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• Sources of PM2.5 and HULIS were
apportioned for 2012–2013 using addi-
tional variables.

• Eight sources were resolved including
residential coal/wood and incinerator
emissions.
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CMAQ results.
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Recent work has identified the presence of humic-like substances (HULIS) in ambient fine particulate matter
(PM2.5) in Beijing, China and that residential coal combustion as well as biomass burning are significant contribu-
tors to its presence. These results were based on the characterization of emissions from representative stoves and
modeling of the aerosol with the CommunityMultiscale Air Quality (CMAQ) chemical transportmodel. The CMAQ
source apportionment estimated that residential coal and biofuel burning and secondary aerosol formation were
important annual sources of ambientHULIS, contributing 47.1%, 15.1%, and 38.9%, respectively. In this study, chem-
ical composition data including concentrations ofwater-soluble organic carbon andHULIS across four seasons dur-
ing 2012–2013 were analyzed with positive matrix factorization (PMF) to provide a complementary source
apportionment. The PMF results indicate that the identified sources were Traffic, Biomass Burning, Nitrate/Sulfate,
Incineration, Sulfate, Coal Combustion/Ammonium Chloride, Residential Coal/Biofuel Combustion, and Road Dust/
Soil with mass contributions (fractions) to PM2.5 of 12.35 (10.4%), 8.70 (8.9%), 24.51 (22.4%), 5.64 (7.2%), 25.14
(24.5%), 7.10 (6.2%), 14.18 (15.4%), and 5.33 μg/m3 (5.0%), respectively. The contributions to the observed HULIS
concentrations were 0.63 (10.9%), 0.38 (6.4%), 0.07 (1.7%), 0.00 (0%), 1.12 (28.8%), 0.00 (0%), 1.50 (52.2%), and
0.01 μg/m3 (0.3%), respectively. These PMFmodeling results were in reasonable agreement with the CMAQ values
supporting the attribution of significant amounts of primary HULIS to residential coal and biofuel combustion.
Currently, efforts are underway in China to replace solid fuel combustion for heating and cooking with natural
gas and electricity by 2020. Thus, future studies should be able to see substantial reductions in both PM2.5 and
HULIS in the near term future.
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1. Introduction

Humic-like substances (HULIS) are a mixture of water-soluble, rela-
tively high molecular weight organic compounds with structures and
properties similar to terrestrial and aquatic humic and fulvic acids
(Graber and Rudich, 2006). HULIS arewidely distributed in atmospheric
samples and can constitute a significant portion of the organic matter
and water-soluble organic carbon (WSOC). For example, HULIS were
found to constitute 9% to 72% of WSOC (Zheng et al., 2013). HULIS
may play important roles in atmospheric processes, such as the forma-
tion of clouds as condensation nuclei, ice nuclei, and increased single
particle albedo through aerosol hygroscopic growth (Gysel et al., 2004;
Dinar et al., 2006; Wang and Knopf, 2011). HULIS play an active role as
brown carbon in the radiative transfer and photochemical processes
due to its strong light absorption in the ultraviolet range (Hoffer et al.,
2006). Its deposition decreases the albedo of ice and snow surfaces
(Beine et al., 2011; France et al., 2011, 2012). HULIS can also induce
adverse health effects because of their redox-active characteristics
(Ghio et al., 1996; Lin and Yu, 2011; Verma et al., 2012).

HULIS concentrations in the ambient aerosol vary over two orders
of magnitude, ranging from b0.1 μg/m3 for background locations to
55 μg/m3 in polluted urban aerosols (Feczko et al., 2007; Krivácsy
et al., 2008; Li et al., 2019). Biomass burning and atmospheric secondary
formation have generally been accepted as the important HULIS sources
(Zheng et al., 2013; Kuang et al., 2015; Ma et al., 2018; Srivastava et al.,
2018). However, residential coal burning was recently suggested as an
important primary HULIS source during winter (Tan et al., 2016;
Voliotis et al., 2017). Vehicle exhaust is another possible HULIS source
although there is uncertainty in the importance of this source (Salma
et al., 2007; El Haddad et al., 2009; Lin et al., 2010; Kuang et al., 2015).
However, studies on quantitative source apportionment of HULIS are
still limited (Kuang et al., 2015; Srivastava et al., 2018; Ma et al., 2018;
Li et al., 2018) and thus, a detailed understanding of HULIS sources
has not yet been attained.

