
atmosphere

Article

Significant Contribution of Primary Sources to
Water-Soluble Organic Carbon During Spring in
Beijing, China

Yali Jin 1, Caiqing Yan 1, Amy P. Sullivan 2, Yue Liu 1, Xinming Wang 3, Huabin Dong 1,
Shiyi Chen 1, Limin Zeng 1, Jeffrey L. Collett, Jr. 2 and Mei Zheng 1,*

1 SKL-ESPC and BIC-ESAT, College of Environmental Sciences and Engineering, Peking University,
Beijing 100871, China; yljoanna@pku.edu.cn (Y.J.); cyan_0325@pku.edu.cn (C.Y.); anniely@pku.edu.cn (Y.L.);
hbdong@pku.edu.cn (H.D.); chenshiyi@pku.edu.cn (S.C.); lmzeng@pku.edu.cn (L.Z.)

2 Department of Atmospheric Science, Colorado State University, Fort Collins, CO 80523, USA;
Amy.Sullivan@ColoState.EDU (A.P.S.); collett@atmos.colostate.edu (J.L.C.J.)

3 State Key Laboratory of Organic Geochemistry and Guangdong Key Laboratory of Environmental
Protection and Resources Utilization, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences,
Guangzhou 510640, China; wangxm@gig.ac.cn

* Correspondence: mzheng@pku.edu.cn; Tel.: +86-10-6275-2436

Received: 18 February 2020; Accepted: 2 April 2020; Published: 16 April 2020
����������
�������

Abstract: Despite the significant role water-soluble organic carbon (WSOC) plays in climate and
human health, sources and formation mechanisms of atmospheric WSOC are still unclear; especially
in some heavily polluted areas. In this study, near real-time WSOC measurement was conducted in
Beijing for the first time with a particle-into-liquid-sampler coupled to a total organic carbon analyzer
during the springtime, together with collocated online measurements of other chemical components
in fine particulate matter with a 1 h time resolution, including elemental carbon (EC), organic carbon
(OC), multiple metals, and water-soluble ions. Good correlations of WSOC with primary OC, as well
as carbon monoxide, indicated that major sources of WSOC were primary instead of secondary
during the study period. The positive matrix factorization model-based source apportionment
results quantified that 68 ± 19% of WSOC could be attributed to primary sources, with predominant
contributions by biomass burning during the study period. This finding was further confirmed by the
estimate with the modified EC-tracer method, suggesting significant contribution of primary sources
to WSOC. However, the relative contribution of secondary source to WSOC increased during haze
episodes. The WSOC/OC ratio exhibited similar diurnal distributions with O3 and correlated well
with secondary WSOC, suggesting that the WSOC/OC ratio might act as an indicator of secondary
formation when WSOC was dominated by primary sources. This study provided evidence that
primary sources could be major sources of WSOC in some polluted megacities, such as Beijing. From
this study, it can be seen that WSOC cannot be simply used as a surrogate of secondary organic
aerosol, and its major sources could vary by season and location.

Keywords: WSOC; source apportionment; diurnal variation; primary source; secondary formation

1. Introduction

Organic carbon (OC) is one of the major constituents of atmospheric fine particulate matter (PM2.5),
including water-soluble organic carbon (WSOC) and water-insoluble organic carbon (WIOC) [1–3].
WSOC, which accounts for around 20–70% of total OC mass, has attracted growing attention due to its
significant roles in aerosol hygroscopic properties, direct and indirect aerosol radiative forcing, as well
as adverse effects on human health [4–6]. It has been reported that WSOC can affect hygroscopic
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properties of ambient particles and thus the formation of cloud condensation nuclei (CCN), which
contributes to the indirect radiative effects of aerosols [7–10]. In view of its light absorbing properties,
WSOC has been used as a proxy for water-soluble brown carbon in many studies [11,12], which could
substantially influence the radiation balance of the atmosphere [13]. Some recent studies also show that
WSOC is an important contributor to particle-related reactive oxygen species and closely associated
with adverse health effects [14,15]. It is essential to study sources and formation mechanisms of WSOC
in order to better understand the roles played by WSOC in the abovementioned areas.

