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Daily mass concentrations and chemical compositions (elemental carbon, organic carbon, water soluble
ions, chemical elements and organic species) of PM were measured continuously in Beijing for one year
from June 2010 to June 2011 (365 samples). The seasonal variation of PM mass concentration followed
the order of spring 2011 > winter 2010 > summer 2010 > autumn 2010. Organic matter (OM) and
secondary inorganic aerosol components (SNA: SOF~, NO3 and NHZ) were the two major fractions of PM
during the whole year. Source apportionment by PMF performed on the basis of a full year of data,
including both inorganic and organic species, showed that biomass burning, secondary sulfate and ni-
trate formation, mineral dust, industry, coal combustion and traffic were the main sources of PM in
Beijing during 2010—2011. Specifically, comparison among the four seasons shows that the contribution
of secondary sulfate and biomass burning, secondary nitrate formation, mineral dust, and coal com-
bustion were the dominating sources of PM in summer, autumn, spring and winter, respectively. The
contributions of industry to PM was distributed evenly in four seasons, while traffic contributed more in
summer and autumn than in winter and spring. Backward trajectory analysis was applied in combination
with PMF and showed that air flow from the South contributed mostly to high PM mass concentrations in
Beijing. Meteorological parameters (temperature, wind speed, wind direction, precipitation and mixing
layer height) influence such a variation. In general, high relative humidity and low mixing layer height
can raise PM mass concentration, while high wind speed and precipitation can reduce pollutants. In
addition, wind direction also plays a key role in influencing PM because different wind directions can

bring different pollutants to Beijing from different regions.
Copyright © 2015 Turkish National Committee for Air Pollution Research and Control. Production and
hosting by Elsevier B.V. All rights reserved.
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1. Introduction

PM, as the major air pollutant in Beijing, has been widely studied
on the general chemical characteristics (Song et al., 2012; Zhao et al.,
2013a) and certain specific species, such as carbonaceous compo-
nents (Yang et al., 2011; Zhao et al., 2013b), inorganic elements (Shi
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et al., 2005; Yang et al., 2012), inorganic ions (Yao et al., 2002;
lanniello et al., 2011), organic matter (Sun et al., 2012; Wang et al.,
2012) as well as on health effects (Shao et al., 2006, 2007; Li et al.,
2010; Dimitrova et al.,, 2012), and influence on visibility (Jung and
Kim, 2006; Cao et al.,, 2012) and global climate (IPCC, 2013).

In order to improve air quality, source apportionment of PM in
Beijing was also widely performed by different receptor models, such
as chemical mass balance (CMB), positive matrix factorization (PMF)
and principal component analysis (PCA). However, in the receptor
models mentioned above, PMF is discussed to be the most suitable
tool for source apportionment. The reason is that PMF does not need
a priori information on source emission profiles when compared
with CMB, and PMF can constrain the factors and their loadings to be
non-negative in value and handle missing data (Paatero and Tapper,
1994; Paatero, 1997) when compared with PCA. Even though lots of
studies on source apportionment of PM in Beijing have been done by
PMF (Lei et al., 2004; Song et al., 2006, 2007; Zhang et al., 2007,
Wang et al., 2008, 2009; Yu et al., 2013; Wu et al., 2014), these
studies only used either inorganic or organic compounds to perform
source apportionment and the durations of sampling were compa-
rably short or discontinuous. Sources and characteristics of PM
samples from a short or discontinuous sampling period cannot be
satisfactorily representative of the whole year. A previous study
(Zhang et al., 2009a) pointed out that not less than 90 samples
should be analyzed to obtain robust PMF results when 48 chemical
species were included in the analysis. Of course more observations
increase the robustness of source contribution analysis.

Consequently, a full year of continuous data was investigated to
obtain more robust source apportionment and to investigate the
temporal variation of source contributions. Source apportionment
of PM in Beijing with continuous long-term inorganic and organic
compounds has not previously been reported. Here, for the first
time, data from a sampling campaign covering a full year of PM
sampling are investigated. Both inorganic and organic composition
was analyzed in this study and source apportionment based on a
full year of continuous data was conducted.

Daily PM samples were collected continuously for one year from
June 2010 until June 2011. Elemental carbon (EC), organic carbon
(0C), inorganic elements, water soluble ions, PAHs, hopanes and
levoglucosan were quantified. Source apportionment of PM was
performed by PMF on the basis of these chemical compounds. The
objectives of this paper are: (1) to investigate PM level at the height
for exposure to humans; (2) to study the annual and seasonal
variation of inorganic and organic species mass concentrations; (3)
to obtain the more robust source apportionment results based on a
large data set; (4) to look into the seasonal variation of different
sources contribution to PM; (5) to examine the contribution of
different sources in different air flows; (6) to discuss typical PM
chemical characteristics during the four seasons together with
meteorological influences.

2. Materials and methods
2.1. Sampling methods

Two sequential High-Volume Samplers (HVS, nominal flow
500 | min~", Digitel DHA-80, Hegnau, Switzerland), sampler A and
sampler B, were installed at the campus of the China University of
Geosciences (Beijing) (CUGB) (Fig. 1). PM samples (00:00—24:00)
were collected in parallel from 21 June 2010 till 20 June 2011.
Quartz fiber filters (Munktell T293, Falun, Sweden) with 150 mm
diameter were used as the collection substrate. One field blank
sample from both samplers was collected every second week. The
sampler inlet tubes were installed at a height of 2 m above ground,
which is a typical height for the exposure of humans.

2.2. Analytical methods

Filters of sampler A were heated at 500 °C for 6 h before sam-
pling and analyzed for EC, OC, water soluble ions and organic
compounds. Filters of sampler B were weighed by an analytical
balance (Mettler Analysenwaage AE240, reading precision 0.1 mg)
before and after sampling for gravimetric PM mass concentration
determination. A 48 h equilibration of filters at a temperature of
22 °C + 0.2 °C and a relative humidity (RH) of 42% + 0.5% in a
conditioning room was conducted before weighing. Filters of
sampler B were also used for inorganic elements analysis.

OC and EC were analyzed by a thermal/optical carbon analyser
(DRI Model 2001A, Desert Research Institute, USA). The IMPROVE
(Interagency Monitoring of Protected Visual Environments) A
protocol and the thermal optical reflection method (TOR) are
applied. Round filter parts with 8 mm diameter were punched
from each loaded sample and heated gradually at different tem-
peratures for measuring different OC (OC1, 0C2, 0C3 and OC4) and
EC fractions (EC1, EC2 and EC3). OC and EC have been corrected by
the value of optical pyrolyzed carbon (OPC) (OC=O0C1 +
0C2 + 0C3 +0C4 + OPC; EC = EC1 + EC2 + EC3-0PC). More de-
tails of this method can be found in previous studies (Chow et al.,
2007; Li et al., 2012a).

