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ABSTRACT

Great concerns about atmospheric aerosols are attri-
buted to their multiple roles to atmospheric process-
es. For example, atmospheric aerosols influence
global climate, directly by scattering or absorbing
solar radiations and indirectly by serving as cloud
condensation nuclei. They also have a significant
impact on human health and visibility. Many of these
effects depend on the size and composition of atmo-
spheric aerosols, and thus detailed information on
the physicochemical properties and the distribution of
airborne particles is critical to accurately predict their
impact on the Earth’s climate as well as human heal-
th. A single particle analysis technique, named low-
Z particle electron probe X-ray microanalysis (low-Z
particle EPMA) that can determine the concentration
of low-Z elements such as carbon, nitrogen and oxy-
gen in a microscopic volume has been developed.
The capability of quantitative analysis of low-Z ele-
ments in individual particle allows the characteri-
zation of especially important atmospheric particles
such as sulfates, nitrates, ammonium, and carbona-
ceous particles. Furthermore, the diversity and the
complicated heterogeneity of atmospheric particles
in chemical compositions can be investigated in de-
tail. In this review, the development and methodo-
logy of low-Z particle EPMA for the analysis of atmo-
spheric aerosols are introduced. Also, its typical appli-
cations for the characterization of various atmo-
spheric particles, i.e., on the chemical compositions,
morphologies, the size segregated distributions, and
the origins of Asian dust, urban aerosols, indoor
aerosols in underground subway station, and Arctic
aerosols, are illustrated.

Key words: Low-Z particle EPMA, Single particle
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1. INTRODUCTION

Atmospheric aerosols encompass a wide range of
compositions and sizes that depend on their origins.
A large fraction of aerosols, such as soil dust and sea
salt particles, are natural in origin. Whereas anthropo-
genic aerosols, such as secondary sulfates, nitrates,
organics, and soot, originate from urban and indust-
rial emissions and combustion processes. Great con-
cerns about atmospheric aerosols are attributed to
their multiple roles to atmospheric processes. For ex-
ample, atmospheric aerosols influence global climate,
directly by scattering or absorbing solar radiations and
indirectly by serving as cloud condensation nuclei
(Satheesh and Moorthy, 2005). They can also have a
significant impact on human health and visibility.
These effects depend on the size and composition of
atmospheric aerosols, and thus detailed information
on the physicochemical properties and the distri-
bution of airborne particles is critical to reduce the
uncertainty in the estimation of their impact on the
Earth’s climate and also for the control of the air
quality.

Aerosol loading in the atmosphere is usualy quanti-
fied by mass concentration, and bulk analysis has
been generally utilized to characterize atmospheric
particles. In bulk analysis, al particulate matters col-
lected on afilter are handled as a single sample. Asa
result, the analytical data provide the average compo-
sition of the collected particles. However, as atmos-
pheric particle samples are heterogeneous mixture of
various forms of chemical compounds, the average
composition is not sufficient to revea the diversity of
the particles in the sample. In addition, airborne aero-
sols independently move and react in the air. There-
fore, advanced single particle micro-analytical tech-
niques capable of providing detailed information on
chemical, microphysical, and optical properties on a
micrometer scale are required in order to describe the
chemical micro-processes in (or on) aerosol particles



116  Asian Journal of Atmospheric Environment, Vol. 4(3), 115-140, 2010

(Frustorfer and Niessner, 1994).

The two most popular types of single particle an-
alytical techniques are (i) aerosol time-of-flight mass
spectrometry (ATOFMS) and (ii) energy dispersive
electron probe X-ray microanalysis (ED-EPMA).
ATOFMS can identify chemical species of individual
particles qualitatively, using laser microprobe mass
spectrometry (Carson et al., 1997; Noble and Prather,
1996). The technique can analyze the aerodynamic
sizes and chemical compositions of individual parti-
clesin rea time and even the instrument can be por-
table (Gard et al., 1997). By the application of the
ATOFMS technique, the complex nature of airborne
particles has been directly revealed (Murphy and
Thomson, 1997a, b) and it was demonstrated that the
technique can clearly elucidate the atmospheric
chemistry between sea-salt particles and gas-phase
nitric acid, as it occursin the aimosphere (Gard et al.,
1998). However, due to its poor reproducibility, the
technique can only provide qualitative determination
of chemical speciesinindividual particles.

ED-EPMA technique, employing a scanning elec-
tron microscope (SEM) equipped with an energy dis-
persive X-ray (EDX) detector, has been widely utiliz-
ed for the characterization of minute solid samples.
Electron images obtained from SEM provides infor-
mation on micro-structures of samples and X-ray
spectra obtained by EDX detector gives information
on chemical compositions, and thus ED-EPMA has
been used to characterize the chemical compositions
and morphologies of individual airborne particles
(Jambers and Van Grieken, 1997; Osén et al., 1996).
However, conventional ED-EPMA is not suitable for
low-Z (Z< 11) element analysis since a Be window in
front of conventional EDX detectors absorbs soft X-
rays emitted from the low-Z elements. In 1999, was
developed an improved method, denoted “low-Z parti-
cle EPMA”, that can determine the concentration of
low-Z elements such as carbon, nitrogen, and oxygen
in a microscopic volume (Ro et al., 1999). The capa
bility of quantitative analysis of low-Z elementsin in-
dividual particle allows the characterization of envi-
ronmentally important atmospheric particles, such as
sulfates, nitrates, ammonium salts, and carbonaceous
particles. Furthermore, the diversity and the complicat-
ed heterogeneity of atmospheric particlesin chemical
compositions can be investigated in detail.

