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ARTICLE INFO ABSTRACT

Several air pollution episodes occurred in Beijing before and after the 2014 Asia-Pacific Economic Cooperation
(APEC) summit, during which air-pollution control measures were implemented. Within this autumn-winter tran-
sit season, domestic heating started. Such interesting period merits comprehensive chemical characterization,
particularly the organic species, to look into the influence of additional heating sources and the control measures
on air pollution. Therefore, this study performed daily and 6h time resolved PM; 5 sampling from the 24th Octo-
ber to 7th December, 2014, followed by comprehensive chemical analyses including water-soluble ions, elements
and organic source-markers. Apparent alterations of chemical profiles were observed with the initiation of do-
Keywords mestic heating. Through positive matrix factorization (PMF) source apportionment modeling, six PMy 5 sources
PM, 5 including secondary inorganic aerosol (SIA), traffic emission, coal combustion, industry emission, biomass burn-
Air pollution ing and dust were separated and identified. Coal combustion was successfully distinguished from traffic emission
Chemical composition by hopane diagnostic ratio. The result of this study reveals a gradual shift of dominating sources for PM pollution
Positive matrix factorization episodes from SIA to primary sources after starting heating. BaP, toxicity from coal combustion increased on av-
ﬁzgie:g erage by several to dozens of times in the heating period, causing both long-term and short-term health risk. Air

mass trajectory analysis highlights the regional influence of the industry emissions from the area south to Beijing.
Control measures taken during APEC were found to be effective for reducing industry source, but less effective in
reducing the overall PM, 5 level. These results provide implications for policy making regarding appropriate air
pollution control measures.
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1. Introduction

In Beijing, rapid economic development was accompanied by sharp
increase of the number of vehicles and air pollution, which poses risk
to the public health (Cohen et al., 2017). Particulate matter (PM) is
one of the major air pollutants in Beijing. Although a decreasing trend
has been observed in recent years due to rigorous mitigation measures,
PM 5 level was constantly above the national air quality limit of China
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(UN Environment, 2019), and haze episodes with high level of PM, 5
were often observed and reported (Bei et al., 2020; Yang et al.,
2015a, 2020).

Organic matter (OM) is one major component of atmospheric PM,
and could constitute 20-90 percent of PM mass (Kanakidou et al.,
2005). It accounted for a substantial percentage of Beijng PM, 5 dur-
ing haze as well as non-haze days (Huang et al., 2014; Tian et
al., 2016). OM comprises hundreds to thousands of organic species,
some of which are particularly source specific and therefore very use-
ful in source apportionment studies of ambient PM pollution. For in-
stance, anhydrosugars (e.g., levoglucosan, mannosan and galactosan)
and resin acids (e.g., dehydroabietic acid) are often used as organic
markers for biomass burning (Chen et al., 2017; Simoneit et al.,
1999). Hopanes are components of mineral oil or coal-based fuels and
lubricants (Schnelle-Kreis et al., 2005, 2007). Emitted hopane pat-
terns that represent the distribution and relative level of hopanoid com-
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pounds/isomers differ substantially with the type and maturity of the
(fossil) sources, making them ideal markers for differentiating types of
fossil fuel sources, which would be difficult to achieve by other tech-
niques (Saha et al., 2017; Schnelle-Kreis et al., 2005). Poly aro-
matic hydrocarbons (PAHs) originate from incomplete combustion of
fossil fuels (i.e., coal, gasoline and diesel) and biomass (e.g., wood
and agricultural biomass) (Chen et al., 2017; Samburova et al.,
2013). They are carcinogenic substances (Samburova et al., 2013),
and sources that emit a large amount of PAHs may substantially increase
the health risk. With the quantification of source specific organic trac-
ers, the ambiguity of source identification can be greatly reduced. How-
ever, most chemical characterization studies only measured ions and el-
ements (Huang et al., 2016; Shao et al., 2018; Tan et al., 2016),
while organic speciation of PM; 5 in Beijing is very limited in compari-
son with measurements of inorganic chemical components (Ren et al.,
2018a,2019; Yu et al., 2018), and even fewer performed comprehen-
sive chemical characterization with elements, ions and organic tracers
(Huang et al., 2014). On the one hand, the conventional solvent ex-
traction and derivatization-based method used for quantifying organic
species is time-consuming and labor-intensive. In addition, long-term
(i.e. typically 24h) off-line sampling is often necessary for detecting or-
ganic trace species (Saha et al., 2017; Yu et al., 2018). The time res-
olution of such measurement is thus not sufficiently high to track the
variation during relatively short pollution episodes (i.e. about 2 to sev-
eral days). Therefore, a shorter sampling time in combination with a
comprehensive chemical characterization including measuring organic
species is challenging but desirable for tracing variation of chemical
species as well as source contributions. On the other hand, high time-re-
solved chemical measurement by aerosol mass spectrometry (AMS) tech-
niques provides near real-time mass spectrum profile (m/z ratios after
electron ionization) of the sub-micron aerosols, and has been proved ad-
vantageous in apportioning PM; sources (Elser et al., 2016; Hu et
al., 2016; Sun et al., 2012). PMF analyses from AMS measurements,
however, are based on complex mass spectra. Single source specific sub-
stances can usually not be identified or quantified, which limits the iden-
tification of relevant PM sources.