Beijing, a megacity with over 20 million in population and located
in the North China Plain, suffers serious PM2.5 pollution, particularly in
the winter. Beijing had a vehicle population of up to 5.2 million in
2012. Coal is burned extensively in Beijing and its surrounding areas,
especially in the winter when large quantities of coal are consumed
for indoor heating as well as cooking. Moreover, a considerable propor-
tion of coal is burned in residential household stoves in rural, suburban,
and even some urban areas under poor combustion conditions and
without any emission controls (Wang et al., 2016; Liu et al., 2016).
Biofuels are also burned in large amounts in these areas for cooking
and heating. Source appointment studies indicated that vehicle emis-
sions, coal and biomass burning, and secondary aerosol formation
were important sources of ambient PM2.5 in Beijing (Zhang et al.,
2017; Zíkova et al., 2016; Tao et al., 2016; Zhang et al., 2013). Thus,
Beijing provides an ideal location to explore the contribution of a variety
of sources to ambient HULIS.

In our previous work, HULIS emitted from residential coal stoves,
vehicle exhaust, and residential biofuel burning were measured; and
anthropogenic primary emissions of HULIS were estimated (Li et al.,
2019). The source-oriented Community Multiscale Air Quality (CMAQ)
modelwas applied to quantitatively determine the source contributions
to HULIS in ambient PM2.5 in Beijing (Shi et al., 2017; Li et al., 2019). This
work provided direct evidence that residential coal burning was a sig-
nificant source of ambient HULIS in northern China. Vehicle emissions
were found to be a negligible contributor to the ambient HULIS. Com-
bining emissions, meteorology, and atmospheric chemical and physical
processes, source-oriented models are very powerful in source appor-
tionment. However, uncertainties in emission inventory, meteorology,
and atmospheric chemical mechanism could limit the accuracy of
results from source-oriented models (Zhang et al., 2017).

To help to better assess source contribution to ambient HULIS, a
positive matrix factorization (PMF) source apportionment modeling
study using EPA PMF V5 was performed based on 116 ambient PM2.5

samples measured in Beijing across the four seasons during 2012–2013.
Temperature-resolved carbon fractions and pollutant gases were in-
cluded in the PMF modeling to help identifying the potential sources.
Marmur et al. (2005, 2007) included pollutant gases in their chemical
mass balance (CMB) source apportionment of Atlanta PM2.5. Kasumba
et al. (2009) incorporated pollutant gases in their PMF studies of particle
size distributions. Emami and Hopke (2017) specifically examined the
utility of adding the gas data to the particle size distribution data and
showed that it reduced the rotational ambiguity in the resulting solutions.
Incorporating pollutant gases in the PMF studies or not was also explored
and compared in this study. The relative contributions of each source to
HULIS in the different seasons were estimated. The conditional bivariate
probability function (CBPF) was utilized to help identify the likely direc-
tion of the PMF identified sources. A feature of this study is the use of
the new error analysis tools that were included in EPA PMF V5 (Paatero
et al., 2014). HULIS PMF source apportionment results were also
compared with our prior study with the source-oriented CMAQ model.
Integration of these two models will add confidence to the robustness
of source apportionment results for ambient HULIS.

2. Experimental methods

PM2.5 samples were collected using a 5-channel Spiral Ambient
Speciation Sampler (SASS, Met One Inc., USA) for PM mass, elements,
ions, and organic and elemental carbon analysis. In addition, a high-
volume aerosol sampler (RFPS-1287-063, Thermo, USA) was operated
at a flow rate of 1.13 m3 min−1 to collect PM2.5 samples on prebaked
quartz filters (with area 417.6 cm2) for the determination of water-
soluble organic carbon (WSOC) and humic-like substances (HULIS).
Samples were collected from June 15–30, 2012 and August 10–20,
2012 (summer), September 15 to October 31, 2012 (autumn), from
January 5 to February 5, 2013 (winter), and March 4 to April 2, 2013
(spring) on the roof of a building at Beihang University (39°590N,
116°210E) approximately 25 m above ground level. The site is located
in urban Beijing, approximately 10 km northwest of the city center
and between the 3rd and 4th Ring Roads in northwestern Beijing. This
urbanized area is surrounded by educational and residential districts
without any major nearby industrial sources (Fig. 1). The sampling
procedures were described in detail by Wang et al. (2015). Details of
the analytical procedures were provided by Zíkova et al. (2016).