In this review, the development and methodology
of low-Z particle EPMA technique for the characteri-
zation of atmospheric aerosols are introduced in sec-
tions 2 and 3, respectively. In section 4 of this review,
areillustrated the size segregated distribution and their
origins of various particle types in Asian dust, urban
aerosols, indoor aerosols in a underground subway

station, and Arctic aerosols, obtained by the applica-
tion of low-Z particle EPMA.

2. DEVELOPMENT OF ED-EPMA
FOR THE ANALYSIS OF
ATMOSPHERIC PARTICLE

2.1 Thin-window/Windowless ED-EPMA

ED-EPMA is a powerful method for investigating
the physicochemical properties of individual micro-
scopic aerosols. However, conventional ED-EPMA
has a limitation for the analysis of atmospheric aero-
sol particles given its limited capability for determina-
tion of low-Z elements such as carbon, nitrogen, and
oxygen. This is a result of the Be window used for
the protection of EDX detector, which absorbs the
low-energy X-rays emitted from low-Z elements and
subsequently hinders their detection. The ability of
detection of low-Z elements in particulate matter
alows enlarging the scope of single-particle analysis,
firstly because the low-Z elements are abundantly
present in environmental particles and secondly be-
cause quantitative information is necessary for the spe-
ciation of individual microscopic particles. Since sul-
fates, nitrates, and organics play a considerable part
in atmospheric environment, the capability of detec-
ting low-Z elements is inevitable for the analysis of
atmospheric particles.

The feasibility of low-Z element analysis had been
tried using thin-window and windowless EPMA. In
1992, Bishop et al. used ultra-thin window EDX de-
tector for the analysis of sedimentary organic parti-
cles, and claimed the capability of qualitative assess-
ment of the carbon, oxygen, sulfur, and chlorine con-
tentsin the particles. The first application of window-
less EDX for single aerosol particles was reported by
Hamilton et al. (1994). The authors were interested in
the detection of airborne carbonaceous material, so
the Whatman Anodisc aumina-based membrane filter
was chosen as an appropriate filter material. Since the
ceramic filter is non-conductive, gold sputtering was
used. Due to the oxygen background of the alumina
substrate and the additional absorption by the gold
coating, the method was only suitable for the qualita-
tive analysis of carbon. Frustorfer and Niessner (1994)
tried to analyze atmospheric particles using conven-
tional Nucleopore membrane filters as the sampling
substrate. They applied silver coating on the sample
(the X-ray peaks of Ag do not overlap with those of
the elements of interest.) and tried to identify the sam-
ple particles by comparing X-ray spectra of various
standard particles measured at the same instrumental
conditions for the sample. The authors claimed that



the method identified soot particles as small as 50 nm
in radius and their spectra could be distinguished from
those of other particles or pure substrate in 500 ms
live time measurements. However, the relatively high
current (1-2 uA) at 25 kV might damage the submi-
cron particles even within milliseconds.

These preliminary studies for the analysis of indivi-
dual particles using thin window/windowless EDX
could not derive even semi-quantitative results for the
light elements. This is because of the fundamental
problems to be solved. Thefirst critical problem isthat
X-rays generated by low-Z elements are so soft (weak),
therefore important matrix effects (mostly due to X-
ray absorption) exist even in submicron particle. The
second one is that the magnitude of matrix effects
depends on the particle size and shape (geometric
effect). Although low-Z elements can be detected by
thin-window or windowless EDX detector, the matrix
effect and the geometric effect in the microscopic vol-
ume must be solved to quantitatively analyze low-Z
elements.

2.2 Low-Z Particle EPMA

The popular correction methods for the quantitative
EPMA are ZAF and ¢(p2z)-based methods (Goldstein
et al., 2003). ZAR method includes atomic number
effect (Z) and X-ray absorption correction (B), and
X-ray fluorescence correction (F). ¢(p2) is the X-ray
depth distribution function which describes the distri-
bution of X-ray generation beneath the surface. These
methods are good for the samples having the flat
surface and the homogeneous composition, that is,
they exclude the geometric effects. Since aerosols are
in various shapes, such as spherical or cubic, the con-
sideration of geometric effect is essential for the quan-
titative analysis of atmospheric aerosols. In the past
two decades, severa research groups have dealt with
the theoretical evaluation of the matrix and geometric
effects for individual particles. A reliable and widely
used quantification method for micro-particle analy-
sis is so-called particle-ZAF algorithm developed by
Armstrong and Buseck (1985). However, the particle-
ZAF method based on the use of bulk standardsintro-
duces large errors for the analysis of light elements,
mostly because of the large absorption correction for
the low-Z elements and the difference in their behavi-
ors between the bulk standard and single particles
under electron bombardment. When the average ato-
mic number of the substrate significantly differs from
that of the particle, the side-scattering correction of
the ¢(pz) function is reasonable only if the electron
excitation volume is smaller than the particle itself.
Therefore, the ¢(pz)-based method is not suitable for
the analysis of small particles(Armstrong, 1991).
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Another quantification method is the standardless
peak-to-background (P/B) method without using bulk
standards (L abar and Torok, 1992). The method assu-
mes that both characteristic and Bremsstrahlung back-
ground X-ray photons are emitted from the same re-
gion of the sample and experience the same absorp-
tion effect on their way to the detector. Asit is assum-
ed that the characteristic and background photons are
generated within the particle, the method can only be
used when the excitation volume is smaller than the
particle volume. Also, the experimental determina-
tion of the background intensity at low photon energi-
es is aimost impossible when the spectral acquisition
time is short. Therefore, only semi-quantitative analy-
sis of relatively large particles(D,>1um) is feasible
for the P/B method without the determination of low-
Z elements.

