
ABSTRACT

Internally mixed states of submicron particles during
transport from the Asian continent to the Pacific
Ocean were analyzed using a single-particle time-of-
flight mass spectrometer. The observation was con-
ducted at Tsukuba in Japan in the spring of 2005 in
order to investigate springtime transport of particles
from the continent. The sum of ion intensities of sul-
fate (HSO4

-) detected in particles originating from the
continental air masses counted for 75% of that in all
particles during the observation. By analyzing corre-
lations among compounds, origins and internally
mixed states of compounds were estimated. It was
found that nitrate was mixed with sulfate-rich parti-
cles as the air mass approached Japan. It was con-
firmed that Asian mineral dust particles played sig-
nificant roles for transport of continental sulfate to
Japan. As a result of analysis on internal mixing of
chlorine and nitrate, it was implied that the chlorine
loss in fine sea salt particles had already proceeded
at Tsukuba. It was characteristic that fluoride ions
were significantly detected, coal combustion in the
Asian Continent can be an important source of fluo-
rides detected in Japan through the westward tran-
sportation of fine particles including fluorides. 

Key words: Internally mixed state, Asian mineral
dust, Single-particle analysis, TOFMS, Negative ion,
Ternary plot 

1. INTRODUCTION

Atmospheric aerosols play a critical role in atmos-

pheric sciences in view of solar radiation, heteroge-
neous reactions in the atmosphere, and human health.
Hence, it is essential to understand the source, trans-
port and transformation of atmospheric particles and
their components. It has been reported that the emis-
sions of pollutants have been increasing and so the
importance of aerosols has been growing in these past
few decades. This trend has been noted in Asian devel-
oping countries (Huebert et al., 2003). Globally, it has
been reported that aerosols from Asia can influence
the air quality even in other regions, for example, North
America (DeBell et al., 2004). In terms of cross-border
pollution, atmospheric acidification, and nutrient sup-
ply to the ocean, it is important to find out the mecha-
nisms of transport of tracer compounds from the Asian
Continent toward Japan, the Pacific Ocean, and North
America. The identification of the chemical composi-
tions of aerosols is essential for understanding the
interactions between the aerosols and adsorbed pollu-
tants (Mori et al., 2003; Xiao et al., 1997). As an out-
standing phenomenon, Asian mineral dust has been
focused (Uematsu et al., 1983), as they can play a role
as the carrier of pollutants (Nishikawa et al., 1991).
The mixed states of chemical components are impor-
tant to understand the histories and characteristics of
the particles. Mori et al. (2003) explored the mixed
states of coarse Asian dust aerosols with sulfate and
nitrate in Japan using a high-volume sampler. They
investigated the relationship between nitrate quantities
and the average surface areas of filter-sampled parti-
cles, and indicated that nitrate was attached to the sur-
face of the particles as total. Several studies were re-
ported to know the internally mixed states, which
present the chemical components coexisting in indivi-
dual single particles. Zhang et al. (2005) reported the
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mixed states of Asian dust at coastal areas of China
by an energy dispersive X-ray spectrometer. They
indicated that the dust plume from the inland China
did not mix with polluted air from the coastal area.
Bates et al. (2004) discussed dust and pollutant trans-
port during the campaign ‘ACE-Asia’, which was con-
ducted onboard a ship in the marine boundary layer
near the continent. However, in situ, real-time obser-
vation of the internally mixed states is still insufficient.

In this decade, a number of real-time measurements
have been conducted on aerosols using mass spectro-
metry (Middlebrook et al., 2003; Suess and Prather,
1999). Aerosol Mass Spectrometer (AMS) have been
applied to quantify the chemical compositions of aero-
sols (Jayne et al., 2000). To examine the internally
mixed states, several techniques for analyzing single
particles have been developed by using the combina-
tion of laser ionization and mass spectrometry (Sulli-
van et al., 2007a, b; Murphy et al., 2006; Thomson et

al., 2000; Gard et al., 1997; Murphy and Thomson,
1995). Recently, we reported the first observation of
Asian mineral dust far downstream of the Asian conti-
nental outflow (Matsumoto et al., 2006). The uptake
of sulfates and nitrates onto Asian dust particles during
transport from the Asian continent to the Pacific Ocean
was analyzed using a single-particle time-of-flight
mass spectrometer. It was found that sulfate-rich dust
particles made their largest contribution during the
‘dust event’. As a result of detailed analysis including
backward trajectory calculations, it was confirmed that
sulfate components originating from coal combustion
in the continent were internally mixed with dust parti-
cles. Asian dust plays a critical role as the carrier of
sulfate over the Pacific Ocean. Sullivan et al. (2007a, b)
recently reported the results of their single-particle
observations by the Aerosol Time of Flight Mass
Spectrometer (ATOFMS; Suess and Prather, 1999)
during the ‘ACE-Asia’ campaign in 2001. They discus-
sed internally mixed states of Asian mineral dust ob-
served in the marine boundary layer along the conti-
nent. They found that high amount of sulfate accumu-
late on aluminosilicate-rich dust possibly owing to
oxidation by iron in the dust.