WSOC can originate from primary emissions such as biomass burning, coal combustion, industry,
dust and vehicle emissions, as well as secondary organic aerosol (SOA) formed via atmospheric
oxidation of precursors [5,12,16–19]. Biomass burning and SOA have been recognized as the two most
significant sources of WSOC. In some previous field studies, WSOC was found to be primarily from
secondary sources, and it has been widely used as a proxy of SOA, especially in regions in absence of
biomass burning influences [16,20]. However, some recent studies have highlighted the non-negligible
influence of fossil sources on atmospheric WSOC, especially in East Asia regions based on dual-carbon
isotope analysis [21–24]. Source testing studies also provide supporting evidence that, in addition to
biomass burning [25–27], other primary non-biomass burning emission sources such as vehicles [28,29],
coal combustion [22], and industry (e.g., steel and smelting industry) [30] could also directly emit
some amount of WSOC (e.g., formic and acetic acids). The predominant sources of WSOC (primary
or secondary) could vary with time and location. The knowledge about the relative contributions by
primary emissions and secondary formation to WSOC as well as the secondary formation mechanisms
are still quite limited, which are important information for better understanding the related hygroscopic
and light-absorbing properties of WSOC and proposing useful mitigation strategies on climate and
health issues related to WSOC.

Beijing, one of the most polluted cities in China, has been experiencing the most frequent,
fast-formed, long-lasting, and wide-spread severe high particulate matter pollutions during the past
few years and drawing attention from all over the world [31,32]. WSOC has been reported to constitute
an important fraction of PM2.5 mass [33]. However, sources of WSOC in Beijing are still not well
recognized, and current studies were primarily based on offline 24 h filter studies, which was not
an ideal way to study sources of WSOC due to the low time resolution as both concentrations and
sources of WSOC changed quickly with time in Beijing especially during haze episodes [6,11,17,34].
Therefore, in this study, an online system was set up by using a particle-into-liquid sampler (PILS)
coupled with a total organic carbon analyzer (TOC) to achieve near real-time measurement of WSOC
during the springtime in Beijing. Simultaneous online measurements of other multiple chemical
components—such as elemental carbon (EC), OC, water-soluble ions, and metals—were also carried
out with 1 h time resolution for conducting source apportionment of WSOC with the receptor
model (positive matrix factorization or PMF). To our best knowledge, this is the first time that high
time-resolved source apportionment of WSOC was performed in the megacity Beijing. The primary
goal of this study is to monitor the rapid variations of atmospheric WSOC concentrations and identify
its sources under clean and hazy conditions, and quantitatively estimate the primary and secondary
source contributions to WSOC.

2. Methods

2.1. Sampling Site and High Time-Resolved Measurement

A comprehensive campaign was carried out during 16–28 March 2017 at Peking University
Atmosphere Environment Monitoring Station (PKUERS) in Beijing (39◦59′21” N, 116◦18′25” E), China.
The sampling site was located on the roof of an eight-story building on the campus of Peking University,
about 20 m above the ground level [35] (see Figure 1). It is situated in a mixed district of commercial
and residential area and can be representative of typical Beijing urban area [36]. There were no obvious
emission sources in the vicinity, except two major roads (about 200 m to the east and 500 m to the south).
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A set of state-of-the-art online instruments, including a PILS (ADI 2081, Metrohm AG, Herisau,
Switzerland) coupled with a TOC analyzer (M9, Sievers, Boulder, Colorado, the PILS-TOC system)
for near real-time WSOC monitoring (with a time resolution of two minutes), an in-situ gas and
aerosol composition monitor (IGAC, Model S-630, Fortelice International Co. Ltd., Taiwan) for online
measurement of water-soluble ions (e.g., Na+, K+, NH4