The quantification of low-Z elementsin ED-EPMA
had been neglected until a methodology using a Monte
Carlo calculation in an iterative approach was deve-
loped (Osén et al., 2000; Szaloki et al., 2000; Ro et
al., 1999). The Monte Carlo calculation with reverse
iterative successive approximation, based on a modifi-
ed version of the single scattering CASINO Monte
Carlo program (Drouin et al., 1997; Hovington et al.,
19974, b), was reported to well describe the excitation
interactions between electrons and the atoms of the
matrix, and the matrix and geometric effects for flu-
orescence X-ray signals of low-Z elements in indivi-
dual micro-particles (Ro et al., 1999). The Monte
Carlo calculation alows the simulation of electron
trgjectories in various shapes of particles, such as
spherical, hemispherical, and hexahedral, sitting on a
flat substrate. The simulation procedure also deter-
mines characteristic and Bremsstrahlung X-ray flux
emitted from the particle and collecting substrate and
the influence of the substrate material on the energy
distribution of the exciting electrons. In the beginning
of the iterative Monte Carlo calculation, the difference
between the measured and the calculated (simulated)
intensities is considerable so that a successive appro-
ximation approach is employed to find the better match
between two intensity values, by adjusting input val-
ues, i.e., chemical compositions, in the following itera-
tion. The iterative calculation stops when the measur-
ed X-ray intensities for all chemical elementsin a
particle are well matched to the simulated intensities
by the Monte Carlo calculation. When convergence is
achieved, the chemical composition of a particle can
be obtained. Generally a few iterations are enough to
find convergence.

When the Monte Carlo calculation was applied to
various types of standard particles such as NaCl,
SiO,, CaSO, - 2H,0, (NH4),S0,4, and NH4NO3, it
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provided good results within 12% relative deviations
between the calculated and nominal elemental con-
centrations (Ro et al., 2003). The new method that
can quantitatively analyze low-Z elements in micro-
scopic volume was hamed as “low-Z particle EPMA”
and has been widely used to characterize various
types of ambient aerosol samples (Geng et al., 2010,
2009a; Kang et al., 2009, 2008; Hwang and Ro,
2006; Ro et al., 2005, 2002, 20014, b, 2000; Osan et
al., 2000).

3. METHODOLOGY OF LOW-Z
PARTICLE EPMA TECHNIQUE

3.1 Sampling Method

For the collection of size segregated aerosol parti-
cles, Dekati PM-10 and May cascade impactors were
used. The 7-stage May cascade impactor has, at a 20
L/min sampling flow, aerodynamic cutoffs of 16, 8,
4,2, 1, 0.5, and 0.25 um for stages 1-7, respectively
(May, 1975). The 3-stage Dekati PM-10 sampler has,
at a 10 L/min sampling flow, aerodynamic cutoffs of
10, 2.5, 1 um for stages 1-3, respectively. Silver or
aluminum foil was used as the collection substrate.
For the single particle analysis, particles should be
placed on the substrate separately without agglomera-
tion. Since the number concentration of the atmos-
pheric particles increases with the decrease of particle
size, it usually takes the shorter sampling time for the
smaller particles. The collected samples were put in
plastic carriers and stored in a desiccator before low-
Z particle EPMA measurement.

3.2 Measurements

M easurements were carried out on a Hitachi S-
3500N SEM equipped with an Oxford Link SATW
ultrathin window EDX detector. The resolution of the
EDX detector is 133eV for Mn K, X-rays. X-ray spec-
trawere recorded under the control of EMAX Hitachi
software. To achieve optimal experimental conditions
such as low level background in the spectra and the
high sensitivity for light element analysis, a 10 kV
accelerating voltage and 1.0 nA beam current were
used for the measurements. In order to obtain statisti-
cally enough counts in the X-ray spectra and to mini-
mize el ectron beam damage on particles, atypical mea
suring time of 10 s was used. The cold stage of the
electron microscope allowed the analysis of particu-
late samples around —193°C using liquid nitrogen,
which enabled us to minimize contamination and
reduce beam damage to the samples as well. Compu-
ter-controlled X-ray data acquisition for individual
particles was carried out automatically in the point

analysis mode whereby the electron beam was focus-
ed at the center of each particle and X-rays were ac-
quired while the beam remained fixed on this single
spot. The localization of the particles was based on
inverse backscattered electron contrast. Morphologi-
cal parameters, such as diameter and shape factor,
were calculated by using an image processing rou-
tine. These estimated geometrical data were used as
input parameters for the Monte Carlo quantification
procedure.

3. 3 Data Analysis

The net X-ray intensities for the elements were ob-
tained by nonlinear least-squares fitting of the col-
lected spectra using the AXIL program (Vekemans et
al., 1994), and the elemental concentrations of indi-
vidual particles were obtained from their X-ray inten-
sities by application of the Monte Carlo calculation
with reverse successive approximations (Ro et al.,
2003). When elemental atomic concentrations of a
particle are obtained as Ca ~20%: C ~20%: O ~60%,
it indicates that the particle is composed of Ca, C,
and O with the molar ratio of 1:1: 3, whichisasin-
gle component CaCO; particle. However, it is rare to
find atmospheric particles composed of only a single
chemical species due to the atmospheric physical
mixing and chemical processing in the air. Since most
atmospheric particles are found as mixtures of two or
more chemical species, a systematic methodology is
necessary for speciation of individual particles.