In this study, the single-particle mass spectrometer
was partly improved to increase the rate of particle
detection and the additional observation was conducted
during the springtime in 2005 in Japan. The aim of
this observation is to capture internally mixed states
of submicron particles downstream of the continental
outflow. Transport of particles from the continent to
Japan occurs in springtime and this season is suitable
for the investigation of the effect of transport on the
chemical composition of aerosols over Japan. Correla-
tions among various components were explored to

discuss the observed internally mixed states.

2. EXPERIMENTS AND METHODS

2. 1  Single Particle TOFMS Instrument
The fundamental description of the single-particle

TOFMS instrument has been reported in previous lit-
eratures (Narukawa et al., 2008, 2007a, b; Matsumoto
et al., 2006). Thus, only a brief description of the in-
strument and its improvement are summarized here. 

The instrument used in this study consisted of four
sections: (a) introduction of the atmospheric particles
into the vacuum chamber of the instrument, (b) detec-
tion of the particles by laser scattering, (c) desorption/
ionization of the particles, and (d) a time-of-flight
mass spectrometer for analyzing the composition of
particles. The beam of particles was aligned horizon-
tally by a series of aerodynamic lenses and introduced
into the chamber for particle detection. The pressure in
the particle-detection chamber was 10-2 Pa when the
flow rate of the sample was set to 500 sccm (cm3 min-1

at standard conditions). A continuous wave (cw) visi-
ble laser was directed at 60�to the incident particle
beam, and light scattered by the particle was monitor-
ed using a photomultiplier (PMT; Hamamatsu, 1P28A)
at a 60�angle to the laser beam. The intensity of the
scattered cw laser light was monitored to estimate the
physical size of the particles. The relationship bet-
ween the diameter of the particles and the intensity of
the scattered light was explored using size-known
polystyrene latex (PSL) particles by reference to Lee
et al. (2002). After a particle was detected from the
scattered light, a pulsed excimer laser (Lambda Phy-
sik, Optex, 248 nm, 5 mJ pulse-1) was fired to desorb
and ionize the particle. After ablation and ionization,
ions were accelerated and deflected by electric fields,
introduced into the time-of-flight (TOF) chamber, and
detected by a multi-channel plate detector. To measure
both positive and negative ions by the single TOF
system, the polarities of the electric fields were swi-
tched automatically every minute. Thus, our TOFMS
instrument gives information about chemical com-
ponents of individual particles from the mass spectra
and about particle sizes from the light scattering in-
tensities. 

2. 2  Observation in Japan
The instrument was installed on the 8th floor (about

30 m from the ground) of the tower for LIDAR obser-
vation at the National Institute for Environmental
Studies (NIES), Tsukuba, Japan (140.12�E, 36.05�N),
which is located about 50 km from the coastline of
the Pacific Ocean. A detailed description of this site
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was presented elsewhere (Shimizu et al., 2004). The
observation was conducted for 25 days, from April 22
to May 16, 2005. Although it should be noted that
there was missing data on 27 April due to instrumental
failure, during the field observation, negative and pos-
itive ion spectra were analyzed for 23,418 and 42,395
particles, respectively. 

The incidences of Asian dust events were predicted
by regional chemical weather forecasting system,
CFORS (Uno et al., 2003), and confirmed by the obser-
vation by LIDAR of non-spherical dust particles in the
boundary layer at the site (Shimizu et al., 2004). To
categorize the source of air mass, the NOAA HYSPLIT
Model (version: 4; vertical motion: model vertical
velocity; meteorological data set: FNL) was adopted
to calculate the backward trajectories that reached the
site (the model can be accessed at: http://www.arl.noaa.
gov/ready/open/hysplit4.html). 96-hour backward
trajectories were acquired for every 12 hours during
the campaign (with end time of 00:00 and 12:00 uni-
versal time (UT)). Three initial heights were set to
500, 1,000, and 1,500 m, respectively, to validate the
convergence. 

Fig. 1a shows a typical negative mass spectrum of
an ambient particle observed on 30 April 2005. Accor-
ding to the CFORS prediction, LIDAR observation,
and HYSPLIT calculation, the period from 28 to 30
April 2005 was considered as an Asian dust event at
Tsukuba. The signal intensities depend on the amount
and sensitivity of the instrument for each component.
Fig. 1b shows a typical mass spectrum of an ambient
particle observed on 26 April 2005. Remarkable peaks
in these mass spectra such as NO2

-, NO3
- and HSO4

-

indicate the high sensitivity of the instrument for these
species and their amounts and were evidence that nit-
rate and sulfate components were present in particles.
Settings of the aerodynamic lens were modified and
smaller particles were focused in this study than in
the first campaign in 2004 (Matsumoto et al., 2006).
Signals of bulk components of coarse particles such
as SiO2

- and Cl- were not dominant in mass spectra
for the large majority of fine particles as shown in Fig.
1a. It is true that signals of such components were
weak but they were significantly detected as shown in
Fig. 1c which is a magnified view of the Cl- and SiO2

