
ABSTRACT

In order to estimate the influence of sources on PM2.5

in the industrial area of Japan, we carried out a
source analysis using chemical component data of
PM2.5. PM2.5 samples were collected intermittently at
an industrial area in Japan from July 2010 to Novem-
ber 2012. Water soluble ions (Cl-, NO3

-, SO4
2-, Na++,

NH4
++, K++, Mg2++, Ca2++), elements (Al, K, Ca, Ti, V, Cr,

Mn, Fe, Ni, Cu, Zn, As, Cd, Sb, Pb), and carbonace-
ous species (OC, EC) of the PM2.5 (a total of 198 sam-
ples) were analyzed. Positive Matrix Factorization
(PMF) model was applied to the data of those chem-
ical components to identify the source of PM2.5. At
this observation site, nine factors were extracted.
The major contributors of PM2.5 were secondary sul-
fate 1, in which loading factors of SO4

2- and NH4
++

were large (percentage source contribution: 20.9%),
traffic, in which loading factors of OC (organic car-
bon) and EC (elemental carbon) were large (20.8%),
secondary sulfate 2, in which loading factors of K and
SO4

2- were large (8.0%), steel mills (7.8%), sec-
ondary chloride and nitrate (7.0%), soil (5.0%),
heavy oil combustion (3.8%), sea salt (3.8%), and
coal combustion (2.3%). The conditional probability
function (CPF) and the potential source contribution
function (PSCF) were carried out to examine the
influence of a regional source and a broad-based
source, respectively. CPF results supported local
source influences such as steel mills, sea salt, traffic,
coal combustion, and heavy oil combustion. PSCF
results suggested that ships in the East China Sea,
an industrial area of the east coastal region of China,
and an active volcano in the Kyushu region of Japan
were potential regional sources of secondary sulfate
1. Secondary sulfate 2 was affected by the burning
of biomass fields and by coal combustion in Chinese
urban areas such as Beijing, Hebei, and western

Inner Mongolia. Source characterization using conti-
nuous data from one site showed a potential source
representing fossil fuel combustion is affected both
by regional and broad-based sources.
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1．．INTRODUCTION

Fine particulate matter of less than 2.5 micrometers
of diameter (PM2.5) suspended in the atmosphere has
a serious impact on human mortality as well as res-
piratory and cardiovascular disease (Schwartz et al.,
2002; Dockery et al., 1993). The United States Envi-
ronmental Protection Agency (EPA) established an air
quality standard for daily and annual mean concentra-
tions of PM2.5 in 1997 and strengthened the standard
value in 2006 and 2012.

In Japan, the air quality standard for particles of less
than 10 micrometers (suspended particulate matter,
SPM) was established in 1972, and various reduction
measures for particulate matter have been carried out
(i.e., the emission limit, the Automobile NOx/PM Con-
trol Law, and traffic regulation of the diesel automo-
bile). The air quality standard of PM2.5 was established
in 2009 in Japan, and local governments are promoting
the expansion of the auto-monitoring system for PM2.5

mass concentrations. On the other hand, PM2.5 contains
various chemical components; the analysis of these
chemical components is necessary for planning mea-
sures to reduce PM2.5. For this reason, Japan’s Min-
istry of the Environment mandated that local govern-
ment must analyze the chemical components of PM2.5.
Chemical component data are accumulated so that, in
the future, they can be used to estimate the sources of
PM2.5 using a technique such as source receptor mod-
eling.
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A source receptor model has been employed as an
effective tool for estimating long-time sources of
atmospheric particulate matter. Source receptor mod-
els frequently used to make source estimates of the
atmospheric particulate matter are the Chemical Mass
Balance (CMB) model and the Positive Matrix Fac-
torization (PMF) model. Chemical component data of
the source particles, called the source profile, are nec-
essary for the CMB model. We can estimate the source
contribution of one set of environmental measurement
data by using this source profile (Watson et al., 1994).
In contrast, in the PMF model, by statistically analyz-
ing the many environmental measurement data, we can
derive the number of sources as well as their source
profiles and contribution concentrations (Paatero and
Tapper, 1994, 1993). Since many sources of PM2.5 are
unknown, and the generation process is complicated,
the source estimate that applies the PMF model is pre-
ferable to that using the CMB model, which requires
the source profile. The result of source apportionment
using the PMF model is frequently reported (Mooi-
broek et al., 2012; Kim et al., 2004; Kim et al., 2003);
however, there are few reports of analysis results in
Japan. Iijima et al. (2008) have applied the CMB and
PMF models to the monthly chemical component
concentration data of the atmospheric fine particulate
matter measured from 2003 to 2006 in the Kanto area
of eastern Japan; they tried a source analysis technique
that combined PMF with CMB. Their report offers
information vital for understanding the characteristics
of atmospheric fine particulate matter in Japan. Mean-
while, from the results of a three-dimensional air qual-
ity simulation, Chatani et al. (2011) reported that the
sensitivity of foreign anthropogenic sources in PM2.5

was high in the Osaka-Hyogo area in western Japan
as compared with that in 23 Tokyo wards. Hence, we
believe that the sources of PM2.5 differ greatly bet-
ween eastern and western Japan.