In northern China, there is a major change in emission sources from
warm to cold season (Saha et al., 2017; Sun et al., 2015). For in-
stance, in Beijing, domestic heating starts around mid-November. Such
changes in source strength could result in increase of air pollution and
major change in PM, s component. During the transition period from
autumn to winter in 2014, the APEC summit was held in Beijing dur-
ing November 10-12, 2014. Several studies focusing on the effective-
ness of control measures taken during APEC and the meteorological con-
ditions in improving air quality have been published (Ansari et al.,
2019; Liang et al., 2017a; Wang et al., 2016; Xu et al., 2019). Both
control measures and favorable meteorological conditions were found to
contribute to the reduced PM, 5 values during APEC. Unfavorable mete-
orological condition, e.g., high RH, stagnant air with low surface wind
speed, decreased air pressure, and low planetary boundary layer (PBL)
height acted as the external driving factors of pollution events (Guo et
al., 2014; Wang et al., 2014; Yang et al., 2015b; Zheng et al.,
2015). Shortly after the APEC, residential heating in Beijing started offi-
cially on November 15, 2014, adding one very important PMj 5 source.
The chemical composition of PM, 5 was reported before and during the
APEC; however, these studies covered a limited time period, and a com-
prehensive investigation on the chemical composition is not available
(Ren et al., 2018b; Xu et al., 2019). How the changes of source
strengths during the transition period from autumn to winter, the miti-
gation measures during APEC and the variation of meteorological para-
meters influenced PM; 5 chemical composition, source contributions and
toxicity has not been well understood. How these aspects acted individ-
ually and interactively is also an interesting topic and is worth studying.

With these questions and research interests, the aims of this study
are: 1) Source apportionment of PMj 5 by including particulate organic
compounds as tracers; 2) Investigation of PM, 5 composition and source
changes with regard to domestic heating and control measures; 3) Ex-
ploration of the effects of source strength and meteorological changes
on PMj, 5 level and its chemical compositions; 4) Evaluation of the PAH
associated health risk and its source contributions.

To meet these aims, this study particularly applied a partially high
time resolution (every 6h) off-line sampling in combination with a very
sensitive in-situ derivatization thermal desorption gas chromatography
mass spectrometry method (IDTD-GC-TOF-MS) previously developed by
the author's lab (Li et al., 2018a, 2018b; Orasche et al., 2011). The
high analytical sensitivity of this method meets the requirement for de-
tecting and quantifying trace organic species sampled in short time pe-
riod.

2. Material and methods
2.1. Sampling, PM, 5, gaseous pollutants and meteorology

Ambient PM, 5 was sampled on the roof of a 2-story building on
the premises of the Institute of Atmospheric Physics, Chinese Academy
of Sciences between the north ring-3 and ring-4 of Beijing (39.9744 N,
116.3720E). It is a typical urban site in Beijing. Quartz fiber filters
(Pall Life Sciences, Ann Arbor, MI, USA; d = 150 mm) were prebaked
before sampling to avoid any interference with organic matter analy-
sis. Samples were taken from October 24th to December 7th, 2014 us-
ing PM, 5 samplers (Digitel DHA-80, Switzerland) with an airflow rate
of 0.5m® min. Blank filters were used for quality control. A total of
68 samples with 6h sampling time (0:00-6:00, 6:00-12:00, 12:00-18:00,
18:00-24:00) and 26 samples with 24h sampling time (0:00-24:00) were
used in chemical and statistical analyses. Most of the 6h samples were
taken during PM,s pollution episodes. Meteorological data was ob-
tained from the China Meteorological Administration. PMy 5 mass con-
centrations were measured by a tapered element oscillating microbal-
ance (TEOM 1405-DF, Thermo Scientific, USA) and gaseous species
(SO3, O3, NOx, and CO) were measured by commercial instrument
(Model series I, Thermo Scientific, USA).

2.2. Chemical analysis of ions and elements

NH4* was analyzed by a continuous flow analyzer (CFA) (Scan+ +,
Skalar, The Netherlands), and anions (NOs’, SO42’ and Cl) were an-
alyzed by ion chromatography (ICS-1500, Dionex, USA). Punched fil-
ter samples with a diameter of 25 mm were extracted three times in
5 ml de-ionized water (Milli-Q, 18.2 MQ c¢m), each in ultrasonic bath for
15 min and filtered.

Elements were measured by inductively coupled plasma atomic
emission spectroscopy (Optima 7300 DV, PerkinElmer, Germany) fol-
lowing sample digestion. The measured spectral element lines (nm)
for each element are: Al (167.078), As (189.042), B (249.773), Ba
(455.404), Ca (183.801), Cd (214.438), Co (228.616), Cr (267.716), Fe
(259.941), K (766.491), Li (670.780), Mg (279.079), Mn (257.611), Mo
(202.030), Na (589.592), Ni (231.604), P (177.495), Pb (220.353), S
(182.034), Se (196.090), Sn (189.991), Sr (407.771), Ti (334.941), V
(292.464), and Zn (213.856).

2.3. Chemical analysis of organic species

In-situ Derivatization Thermal Desorption Gas Chromatography
Time-of-Flight Mass Spectrometry was applied to measure the concen-
trations of organic species in PM, 5. Orasche et al. (2011) described
the details of this method. It can simultaneously measure polar and
nonpolar species in one analytical run. In this study, only primary
species were quantified/semi-quantified before secondary markers were
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integrated in this method (Li et al., 2018a, 2018b). The species dis-
cussed in this manuscript include 14 PAHs, 17 alkanes from C21 to C36,
10 hopanoid compounds, and 4 biomass burning markers (see Fig. 3
and Table S1 for the PAHs, hopanes and anhydrosugars in detail).

2.4. PMF

Source apportionment analysis was conducted using the EPA PMF
5.0. It has become the most popular receptor model applied for PM
source apportionment studies in China (Zhu et al., 2018). One ad-
vantage of PMF is that it does not require profiling in advance al-
though prior knowledge on source profiles is helpful for factor interpre-
tation. In principal, PMF works better with a large number of indepen-
dent samples that far exceed the number of variables (Pant and Har-
rison, 2012). In this study, 94 observations were available for analy-
sis. A sample-to-variable ratio of 3:1 was suggested as the minimum
to get an accurate result (Pant and Harrison, 2012; Thurston and
Spengler, 1985), and therefore only a subset of the measured species
were included in PMF, including benz[a]anthracene, chrysene, sum_ben-
zofluoranthenes (benzo[b]fluoranthene, benzo[j]lfluoranthene and
benzo[k]fluoranthene were quantified together as sum_benzofluoran-
thenes because of co-elution), benz[e]pyrene, benz[a]pyrene,
dibenz[ah]anthracene, indeno[1,2,3-cd]pyrene, picene, benzo[ghi]pery-
lene, coronene, retene, 31abS, 31abR, dehydroabietic acid, mannosan,
galactosan and levoglucosan, chloride, nitrate, sulfate, ammonia, Al, As,
Ca, Cd, K, Mg, Na and Pb. The majority of PAHs was included in order to
calculate the PAHs based toxicity of each source factor. PM, 5 mass con-
centration was set as the total variable. The Fpeak result of PMF analysis
will be presented in the results and discussion part as it is more robust
in bootstrap analysis. The verification of 6 factor solution and the Fpeak
result is presented in supplementary material.