A methodology was employed to classify indivi-
dua particles asfollows. First, elements with less than
1.0% of atomic concentration were excluded in the
procedure of chemical speciation, as ED-EPMA has
high detection limits of 0.1-1.0wt.% mainly due to its
high Bremsstrahlung background level. Since sample
particles have a microscopic volume(pg range in mass
for asingle particle of micrometer size), the elements
at trace levels could not be reliably investigated. Se-
cond, if single chemical species with more than 90%
in concentration comprise a particle, the particle was
regarded to be composed of just that chemical species.
Third, for particles internally mixed with two or more
chemical species, particles were grouped according to
the largest content. For example, an aluminosilicate
particle with substantial amount of CaCO; was denot-
ed AlSi/CaCOs.

Since the presence of hydrogen cannot be detected
in EPMA, organic components in atmospheric aero-
sols cannot be specified. Therefore, the speciation of
carbonaceous particles was carried out in a somewhat
arbitrary way; based on the C and O contents in indi-
vidual particles, carbonaceous particles were classifi-
ed into three groups, i.e., organic, carbon-rich, and



biogenic. When the sum of the atomic concentration
of C and O was more than 90%, the particle was classi-
fied as organic. Among them, if the concentration of
C was three times larger than that of O, the particles
were classified as carbon-rich. Particles were classifi-
ed as biogenic (such as pollen, spore, algae, and plant
and insect fragments) when the atomic fractions of C
and O were similar (within 10% deviation), and some
N, P S, K and/or Cl, the characteristic elements for
biogenic particles, were included in the particle. There-
fore, the carbon-rich particles are somewhat related
to elementa carbon (EC) particles, whereas the bio-
genic particles can be regarded as one type of organic
carbon (OC) particles. The analytical procedure for
determining chemical species and the way to perform
classification are described in more detail elsewhere
(Ro et al., 2000, 1999).

3. 4 Expert System for the Classification
of Particles

The low-Z particle EPMA technique that provides
the morphology, size, and chemical species of indivi-
dua micro-particle is a useful technique for the cha-
racterization of environmental aerosols. However, in
order to make a meaningful observation for real
atmospheric aerosol samples, the analysis of a large
number (at least several hundred) of particles is re-
quired to provide relevant statistics on the population
of particles in the sample. To classify a large number
of particles in a sample, a systematic methodology is
necessary. When a computer program utilizes compu-
tational techniques that try to simulate human reason-
ing to solve complex problems, it is called an expert
system. With the advent of fast, powerful, and inex-
pensive computers in the last decades, many applica
tions of expert systems to solve specific problems
have appeared in various research fields (Zhang and
Chait, 2000; Koutny and Yeung, 1993; Harrington et
al., 1989).

An expert system that can reliably perform chemi-
cal speciation of particles analyzed by low-Z particle
EPMA was developed (Ro et al., 2004), that tries to
mimic the logics used by experts and was implement-
ed by applying macro programming available in MS
Excel software. The expert system runs on IBM-PC
compatible computers and uses input and output files
in the format of MS Excel files. Its feasibility was
verified for standard particles with known composi-
tions and real atmospheric aerosols. By applying the
expert system, the time necessary for the chemical
speciation became shortened very much and data that
contain detailed information could be saved and ex-
tracted later when more information was needed for
further analysis. After running the expert system for a
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sample, the size-segregated number concentrations of
various chemical species could be obtained.

4. CHARACTERIZATION OF
ATMOSPHERIC AEROSOLS USING
LOW-Z PARTICLE EPMA

The low-Z particle EPMA has been applied to cha-
racterize various types of aerosol particles for the last
decade. Herein, severa typica applications are intro-
duced to demonstrate its feasibility of the low-Z parti-
cle EPMA for the detailed characterization of real
ambient aerosol samples.

4.1 Asian Dust

4.1.1 Introduction

Nearly every spring, usually from March to May,
“Asian Dust” originated from the arid areas of Cen-
tral China has been transported into Eastern China,
Korea, Japan, and even to the Pacific Ocean. The ele-
vated levels of particulate matter (PM) during dust
storms affect the human health, the visibility, and in-
dustria activities. While the dust particles travel long-
distance, they can react with diverse chemical species
and/or provide a reaction site for chemicals in the
atmosphere. Therefore, Asian Dust can possibly carry
other chemical species along with the original soil
components. For example, it would react with the
atmospheric pollutant gases such as SO, and NO,,
thus the transport of the reacted dust particles to the
East Asian region could result in the deposition of
sulfates and nitrates, in addition to mineral dust. The
modified Asian Dust particles can affect the global
climate, since the direct radiative forcing properties
of the dust particles can be changed. Also their effec-
tiveness to serve as cloud condensation nuclei can be
atered. Hence, increasing attention has been devoted
to the study of physicochemical characteristic changes
of Asian Dust particles during long-range transport.
In this section, the variation of the physicochemical
properties of Asian dust aerosol samples collected
during four dust storm eventsin Koreais discussed.