In order to understand the characteristics of the sour-
ces in an industrial area of western Japan, we applied
the PMF model to the daily chemical component con-
centration data of PM2.5 from 2010 to 2012 in Himeji
City in Japan. In addition, we estimated the position
of the source using wind direction data and backward
trajectory analysis. We expect that this report will be
utilized for reducing the amount of PM2.5 in Japan.

2. METHODOLOGY

2. 1  Sample Collection and Chemical
Analysis

2. 1. 1  Sample Collection
PM2.5 samples from a 24-hour period were collected

by the NILU (Norwegian Institute for Air Research)
folder with a multi-nozzle cascade impactor (Tokyo
Dylec Corp.) at a flow rate of 10 L/min. The multi-
nozzle cascade impactor, equivalence with the Federal
Reference Method of the EPA has been shown (Inoue
et al., 2002). PTFE filters (Teflo 47 mm/Whatman
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Table 1. Sampling date and the number of samples. 

Year Season Start date End date Number of 
samples 

Summer 30-Jul 18-Aug 20 2010 Autumn 21-Oct 9-Nov 20 

Winter 11-Jan 30-Jan 20 
Spring 10-May 29-May 20 2011 Summer 4-Aug 23-Aug 19 
Autumn 2-Nov 21-Nov 19 

Winter 11-Jan 30-Jan 20 
Spring 11-Apr 30-Apr 20 2012 Summer 26-Jul 5-Aug 20 
Autumn 23-Oct 11-Nov 20 

Fig. 1. Location of the sampling site. (a) regional scale, (b)
local scale.

(b)

(a)



46.2 mm) and quartz filters (PALLEFLEX 2500QAT-
UP 47 mm) were used to collect the PM2.5 samples.
Samplings were carried out in succession for approxi-
mately 20 days during each season. Sampling collec-
tion terms are summarized in Table 1. A total of 198
samples analyzed for 25 species were collected bet-
ween July 2010 and November 2012. The sampling
site was established on a rooftop approximately 30 m
above the ground at the Shikama air pollution monitor-
ing station (Shikama Citizen Center, 34.80N, 134.68E)
in the coastal area of Himeji City, Hyogo Prefecture,
Japan (Fig. 1(a)). The steel mills, thermal power plants,
chemical facilities, etc. are located in the coastal indus-
trial area. Moreover, the sampling site is located app-
roximately 1.4 km south of National Route 2 and app-
roximately 0.5 km north of Route 250 (Fig. 1(b)). The
24-hour traffic volume on Route 2 is approximately
120,000 vehicles, while that on Route 250 is approxi-
mately 34,000 vehicles. The percentages of heavy
vehicles of traffic volumes of Route 2 and 250 were
21% and 9%, respectively (Ministry of Land, infra-
structure, Transport and Tourism, 2010).

2. 1. 2  Chemical Analysis
All PTFE filters were weighed to determine their

mass before and after sampling using an ultra-micro
balance (Sartorius SE 2-F, readability: 0.1 μg) at a
constant temperature (21.5±1.5�C) and relative humid-
ity (35±5%). Before use, the quartz fiber filters were
heat treated by the electric furnace at 350 degrees for
1 hour. After sampling, half of each PTFE filter was
analyzed for water-soluble ionic species (Cl-, NO3

-,
SO4

2-, Na++, NH4
++, K++, Mg2++, Ca2++). The filter halves

were extracted with 10 mL of ultrapure water, and the
extracted solutions were analyzed with Ion Chromato-
graphy (Dionex ICS-2100). The other halves of the
PTFE filters were analyzed for metallic elements (Al,
K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Cd, Sb, Pb).
Each was put into a high-pressure Teflon digestion
vessel with 10 mL of HNO3, 2 mL of HF, and 1 mL of
H2O2. It takes approximately 30 min for the micro-
wave digestion system to digest the filters. After cool-
ing, the solutions were dried to approximately 0.5 mL
and diluted to 10 mL with 2% HNO3. Elements were
determined by inductively coupled plasma mass spec-
trometer (ICP-MS, Thermo X seriesII). A piece of
each quartz filter was analyzed for organic carbon
(OC) and elemental carbon (EC). OC and EC were
analyzed by the IMPROVE (Interagency Monitoring
of Protected Visual Environments protocol)/TOR
(thermal optical reflectance) method using the OCEC
Analyzer (Sunset Laboratory) (Chow et al., 2001). In
addition, the standard deviations were calculated by
analyzing repeat the blank filters. The detection limit

was 3 times the standard deviation.