2.5. Cdlculations of BaP,q toxicity

Toxicity equivalency factor (TEF) values proposed by Nisbet and
LaGoy (1992) are often used to calculate the toxicity of PAHs mixtures.
Based on this approach, all carcinogenic PAHs were given specific TEFs
between 1 and O relative to the toxicity of benzo[a]pyrene as the ref-
erence compound. The BaPeq (benzo[a]pyrene equal concentration) of
each sample was calculated by summing up the BaPq of each individ-
ual PAH, namely the individual PAH concentration multiplying its TEF.
BaPe, for each source could be calculated in the same way. Then the
PAHs related potential toxicity contribution of each source was calcu-
lated by multiplying source contribution and the BaP.q of that source,
which was further scaled to the BaP of each sample to yield the BaPeq
toxicity contribution of a specific source to that sample.

2.6. Back trajectory analysis

To assess the influence of transported PM and to identify poten-
tial source regions, particularly for air pollution episodes, back trajec-
tory analysis was done using the HYSPLIT-4 (HYbrid Single-Particle La-
grangian Integrated Trajectory) model developed by NOAA/ARL (U.S.

Table 1
Time period for each episode and APEC. EP1 to EP5: episode 1 to episode 5.

National Oceanic and Air Administration/Air Resources Laboratory).
The 48h trajectories ending at the height of 200 m above ground level
were calculated each 6 h during the sampling period, terminating at the
3,9, 15 and 21 O'clock of local time.

3. Results and discussions

3.1. Characterization of pollution episodes, heating and APEC periods with
regard to chemical composition and meteorological conditions

In this study, a pollution episode is defined as a period when the 6h
or 24h PM, 5 concentration was above the threshold level of 125 pg m™
and lasted for at least 36h (for 6h samples) or 2 days (for daily sam-
ples). Five episodes (EP1 - EP5) were identified during the sampling
period (Table 1). APEC period was from the 3rd to 12th of Novem-
ber. The non-episode (non-EP) referred to all the remaining time periods
other than episodes and APEC. The study period was also divided into
pre-heating and heating periods by the day when official heating started
(the 15th of November).

3.1.1. General chemical and meteorological characterization of episodes,
heating period and APEC period

The episodes (EP1-EP5) were generally associated with high RH, low
pressure and low wind speed (WS) as shown in Fig. 1, Table S1 (Sup-
plementary material) and Fig. S1. From chemical perspective, episodes
were associated with a global increase in concentrations of PM mass,
NO,, SO,, CO, secondary inorganic ions, most elements (i.e., As, Cd, Pb,
Co, Cr, Mn, Li, Mo, Na, Ni, P, Se, Sn and Zn), and levoglucosan, but a de-
crease in O3 concentration. PM mass concentrations showed high corre-
lation with CO, NO, and SO, (Fig. 1, Fig. S2, and Fig. S3) but with ex-
ceptions. Some crustal elements (i.e., Al, Ca, Mg, Sr and Ti) showed lim-
ited variations in concentration. Three types of organic species, PAHs,
alkanes and hopanes, generally were at low levels in pre-heating period.
In contrast to pollution episodes, meteorological conditions, PM level
and gaseous pollutants during APEC were on a comparable level with
non-episodic days before the heating period. Back trajectories for de-
fined periods are shown in Fig. 2. The air masses during the episodes
mostly came from the area south to Beijing, whereas air masses dur-
ing the APEC and the non-episode originated predominately from the
northwest and traveled long distance. Actually, an approximate syn-
chronization between the change of trajectories and the start and end
of an episode could be observed. Specifically, at the beginning of a
haze episode, PM started to increase or accumulate when the trajec-
tory changed from northwest (west China or Mongolia) to south (Beijing
(south)-Tianjin-Hebei: BTH regions), and the episodes ended when the
trajectories changed to northwest.

3.1.2. Variations of secondary inorganic ions and primary organic species
after heating started

As the most abundant measured chemical species, secondary inor-
ganic ions contributed a lot to PM masses. After the start of domestic
heating, several changes of concentrations or patterns of secondary in-
organic ions could be identified. Firstly, nitrate and ammonia concen-
trations were much higher during episodes in the pre-heating period
than in those in the heating period. Moreover, nitrate/sulfate ratio was

EP1 EP2 EP3 EP4 EP5 APEC
Start time 24.10.2014 30.10 0:00-5:00 19.11 0:00-12:00 25.11 6:00-12:00 28.11 18:00-24:00 3.11
End time 25.10.2014 01.11 0:00-6:00 21.11 6:00-12:00 27.11 0:00-6:00 30.11 0:00-6:00 12.11
Duration 2 days 2 days 2.5 days 1.75 days 1.5 days 10 days
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Fig. 1. Box plots of PM, 5, PMy, gaseous pollutants (O3, CO, SO, and NO,) and meteorological parameters (temperature, pressure, RH and wind speed) during APEC, pollution episodes
and non-episode in autumn-winter 2014. EP1 to EP5: episode 1 to episode 5, non-EP-pre: non-episode time during pre-heating period and non-EP-heat: non-episode time during heating
period. White dot and the line in the middle of the box represent the mean and median, respectively.

Oty 12180

18-24h &=12h

EP1

_@.\ T J"[ qa ot
ammmsmtﬂ':‘ amggnamm'ﬂ

0

| R i

| .__.'_313._5_. i A .

