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Daily PM2.5 sampleswere collected at an urban site in Beijing during four one-month periods in 2009–2010, with
each period in a different season. Samples were subject to chemical analysis for various chemical components in-
cluding major water-soluble ions, organic carbon (OC) and water-soluble organic carbon (WSOC), element car-
bon (EC), trace elements, anhydrosugar levoglucosan (LG), and mannosan (MN). Three sets of source profiles of
PM2.5were first identified throughpositivematrix factorization (PMF) analysis using single or combined biomass
tracers— non-sea salt potassium (nss-K+), LG, and a combination of nss-K+ and LG. The six major source factors
of PM2.5 included secondary inorganic aerosol, industrial pollution, soil dust, biomass burning, traffic emission,
and coal burning, which were estimated to contribute 31 ± 37%, 39 ± 28%, 14 ± 14%, 7 ± 7%, 5 ± 6%, and
4 ± 8%, respectively, to PM2.5 mass if using the nss-K+ source profiles, 22 ± 19%, 29 ± 17%, 20 ± 20%, 13 ±
13%, 12 ± 10%, and 4 ± 6%, respectively, if using the LG source profiles, and 21 ± 17%, 31 ± 18%, 19 ± 19%,
11 ± 12%, 14 ± 11%, and 4 ± 6%, respectively, if using the combined nss-K+ and LG source profiles. The uncer-
tainties in the estimation of biomass burning contributions to WSOC due to the different choices of biomass
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burning tracers were around 3% annually and up to 24% seasonally in terms of absolute percentage contributions,
or on a factor of 1.7 annually and up to a factor of 3.3 seasonally in terms of the actual concentrations. The uncer-
tainty from the major source (e.g. industrial pollution) was on a factor of 1.9 annually and up to a factor of 2.5
seasonally in the estimated WSOC concentrations.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Fine particulate matter with an aerodynamic diameter of less than
2.5 μm(PM2.5) affects human and ecosystemhealth and also plays an im-
portant role inweathermodification and climate change (Ali-Mohamed,
1991; Ali-Mohamed and Ali, 2001; Bell et al., 2007). PM2.5 is a complex
mixture of chemical compounds mainly composing sulfate, nitrate, am-
monium, OC, EC, soil dust and water (Seinfeld et al., 2004; Chan and
Yao, 2008; Fang and Liu, 2010; Johansen and Hoffmann, 2004; Kumar
et al., 2010; Wang et al., 2002; Zhang et al., 2011a). Water-soluble
chemical components, including water-soluble inorganic ions and
water-soluble organic matter, play more important roles than insoluble
ones on aerosols light scattering and their ability of serving as cloud con-
densation nuclei (Decesari et al., 2003; Du et al., 2014b; Hecobian et al.,
2010; Jung et al., 2011; Zhang et al., 2011b).

Dominantwater-soluble inorganic ions (sulfate, nitrate, and ammoni-
um) aremainly secondary aerosols forming from their respective gaseous
precursors. However, water-soluble organic matter or water-soluble
organic carbon (WSOC) can originate from both primary emissions and
secondary organic aerosol (SOA) formations, the latter are through the
oxidation processes involving volatile organic compounds (VOCs)
(Kalberer et al., 2000; Pathak et al., 2011). Biomass burning rather than
fossil fuel combustion was considered to be the major primary source
for WSOC (Sullivan et al., 2006; Timonen et al., 2010; Wonaschütz et al.,
2011; Gordon et al., 2014; Peltier et al., 2007). Thus,WSOC can be amark-
er for SOA in the absence of biomass burning (Docherty et al., 2008).

LG is a unique organic tracer for biomass burning because the com-
bustion of other fuels seldom produce LG. The disadvantge of using LG
as a tracer is its degradation during transportation process which may
affect source apportionment results (Fraser and Lakshmanan, 2000;
Popovicheva et al., 2014). The inorganic tracer K+ has also been used
extensively to identify biomass burning (Gieré et al., 2006). Although
K+ is not an ideal tracer due to its other sources (e.g., soil dust, sea
Fig. 1. The sampling location (40
salt, and coal combustion) (Cheng et al., 2000; Duvall et al., 2008;
Ninomiya et al., 2004), it does not degrade during transportation.More-
over, seasonal dependent biomass burning types and their respective
emission factors for LG and K+ further add difficulties to quantitatively
assessing biomass burning contributions to PM2.5 andWSOC. For exam-
ple, wheat and rape straws are burned in spring, rice and corn straws in
autumn and woods in winter (Cheng et al., 2013; Tao et al., 2013, 2014;
Wang et al., 2007; Zhang et al., 2015). Therefore, choice of biomass
burning tracers could lead to some uncertainties when estimating the
contribution of biomass burning to PM2.5 and WSOC.