2. 2  Receptor Modeling
For the source apportionment of PM2.5 mass, the

Positive Matrix Factorization (PMF) model (Hopke et
al., 2003) was applied to the PM2.5 chemical compo-
nent dataset. The PMF model is a receptor model
based on a multivariate analysis technique that uses
measurement error of the measured data to provide
weights in the fitting process. The PMF model pro-
vides a solution that minimizes an object function,
the Q value, based on the uncertainties of each obser-
vation (Polissar et al., 1998). We referred to Kim et al.
(2003) for detailed descriptions of the PMF technique,
and we used EPA-PMF3.0 for calculation (Norris et
al., 2008).

2. 3  Conditional Probability Function (CPF)
When a source is near the sampling site, source

contributionvariationsuggests a close relation to the
wind direction surrounding the sampling site. The
conditional probability function (CPF) (Kim et al.,
2003) was performed to estimate the association of a
local source and source contributions estimated from
the PMF model coupled with the wind direction data.
The CPF value is calculated using the following equa-
tion:

CPFΔθ==mΔθ / nΔθ, 

where mΔθ is the number of occurrences from wind
sector Δθ that exceeded the threshold criterion, and nΔθ

is the total number of data from the same wind sector.
In this study, 16 sectors (Δθ==22.5�) were chosen; calm
winds (‹1 m/s) were excluded from this analysis. In
this study, the threshold criterion was set at the upper
10th percentile value of the fractional source contri-
butions for each source.

2. 4  Potential Source Contribution Function
(PSCF)

The potential source contribution function (PSCF)
(Hopke et al., 1995; Ashbaugh et al., 1985) is utilized
to estimate likely locations for long-range transporta-
tion of aerosols and secondary aerosols. The PSCF
was calculated using the daily source contributions
estimated by the PMF model, and the backward trajec-
tories were calculated using the Hybrid-Single Particle
Lagrangian Integrated Trajectory (HYSPLIT) model
and the NCEP/GDAS global meteorological data
(Draxler and Rolph, 2003). The PSCF is a conditional
probability that an air parcel that passes through an
area will have a concentration exceeding the threshold
criterion upon arriving at the sampling site. The sources
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were likely to be located in areas that had high PSCF
values. The PSCF value is calculated using the follow-
ing equation:

PSCFij==mij / nij,

where the nij is the total number of passages in the
ijth grid cell, and mij is the number of passages in the
same grid cell that are associated with samples that
exceeded the threshold criteria. In this study, the thresh-
old criterion was set at the upper 25th percentile value
of the fractional source contributions for each source.
Backward trajectories, starting every hour at heights
of 1,300 and 1,800 m above ground level, were com-
puted using the vertical velocity model for every sam-
ple day, producing 120 hourly trajectory end points
per sample. The geophysical region covered by the
trajectories was divided into 3,500 grid cells of 1�×
1�latitude and longitude. To minimize the effect of
small nij values that result in high PSCF values with
high uncertainties, an arbitrary weight function W(nij)
was applied to downweight the PSCF values for cells
in which the total number of end points was less than
three times the average number of passages per grid

cell (Wan et al., 2009; Polissar et al., 2001; Hopke et
al., 1995). W(nij) is defined by the following equation
depending on nij:

W(nij)==1.0 (3∙Ave.⁄nij), 0.75 (Ave.⁄nij‹3∙Ave.), 
0.5 (0.5∙Ave.⁄nij‹Ave.), 0.25 (nij≤0.5∙Ave.).

3. RESULTS AND DISCUSSION

3. 1  Determination of the Factor Number by
the PMF Model

A summary of statistics for the PM2.5 mass concen-
tration and chemical species is shown in Table 2. An
outlier of the PM2.5 mass concentration is difficult to
reconstruct with the PMF model. Therefore, data devi-
ating from the average-concentration range need to be
examined using a method of analysis other than the
PMF model. In this report, data with analytical pre-
cision problems were excluded using the ion balance
and the chemical mass closure (CMC) model (Harri-
son et al., 2003). First, data in which the ratio of the
anion equivalence concentration and the cation equi-
valence concentration did not fall within the ranges of

Estimate of Sources for PM2.5 in an Industrial Area of Japan 129

Table 2. Summary statistics for concentrations of PM2.5 and its main components. 