-

peaks observed in Fig. 1a. 
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Fig. 1. Examples of TOFMS spectra of negative ions for (a) an ambient particle observed during Asian dust event on 30 April
2005, an example for sulfate-rich particle and (b) an ambient particle observed on 26 April 2005, an example for nitrate-rich par-
ticle. (c) Magnified view of Cl- (m/z==35) and SiO2

- (m/z==60) peaks observed in the mass spectrum (a). (d) An Example of
TOFMS spectra of positive ions for an ambient particles observed during Asian dust event. Values in parentheses are correspond-
ing mass numbers, m/z. ‘LT’ represents the local time in Japan. 
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The internal mixings of various compounds were
observed at Tsukuba. As well as our first study of 2004,
there were some particles which include both SiO2

-

and pollutants such as HSO4
- and NO3

-. It was found
that the Asian dust particles were transformed due to
uptake of sulfate and nitrate during the transport, this
transformation was successfully detected by the single-
particle TOFMS. In this study, the polarities of electric
fields of the mass spectrometer were switched every
minute to monitor both positive and negative ions.
Positive ion spectra were useful to investigate the
internally mixed states of particles, though it was not
possible to capture both positive and negative ion
spectra simultaneously. A typical positive ion mass
spectrum is shown in Fig. 1d, this spectrum is repre-
sentative of particles observed during the dust event.
Fe++ was significantly observed which was characteris-
tic of Asian dust particles. 

The composition of each particle was analyzed, and
hence the mixed state in each particle was determined.
A large number of mass spectra were categorized into
several representative prototypes utilizing a neural
network analysis, Adaptive Resonance Theory-2a
(ART-2a), as in the observation in 2004 (Matsumoto
et al., 2006). The principles were reported previously
(eg. Zhao et al., 2005; Phares et al., 2001). Briefly,
(1) Mass spectra are considered as vectors containing
ion intensities for all m/z; (2) The vectors are normal-
ized; (3) The vectors are categorized into a moderate
number of clusters which consist of similar vectors.
As a scale of similarity between a sample vector and
the cluster vector, the dot product is used. When the
dot products between the sample and all clusters are
less than the vigilance limit, the sample creates a new
cluster. The vigilance parameter is generally set to 0.6
to control the number of cluster moderately. When a

sample vector is judged as similar to a cluster, the
cluster vector is revised with the sample vector includ-
ed. The weight of the new sample vector, learning rate,
is set at first. After the repeated calculation, a mode-
rate number of the cluster vectors, namely as proto-
types, are acquired. The ART-2a theory is a common
method to analyze spectra of single particles, and it
has the advantage of the automatic analysis of an enor-
mous quantity of data. However, since the ART-2a
analysis is based on the dot product between two mass
spectra, the result cannot reflect the contributions of
‘minor components’ whose signal intensities are weak.

In this paper, ART-2a, a spectrum categorization
algorithm, grouped particles of similar chemical com-
position typically in three types. They are sulfate-rich
spectra which are characterized by a dominant signal
intensity at m/z==97 (HSO4

-) as shown in Fig. 1a (here-
after sulfate-rich particles), nitrate-rich spectra which
are by dominant signal intensities at m/z==46 (NO2

-)
and 62 (NO3

-) as shown in Fig. 1b (hereafter nitrate-
rich particles), and others. To cover the shortcoming
of the ART-2a analysis and reflect the contribution of
minor components, manual analysis of peak intensities
in the individual mass spectra was also performed in
this study. The signal for each mass number m/z was
acquired from the peak area for the interval of m/z±
0.5. For each particle, a database including observed
date and time, approximate diameter estimated by the
scattered laser light, polarity of the ion judged from
the electron signal (m/z==0), peak areas of signals for
selected mass numbers (m/z), and the categories of air
mass origin, was constructed. Once the time series of
the data is acquired, the relationship among chemical
composition, physical size of the particle, and the
meteorological origin of the air mass can be examined.

The origins of air masses were categorized into four

30 Asian Journal of Atmospheric Environment, Vol. 3(1), 27-41, 2009

Fig. 2. The origins of air masses categorized by NOAA HYSPLIT backward trajectory calculation; air masses from (A) inland
China, (B) northeast China and Siberia, (C) the sea such as Pacific Ocean and Japan Sea, and (D) domestic area in Japan. The
position of the observation site, Tsukuba, is also shown marked by a star.
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regions, as shown in Fig. 2, as a result of backward
trajectory calculations: (A) Air mass originating from
inland China as a source region of the Asian dust,
crossing over the coastal area of the continent where
the anthropogenic emission is active. Trajectories pass-
ed over the area indicated by the circle A in Fig. 2
within 96 hours; (B) Air mass from northeastern China,
crossing over Korea. Trajectories passed over the cir-
cle B in Fig. 2 within 96 hours; (C) Maritime air mass
from the Pacific Ocean or Japan Sea. Trajectories trav-
eled over the sea but did not reach to A and B and not
return to D within 96 hours; (D) Regional air mass
staying over domestic Japan Islands. Trajectories re-
turning to Japan Islands within 96 hours are included.
The observation point, Tsukuba, is also shown in Fig.
2 marked by a star.