Inorganic elements, including K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, As,
Sn, Sb, Ba and Pb, were measured by polarized energy dispersive
X-ray fluorescence (PEDXRF, Epsilon 5, PANalytical, The
Netherlands). All loaded filters were analyzed as thin layer sam-
ples, using for calibration 30 filters of different load, which were
previously analyzed by Inductively coupled plasma mass spec-
trometry (ICP-MS). More details of this method are described by
Kramar (1999).

Cl~, NO3 and SOZ~ were analyzed by ion chromatography (IC)
(ICS-1500, Dionex, USA) and NHZ by a continuous flow analyser
(CFA) (Scan™™, Skalar, The Netherlands). Round filter parts with
25 mm diameter were punched from loaded filters and extracted
by 5 ml de-ionized water (Milli-Q, 18.2 MQ cm) in an ultrasonic
bath for 15 min. The extraction was taken for three times and the
solution was filtered by 0.45 um syringe filter after each extrac-
tion. 15 ml extracted solution was obtained for each sample in
total.

Levoglucosan, eleven Hopane substances and fifteen PAHs were
measured by in-situ derivatisation direct thermal desorption gas
chromatography time-of-flight mass spectrometry (IDTD-GC-
TOFMS). An Agilent 6890 gas chromatograph (Agilent, USA)
attached to a Pegasus III time of flight mass spectrometer
(Leco, USA) was used. The eleven Hopane substances are 18a(H)-
22,29,30-Trisnorneohopane (Ts), 17a(H)-22,29,30-Trisnorhopane
(Tm), 17P(H)-22,29,30-Trisnorhopane (27b), 17a(H)21B(H)-30-
Norhopane (29ab), 17B(H)21¢(H)-30-Norhopane (29ba), 17a(H)
21B(H)-Hopane (30ab), 173(H)210(H)-Hopane (Moretan) (30ba),
22S-170(H)21B(H)-Homohopane  (31abS), 22R-174(H)21B(H)-
Homohopane (31abR), 22S-17«(H)21p(H)-Bishomohopane (32abs),
and 22R-17a(H)21B(H)-Bishomohopane (32abR). The fifteen PAHs
are Phenanthrene (PHE), Anthracene (ANT), Pyrene (PYR), Fluo-
ranthene (FLU), Benz[a]anthracene (BAA), Chrysene (CRY), sum of
Benzfluoranthenes (BBKF), Benzo[e]pyrene (BEP), Benzo[a]pyrene
(BAP), Perylene (PER), Dibenz[a,h]anthracene (DAH), Indeno[1,2,3-
cd]pyrene (IND), Picene (PIC), Benzo[ghi])perylene (BGH), and
Coronene (COR). However, PHE, ANT, PYR and FLU are considered to
be semi-volatile and thus mainly present in the gas phase. As the
mass concentrations of these compounds determined in PM sam-
ples are highly driven by the gas phase concentrations during the
last minutes of sampling, PHE, ANT, PYR and FLU are excluded from
discussion in this study. More details of this method are described
by Orasche et al. (2011).
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Fig. 1. The location of the sampling sites in Beijing (Source: http://map.baidu.com): CUGB is the China University of Geosciences (Beijing); IAP is the Institute of Atmospheric Physics
of the Chinese Academy of Sciences; ZBAA is the code for the monitoring site from where one can obtain meteorological data on the website of the University of Wyoming, USA

(http://weather.uwyo.edu/upperair/sounding.html).

2.3. Meteorological parameters

Meteorological data, including temperature (T), atmospheric
pressure (p), relative humidity (RH), visibility, wind speed (WS) and
wind direction (WD), were collected from the internet page of the
University of Wyoming, USA (http://weather.uwyo.edu/upperair/
sounding.html) where the data of the weather station ZBAA
(Fig. 1) is available. The available maximum visibility data is only up
to 10 km. Wind roses were produced from ZBAA half hourly wind
data with WRPLOT View Freeware (Lakes Environmental, Ontario,
Canada).

Mixing layer height (MLH) was determined by a ceilometer CL31
(Vaisala GmbH, Hamburg, Germany), a laser-based remote sensing
system (mini lidar), at the IAP (Institute of Atmospheric Physics)
(Fig. 1). All details about methods of MLH calculation from particle
backscatter intensities are described in previous studies (Miinkel
et al., 2007; Emeis et al., 2008).

2.4. Positive matrix factorization (PMF)

PMF is one kind of multivariate factor analysis methods which
uses a matrix of measured data and a matrix of known uncertainties
of individual data points to produce two matrices: factor profiles
and factor contributions. So PMF can be written as:

P
Xij = 8ikfij + €jj (1)

k=1

where x;; is the measured concentration of compound j in sample i
(ng m~3), p is the total number of factors, g is the contribution of
factor k to sample i (ug m~3), fij is the profile of compounds j of

factork(gg~"),and ejj is the residual for the compounds j in sample
i(ngm>).

The aim of the PMF method is to find the minimum weighted
sum of the squared residual function Q value (Equation (2)) by
using least-squares fitting (Paatero and Tapper, 1993, 1994). The
solution obtained at the minimum Q value is considered to be a
reasonable result. The equation is as follows:

p
L Xjj Zk:] gikfkj
Llij

Q= (2)

i=1 j=1

Here, ujj is the uncertainty of xj;, n is the total number of sam-
ples, and m is the total number of measured compounds. The value
of p, m, and n are restricted as p < m and n > m. More details about
PMF are described by previous studies (Paatero and Tapper, 1993;
Paatero and Hopke, 2003; Reff et al., 2007; Norris et al., 2008).

Input data x;; lower than or equal to the limit of quantification
(LOQ) were replaced by half of the LOQ and their uncertainties uj
were set as 5/6 of the LOQ (Polissar et al., 1998). But if x;; is higher
than the LOQ, uj were calculated by following equation (Norris
et al., 2008):

ujj = (((Error Fraction)*xij)2 + LOQiZj)Q5 (3)
where error fraction (%) is estimated from both sampling error and
analytical error. In this study, an error fraction of 8—10% for trace
elements, 8% for EC and OC, 12—15% for water soluble ions, and
12—20% for organic compounds were estimated for the PMF
analysis.
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The missing data were replaced by the mean values of that
species and the uncertainties were set as three times of the mean
value (Gu et al., 2011). LOQ of all species are shown in the Table S1
of the Supporting Material. The modeling uncertainty, which is
caused by other errors, such as variation of source profile and
chemical transformation, was set as 5% in this study according to
the suggestion from Norris et al. (2008).