Concentration (PM2.5: μg/m3, main components: ng/m3)  BDL*3 Use to
Mean*1 Median Maximum Minimum*2 (%) PMF

PM2.5 15.9 13.9 49.8 2.6 0.0
OC 3,420 3,058 8,919 70 0.5 ●
EC 1,269 1,212 2,920 211 0.0 ●
Cl- 104 62 1,138 5.0 4.0 ●
NO3

- 796 446 5,509 40 0.0 ●
SO4

2- 4,201 2,917 18,782 146 0.0 ●
Na++ 136 127 747 5.2 0.5 ●
NH4

++ 1,593 1,241 7,032 54 0.0 ●
K++ 138 99 602 8.6 6.6
Mg2++ 28 25 108 3.6 2.0 ●
Ca2++ 127 97 764 6.6 0.0 ●
Al 99 57 1,918 4.5 11.6 ●
K 157 134 827 23 0.5 ●
Ca 99 65 758 9.3 44.4
Ti 12 8.5 113 0.38 24.2
V 3.2 2.1 15 0.092 1.0 ●
Cr 5.9 4.2 196 0.23 17.7
Mn 12 8.8 53 0.41 0.5 ●
Fe 200 158 897 8.7 6.6 ●
Ni 3.7 2.5 43 0.16 10.6 ●
Cu 7.7 5.6 42 0.15 1.0 ●
Zn 66 50 348 3.7 11.1 ●
As 2.0 1.5 9.1 0.12 1.5 ●
Cd 0.47 0.35 4.5 0.014 1.5 ●
Sb 0.94 0.81 3.2 0.19 1.5 ●
Pb 15 11 187 0.41 0.0 ●

*1 Data below the limit of detection were replaced by half of the reported detection limit values for the mean calculation. 
*2 Data below the limit of detection were replaced by half of the reported detection limit values. 
*3 Percentage of the below-detection limit.The components of more than 15% of BDL was excluded from the calculation using the PMF model. 



0.8-1.2 were excluded by confirming the ion balance
of each sample. Second, the CMC model was used to
determine the concentration of the chemical species of
the data in which the ion balance was adequate. The
CMC model is a method of estimating the mass con-
centration (EMC) of the ambient particulates from the
concentration of the chemical species. The CMC
model is expressed in the following equation:

EMC==1.375[SO4
2-]++1.29[NO3

-]++2.5[Na++]
++1.5[OC]++[EC]++9.19[Al]++1.40[Ca]
++1.38[Fe]++1.67[Ti].

Data in which the ratio of the EMC and the actual
concentration measurement did not fall within the
range of 0.8-1.2 were excluded from the PMF analy-
sis. As a result, 165 samples were adopted for the PMF
model. Furthermore, an ion and an element such as
K++ and K (Ca2++ and Ca) overlapped. A lower percent-
age of below the detection limit (K and Ca2++) was
adopted in order to reduce the loss of data used for
PMF analysis. Concentrations below the detection
limit level were replaced with a level half that of the
detection limit (Polissar et al., 1998). A titanium (Ti)
and chrome (Cr) proportion of more than 15% below
the detection limit level was excluded from the calcu-
lation using the PMF model. 

In the PMF analysis, dispersion of Q provided by a
calculation repeatedly is small, and the number of
factors nearby is most suitable for the theoretical value
of Q (QTheory), where the value of Q is calculated using
the following equation:

QTheory==nm-p (n++m).

where n is the number of samples, and m is the num-

ber of components. The average and relative standard
deviations (RSD) of the Q value provided by calcula-
tions repeated 20 times of each factor number with
the QTheory are shown in Fig. 2. In this figure, QTrue is
the value calculated using all data, and QRobust is the
value calculated excluding outliers. The RSD of the
QTrue and the QRobust had a small range of 5-9 factors,
and the QTrue and QRobust of the 9 factors were nearest
in the QTheory. Therefore, it was judged that the 9 fac-
tors were most suitable. To prove the validity of this
result, the robustness and rotational freedom of the
final solution were verified using a bootstrap run and
an Fpeak run, respectively. The solution with 9 sources
and Fpeak==-0.1 was the most reasonable. Further-
more, in the bootstrap run, all factors mapped at more
than 80%.