A previous study using LG as a tracer of biomass burning suggested
that biomass burning accounted for 40% of WSOC in Beijing (Du et al.,
2014a). However, the uncertainties in source attribution analysis by dif-
ferent biomass burning tracers are unknown. To assess the sources es-
pecially biomass burning contributing to PM2.5 and WSOC in Beijing, a
comprehensive data set acquired in 2009–2010 is analyzed in the pres-
ent study making use of previously generated PM2.5 source profiles for
this city. The study aims to accomplish the following goals: (1) to sys-
tematically characterize WSOC levels on seasonal and annual basis;
(2) to identify the biomass burning profiles based on chemical compo-
nents in PM2.5 using various biomass burning tracers; and (3) to quan-
tify the contributions of biomass burning to PM2.5, WSOC and potential
uncertainties in the PMF results due to choices of different biomass
burning tracers. Biomass burning tracers nss-K+, LG, and a combination
of nss-K+ and LG are applied separately to PMF analysis to quantify the
uncertainties in source attribution analysis.

2. Methodology

2.1. Site description

PM2.5 sampleswere collected at the PekingUniversity (PKU) (39.99°
N, 116.30° E) located in the urban area of Beijing (Fig. 1). Instruments
°02′N,116°24′E) in Beijing.

Image of Fig. 1
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used in this study were installed on the roof (26 m above ground) of
an office building of the PKU. This site is located within the educa-
tional, commercial, and residential districts, and no main pollution
sources exist nearby. Thus, the observations could represent typical
pollution conditions in an urban environment of Beijing (Zhang
et al., 2013).

2.2. Sampling

PM2.5 samples were collected using two low-flow air samplers
(frmOMNI™, BGI, USA). Prior to the start of the sampling campaign,
the flow rate of PM2.5 samplers was calibrated. Samples were collected
at a flow rate of 5 L min−1 on two types of filters: 47 mm quartz fiber
filter (Whatman QM-A) and 47 mm Teflon filter (Whatman PTFE).
Quartzfilterswere pre-baked at 800 °C for 3 h prior to sampling. Collect-
ed filters were stored in a freezer at−18 °C before chemical analysis to
minimize evaporation of volatile components.

A total of 119 PM2.5 samples and 8 blank samples were collected in
2009–2010 during the following periods: 1–30 April 2009 (representa-
tive of spring), 1–31 July 2009 (summer), 1–31 October 2009 (autumn)
Table 1
Annual and seasonal statistics of PM2.5 and its chemical components, gaseous pollutants and m

Annual (n = 119) Spring (n = 29)

PM2.5 (μg m−3) 135 ± 63 126 ± 59
OC (μgC m−3) 16.9 ± 10.0 13.7 ± 4.4
EC (μgC m−3) 5.0 ± 4.4 2.8 ± 1.1
WSOC (μgC m−3) 6.4 ± 3.6 6.7 ± 1.8
Na+ (μg m−3) 0.5 ± 0.6 0.3 ± 0.2
NH4

+ (μg m−3) 6.9 ± 7.1 7.7 ± 8.2
K+ (μg m−3) 0.9 ± 0.8 1.1 ± 0.7
nss-K+ (μg m−3) 0.9 ± 0.7 1.0 ± 0.7
Mg2+ (μg m−3) 0.2 ± 0.1 0.2 ± 0.2
Ca2+ (μg m−3) 1.6 ± 1.5 2.7 ± 2.2
Cl− (μg m−3) 1.4 ± 2.2 0.7 ± 0.8
NO3

