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Abstract

Continuous particle number concentration and chemical composition data were col-
lected over one month during summertime in Beijing to investigate the source appor-
tionment of ambient fine particles. Particle size distributions from 15 nm to 2.5 µm in di-
ameter and composition data, such as organic matter, sulfate, nitrate, ammonium, chlo-5

rine, and gaseous pollutants, were analyzed using positive matrix factorisation (PMF)
which indentified eight factors: cooking, solid mode exhaust, nucleation mode exhaust,
accumulation mode, secondary nitrate, secondary sulfate, coal-fired power plant and
road dust. Nearly two-thirds of particle number concentrations were attributed to cook-
ing (22.8 %) and motor vehicle (37.5 %), whereas road dust, coal-fired power plant and10

regional sources contributed 69.0 % to particle volume concentrations. Local and re-
mote sources were distinguished using size distributions associated with each factor.
Local sources were generally characterised by unimodal or bimodal number distribu-
tions, consisting mostly of particles less 0.1 µm in diameter, and regional sources were
defined by mostly accumulation mode particles. Nearly one third of secondary nitrate15

and secondary sulfate was transported from the surrounding areas of Beijing during
study period. Overall the introduction of combination of particle number concentration
and chemical composition in PMF model is successful at separating the components
and quantifying relative contributions to the particle number and volume population in
a complex urban atmosphere.20

1 Introduction

Numerous epidemiological studies have shown a consistent association of cardiovas-
cular hospital admissions with particulate mass concentrations (Peters et al., 2000; Do-
minici et al., 2005; Brook et al., 2010). In addition to mass, evidence from many studies
has indicated that the particle number concentration (mainly ultrafine particles, UFP, di-25

ameter <100 nm) may be a cause of adverse health effects, especially cardiovascular
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diseases (Wichmann et al., 2000; Delfino et al., 2005). Moreover, particles in ambi-
ent air are generally mixtures of materials directly released from different sources or
formed as a product of gas to particle conversion. Therefore, a better understanding of
the source attribution of particles in the urban atmosphere is important for investigating
the associations between specific particle sources and health and for policy makers to5

introduce suitable legislation for air quality control.
As the capital of China and a major megacity, Beijing has been experiencing great

changes in the last few years. The rapid increase of the economy, population and motor
vehicles makes Beijing one of the most polluted megacities in the world. A total of 15
stages of control measures for air pollution have been implemented since 1998 and10

were enhanced strongly for the 2008 Olympic Games. Primary pollutants such as SO2
and PM10 have decreased steadily in the last 10 yr (Chan and Yao, 2008); however,
fine particles remain at high levels, suggesting that past control measures have not
been effective in reducing emission sources of fine particles. A clear understanding of
the sources of fine particles in Beijing will effectively promote the implementation of15

follow-up abatement policies.
For the past decade, Beijing’s atmospheric particulate pollution problem has seen

a growing volume of scientific publications on source apportionment attempts. Recep-
tor modelling methods such as positive matrix factorisation (PMF) and chemical mass
balance (CMB) are mostly used. These conventional source apportionment studies20

typically use chemical composition data from filter sampling to provide information on
particle matter sources (Polissar et al., 2001; Song et al., 2006, 2007; Xie et al., 2008).
Once particles are emitted from a given source, their size, number, and chemical com-
position change by several mechanisms until they are ultimately removed by natural
processes (Seinfeld and Pandis, 2006). Particle size distributions would be expected25

to remain approximately stationary at some appropriate distance from the emission
source. Thus, measured spectra can help characterise source contributions and even
estimate emission factors (Charron and Harrison, 2003; Janhäll et al., 2004; Costa-
bile et al., 2009). However, conventional source apportionment studies cannot provide
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such information, as only particulate chemical composition is considered in these re-
ceptor modelling methods. Furthermore, the filter-sampling period usually lasts 24 h or
even longer, obscuring the dynamic changes of particle size, number, and chemical
composition. The result is a lack of ready source emission information. More recently,
several efforts have been made to use size distribution data to elicit source information5

(Zhou et al., 2004; Gu et al., 2011). Some of these efforts have involved the simultane-
ous multivariate analysis of size distribution and chemical composition data (Zhou et
al., 2005; Oguleia et al., 2006). Still, high-temporal-resolution of chemical composition
data is limited in these studies and obscuring a deeper understanding of the source
apportionment.10

The objectives of this study are to identify possible sources of PM2.5 in Beijing, China.
The data set is obtained from an intensive summer observation and consists of one-
month samples averaged to a 1 h resolution. A particle number data set (diameter
15–2500 nm) combined with measured chemical and gaseous composition data was
analysed using positive matrix factorisation (PMF). This is the first instance of using15

source apportionment based on high-resolution particle size distribution and particle
chemical composition data in the Beijing megacity.