+, Mg2+, Ca2+, NO3
−, Cl−, NO2
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a multi-metal ambient monitor Xact (Cooper Environmental Services LLC, USA) for elements (K, Ca, V,
Cr, Cu, Zn, Ga, As, Mn, Fe, Co, Ni, Se, Ag, Cd, Sn, Sb, Au, Hg, Ba, Tl, Pb, and Bi), and a semi-continuous
OC and EC analyzer (Model 4, Sunset laboratory Inc., Tigard, OR, USA) were collocated. All these
instruments were operated with PM2.5 inlets. Detailed descriptions for different instruments and
quality assurance and quality control procedures can be found in the supplementary materials
(Supporting Information Text Supplementary 1) and previous publications [26,37,38]. Briefly, WSOC
concentrations in the continuous liquid samples drawn from PILS were quantified by the TOC analyzer
by converting organic carbonaceous materials to carbon dioxide using chemical oxidation involving
ammonium persulfate and UV light. Water-soluble ions were analyzed by an ion chromatograph
(DionexICS-3000) of the IGAC system, and metals collected on the Teflon filter tape inside Xact were
analyzed by nondestructive energy-dispersive X-ray fluorescence (XRF). OC and EC were analyzed
using a modified National Institute for Occupational Safety and Health thermal-optical protocol
(NIOSH 5040). To be noted, the time resolution of all the PM2.5 species was finally synchronized into
1 h, and the 1 h time resolution dataset was used in PMF analysis and presented in the “Results and
Discussion” section.

Meteorological parameters—including temperature, relative humidity, pressure, wind speed,
and wind direction—were measured by an automatic weather station during the sampling period at
the observation site. Hourly PM2.5 mass concentrations were downloaded from the nearest Chinese
national air quality monitoring station (Wanliu monitoring station, https://www.aqistudy.cn/).

2.2. Source Apportionment of WSOC by Positive Matrix Factorization (PMF) Model

The USEPA PMF 5.0 model was applied to quantitatively identify sources of WSOC and estimate
the related source contributions during the observation period [39]. Twenty chemical species in PM2.5

were measured in this study and served as input in the PMF model for WSOC source apportionment,
including WSOC, WIOC (the difference between WSOC and OC), EC, Cl−, SO4

2−, NO3
−, Na+, NH4

+,
K, Ca, Ba, Cr, Mn, Fe, Cu, Ni, Zn, As, Se, and Pb.

Factor contributions and profiles were determined by the PMF model with a minimum value of a
weighted objective function Q, which is shown in Equation (1)
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where xi j is the concentration of species j in sample i, gik is the relative contribution of factor k to sample
i (i.e., factor contribution), fkj is the concentration of species j in factor profile k (i.e., factor profile),
ui j is the uncertainty of species j concentration measured in sample i, p is the number of factors, n is the
number of samples, and m is the number of species [40,41]. Therein, the species-specific uncertainties
were calculated as a fixed fraction (5/6) of the method detection limit (MDL) if the concentration
was less than or equal to the MDL. However, when the concentration was higher than the MDL,
the following equation was applied:

Unc =

√
(Error Fraction× concentration)2 + (0.5×MDL)2, (2)

MDLs for each of the species in PMF model were listed in Table S1.
To determine the optimal number of factors, a series of tests with the number of factors ranging from

four to eight were carried out, and the changes in the Q values were examined. Qexpected, Q/Qexpected and
QRobust decreased when moving from four to eight factors and shared similar variations. A relatively
low QRobust value was found at six factors. In addition, the uncertainty of PMF model is estimated by
bootstrapping (BS), displacement (DISP), and bootstrapping with displacement (BS-DISP) [42]. At six
factors, no swaps occurred with DISP and all BS-DISP runs were successfully. Therefore, six-factor
solution was determined to be the optimal solution in this study.

2.3. Estimation of Secondary Organic Carbon (SOC) by the EC-Tracer Method

Secondary organic carbon (SOC) was estimated by the EC-tracer method, which was first
proposed by Turpin and Huntzicker [43] and widely used in many studies [44,45]. In this method,
EC is used as a tracer for primary source since EC primarily comes from incomplete combustion
sources. The concentration of SOC is calculated as

OCsec = OCtot − OCpri, (3)

OCpri = (OC/EC)pri × OC, (4)

where OCsec is SOC, OCtot is the total OC, OCpri is primary organic carbon (POC), and (OC/EC)pri is the
OC/EC ratio of aerosol from primary emissions. In this study, (OC/EC)pri was calculated by exploring
the assumed independency of EC and SOC with a minimum R squared (MRS) algorithm [45,46].
With this method, SOC was calculated at each hypothetical (OC/EC)pri and the correlation coefficient
(R2) of EC vs. SOC was generated. The assumed (OC/EC)pri corresponding to the minimum R2

(indicating variations of EC and SOC were independent) represented the actual (OC/EC)pri ratio.
With this method, the (OC/EC)pri was determined as 2.74.