Pollutant gases were measured using standard gas monitors at the
Haidian Wanliu air quality observation site. The site is an urban site in
Beijing about 5 km from the PM sampling site, and close to 4th Ring
Roads in northwestern Beijing. Nitrogen oxides (NOx) concentrations
were measured by a chemiluminescence NO–NO2–NOx analyzer
(Model 42, Thermo Environmental Instrument Inc., MA, USA). Carbon
monoxide (CO), sulfur dioxide (SO2) and ozone (O3) concentrations
were measured by a CO ambient analyzer (Model 48, Thermo Environ-
mental Instrument Inc., MA, USA), a SO2 ambient analyzer (Model 43i,
ThermoEnvironmental Instrument Inc.,MA, USA) and anO3 ambient an-
alyzer (Model 49i, Thermo Environmental Instrument Inc., MA, USA), re-
spectively. These data were obtained from the official website of China
National Environmental Monitoring Center (http://113.108.142.147:
20035/emcpublish/) that operates the gas analyzers and provide their
routine calibration and maintenance. Meteorological data including
wind speed (WS), temperature, relative humidity (RH) and precipitation
were obtained from the China Meteorological Data Service Center
(http://data.cma.cn/). A plot of thewind rose for the days onwhich sam-
ples were collected is provided in Fig. S1 of the Supplemental material.

HULIS was isolated using the extractionmethod developed by Varga
et al. (2001) and used in many other studies (Fan et al., 2012; Feczko
et al., 2007; Krivácsy et al., 2008; Lin et al., 2010; Lin and Yu, 2011;
Nguyen et al., 2014; Salma et al., 2013; Song et al., 2012). The separation
procedure is provided in Supporting information Section S1. TheWSOC
and HULISC (HULIS carbon) were determined using a TOC analyzer

http://113.108.142.147:20035/emcpublish/
http://113.108.142.147:20035/emcpublish/
http://data.cma.cn/


Fig. 1. Location of the PM and gas sampling sites (highlightedwith a red star and a green triangle, respectively). Thewaste incinerators are denotedwith blue circles. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
(Maps from https://www.google.com/maps.)
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(Shimadzu TOC-Vcph, Japan) based on a combustion-oxidation, non-
scattering infrared absorption method. The TOC was determined
by subtracting inorganic carbonate (IC) from total carbon (TC): TOC =
TC − IC. The data reported were the average results of three measure-
ments. The difference between the total carbon and the WSOC was the
water-insoluble carbon (WIC) thatwould include thewater-insoluble or-
ganic carbon and the elemental carbon. Mass concentrations of HULIS
were obtained from the HULIS carbon content (HULISC) by multiplying
by the factor 1.9 suggested by Lin et al. (2012), Kiss et al. (2002), and
Zheng et al. (2013). The average recovery from standard solutions was
89.3±5.3% (n=12),which is comparable to prior studies. The reproduc-
ibility was assessed using the relative standard deviation (RSD). RSD for
solutions containing 10, 20, 50, and 100 μg/ml of HULIS were 4.7%, 2.3%,
3.4%, and 4.2% (n = 3 for each point), respectively (see Supporting
Section S1). The detection limit was calculated as 1.09 μg C/ml as de-
scribed in Supporting Section S1. The distributional characteristics of the
resulting data are presented in Table S1.

The datasetswith andwithout the inclusion of the gas concentrations
were subjected to positive matrix factorization (PMF) using EPA PMF
V5.014. PMF has been described in detail by Hopke (2016) and is now
widely used in source apportionment studies. The uncertainties for the
PM species were calculated using the approach of Polissar et al. (1998).
The uncertainties for the gaseous species were estimated from the
manufacturer's reported detection limits and precision (DL+ (fractional
precision) ∗ value). The number of factorswas determined by a combina-
tion of the relative values of Qrobust and Qtheoretical, the distributions
of the scaled residuals, and the physical/chemical interpretation of
the resulting solutions. Rotational ambiguity was explored with a
displacement analysis (DISP) and the measurement errors were exam-
ined with a bootstrap (BS) analysis (Paatero et al., 2014). The ability to
constrain solutions was also used to incorporate information from the
measured source profiles for typical residential coal and wood stoves
reported by Li et al. (2018) and Dai et al. (2019).

To assist in the identification of the factors, conditional bivariate
probability function (CBPF) analyses were applied to each of the factor's
contributions. CBPF analysis is discussed in detail by Uria-Tellaetxe and
Carslaw (2014). Computation of the CBPF values has been done by using
Openair package for R (Carslaw and Ropkins, 2012; Carslaw, 2018).

3. Results and discussion

The prior study of a subset of the present data set by Zíkova et al.
(2016) resolved 6 sources. They found source profiles that they identi-
fied as secondary sulfate, coal combustion, traffic, secondary nitrate,
biomass burning, and soil. In the present study, WIC, WSOC, HULIS_C,
the OC and EC fractions, and the pollutant gases were available. Thus,
analyses have been made both with and without the inclusion of
the gases to ascertain their value in the source apportionment. For the
solution with gases, the PM components and the contributions were
normalized using the apportioned PM2.5 values in the profiles. The gas
values were not normalized and presented as provided by the program
such that for each factor, the average of each factor contributions (mean
g-value) is equal to 1. Thus, the pollutant f-value provides each factor's
contribution to the overall average gas concentration.