2 Experimental methods

2.1 Sampling site

The sampling site was on the rooftop of a two-story building in the courtyard of the In-20

stitute of Atmospheric Physics (IAP, 39◦58′ N, 116◦22′ E), which is located 10 km north-
west of the centre of Beijing (Tiananmen Square). The site is approximately 1 km from
the 3rd Ring Road, 250 m from the Jingzang Expressway G6, running north-south to its
east, and 125 m from the Beitucheng West Road running east-west to its north. The site
is surrounded by heavy traffic, restaurants, residential areas, and research institutions.25
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Sampling instruments were installed in an air-conditioned room with an inlet system
approximately 10 m above ground level.

2.2 Data description

An intensive observation period ran from 30 July to 30 August 2011. Particle counts
and size distributions (14.5–710.5 nm) were determined using a scanning mobil-5

ity particle sizer (SMPS), comprising a model TSI 3080 electrostatic classifier and
a model TSI 3775 condensation particle counter (CPC), complemented by a TSI
aerosol particle sizer (APS) 3321, which measures particle diameters within a range of
0.542–19.81 µm. A low flow PM10 inlet was used for both systems. The relative humidity
within the systems was kept below 30 % by adding a silica-gel dryer in the inlet line and10

also in the sheath air cycle to avoid condensation of water in the inlet systems during
summertime. Size distributions were scanned every 10 min. Size-dependent diffusional
and gravitational losses for the inlet line have been corrected by using the empirical
functions given by Willeke and Baron (1993). The data collected from these two instru-
ments were averaged into hourly spectra and merged into one particle size spectrum15

matrix (diameter 14.5–2514 nm) according to the method of Beddows et al. (2010).
Hourly means of particle chemical composition and size distribution (organic mat-

ter, sulfate, nitrate, ammonium and chlorine) during the study period were measured
using an Aerodyne HR-ToF-AMS. A detailed description of this instrument is given
in DeCarlo et al. (2006). Ambient air was sampled isokinetically into the HR-ToF-AMS20

from a 1.0 inch (outer diameter) stainless steel tube with an inline PM2.5 cyclone (URG-
2000-30EH). The total flow through the stainless steel tube was 10 L min−1, out of which
about 0.1 L min−1 was sampled by the HR-ToF-AMS. The residence time of air between
the inlet and the HR-ToF-AMS was estimated at 6 s. The HR-ToF-AMS was operated
under the “V” ion optical modes. Under V-mode operation, the AMS cycled through25

the mass spectrum (MS) mode and the particle time-of-flight (PToF) mode every 30 s,
spending 10 s and 20 s, respectively, in each mode. Size distribution data are reported
in units of mass-weighted aerodynamic diameter. The HR-ToF-AMS was calibrated for
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ionization efficiency (IE) and particle sizing at the beginning and in the middle of this
study following the standard protocols (Jimenez et al., 2003; Drewnick et al., 2005; Liu
et al., 2012). The detection limits (DLs) of NR-PM1 species were determined as 3 times
the standard deviations (3σ) of the corresponding signals in particle-free ambient air
through a HEPA filter (Zhang et al., 2005). The 5 min DLs of organics, sulfate, nitrate,5

ammonium, and chloride are 35, 6, 5, 11 and 4 ng m−3 respectively, which are close to
the values reported in previous HR-ToF-AMS studies (Sun et al., 2011b).

Hourly means of gaseous pollutants (NO, NO2, O3, SO2 and CO) were obtained
from the IAP monitoring station. The data are quality-assured to national network stan-
dards and are reported to the Beijing Environmental Protection Bureau. A description of10

the hourly average concentrations of particle size channels, particle composition and
gaseous pollutants during the study periods appear in the SI Table S1. At the same
time, an automatic meteorological observation instrument called Milos520 (Vaisala,
Finland) was located at the 8 m level and was used to observe the main meteorological
parameters, including pressure, temperature, humidity, and the speed and direction of15

wind in the atmosphere at the ground level. A description of the hourly meteorological
data appears in the SI Table S2 and Fig. S1.

2.3 Positive matrix factorisation

A positive matrix factorisation method in the form of EPA PMF 3.0 was considered
to infer the unknown sources of fine particles (Norris et al., 2008). PMF has been20

comprehensively described by Paatero and Tapper (1994) and Paatero (1997). De-
tails of this method appear in the supporting information. A total of 80 variables rep-
resenting different particle sizes (the first 60 columns), particle chemical components
(the middle 15 columns) and gaseous pollutants (the last 5 columns) were included in
the PMF analysis. In order to get a better source information, each chemical species25

was divided into three modes according to its particle size, which namely Aitken
mode (AtM, 50–100 nm), condensation mode (CoM, 100–250 nm) and droplet mode
(DrM, 300–800 nm) (Costabile et al., 2009), respectively. Missing number concentration
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values were replaced by interpolated values of the determined values within the same
size bin. For the chemical composition and gaseous pollutants data, missing concen-
tration values in the original data set were estimated by linear interpolation of the mea-
sured concentration value. To provide the inputs needed for the analysis, the mea-
surement errors for the size distribution data and chemical composition and gaseous5

pollutant data were estimated from the following empirical equation:

σxi j = 0.05(xi j +x) (1)

where σi j is the calculated (estimated) measurement error, xi j is the observed number
concentration or chemical composition and gaseous pollutants concentration, and the
x is the arithmetic mean of the reported values for xi j .10

Different numbers of factors and Fpeak-values have been explored to obtain the most
meaningful results. Fpeak is a parameter used in PMF2 to control rotation. In practice,
one usually observes increases in the scaled residuals as well as the Q-value. This
method of determining the “correct” number of factors has been described by Zhou et
al. (2004). Eight factors were selected for this study, and the Fpeak-value was set to15

−0.4 for both the number and volume size distributions.