In this study, species were discarded from the model if the sum
of the number of missing data and the number of data with values
below the LOQ was more than 1/3 of the samples.

Signal to Noise (S/N) ratios were used to categorize a species,
and according to S/N ratios (Paatero and Hopke, 2003), three cat-
egories were obtained: “bad”(S/N < 0.2), “weak”(0.2 < S/N < 2), and
“strong” (S/N > 2). “Bad” means this species will be excluded from
the PMF model. “Weak” means the uncertainty of this species will
be increased by model in order to reduce the influence of this
species. Further information about S/N ratios of each input species
are listed in Table S2 of the Support Material. 321 PM samples with
31 species (OC, EC, C17, NO3, SO, NH1, K, Ca, Ti, Mn, Fe, Cu, Zn, As,
Ba, Pb, 29ab, 29ba, 30ab, 30ba, 31abs, 31abR, BAA, CRY, BBKF, BEP,
BAP, IND, PIC, BGH and levoglucosan) were used in the final PMF
analysis (n = 321 and m = 32). The PM4 mass concentration was
also included but marked as a “total variable” which was grouped
into the “weak category” automatically by the model in order to
reduce its influence on the PMF solution. PMF was run several times
with different factor numbers (4—12) to determine the most
reasonable number of factors. The Q values (see equation (2)),
which are goodness-of-fit parameters, are checked first to assess
how well the model fits. The Q values in all runs converged and Q-
robust was close to Q-true, indicating that the model fit well with
the input data and the global minimum Q was found. In addition,
the G-space plot (factor versus another factor) showed no edges in
all factors, indicating that there is no rotational ambiguity. There-
fore Fpeak = 0 was used in this study. Finally, six factors were
determined to be the most meaningful result. After a reasonable
solution was selected, a 100 bootstrap was run (minimum R? = 0.6)
to check its stability. Of the 100 runs, factor 1, factor 2 and factor 6
only had 2, 2 and 3 bootstraps unmapped, respectively, while all the
remaining three factors had all bootstraps mapped. The correlation
R?> between modeled PM; mass concentrations by PMF and
measured PM4 mass concentrations reached 0.93 with a slope of
0.96, showing that model can adequately reproduce the measured
PM,4 mass concentration. Therefore, the solution with six factors
was considered as a stable result.

2.5. Backward trajectory analysis

The HYSPLIT4 (Hybrid Single Particle Lagrangian Integrated
Trajectory, Version 4) model was used to calculate backward tra-
jectories of air flows (http://ready.arl.noaa.gov/HYSPLIT.php) with
meteorological data from Global Data Assimilation System (GDAS).
In order to cover both horizontal and vertical scale transport of air
flows, 72 h backward trajectories were selected (Zhu et al., 2011; Li
et al.,, 2012b). 500 m height above ground level (AGL) at the ending
point was chosen because in general pollutants are well mixed up
to this height. The same application can also be found in previous
studies (Zhang et al., 2009b; Ji et al.,, 2014). The time ending at
06:00 UTC (14:00 local) was chosen for calculating backward tra-
jectories indicative of each day because the MLH is the highest at
this time during the day and the conditions are favorable for mixing
of air pollutants.

In order to obtain the possible source locations, cluster analysis
based on backward trajectories was performed by multiple itera-
tions. The aim of cluster analysis is to sort all backward trajectories
which have similar movements into the same group, a so-called

cluster. During iteration, the cluster spatial variance (SPVAR) and
the total spatial variance (TSV) among trajectories were calculated.
SPVAR is the sum of the squared distances between the endpoints
of the trajectories and corresponding cluster-mean, while TSV is the
sum of SPVAR of all clusters (Draxler et al., 2009). At the initial step,
one trajectory is considered as one cluster. With iterations, two
trajectories with the lowest increase in STV are paired into the
same cluster. Iterations continue until the rapid increase in STV is
found. The detail about cluster analysis can be found in previous
studies (Draxler et al., 2009; Kelly et al., 2012).

2.6. Quality assurance/quality control (QA/QC)

All filter holders and rings were cleaned by de-ionized water
twice in an ultrasonic bath before being used. A time of 20 min was
used for each cleaning. The holders and rings were then washed by
de-ionized water individually once more and baked at 110 °C in an
oven for 1 h. The tweezers were also first cleaned by de-ionized
water and then by methanol once more before each time using.
All loaded filters were stored at —20 °C before the chemical anal-
ysis, while all experimental results were corrected by deducting the
blank filter values.

A not instantly perceived fault during installation of the devices
led to a decreased collection air flow of 167 1 min~! in both sam-
plers. Meanwhile, the size of the collected particles on the filters
was changed with the reduction of flow volume of samplers.

According to the impactor design theory (Gussman, 1969;
Marple and Liu, 1974; Marple and Willeke, 1976), the equation is
given as:

4p,QCDZ,

Stkso = 9renpW3

(4)

Here, Stksg is the stokes number at 50% collection efficiency, pp
is the particle density (pp=1g cm—2), Q is the total volume passing
through the sampler, C is the Cunningham slip correction factor, Dsg
is particle diameter at 50% collection efficiency, n is the number of
nozzles (n = 10), p is the flux viscosity (n = 1.81 x 104 kgs~ ' m™1)
and W is the jet width (5.6 mm).

Because Stks is relatively constant when the ratio of jet-to-plate
distance to jet width (S/W) is larger than 1.0 (Marple and Willeke,
1976) (in our study, S/W = 3.6), the cut-off size of particles C>>Dsq
can be recalculated as PMy (aerodynamic diameter of PM is less
than 4 um), which is still meaningful and can be represented as
respirable particulate matter (Fromme et al., 2005; Keil et al., 2010).
The most important point is that the variation trend of PMy is
supported by simultaneous PM; 5 TEOM data at CAS/IAP (Institute
of Atmospheric Physics, Chinese Academy of Sciences) (Xin et al.,
2014).

3. Results
3.1. PM4 mass concentrations

Annual variation of PMjs mass concentrations from 18 to
321 pg m~> with an annual average value of 83 ug m~3 is shown in
Fig. 2. Significant variation of monthly PM4 mass concentrations
was observed. PM4 mass decreased continuously from June 2010 till
September 2010, then increased from October 2010 till November
2010, and decreased again after December 2010, reached the lowest
monthly average value (44 pg m~>) in January 2011, and the highest
monthly average value of 117 pg m~> in April 2011 (Fig. S1 of the
Supporting material). The seasonal variation of PM4 mass concen-
tration was also examined. Considering the heating periods, the
seasons are defined as summer from June till August, autumn in
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Fig. 2. Annual variation of daily mean PM, mass concentrations at the CUGB from 2010.06.21 till 2011.06.20.