− (μg m−3) 11.3 ± 10.8 15.9 ± 13.7
SO4

2− (μg m−3) 13.5 ± 12.4 15.1 ± 11.5
LG (ng m−3) 203 ± 229 74 ± 44
MN (ng m−3) 20 ± 24 7 ± 5
Al (ng m−3) 1823 ± 1493 2465 ± 1733
Fe (ng m−3) 1696 ± 1080 1933 ± 1175
Na (ng m−3) 766 ± 602 636 ± 266
Mg (ng m−3) 718 ± 554 937 ± 637
K (ng m−3) 1608 ± 914 1841 ± 872
Ca (ng m−3) 2387 ± 2023 3380 ± 2641
Sr (ng m−3) 16 ± 12 18 ± 13
Ba (ng m−3) 34 ± 22 41 ± 25
Ti (ng m−3) 130 ± 97 162 ± 107
Mn (ng m−3) 78 ± 37 78 ± 33
Ni (ng m−3) 4 ± 2 4 ± 3
Cu (ng m−3) 34 ± 23 36 ± 26
Zn (ng m−3) 270 ± 164 279 ± 177
Mo (ng m−3) 1 ± 1 1 ± 1
Cd (ng m−3) 3 ± 2 3 ± 3
Sn (ng m−3) 9 ± 7 10 ± 7
Sb (ng m−3) 10 ± 7 9 ± 6
Tl (ng m−3) 2 ± 2 2 ± 1
Pb (ng m−3) 143 ± 99 137 ± 91
V (ng m−3) 4 ± 3 5 ± 2
Cr (ng m−3) 11 ± 9 9 ± 5
As (ng m−3) 11 ± 14 12 ± 13
Se (ng m−3) 3 ± 2 4 ± 3
Zr (ng m−3) 6 ± 4 7 ± 5
Ge (ng m−3) 1 ± 2 1 ± 0
Rb (ng m−3) 9 ± 5 10 ± 5
Cs (ng m−3) 1 ± 1 1 ± 1
Ga (ng m−3) 5 ± 5 4 ± 2
SO2 (μg m−3) 33 ± 44 21 ± 13
O3 (μg m−3) 41 ± 33 65 ± 16
NO2 (μg m−3) 54 ± 28 49 ± 18
SR (MJ m−2) 14 ± 6 19 ± 6
RH (%) 50 ± 16 43 ± 16
and 1–31 January 2010 (winter). Collection duration of each sample
was 24 h, starting at 10:00 local time each day and ending at 10:00
the following day. Field blankswere collectedwith each sampler during
every seasonal campaign, which were then analyzed together with the
samples.
2.3. Gravimetric weighing

Teflon filters were measured gravimetrically for particle mass con-
centrations using a Sartorius MC5 electronic microbalance with a sensi-
tivity of ±1 μg (Sartorius, Göttingen, Germany) after 24 h equilibration
at 23± 1 °Cwith relative humidity at 40 ± 5%. Each filter was weighed
at least three times both before and after sampling. Differences among
replicate weights were mostly less than 20 μg for each sample. Net
mass was obtained by subtracting pre-weight from post-weight. The
limit of detection (LOD) of microbalance was 1 μg. The LOD of PM2.5

mass concentration was around 0.14 μg m−3. The net mass of samples
ranged from 282 to 2554 μg. Thus, the uncertainty of PM2.5 mass con-
centration ranged from 2% to 7%.
eteorological variables in Beijing.

Summer (n = 29) Autumn (n = 31) Winter (n = 30)

138 ± 48 135 ± 55 139 ± 86
11.1 ± 1.8 17.8 ± 5.6 24.9 ± 15.6
4.2 ± 1.2 5.3 ± 2.8 7.5 ± 7.4
3.2 ± 1.1 7.7 ± 5.0 7.7 ± 3.6
0.2 ± 0.1 0.3 ± 0.2 1.1 ± 0.8

10.9 ± 6.9 4.7 ± 5.8 4.5 ± 5.7
0.6 ± 0.5 1.1 ± 0.9 0.8 ± 0.8
0.6 ± 0.5 1.1 ± 0.9 0.8 ± 0.8
0.1 ± 0.0 0.2 ± 0.1 0.2 ± 0.1
0.7 ± 0.4 1.7 ± 1.0 1.5 ± 0.9
0.3 ± 0.6 1.1 ± 1.0 3.5 ± 3.3