2.4 Conditional probability function

To assist in the interpretation of the source factors, the contribution values were as-
sociated with wind directions using the conditional probability function (CPF) (Kim and
Hopke, 2004). Hourly meteorological data were used for this analysis. Wind sectors of20

20◦ were used starting at 0◦. Because the direction of a source is not well determined at
low wind speeds, wind speeds <1 m s−1 were excluded from this analysis. A descrip-
tion of CPF can be found in Ogulei et al. (2006) and Yue et al. (2008). The threshold
criterion was set at the 75th percentile for defining the directionality of the sources.
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3 Results

The results of the PMF analysis appear in Figs. 1 and 2, which show the number
and volume spectra associated with each factor, together with chemical and gaseous
species, and the association with the distribution of average 24 1 h factor contributions
to show the diurnal pattern of each factor. The CPF values for each factor are shown in5

Fig. 3 to indicate the possible directions of the sources. Table 1 shows the contribution
of each factor to the total number or volume of particles measured and the suggested
source. Table 2 shows the percent of each chemical and gaseous species attributed to
each factor.

Factor 1 shows a mode in the number distribution at 40 nm and a volume distribution10

of approximately 400 nm (Fig. 1). The same mode was found to be present in Taiwan
by Li et al. (1993), who measured particle size distributions of sub-micrometer aerosols
generated from three types of domestic cooking processes. They found the mode di-
ameters to be between 30 nm and 50 nm. More recent research confirmed this mode to
be associated with cooking activity (Buonanno et al., 2009). Furthermore, Factor 1 con-15

tains substantial amounts of condensation mode (34.7 %) and droplet mode (11.9 %)
organic matter, but it has little correlation with secondary inorganic ions (R2 <0.10),
consistent with previous measurements that aerosols emitted from Chinese cooking
are almost organic compounds (He et al., 2004). A clear and unique diurnal pattern of
this factor provides another piece of strong evidence for it being cooking related: it pre-20

sented high values at noon (11:00–13:00) and in the evening (18:00–20:00), which, in
accordance with dining hours of the local residents (Huang et al., 2012). Two main Chi-
nese restaurants are located less than 100 m northwest and southeast of the sampling
site, and the directionality of this source, as determined by CPF analysis (Fig. 3), clearly
corresponds to these directions. Due to the unique Chinese cooking habits and culture,25

cooking emissions have been regarded as one of the major organic aerosol sources
in Chinese unban environments (He et al., 2004; Zhao et al., 2007). Therefore, it was
a consequential result to identify a notable cooking-related aerosol component in this
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study. Factor 1 is the largest contributor to the particle number (22.8 %) but only makes
a small contribution to particle volume (3.8 %).

Factor 2 shows a major mode at approximately 70 nm in the number distribution
and 200 nm in the volume distribution, which is indicative of locally generated material
(Ondov and Wexler, 1998). This size distribution is similar to that obtained from mea-5

surements made near major Los Angeles freeways (Zhu and Hinds, 2002). Factor 2
has a high positive correlation with NOx, which suggests a relationship with on-road
traffic emissions. Considering that this factor contains a high amount of condensation
mode (21.7 %) and droplet mode (17.8 %) organic matter and a considerable amount
of condensation mode sulphate (15.3 %), Factor 2 is chemically consistent with diesel10

particle (Kittelson, 1998) and likely corresponds to solid carbonaceous particles from
diesel exhaust, as characterised by Zhu et al. (2010) in a highway tunnel. The diurnal
variation of this factor suggests a night-time emission source, consistent with the num-
ber of heavy diesel trucks on the nearby road, which are only allowed to travel along
or within Beijing’s Fifth Ring Road during the night (00:00–06:00) while during the day-15

time the vehicles are dominated by gasoline-powered passenger cars, which contribute
91 % of the total number of vehicles in urban area of Beijing (source: Beijing Trans-
portation Research Centre), further supporting that this factor originates from diesel
vehicles. The result of the CPF analysis suggests this source appear to be located in
the north-eastern, eastern and south-western directions of the site. The first two direc-20

tions correspond to the locations of Jingzang Expressway G6 and the Beitucheng West
Road, which are 250 m and 125 m from the observation site, respectively. The direction
from south-western maybe suggests a diesel exhaust source transported from the 3rd
Ring Road about 1 km away from the observation site. Factor 2 makes the secondary
largest contribution to particle number (18.8 %) and a modest contribution to particle25

volume (8.7 %).
Factor 3 shows a main particle number nucleation mode at 20 nm and a minor ac-