September and October, winter from November till March, and
spring in April and May. Only 20 days were investigated in summer
2011 (from 1 June till 20 June 2011), which cannot be representative
for summer 2011. So in this paper, the data of these 20 samples will
not be discussed with respect to seasonal variation. PM4 mass
concentrations are found to reach the highest value of 95 pg m—3
during spring 2011, decrease through the winter 2010 (83 ug m>),
summer 2010 (82 pg m~>) and show the lowest values in autumn
2010 (80 pg m~3).

3.2. Mass concentrations of chemical species in PMy

In order to assess air quality, seasonal average mass concen-
trations of chemical compounds in PMy are listed in Table 1.

3.2.1. EC and OC

The variation of daily EC and OC are shown in Fig. S2(a) of the
Supporting material. Daily EC and OC mass concentrations varied
from 0.5 to 11.6 pg C m~> and from 5.4 to 70.1 pg C m~> with annual
average mass concentrations of 3.8 + 2.1 (mean =+ standard devia-
tion, similarly hereinafter) pg C m—> and 18.9 + 10.9 pg C m3,
respectively. EC had the highest mass concentration in autumn
2010 (4.3 + 2.2 ug C m~3) and the lowest mass concentration in
spring 2011 (3.2 + 1.8 pg C m~3), while the seasonal average con-
centration of OC was the highest of 19.2 + 13.5 ug C m~> in winter
2010 and the lowest of 18.0 + 9.7 ug C m > in spring 2011. The mass
percentages of EC and OC in PM4 showed no large variation in
different seasons, 5.2%, 5.9%, 5.4% and 4.3% for EC and 26%, 26%, 25%
and 24% for OC in summer 2010, autumn 2010, winter 2010 and
spring 2011, respectively. The annual average contributions of EC
and OC to PM4 mass were 5.3% and 26%, respectively.

Carbonaceous matter (CM) was estimated applying the
following equation (Turpin and Lim, 2001).

CM =OM + EC=1.6 x OC + EC (5)
where OM is organic matter which can be estimated from OC. The
ratio between OM and OC was found to range from 1.4 to 1.8
depending on the oxidative state of the aerosol which may lead to a
seasonally dependent ratio. In this study, an average ratio of 1.6 was
used (Turpin and Lim, 2001).

CM contributed 45%, 48%, 46% and 38% to PM,4 mass in summer
2010, autumn 2010, winter 2010 and spring 2011, respectively with
the annual average mass percentage of 46%. It shows that CM is an
important constituent in PMg.

A ratio of OC/EC higher than 2 is an indicator for the presence of
secondary organic carbon (SOC) (Chow et al., 1996). OC/EC mass
ratio in Fig. S2(a) of the Supporting material showed that all OC/EC
ratios during the whole year were higher than 2, which indicated
that SOC formation in Beijing PM is common. SOC can be estimated
from OC and EC but an uncertainty is exists which is not easily
evaluated. Therefore, estimation of SOC was not conducted in this
study. OC/EC ratios varied from 2.7 to 48.6 with an average value of
5.3. The seasonal variation showed that the lowest OC/EC ratio was
4.4 in autumn 2010 and the highest value was 5.6 in spring 2011.
The highest OC/EC value (48.6) was found on 1 May 2011 caused by
dust storm on 1 May 2011 which transported organic soil material
with high OC concentration (Zhao et al., 2013a) to Beijing.

3.2.2. Organic compounds

Levoglucosan shown in Fig. 2S(b) of the Supporting material was
the dominant compound in all measured organic species and mass
concentrations varied from 8 to 2443 ng m~> with an annual
average value of 406 ng m~> and contributed 0.6% to PM4 mass. The
seasonal variation of levoglucosan mass concentration (Table 1)
showed the highest mass concentration in summer 2010
(667 ng m—3), followed by autumn 2010 (568 ng m~>), winter 2010
(369 ng m~3), and the lowest was in spring 2011 (176 ng m ).

Most of hopanes, except Ts, 30ab and 31abS, had the highest
mass concentration in winter 2010 (Table 1). The dominant sub-
stances were 29ab and 30ab in all hopane compounds (Fig. 2S(b)),
which contributed 23% and 24% to the hopane pattern, respectively.

The daily sum of PAH mass concentrations were in the range of
1-332 ng m~>. The lowest PAH mass concentration was found in
summer 2010, followed by spring 2011 and autumn 2010, and
increased rapidly during winter time as also observed in previous
studies (He et al., 2006; Huang et al., 2006).

3.2.3. Water soluble ions

S0~ showed the highest mass concentration of 21.9 pg m= in
summer 2010 and the lowest mass concentration of 9.9 pg m—> in
spring 2011. NO3 had the highest mass concentration at 11.7 ug m—>3
in winter 2010 and the lowest mass concentration in summer 2010
(1.7 ng m~3). Seasonal variation of NH mass concentration showed
the highest value in autumn 2010, followed by summer 2010,
winter 2010, and spring 2011. The contribution of SO, NO3 and
NHZ (SNA) to PM4 mass concentration ranged from 2% to 85% with
an annual average value of 24%, and 33%, 26%, 23% and 20% in
summer 2010, autumn 2010, winter 2010 and spring 2011,