3. 2  Source Apportionment and Identification
Correlation between the reconstructed mass concen-

trations from the factors extracted by PMF analysis
and the measured value of the PM2.5 mass concentra-
tion is shown in Fig. 3. The slope of the regression
line is 0.78, and the correlation coefficient is 0.96; the
PM2.5 mass concentration is reconstituted well by
extracted factors. The PMF-deduced source profiles
and source contributions are presented in Fig. 4 and
Fig. 5, respectively. In addition, the estimated source
of each factor profile and the average contribution of
each factor to the PM2.5 mass concentration are sum-
marized in Table 3. 

Factor 1 contained large fractions of a host of metals.
High concentrations of Zinc (Zn), lead (Pb), nickel
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Fig. 2. Q value and the relative standard deviation of the Q
value for the different factor numbers.
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(Ni), and cadmium (Cd) are mainly contributed by
industrial activities such as coal and waste combus-
tion (Marcazzan et al., 2001). Zn and Ni are also asso-
ciated with steel mills and other metallic industrial
activities (Song et al., 2001). The CPF plot for factor
1 is presented in Fig. 6(a). The CPF value of factor 1

was high from south-southwest to west-southwest.
Since there are steel mills approximately 4.5 km west-
southwest and approximately 1.0 km south-southwest
of the sampling site, it suggests that this factor was
affected by the steel mills in the vicinity of the sampl-
ing site. The average contribution of factor 1 is 7.8%.

Estimate of Sources for PM2.5 in an Industrial Area of Japan 131

Fig. 4. Source profiles based on PMF analysis. The vertical axis expresses the percentage of each species among factors.
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This factor is categorized as “steel mills.”
Factor 2 contained significant fractions of the nitrate

ion (NO3
-) and chloride ion (Cl-) with few other com-

ponent fractions. Furthermore, because the ion balance
in factor 2 was 1.03, factor 2 was interpreted as the
factor whose expressed contribution of ammonium

chloride and ammonium nitrate was semi-volatile. In
addition, factor 2 showed a higher trend during low
ambient temperature seasons such as autumn and
winter (Fig. 5). The average contribution of factor 2 is
7.0%. This factor is categorized as “secondary chlo-
ride and nitrate.”

132 Asian Journal of Atmospheric Environment, Vol. 8(3), 126-139, 2014

Fig. 5. Source contributions (μg/m3) to the PM2.5 mass concentrations.
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Factor 3 contained typical soil components of the
soil, such as Ca2++, Al, and Fe. Airborne soil particles
could have been resuspended in the air from road traf-
fic, construction sites, and windblown soil dust. Fac-
tor 3 appeared in a high concentration in the spring
season of 2011 (Fig. 5). The backward trajectories on
May 15, 2011, are shown in Fig. 7. Backward trajec-
tories of this day point to eastern Mongolia and the
Gobi Desert as sources of the yellow sand found at the
sampling site. Furthermore, yellow sand was observed
across a broad area of Japan on this day (Japan Meteo-
rological Agency, 2012). Therefore, this high concen-
tration was attributed to dust transported in yellow-
sand events that had occurred in eastern Mongolia and

the Gobi Desert. The average contribution of factor 3
is 5.0%. This factor is categorized as “soil.”

Factor 4 shows enhanced fractions of Cl-, sodium
ion (Na++), and magnesium ion (Mg2++). These tracers
are mainly associated with sea salt particles. The CPF
plot for factor 4 is presented in Fig. 6(b). The CPF
value of factor 4 was high from southeast to south-
southeast because the sampling site was located on
the north side of the Seto Inland Sea (Fig. 1). The
average contribution of factor 4 is 3.8%. This factor
is categorized as “sea salt.”

Factor 5 contained a large fraction of OC, EC, and
antimony (Sb); there were few other component frac-
tions. The large contribution of OC and EC indicates
fuel combustion; and Sb is associated with brake pad
wear (Iijima et al., 2009). The CPF plot for factor 5 is
presented in Fig. 6(c). The CPF value of factor 5 was
high from north-northeast to northeast. National Route
2 runs approximately 1.4 km to the north-northeast
and National Route 250 runs approximately 0.5 km
south-southwest of the sampling site. As indicated
above, the average daily traffic volume and the propor-
tion of heavy vehicles to the traffic volume on Nation-
al Route 2 are heavier than those of National Route
250. Furthermore, the major arterial roads are concen-
trated northeast of Himeji City (Ministry of Land,
Infrastructure, Transport and Tourism, 2010). There-
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Table 3. Average contribution of sources to the PM2.5 mass
concentration. 