3. RESULTS AND DISCUSSION

3. 1  ART-2a Analysis 
From the ART-2a analysis, with a vigilance para-

meter of 0.60 and learning rate 0.05, 23418 negative
ion spectra were categorized into 243 prototypes. As
described in the previous section, from the chemical
characteristics of the mass spectra, the 243 prototypes
were further categorized as follows: (a) sulfate-rich
particles (the number fraction was 52%); (b) nitrate-
rich particles (27%); (c) other types (21%). The time
series of the fractions are plotted in Fig. 3. Note that
the observed number of particles increased during the
Asian dust event (28-30 April, 2005, in Fig. 3b). For
the sulfate-rich particles, noticeable trends were obser-
ved as follows. It was found that the sulfate-rich parti-
cles made their largest contribution during the period
of the Asian dust event when the observed number of
particles reached its peak. For example, in the typical
Asian dust event, Fig. 4a shows a result of backward
trajectory calculations for 30 April 2005 by the NOAA
HYSPLIT Model. It was confirmed that the air mass
originating from the source area of Asian dust parti-
cles (category ‘A’ in Fig. 2) passed over the coastal
area. The trajectory analysis supported that the obser-
vation at Tsukuba that there was a large influence by

Internal Mixing of Pollutants for Submicron Particles in Japan 31

Fig. 3. Time series of (a) categories of air mass origins, (b) counts of ambient particles observed by an optical particle counter,
and (c) fractions of sulfate-rich (black bars), nitrate-rich (gray bars) and other prototypes (white bars), classified by ART-2a
method. The period of the dust event is also indicated.
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sulfate particles originating from the continent. The
number of acquired mass spectra for sulfate-rich parti-
cles was 518, which corresponded to 64% of the total
811 spectra observed during the period. Meanwhile,

during the period when the air mass came from the
Pacific Ocean (category ‘C’ in Fig. 2), and for regio-
nal air mass around Japan (category ‘D’), the contri-
bution of sulfate-rich particles was not significant. As

Fig. 4. (a) Air mass from the continent on 30 April 2005: fractions of prototypes and backward trajectory; (b) Regional air mass
around Japan on 26 April 2005: fractions of prototypes and backward trajectory.
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an example, the case on 26 April 2005 is shown in
Fig. 4b. The trajectory analysis shows that the air mass
traveled over the Japan Islands and that transport from
the continent was insignificant during this period. The
number of acquired mass spectra for sulfate-rich parti-
cles was 63, which corresponded to 16% of the total

395 spectra observed during the period. Most of the
particles were nitrate-rich (67%), this implies that
particles were influenced by the emission of NOx

while the air mass passed over Japan. This result sug-
gests that the air mass around Japan consisted of parti-
cles with significant nitrate and insignificant sulfate.
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Fig. 5. Air mass dependence of (a) observed particle number during the negative ion detection, (b) the sum of intensities of ob-
served NO3

- ion (m/z==62), (c) Cl- ion (m/z==35), (d) HSO4
- ion (m/z==97), (e) Ca

++
ion (m/z==40), and (f) Fe

++
ion (m/z==56).
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It can be considered that such a ‘background’ air mass
around Japan added to the air mass from the continent
in the case of a dust event, and the mixed air was ob-
served. As a result of the ART-2a analysis for the cam-
paign in 2005, it was suggested that sulfate originat-
ing from the continent was significant for particles
observed in Japan, especially in the case of the dust
event, as well as in the first campaign in 2004 (Matsu-
moto et al., 2006). 

3. 2  Dependence of Chemical Components
on the Meteorological Origin of Air Mass 

The ART-2a analysis is a powerful method to cap-
ture the trend of an enormous quantity of mass spectra
preliminarily and automatically. However, the method
is not effective to analyze the detailed compositions
of individual particles. In this study, various composi-
tions and their internally mixed states in individual
particles were explored further with the peak intensi-
ties of mass spectra analyzed manually.

At first, data were sorted by air mass category and
origins of the components were explored. Fig. 5 shows
the air mass distribution of observed number of parti-
cles (negative ion mode) and accumulated peak inten-
sities of selected species. Data from 06:00UT (15:
00LT (local time)) to 18:00UT (03:00LT++1, 03:00LT
of the next day) were defined as ‘pm’ data and trajec-
tories on 12:00UT were adopted. Fig. 5a indicates that
the fraction of the air mass from inland China (cate-
gory ‘A’ in Fig. 2) accounted for 45% of the observed
number of particles. Such particles resulted from emis-
sion of mineral dust and sulfate on the continent and
made the most significant fraction of particles detect-
ed in Japan in spring. As shown in Fig. 5b and 5c,
some of the species (eg. NO3

-, Cl-) showed a distri-
bution similar to the number of particles in Fig. 5a.
Averaged intensities (i.e. division of accumulated in-
tensities by the number of particles) of NO3

- and Cl-

were not significantly different among the air mass ori-
gins. This result implies that nitrate and chloride were
mixed with particles observed in Japan as back-ground
components. Reasonably the sources of NO3

- and Cl-

can be considered as anthropogenic emission and sea
salt emission, respectively. The air mass category ‘A’
gives a dominant contribution (¤50%) in the pie
charts for HSO4

-, Ca++ and Fe++, while its contribution
in those for NO3

- and Cl- is relatively small (⁄50%),
as shown in Fig. 5. Anthropogenic emissions like
coal combustion and mineral dust particles from in-
land China may be responsible for fractional enhan-
cements in the category A for the HSO4

- and Ca/Fe
distributions, respectively (eg. Streets et al., 2003;
Akimoto and Narita, 1994). 