The gases were included as weak variables since the hourly values
had been averaged to provide 24-h values comparable to the PM species

https://www.google.com/maps
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concentrations. Averaging the data loses information (Lioy et al., 1989)
and thus, they were included with less weight. Their inclusion without
downweighting produced results that were difficult to interpret.
The number of factors was varied from 6 to 9. Solutions without the
pollutant gases and with them included were explored. Based on
the distributions of scaled residuals and the physical interpretability
of the resulting solutions, 8 factors were chosen for both data sets
(without and with gases). In all cases, there were no DISP swaps and
the BS analyses always had at least 80% of the BS solutions adequately
correlating with the base case results.

3.1. Source identification

The following factors were resolved for both data sets: Traffic,
Biomass Burning, Nitrate/Sulfate, Incineration, Sulfate, Coal Combustion/
Fig. 2. Profiles of the sources resolved by the constrained PM
Ammonium Chloride, Residential Biofuel/Coal Combustion, and Road
Dust/Soil. The profiles and contribution plots for the data set that included
the pollutant gases are provided in Figs. 2 and 3 while the corresponding
plots for the without gas data set are shown in Figs. S2 and S3 in the Sup-
plemental material file. The plots from the CBPF analyses are provided in
Fig. 4 for the with gases dataset and in Fig. S4 for the without gases data.
For these data analyses, there are the results of the prior CMAQ analyses
(Shi et al., 2017; Li et al., 2019) that can serve as a basis of comparison.

3.1.1. Traffic
The traffic factor has high contributions from the OC and EC frac-

tions, WIC, and small amounts of WSOC and HULIS_C. There are small
concentrations of Fe, Mn, Pb, Br, and Cl−. For the with-gases results,
there are high contributions of NO,NO2, SO2, and someCO. However, ni-
trate was zero and typically some nitrate is observed when there are
F analysis from the data collected during 2012–2013.



Fig. 3. Time series of contributions of the factors resolved using the constrained PMF analysis including the pollutant gases.
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Fig. 4. CBPF plots for each of the 8 factors extracted from the dataset including the pollutant gases. Wind speeds are in m/s. Values in the parentheses are the 75th percentile values in μg/m3.
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diesel vehicle emissions (Squizzato et al., 2018). Thus, in the
constrained run, the nitrate was maximally pulled upward. Additional
constraints were also placed on elements of the Residential Coal/biofuel
profile and will be discussed below. The constraints increased the Q-
value by 0.82% and again, there were no DISP swaps and all of the BS
runs had at least 80% agreement with the base case values. The PM2.5
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mass contributions from the solutions with and without the pollutant
gases (Figs. 3 and S3) are fairly similar throughout the year with some-
what higher values during the winter and early spring when mixed
layer heights and wind speeds are low resulting in poor dispersion
conditions. The with-gases solution has higher WIC and lower WSOC
and HULIS_C and more ammonium and sulfate than in the without-
gas profile. In general, the DISP intervals in the with-gas results are
smaller suggesting less rotational ambiguity in line with the results of
Emami and Hopke (2017) showing that the addition of pollutant
gases produced smaller DISP intervals in the analysis of particle size
distribution data. The CBPF plots (Figs. 4 and S4) show the highest
traffic coming from the SW direction, which is the major prevailing
wind direction from a large area of the city such that significant traffic
aerosol could be transported to the sampling site.

3.1.2. Biomass burning
This factor had the highest contribution to K+ with some carbona-

ceous material including WSOC and HULIS_C. Potassium is the com-
monly used marker element for biomass combustion and it is also
known that biomass combustion produces water-soluble carbonaceous
materials as observed by Li et al. (2019). Kumar et al. (2018) report that
agricultural burning in India produced a strong correlation of HULIS-C
with K+ (r2 N 0.80) and significant day-night variability of the HULIS-
C/WSOC ratio. Air-mass back trajectories showed transport of pollutants
from the upwind Indo-Gangetic Plain and thus, suggesting biomass
burning emissions and secondary transformations as important sources
of HULIS in this region. High-loadings of atmospheric PM10 (as high as
440 μg m−3) with significant contributions of water-soluble organic
matter (WSOC/OC: ~0.40–0.80) were observed during wintertime.

There is also ammoniumsulfate in this profile and contributes 6 μg/m3

to the summer PM2.5 concentrations. The chemical reactions within the
biomass burning aerosol are known to produce significant quantities of
oxidative species including ozone (Mao et al., 2013). Thus, any SO2

entrained into the biomass burning aerosol will be readily oxidized to
ammonium sulfate and will covary with K+.