Factor Source Contribution (%) 

1 Steel mills 7.8
2 Secondary chloride and nitrate 7.0
3 Soil 5.0
4 Sea salt 3.8
5 Traffic 20.8
6 Secondary sulfate 1 20.9
7 Secondary sulfate 2 8.0
8 Coal combustion 2.3
9 Heavy oil combustion 3.8

Fig. 6. Conditional probability function (CPF) plot. (a) steel mills, (b) sea salt, (c) traffic, (d) coal combustion, (e) heavy oil
combustion.
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fore, factor 5 shows the traffic and exhaust gas of
vehicles on the nearby road. The average contribution
of factor 5 is 20.8%. This factor is categorized as
“traffic.”

Factor 6 constituted a significant fraction of the sul-
fate ion (SO4

2-) and ammonium ion (NH4
++). Further-

more, because the ion balance in factor 6 was 1.04,
factor 6 was interpreted as the factor that expressed
the contribution of ammonium sulfate. In addition,
this factor contains a fraction of OC, EC, vanadium
(V), and arsenic (As). Ammonium sulfate is produced
by sulfur dioxide (SO2) exhausted into the atmosphere
by the combustion of fossil fuels such as oil and coal.
At first, sulfur dioxide is oxidized to sulfuric acid; the
sulfuric acid is neutralized by ammonia and converted
to ammonium sulfate. Because ammonium sulfate is
stable in the atmosphere for a long time, it is trans-
ported great distances. Therefore, it suggests that the
SO2 occurring at a great distance changes during trans-
portation to ammonium sulfate before arriving at the
sampling site. The average contribution of factor 6 is
20.9%. This factor is categorized as “secondary sul-
fate 1.”

Factor 7 contained a large fraction of potassium (K).

K (or K++) is considered to be an index of burning bio-
mass fields (Zhang et al., 2010) and fireworks (Tsai et
al., 2012). Furthermore, this factor contains a fraction
of NO3

-, SO4
2-, and Pb, suggesting fossil fuel com-

bustion. The average contribution of factor 7 is 8.0%.
This factor is categorized as “secondary sulfate 2.” In
addition, we considered the sources of secondary sul-
fate 1 and secondary sulfate 2, which contribute high-
ly to the sulfate in section 3.3.

Factor 8 contained a large fraction of As and copper
(Cu). Generally, the As contained in atmospheric parti-
cles traces back to coal combustion in Japan (Mamuro
et al., 1979). Furthermore, this factor contains a frac-
tion of EC, suggesting combustion. The CPF plot for
factor 8 is presented in Fig. 6(d). The CPF value of
factor 8 was high from south-southwest to west-south-
west. Since the coal-fired power plant (total output:
133,000 kW, Kansai Electric Power Co., Inc., 2013)
is approximately 4.5 km west-southwest of the sam-
pling site, it suggests that this factor was affected by
the coal-fired power plant in the vicinity of the sam-
pling site. The average contribution of factor 8 is 2.3%.
This factor is categorized as “coal combustion.”

Factor 9 contained a significant fraction of V and a
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Fig. 7. Backward trajectories of samples arriving at the sampling site on May 15, 2011 (JST 3:00, 9:00, 15:00, and 21:00).
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large fraction of nickel (Ni). Generally, V and Ni con-
tained in atmospheric particles trace back to heavy oil
combustion in Japan (Mamuro et al., 1979). Typical
oil combustion sources are ships and boilers, such as
thermal power plants using heavy oil. Although two

thermal power plants exist near the sampling site (Fig.
1(b)), the thermal power plants have a small effect
because their main fuel is liquefied natural gas (Kan-
sai Electric Power Co., Inc., 2013). A recent study
showed that V is definitely the index of ships (Zhao et
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Fig. 8. Comparison of the source profile by 9 factors and 7 factors. The vertical axis expresses the percentage of each species
among factors.
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al., 2013); in addition, inland shipping can also be con-
sidered a source of particulate matter (Vallius, 2005).
The CPF plot for factor 9 is presented in Fig. 6(e). The
CPF value of factor 9 was high from south-southeast
to southwest. Since the Port of Himeji, an internation-
al hub port, is approximately 4.0 km south-southeast
of the sampling site, it suggests that this factor was
affected by ship traffic in the vicinity of the sea. The
average contribution of factor 9 is 3.8%. This factor
is categorized as “heavy oil combustion.”