cumulation mode at 100 nm, making it the smallest aerosol size mode factor obtained
by the PMF analysis. The strong associations with both northerly and northeasterly
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wind directions and with traffic-generated primary pollutants (NOx) suggest this factor
is also likely to be traffic-associated. A higher ratio of NO to NO2 indicates Factor 3 is
originated from fresh vehicle exhaust compared with Factor 2 (Table 2). Similar particle
size distribution was present in Dall’Osto et al. (2012) which attributed it with nucle-
ation mode particles generated during the dilution of vehicle exhaust emission. Casati5

et al. (2007) reported this mode as occurring within the range of 10–30 nm in diame-
ter. Charron and Harrison (2003) and Janhall et al. (2004) also found this mode to be
strongest in the morning, probably due to the low temperatures at this time of day. A
unique diurnal profile shows, between the morning and evening traffic rush hour spikes,
a major third spike peaking during noontime. Whilst we attribute the two morning and10

evening spikes to the nucleation mode particles generated during the dilution of vehicle
exhaust emission, it should be borne in mind that condensation process but not nucle-
ation process should be prevalent during the dilution of vehicle exhaust in the highly
polluted atmosphere of Beijing. We attribute the midday peak to photochemistry nucle-
ation events. New particle formation events were observed on around 40 % during one15

year study in Beijing urban atmosphere (Wu et al., 2007). Figure 4 shows the presence
of a nucleation event on 31 July that could have contributed to the observed levels of
nucleation mode particles. The right-hand tail of the size distribution possibly indicates
growth of the particles by coagulation or condensation on pre-existing particles. This
factor contributed 18.7 % to the number concentration but only 2.4 % to the volume20

contribution, as these particles carry very little mass per particle.
Factor 4 makes the largest contribution (32.2 %) to the particle volume and a con-

siderable contribution (13.8 %) to the particle number. This factor is closely associated
with secondary inorganic and organic matter and explains most of the droplet mode
sulfate (37.3 %), droplet mode nitrate (42.1 %) and a large amount of the droplet mode25

organic matter (21.2 %). Factor 4 has classic accumulation mode peaks at approxi-
mately 150 nm in the number distribution and 300 nm in the volume distribution, and
it appears to be an accumulation mode component regionally transported from hun-
dreds or thousands of kilometres away and mixed down to the ground level. Factor 4’s
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wind direction is predominantly associated with the southeast, southwest and north-
east sectors, the first two regions that, including the Hebei and Shandong provinces,
have been proved to be major contributors to particle pollution in Beijing by the way
of the regional air mass transport of anthropogenic emissions (Zhu et al., 2011). The
directional association with northeast region, which with less emission pointed out by5

emission inventory and satellite studies (Guo et al., 2009; Zhang et al., 2009), suggests
this is a component of background air regionally transported.

Factor 5 contains high amounts of nitrate, organic matter and sulfate and has sig-
nificant correlations with NOx and SO2. Most of the particles in Factor 5 are less than
100 nm with a mode at approximately 50 nm, suggests a relationship with locally gen-10

erated materials. This factor explains the largest amount of Aitken mode (47.8 %) and
condensation mode (39.7 %) of the apportioned nitrate (Table 2) and is assigned as
a secondary nitrate source. The diurnal variation of this factor suggests a source pre-
dominantly in the evening, and the highest concentration appeared in the early morning
when a combination of low ambient temperatures and high relative humidity favors the15

formation of particulate nitrate (SI Fig. S4). Low concentrations are observed in the
afternoons, when high temperatures and low relative humidity lead to the dissociation
of particulate nitrate back to ammonia and nitric acid (Park et al., 2005). CPF results
suggest that this source may be association with emissions coming from the direction
of the Jingzang Expressway G6 and the Beitucheng West Road. This factor, there-20

fore, can be recognized as secondary nitrate that has been formed from atmospheric
processing of local NOx emissions. This factor does not make a large contribution to
particle number (8.9 %) or to particle volume (5.6 %), though it is equal.

Factor 6 showed a bimodal particle size distribution with a major peak at 20–30 nm
and a second one at 100–200nm. This factor’s diurnal pattern suggests a source pre-25

dominantly in the afternoon with little contribution at night, which is a completely differ-
ent diurnal pattern from that of Factor 5. This factor contains a large amount of droplet
mode (28.2 %) and condensation mode (25.4 %) of appointment sulphate combined
with particles mainly smaller than 200 nm, suggesting that this factor is associated with
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secondary sulfate formed mainly through in-cloud or aerosol droplet process and gas
condensation process, consistent with the formation processes of secondary sulfate in
previous study (Guo et al., 2010). Furthermore, Factor 6 contains the vast majority of
O3 (77.6 %) and substantial amount of SO2 (31.9 %), and its diurnal pattern is consis-
tent with that of O3 (SI Fig. S3), indicating a strong photochemical reaction ability that5

drives oxidation from SO2 to sulfate. According to the values of previous studies, local
SO2 emission sources are known to contribute to aerosol sulfate loading (Zhang et al.,
2007). The CPF plot points in the south-easterly and south-westerly directions from
the site as the probable dominant directions, corresponding to the directions of the
known coal-fired power plants, namely, the Beijing Thermal power station (39◦53′ N,10