4. 1.2 Sampling and Measurements

Four sets of Asian Dust aerosol samples were col-
lected in ChunCheon, Korea on March 7 and April 7
in 2000 and March 22 and May 17 in 2001 (These
four samples were notated as “March_00", “April_
00", “March_01", and “May_01" samples, respec-
tively). ChunCheon with the population of 200,000 is
asmall city with awide suburban area. Back-trajecto-
ries for the four Asian Dust events are shown in Fig.
1 (The back-trajectory analyses were performed by
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(A) NOAA HYSPLIT MODEL
Backward trgjectories ending at 04 UTC 07 Mar 00
FNL Meteorological Data

Source % at 37.89N 127.73E

Meters AGL

(C) NOAA HYSPLIT MODEL
Backward trgjectories ending at 06 UTC 22 Mar 01

FNL Meteorological Data

Source % at 37.89N 127.73E

Meters AGL

(B) NOAA HYSPLIT MODEL
: Backward trgjectories ending at 03 UTC 07 Apr 00
FNL Meteorological Data

Source % at 37.89N 127.73E

Meters AGL

(D) NOAA HYSPLIT MODEL
Backward trgjectories ending at 03 UTC 17 May 01
FNL Meteorological Data

Source % at 37.89N 127.73E

Meters AGL
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Fig. 1. Air-mass backward trajectories for Asian Dust samples collected on (A) March 7, 2000, (B) April 7, 2000, (C) March 22,
2001, and (D) May 17, 2001. Reprinted from permission from ref. Ro et al., 2005. Copyright 2005 American Chemical Society.

using the HYSPLIT model and meteorological data
available on the NOAA/ARL website). The circularly
marked regions in the figure are the source regions of
the Asian Dust storm. Samplings were done in the
middle of the dust storms by using a seven-stage May
cascade impactor. Some 300 particles for each stage
sample were analyzed. The particles on the seventh
stage were not analyzed because the sizes of particles
were too small to be analyzed by SEM/EDX.

4.1.3 Results and Discussion

Figs. 2-5 show the size dependent relative abund-
ances of chemical species observed in the Asian Dust
samples (the aerodynamic cut-offs of stages 1-6 in
May impactor are 16, 8, 4, 2, 1, and 0.5, respective-
ly). The relative abundances of each chemical species
in a stage sample were obtained by dividing the num-
ber of the chemica species by the number of the an-
alyzed particles. The mgjor chemical speciesfound in
the Asian Dust particle samples were auminosilicate,
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Fig. 2. Relative abundances of each chemical speciesin the
“March_00" Asian Dust sample (Cut-off diameters of stages
1-6 are 16, 8, 4, 2, 1 and 0.5 um, respectively). Reprinted
from permission from ref. Ro et al., 2005. Copyright 2005
American Chemical Society.
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Fig. 3. Relative abundances of each chemical speciesin the
“April_00" Asian Dust sample (Cut-off diameters of stages
1-6 are 16, 8, 4, 2, 1 and 0.5 um, respectively). Reprinted
from permission from ref. Ro et al., 2005. Copyright 2005
American Chemical Society.

silicon dioxide, calcium-containing, marine-originat-
ed, and carbonaceous (specified either as organic or
carbon-rich) particles. Overdl, the soil-derived parti-
cles such as aluminosilicate, silicon dioxide, and cal-
cium-containing particles were the most common in
the Asian Dust samples.

Aluminosilicates and Silicon Dioxide

There exists so many different types of aluminosili-
cate particles as they contain a small amount (less
than 5% in atomic concentration) of Na, Mg, S, Cl,
K, Ca, and Fe. All these particles were simply group-
ed as “AlSi (aluminosilicates)”. The particles classifi-
ed as “AlSi” could be one of typical aluminosilicate
minerals such as feldspar or clay minera. It was ob-
served that many aluminosilicate particles contain car-
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Fig. 4. Relative abundances of each chemical speciesin the
“March_01" Asian Dust sample(Cut-off diameters of stages 1-
6 are 16, 8, 4, 2, 1 and 0.5 um, respectively). Reprinted from
permission from ref. Ro et al., 2005. Copyright 2005 Ameri-
can Chemical Society.
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Fig. 5. Relative abundances of each chemical species in the
“May_01" Asian Dust sample (Cut-off diameters of stages 1-
6 are 16, 8, 4, 2, 1 and 0.5 um, respectively). Reprinted from
permission from ref. Ro et al., 2005. Copyright 2005 Ameri-
can Chemical Society.

bonaceous species which probably comes from humic
substances in soil (Ro et al., 2000). In this case, they
were grouped as “ AlSI/C”. Some aluminosilicate parti-
cles existed as a mixture with CaCOz, MgCOs, Fe,0s5,
CaS0,, NaSO,, or MgS0;,. Since particles internally
mixed with aluminosilicates and CaCO; were signifi-
cant in number, they were marked as “AlSi/CaCOs”".
Other mixtures were grouped as “AlSi/misc.”. In all
samples, aluminosilicate-containing particles were
the most abundant in all size ranges except stage 6.
For the stage 6 samples(D,: 0.5-1 um), carbonaceous
particles were the most abundant. In Fig. 6, overall
relative abundances of the significantly encountered
particle types in the four samples are shown. The
overall relative abundance was calculated by dividing
the number of the specific type of particles by the
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Fig. 6. Overall relative abundances of the major particle typesin Asian Dust samples. Reprinted from permission from ref. Ro et

al., 2005. Copyright 2005 American Chemical Society.

total number of analyzed particles for each sample.
As shown in Fig. 6, the relative abundances of alu-
minosilicate-conatining particle in al samples are over-
whelmingly large: the “April_00" sample and “Mar-
ch 01" sample contain more than 60% of aumino-
silicate particles. These two samples aso contain SIO,-
containing particles more than other two samples. In
addition, most of the aluminosilicate-containing parti-
clesin the “April_00" sample were found as a single
species of aluminosilicate without mixing with other
chemical species. The compositional difference in
aluminosilicate particles might reflect the characte-
ristics of the soils of the source regions. SiO,-con-
taining particles were the second most abundantly
encountered soil-derived ones (see Fig. 6) and their
relative abundances were in the range of 5-18% de-
pending on the size and the samples.