3. 3  Dependence of Chemical Components
on the Physical Size of Particles 

To know the relationship between the scattered inten-
sity of cw laser and the size of particles, standard PSL
particles were introduced. During the observation, the
relationship was acquired experimentally for 0.3-1.0
µm particles as shown in Fig. 6. Note that the diameter
estimated by such scattered light intensity of one laser
beam potentially has uncertainties due to differences
of the position of particles in the laser beam, and scat-
tering efficiencies among components (Lee et al.,
2002). However, the diameter of each particle can be
estimated from the light scattering method and it is
possible to distinguish fine particles from coarse parti-
cles, at least. So we call the diameter from the scattered
light an ‘approximate diameter’ to roughly acquire the
information on the physical size of particle. It should
be also noted that, in this study, to detect fine particles
effectively, a frequency-doubled Nd:YAG laser (532
nm, 100 mW) was applied as the detection laser. The
aerodynamic lens was also modified, so that the instru-
ment detected particles with their approximate particle
size within 0.25-1.3 µm.

To explore the dependence of sulfate components
on the physical size of the particles, the number distri-
butions of sulfate-rich particles and sulfate-poor parti-
cles (including both nitrate-rich particles and others in
Fig. 3) vs diameter were plotted in Fig. 7. Sulfate was
more significant in fine particles for the submicron
range. Note that this study focused on submicron parti-
cles while the previous study in Japan by Mori et al.

(2003) reported coarse particles using a high volume
sampler. Analysis of components by such a conven-
tional sampling method is difficult for submicron parti-
cles due to the small quantities of components. It has
been demonstrated that the single-particle TOFMS
analyzer is capable of real-time determining the exis-
tence and the forms of components of individual sub-
micron particles.
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Fig. 6. Relationship between the diameter of polystyrene latex
(PSL) particles and the scattered light intensity. 

8×10-6

4×10-6

0

y==(6.71×10-6)x-(1.38×10-6)

0 0.8 1.6

Diameter of PSL (µm)

In
te

n
si

ty
 o

f 
sc

at
te

re
d
 l

ig
h
t(

V
 s

)



3. 4  Correlations among Chemical
Components

In this section, internally mixed states are discussed
by exploring correlations among chemical species in
individual particles. To discuss the relationship among
fractions of species in individual particles, correlations

among normalized peak intensities of two or three
species are investigated. The normalized intensities
were defined as 

Ii
norm==Ii /» Ij, (1)

where I is the peak intensity, i and j are mass num-
bers. For example, Fig. 8 is the correlation plot bet-
ween normalized intensities of sulfate (HSO4

-) and
nitrate (NO3

-) during the whole period of this obser-
vation. Individual points in the plot represent the inter-
nal mixing of sulfate and nitrate for the corresponding
single particles. The origin point in Fig. 8 represents
particles containing neither sulfate nor nitrate. Data
points in Fig. 8 are classified into three categories as
(1) dust event on 30 April 2005 (gray diamonds), (2)
regional air around Japan on 26 April 2005 (open cir-
cles), and (3) others (small crosses). For the case of the
dust event, both nitrate-rich and sulfate-rich particles
were observed. For the case of regional air around
Japan, nitrate-rich particles were dominant. Nitrate-
rich particles during this period are considered as back-
ground particles in regional air. Sulfate-rich particles
observed in Japan during the observation campaign
had originated mainly from the continent, as shown in
Fig. 5d. This result is consistent with our previous
study (Matsumoto et al., 2006). The inverse correla-
tion pattern between sulfate and nitrate could be due
to their presence being dependent on different modes
of transport. 

The ‘top-left-to-bottom-right’ distribution of data
points in Fig. 8 also represents the internal mixing of
sulfate and nitrate during transport of the continental
air mass to Japan. Individual points plotted in the ‘top-
left’ region indicate the particles influenced by con-
tinental emission of sulfate while traveling to Japan.
Such particles transported from the area ‘A’ and ‘B’
in Fig. 2 were mixed with nitrate before observation
at Tsukuba. As the air mass traveled to Japan, the air
including sulfate-rich particles was diluted by the
‘background’ air consisting of nitrate-rich particles.
The content of nitrate increased toward the plot area
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Fig. 7. Number distribution of sulfate-rich (circles) and other
sulfate-poor (diamonds) particles as a function of approximate
diameters. 