116◦31′ E) and the Beijing 3rd Thermal power station (39◦48′ N, 116◦08′ E). This di-
rectionality suggests that components such as SO2 may have been transported from
these distant power plants, causing local photochemical reactions to occur. Factor 6
does not make a large contribution to particle number (7.9 %) but makes a consider-
able contribution to particle volume (10.5 %).15

Factor 7 shows a similar mode with that of Factor 2 at approximately 70 nm in the
number distribution; its volume distribution, however, shows a mode approximately
500 nm larger than that of Factor 2, suggesting that the particles in Factor 7 were also
locally generated but more aged than Factor 2. These particles should be transported
longer distances than the particles in Factor 2 and should not be generated by traffic on20

the nearby Jingzang Expressway G6 or the Beitucheng West Road. This factor shows a
strong association with sulfate and a modest association with combustion gases (NOx
and SO2), and it explains a large amount of droplet mode sulfate (10.5 %). The potential
sources of this factor are located in the south-easterly and south-westerly directions,
which, as suggested by the CPF analysis (Fig. 3), correspond to the directions of the25

known coal-fired power plants, namely, the Beijing Thermal power station (39◦53′ N,
116◦31′ E) and Beijing 3rd Thermal power station (39◦48′ N, 116◦08′ E), both of which
are in a straight-line distance of approximately 25 km. Local sulfate emissions result
when SO2 adsorbs to newly formed combustion particles and undergoes oxidation into
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sulfate (Kerminen et al., 2000). These newly formed sulfates, combined with other air
pollutants emitted by coal-fired power plants, may be transported to the receptor site.
Factor 7 makes a large contribution to the volume concentration (21.3 %), but a small
contribution (6.8 %) to number concentration.

Factor 8 makes a large contribution to the particle volume concentration (15.5 %),5

but it contributes least to the particle number concentration (2.3 %). This factor shows a
mode at approximately 150 nm in the number distribution and a peak in the volume dis-
tribution, whose maximum lies somewhere above 2.5 µm diameter. This source shows
a modest association with organic matters, nitrate, ammonium and chlorine, suggesting
this component may be associated with a local source from background urban fugitive10

dust or roadway dust (Han et al., 2007); considering that this factor correlates positively
with the traffic-generated primary pollutants (NOx), the latter appears more probable.
Factor 8’s wind direction is predominantly associated with the southeast sector, cor-
responding to the locations of Jingzang Expressway G6. As Jingzang Expressway G6
locates above ground, its road dust is easier to spread with wind to receptor site than15

the Beitucheng West Road, though the latter is closer to receptor site. The diurnal pat-
tern of this factor suggests a source predominantly in the evening, when the mixed
layer height reached its lowest value, and a weak atmospheric convection capability
favours the road dust reaching the ground by dry deposition.

4 Discussion20

4.1 Comparison with other studies

The source contributions to fine particles obtained from this study are compared with
previous studies conducted in Beijing and other megacities (Table 3). Most previous
studies have estimated source contributions based on mass concentrations; the source
contributions calculated in the present study were based on volume and number con-25

centration. The particle density from different sources is usually different, so the volume
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concentration should not equal the mass concentration. However, because it is difficult
to obtain the particle density from different sources, we assume the volume concentra-
tion is equivalent to the mass concentration in the present study, making the compari-
son possible.

The quantified contribution of motor vehicle emissions to ambient PM2.5 in Beijing5

increased from 5.9 % in 2000 to 14.9 % in 2004, comparable with that of this study
(11.1 %). The contribution from secondary sulfate is 10.5 % in the present study, much
lower than that of previous studies in Beijing or megacities in the USA (Table 3). It
should be noted that the secondary sulfate in this study is only that of local origin;
the secondary sulfate in previous studies, however, contains both local and regionally10

transported particles, as will be discussed in the follow section. The contribution from
secondary nitrate is more or less the same with that of previous studies. The contribu-
tion from coal consumption is much higher than previous studies conducted in Beijing,
possibly because other emission sources, such as biomass burning, may be included in
coal consumption, making the contribution of this source greater than in previous stud-15

ies. The contribution from road dust is much higher than previous studies conducted
in Beijing, but comparable with that of London, the increasing of motor vehicles travel
on road should responsible for the growth of this source. Few studies have examined
the impact of cooking on ambient air quality; the quantified contributions of cooking
emissions estimated in the present study are roughly the same as those of Chen et20

al. (2012).
The source contribution to fine particle number concentrations for the indentified

sources in the present study is nearly the same as that of Harrison et al. (2011) and
Pey et al. (2009), except for the motor vehicle source and cooking source. Vehicles
exhaust is the dominant source to the total particle number concentration in the Eu-25

rope cities (>60 %), whereas, its contribution to the total particle number concentration
is much lower in Beijing (37.5 %), the diversification of the particle sources in Beijing
should response for this kind of contribution divergence. The volume concentration con-
tribution of cooking in this study is lower, but with a much higher number concentration
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contribution than that of Harrison et al. (2011). Under the same cooking conditions,
the Chinese cooking style usually produces more UFP concentrations than the west-
ern cooking style, as there is more frying activity in the former (Zhang et al., 2010).
Consequently, a larger percentage of the cooking contribution to the particle number
concentration in this study could be reasonable.5