Similarly, a modified EC-tracer method was applied to estimate the amount of primary and
secondary WSOC, with (WSOC/EC)pri calculated as 1.74 based on the MRS method (see Figure S1).
More detailed introduction could be found in the supplementary materials (Supporting Information
Text Supplmentary 2). Thus, WSOCpri was calculated by the modified EC-tracer method, which was
used for comparison with WSOCpri determined by the PMF method in the following discussion section.

It should be recognized that the EC-tracer method and the modified EC-tracer method are
associated with uncertainties as they are associated with certain assumptions. The results from this
method were mainly used as supporting evidence and they are used for comparing with WSOC results
from PMF analysis.

Besides, to identify the source regions of air masses, 72-h backward air mass trajectories were
calculated by the HYSPLIT 4 trajectory model [47,48].
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3. Results and Discussion

3.1. Characteristics of WSOC During the Study Period

The meteorological parameters and concentrations of carbonaceous components during the
two-week observation are shown in Figure 2, and summarized in Table 1. Characteristics of
carbonaceous components (e.g., OC, EC, WSOC, and WSOC/OC ratio) in this study were further
compared with previous studies conducted in other cities (Table 2). The average concentration of
WSOC during the study period was 5.14 ± 3.25 µg/m3, accounting for 49 ± 12% of the total OC mass,
which was lower than those reported in spring of 2009 at the same sampling site (6.7 ± 1.8 µg/m3) [17],
as well as in Tianjin city in Beijing–Tianjin–Hebei area (14.3 ± 11.8 µg/m3) [49], and Chengdu
city (10.4 ± 3.4 µg/m3) [50]. Such differences might be attributed to the differences in sampling
periods, sites and meteorological conditions, as well as the reduction of fine particulate matter level
due to the implementation of clean air actions in China especially in Beijing in recent years [51].
For example, the relative humidity (RH) and temperature during this study period were significantly
lower, while wind speeds were obviously higher compared to those in the study conducted in
Chengdu by Tao et al. [50]. The average PM2.5 concentration level in this study was much lower
compared to that in the study performed in Beijing in spring of 2009 [17], which might be related
to the reduction of PM2.5 emissions with the stringent air pollutant control policies in recent years.
WSOC concentrations in Beijing were much lower than those reported in Indo-Gangetic Plain of India
(31.6 ± 15.3 µg/m3) [34], where biomass burning emission was a predominant source, but was still
higher than those measured in European (e.g., Italy, 2 µg/m3) [26] and American cities (e.g., Atlanta,
1.98 ± 1.00 µg/m3) [52]. Carbonaceous aerosols in Atlanta were mainly influenced by biomass burning
and vehicular emissions [19,20]. The WSOC/OC ratio (0.49 ± 0.12), which has been used to infer
the aging of aerosols [53], was comparable to the values reported in spring in Beijing by previous
studies [11,17], but much higher than the value (0.27) reported by Xiang et al. [6].

As shown in Figure 2, PM2.5 concentrations and meteorological parameters exhibited clear
variations during the study period. To investigate the sources of WSOC and their changes under
different pollution levels, two pollution episodes (EP1, 17–20 March, and EP2, 21–24 March) and one
clean day period (CD, 25–27 March) were selected for further analysis (see Figure 2) based on PM2.5