11.5 ± 8.2 10.7 ± 11.0 7.3 ± 8.1
23.2 ± 14.7 7.9 ± 7.4 8.5 ± 8.6
28 ± 17 385 ± 213 311 ± 262
5 ± 3 23 ± 13 43 ± 34

691 ± 427 2009 ± 1412 2106 ± 1454
945 ± 715 2052 ± 1038 1826 ± 1018
334 ± 123 630 ± 292 1451 ± 772
273 ± 178 867 ± 574 784 ± 461

1045 ± 697 1959 ± 983 1566 ± 833
904 ± 645 2960 ± 1929 2269 ± 1455

6 ± 3 16 ± 10 24 ± 13
15 ± 07 39 ± 19 39 ± 23
53 ± 33 152 ± 97 151 ± 95
42 ± 17 92 ± 34 101 ± 33
2 ± 1 4 ± 2 6 ± 3

33 ± 22 33 ± 20 33 ± 26
265 ± 123 310 ± 160 223 ± 186

1 ± 0 1 ± 1 2 ± 1
3 ± 3 3 ± 2 2 ± 3
9 ± 6 10 ± 6 9 ± 8
8 ± 5 10 ± 6 11 ± 10
2 ± 1 2 ± 1 3 ± 2

121 ± 75 147 ± 99 168 ± 123
2 ± 1 5 ± 3 5 ± 3
8 ± 4 17 ± 13 10 ± 10

19 ± 22 8 ± 6 8 ± 6
4 ± 2 3 ± 2 3 ± 2
2 ± 1 6 ± 4 8 ± 5
1 ± 0 1 ± 0 4 ± 3
6 ± 4 11 ± 6 9 ± 4
1 ± 1 1 ± 1 1 ± 1
2 ± 1 4 ± 2 10 ± 7

10 ± 8 15 ± 7 88 ± 60
75 ± 27 18 ± 9 17 ± 14
40 ± 10 67 ± 26 64 ± 45
17 ± 5 12 ± 4 8 ± 3
68 ± 9 49 ± 16 42 ± 15
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2.4. Chemical analysis

Water-soluble organic carbon (WSOC) was analyzed by a Sievers
900 TOC analyzer (GE Analytical, U.S.A.). Anhydrosugar LG and MN
were measured by a Dionex ICS-3000 system. Water-soluble ions
including F−, Cl−, NO3

−, SO4
2−, Na+, NH4

+, K+, Mg2+ and Ca2+ were an-
alyzed by a Dionexmodel ICS-90 (for anions) and ICS-1500 (for cations)
ion chromatograph. OC and EC were analyzed by a DRI model 2001 car-
bon analyzer (Atmoslytic, Inc., Calabasas, CA, USA). Trace elementswere
analyzed by an inductively coupled plasma-mass spectrometry (ICP-
MS). A detailed description of the analytical method can be found in
Tao et al. (2013) and Zhang et al. (2013).

2.5. Data analysis methods

Source apportionment analysis was conducted using positivematrix
factorization (PMF) Model Version 5.0 of U.S. Environmental Protection
Agency (EPA) (Norris et al., 2014). To reduce uncertainties of PMF re-
sults, chemical components with annual average concentrations below
method detection limits (MDLs) were removed. Thirty-nine chemical
components were used for the PMF model, including WSOC, water-
insoluble organic carbon (WIOC), EC, LG, Na+, NH4

+, K+, Mg2+, Ca2+,
Cl−, NO3

−, SO4
2−, Al, Fe, Sr, Ba, Ti, Mn, Co, Ni, Cu, Zn, Mo, Cd, Sn, Sb, Tl,

Pb, V, Cr, As, Se, Zr, Ge, Rb, Cs, Ga, La, Ce and Nd (Table 1). K+ concentra-
tions presented here were corrected by a sea salt indicator (Mg2+),
i.e., nss-K+ = K+ − 0.159 Mg2+(Cheng et al., 2000). Method detection
limits (MDL) were within the range of 0.01 to 0.04 μg m−3 for cations,
0.03 to 0.07 μg m−3 for anions, 0.02 μg m−3 for OC and EC;
0.06 μg m−3 for WSOC; 0.1 to 1.0 ng m−3 for elements, and
0.57 ng m−3 for sugars. The uncertainties should be less than 5% for
ions and sugars, 10% for OC, EC and WSOC, and 10–15% for elements.
Here, WIOC concentrations equaled to OC minus WSOC and the uncer-
tainties of WIOC were estimated by the uncertainties of OC and WSOC.