Fig. 2. 48-h backward trajectories arrived at Beijing (at 200 m AGL) during APEC, pollution episodes and non-episode in autumn-winter 2014. EP1 to EP5: episode 1 to episode 5,
non-EP-pre: non-episode time during pre-heating period and non-EP-heat: non-episode time during heating period.

also much higher in pre-heating period (1.9-2.4 on average) than in
heating period (1.0-1.6 on average), although sulfate is significantly
correlated with nitrate (Fig. S3, r = 0.93, P < 0.01). To study the
formation of nitrate and sulfate, the nitrogen oxidation ratio
(NOR = n-NO3/(n-NO3 + n-NO,)) and sulfur oxidation ratio
(SOR = n-S04%/(n-SO4% + n-SO,)) are often calculated for the char-
acterization of NO, and SO, oxidation degree, respectively. Calculated
SOR and NOR in this study indicate higher degree of oxidation (higher
SOR and NOR values) for SO, and NO, during episodes than in
non-episode periods as expected, and higher during pre-heating episodes
than heating episodes (Table S1). Regarding SIA, high RH is considered
very important for heterogeneous and aqueous phase formation path-
ways, which is believed to be responsible for rapid formation of SIA dur-
ing pollution episodes when gas-phase reaction were often reduced due
to decreased gaseous oxidants (i.e. O3) (Tan et al., 2018; Zhao et al.,
2013; Zheng et al., 2015). As shown in Fig. 4A and

Fig. 4B, starting from RH at about 20%, SOR and NOR increased sub-
stantially with the increase of RH during pre-heating period. Interest-
ingly, the effect of RH on SOR or NOR was found to be much weaker
during the heating period. A positive yet similar correlation was found
between NOR and SOR both in pre-heating and heating periods (Fig. 4C
and Fig. S3, r = 0.73, p < 0.01). On the other hand, temperature and
atmospheric oxidants play an important role in the oxidation reactions
to form secondary aerosols, namely SIA and secondary organic aerosol
(SOA) (Huang et al., 2016; Li et al., 2020). From Fig. 4, it can be
seen that the temperature was substantially different between pre-heat-
ing period and heating period. The SOR and NOR values were also re-
lated to temperature (Fig. 4D and E).

Primary organic species PAHs, hopanes and alkanes showed very
high positive correlation within each compound class and between com-
pound classes (most r > 0.9, p < 0.001). Their concentrations were
much higher (several to dozens of times increase on average) dur-
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Fig. 3. Temporal variations of the characteristic chemical species in PMy 5 in Beijing. PAHs include fluoranthene, pyrene, benz[a]anthracene, chrysene, sum_benzofluoranthenes,

benz[e]pyrene, benz[a]pyrene, perylene, dibenz[ah]anthracene, indeno[1,2,3-cd]pyrene, picene, benzo[ghi]perylene, coronene, and retene. Hopanes include 18a(H)-22,29,30-trisnor-
neohopane (Ts); 17a(H)-22,29,30-trisnorhopane (Tm); 17a(H),21b(H)-30-norhopane(29ab); 17b(H),21a(H)-30-norhopane (29ba); 17a(H),21b(H)-hopane (30ab); 17b(H),21a(H)-hopane
(30ba); 17a(H),21b(H)-22S-homohopane (31abS); 17a(H),21b(H)-22R-homohopane (31abR); 17a(H),21b(H)-22S-bishomohopane (32abS); 17a(H),21b(H)-22R-bishomohopane (32abR).
Alkanes include C21 to C31. Anhydrosugars include levoglucosan, mannosan and galactosan. Ions include sulfate, nitrate, ammonium and chloride.

ing heating episodes than pre-heating period (Fig. S2 and Table S1).
Particularly, they were also at high level during the relatively “clean”
(non-EP-heat) days in heating period. In addition, distinct differences in
general organic patterns and differences in the ratios between individual
PAHs or hopanes were observed during the sampling period as shown in
Fig. 5.

As very unique and useful source identification indicators, three
source indicative diagnostic ratios of hopanes were calculated, namely
the 30ab/29ab ratio, the homohopane index (31abs/(31abS + 31abR))
and the hopane/moretane ratio of 30ab/30ba. Firstly, 29ab was dom-
inant over 30ab during heating period and the opposite was observed
in the pre-heating period. Secondly, the average homohopane index
decreased from 0.55 during pre-heating period to 0.44 during heat-
ing period. Similar decrease was also observed for the bishomohopanes
(32abs/(32abS + 32abR)) in this study. Thirdly, the hopan/moretane
ratio (30ab/30ba) and the ratio of 29ab/29ba were much lower during
heating period comparing to pre-heating period.

Regarding PAH pattern, higher percentage of relatively volatile flu-
oranthene, pyrene, chrysene, benzo[a]anthrazene and retene was ob-
served in the heating period, especially after the end of November
(Fig. 5B) when the temperature decreased dramatically (Fig. S1).
Benzo[a]pyrene was slightly higher than benzo[elpyrene during the
heating period while the opposite was observed during the pre-heat-
ing period (Fig. 5D). Alkanes also demonstrated slightly different pat-
tern from pre-heating to heating periods. During the pre-heating period,
C29 and C31 had higher percentages (Fig. S4) (Ren et al., 2018a),
whereas in the heating period, C22 - C25 were found to be the dom-
inating alkanes. Similar to PAHs, an increase of percentages of lighter
alkanes could be observed for the heating period, particularly after sub-
stantial decrease of temperature (Fig. S4). The biomass burning mark-
ers (i.e. anhydrosugers) increased slightly during the heating episodes
comparing to other episodes (Fig. S2) and non-episode, but the incre-
ment was much less prominent compared with the PAHs, alkanes and
hopanes.
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and PAHs (D) in Beijing in autumn-winter 2014.