levels. During the two EP periods, the 24-h daily average PM2.5 mass concentration was higher than
75 µg/m3, while it was less than 35 µg/m3 in CD period. Table 1 shows the average concentrations of
carbonaceous components and meteorological parameters during the two EP and CD periods. It can
be seen that concentrations of PM2.5 and carbonaceous components were all higher in EPs compared
to CD. The average WSOC concentration during EP1 was about 9 times higher than that during CD
(0.87 ± 0.21 µg/m3). In contrast to CD, EPs were characterized by lower wind speed (EPs: 2 ± 1 m/s vs.
CD: 4 ± 2 m/s) and higher RH. The t-test indicated that there were statistically significant differences
(at a significance level of 0.05) in most of the meteorological parameters (e.g., temperature, pressure,
wind direction, and RH) and carbonaceous components and related ratios (e.g., OC, WSOC, PM2.5, EC,
and OC/EC) during the two EPs. However, wind speeds and WSOC/OC ratio showed no significant
differences during EP1 and EP2.
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indicate PM2.5 levels of 75 μg/m3 and 35 μg/m3, respectively. The gray and light blue shaded areas 
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Figure 2. Time series of concentrations of (a) PM2.5, (b) OC, EC, and WSOC, (c) ratios of WSOC/OC
and WIOC/OC, and (d–f) meteorological parameters during the study period, including two pollution
episodes (EP1 and EP2) and one clean day (CD) period. Note: The dashed black and light blue lines
indicate PM2.5 levels of 75 µg/m3 and 35 µg/m3, respectively. The gray and light blue shaded areas refer
to the EP and CD periods, respectively. OC: Organic carbon, WSOC: water-soluble organic carbon, EC:
elemental carbon.
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Table 1. Summary of mass concentrations of different carbonaceous components and meteorological
conditions during the study period. OC: Organic carbon, WSOC: water-soluble organic carbon, EC:
elemental carbon. EP1 and EP2: two pollution episodes, CD: clean day.

Average EP1 EP2 CD

Average ±
Standard
Deviation
(Median)

Sample
Number

(N)

Average ±
Standard
Deviation
(Median)

Sample
Number

(N)

Average ±
Standard
Deviation
(Median)

Sample
Number

(N)

Average ±
Standard
Deviation
(Median)

Sample
Number

(N)

Temperature
(◦C)

10 ± 4
(10) 292 12 ± 3

(12) 90 8 ± 3
(7) 88 10 ± 3

(10) 51

Pressure
(hPa)

1013 ± 2
(1012) 292 1013 ± 3

(1013) 90 1014 ± 3
(1015) 88 1012 ± 1

(1012) 51

Wind speed
(m/s)

2 ± 1
(2) 292 2 ± 1

(2) 90 2 ± 1
(2) 88 4 ± 2

(4) 51

Wind
direction (◦)

201 ± 70
(199) 292 162 ± 61

(165) 90 200 ± 71
(207) 88 263 ± 55

(286) 51

Relative
humidity (%)

51 ± 22
(46) 292 48 ± 13

(47) 90 67 ± 18
(75) 88 31 ± 10

(32) 51

PM2.5
(µg/m3)

98 ± 68
(91) 283 164 ± 56

(163) 90 109 ± 37
(102) 88 13 ± 3

(13) 51

WSOC
(µg/m3)

5.14 ± 3.25
(4.89) 281 8.14 ± 2.17

(8.39) 90 6.05 ± 2.16
(5.33) 77 0.87 ± 0.21

(0.86) 51

OC (µg/m3)
9.54 ± 4.98

(9.01) 287 14.01 ± 3.43
(14.59) 88 10.47 ± 3.39

(9.32) 87 2.80 ± 0.50
(2.67) 51

EC (µg/m3)
2.63 ± 1.71

(2.35) 276 4.14 ± 1.40
(4.24) 88 2.70 ± 1.27

(2.18) 87 0.46 ± 0.13
(0.45) 40

WSOC/OC 0.49 ± 0.12
(0.52) 276 0.58 ± 0.08

(0.59) 88 0.56 ± 0.05
(0.56) 76 0.31 ± 0.06

(0.31) 51

OC/EC 4.38 ± 1.31
(4.12) 276 3.56 ± 0.72

(3.35) 88 4.20 ± 0.88
(4.07) 87 6.20 ± 1.31

(6.12) 40

Table 2. Concentrations (µg/m3) and ratios of carbonaceous components reported in different studies.

City Seasons Sampling
Method EC OC WSOC WSOC/OC References

Beijing Spring 2017 Online
PILS-TOC 2.63 ± 1.71 9.54 ± 4.98 5.14 ± 3.25 0.49 ± 0.12 This study

Beijing

Spring 2009
Summer 2009
Autumn 2009
Winter 2009

Offline TOC

2.8 ± 1.1 13.7 ± 4.4 6.7 ± 1.8

[17]4.2 ± 1.2 11.1 ± 1.8 3.2 ± 1.1
5.3 ± 2.8 17.8 ± 5.6 7.7 ± 5.0
7.5 ± 7.4 24.9 ± 15.6 7.7 ± 3.6