Calcium-containing Particles

CaCOs-containing particles were encountered with
the relative abundances of 2-20%, depending on the
size and the sample. Since CaCO; can react with SO,
and NO, to produce CaSO, and Ca(NOs),, respec-
tively, it is of great interest to investigate the potential
chemical modification of the Asian Dust during its
long-range transport. The CaCOs-containing particles
were grouped into four types, i.e., “CaCOy", “AlSi/
CaCO0ys", “CaCO4/misc.”, and “reacted CaCOy”. “AlSi/
CaCOs" particle is a mixture of aluminosilicates and
CaCOs. When a particle was found as an internal mix-
ture of CaCOs; and other chemical species such as
MgCO;, SIO,, Fes03, or carbonaceous species, it was
classified as a “CaCOs/misc.” particle. The products
of atmospheric reaction between CaCO; and SO,/NO,,

mostly CaSO, or Ca(NOz), or their mixtures, were
classified as “reacted CaCOj3" particles.

As shown in Figs. 4 and 5, the overall relative ab-
undances of particles of “CaCOs-containing” and “re-
acted CaCOs" groups are 9.5% and 0.9%, respective-
ly, for the “March_01" sample and 4.7% and 10.7%,
respectively, for the “May_01" sample. Here, the
“CaCOgs-containing” group is for particles that con-
tain CaCO; species without sulfate and/or nitrate. The
“May_01" sample seemed to have experienced very
dramatic chemical modification of CaCO; species be-
cause the number of particles for the “reacted CaCOy”
group was much larger than that of the un-reacted
CaCO; particles. In addition, the reacted CaCO; parti-
cles were observed significantly even in stages 1-3
where coarse particles were collected. This means
that the sample in question had enough reaction time
and reactants to consume even for relatively large
CaCO; particle. Among 13 reacted CaCO; particles
found in the“March_01" sample, the numbers of parti-
cles that contain Ca(NOs), and CaSO, were 6 and 7,
respectively. For this sample, CaCO; reacted with
NO, and SO, in a similar extent. However, for the
“May_01" sample, among 142 reacted CaCO; parti-
cles, particles containing Ca(NOs), outnumbered those
containing CaS0, (128 vs. 36).

The reacted CaCO; particles were hardly found for
the “March_00" and “April_00" samples, therefore it
was assumed that these samples had not experienced
atmospheric reactions during their long-range trans-
port. By analyzing the chemical composition of the
CaCOs-containg particles, we can see the difference
in the extent of chemical modification between sam-
ples. “May_01" sample did show the extensive chemi-



cal modification of CaCO; species and the “March
01" showed a significant chemical modification. On
the other hand, the “March_00" and “April_00" did
not at al. The reason for these differences for the
samplesis not clear, but it is certain that many factors
such as meteorological conditions and the concentra
tions of gaseous sulfur and nitrogen species in areas
that the air-masses passed through play important
roles in chemical modification during long-range trans-
port.

Marine Particles

It was well demonstrated that “genuine”’ and “react-
ed” sea-salts can be clearly distinguished by the low-
Z particle EPMA (Ro et al., 2001b). Since the sea water
contains Mg, the Mg X-ray peak was detected when
the genuine sea-sdlt particles were investigated. There-
fore, the genuine sea-salt particles were classified as
(Na, Mg)CI. The reacted sea-salts were mostly sodi-
um nitrate and/or sulfate. The particles of sea origin
can be verified by the existence of residua Cl in the
X-ray spectrum. For the “March_00" sample, either
genuine or reacted sea-salts were not significantly
observed. It might be due to the fact that the air-mass
for the sample did not pass over the Yellow Sea(see
Fig. 1(A)). However, for other samples that had pass-
ed over the Yellow Sea, a significant number of sea-
salt particles were observed. The overall relative abun-
dances of marine-originated particles for the “April_
00", “March_01", and “May_01" samples were 6.3%,
0.9%, and 4.7 %, respectively. For the “ April_00" sam-
ple, the reacted sea-salts outnumbered the genuine sea
salts (4.8% vs. 1.5%). Regarding the CaCOs-contain-
ing particles, it is interesting to notice that the reacted
CaCO; particles were not significantly observed for
this sample. The “March_01" sample entrained the
least amount of sea-salts particles among the three
samples, and only the reacted sea-salts were observ-
ed. Again, the reacted CaCO; particles were outnum-
bered by the un-reacted CaCO; particles for this sam-
ple. This implies that sea-salts had experienced their
chemical modification more rapidly and extensively
than CaCO; particles. Most of the reacted sea-sdlt parti-
cles were encountered in stages 4-6 (where the fine
particles were collected), and it might be due to the
larger surface-to-volume ratio for the smaller parti-
cles. The “May_01" sample also contains only the
reacted sea-salts. Since most of reacted sea-salt and
reacted CaCO; particle were observed as the products
of atmospheric reaction, particles in this sample seem-
ed to experience the most extensive chemical modifi-
cation among the four Asian dust samples.