Fig. 8. Correlation between normalized intensities of sulfate
(HSO4

-, m/z==97) and nitrate (NO3
-, m/z==62) during the

whole period of observation: for the period of dust event on
30 April 2005 (gray diamonds) and of regional air mass on
26 April (open circles), small crosses represent other periods.
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Table 1. Correlation coefficients between two chemical components for all observed data. Normalized intensities of ions are
adopted. Values in parentheses are negative. The sign of the value represents the sign of the slope of the regression line. 

Correlation coefficients r with 
Ions (m/z)

HSO4
- F- SiO2

- SiO3
- NO2

- NO3
- 35Cl- 37Cl-

HSO4
- (97) 1 0.9 (0.3) (0.1) (0.8) (0.6) (0.5) (0.4)

F- (19) 1 (0.3) (0.1) (0.8) (0.7) (0.5) (0.4)
SiO2

- (60) 1 0.6 0.1 0.1 0.2 0.2
SiO3

- (76) 1 0.1 0.0 0.0 0.0
NO2

- (46) 1 0.6 0.4 0.2
NO3

- (62) 1 0.4 0.1
35Cl- (35) 1 0.9
37Cl- (37) 1



of the ‘bottom right’ region of Fig. 8. It should be
noted that the data points approach the origin point
when sulfate and/or nitrate are internally mixed with
other components. Thus, such a correlation plot also
indicates internally mixed states among sulfate, nitrate,
and other components. 

In the same way, internally mixed states can be ex-
plored by correlation analysis between arbitrary two
components. This allows the sources, transport and
chemical processes for a variety of components to be
discussed. For representative combinations of negative
ions, correlation coefficients during this observation
are summarized in Table 1. Values in parentheses in
Table 1 represent correlation coefficients for regression
lines with a negative slope. For example, the correla-
tion coefficient is ++0.9 between 35Cl- (m/z==35) and
37Cl- (m/z==37). It is reasonable that a strong correla-
tion was observed between these two ions, since sour-
ces, transport and chemical processes of both chlo-
ride isotopes are considered similar. Similarly, a posi-
tive correlation was observed for some combinations
of similar sources, transport and chemical processes:
NO2

- (m/z==46) and NO3
- (62) from nitrate; SiO2

- (m/z
==60) and SiO3

- (76) from mineral dust. It is notewor-
thy that a strong positive correlation was observed
between sulfate (HSO4

-, 97) and fluoride (F-, 19)
ions. Detailed discussion on the observed features of
fluoride ion containing particles is summarized in
section 3.5. 

Meanwhile, a negative correlation was observed for
some cases as described above for sulfate and nitrate.
Dissimilarities of sources, transport and chemical pro-
cesses for the two components are suggested in such
cases. In this study, sulfate and fluoride indicated
negative correlations to most of the ions such as nit-
rate and sea salt (Cl-). It is thought that sulfate and
fluoride were dominated by emission and transport
from the continent, and that different sources were sig-
nificant for other components. As an example, a nega-
tive correlation between HSO4

- and NO3
- was observ-

ed as discussed in Fig. 8 (r==-0.6). 
To discuss internally mixed states of particles further,

a ternary plot is useful (Sullivan et al., 2007a). As the
first step of preparation of ternary plot, peak areas of
three selected species for individual particles are nor-
malized to make the sum of the three peaks unity. Then
data for individual particles are plotted on the ternary
map. A particle which mainly contains sulfate would
appear close to the top vertex of the plot, primarily
chloride at the left vertex, and primarily nitrate at the
right vertex. Those points opposite the chloride vertex
indicate internal mixture between sulfate and nitrate
in individual particles. In this section, ternary plots of
HSO4

-, NO3
- and Cl- are explored to investigate

internally mixed states of continental sulfate, nitrate
and sea salt. Data points are categorized by observed
peak intensities of SiO2

- (m/z==60) and indicated as
follows: ‘dust’ (with significant SiO2

- signals), and
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Fig. 9. Ternary plot among peak intensities of nitrate (NO3
-,

m/z==62), sulfate (HSO4
-, m/z==97), and chloride (Cl-, m/z==

35) where sulfate-rich particles appear at the top vertex, chlo-
ride-rich at the left vertex, and nitrate-rich at the right vertex:
(a) continental air mass on 30 April 2005 (air mass category
‘A’); (b) regional air mass around Japan on 26 April 2005 (air
mass category ‘D’). Data points are categorized by the observ-
ed peak intensities of SiO2

- (m/z==60) and indicated as follows:
dust (open squares), and non-dust (open circles). 
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‘non-dust’ (with no significant signal of SiO2
-).

The ternary plots of sulfate, nitrate and chloride are
shown in Fig. 9a for the case of the dust event (on 30
April 2005, category ‘A’ in Fig. 2) and in Fig. 9b for
the case of regional air mass (26 April 2005, category
‘D’ in Fig. 2). For the case of the dust event, dust par-
ticles from the continent consisted of highly abundant
sulfate (open squares in Fig. 9a). Points around the
nitrate vertex in Fig. 9b were typical of background
particles in Japan. Then points around the nitrate ver-
tex in Fig. 9a were attributable to particles influenced
by air over Japan. Points along the sulfate-nitrate axis
represent individual particles that were transforming
during transport from the continent to Japan, with nit-
rates gradually mixed with continental sulfate as the
air mass traveled. On the 30 April 2005 (Fig. 9a) the
dust particles are mainly along the sulfate-nitrate axis.
This indicates that Asian mineral dust was important
for transport of sulfate to Japan, and nitrate was inter-
nally mixed with the sulfate-rich particles as the air
mass traveled over Japan.