3
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Table 1

Seasonal average mass concentrations of chemical compounds in PM, at the CUGB from 2010.06.21 till 2011.06.20 (unit: from EC to NHZ: pg m~>; from Fe to COR: ng m3).
Species Annual average Summer 2010 Autumn 2010 Winter 2010 Spring 2011
EC/OC
EC 38 +21 3.8+09 43 +22 40+ 2.6 32+18
oC 18.9 = 10.9 182 +2.8 18.8 + 10.6 19.2 + 135 18.0 9.7
Ions
Cl~ 20+3.0 0.07 + 0.2 0.5+ 0.7 3.0+35 09+1.7
NO3 8.6 +21.2 1.7+1.0 99+ 174 11.7 + 288 75+113
Nvw 12.8 +19.3 219 + 163 12.8 + 16.3 10.9 + 23.7 9.9 + 10.7
NHZ 46 + 8.6 56 +43 58+99 4.6 + 10.6 28 +4.0
Elements
Fe 1455 + 1198 1155 + 368 1227 + 605 1494 + 1169 2103 + 2013
K 1569 + 1740 1163 + 827 1070 + 771 1899 + 2318 1585 + 1370
Ca 2340 + 2048 1534 + 544 1747 + 862 2540 + 1898 3587 + 3494
Ti 102 + 101 67.3 +£22.9 72.6 + 36.8 107 + 77.6 175 + 190
Mn 523 +374 37.6 +13.1 46.8 + 23.3 61.0 + 42.8 60.7 + 48.9
Cr 163 + 13.0 175+ 11.0 143 +£ 8.7 17.8 + 155 143 +114
Ni 1.0+ 0.7 09+ 06 0.7 + 0.5 1.1+08 1.0+0.7
Cu 35.5 +30.9 28.8 + 16.8 37.0 +283 399 + 37.8 31.0 + 275
Zn 326 + 301 350 + 219 328 + 296 313 + 351 326 + 295
As 15.6 + 19.6 13.1 £ 13.1 127 £ 134 17.2 + 246 16.8 £ 19.9
Sn 53+36 50+35 41+33 53+35 6.0 + 3.8
Sb 28+19 26+20 2720 3.0+2.0 27+18
Ba 225+ 188 17.8 + 5.8 189+ 95 231+ 184 32.6 +315
Pb 105 +98.8 96.6 + 56.2 97.3 + 80.6 116 + 122 99.2 + 103
Organic compounds
Levoglucosan 406 + 352 667 + 462 568 + 451 369 + 262 176 + 131
Hopanes
Ts 15+1.0 1.5+09 1.7 +0.9 1.3 +09 1.5+09
Tm 24 +22 1.1+£05 1.6 +0.8 34+27 1.3+ 06
29ab 5.6 +4.2 46+ 1.6 53+23 6.6 + 5.5 34+19
29ba 29+32 09 +05 1.3+0.5 45 + 3.7 09+0.38
30ab 5.6 +3.7 52+18 6.0 + 2.5 57 +44 4.0 + 2.7
30ba 26 +3.0 0.8 +03 14 +0.5 4.0+ 3.6 0.9 + 0.6
31abs 21+11 23+06 24 +08 19+ 1.1 1.5+09
31abR 19+1.1 1.7+ 04 1.7 £ 0.6 22+14 1.2+09
32abs 1.6 +0.9 14 +04 1.6 +04 1.8+ 1.0 1.0+ 0.9
32abR 14 +09 13+1.0 1.1+04 1.5+09 09+ 1.0
PAHs
BAA 2.1 +4.0 0.1+0.1 04 +04 44 + 5.1 03+02
CRY 5.6 + 8.6 08 +04 19+19 10.8 + 10.8 14+1.0
BBKF 7.5+ 10.8 13 +£0.5 3.6+29 14.0 + 135 22+18
BEP 23+33 04 +02 1.2 +09 42 + 4.1 0.7 £ 0.6
BAP 2.6 +38 03+02 1.1+1.0 47 +5.0 1.2+0.5
PER 0.7 + 0.9 0.06 + 0.03 04 +1.1 1.0+ 0.9 0.2 +0.1
DAH 0.7 £ 0.8 0.2 +0.1 04 +03 1.1+£0.8 1.1+£13
IND 34+44 0.8 +0.5 20+14 59+54 13+1.0
PIC 0.9 +0.8 0.1 + 0.05 0.5+ 03 1.2+08 0.5+ 0.5
BGH 25+32 0.6 +0.2 16+1.2 43 +3.9 1.0+ 0.9
COR 26+24 1.0+0.8 14+1.2 38+26 1.0+ 0.8

respectively. CI~ was a minor fraction (2%) in PM4 in comparison
with SNA and it showed noticeably high mass concentration of
3.0 ug m~2 during winter 2010 compared with summer 2010.

3.2.4. Inorganic elements

In all measured metals, Ca had the highest annual average mass
concentration (2340 ng m~3) while the lowest was Ni with
1.0 ng m>. Fe, Ca, Ti and Ba, which are discussed to be related to the
crustal sources (Yang et al., 2005), accounted for 67% of all
elemental mass, and showed similar variation patterns over the
whole year with many similar peaks in mass concentration. For
instance, the highest mass concentrations of these four elements
occurred in spring 2011 which was likely due to a dust storm
contribution (Fig. 3S(a) of the Supporting material). The annual
average mass concentration of [Fe + Ca + Ti + Ba] was 3913 ngm 3,
and showed the seasonal average mass concentration of 2774, 3037,
4163 and 5898 ng m~3 in summer 2010, autumn 2010, winter 2010
and spring 2011, respectively. The other non-crustal elements, such

as Zn, As and Pb, which are generally considered to originate from
anthropogenic sources (Shi et al., 2010; Tian et al., 2010; Soriano
et al., 2012; Xu et al., 2012), followed a similar pattern during the
whole sampling period and showed no large differences from
season to season ([Zn + As + Pb]: 460 ng m~> in summer 2010,
432 ng m~> in autumn 2010, 446 ng m~> in winter 2010 and
441 ng m~2 in spring 2010) except significant lower mass con-
centrations in January 2011 (Fig. 3S(b) of the Supporting material),
which corresponds to relatively low PM4 mass concentration.

3.3. PM4 mass balance

The mass balance of PMy is shown in Fig. 3. Organic matter was
calculated by 1.6 times OC (Formula 5) and was the largest fraction
of PM4 with a mass contribution of 41%. SO, NO3 and NHZ (SNA)
contributed 25% to PM4 mass. Crustal elements were described by
the sum of Fe, Ca, Ti and Ba and contributed 5% to PM4 mass. Trace
elements including Cr, Ni, Zn, As, Pb, Sn, Cu and Sb, only were 1% of



R. Shen et al. / Atmospheric Pollution Research 7 (2016) 235—248 241

Other

Trace elements
u Fe+Ca+Ti+Ba
=S0,7
ENO;
NH,*
mEC
=0M

Mass percentage (%)

Summer  Autumn Winter

Annual
Average 2010 2010 2010 2011

Spring

Fig. 3. Mass balance of PM, on the basis of daily mean samples in different seasons at
the CUGB during 2010—2011.

PMy4 mass. The other unknown part was the third highest fraction of
PM4 mass with the contribution of 23%.

Seasonal mass balance of PMy is also shown in Fig. 3. Both OM
and EC had the lowest contribution of 37% and 4% to PMy in spring
2010, respectively. NO3 showed the highest values (10%) in winter
2010 while SO~ and NHZ had the highest contribution (25% and
6%) in summer 2010 on the contrary. The sum of Fe, Ca, Ti and Ba
showed the clearly highest contribution in spring 2011 (6%). The
exception was trace elements had no large variation during the four
seasons.

