 0.24%, and 17.8%), implying the different contributing
sources carbonaceous aerosols throughout CRs and HZs. Closer inspec-
tion of the data shows that OC1 (volatile OC), EC1-OP percentages dur-
ing the HZswere slightly higher than those during CRs. The percentages
of OP during the HZs were nearly 2 times higher than those during CRs.
OC3 (high temperature organic carbon) during the CRs was 20.9%,
which was higher than that (16.2%) during HZs. The greater variability
for OC contribution to TC among the carbonaceous fractions is due to
more complex sources and most those leading to the formation of
SOA (Cao et al., 2013).

The total carbonaceous aerosol (TCA) values, estimated bymultiply-
ing the amount of OC by a constant of 1.6 plus EC (Turpin and Lim,
2001), in HZs ranged from 45.0 to 205.9 μg/m3, which were all higher
than a range of 0.7 to 30.0 μg/m3 in CRs. On average, the TCA accounted
for 35.4% and 35.2% of PM2.5mass in CRs andHZs, respectively. Carbona-
ceous matter is an important component in PM2.5. The average OC/EC
ratios in HZs and CRs were similar (i.e., 2.0), which might reflect the
combine contribution from coal combustion, motor-vehicle emission
and biomass burning sources (Cao et al., 2005); however, the average
OC/EC ratio in HZII (2.1 for six days) was higher than that of HZI (1.7
for four days), indicating thatmore secondary organics typically formed
in persistent haze event (Chow et al., 1996). The average OCsec concen-
trationswere 0.3 and 17.6 μg/m3, respectively, in CRs andHZs, evidently



Table 3
Diagnostic ratios of n-alkanes and PAHs in PM2.5 in CRs and HZs.

Indices of n-alkanes

Cmax CPI1 CPI2 CPI3 OEP WNA%

CRs C23 1.29 ± 0.12 0.83 ± 0.03 2.25 ± 0.40 1.18 ± 0.06 0.14 ± 0.04
HZs C23 1.13 ± 0.03 0.80 ± 0.03 1.73 ± 0.05 1.13 ± 0.03 0.08 ± 0.02

Diagnostic ratios of PAH

ANT / (PHE + ANT) FLU / (FLU + PYR) BaA / (BaA + CHR) IcdP / (IcdP + BghiP) BaP/BeP PYR/BaP

CRs 0.11–0.17 0.51–0.58 0.36–0.47 0.55–0.59 0.81–0.95 1.60–3.20
HZs 0.13–0.19 0.52–0.57 0.34–0.45 0.57–0.65 0.87–1.29 1.30–4.10
Diagnostic b0.1 Petrogenic sources b0.4 Petrogenic sources b0.2 Petrogenic b0.2 Petrogenic b0.6 Nontraffic sources ~1 Gasoline
Ratios N0.1 Pyrogenic sources 0.4–0.5 Fuel combustion 0.2–0.35 Petrogenic and

combustion
N0.2 Pyrogenic sources N0.6 Traffic sources ~10 Diesel

N0.5 Wood, coal
combustion

N0.35 Pyrogenic sources 0.2–0.5 Fuel combustion

N0.5 Coal/biomass
combustion

References (Katsoyiannis et al.,
2011)

(Torreroche et al., 2009) (Akyüz and Çabuk, 2010) (Yunker et al., 2002) (Katsoyiannis et al.,
2011)

(Ravindra et al.,
2008)

CRs, clear period; HZs, haze period.
*Abbreviations for PAHs are specified in the Table 1.
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accounted for 7.61% and 40.6%, respectively, of the total OC. Compared
with those in HZI, higher percentages of OC1, OC2, and OCsec to TCA
were also found in HZII while the haze occurred for an extended period.
Given that stable pollution sources in Beijing, both the chemical compo-
sitions of PM2.5 andOCsec indicate that the SOA formations can be highly
contributed to PM2.5 in a long-termhaze period. Thefindingwas consis-
tent with the study conducted by Huang et al. (2014).

Table S3 shows the correlation among PAHs, OC and EC. OC1, OC2,
and EC1 show good correlations with typical PAHs, but the correlations
become poor for OC3, OC4, EC2, EC3 and OP. It suggests OC1 and OC2
come from combustion source and vehicle emission. Most EC1 is pyrol-
ysis char of OC, so good correlation is found between EC1 and PAHs.
High molecular weight PAHs (COR and DaeP) show poorer correlations
with OC and EC, which need further study.