Among 50 reacted sea-salt particles in the “April _
00" sample, the numbers of particles that contain ni-
trate and sulfate are 13 and 38, respectively. For the
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“March_01" sample, among 14 reacted sea-salt parti-
cles, the numbers of particles that contain nitrate and
sulfate are 5 and 11, respectively. For these samples,
sea-salt particles reacted with SO, to a greater extent
than with NO,. However, for the “May_01" sample,
among 64 reacted sea-salt particles, particles contain-
ing nitrate outnumber those containing sulfate (55 vs.
18). This tendency is similar to that for the reacted
CaCO; particles observed in the “March_01" and
“May_01" samples, where nitrate- and sulfate-con-
taining reacted CaCO; particles were observed in a
similar extent for the “March_01" sample, and yet ni-
trate-containing particles outnumber sulfate-contain-
ing particles for the “May_01" sample. The “May_01"
sample must have experienced a situation in which
nitrate was produced more easily than sulfate.

Potassium-containing Particles

The“May_01" sample has another unique feature in
terms of the presence of reacted potassium-contain-
ing particles. The reacted potassium-containing parti-
clesincluded sulfate, nitrate, carbonate, and mixtures
of sulfate, nitrate, and/or carbonate such as K,SO,,
KNOs;, K(NO3, SO,), K(CO3, SO,), K(COs, NO3),
K(COs, NO3, SO,4). Among 37 potassium-containing
particles, chemical species of 15 particles was K,SO,,
that was the most abundant among the potassium-
containing particle types. These K,SO, particles are
not natural mineral particles because 12 particles
among 15 particles classified as K,SO, appeared to
contain a small amount of nitrate in them when their
X-ray spectral data were examined in detail. Even
though no single K,CO; particle was encountered, it
is certain that K,CO; particles reacted in the atmos-
phere to produce reacted potassium-containing parti-
cles. The reason is that the K,CO3; species was often
found as mixtures of K,SO, and/or KNOj3, implying
that atmospheric reaction for those particles was not
completed. The reacted potassium-containing particles
were mostly encountered in stages 5 and 6 (Dj: 0.5-2
um). Among the 37 potassium-containing particles,
sulfate-containing particles outnumbered nitrate-con-
taining ones (34 vs. 13). As stated before, for the react-
ed CaCO; and sea-salt particles in this sample, ni-
trate-containing particles outnumber sulfate-contain-
ing ones, which is opposite to that for reacted potassi-
um-containing particles. It is not possible to explain
the discrepancy between these observations, but it is
certainly related to the reactivity of each chemical spe-
cies. There has not been any report regarding chemi-
cal modification of K,CO; during long-range trans-
port of Asian Dust. In this work, it is clearly shown
that K,COs species, in addition to CaCO; species and
sea-sdlts, is aso important in the study of chemical
modification of Asian Dust during transport.
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Carbonaceous Particles

In all samples, carbonaceous particles such as orga-
nic and carbon-rich were significantly encountered in
the stages 5 and 6 (D, 0.5-2 um). It is well known
that anthropogenic carbonaceous and ammonium sul-
fate particles are mgjor chemical speciesin urban atmo-
spheric aerosols (Ro et al., 2002), thus it can be
assumed that the carbonaceous particles might be
from local anthropogenic sources. However, in these
samples, ammonium sulfate particles were rarely
observed, which implies that these carbonaceous parti-
cles could be a part of the Asian Dust particles entrain-
ed during their transport.

4.2 Urban Aerosols

4.2.1 Introduction

For typical urban aerosols, a significant portion of
aerosols is anthropogenic in origin. The gaseous SO
and NO, emitted from industry and mobile combus-
tion engines cause the production of secondary aero-
sols such as sulfate and nitrate. Chemical compo-
sition of urban aerosols can be variable depending on
the surrounding environment, such as population and
the geography. Compositions of atmospheric aerosols
in three citiesin Korea, namely Seoul, CheongJu, and
ChunCheon, were investigated. Seoul, the capital of
Korea, is a megacity with high population (popula-
tion: 10.3 million, area: 605 km?), whereas CheongJu
isrelatively small (population: 0.57 million, area: 153
km?) and has industrial complexes in the city. Chun-
Cheon is the least densely populated (population:
0.25 million, area: 1,116 km?) among the three, and is
free of industrial complexes. The three cities have di-
fferent urban characteristics in terms of their popula-
tion, size, and industrial circumstances. The results of
single particle analysis for the three cities having differ-
ent environment were expected to provide the detail-
ed information on their atmospheric characteristics.

4.2.2 Sampling and Measurement

All the samplings were done during the winter of
1999. In Seoul, the sampling was done on December
11, 1999, on the roof of St. Mary’s Hospital building
(30 m above ground level), which is located at the
Youido district in central Seoul. In Chungdu, the sam-
ple was collected on the roof of a campus building of
ChungBuk National University (3 m above ground
level) on November 13, 1999. The campus is located
in downtown CheongJu. Industrial complexes inside
the city of CheongJdu are just 2 km north from the
sampling site. In ChunCheon, the sampling was per-
formed on the roof of a campus building of Hallym
University (12 m above ground level) on November

27, 1999.