3.4. Source apportionment

Six factors that can be explained as sources were determined by
PMF (see discussion below). The species mass concentration (g g™,
the species mass contained in 1 g particles in each factor) and mass
percentage (%, the species mass concentration contained in one
factor divided by the total mass concentration in all factors) are
shown in Fig. 4. The time series variation of each factor mass con-
centration is shown in Fig. 5. The seasonal mass contributions of six
factors are listed in Table 2.

4. Discussions
4.1. Organic compounds

Levoglucosan is widely used as an indicator for biomass burning
(Zhang et al., 2008; Wagener et al., 2012), so the contribution of
biomass burning to OC can be implied by the mass ratio of levo-
glucosan to OC (Zhang et al., 2008). Levoglucosan had much higher
mass concentrations in summer and autumn than in winter and
spring (Table 1), while the seasonal average mass ratios of levo-
glucosan to OC also showed the highest values in summer 2010
(0.04), followed by autumn 2010 (0.03), then winter 2010 (0.02)
and spring 2011 (0.01). All these indicated that biomass burning
contributed significantly to the particle loading in summer and
autumn in Beijing. This agrees well with previous studies which
pointed out that biomass burning, such as the combustion of
agricultural waste and fallen leaves, usually happens in summer
and autumn in Beijing and its surrounding area (Huang et al., 2012).

Fossil fuel combustion, such as coal combustion and vehicle
emissions, is considered to be the main source of hopanes (He et al.,
2006; Schnelle-Kreis et al., 2007). The hopane patterns, such as
hopane index or homohopane index, are usually used to distinguish
mineral oil based sources like vehicle emission from coal

combustion sources (Oros and Simoneit, 2000). The hopane index,
30ab/(30ab + 30ba), was found to be 0.1 for lignite coal, 0.5 for
bituminous coal, 0.6 for brown coal (Oros and Simoneit, 2000) and
greater than 0.9 for crude oil (El-Gayar et al., 2002). In this study, it
varied from 0.29 to 0.95 with an annual average value of 0.72, and
had the highest value of 0.86 in summer 2010, followed by autumn
2010 (0.83), spring 2011 (0.82) and the lowest values in winter 2010
(0.61). The homohopane index, 31abS/(31abS + 31abR), was found
to be about 0.1 for lignite coal, 0.4 for bituminous coal, and 0.6 for
fuel oil combustion (Oros and Simoneit, 2000; Schnelle-Kreis et al.,
2007). In PMy, it ranged from 0.14 to 0.78 with an annual average
value of 0.53 and had a value of 0.57, 0.58, 0.47 and 0.56 in summer
2010, autumn 2010, winter 2010 and spring 2010, respectively. So
both indexes in winter had lower values in comparison to other
seasons, indicating that hopanes in spring, summer and autumn
mainly originated from fuel oil consumption while coal combustion
had a greater contribution to hopanes during winter.

PAHs had the highest mass concentrations in winter (Table 1).
The reasons could be low temperatures, weak solar radiation (He
et al., 2006) and the increase in coal combustion. PIC in PAHs, a
tracer for coal combustion (Oros and Simoneit, 2000), had the
highest mass concentration with the value of 1.2 ng m~> in winter
2010, followed by autumn 2010 and spring 2011 which had the
same value of 0.5 ng m~3 and much higher than in summer 2010
(0.1 ng m~3). This supported that coal combustion contributed a
large amount to PAHs during winter.

4.2. Interpretation of factors from PMF results

The first factor contained 65% of SO3~, 50% of NHZ and 55% of
levoglucosan (Fig. 4). As discussed in Section 4.1, levoglucosan is
widely used as a tracer for biomass burning (Zhang et al., 2008;
Wagener et al,, 2012). From Fig. 5 and Table 2, the time series
variation and seasonal variation show that this factor had the
highest mass concentration during summer (35.8 pg m~—>) and
followed by autumn with the value of 13.7 pg m~>. This is because
biomass burning usually happens during summer and autumn in
Beijing and its surrounding areas (Huang et al., 2012) and the sec-
ondary sulfate is easily formed under strong solar radiation and
high temperature, especially in summer (Seinfeld and Pandis,
2006). In addition, previous studies showed that SO~ mass con-
centration increased during biomass burning episodes (Cheng et al.,
2014; Rastogi et al., 2014). Therefore this factor can be explained by
biomass burning and secondary sulfate formation.

The second factor was characterized by high concentrations of
nitrate and ammonium, which can be explained as a secondary
nitrate formation. The time series (Fig. 5) and Table 2 show that this
factor concentrated during autumn (13.2 pg m~>) and winter
(104 pg m~) but had the lowest concentration during summer
(0.8 ug m~3). The low values during summer may be biased because
ammonium nitrate is semi-volatile and high temperatures in
summer could have caused losses from the filters.

The third factor was mainly contributed by Fe (58%), Ca (59%), Ti
(67%), Mn (48%), and Ba (59%) (Fig. 4). The main source of all these
elements is considered as soil. The time series (Fig. 5) and seasonal
variation (Table 2) showed that high concentrations of this factor
were concentrated during spring with the value of 53.6 ug m—>
when dust storms occurred. For instance, this factor had a peak
value on 30 April 2011 when a dust storm happened. Therefore, this
factor is indicative of mineral dust, including dust storm, road dust
and construction dust.

The fourth factor was characterized by relative high contri-
butions of As (79%), Zn (66%), Pb (57%), Cu (45%) (Fig. 4). As was
found to be originated from smelter and base-metal refinery in-
dustries (Wang and Mulligan, 2006). Zn and Cu are originated
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Fig. 4. PMF factor profiles from chemical compounds data in PM4 during 2010—2011 at the CUGB.

from industrial metallurgical process (Xu et al., 2012). Tangshan
city and Tianjin Municipality are important industrial cities which
are located to the Southeast of Beijing. The main industry in
Tangshan is iron and steel. In Tianjin, metalworking is one kind of
important industry. Pb was considered to have originated from
the ceramic industry, the manufacturing of insecticides, paints,
glass and storage batteries (Soriano et al., 2012). Porcelain is
another important industry in Tangshan city and producing

photovoltaic cells is an important industry in Baoding city which
is located to the Southwest of Beijing. In addition to surrounding
cities, the smelter industry is also located inside of Beijing, to the
Northwest of CUGB, which is called “Changping smelter”. All
above mentioned support that this factor can be representative of
industrial based sources. The time series (Fig. 5) shows that the
contribution of this factor to PMy is stable during the whole year,
except in January 2011 where the lowest mass concentration was
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Fig. 5. Daily mean contributions of six sources from the PMF analysis for PM4 at the CUGB in Beijing during 2010—2011.

found, which is supported by the lowest PM4 mass concentration
at the same period. The reason could be it was influenced by
meteorological parameters and the decrease in human activities
during winter holiday period.