The levels of homologue of C16 to C40 n-alkanes are illustrated in
Fig. 2. The average total quantified n-alkanes concentration (Σn-alkanes)
was 510.3 ± 476.9 ng/m3. In HZs, the Σn-alkanes ranged from 485.6 to
2129.6 ng/m3, which were much higher than those in CRs, ranging
from 8.4 to 318.3 ng/m3. Table 3 summarizes Cmax, CPI, OEP, and WNA
% of the samples. The Cmax was at C23 for all samples. The average CPI1,
CPI2, and CPI3 values were 1.3, 0.8, and 2.3 in CRs, and 1.1, 0.8, and 1.7
in HZs, respectively. The CPI1 values were close to unity (CPI≈ 1), indi-
cating vehicular emissions and other anthropogenic activities during
Fig. 4. Ratio–ratio plot of BghiP and IcdP normalized by EC.
whole study (Bray and Evans, 1961). The petrogenic CPI2 and biogenic
CPI3 values indicate that organic lipid from leaf epicuticular waxes is
the predominant source for the heavier n-alkanes whereas large contri-
butions from vehicle emission to lighter n-alkanes. CPI3 in CRs is appar-
ently higher than that in HZs, suggesting that higher contribution of
biogenic source in CRs. Additional evidence for n-alkanes being
anthropogenic-dominant is supported by the OEP values, which are
1.18 ± 0.06 and 1.13 ± 0.04 for CRs and HZs, respectively, that were
close to unity. The average WAN% was significantly higher in CRs
(14.2% ± 4.43%) than HZs (8.72% ± 1.62%). Our values were much
lower than 18.5% measured in Qingdao, China in winter (Guo et al.,
2003), indicating that lower influence from biogenic activities in Beijing
particularly in HZs. All of these indices for n-alkanes support the domi-
nant contributions from anthropogenic emissions.

A Spearman rank correlation analysis was performed to assess the
relationships between PACs and trace gases and meteorological condi-
tions. The results of correlation matrices are listed in Table S4. In fact,
our results show that a proper negatively correlation (R=−0.74) exists
betweenΣPAH and O3 concentrations, pointing out that O3 formation in
the urban atmosphere leads degradation of PAH compounds even in
wintertime. This is corroborated with the estimated lifetimes of PAHs,
ranging between 10 min and 24 h, in a polluted urban environment as
far as their reaction with O3 is concerned (Perraudin et al., 2007b). Con-
centrations of PAHs were well positively correlated with CO, NO, and
NO2 (Spearman coefficient: R ≥ 0.7), except coronene (COR) and
dibenzo(a,e)pyrene (DaeP). Low molecular weight (LMW) PAHs
(i.e., FLO, PHE, ANT) were fairly correlated with SO2 (R ≤ 0.6), except
chrysene (CHY). Such differences highlighted a disparity of sources
may exist among individual PAHs. OPAHs were correlated with NO2,
NO, and CO (R ≥ 0.7). The high correlations observed with primary pol-
lutants from vehicular emissions (i.e., CO and NO) indicate that fuel
combustion from traffic was the main source of OPAHs. However,
OPAHswere negatively correlated with O3. Besides, the Spearman coef-
ficient of PAHs, OPAHs and RH were both high (R ≥ 0.7) and their rela-
tionships were found to be exponential (Fig. S2). The incremental
increased at high RH (≥60%) could enhance the formation of secondary
components (Cheng et al., 2015).

3.4. Source identification and photochemical aging

PAHs are always emitted as a mixture, and the relative congener
concentration ratios (diagnostic ratios) are supposed to be representa-
tive of a given emission source. Most diagnostic ratios involve pairs of
PAHs congeners with the same molecular weight and similar
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physicochemical properties, so they ought to undergo similar environ-
mental fate processes.

Table 3 illustrates the results for six PAHs diagnostic ratios. Distinct
results were observed. The values of ANT / (ANT + PHE) were mostly
N0.1, pointing to the dominant contribution of pyrogenic sources
(Katsoyiannis et al., 2011). Both of FLU / (FLU + PYR) and IcdP / (IcdP
+BghiP)were N0.5, reflecting the influence of coal combustion andbio-
mass burning. Contrarily, BaP/BeP ratios were N0.6 which indicates the
relative abundance of traffic emission to the area (Zhang et al., 2017).
The ratios of PYR/BaP, ranging from 1.3 to 4.1 and both below 10,
were more consistent with a predominant gasoline combustion. Atmo-
spheric processing rates could impact the distribution of isomers. Since
ANT and BaA are more reactive in the atmosphere than their isomers
aforementioned, the relatively low ratios of ANT / (ANT + PHE) and
BaA / (BaA+ CHR) may reflect the significances of photochemical pro-
cesses and little local fresh emissions. To sum up, coal combustion, bio-
mass burning and traffic emissions, were the main sources of PM2.5

associated PAHs.
During atmospheric pollutant transportation, pPAHs are exposed to