From the ternary plots in Fig. 9, internal mixing
among nitrate, chloride and sulfate can be explored
further. Internal mixing of nitrate and chloride indi-
cates chlorine loss process of sea salt particles owing
to nitrate components as revealed in the ACE-Asia
study (Sullivan et al., 2007a). Their observation was
conducted onboard a ship in the marine boundary
layer and so observed particles could be largely influ-
enced by sea salt emitted just near the ship. During
their observation, loss of fresh chlorine was captured
in progress as the data points near the chlorine vertex
in their ternary plot. Meanwhile, in this paper, many
data points in the ternary plot were far from the chlo-
rine vertex. In case of air mass from the continent
(category A), some particles indicated significant Cl-

and chlorine loss in progress was captured, as shown
in Fig. 9a. However, many particles were plotted on
the line of ‘Cl-~0.1’ where chloride was insignificant.
In case of air mass around Japan (category D), chloride
in particles was insignificant except for only a few
particles. Such an insignificant chloride can result
from (1) the distance from the fresh sea salt source,
and (2) the NOx emission in Japan. It is reasonable that
the chlorine loss already proceeded at the inland away
from the coast (Pio and Lopes, 1998; Roth and Okada,
1998). Note that, as a source of chloride other than
sea salt, the incineration of wastes can be considerable
(Graedel and Keene, 1995). Moffet et al. (2008) recen-
tly reported the importance of internal mixing of chlo-
ride and metal components (eg. Pb, Zn) originating for
the incineration in northern Mexico City. To discuss
the contribution of chloride originating from sea salt,
Na2Cl++ (m/z==81) and NaCl2

- (m/z==93) were useful

as indexes of sea salt (Narukawa et al., 2007b; Ari-
moto et al., 2006). In this study, the correlation bet-
ween Cl- and NaCl2

- which could be simultaneously
detected in the negative ion mode was explored. For
all the particles observed in this study, the correlation
was not clear (r==++0.3). The anthropogenic emission
of Cl- in Japan might be considerable. However, Cl-

was correlated with NaCl2
- for the particles in which

NaCl2
- was detected significantly (r==++0.8). It was

suggested that Cl- originating from sea salt was also
significantly captured. As a result of analysis of indi-
vidual fine particles, it was implied that the chlorine
loss in fine sea salt particles had already proceeded at
Tsukuba, though the particles might be influenced by
the anthropogenic sources of chlorine like the inci-
neration. This is consistent with a previous study at
Tsukuba, Japan (Roth and Okada, 1998). Meanwhile,
for sulfate components, there is no clear correlation
between sulfate and chloride. This suggests that ocea-
nic source of sulfate was insignificant. 

Internally mixed states of individual particles down-
stream of the outflow were characterized by some dom-
inant factors: sulfate from the continent, nitrate atta-
ched later, chloride from sea salt, and mineral dust
from the continent. Observation by the single-particle
TOFMS analyzer clarified the characteristics of these
particles in the downstream successfully. 

3. 5  Fluoride 
It is remarkable that detected fluoride ion (F-, m/z==

19) were strongly correlated with sulfate (HSO4
-, m/z

==97) as indicated in Table 1 (r==++0.9). Such a strong
correlation between sulfate and fluoride was observed
also in the preliminary study in Japan (Matsumoto et

al., 2006). Mori et al. (2003) reported detection of
traces of fluoride in coarse Asian dust particles by fil-
ter sampling in Japan, though analysis of fluoride in
fine particles was difficult owing to low amounts. In
this study, data acquired by the single-particle TOFMS
instrument was analyzed to investigate the existence
of fluoride in individual submicron particles. Traces
of fluoride ions were significantly detected owing to
of the sensitivity of the TOFMS instrument, including
the effect of the high electron affinity of the fluorine
atom (3.4 eV). To our knowledge, there have been few
studies noting fluorine as a component of a single par-
ticle (eg. Beddows et al., 2004). Such a distinctive
result on fluoride is explored further in this section.

The correlation between the ion signal intensities of
fluoride and sulfate is shown in Fig. 10. A strong cor-
relation was observed between fluoride and sulfate (r2

==0.81), indicating similarity of sources, transport and
chemical processes of sulfate and fluoride. Especially,
strong intensities of fluoride and sulfate ions were
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observed in the case of the dust event (30 April 2005,
gray diamonds in Fig. 10). The distribution of accumu-
lated intensities of fluoride ion for 4 categories of air
mass is shown in Fig. 11. Significantly strong signals
of fluoride were detected in particles for the air mass
from inland China (category ‘A’ in Fig. 2), similar to
those of sulfate as shown in Fig. 5d. It was confirmed
that fluoride was also concentrated in particles of the
inland China air mass, therefore it is reasonable that
the source of fluoride was similar to that of sulfate.
Both sulfate and fluorine may be significantly emitted
from coal combustion in China (Streets et al., 2003;
Finkelman et al., 2002). Consequently, it was suggest-
ed that (1) fluorine compounds were emitted simulta-
neously with sulfur compounds by coal combustion in
the continent, and (2) fluorine compounds were inter-

nally mixed with particles as sulfate particles were
growing and/or sulfate compounds were mixed with
other particles during transport.