The fifth factor in Fig. 5 was dominated by PAHs (95% of BAA,
90% of CRY, 80% of BBKF, 76% of BEP, 76% of BAP, 68% of IND, 80% of
PIC and 67% of BGH), 29ba (87%), 30ba (70%), CI~ (76%), and lev-
oglucosan (23%). Levoglucosan was found not only from biomass

Table 2
Seasonal contributions of 6 factors to PM4 during 2010—2011 (unit: pg m3).
Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6
Secondary sulfate formation Secondary nitrate formation Mineral dust Industry Coal combustion Traffic
and biomass burning
Annual average 141 8.6 291 8.8 4.8 14.4
Summer 2010 35.8 0.8 171 7.3 03 16.3
Autumn 2010 13.7 13.2 20.7 9.0 1.1 17.5
Winter 2010 8.6 104 27.7 8.9 10.2 134
Spring 2011 8.5 8.1 53.6 9.9 0.7 9.8
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burning, but also from lignite combustion (Fabbri et al., 2008,
2009). Even though levoglucosan could also be caused by
biomass burning for heating in winter, this form of heating is less
common in the Beijing-Tianjin-Hebei region in comparison with
coal combustion. Therefore, levoglucosan in this factor was most
probably from coal combustion. Cl~ also can originate from coal
combustion (Yao et al., 2002) and PIC is also used as a tracer for
coal combustion (Oros and Simoneit, 2000). In this factor, the
hopane index 30ab/(30 ab + 30ba) is 0.2. As discussed in Section
4.1, this factor can be interpreted as coal combustion. In addition,
contribution of this factor was found to be concentrated during
winter (Fig. 5 and Table 2), indicating that coal combustion for
heating during winter is the main reason. Most of PAHs were
found to have a high contribution in this factor, showing that most
of the very health hazardous PAHs are associated with coal
combustion.

The sixth factor found in Fig. 5 was characterized by EC (52%), OC
(49%), 29ab (64%), 30ab (70%), 31abS (78%) and 31abR (63%). In this
factor, the homohopane index 31abS/(31abS + 31abR) was 0.6 and
the hopane index 30ab/(30ab + 30ba) was 0.9. Both indexes indi-
cated that this factor can be explained by oil combustion. Hopanes
are considered to be an organic tracer for the lubricating oil which
is usually used for gasoline or diesel engine vehicles (Rogge et al.,
1993; Phuleria et al., 2006; Kleeman et al., 2009). Therefore this
factor can be considered as traffic.

The six factors can be interpreted as a mixture of secondary
sulfate formation and biomass burning, secondary nitrate forma-
tion, mineral dust, industry, coal combustion and traffic. These
sources contributed the average value of 14.1, 8.6, 29.1, 8.8, 4.8 and
14.4 pg m—> to PM4 mass and constitute 18%, 11%, 36%, 11%, 6% and
18% of PM4 mass, respectively (Table 2). The major sources of PM 5
in Beijing from previous studies (Song et al., 2007; Wang et al.,
2008; Yu et al., 2013) can be listed as: dust, biomass burning, coal
combustion, industry, vehicle emission and secondary particles
formation. The difference to these studies is that the contribution of
each source is different. In particular, the contribution of mineral
dust to PM is much higher in this study and mineral dust is found to
be an important source in Beijing, especially in spring. The reason
could be that the size of PMy is coarser than PM, 5. On the other
hand, the sampler inlet tubes were installed at a height of 2 m
above ground, which is a typical height for the exposure of humans
and is closer to the ground which can be more influenced by road
dust.

The results from source apportionment illustrate the seasonal
variation of each source and the dominant source of PM in each
season (Table 2). In general, secondary sulfate formation and
biomass burning contributions were concentrated in summer,
while secondary nitrate formation concentrated in autumn and
winter. PM from mineral dust had a relative high concentration
during the whole year, especially in spring. Industry distributed
relatively consistently throughout the whole year. Coal combustion
for heating clearly had an obvious high contribution in winter. PM
from traffic had a relative higher concentration in summer and
autumn.

Considering source markers usually have more than one
possible source, using single source marker or one category of
species to trace the source is not complete. In this study, source
apportionment was performed using a full year of data from both of
inorganic and organic species for the first time to obtain more
reasonable source identifications. In doing so it was possible to
identify contributions from, e.g., coal combustion separated from
traffic emissions. On the other hand it was not possible to un-mix
sources with very similar variations in time like secondary sulfate
formation and biomass burning.

4.3. Regional transportation indicated by back trajectories and
cluster analysis

HYSPLIT4 was used to calculate 72 h backward trajectories at
500 m AGL prior to arriving in Beijing at 14:00 local time each day.
Four trajectory clusters were obtained (Fig. 6).

Clusters 1, 2, 3 and 4 expressed the air flow from the South, the
North, the Northwest and the Northwest with a long range trans-
port of Beijing, respectively. These clusters are called the “South
flow” (S flow), the “North flow” (N flow), “Northwest flow” (NW
flow) and Long-range Northwest flow” (Long-range NW flow) and
they accounted for 33%, 17%, 35% and 15% of all air flows, respec-
tively. Long-range NW flow was longer than NW flow which indi-
cated that Long-range NW flow had higher wind speeds in
comparison with NW flow. In all clusters, the S flow was the
shortest trajectory by far, which can be explained by the presence of
relatively stagnant conditions.

According to these four clusters, all sampling days were also
classified into four groups (Table 3). The highest PM4 mass con-
centration was from the S flow (103 ug m—>), followed by the long-
range NW flow (95 pg m~3), the NW flow (63 pg m~3) and the N
flow (57 pg m—3). The mixture of secondary sulfate formation and
biomass burning, secondary nitrate formation and industry sources
were mainly from S flows with the highest mass concentrations of
33.5, 14.2 and 12.8 pg m2, respectively. In other words, the pre-
cursors of secondary inorganic ions, such as SO, and NOy, were
transported mainly from the cities which are located in the South of
Beijing, such as Tianjin Municipality and Tangshan city. Both of
these two cities are important heavy industrial cities. This indicates
that cities located in the South of Beijing play an important role in
PM pollution in Beijing. The highest contributions from mineral
dust (43.9 ug m—3) and coal combustion (10.8 pg m~>) were found
to be from long-range NW flows, the longest trajectory, which
means this cluster was accompanied by the highest wind speed. In
addition, this air flow passed Russia, Mongolia, Inner Mongolia and
Hebei Province to Beijing. Therefore, high wind speeds could
transport the dust particles from Gobi desert in Mongolia and
sandy lands in Inner Mongolia to Beijing, leading to the increase in
the mass concentration of mineral dust. Coal is widely used for
heating during winter in Mongolia, Inner Mongolia and Hebei

Cluster means - Standard
321 backward trajectories
GDAS Meteorological Data

My

i

4 15%),

Fig. 6. Clusters of backward trajectories during 2010—2011.
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Table 3

Summary of source distribution to PM, and corresponding PM, mass concentration on different directions of air flows during 2010—2011 (unit: pg m—3). S is South, etc.