To determine the appropriate number of source factors, a reasonable
practice is to test different numbers of identifiable sources commonly
used and to consider the major potential sources documented by the
previous study (Zhang et al., 2013). According to the results of PMF,
the correlation between simulated and measured Cr and As were poor
(R2 b 0.4, R2 N 0.6 for other chemical species). Thus, we removed the
two elements in PMF model. Finally, six main source factors were iden-
tified, including secondary inorganic aerosol, industrial pollution, soil
dust, biomass burning, traffic emission, and coal burning based on the
similar database with Zhang et al. (2013). Then, PMF was run several
Fig. 2. Scatter plots of OC versus EC
times with different Fpeak values to determine the range within which
the objective function Q values remain relatively constant. In the six-
factor model, a value of Fpeak = −0.1 provided the most physically
reasonable source profiles.

2.6. Meteorological parameters and routine air pollutants

Meteorological parameters, including relative humidity (RH) and
solar radiation (SR) were collected from Beijing meteorology stations
(39°48′N, 116°28′E). Trace gases including sulfur dioxide (SO2) and ni-
trogen dioxide (NO2) and PM10 (aerosol particles with an aerodynamic
diameter of less than 10 μm) were collected at the Wanliu national en-
vironmental monitoring site, which is located 2.0 km southwest of the
PKU site. Ozone (O3) was collected at the Baolian Sports Park site
(Zhao et al., 2009), which is located 6.0 km southwest of the PKU site.
The two sites are located between the third and the fourth Ring Road
in the western urban area of Beijing.

3. Results and discussion

3.1. Characteristics of WSOC in PM2.5

The annual average PM2.5, OC, EC, andWSOCwere 135±63 μgm−3,
16.9 ± 10.0 μgC m−3, 5.0 ± 4.4 μgC m−3, and 6.4 ± 3.6 μgC m−3, re-
spectively (Table 1). OC and EC accounted for 13.2 ± 4.7% and 3.5 ±
1.4% (expressed as μgC μg−1), respectively, of PM2.5 mass. WSOC
accounted for 38.7 ± 13.1% of OC and 5.1 ± 2.3% of PM2.5 (μgC μg−1).
The annual value of WSOC was comparable to that (7.2 ±
5.5 μgC m−3) based on thirteen months measurement in 2010–2011
in Beijing (Du et al., 2014a). However, the value was evidently higher
than that (2.0 μgC m−3) measured in Guangzhou (Huang et al., 2012).

The seasonal patterns ofWSOCwere similar to those of OC (Table 1),
with the highest seasonal average concentration in winter (7.7 ±
3.6 μgC m−3) and autumn (7.7 ± 5.0 μgC m−3), relatively high concen-
tration in spring (6.7± 1.8 μgCm−3), and the lowest in summer (3.2±
1.1 μgC m−3). Seasonal averages WSOC in winter, autumn and spring
were all more than doubled that in summer. The seasonal average
WSOC concentrations in this study were lower than those measured
in 2010–2011 in Beijing, Shanghai and Indo-Gangetic Plain of India
(Du et al., 2014a; Pathak et al., 2011; Ram and Sarin, 2011) and were
higher than those measured in Guangzhou, Seoul of Korea (Park et al.,
2012), European cities (e.g. Amsterdam, Barcelona and Ghent)(Viana
et al., 2007) and American cities (e.g. North Birmingham, Centreville
(a) and nss-K+ versus EC (b).

Image of Fig. 2
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and Pensacola) (Ding et al., 2008) in the same seasons. WSOC concen-
trations in Beijing were on the high-end levels in the world.

Seasonal averages WSOC in PM2.5 in spring (6.0 ± 2.4%, μgC μg−1),
autumn (5.9 ± 1.5%, μgC μg−1) and winter (5.7 ± 2.3%, μgC μg−1)
were also more than doubled that in summer (2.6 ± 1.0%, μgC μg−1),
similar to what was found in seasonal WSOC concentrations. Small dif-
ferences in the seasonal patterns ofWSOC andWSOC/PM2.5 ratio should
be caused by seasonal variations of WSOC sources strength as further
discussed in Section 3.4.