High contributions of the biomass burning source were observed in
the summer 2012 samples and low to moderate values in winter and
spring 2013 suggesting that this source largely represents agricultural
burning analogous to the CMAQ open biomass burning source. It was
the major source of HULIS-C for the summer samples. The CBPF plots
(Figs. 4 and S4) show a strong SSW direction at higher wind speeds
suggesting this source is at a distance and its impact comes from
transported PM.

3.1.3. Nitrate/sulfate
One of themechanisms suggested to explain the high concentration

of winter sulfate in Beijing is one in which SO2 partitions into cloud or
fog droplets and is then oxidized by dissolved NO2 in fog droplets at a
typical haze-fogwater pH of 5.6 (Cheng et al., 2016). The heterogeneous
reaction of SO2 on the particle surfaces was also suggested to be impor-
tant based on the modeling done by Xue et al. (2014, 2016), Hu et al.
(2016), Shi et al. (2017) andQiao et al. (2018). Li et al. (2018) suggested
that observations of high nitrate and sulfate concentrations supported
the application of this mechanism. In both sets of solutions, a nitrate/
sulfate factor is observed and contributes the most nitrate as well as
significant sulfate (Table S2). This factor is high in the winter and
early spring with spring being somewhat higher than winter as re-
ported by Li et al. (2019) when there would be warmer temperatures
and greater photochemical activity. The CBPF plots showmultiple direc-
tions from the south with the highest probability direction being SE
under light winds.

3.1.4. Incineration
There are severalmunicipal solidwaste incinerators in the vicinity of

the sampling site. One is located approximately 20 km to the southeast
of the monitoring site (Fig. 1). This factor was not resolved in the
previous analysis (Zíkova et al., 2016). However, they suggested that in-
cinerationmight have been intermixedwith the biomass burning factor
because of the presence of Fe andZn. The factor also has a substantial K+

contribution that would come from burning paper and other biomass
such as food waste. There is a significant Cl− contribution that was
often seen in incinerator emissions from the combustion of PVC plastic
(Greenberg, 1976). It also contributes nitrate. It appears to be a source
of CO and a possible source of NO since the NO value has a large DISP in-
terval. This factor contributed relatively little mass, but its highest mass
contributions occurred in the winter period. The CBPF plots (Figs. 4 and
S4) shows that the plant to the southeast that has the substantial influ-
ence. The SE directionality of this point source has a degree of overlap
with the Nitrate/Sulfate source. High-temperature combustion in the
incinerator could be a local source of oxidative species, nitrate, and
water vapor that could facilitate the liquid phase reactions.

3.1.5. Residential coal/biofuel combustion
In many upwind provinces (e.g., Hebei, Shanxi, Shandong), much of

the space heating and cooking continued to be done with lump or bri-
quette coal and biofuel as previously seen in Xi'an (Dai et al., 2018)
and Lanzhou (Tan et al., 2016). Li et al. (2019) havemeasured emissions
from coal stoves as has Dai et al. (2019) and both have found significant
emissions of sulfate and organic carbon. Li et al. (2019) have also
reported the emission of primary HULIS. Tan et al. (2016) suggested
that residential coal combustion was a significant source of HULIS in
Lanzhou. This source profile has the highest explained variation for
HULIS_C in this analysis. It also has a significant K+ contribution and
wood and agricultural wastes are also burned for heating and cooking.
Thus, this profile is assigned to residential solid fuel combustion with
its highest values during the heating season but continuing throughout
the year since these stoves are also used for cooking. However, there is
no sulfate associated with this factor in spite of the findings of Dai et al.
(2019) that coal combustion in typical residential stoves was a major
source of primary sulfate. There is a moderately large DISP interval
suggesting that it could be constrained to include a significant sulfur
concentration. This problem can be resolved in the consideration of
the next factor.

3.1.6. Sulfate
This factor provides the majority of the sulfate (Table S2) and a cor-

responding amount of ammonium. It also includes someOC and EC as is
typically seen in a sulfate factor (e.g., Kim et al., 2004; Kim and Hopke,
2004a, 2004b). However, contrary to most locations, the sulfate factor
contributed the most mass in winter whereas in most other locations,
sulfate peaks in the summerwhen photochemical activity is the highest.
In the winter in Beijing, temperatures are near 0 °C, and there is dimin-
ished light intensity because of the high PM concentrations and fogs. In
addition, the highest NOx concentrations were observed in the winter
(Table S3), and they would serve as a substantial reaction sink for
hydroxyl radicals given their large rate constants. Thus, homogeneous
secondary formation reactions on sulfate particles are limited. It is likely
that aqueous phase oxidation by O2 with Mn/Fe catalysis either in
cloud/fog drop or in the liquid layers on particle surfaces at high relative
humidity is an important pathway for sulfate formation.