4.2 Local and remote secondary aerosol

In previous source apportionment studies, it has been difficult to distinguish between lo-
cal origin and regional transport for secondary aerosols, such as secondary sulfate and
secondary nitrate, because of the lack of high-temporal-resolution physical and chem-
ical information on the particles. In the present study, local and remote sources were10

successfully distinguished based on the particle size characteristics of each source,
where local sources were generally characterised by unimodal or bimodal number dis-
tributions consisting mostly of particles less 0.1 µm in diameter. The regional source
was defined mostly by accumulation mode particles. More than one-third of the sec-
ondary nitrate and secondary sulfate in Beijing was transported from the surrounding15

areas of Beijing (Table 2). Locally originated nitrate was mostly from atmospheric pro-
cessing of local NOx emissions during night-time, and locally originated sulfate was
mostly formed through in-cloud or aerosol droplet process and gas condensation pro-
cess.

4.3 Primary and secondary organic aerosol20

Current knowledge regarding organic aerosols, including POAs emitted directly from
primary sources and SOAs from the oxidation of VOCs, is still very limited. Most par-
ticle source apportion articles have been unable to distinguish primary and secondary
organic aerosols because these studies have used 24 h or 12 h particle filter sam-
ples, thus lacking high-temporal-resolution physical and chemical information. How-25

ever, such information is sufficient in this study and provides an opportunity to explore

1381

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/1367/2013/acpd-13-1367-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/1367/2013/acpd-13-1367-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 1367–1397, 2013

Source
apportionment of

ambient fine particle

Z. R. Liu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

the probably formation mechanisms of SOAs. According to the previous analysis, or-
ganic aerosols are mainly included in six types of sources (Table 2). Four of these
types can be regarded as directly emitted from primary sources or aged regional trans-
ported organic aerosols: cooking, solid carbon from exhaust, accumulation mode and
road dust. The organic aerosols from the other two sources are probably from sec-5

ondary formation (secondary sulfate and secondary nitrate). SOA is formed through
the gas-phase oxidation of VOCs by reactions with the hydroxyl radical (OH), O3 and
NO3 (Hallquist et al., 2009). Organic matter contained in the secondary sulfate source
(24.2 % in Aitken mode and 15.6 % in droplet mode) is most likely due to the oxida-
tion of VOCs via O3 and OH, as the photochemical production of sulfate is generated10

at the same time (Sun et al., 2011a). It is interesting to note that a larger amount of
organic matter (30.6 % in Aitken mode and 22.0 % in droplet mode) appears in the
secondary nitrate source. Because the primary source of organic matter at night can
be attributed to Factor 2, this portion of organic matter at night could be secondarily
generated. Most laboratory (Hallquist et al., 2009; Kroll and Seinfeld, 2008) and field15

(Jimenez et al.,2009; Hildebrandt et al., 2010) SOA studies have focused on the role of
oxidation via O3 and OH as SOA sources, but few have focused on the oxidation path-
way of NO3. A recently study conducted in Bakersfield, California, indicates that most
night-time secondary OA is due to the NO3 product of anthropogenic NOx emissions
(Rollins et al., 2012), suggesting the importance of NO3 in the formation of SOA. That20

study supports the presence of organic aerosol in the secondary nitrate source, though
a more detail analysis should be performed in the future. From the above analysis, we
can conclude that the secondary sources are responsible for 36.7 % of the OC, broadly
consistent with estimates of 38.4 % by Guo et al. (2012) conducted during summertime
at an urban site in Beijing.25

4.4 Implications for future abatement policy

In this study, the most important sources for particle volume concentration were road
dust, coal-fired power plant and regional sources, these three sources contributed more
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than two thirds of fine particle volume concentration in summertime of Beijing. This
result suggests that cutting down emissions from road dust and power plant will effec-
tively decrease the concentration of fine particle and improve the air quality in Beijing.
At the same time, it should be aware that the highly polluted atmosphere of Beijing
is also attributed to the regional air pollution, as the contribution of regional sources5

to the volume concentration was estimate to 32.2 % in this study. Improving Beijing’s
air quality can not only be achieved by Beijing’s own effort, but also need collabora-
tive governance of emission sources in the surrounding areas. When concerning the
particle number concentration, nearly two-thirds of the particulate number concentra-
tion was contributed from cooking (22.8 %) and motor vehicles (37.5 %). This result10

suggests cooking emissions can be regarded as one of the major aerosol sources in
Beijing unban environments, which is ignored or do not pay sufficient attention to cur-
rent abatement policies and control measures should be implemented in future abate-
ment policy. Furthermore, executing stricter emission standards and reducing pollution
caused by vehicle exhaust is still an effective way to improve the air pollution and re-15

duce the health risks caused by the highly particle number concentration especially for
the ultrafine particles of Beijing.