3.2. Identification of biomass burning using various tracers

Levoglucosan (LG) concentrations in autumn (385 ± 213 ng m−3)
and winter (311 ± 262 ng m−3) were 4 to 14 times higher than those
in spring (74 ± 44 ng m−3) and summer (28 ± 17 ng m−3). Seasonal
variations in nss-K+ concentrations were less than a factor of 2.0 with
the highest concentration in spring (1.0 ± 0.7 μg m−3) and autumn
(1.1 ± 0.9 μg m−3), relatively high concentration in winter (0.8 ±
0.8 μg m−3), and the lowest concentration in summer (0.6 ±
0.5 μg m−3). Thus, both LG and nss-K+ tracers confirmed the biomass
Fig. 3. Source profiles of PM2.5 with ns
burning sources of carbonaceous aerosols in autumn and winter. How-
ever, these two tracers do not agree with each other in spring, which
could be a result of significant losses in LG and/or additional sources of
nss-K+.

Besides LG andnss-K+, other tracers used in literature includeOC/EC
and nss-K+/EC ratios, which vary substantially from different sources.
For example, OC/EC ratio has been identified for coal combustion
(0.3–7.6), vehicle emission (0.7–2.4), and biomass burning (4.1–14.5)
(Watson et al., 2001), and nss-K+/EC ratio has been identified for bio-
mass burning (0.2 to 0.5) and fossil fuel combustion (0.03–0.09)
(Andreae, 1983; Popovicheva et al., 2014). These tracers are compared
below using data collected in this study. Seasonal average OC/EC ratios
were 3.7, 0.5, 1.8 and 2.0 and nss-K+/EC ratios were 0.5, 0.1, 0.3 and
0.1 in spring, summer, autumn and winter, respectively (see regression
equations in Fig. 2). The highest ratios for both OC/EC and nss-K+/EC in
spring suggested biomass burning to be an important source of carbo-
naceous aerosols. The much lower LG concentrations in spring than in
autumn and winter suggested substantial loss of LG in spring, knowing
that biomass burning emissions are high in spring. The low LG in sum-
mer may due to a combination of LG loss and low emission rates in
s-K+ as a biomass burning tracer.

Image of Fig. 3
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this season. Photochemistry could be very active in spring as suggested
in other places (Zhang et al., 2008). Seasonal O3 and NO2 data also sup-
ported this possibility (Table 1). O3 in summer (75 ± 27 μg m−3) and
spring (65 ± 16 μg m−3) did not differ much, but was much higher
than that in autumn (18 ± 9 μg m−3) and winter (17 ± 14 μg m−3).
Although NO2 was higher in autumn (67 ± 26 μg m−3) and winter
(64 ± 45 μg m−3) than that in spring (49 ± 18 μg m−3) and summer
(40 ± 10 μg m−3), the magnitude of the seasonal difference was
small. Furthermore, Ox (= O3 + NO2) was the same in spring
(114 μg m−3) and summer (115 μg m−3). Thus, LG degradation was
likely the major cause of the differences in the analysis results between
using LG and nss-K+. In general, biomass burning was likely important
sources of carbonaceous aerosols in all of the seasons except in summer.

3.3. Comparison of source profiles of PM2.5 based on two single and one
combined tracers

Discussions in Section 3.2 suggest that using different tracers in PMF
analysismight provide different source attributions to PM2.5. To confirm
this assumption, three biomass burning tracers, nss-K+, LG, and a
Fig. 4. Source profiles of PM2.5 with
combination of nss-K+ and LG, were applied to PMF analysis separately
to generate three sets of source profiles (Fig. 3, Figs. 4 and 5). As expect-
ed, the identified source profiles of biomass burning differed significant-
ly when using different biomass burning tracers. However, source
profiles including biomass burning are similar using LG and combined
LG and nss-K+. Those from using nss-K+ were characterized by high
WSOC, nss-K+, NO3

−, Rb and Cs concentrations (Fig. 3) while those
from using LG or combined LG and nss-K+ were characterized by high
concentrations ofWIOC, EC,WSOC and LG (Figs. 4 and 5). Themajor dif-
ferences between the three sets of source profiles were reflected in the
significantly different contents of NO3

−, WIOC and EC, which were the
dominant chemical components of PM2.5. In all of the cases, WSOC
was an important component of biomass burning source profiles and
had similar concentration levels (0.16, 0.11 and 0.12 μg μg−1, respec-
tively) when using tracer nss-K+, LG and a combination of nss-K+ and
LG. These estimated numbers in Beijing were close to those measured
in Chengdu in field biomass burning smoke (rape and wheat straws)
(0.10–0.13) (Tao et al., 2013).