However, the sulfate is also present as the result of direct emissions
from residential coal stoves based on the source measurements made
by Dai et al. (2019). It is a common problem in factor analysis
that when there is a factor that essentially represents a single species
(or in this case both ammonium and sulfate), it will tend to take the var-
iance of those species from the other factors (for example, see Lee et al.,
2006). Such a result was observed in Seattle, WA by Kim and Hopke
(2008) for primary sulfate emitted from marine diesel engines. In the
examination of the g-space plot of sulfate against the residual oil source
(marine diesel engines) (Kim and Hopke, 2008), strong edges with the
same slopes were seen for each of the three sampling sites affected
by ship emissions. Fig. 5 shows the g-space plot for Residential
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Coal/Wood against the Sulfate factor. There is an edge that can be ob-
served for the winter/spring data even though there is an anomalous
point, but the edge does not exist for the summer/autumn data. An
edge represents the correlation between two sources (Henry, 2003;
Begum et al., 2005). Thus, in addition to the sulfate that was directly at-
tributed to Residential Coal/Wood (1.35 μg/m3 inwinter and 2.21 μg/m3

in the spring), an additional part of the observedwinter sulfate is due to
direct emissions from residential combustion as observed by Li et al.
(2019) and Dai et al. (2019). The CMAQ estimation was that for winter,
Residential Coal contributed 4.89 μg/m3 while in spring, 1.55 μg/m3

could be attributed to this source (Table S4 derived from the results of
Shi et al. (2017) and Li et al. (2019).

3.1.7. Coal combustion/NH4Cl
High-temperature coal combustion is a major energy source in

China with a large fraction of the electricity generating capacity being
coal-fired power plants. It is also used for some district space heating.
In Beijing, substitution of natural gas for the coal has been actively pro-
moted in recent years. However, in the winter of 2013, there would still
be space heating with high-temperature coal combustion. Previous
work has identified that coal burned in these plants is high in chlorine.
Yu et al. (2013) showed the Cl is strongly associated with coal
Table 1
Mean contributions (mass and fractional) of the sources to the observed mass concentrations.

Mean mass contributions (μg m−3)

Without gases PM2.5 WIC WSOC HULIS_C

Biomass 7.80 0.00 0.33 0.65
Coal 9.86 0.63 0.00 0.00
Incinerator 2.19 0.00 0.00 0.00
NO3

−/SO4
2− 27.48 0.00 0.25 0.19

Residential coal/wood 6.21 0.00 0.74 1.17
Road dust/soil 8.40 0.19 0.15 0.00
SO4

2− 26.96 2.84 0.18 0.61
Traffic 14.36 5.78 0.70 1.14

Mean % contribution

Without gases PM2.5 WIC WSOC HULIS_C

Biomass 7.56 0.00 13.85 17.29
Coal 9.55 6.63 0.00 0.00
Incinerator 2.12 0.00 0.00 0.00
NO3

−/SO4
2− 26.61 0.00 10.76 5.02

Residential coal/wood 6.01 0.00 31.39 31.09
Road dust/soil 8.13 2.01 6.49 0.00
SO4

2− 26.11 30.09 7.70 16.23
Traffic 13.90 61.27 29.82 30.37
combustion in Beijing based on laboratory analysis of coal combustion
smoke made by Zheng et al. (2005). There are tight DISP bounds on
both the ammonium and chloride in this profile suggesting the HCl
that would be emitted by the coal combustion has reactedwith the am-
bient ammonia to form ammonium chloride. Li et al. (2019) also sug-
gested that Cl· radicals could form and participate in the formation of
winter secondary aerosol. The contributions for this source are highest
in the winter and early spring suggesting that building heating is likely
more important than power plant emissions. Any coal-fired power
plant with a flue-gas desulfurization system would also have most of
the HCl removed from the effluent.

3.1.8. Road dust/soil
The last factor has high contributions to the crustal elements (Al, Si,

Ca, Ti) and several transitionmetals thatwould be associatedwith brake
wear, tire wear, and ablation of mufflers. Although there are moderate
concentrations of ammonium and sulfate, their DISP intervals extend
to zero and their contributions to their explained variations are very
small. Thus, these species can be ignored for this factor. Its contributions
were highest in the spring period when desert dust episodes affect the
Beijing region, so this factor includes both resuspended road dust and
atmospherically transported soil. The CBPF plots point to the SW of
the sampling site with the high probabilities being for periods of higher
wind speeds. Higher wind speeds would aid in the transport of both re-
suspended road dust as well as marking the spring periods when there
can be substantial transport of dust from the western deserts.