3.1.3. Summary of observatory results

Many studies have explored the effect of meteorological change on
pollution episode formation in Beijing. Results from previous studies
have related high PM concentrations in Beijing to southern trajectories
and stagnant meteorological conditions (Sun et al., 2006; Zhang et
al., 2013), which is in line with the result of this study. Zheng et al.
(2015) found that vanishing of winter haze episodes in Beijing was al-
ways accompanied by the Siberian anticyclone, in consistent with the
rough synchronization of air mass change with the haze start/stop ob-
served in this study. Although the changes of air mass trajectories and
meteorological conditions were closely related to the haze formation/
vanishing, the reason behind the variations of the aerosol levels lies
in the concentration changes of thousands of chemical species, which

come from primary and secondary sources, and can be traced back
to anthropogenic and biogenic emissions. Meteorological conditions in-
deed played an important role in air pollution in Beijing, but the PMy 5
sources are the underlying reason. Therefore, identifying the significant
sources and reducing respective source contributions may be the ulti-
mate solution of air pollution.

From the variation of measured chemical species, strong indication
of changes in the strength of sources contributing to Beijing PM, 5 and
pollution episodes could be seen. Particularly, obvious change occurred
after heating started. Firstly, the high nitrate/sulfate ratio for pre-heat-
ing time is in line with the study by Gao et al. (2015), who found
higher nitrate/sulfate ratio in autumn than in winter. Even lower ni-
trate/sulfate ratio (0.68 + 0.44) was reported during the haze episode
in January, 2013 (Han et al., 2016). This trend indicates a relative
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decrease in mobile source (NOy source) contribution in comparison with
stationary combustion source (SO, source) contribution to PMs 5 from
pre-heating to heating period (Gao et al., 2015; Han et al., 2016).
SIA was often identified as the main contributor to particulate matter
pollution in Beijing under unfavorable meteorological condition as also
observed in this study; and its formation was often related to high RH
(Han et al., 2016; Liu et al., 2018; Zhao et al., 2013). Under high
RH, hygroscopic growth of sulfate and nitrate can absorb water con-
tinuously to increase the liquid water content in the aerosols (Yang
et al., 2015b). Aqueous phase formed on the surface of droplet mode
aerosol greatly increases the aqueous phase and heterogonous reaction
of gaseous pollutants. This is probably the reason for the strong positive
effect of RH on SOR and NOR levels during pre-heating episodes. De-
spite this positive correlation of RH with SIA, they are obviously not the
cause of decreased oxidation degree of NO5 and SO, from pre-heating
to heating period. The low temperature during heating period (Fig. 4D
and E) and extremely low concentration of ozone (as gaseous oxidant)
could result in low oxidation rate. However, none of them could fully
explain the oxidation of NO5 and SO,. Whether the much higher con-
centrations of waster insoluble primary organic species (i.e., non-polar
organic compounds) measured during heating period contribute to the
decreasing of the positive feedback of hygroscopic growth of sulfate and
nitrate during the heating period needs further investigation. In sum-
mary, the formation of SIA is complex and dependent on interactions of
multiple parameters.

Hopane diagnostic ratios are very useful and specific source indica-
tors. The IDTD-GC-MS method helped having the trace amount of low
abundance hopanoid isomers quantified to calculate the ratio. According
to the study of Zhang et al. (2008), 29 ab is mainly emitted by Chinese
coal burning except industrial bituminite, while 30 ab is mainly from ve-
hicle exhaust. A predominance of 29 ab during heating period is there-
fore an indication of coal combustion contribution. The decrease of ho-
mohopane index observed during heating period is in line with the ho-
mohopane index trend from about 0.6 in summer to 0.5 in winter as re-
ported by Wang et al. (2009). From the study of Schnelle-Kreis et al.
(2005), the homopopane index is higher in mineral oil-derived emission
sources (about 0.6) than in coal combustion (0.1-0.35). In summary,
the changes of hopane diagnostic ratios indicated a shift of predominat-
ing hopane origin from mineral oils (i.e., vehicle exhaust) in pre-heat-
ing period to solid fuel (i.e., coal combustion) in heating period. Partic-
ularly, as the most indicative ratio to discriminate the sources, the ho-
mohopane index played a key role in the interpretation of PMF analysis
results to assign source factors to coal combustion and traffic emissions
as will be discussed in following text. In addition to hopane diagnostic
ratio changes, the change of predominating alkanes from C29 and C31
in pre-heating period to C22 - C25 in heating period is also an indication
of shift of dominating source from biologic emission (Schnelle-Kreis et
al., 2005) to Chinese coal combustion emission (Zhang et al., 2008).
The pattern change of PAH and alkanes were not so characteristic as for
Hopanes, the lower percentage of relatively volatile PAHs and Alkanes
may be partly explained by the increased partition to the particle phase
at lower temperatures. Unlike Hopanes and PAHs, the biomass burning
markers does not show heating-related trends. This could result from ad-
ditional contribution of agricultural biomass burning in autumn in the
pre-heating period (Chen et al., 2017; Zhang et al., 2013).

3.2. PMF source apportionment

3.2.1. Source characterization

PMF analysis successfully resolved 6 sources in this study, which
are assigned as the secondary inorganic aerosol (SIA), coal combustion
(Coal), traffic emissions (Traffic), biomass burning (BB), dust, and in-
dustry emissions (Industry) based on the resolved source profile (Fig.

6). On average, they accounted for 45, 12, 12, 7, 2, and 23 pg m™ of the
average PM, 5 concentration, respectively. The only secondary source
resolved in this study is the SIA, while the rest 5 sources are of primary
origin. Fig. 7 demonstrates the time series based variation and average
diurnal variation of source contributions.

SIA source was dominated by nitrate, sulfate and ammonia. SIA was
often the lowest in the morning during 6:00-12:00, accompanied by the
lowest SO3, NO,, SOR, NOR levels and nitrate/sulfate ratio. SIA mostly
reached high level during 12:00-18:00, or during 18:00-24:00, associ-
ated with the highest NO,, SOR, and NOR levels, which is in line with
the result of hourly secondary ion concentrations in January 2013 from
Han et al. (2016).

Coal combustion source was identified by a homohopane index of
0.35. Coal combustion was also a dominating contributor to PAHs,
which is in line with previous studies (Saha et al., 2017; Zhang et al.,
2008). Coal combustion source contribution often reached high levels
during 0:00-6:00, and was the lowest during 12:00-18:00. Both the me-
teorological conditions (i.e., low temperature and low PBL) and elevated
source activities resulted in large contribution of coal combustion dur-
ing night, while the higher PBL and lower emissions in the afternoon led
to lower source contribution.