O3, OH, NO2 and other potential oxidants that degrade to various ex-
tents and thereby change their relative compositions (Brubaker and
Hites, 1998; Esteve et al., 2006; Liu et al., 2006; Schauer et al., 2003).
Both of PAHs and EC are known to be originated from combustion
sources. However, while PAHs would decay in the atmosphere, EC is
chemically stable. Therefore, photochemical degradation of PAHs
would reduce the PAH-to-EC ratio in aged air compared with that
from fresh emissions. In Fig. 4, low BghiP/EC vs ICdP/EC ratios were ob-
served (below the zone of 1:1 line). It can be explained by either more
extensive photochemical oxidation or source–source mixing, of which
the mixing line distributed along the diagonal. The ratio of BaP/BeP
could be also employed to illustrate whether the airs are fresh emitted
or aged. It is well known that BeP has a relatively long atmospheric
life time (i.e., higher persistence for chemical and/or biological degrada-
tion) (Katsoyiannis et al., 2011).While the ratios of BaP/BeP N 1 is indic-
ative of fresh emission, those of lower than 1 represent the aged PAHs.
In the present study, the BaP/BeP ratios varied from 0.81 to 1.29, mani-
festing that PAHs in the deposition samples had undergone aging
processes.

The oxygenation rate (R0) ratios of OPAH/PAH were 39.1 for 1-ACE/
ACE, 1.28 for BaAQ/BaA, 21.4 for 9FLO/FLO, 20.8 for ANT/ANTQ and 0.81
for 1,4-CHQ/CHR (Table S5) on averagewhich are generally higher than
the ratios reported in fresh emission exhaust (Shen et al., 2015; Shen
et al., 2012a; Shen et al., 2013a; Shen et al., 2013b) and other regions
(Table S2). The results support that thehigher oxygenation rates for sec-
ondary organic formation or degradation and gas-to-particle conversion
for the PAHs or OPAHs duringwintertime. High R0 for ANT/ANTQwas in
good agreement with results from reactivity studies of anthracene with
O3, where 9,10-anthraquinone and anthrone were accounted for the
main compounds formed (Perraudin et al., 2007a). The atmosphere in
sampling area experienced frequent pollutant accumulation in winter
and was thus conducive to formation of SOA (Huang et al., 2014). The
air reducants and oxidants might participate in the transformations of
OPAHs with complex atmospheric reactions. Besides, a positive
Table 4
The fitting results of 9FLO/FLO with trace gases and meteorological parameters.

Fitting formula R2

CO y = −5.898ln(x) + 25.101 0.47
SO2 y = −9.449ln(x) + 44.626 0.31
NO y = −5.672ln(x) + 42.766 0.38
NO2 y = −11.71ln(x) + 64.068 0.46
NOx y = −8.187ln(x) + 57.502 0.41
O3 y = 1.1638x + 16.454 0.43
PM2.5 y = −4.746ln(x) + 43.426 0.45
WS y = 0.5999x + 14.628 0.54
RH y = −0.3243x + 43.094 0.37
correlation (r = 0.97) was seen between BeP and OPAHs. Referred to
the results of R0, BaP/BeP and negatively correlation with O3, secondary
atmospheric reaction of PAHs play an important role in the burden of
OPAHs (Shen et al., 2013c; Walgraeve et al., 2010).

The correlation between trace gases, meteorological conditions and
R0 was performed (shown in Table S4). No statistical correlation was
seen between 1-ACE/ACE, and ANT/ANTQ with trace gases nor with
the meteorological conditions or ozone concentration. However, the
air reducants and oxidants might participate in the transformations of
OPAHs with complex atmospheric reactions. 9FLO/FLO had negative
correlation with primary trace gases such as CO, SO2, NO, NO2, RH, and
PM2.5 (Table 4). However, it had positive correlation with O3 and WS,
suggesting that there was any remote transmission or increase of pho-
tochemical activity at higher O3 concentrations. The ratios of BaAQ/
BaA (1.0–1.7) and 1,4-CHQ/CHR (0.6–1.2) were more consistent than
1-ACE/ACE (13.5–65.1) and ANT/ANTQ (7.9–45.6) at different atmo-
spheric conditions. Further researches are still needed to have better
understanding on the effect of complex atmospheric processes and con-
ditions for the formation or fate of the oxygenated PAHs.

4. Conclusion

The severewinter hazeswere driven by stable synoptic meteorolog-
ical conditions over Beijing, and not by an abrupt increase in anthropo-
genic emissions. The concentrations of carbonaceous matters in the
atmosphere of Beijing winter were measured during the two sequent
haze episodes in December 2015. The evolution of PAH and OPAHs pol-
lutionwas found to coincidewith the haze occurrence. The average con-
centrations of PACs were 10 times higher in HZs than CRs. The longer
period of haze was conducive to the accumulation of contaminant and
leadmore SOA and oxidized products formations. The Spearman coeffi-
cient of PAHs, OPAHs and RH were relatively high (R ≥ 0.7). High RH
(≥60%) could lead to the formation of highly oxidized organic PM.
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