3.2. Comparison of PMF and CMAQ results

3.2.1. Comparison of the PMF solutions
In the present study, two solutions of 8 factors were obtained for the

data with and without the inclusion of the pollutant gases. In addition,
Ma et al. (2018) report a PMF analysis of data from 66 samples collected
betweenMarch 2012 andMarch 2013 on the campus of Peking Univer-
sity that is 3 km west-northwest of the Beihang University site. They
only report 13 species that did not include OC and EC fractions, nitrate,
or trace elements. Thus, they only resolved 5 sources: coal combustion,
biomass burning, waste incineration, vehicle emissions, and secondary
aerosol formation. Since their “secondary” aerosol was identified by
the presence of sulfate, their results are similar in that this source was
the major contributor to the observed HULIS_C. As noted above, the
sulfate was partly related to primary emissions from coal combustion
With gases PM2.5 WIC WSOC HULIS_C

Biomass 9.16 0.05 0.12 0.24
Coal 6.42 0.95 0.00 0.00
Incinerator 7.40 0.00 0.00 0.00
NO3

−/SO4
2− 23.04 0.00 0.19 0.06

Residential coal/wood 15.92 2.70 1.17 1.97
Road dust/soil 5.13 0.00 0.14 0.00
SO4

2− 25.29 1.83 0.48 1.09
Traffic 10.71 3.62 0.25 0.41

With gas PM2.5 WIC WSOC HULIS_C

Biomass 8.89 0.54 5.16 6.44
Coal 6.23 10.41 0.00 0.00
Incinerator 7.18 0.00 0.00 0.00
NO3

−/SO4
2− 22.35 0.00 7.96 1.72

Residential coal/wood 15.44 29.53 49.91 52.19
Road dust/soil 4.98 0.00 5.75 0.00
SO4

2− 24.54 20.01 20.44 28.77
Traffic 10.39 39.52 10.77 10.89



Table 2
Correlation matrix for the time series of contributions from the two data sets.

With gases solution

Biomass Coal SO4
2− Incinerator Traffic NO3

−/SO4
2− Residential Road dust

Without gases solution Traffic 0.085 0.446 0.145 0.265 0.855 0.159 0.721 −0.464
Biomass 0.918 0.160 0.306 0.353 0.202 0.444 0.398 −0.433
NO3

−/SO4
2− 0.433 0.489 0.481 0.429 0.114 0.978 0.406 −0.188

Incinerator 0.047 0.485 0.734 0.963 0.289 0.464 0.120 −0.271
SO4

2− 0.147 0.400 0.973 0.500 0.410 0.506 0.031 −0.217
Coal 0.089 0.975 0.479 0.640 0.426 0.562 0.417 −0.092
Residential 0.054 0.454 0.546 0.279 0.100 0.452 0.612 −0.002
Road dust −0.082 0.485 −0.147 0.237 0.005 0.156 0.567 0.554

Bolded entries indicate values greater than 0.5.

Fig. 6. Comparison of the contributions of the sources to the Beijing PM2.5 (top) and HULIS
(bottom) concentrations on the days when samples were collected. The PMF Residential
included Residential Coal/Wood while CMAQ Residential was the sum of Residential
Coal and Residential Wood. The CMAQ Coal was the sum of Power and Industry. The
CMAQ Secondary HULIS (bottom) was compared with the HULIS contributions from the
Sulfate factor.
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in residential stoves inwinter. They also identify biomass burning based
on organic markers and thus, it may in part, represent the wood com-
bustion in residential stoves.

To compare our two solutions with and without the inclusion of the
pollutant gases, a correlationmatrixwas developed between the contri-
bution time series. These results are presented in Table 2. For all of the 8
factors except residential coal/biofuel and road dust, there are high cor-
relations between the two solutions. Thus, the relative concentrations of
the two solutions are generally very similar. For residential coal/biofuel
and road dust/soil, the correlations are much lower. These results
would suggest that these two sources may be correlated because of
other factors such as seasonality or meteorology. Their CBPF plots
have significant similarities in terms of both wind speed and direction.
Thus, the transport process may result in the observed covariance and
it is the presence of the gases in the one solution that changes the
contributions from these two sources in the two solutions.

The mean mass contributions in μg/m3 and the % contributions to
the explained variation for both datasets are presented in Table 1. For
most of the factors, the PM2.5 contributions are similar between the
two solutions. The Incinerator contribution for the with-gases solution
is more than twice that for the without-gases results. Residential Coal/
biofuel combustion doubles while the Coal factor and Road Dust/Soil
are reduced by one-third. The other differences are relatively small
and likely within the level of uncertainty that would be expected in
such apportionments.