As one might guess from the high correlation bet-
ween fluoride and sulfate, the size dependence of fluo-
ride was similar to that of sulfate. The fraction of sul-
fate ion intensities was 66% for fine particles whose
approximate diameters were less that 0.6 µm. For
fluoride, the fraction was 59%. It was found that fine
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Fig. 11. Air mass dependence of the sum of observed inten-
sities of F- ion (m/z==19). 
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Fig. 12. Ternary plot of peak intensities of nitrate (NO3
-),

sulfate (HSO4
-), and fluoride (F-): (a) for the continental air

mass on 30 April 2005 (air mass category ‘A’); (b) regional
air mass around Japan on 26 April 2005 (air mass category
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particles were more effective than coarse particles for
fluoride and sulfate to travel from the continent to
Japan. The importance of fine particles for sulfate and
fluoride transport was observationally clarified. 

Finally, as shown in Fig. 12, ternary plots of the peak
intensities of fluoride, nitrate and sulfate were investi-
gated to demonstrate the internally mixed state for
fluoride, (a) shows the results for particles in the dust
event (category ‘A’) and (b) the results for particles in
regional air mass around Japan (category ‘D’) were
plotted independently. In the case of the dust event, the
data points gathered around a straight line in the plot,
when the air mass originated from the continent (cate-
gories ‘A’ and ‘B’), as shown in Fig. 12a. Dust parti-
cles (open squares) were significant especially around
the fluoride side. It was confirmed that Asian dust
particles could be important as carriers of fluoride to
Japan. Note that many of non-dust particles (open
circles) were also observed around the fluoride side.
This implies the importance of non-dust sulfate parti-
cles as carriers of fluoride. Meanwhile, Fig. 12b sug-
gests that, in local air mass around Japan, both sulfate
and fluoride were insignificant, while nitrate was do-
minant. The insignificance of sulfate in local air mass
around Japan has been revealed in the ternary plot
among chloride, nitrate and sulfate, as shown in Fig.
9b. This fact also supports the significance of con-
tinental source of sulfate and fluoride. Note that, it was
shown that fluoride strongly correlated with sulfate but
fluoride indicated weak inverse correlation with chlo-
ride (Table 1). Therefore it is implied that continental
coal combustion was much more significant than ocea-
nic source of fluoride observed in this study. 

4. CONCLUSIONS

Chemical compositions of individual aerosols were
observed during springtime in 2005 in a suburb of
Tokyo in Japan utilizing a single-particle TOFMS
instrument. Internally mixed states of submicron parti-
cles were focused on. Major conclusions are summa-
rized as follows:

(1) As a result of ART-2a analysis, it was revealed
that sulfate-rich particles originated from continental
air mass as seen in the previous observation in 2004.

(2) From dependences of peak intensities on air
mass origins, it was supported that sulfate originated
from the continent. The sum of ion intensities of sul-
fate detected in particles originating from the continen-
tal air masses counted for 75% of that in all particles
during the observation. 

(3) Contents of nitrate did not depend on air mass
origins, the nitrate components were observed inde-

pendently of the air mass origin. 
(4) The number distribution of sulfate-rich particles

as a function of the particle diameters was investigat-
ed. Fine particles were dominantly sulfate-rich. 

(5) Internally mixed states were investigated by an-
alyzing correlations between chemical compounds. It
was implied that the chlorine loss in fine sea salt parti-
cles had already proceeded at Tsukuba. It was note-
worthy that fluoride ions were significantly detected,
with fluoride correlated strongly to sulfate. It was indi-
cated that sulfate and fluoride from the continent were
significant especially for fine particles observed in
Japan. To our knowledge, this is the first study to inves-
tigate fluorine components for individual submicron
particles far downstream from the Asian continent. 

In-situ, real-time, continuous observation using sin-
gle-particle TOFMS is a promising method to discuss
internally mixed states of particles by exploring chemi-
cal compositions, physical sizes, meteorological fea-
tures of air mass origins, and the relationships among
them.
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NOMENCLATURE AND SYMBOLS

I : Intensity of peak in mass spectrum.
m/z : Ion mass number divided by ion charge. 
r : Correlation coefficient.

ACE-Asia : Aerosol Characterization Experiment in
Asian Region. 

ART-2a : Adaptive Resonance Theory 2A.
ATOFMS : Aerosol Time-Of-Flight Mass

Spectrometer.
CFORS : Chemical weather FORecast System. 
LIDAR : LIght Detection And Ranging. 
LT : Local time.
PSL : Polystyrene Latex.
TOFMS : Time-Of-Flight Mass Spectrometer. 
UT : Universal time.
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