Beijing

Summer 2011
Autumn 2011
Winter 2011
Spring 2012

Summer 2012

Offline TOC

3.08 13.55 4.48 0.33

[6]
5.4 25.42 5.82 0.25
4.7 28.16 5.53 0.2

2.98 16.57 3.9 0.27
3.15 16.54 5.81 0.34

Beijing Summer 2013
Winter 2012

Offline TOC
1.90 ± 0.63 9.65 ± 2.87 6.42 ± 2.17 0.66 ± 0.06 [27]
5.58 ± 1.44 32.9 ± 16.8 10.8 ± 3.13 0.39 ± 0.16

Tianjin Winter 2011 Online
PILS-TOC 6.0 ± 4.8 21.5 ± 19.2 14.3 ± 11.8 [49]

Beijing
Shanghai
Lanzhou

Guangzhou

Summer 2005
Spring 2005

Summer 2006
Spring 2004

Offline TOC

4.9 ± 2.9 8.2 ± 3.7 4.5 ± 2.3 0.55 ± 0.1

[54]10.0 ± 5.5 16.9 ± 12.2 5.8 ± 4.2 0.35 ± 0.1
2.9 ± 1.4 6.6 ± 2.9 2.4 ± 0.8 0.4 ± 0.1

10.5 ± 3.7 14.9 ± 5.8 4.3 ± 1.2 0.32 ± 0.1

Chengdu Spring 2009 Offline TOC 5.7 ± 1.8 20.7 ± 6.0 10.4 ± 3.4 0.5 [50]

Atlanta Summer 2004 Online
PILS-TOC 3.22 ± 1.12 1.98 ± 1.00 0.60 ± 0.13 [37]

Kanpur Autumn 2008 Offline TOC 7.7 ± 2.9 47 ± 21 31.6 ± 15.3 0.66 ± 0.10 (day)
0.47 ± 0.07 (night) [34]

3.2. Significant Contribution of Primary Sources to WSOC

3.2.1. WSOC Highly Correlated with Primary Tracers

It can be seen from Figure 3 that during the study period, WSOC was strongly correlated with POC
(p < 0.001, r = 0.95) calculated based on the EC-tracer method, and also well correlated with primary
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combustion source tracers such as CO (p < 0.001, r = 0.84) and EC (p < 0.001, r = 0.95) (see Figure 3a–c).
By contrast, a very poor correlation (p < 0.001, r = 0.21) between WSOC and SOC was found (Figure 3d).
The strong correlations of WSOC with POC, EC, and CO, as well as the extremely poor correlation
between WSOC and SOC suggested that WSOC during springtime in Beijing were mainly contributed
by primary sources. This was different from some previous studies conducted in Beijing, in which
secondary organic aerosol was reported as the major contributor of WSOC, especially in spring and
summer [11].
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Figure 3. Correlations of WSOC with (a) POC, (b) CO, (c) EC, and (d) SOC.

3.2.2. Primary Sources of WSOC Determined by the PMF Model

The PMF model with input number of factors varying from 4 to 8 were performed initially
and finally a six-factor solution was chosen, in that six-factor solution gave the best performance.
Factor profiles for the six sources, identified as coal combustion, biomass burning, industry, dust,
other combustion source, and secondary sources, are shown in Figure S2. Factor 1, the coal combustion
factor, had a high loading of As, Se, Pb, and moderate OC, which were typical tracers of coal
combustion [55,56]. Factor 2 was characterized by two crustal elements (i.e., Ca and Ba), which could
be identified as dust sources [57]. Factor 3 showed high loading of three pollution elements including
Mn, Fe, and Zn, most of which may be from industrial sources [58]. Factor 4, which was characterized
by K and OC, suggested biomass burning source [59]. Factor 5 was mostly loaded by EC and OC,
which was identified as other combustion source including vehicle emission [60]. Factor 6 was mainly
dominated by secondary inorganic ions (e.g., SO4