In the three sets of source profiles, secondary inorganic aerosol was
characterized by high NH4

+, SO4
2− and NO3

−; industrial pollution was
LG as a biomass burning tracer.

Image of Fig. 4


Fig. 5. Source profiles of PM2.5 with combined LG and nss-K+ as a biomass burning tracer.
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characterized by highWIOC, WSOC and EC; soil dust was characterized
by high Mg2+, Ca2+, Al, Fe and other crustal elements; traffic emission
was characterized by high Cu, Zn, Sn and Sb; and coal burning was
characterized by high Na+, Cl−, Ge and Ga (Zhang et al., 2013).

Coal burning is still one of the major energy sources in northern
China, both in industry and in winter heating. Thus, industrial pollution
should be one important source of carbonaceous aerosols, as shown in
the high consents of WIOC, WSOC and EC in the source profiles. Al-
though the coal burning source was also characterized by high WIOC,
WSOC and EC, their contents were lower than those in industrial pollu-
tion. The contribution of coal burning to PM2.5 was evidently higher in
winter than in other seasons, consistent with much higher SO2 concen-
trations in winter. The long lifetime of SO2 in winter due to low Ox con-
centration can only partially explain such high SO2 concentration,
suggesting the existence of additional SO2 sources (Lee et al., 2011). Be-
sides, a good relationship between SO2 and Cl−was also found inwinter
(Zhang et al., 2013). Thus, coal burning defined in this study should be
mainly related to heating activities instead of industrial combustion.

It is noted that source profile of biomass burning identified by using
nss-K+ included abundant NO3

−, which also existed in secondary
inorganic aerosol. The typical chemical components (e.g. WIOC, WSOC
and EC) in source profiles of biomass burning identified by using LG
and combined LG and nss-K+ were similar to those in industrial pollu-
tion. Thus, despite similar source profiles for the majority of sources
generated fromusing nss-K+ or LG or combined LG and nss-K+ as a bio-
mass burning tracer, quantification of source contributions could differ
significantly, especially for secondary inorganic aerosol, industrial pol-
lution, and biomass burning. As expected, good correlations (R2 ranged
from 0.94 to 0.99) were found between the simulated PM2.5 compo-
nents from the six sources when using LG and combined LG and nss-
K+ (Fig. 6). However, poor correlations (R2 ranged from 0.02 to 0.63)
were found between the simulated PM2.5 components from secondary
inorganic aerosol, industrial pollution, biomass burning and traffic
emission contributions when using LG and nss-K+ (Fig. 7). In contrast,
good correlations (R2 N 0.99) were found for soil dust and coal burning.

The simulated industrial pollution, soil dust, and coal burning con-
centrations were similar when using LG and combined LG and nss-K+

as a tracer with the regression slopes close to 1.0. The regression slopes
from the simulated secondary inorganic aerosol and biomass burning
was 0.92 and 0.86, respectively, suggesting slightly higher contributions

Image of Fig. 5


Fig. 6. Correlations of simulated source contributions (PM2.5 mass concentration fractions from different sources) between those using combined LG and nss-K+ and those using LG as a
biomass burning tracer.
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from these sources using LG as the tracer compared to using combined
LG and nss-K+. The opposite trendwas found from the simulated traffic
emissionwith a slope of 1.17. Source attribution results from using nss-
K+ as a tracer differed significantly from those using LG or combined LG
and nss-K+. For example, the regression slopes for the simulated
sources between using nss-K+ and LG varied greatly from 0.33 to 1.37.
The largest uncertainties were for industrial pollution (a slope of
1.37), biomass burning (0.33) and traffic emission (0.36).