When it is calculated as seven factors, factors 6 and
7 do not appear; the loading of those factors is allo-
cated to other factors (Fig. 8). Therefore, factors 6 and
7 may have collinearity with other factors. Further-
more, as compared with factor 9, the load of SO4

2- in
heavy oil combustion was increased, and the load of
As and Pb in secondary sulfate 1 was increased in the
case of factor 7. Therefore, a source of SO4

2- suggests
heavy oil combustion as an index of V and coal com-
bustion as an index of As and Pb. Yamagami et al.
(2013) extracted eight factors by applying the PMF
component concentrations of PM2.5 that were collect-
ed at six points in Nagoya City. The results show that
the load of SO4

2- is large in “coal combustion” and
“heavy oil combustion;” therefore, “coal combustion”
and “heavy oil combustion” have been estimated to be
major sources of SO4

2-. Since, in this analysis, similar
results have been observed when seven factors have
been calculated, “coal combustion” and “heavy oil
combustion” are considered sources of SO4

2-. How-
ever, the survey site in this study is one point in the
industrial area; it is possible that its location strongly
influenced the sources in the nearby survey site. On the
other hand, the number of survey sites in the reporting
of Yamagami et al. is a six survey points, including
the general environment point, has been analyzed as
the same number of sources the number of each point.
Therefore, it is possible that the influence of the source
in the survey site vicinity has not yet been extracted.

On the other hand, factor 8 is speculated to be caus-
ed by coal combustion because the load of As is large;
factor 9 is speculated to be caused by heavy oil com-
bustion because the load of V is large. However, the
load of SO4

2-, as compared with factors 6 and 7, is
small. The reason is that the distance between the
source and the survey site is close. Since a conversion
rate to SO4

2- from SO2 is estimated to be 0.9-3.7%/hr
(An et al., 2003; Sasaki et al., 1988; Uno et al., 1997),
if located near the source, the factor representing heavy
oil combustion or coal combustion, SO4

2-, there is a
possibility of a small loading. As with China, Japan
has heavy oil combustion facilities and coal-fired facil-
ities. In particular, coal-fired power plants and steel
mills, coke ovens, and ports are also present in the

areas surrounding survey sites. Therefore, factors 8
and 9 represent the impact of fossil fuel combustion in
the vicinity, and factors 6 and 7 represent the impact
of fossil fuel combustion at a distance. However, due
to the differences in distance between the survey sites,
they are believed to have been extracted as different
factors.

3. 3  Estimate of the Source of the Secondary
Sulfate by PSCF

Sulfate accounts for 26.4% of the mass concentration
of PM2.5 at this sampling site. Therefore, it is impor-
tant to identify the source of sulfate to reduce PM2.5.
In this study, two different types of secondary sulfate
were identified by PMF analysis. Secondary sulfate 1
and secondary sulfate 2 account for 20.9% and 8.0%,
respectively, of the PM2.5 mass concentration. Secon-
dary sulfate 1 is characterized by its high concentra-
tion of SO4

2- and NH4
++. Secondary sulfate 2, on the

other hand, is characterized by its high contribution of
potassium (K). Furthermore, secondary sulfate 1 shows
a high seasonal variation in the spring and summer
that is associated with high photochemical activity
(Fig. 5); secondary sulfate 2 has a weak summer-low
seasonal variation (Fig. 5). Therefore, it suggests that
these sources were greatly different.

Fig. 9 shows the PSCF plots for secondary sulfate 1
and secondary sulfate 2. Potential source areas and
pathways where the secondary sulfates were formed
are likely to be located in the high-PSCF-value areas.
As shown in Fig. 9(a), the PSCF plot of secondary
sulfate 1 shows the influence of the industrial area of
the east coastal region of China, the Eastern China
Sea, and the Kyushu region of Japan. The Yangtze
Delta region of the eastern coastal industrial region of
China includes Shanghai, Chiangsu, and Zhejiang. In
recent years, the economic growth rate of the Yangtze
Delta region has greatly exceeded the national average,
and its economic growth is remarkable. It was suggest-
ed that SO2 emissions from the thermal power plant
and industries located in the eastern coastal industrial
region of China were related to what was converted
to high PSCF values in the process of transportation.
The Eastern China Sea has a great deal of marine traf-
fic by ships. Yang et al. (2007) have developed an
emission inventory from marine ships, in which the
SO2 from ships accounts for 9.5% of all sources in
Shanghai in 2003. In addition, Zhao et al. (2013) report
a major link between the peak of SO2 measured in the
Yangshan Port of Shanghai and the ships’ exhaust.
This suggests that the high PSCF values in the Eastern
China Sea are affected by the SO2 emission from ships.
There are many active volcanoes in Kyushu region of
Japan. In particular, there were many SO2 emissions
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from the Sakurajima volcano; emissions in 2011 and
2012 were 300-3,200 tons/day and 1,200-5,700 tons/
day, respectively (Fukuoka District Meteorological
Observatory, 2012, 2011). This suggests that the SO2

exhausted from various sources changed to sulfate in
the transportation process.