Direction Secondary sulfate formation Secondary nitrate formation Mineral dust Industry Coal combustion Traffic PM,4
and biomass burning

S flow 335 14.2 22.6 12.8 33 16.7 103

N flow 55 5.9 23.6 6.6 25 12.6 57

NW flow 34 4.7 31.6 5.9 4.7 13.0 63

Long-range NW flow 6.9 8.8 43.9 9.5 10.8 15.1 95

Province, and Zhangjiakou fossil-fuel power station, which mainly
used coal, is also located on route where the long-range NW flow
passed. 75% of sampling days from long-range NW flows were
found to be in winter. Therefore, the highest contribution from coal
combustion was found from long-range NW flows coincidentally.
Traffic showed little variation in all four backward trajectory clus-
ters, indicating that it was mainly from local sources.

Whole year

Autumn 2010

-

e Spring 2011

.

4.4. Influences of meteorological parameters and effect on visibility

Previous studies have pointed out that meteorological param-
eters were key factors affecting PM loading (Schafer et al., 2006,
2011, 2014; Deng et al., 2012). The correlation coefficients be-
tween PM4 and meteorological parameters such as T, WS, RH and
MLH are listed in Table S3 of the Supporting Material.

e Summer 2010

e

Fig. 7. Wind rose (WRPLOT View Freeware, Lakes Environmental, Canada) for PM4 sampling at the CUGB, Beijing (data obtained from ZBAA) from half hourly mean data during

different seasons.
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Temperature had no significant correlation with PM4 and most
of its compounds except Cl-, all PAHs, Tm, 29ba and 30ba. Coal
combustion for heating is one important source of CI~ (Yao et al.,
2002) and PAHs. Therefore, it was expected that the decrease in
ambient temperatures may lead to the increase in coal combustion
and increasing contribution from related emission constituents to
PM in Beijing. On the other hand, stronger solar radiation accom-
panied by higher temperatures can accelerate the photochemical
degradation of PAHs.

RH had a weakly positive correlation with PM4 mass concen-
trations which indicated a high RH could favor the growth of the
particles. This could be caused by hygroscopicity of particles which
can lead to the increase in PM mass concentration. Especially, EC,
NHz, SO5~, Zn, 31abS and levoglucosan were found to have a pos-
itive correlation with RH. EC contains char and soot (Han et al.,
2009), and aged soot is hydrophilic (Niu et al., 2011).

Generally, wind speed had a negative correlation with PM4 mass
concentration and almost all compounds which supported that
high wind speed could enhance the dispersion of pollutants.
However in some cases, a high wind speed can also cause high PM
mass concentration, such as a dust storm. Therefore, the threshold
value of wind speed should be considered. In this study, this
threshold cannot be determined because the influence on PM is
often inferred from other meteorological parameters.

The MLH was found to have a negative correlation with PM4 and
most compounds which illustrated that a lower MLH could accel-
erate the accumulation of pollutants from local and regional sources.

Wind direction and precipitation are other two very important
factors for influencing PM mass concentrations in Beijing. The wind
conditions in this study are shown in Fig. 7. In spring, the prevailing
wind directions were from the North, Northwest, South and
Southeast. Therefore, dust storms which were from north and
northwest can bring more particles into Beijing and then cause
particularly higher PM concentrations in spring than in other sea-
sons. In winter, the dominant wind direction was blown from the
North and brought fresh air into Beijing, thus leading to PM4 mass
concentration during winter lower than during spring. In summer
and autumn, the PM4 concentration was relatively low because 59%
and 30% of precipitation happened during these two seasons which
can cause the wet deposition of particles leading to the decrease in
PM mass concentration.

Visibility had negative correlations with all chemical com-
pounds, especially strong negative correlations with PM, OC, EC,
SO?(, NHZ, Cu, Zn, Pb and levoglucosan, which meant visibility
decreased with the increase in the PM mass concentration and is
highly correlated with anthropogenic compounds. In addition,
visibility was also significant affected by RH (correlation coefficient
R = -0.70).

5. Conclusions

The temporal variations of PM and its compounds were inves-
tigated and the results showed that the PM mass concentrations at
the height for exposure of humans after the emission reduction
measures during the Olympic Summer Games 2008 were still high
with an average value of 83 pg m~—3, which is much higher than
annual average of Chinese Ambient Air Quality Standard for PM; 5
(Grade 1II: 35 pg m~3) (China State Environmental Protection
Administration (SEPA), 2012). The influence of PM on human
health is still serious.

The mass balance showed that OM and SNA were two major
fractions of PM in Beijing during the whole year with the contri-
bution of 41% and 25% to PM mass, respectively, which means
anthropogenic PM is a very important part of the total PM.

Sources of PM were obtained by performing source apportion-
ment, using PMF. They were industry, secondary nitrate formation,
secondary sulfate formation, coal combustion, traffic, dust and
biomass burning. These results were totally supported by the
analysis of seasonal variation and characteristics of chemical
species.

The seasonal variation of different sources points out the
dominant source in each season: secondary sulfate formation,
biomass burning contributions and secondary nitrate formation in
summer, secondary nitrate formation in autumn, mineral dust in
spring and coal combustion in winter. This is helpful for policy
makers for the purpose of improving air quality according to the
corresponding dominant PM source in each season.

Regional transportation can contribute significantly to the air
pollution in Beijing. Backward trajectories, in combination with
cluster analysis, demonstrated that the southerly air flow (S flow) is
responsible for the high SNA and emission from the biomass
burning and industry and it is the direction which transported the
most PM to Beijing.

Meteorological parameters were the important factors influ-
encing PM and its compound mass variations. In general, high
relative humidity and low MLH can raise PM mass concentration,
while high wind speed and precipitation can reduce pollutants. In
addition, wind direction also plays a key role in influencing PM
because different wind directions can bring different pollutants to
Beijing from different regions.
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