2−, NO3
−, and NH4

+) with moderate OC, which
was typical for secondary formation and included in a secondary category [61]. Na+ had relatively
high loading in factor 6 probably because secondary source was mixed with some transported marine
aerosol [62,63], especially in EP2. The 72-h back trajectories showed that air masses originated from
marine atmosphere before reaching the receptor (Figure 4).
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As shown in Figure 4, primary sources were the predominant contributors to WSOC during
different periods, accounting for 68% of WSOC on average, including biomass burning (22%),
other combustion source (19%), industrial source (17%), coal combustion (7%), and dust (3%). The strong
correlations of WSOC with EC (p < 0.001, r = 0.95) and K (p < 0.001, r = 0.88) in Table S2 suggested
that the WSOC in study period was closely related to combustion related sources especially biomass
burning [36]. In addition, WSOC exhibited strong correlations with metal species such as As (correlation
coefficient as 0.93), Se (0.84), Pb (0.84), Mn (0.88), Fe (0.87), and Zn (0.90), which were widely used
as markers for primary and combustion related sources such as coal combustion [64,65], vehicle
emission [12,36], and industrial sources [66]. Contributions of vehicle emissions and industrial sources
to WSOC have been reported in Tianjin (41%) [67] and Beijing (20%) [17], respectively. However,
coal combustion, a unique source of PM2.5 pollution in China compared to Europe and the U.S.,
showed the least contribution to WSOC (7%) in this study. This might be due to the fact that the
sampling period in this study was within the non-heating period when coal combustion emission from
residential sectors for central heating had been significantly reduced.

Based on PMF results, it showed clearly that primary source, instead of secondary source,
was the major contributor of WSOC no matter during clean or haze days (65%). However, the relative
contributions by different primary sources could vary among different periods. The relative contribution
of biomass burning was obviously higher during clean period (73% on average), which was about
2 times higher than those during haze periods (EPs) (Figure 4a,b). By contrast, contributions by
industry and other combustion sources were much higher during EPs, with the relative contributions
increased from 0.2% and 7% in CD to 21% and 18% in EP1, respectively. The 72-h back trajectories
showed that air masses reaching the monitoring site during clean days primarily originated from the
northeast and northwest areas (see Figure 4c), where a large number of fires occurred (see Figure S3).
Further analysis showed that the back trajectories in CD were at a relatively higher altitude, leading
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to the characteristics of air flow at the receptor site more similar to that of source regions. The air
parcels were mainly transported from Mongolia where dust and biomass burning were important
sources [68,69]. In contrast, during pollution episodes, air masses passing through the south at a lower
altitude carried large amount of urban pollutants. As a result, the air masses containing more ground
urban sources (e.g., industry and secondary pollutants) were observed at the receptor site (EP1 and
EP2 in Figure 4). This agreed well with the results by PMF, which showed that the relative contribution
of biomass burning was higher during clean period. Although, in general, the surface wind directions
measured during the clean days (mostly from northwest directions) agreed well with the results of
back trajectories, it should be noted there were some differences between them. The back trajectories
showed north easterly and north westerly flow, while the wind direction data plot at the monitoring
site during the clean days had some east/southeast/southerly flow. This is mainly because surface
wind direction could be influenced by various factors such as building structure. However, air masses
arriving at the monitoring site during haze days or the EPs primarily originated from the southern
regions to Beijing, and passed through Hebei province and Tianjin city, which were known as heavily
polluted industrial provinces [70] with urban vehicular emission contributions [67]. The distance of
Tianjin City to the receptor site is about 128 km while the distance from Shijiazhuang, the capital city of
Hebei Province, to the receptor site is 266 km. This explained the increased relative contributions of
industrial and other combustion sources during the EPs compared to clean days, along with increased
regional transport.

Furthermore, a quantitative estimate of primary WSOC and secondary WSOC based on a modified
EC-tracer method (see Supporting Information Text Supplementary 2), also showed that primary
WSOC dominated during the study period, accounting for about 72 ± 24% of WSOC on average
(Figure 5a). Figure 5b shows primary WSOC estimated by two methods. It can be seen that the
primary WSOC mass concentration calculated by the modified EC-tracer method exhibited correlation
with that estimated by the PMF model during the sampling period, with r as 0.91 and a slope of 1.10.
For the modified EC-tracer method, it was found that the (WSOC/EC)pri ratio varied from clean days
to pollution periods, thus different ratios were applied (1.42 for EPs and 2.01 for CD) in calculating
WSOCpri. Results of both methods indicated that primary sources dominated WSOC during springtime
in Beijing.
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3.3. Increased Secondary Source of WSOC during Haze Episodes

As can be seen in Figure 6, the highest PM2.5 mass concentrations occurred when the highest
nitrate (NO3

−), sulfate (SO4
2−), WSOC, and high WSOC/OC ratios (~0.74) were also observed.