On an annual basis, the contributions to PM2.5 from secondary
inorganic aerosol, industrial pollution, soil dust, biomass burning,
traffic emission and coal burning were estimated to be 31 ± 37%,
39 ± 28%, 14 ± 14%, 7 ± 7%, 5 ± 6%, and 4 ± 8%, respectively,
using the nss-K+ source profiles. If instead using LG or combined
LG and nss-K+ source profiles, up to 3% absolute percentage differ-
ences were found for all the sources. The differences can be much
larger on seasonal basis, e.g., larger than 24% in at least one season
for secondary inorganic aerosol, industrial pollution, biomass burn-
ing and traffic emission sources. Among all the sources, the largest
uncertainties were for the estimation of secondary inorganic aerosol
(10%) and industrial pollution (10%) on annual basis and of industri-
al pollution (28%) on seasonal basis.
3.4. Contributions of biomass burning and other sources to WSOC

To investigate the uncertainties in the estimation of biomass burning
contributions toWSOC, three sets of source profiles separately generat-
ed from using three different tracers were applied to apportion sources
of WSOC. On an annual basis, the contributions of biomass burning
sources to WSOC were estimated to be 25 ± 19%, 28 ± 23%, and
25 ± 21% using nss-K+, LG and combined LG and nss-K+ source pro-
files, respectively. Seasonal contributions were slightly higher using
nss-K+ than using LG and combined LG and nss-K+ in spring (38% ver-
sus 18% and 19%) and summer (24% versus 3% and 2%), andmuch lower
in autumn (30% versus 54% and 49%) and winter (10% versus 34% and
27%). Thus, the uncertainties in the estimation of biomass burning con-
tributions to WSOC were around 3% annually and up to 24% seasonally
in terms of the absolute percentage contributions. These correspond to
uncertainties of a factor of 1.7 annually and up to a factor of 3.3 season-
ally in the estimated WSOC concentrations.

The uncertainties in the estimated contributions from the other five
sources toWSOC were also investigated. On an annual basis, the contri-
butions toWSOC from secondary inorganic aerosol, industrial pollution,
soil dust, traffic emission, and coal burningwere estimated to be 0±0%,

Image of Fig. 6


Fig. 7. Correlations of simulated source contributions (PM2.5 mass concentration fractions from different sources) between those using nss-K+ and those using LG as a biomass burning
tracer.
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41 ± 20%, 12 ± 13%, 9 ± 9% and 13 ± 17%, respectively, using the nss-
K+ source profiles, and the corresponding numbers are 22± 21%, 24 ±
18%, 20 ± 19%, 1 ± 1% and 5 ± 6% using the LG source profile, and are
23 ± 22%, 26 ± 19%, 20 ± 19%, 1 ± 1% and 5 ± 7% using the combined
LG and nss-K+ source profile. Up to 23% differences annually and 39%
seasonally were found in terms of the absolute percentage contribu-
tions. For the major source - industrial pollution, the uncertainty repre-
sented a factor of 1.9 annually and up to a factor of 2.5 seasonally in the
estimated WSOC concentrations.

4. Conclusions

To investigate the sources of WSOC in PM2.5, WSOC and other
major chemical components were measured in 2009–2010 at an
urban site in Beijing. Annual mean concentration of WSOC was
6.4 ± 3.6 μgC m−3 with a summer average (3.2 ± 1.1 μgC m−3)
less than half of those in other seasons (6.7 ± 1.8 μgC m−3 to
7.7 ± 5.0 μgCm−3). Source profiles generated from using LG as a bio-
mass burning tracer differed slightly from those using combined
tracers of LG and nss-K+; however, they both differed significantly
from those using nss-K+. The differences in the absolute percentage
contributions to PM2.5 estimated from using different tracers were
smaller than 5% for all the sources. On an annual basis, the contribu-
tions of biomass burning sources to WSOC were estimated to be
25 ± 18%, 28 ± 23%, and 25 ± 21% using nss-K+, LG and combined
LG and nss-K+ source profiles, respectively, or around 3% differences.
Seasonal differences were up to 24%. The large percentage difference
in turn caused similar order of magnitude difference in the estima-
tion of contribution from the industrial pollution to WSOC. The re-
sults presented in this study suggest that caution should be taken
when selecting biomass burning tracers in source apportionment
analysis using PMF. Improvements in PMF analysis technique are
needed to reduce such large uncertainties in future studies.
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