Traffic emission source factor was identified by a homohopane in-
dex of 0.48, which was much larger than the index from the coal com-
bustion source (0.35). It explained a small fraction of PAHs and heavy
metals such as As, Cd and Pb. Its diurnal variability was not as obvi-
ous as the other two primary emissions of coal combustion and BB as
will be discussed below. Traffic emission was on average lowest during
12:00-18:00. During episodes, its maximum level occurred during differ-
ent time periods.

The industry source factor was characterized by Cl~ and heavy met-
als such as As, Cd and Pb. Source study of elements and ion in Bei-
jing has identified industry as a main source for Cd and Cl- (Han
et al., 2007). The industry source contribution was highest during
18:00-24:00 and low during 0:00-6:00 or 6:00-12:00. This might be re-
lated to both the south activity and the transport delay of industry emis-
sion to the sampling site as air mass transportation seems to play an im-
portant role in high industry contribution, which will be discussed be-
low.

Biomass burning source was recognized by high load of organic
markers of dehydroabietic acid, mannosan, galactosan and levoglu-
cosan. Their diurnal variation was similar to coal combustion with the
peak value occurring mostly during 0:00-6:00 and the lowest level was
found during 12:00-18:00, indicating its domestic heating origin.

Dust source was characterized by crustal-related elements of Al,
Ca and Mg (Zhang et al., 2013). Dust was the only source with
comparable contribution to PM; 5 concentration between episodes and
non-episode while all anthropogenic sources showed higher contribu-
tions during episodes. It showed very weak diurnal variation with
slightly higher contribution during 12:00-18:00 and lower contribution
during 0:00-6:00.

3.2.2. Source contributions between pre-heating and heating periods, and
among pollution episodes

The source contribution to PM, 5 for each episode was calculated and
the average contribution of each source during every defined period as
well as the residue (the difference between measured PM, 5 concentra-
tion and the PMF source predicted PM, 5 concentration) are shown in
Fig. 8. Generally, the major sources included SIA, traffic emission, coal
combustion and industry, while BB and dust contributed a small part to
PM, 5. The main sources of PM, 5 varied among each period. In the pol-
lution episodes, there were 1-4 dominating sources of PM, 5, while in
non-episode period the source contributions were more evenly distrib-
uted.
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Fig. 6. The PM, 5 source profiles of Traffic, BB (biomass burning), Dust, Coal (coal combustion), SIA (secondary inorganic aerosol), and Industry (industry emission).

The episodes show distinctions in source contributions, resulting in
different “types” of PMss episodes. One significant result from this
chemical marker-based source apportionment study is the prominent
change in source contribution related to heating activity as indicated
by the variations of chemical profile mentioned above. A significant
increase of primary coal combustion and meanwhile a remarkable de-
crease of SIA from pre-heating period to heating period were observed

(Fig. 8). This is the case both for episodes (EP1 and EP2 in comparison
with EP3 - EP5) and non-episodes (non-EP-pre and APEC in comparison
with non-EP-heat). Contribution from SIA was particularly high during
pre-heating pollution episodes, making SIA the only major dominating
aerosol source for these two episodes (contributing 282.9 + 105.2 pg
m® and 152.1 * 34.9 pg m™, respectively). Contribution from SIA
among non-EP-pre days was significantly lower (20.1 + 28.8 pg m™),
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but still several times higher than during non-EP-heat days
(3.4 = 11.7 pg m™). It is worth mentioning that the modelled residue
for EP1 and EP2 were negative, meaning that more PM, 5 was modelled
than actual level, indicating higher modelled SIA contribution than ac-
tual contribution. The reason for this would be discussed in the follow-
ing section. Whereas, coal combustion had negligible contribution dur-

ing pre-heating period compared to gradually increasing contribution
to a significant level during heating period (EP3 - EP5: 23.4 = 15.2 g
m?> 40 + 28.6 pg m?3and 51.6 + 19.1 pg m>, respectively; and
non-EP-heat: 7.7 + 10.9 pg m™).

Another two primary sources demonstrating interesting variation
are traffic and industry emissions. During non-episodes, their contribu-



10 F. Li et al. / Chemosphere xxx (xxxx) 130143

tions are comparable between pre-heating periods and heating-period,
with slightly higher contribution during heating period. However,
among episodes, traffic emission was high during EP5 (47 + 18.6 ug
m3) and EP4 (34.8 + 24 pg m™), while much lower during EP2
(6.3 = 5.9 pg m™) and EP3 (7.7 + 9.7 ug m>). Industry source con-
tributed more to PM,s during EP3 (100 = 28.1 pg m™®) and EP4
(51.9 + 26.2 ug m™>) than during EP1 (6.8 = 5.6 pg m™) and EP5
(10.7 = 14.7 pg m™).