5 Conclusions

Combining particle size distribution and chemical composition data sets resulted in a
better identification of sources contributing to fine particles in Beijing’s air. Using the20

PMF model, eight sources were successfully identified from the size distribution, di-
rectional association, diurnal variation and their relationship to chemical composition
and gaseous pollutants. The aforementioned analysis results in the obtaining of spe-
cific emission sources such as cooking, solid mode exhaust, nucleation mode exhaust,
accumulation mode, secondary nitrate, secondary sulphate, coal-fired power plant and25

road dust. Nearly two-thirds of the particulate number concentration was contributed
from motor vehicles (37.5 %) and cooking (22.8 %), and more than two thirds of the fine

1383

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/1367/2013/acpd-13-1367-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/1367/2013/acpd-13-1367-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 1367–1397, 2013

Source
apportionment of

ambient fine particle

Z. R. Liu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

particles volume concentrations was attributed to road dust (15.5 %), coal-fired power
plant (21.3 %) and regional transport (32.2 %). Local and remote secondary aerosols
were also successfully distinguished in the present study: local sources were generally
characterised by unimodal or bimodal number distributions consisting mostly of parti-
cles less 0.1 µm in diameter. The regional source was defined by mostly accumulation5

mode particles. Based on this size characteristic, secondary sulfate and secondary
nitrate were first distinguished from locally originated and regionally transported, and
primary organic aerosols and secondary organic aerosols were also successfully sepa-
rated. This method of source apportionment may be particularly important for studying
complex urban aerosols.10

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/13/1367/2013/
acpd-13-1367-2013-supplement.pdf.
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Lauri, A., Vainio, V., Lehtinen, K., and Kulmala, M.: Interaction between SO2 and submicron
atmospheric particles, Atmos. Res., 54, 41–57, 2000.25

Kim, E. and Hopke, P. K.: Comparison between conditional probability function and nonpara-
metric regression for fine particle source directions, Atmos. Environ., 38, 4667–4673, 2004.

Kittelson, D. B.: Engines and Nano-particles: A Review, J. Aerosol Sci., 29, 575–588, 1998.
Kroll, J. H. and Seinfeld, J. H.: Chemistry of secondary organic aerosol: Formation and evolution

of low-volatility organics in the atmosphere, Atmos. Environ., 42, 3593–3624, 2008.30

Li, C. S., Lin, W. H., and Jenq, F. T.: Size distributions of submicrometer aerosols from cooking,
Environ. Int., 19, 147–154, 1993.

1387

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/1367/2013/acpd-13-1367-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/1367/2013/acpd-13-1367-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2010GL045193
http://dx.doi.org/10.5194/acp-12-4897-2012
http://dx.doi.org/10.1029/2001JD001213
http://dx.doi.org/10.1126/science.1180353


ACPD
13, 1367–1397, 2013

Source
apportionment of

ambient fine particle

Z. R. Liu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Liu, Q., Sun, Y., Hu B., Liu, Z. R., Akio S., and Wang, Y. S.: In situ measurement of PM1 organic
aerosol in Beijing winter using a high-resolution aerosol mass spectrometer, Chin. Sci. Bull.,
57, 819–826, 2012.

Norris, G., Vedantham, R., Wade, K., Brown, S., Prouty, J., and Foley C.: EPA Positive Matrix
Factorization (PMF)3.0, Fundamentals User Guide US Environmental Protection Agency,5

Office of Research and Development Washington DC, 20460, USA, 2008.
Ogulei, D., Hopke, P. K., Zhou, L. M., Pancras, J. P., Nair, N., and Ondov, J. M.: Source ap-

portionment of Baltimore aerosol from combined size distribution and chemical composition
data, Atmos. Environ., 40, 396–410, 2006.

Ondov, J. M. and Wexler, A. S.: Where do particulate toxins reside? An improved paradigm10

for the structure and dynamics of the urban mid-Atlantic aerosol, Environ. Sci. Technol., 32,
2547–2555, 1998.

Paatero, P.: Least squares formulation of robust nonnegative factor analysis, Chemom. Intell.
Lab. Syst., 37, 23–35, 1997.

Paatero, P. and Tapper, U.: Positive matrix factorization: a non-negative factor model with opti-15

mal utilization of error estimates of data values, Environmetrics, 5, 111–126, 1994.
Park, S. S., Ondov, J. M., Harrison, D., and Nair, N. P.: Seasonal and shorter-term variations in

particulate atmospheric nitrate in Baltimore, Atmos. Environ., 39, 2011–2020, 2005.
Peters, A., Skorkovsky, J., Kotesovec, F., Brynda, J., Spix, C., Wichmann, H. E., and Hein-

rich, J.: Associations between mortality and air pollution in Central Europe, Environ. Health20

Perspect., 108, 283–287, 2000.
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Table 1. Attribution of mean particle number and volume to tentatively assigned sources.

Factors mean concentration (s.d.) (%)

number volume

Local sources
cooking (factor 1) 22.8(16.6) 3.8(5.9)
exhaust, solid mode (factor 2) 18.8(13.8) 8.7(8.1)
exhaust, nucleation mode (factor 3) 18.7(14.1) 2.4(3.9)
secondary nitrate (factor 5) 8.9(7.5) 5.6(4.9)
secondary sulfate (factor 6) 7.9(9.1) 10.5(11.6)
coal-fired power plant (factor 7) 6.8(8.3) 21.3(19.1)
road dust (factor 8) 2.3(1.8) 15.5(9.5)
subtotal 86.2 67.8
Regional sources
accumulation mode (factor 4) 13.8(10.5) 32.2(17.5)
subtotal 13.8 32.2
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Table 2. Percent of each chemical species attributed to each factor.