The high contribution of potassium (K) in secondary
sulfate 2 suggests a strong influence of burning bio-
mass fields (Zhang et al., 2010). Kumagai et al. (2010)
measured the levoglucosan and potassium ions that
are indices of burning biomass on the Kanto Plain of
Japan and reported that the contribution of biomass
burning is high in the winter; the average contribution
of burning biomass to the fine particulate mass was
20% in the winter. Biomass burning in the report of
Kumagai et al. was similar to a characteristic of sec-
ondary sulfate 2 in this study; this supports the influ-
ence of biomass burning at this sampling site. How-
ever, this factor contains a fraction of NO3

-, SO4
2-,

and Pb, suggesting the combustion of fossil fuel. As
shown in Fig. 9(b), although the PSCF plot of sec-
ondary sulfate 2 shows the influence of the border

area between Russia and Mongolia where forest fires
are frequent (Heo et al., 2009), the PSCF value of the
urban areas of China, such as Beijing, Hebei, and
western Inner Mongolia, is high. In Chinese urban
areas and Inner Mongolia, coal central heating sys-
tems are used in the winter, generating serious atmos-
pheric pollution (Zhao and San, 1986). This suggests
that secondary sulfate 2 was affected by particles deriv-
ed from the combustion of fossil fuels, such as coal,
in addition to biomass burning. On the other hand,
the day with the highest contribution concentration of
secondary sulfate 2 (9.5μg/m3) was January 25, 2012.
January 23 and 22, 2012, were the Chinese New Year
and New Year’s Eve, respectively - a most important
festival in China. During this event, people use a large
quantity of fireworks. Previous studies have shown
that fireworks aerosols are rich in K (Tsai et al., 2012).
Therefore, the increased contribution of this factor on
January 25, 2012 and the next several days may have
been affected by the long-distance transportation of
fireworks aerosols.

Heo et al. (2009) reported the results of source iden-
tification and apportionment by PMF and PSCF analy-
ses of PM2.5 in Seoul, Korea, from March 2003 to
December 2006. In their report, nine factors were
extracted by PMF analysis; the contribution of a factor
categorized as “secondary sulfate” was 20.5%. Fur-
thermore, the PSCF plot of “secondary sulfate” con-
formed to the result of the PSCF plot of secondary
sulfate 1. Their report strongly supports the results of
this study. Higo et al. (2013) extracted seven factors
by applying the PMF component concentrations of
PM2.5 that were collected at two general environmen-
tal points in Fukuoka City. Their results show that the
load of SO4

2- and the impact of cross-border transport
are large for “coal combustion” and “oil combustion.”
Furthermore, in the reports, “oil combustion” and
“coal combustion” indicate high concentrations in
spring and winter, respectively. Therefore, we estimat-
ed that secondary sulfate 1 and secondary sulfate 2
were extracted as other factors, as is the case with the
reporting of Higo et al., that high concentrations dif-
fered seasonally.

4. CONCLUSIONS

In order to estimate the influence of sources on PM2.5

in the industrial areas of Japan, PM2.5 was collected
intermittently at an industrial area in Japan from July
2010 to November 2012, and the chemical compo-
nents of 198 days of PM2.5 samples were analyzed.
The PMF model was applied to measuring those chem-
ical components. To estimate the source of PM2.5, nine
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Fig. 9. Potential source contribution function (PSCF) plot.
(a) secondary sulfate 1, (b) secondary sulfate 2.
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factors were identified. The source of the contribution
to PM2.5 was estimated by a factor’s profile, and these
contribution rates of the PM2.5 mass concentration
were calculated.

The factor with the highest contribution rates was
secondary sulfate 1 (percentage source contribution:
20.9%); after that was traffic (20.8%), secondary sul-
fate 2 (8.0%), steel mills (7.8%), secondary chloride
and nitrate (7.0%), soil (5.0%), heavy oil combustion
(3.8%), sea salt (3.8%) and coal combustion (2.3%).
As a result of CPF analysis using wind direction, steel
mills, sea salt, traffic, coal combustion, and heavy oil
combustion were matched to the position of the sour-
ces around the sampling site. As a result of PSCF
analysis using backward trajectories, it was suggested
that ships on the East China Sea, industrial areas in
the east coastal regions of China, and the active vol-
cano in the Kyushu region of Japan were potential
source regions of secondary sulfate 1. Although it
was suggested that secondary sulfate 2 was affected
by biomass burning, the possible effect of the combus-
tion of fossil fuels, such as coal, of Chinese urban
areas and Inner Mongolia and the possible effect of
fireworks in China were also suggested by PSCF ana-
lysis. Furthermore, source characterization using con-
tinuous data of one site showed that potential sources
of fossil fuel combustion are both regional and broad
based.
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