3.2.3. Effect of source strength and meteorological conditions on source
contributions

Although the meteorological change could be the external cause of
pollution episode, the strength of PM sources is the essential reason
of air pollution. Therefore, both their influence should be reflected in
the variations of air pollution and source contributions. In this study,
the source strength of primary coal emissions is clearly seen from the
semi-quantitative source apportionment result, causing a much higher
coal source contribution in the heating period regardless of the meteoro-
logical condition. But the pollution episode of the heating period is still
related to the meteorological parameters, particularly air mass trajecto-
ries. Industry emission was also one important primary source, which
contributed on average 14.6% = 12.8% during 2010-2016 to Beijing
PM, 5 (Yang et al., 2015c; Zhu et al., 2018). Combined influence
of air mass trajectories and source strength on contribution of industry
source could be seen in the much higher industry contribution found in
EP3 and EP4. As shown in Fig. 2, the trajectory of EP3 is from south-
west, where a lot of industries are located (Qi et al., 2017; Yang et
al., 2015c). Similar situation occurred in EP4. Except during these two
episodes, industry was not the main source for Beijing PMys. In this
study, industry sources are mainly recognized by toxic heavy metals.
Therefore, the relatively stable harmful pollutants can be transported
from surrounding areas to cities, causing health risk. Simply relocat-
ing heavily polluted industries to rural sites could not completely elimi-
nate air pollution and potential health risk. Traffic as another main pri-
mary source was found to contribute averagely 14.5% = 8.9% to Bei-
jing PM, 5 during 2010-2016 (Zhu et al., 2018), and it made the high-
est contribution to PMy 5 during EP5 in this study (Fig. 8). The more
localized and circulated air mass trajectories around the south of Bei-
jing during EP5 indicated the high level of source contribution from Bei-
jing local traffic emission. The direct contribution of traffic emission in
this study was prominent under low temperature when primary emis-
sion sources dominated the PM pollution as in EP5. Under higher tem-
perature during pre-heating period when secondary aerosol dominated,
high nitrate to sulfate ratio demonstrated the dominating of secondary
ions from traffic emission (NOx) over industry emissions (SO5), high-
lighting the contribution of primary traffic emission as precursors of
secondary ions. It is consistent with the relatively high contribution of
motor vehicles as the primary source (Yang et al., 2015b). For pri-
mary sources, the influence of source strength and meteorological con-
ditions are generally directly reflected. However, for the SIA, the com-
bined effect is relatively indirect and more complex. Both the abun-
dance of primary precursors and the oxidation degree play important
role. During EP1 and EP2, a stagnant meteorological condition with low
pressure, low wind speed and low PBL was observed (Fig. 1), which
would result in a substantial decrease of the dispersion of gaseous and
particle phase pollutants. Meanwhile, the relatively high RH, temper-
ature and Os facilitated the gas phase and particulate phase chemical
oxidation reactions, leading to formation of SIA. A positive feedback
could be expected under such condition since fast aqueous phase reac-
tion occurred also on freshly formed and accumulated particulate mat-
ter phase (Sun et al., 2006; Zhang et al., 2018). It is worth men-
tioning that such condition could also facilitate the formation of SOA.
Although SOA was not resolved in this study due to lack of measure-
ment of appropriate markers, its contribution might have been par-

tially reflected in the very high SIA contribution resolved in EP1 and
EP2 during pre-heating period. During heating episodes, the positive
residue not modelled by the resolved sources may be partially attributed
to SOA (Fig. 8). However, similar stagnant condition (i.e. low pressure,
low wind speed) and high RH during heating episodes, particularly EP4
and EP5, did not lead to high SIA level. On the one hand, the low tem-
perature and O3 concentration during heating episodes could have re-
sulted in decreased chemical formation reactions. On the other hand,
further studies are needed to investigate if the measured high abundance
of non-polar organic species had modified the chemical property of the
aqueous phase as an environment facilitating formation of secondary
ions. The influence of the primary aerosol on the formation of secondary
aerosol is out of the scope of this study, but merits further investigation
to illustrate the mechanisms if there are influential effects.

3.3. Comparison of source contributions between APEC and non-EP-pre to
evaluate the effects of control measures

To assess the effect of control measures taken during APEC, it is
most reasonable to compare the periods between APEC and non-EP-pre
which included days before and after APEC yet still before heating, elim-
inating the domestic heating period and the pollution episodes. Even
though, the meteorological conditions during APEC were slightly less
favorable. This is reflected in the following aspects: 1) There were a
few shorter air mass trajectories through the polluted southwest area
of Beijing during APEC (Fig. 2). Two short periods (episodes) with
slightly elevated PM, 5 level and organic carbon during APEC iden-
tified in previous studies (Chen et al., 2015; Sun et al., 2016)
actually corresponded to these southern trajectories. 2) The WS was
slightly lower during APEC (Fig. 1). 3) Some parameters (i.e. high
RH and O3 level) were more favorable for SIA formation during APEC
(Fig. 1). Under these conditions, the following components showed
significantly higher concentrations during APEC: PM, 5 concentration
(51.1 + 50.2 vs 47.5 *+ 59.5 pg m3), PAHs, alkanes, hopanes and an-
hydrosugers. The source contributions were higher for BB (5.8 = 4.8
vs 3.4 = 3.7 ug m), traffic emission (6.5 + 3.9 vs 4.9 + 4.7 pg m),
comparable for industry emission (8.4 = 13 vs 8.6 + 8 pgm™) and
lower for dust (2.2 + 1.1 vs 3.1 = 0.9 pgm™). Previous study has
found uncontrolled random biomass/waste burning activity as an impor-
tant PM, 5 source during APEC (Yang et al., 2016). Despite the south-
ern trajectories during APEC, the industry contribution was comparable,
which is indicative of the effectiveness of control measures on industry
emission. The effect of control measures on traffic emission seems to be
less prominent and not as conclusive as for industry emissions, resulting
in slightly higher contribution during APEC.

Note that previous studies mainly compared APEC period with adja-
cent periods before and/or after APEC, including pollution episodes. Ap-
plying a model approach, Liang et al. (2017b) found similar contribu-
tions of meteorological condition (30%) and control strategies (28%) to
the reduction of PM, 5 during APEC. In this study, APEC and non-EP-pre
were both relative “clean” periods. By such a distinct approach of eval-
uation, the effectiveness of industry control measures was obvious. But
this study also observed the limitation of such short term control mea-
sures under slightly unfavorable meteorological conditions. On the one
hand, the controlled measures taken for traffic emission did not reduce
the traffic contribution to the level of non-EP-pre period. On the other
hand, the overall effect of control measures did not reduce the total
PM, 5 concentration to the level of “cleaner” period (non-EP-pre). Its ef-
fect was overwhelmed by other uncontrolled emissions and meteorolog-
ical influence. This is also in line with the observation by Mao et al.
(2018) that any control measure of PM emission had to overcome the
substantial masking effect from variation of meteorological conditions
to have a statistically detectable impact.
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3.4. BaP,, level and its relation to sources