3.2.2. Comparison the PMF solutions with the CMAQ modeling
Li et al. (2019) examined the CMAQ results only for those days on

which samples were collected at Beihang University. The CMAQ
modeled Residential biofuel burning, Residential coal burning, Trans-
portation, Industries, Biomass open burning, and Secondary processes.
Fig. 6 presents a comparison of the PM2.5 and HULIS contributions
estimated by CMAQ and the two PMF analyses for each of the jointly
estimated sources. The PMF Nitrate/Sulfate source cannot be compared
to the CMAQ results since the CMAQ secondary modeling was run
primarily to explore the sources of HULIS and not to fully reproduce
the PM2.5 mass concentrations. Thus, no comparable source was included
in the CMAQ results. Power and Industry in the CMAQ analysis both rep-
resent high-temperature coal combustion, and thus, they were summed
for comparison with the PMF Coal Combustion/NH4Cl source. CMAQ
Residential coal burning and Residential biofuel burning were summed
to compare with the PMF Residential Coal/biofuel combustion factor.

The differences among the CMAQ and PMF results for Trafficmay re-
sult from an underestimation by CMAQ. The 2013 emissions inventory
used for the CMAQ modeling only included tailpipe emissions and did
not include the other direct emissions such as brake and tire wear
(Padoan and Amato, 2018). In addition, the PMF results for Traffic may
have also included some secondary aerosol formation resulting from
the tailpipe emissions such as ammonium nitrate.

CMAQ produced many zero values for Biomass open burning and
appears to have underestimated the contributions from that source.
Open biomass burning was estimated using the FINN dataset from the
National Center for Atmospheric Research (NCAR) (Wiedinmyer et al.,
2011). Although the FINN inventory is global, its results may not fully
reflect the agricultural burning conditions in China in 2012–2013.

The agreement among the other sources is reasonable given the un-
certainties in both the CMAQ and PMF analyses. CMAQ estimated that
Residential biofuel burning, Residential coal burning, Transportation, In-
dustries, Biomass open burning, and Secondary processes contributed
47.1 ± 6.5, 15.1 ± 2.9, 2.0 ± 0.3, 1.3 ± 0.3, 1.7 ± 0.7, and 38.9 ± 9.1%
of the HULIS present the atmosphere. Thus, combining the residential
sources would suggest that 62.2% of the HULIS was from these sources
(Li et al., 2019). The PMF results in Table 1 suggest that for the data in-
cluding the gases, 52.2% of the HULIS on the days when measurements
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were madewas from residential combustion sources while the without
gases solution only included 31.1%. The Sulfate factor provided 28% of
the HULIS and b2% from the Nitrate/Sulfate factor for the with-gases
and less from these sources from the without-gases data solution.
Thus, assuming that the sulfate partly originates from residential stoves,
the combination of the two factors from the with-gases solution
(Sulfate and Residential Coal/Wood) would contribute HULIS-C in an
amount comparable to that observed in the CMAQ results.

It appears that residential heating and cooking with solid fuels rep-
resents a serious air pollution problem because of their direct emission
of organic carbon that has significant secondary characteristics and
primary sulfate. The Government of China has recognized this problem
and undertaken a program to replace all of the old residential solid fuel
stoves with either natural gas or electric units. In 2017, the program
began with a plan to convert 4 million homes to natural gas (Huang,
2017) including 126,000 stoves in the Beijing area (Xinhua, 2017).
However, the rapid addition of this much demand caused shortages
of natural gas resulting in some households with no heat. However,
the plan is to switch N1 million addition homes this year from coal
(Reuters, 2018). Such large-scale changes in emissions should be readily
observable in future studies and substantial reductions would confirm
the results of this study in terms of the role of residential heating and
cooking in creating high pollution periods in the winter of 2012–13.

4. Conclusions

The inclusion of gaseous pollutants with the enhanced suite of
chemical constituents in PM2.5 has permitted an analysis that provides
good agreement with the results of the source-oriented CMAQ model-
ing. Thus, it is suggested that there be more exploration of the use of
combined particulate and gases data in future source apportionment
studies. It can also be concluded that residential solid fuel combustion
(coal and biomass) contributes significantly to the PM2.5 concentrations
in Beijing in terms of both secondary-like organic carbon (WSOC and
HULIS) and sulfate. Since the Government of China is now undertaking
an extensive program of replacing the solid fuel stoves, future account-
ability studies will be needed to assess the effectiveness of the replace-
ment of solid fuels with natural gas and electricity since the results
presented here and in Li et al. (2019) and Dai et al. (2018, 2019)
would suggest that substantial reductions in winter concentrations
should be expected.

This work also sees potential evidence supporting the hypothesized
liquid phase oxidation mechanism for the winter formation of sulfate
through reactions with nitrogenous species in fog and cloud water in
addition to the aqueous phase oxidation through Fe/Mn + O2 pathway
and heterogeneous reactions. Further study of this reaction pathway
is needed to fully understand its importance in winter time pollution
episodes as well as identifying the appropriate control measures to
mitigate this process.
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