Good correlations of WSOC with SO4
2− (p < 0.001, r = 0.88), NO3− (p < 0.001, r = 0.93), and ammonium
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(p < 0.001, r = 0.89) (see Table S2) suggested that a significant fraction of the observed WSOC during
the most severe haze periods could be formed via secondary formation.Atmosphere 2020, 11, x FOR PEER REVIEW 11 of 18 
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The WSOC source apportionment results indicated that in general primary source played an
important role in WSOC during the study period. However, Figure 7 clearly shows that secondary
source contributions to WSOC gradually increased with increasing mass concentrations of PM2.5. It can
be seen from Figure 4a that secondary source contributions increased from 3% during CD to around 35%
during EPs. The WSOC/OC ratio varied from 0.2 to 0.4 during clean days, while it increased during EPs
(in the range of 0.41–0.67), suggesting that WIOC was more enriched during clean days, while WSOC
increased during haze days, primarily due to more aged aerosol and secondary source contribution.

The high time-resolved measurement also provided an opportunity to examine the hourly diurnal
variations of WSOC and associated ratios, such as WSOC/OC ratio (Figure 8a,b). Generally, WSOC mass
concentrations exhibited lower values in the afternoon, which were probably related to factors such
as the increased mixing layer height. It is worth noting that, the WSOC/OC ratio showed a diurnal
variation pattern similar to O3 with the highest WSOC/OC occurring around 14:00 p.m. in the
afternoon, in both high and low PM2.5 polluted days. The high WSOC/OC ratio in the afternoon was
coincident with the distribution of atmospheric O3 concentrations, indicating the presence of secondary
formation [52,71].
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secondary WSOC calculated by (c) PMF results and (d) modified EC-tracer method. Note: High PM2.5

concentration condition is defined by days with daily PM2.5 concentration higher than 75 µg/m3,
while those lower than 75 µg/m3 are defined as low PM2.5 concentration condition.

Although WSOC is widely used as a proxy of SOA in previous studies [20,72,73], it is not the case
for this study due to the high primary source contributions such as biomass burning. In addition,
the WSOC/OC ratio was found to exhibit relatively good correlation with secondary WSOC quantified
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by PMF model (r as 0.77, see Figure 8c) and the modified EC-tracer method (r as 0.64, see Figure 8d).
However, WSOC showed poor correlation with SOC (r as 0.21, see Figure 3d). This study suggested
that the WSOC/OC ratio might act as a better indicator of secondary formation in cases when primary
sources are the dominant source of WSOC.

4. Conclusions

High time-resolved measurements of WSOC, as well as other major components in PM2.5 were
simultaneously conducted during March 2017, in Beijing. The contributions by primary and secondary
WSOC were estimated for the first time based on high time-resolved monitoring data in Beijing using
the modified EC-tracer method and the PMF model. Both methods agreed well that the primary source
was the major source of WSOC in spring in Beijing, primarily including biomass burning, and industry
sources during the study period. During pollution episodes, the relative contribution of biomass
burning decreased while the contribution of secondary sources and industry increased, due to more
aged aerosol and the influence of regional transport from the south of Beijing. The results from this
study showed that, in some urban areas, the primary source could be the major source of WSOC;
therefore, it cannot be simply used as an indicator of SOA. Future studies could cover other seasons to
have a more thorough investigation of WSOC sources.
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Text S1: More detailed introduction of online measurements and related quality assurance and quality control
protocols; Text S2: The modified EC-tracer method for primary and secondary WSOC estimation and related
uncertainties; Figure S1: The (WSOC/EC)pri ratio determined by the MRS method; Figure S2: Source profiles of 6
factors identified by the PMF model as sources of WSOC during the study period; Figure S3. Fire maps during (a)
CD, (b) EP1, and (c) EP2 provided by NASA FIRMS Web Fire Mapper; Table S1: MDL (µg/m3) for each of the
species in the PMF model; Table S2: Pearson correlation coefficients of WSOC with different PM2.5 components
during the study period.
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