Species∗ Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7 Factor 8

org AtM 15.1 4.6 7.8 9.8 30.6 24.2 5.6 2.2
org CoM 34.7 21.7 0.0 6.1 17.0 13.5 3.3 3.7
org DrM 11.9 17.8 0.0 21.2 22.0 15.6 0.0 11.5
NO3 AtM 5.2 6.1 5.9 0.0 47.8 30.9 4.1 0.0
NO3 CoM 6.0 22.7 2.7 8.1 39.7 15.7 1.5 3.6
NO3 DrM 0.0 3.5 0.0 42.1 44.7 0.0 0.0 9.7
SO4 AtM 2.2 4.9 3.8 15.6 33.2 28.8 11.1 0.4
SO4 CoM 2.1 15.3 3.5 17.9 27.6 25.4 8.3 0.0
SO4 DrM 0.0 0.0 0.0 37.3 24.0 28.2 10.5 0.0
NH4 AtM 4.5 12.0 13.7 0.0 35.4 30.3 0.0 4.0
NH4 CoM 4.7 17.1 10.2 0.0 33.7 26.3 2.9 5.0
NH4 DrM 2.3 4.3 3.7 23.8 36.3 24.3 3.1 2.2
Cl AtM 0.0 4.6 8.2 6.3 47.8 23.0 5.1 4.9
Cl CoM 0.5 4.8 8.1 7.6 48.4 21.8 4.7 4.0
Cl DrM 0.0 3.9 7.0 10.6 50.5 17.7 5.0 5.4
NO 0.0 0.0 16.7 13.9 56.3 0.0 13.0 0.0
NO2 7.3 6.5 9.9 11.3 35.8 15.2 0.5 13.4
O3 7.1 0.0 0.7 10.1 0.0 82.1 0.0 0.0
SO2 0.0 1.4 0.0 5.3 50.1 31.9 11.4 0.0
CO 4.4 1.6 2.7 18.2 44.2 15.5 12.3 1.0

∗ AtM: Aitken mode, CoM: condensation mode, DrM: droplet mode.
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Table 3. Comparison of source contribution (%) to ambient PM2.5 in Beijing and other mega
cities by different studies.

Sources Song et al. (2006) Song et al. (2007) Chen et al. (2012) Pey et al. (2009) Harrison, et al. (2011) This Study
2000, annual 2004, August 2001–2005 2003–2004 2007, October-November 2011, August
Beijing Beijing North Birmingham Barcelona London Beijing
mass a mass a mass a number c volume b number c volume b number c

Motor vehicle 5.9 14.9 15.6 64.2 22.4 65.4 11.1 37.5
Secondary sulfate 17.0 24.1 24.0 3.3 10.5 7.9
Secondary nitrate 16.0 8.0 5.3 8.4 2.0 5.6 8.9
Coal consumption 16.8 11.3 21.3 6.8
Road dust 7.5 8.4 3.1 1.4 18.1 6.5 15.5 2.3
Regional 24.2 29.3 5.7 32.2 13.8
Cooking 2.0 6.7 6.6 3.8 22.8
Others 36.9 33.1 50.0 6.9 15.1 13.8

a Mass concentration contribution (%) of each factor to PM2.5.
b Volume concentration contribution (%) of each factor to PM2.5.
c Number concentration contribution (%) of each factor to PM2.5.
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Fig.1 Profiles of the resolved sources including particle composition, gaseous species, and size distribution information for the first four sources. Chemical 

species were divided in Aitken mode (AtM), condensation mode (CoM) and droplet mode (DrM). 

 

Fig. 1. Profiles of the resolved sources including particle composition, gaseous species, and
size distribution information for the first four sources. Chemical species were divided in Aitken
mode (AtM), condensation mode (CoM) and droplet mode (DrM).
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Fig.2 Profiles of the resolved sources including particle composition, gaseous species, and size distribution information for sources 5-8 Chemical species 

were divided in Aitken mode (AtM), condensation mode (CoM) and droplet mode (DrM). Fig. 2. Profiles of the resolved sources including particle composition, gaseous species, and
size distribution information for sources 5–8 Chemical species were divided in Aitken mode
(AtM), condensation mode (CoM) and droplet mode (DrM).
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Fig. 3 Conditional probability function (CPF) plots for the resolved source contributions 

using a 75
th

 percentile criterion. 

 
Fig. 3. Conditional probability function (CPF) plots for the resolved source contributions using
a 75th percentile criterion.
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Fig. 4 Plot of the particle size distributions as a function of time-of-day for 31 July 2011 

showing a nucleation and growth event. 

 

Fig. 4. Plot of the particle size distributions as a function of time-of-day for 31 July 2011 showing
a nucleation and growth event.
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