BaP, is frequently used to assess the potential health risk of PAHs
(Ren et al., 2019). And it is know that the PAH related toxicity in Bei-
jing was much higher than many other big cities as also found in this
study (Saha et al., 2017). The average BaP.q during APEC, non-EP-pre,
EP1 - EP 5, and non-EP-heat was 3.0 £ 2.4, 2.2 = 2.4, 4.3 += 0.3,
3.4 £ 1.6,25.5 = 12.9, 37.2 = 22.9, 48.1 + 17.4, 9.6 + 10.2 ng m=>,
respectively. BaPe, remained at comparably low levels in pre-heating
period regardless of pollution episode as shown in Fig. 9. It increased
significantly during heating period, resulting in more than 10 fold in-
crease in health risk during heating episodes (EP3 - EP5). Therefore,
huge short-term health effect existed during the heating episodes, which
could put vulnerable people at very high risk. One more very important
conclusion from this result is that even during the relative clean days
of the heating period (non-EP-heat days), averagely 2-5 times higher
BaP,, level was observed as compared to pre-heating period. This re-
sult demonstrates the continuous long-term health risk during the heat-
ing-period, even though the low PM, 5 concentration provides the feel-
ing of “clean” and “safe” air. Yu et al. (2018) measured PAH con-
centrations before, during and after APEC periods in a rural area in
the north of Beijing, and identified comparable BaP¢q level for APEC
(3.69 + 1.91 ng m™>) and before APEC period (4.06 + 2.65 ng m™).
However, for the heating period after APEC, their daily sample mea-
surement could not well track the variation during pollution episodes,
and found the average during heating period was high
(17.13 = 3.21 ng m3). Ren et al. (2019) measured the BaP, during
the 2015 China Victory Day Parade when control measures were taken
and found much lower average level from August to September.

Fig. 9 also shows the average source contribution to BaPeq of the
defined periods to identify the major sources of BaP,. For EP3, EP4
and EP5 in the heating period, coal combustion was the largest BaPeq
contributor, while traffic made the second largest contribution. During
pre-heating period, traffic became the dominating source of potential
toxicity. Considering the actual value, BaPeq toxicity contribution from
coal combustion increased on average by a factor of over 10 compar-
ing non-EP-heat to non-EP-pre even though the PM, 5 mass was compa-
rable under these two conditions, not to mention tremendous increase
of its contribution by another factor of 3-6 during episodes comparing
to non-episodes in the heating period. In total these would result in
dozens of times of increase in BaPeq of coal combustion source contri-
bution during heating episodes comparing to pre-heating period. This
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Fig. 9. The average contributions of different sources to BaP.q (average value indicated
by orange dots) in pollution episodes, APEC and non-episode. EP1 to EP5: episode 1
to episode 5, non-EP-pre: non-episode time during pre-heating period and non-EP-heat:
non-episode time during heating period. BB: biomass burning; SIA: secondary inorganic
aerosol. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

highlights the importance of improving heating facilities, replacing heat-
ing fuels, and monitoring BaP in winter period. Not only in Beijing, but
also in the northern part of China and other area where coal combustion
is used quite a lot for domestic heating, it is relevant. Although strict
measures have been taken to reduce coal emission in the Beijing area
and in China, the coal is still the biggest source of heating in winter
period and coal is still the main energy source. According the result of
this study, this is indicative that the control measures is still far from
sufficient for reducing coal combustion related health risk. In the study
of (Yu et al., 2018), coal was the main contributor for BaPq before,
during and after APEC. On the one hand, their sampling area was more
rural, which could make a difference. On the other hand, they apportion
the sources contributing to total PAH instead of PMj 5, which is different
from our method.

4, Conclusions

Using 6h high time resolution sampling in combination with sensi-
tive organic analysis method, this study successfully tracked the varia-
tions of chemical species, particularly trace organic markers during the
interesting autumn-winter transition period in Beijing. Especially, the
variation during pollution episodes were well captured, which would
not be possible with longer time off-line sampling normally needed for
quantifying trace amount of organic species. Therefore, very reliable
source apportionment studies were enabled through quantitative analy-
sis of many source specific species as well as evaluation of diurnal varia-
tion. In addition, semi-quantitative source apportionment result in com-
bination with quantitative PAH measurement further allowed the calcu-
lation of source specific BaPq toxicity contribution and the evaluation
of the health risk from different sources under the atmospheric condi-
tion.

The findings of this study demonstrate the individual and combined
effect of both emission sources and meteorological conditions, air mass
trajectories on the PM level in Beijing area. The influences of both lo-
cal and transported emissions are also shown. Firstly, coal combustion
as a primary emission source was found to be highly related to domes-
tic heating activity and temperature decrease in colder period. During
heating period, coal combustion made tens of times more contribution
to BaPg, toxicity. This emphasizes the necessity of taking control mea-
sures to reduce not only short-term health effect during episodes but
also long-term health effect even under low PM concentration in the
heating period; not only in Beijing, but also other areas using coal for
heating. Secondly, average SIA contribution decreased to 1/5 compar-
ing non-EP-heat to non-EP-pre, and to 1/5-1/2 comparing episodes of
heating period to pre-heating period. Whether this was mainly driven by
decreased temperature and O3 concentration or the substantial increase
of organic species is still unclear. Further investigations are needed for
studying the impact of organic aerosol components on SIA or even SOA
formation. Thirdly, industry emission in the regional southern area was
transported to Beijing as major industry source when air masses passed
by the southern industry area, while traffic made bigger contribution
with shorter and localized air mass trajectories. Industry emission was
also most relevant with hazardous heavy metal pollution. Thes findings
demonstrate the importance of regional improvement of air quality. Pol-
icy making should put more emphasis on the reduction of industry emis-
sion in general rather than focusing on decreasing polluted industry in
one local area, i.e. relocating heavy polluted industries. Lastly, this study
identified the effectiveness of control measures taken during APEC on
reducing industry source contribution, while the effect on traffic emis-
sion was less clearly seen. And it was still not sufficiently effective to
improve the overall air quality to the level under slightly more favorable
meteorological conditions. This result pointed to the limitation of short
term control measures on alleviating air pollution.
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