Particles were sampled on Ag foil (99.95%, 0.025
mm, Goodfellow) using a seven-stage May cascade
impactor. For each sample, some 300 particles for each
stage in #1-6 were analyzed. The particles on the
seventh stage were not analyzed because the sizes of
particles were too small to be analyzed by SEM/
EDX. Since the samples were stored for a couple of
months before the analysis, it might be possible that
some of semi-volatile particles such as ammonium
nitrate could have partially been lost during storage.
The measurements were carried out on a JEOL 733
electron probe micro-analyzer equipped with an Ox-
ford Link SATW ultra-thin window EDX detector.

4.2.3 Results and Discussion

The relative abundances of the chemical species
found in atmospheric aerosols collected in Seoul,
ChungJu, ChunCheon are shown in Figs. 7-9. The ma-
jor chemical species encountered in urban atmos-
phere were: carbonaceous particles(specified either as
organic, carbon-rich, or biogenic), auminosilicate, sili-
con dioxide, calcium carbonate, iron oxide, marine-ori-
ginated (such as sodium chloride and sodium nitrate),
and ammonium sulfate particles. It is well known that
these types of particles are common in urban atmos-
pheres (Polissar et al., 2001; Zhang and Friedlander
2000; Hughes et al., 1999; Chow et al., 1992; Van
Borm and Adams, 1989). The size dependences of the
population of the chemical species are clearly shown
in Figs. 7-9. In general, soil derived particles, e.g.
aluminosilicates, silicon dioxide, calcium carbonate,
and iron oxide, and also sea salts were mainly ob-
served in the coarse fraction (i.e., on impactor stages
1-3, where their cut-offs are 16, 8, and 4 um, respec-
tively), while carbonaceous and ammonium sulfate
particles that may have anthropogenic origin were the
major species in the fine fraction (in stages 4-6, where
their cut-offsare 2, 1, and 0.5um, respectively).

Carbonaceous Particles

They were found both in coarse (stages 1-3) and
fine fractions(stages 4-6). In terms of the particle size,
most of carbonaceous particlesin coarse fraction might
be naturally emitted and those in fine fraction might
be anthropogenic. Observation of the organic parti-
cles mostly in the fine fraction implies their anthro-
pogenic origin. Biogenic organic particles such as
pollen were found as coarse particles in stages 1-3. In
the Seoul and ChunCheon samples, the carbonaceous
particles were ca. 60% in stage 6, i.e., the mgjority of
the finest particles were carbonaceous particles.
Wheress, in the CheongJu sample, anmonium sulfate
was the main component in the fine fraction (ca. 70%



(Cr, Cu, Ti, Pb, or Mn)
oxides FeOx NaCl

Others NaNO;  (NH,),SO,

1000
900 [
800
700

60.0
50.0+

Carbon-

40.01 Aluminosilicates ~rich

Relative abundance (%)

30.0
20.01

Biogenic

100
0.0*
1

Organic

Stage No.

Fig. 7. Relative abundances of each chemical speciesin the
Seoul sample (Cutoff diameters of stages 1-6 are 16, 8, 4, 2,
1, and 0.5 um). Reprinted from permission from ref. Ro et
al., 2002. Copyright 2002 American Chemical Society.

CaCO; FeOx caso, CaNO;), Others
|

1000
900
80.0
700 \f
60.0- So
500
4001
300
20.0 Biogenic

/ Carbon-
100~ rich
I Organic
00° T
1 2 3 4 5 6

Stage No.

(NH4)2S04

NaNO3

Aluminosilicates

Relative abundance (%)

Fig. 8. Relative abundances of each chemical speciesin the
ChungJdu sample (Cutoff diameters of stages 1-6 are 16, 8, 4,
2, 1, and 0.5um). Reprinted from permission from ref. Ro et
al., 2002. Copyright 2002 American Chemical Society.

in stage 5 and ca. 80% in stage 6), and the relative
abundance of the carbonaceous particles was over-
whelmed by sulfate particles. Detailed discussion on
the sulfate particles will be given below.

Aluminosilicate and Silicon Dioxide Particles

They have been observed abundantly in urban atmo-
sphere and mostly regarded as soil-derived, being re-
suspended by mechanical forces such as running
automobiles, strong winds, and construction activi-
ties. The aluminosilicate particles were abundantly
encountered in coarse fraction (in stages 1-3) of all
samples(see Figs. 7-9). However, in the Seoul sample,
they were significantly found even in stages 5 and 6.
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Similarly, silicon dioxide particles were significantly
present in all stages for the Seoul sample, whereas
they were mostly encountered in stages 1-3 for the
CheongJu and ChunCheon samples. Zhang and Fried-
lander (2000) reported that PM, 5 and PM, 4 urban
particles collected in various cities of China also had
high silica contents (ca. 18%) next to carbonaceous
and ammonium sulfate and the concentrations of the
fine silica component in Beijing and Lanzhou, China,
were 26-36 times higher than those in Los Angeles,
USA. They claimed that the fine silica probably came
from coal combustion, crustal sources, and rice straw
burning. Silicon dioxide and aluminosilicate particles
in the Seoul sample seemed to have two sources,
namely soil-derived and anthropogenic. In other stu-
dy (Ro et al., 2001a), soil-derived silicon dioxide parti-
cles in the coarse fraction usually were observed to
contain small amount of aluminum (possibly from
aluminosilicate) and/or carbon (from humic substance
in soil) elements. However, silicon dioxide particles
in stage 6 in Seoul sample might be fly ashes since
they were “pure’. A possible local source of anthro-
pogenic silicon oxide particlesis an incinerator (loca-
tion: Mok-dong, Seoul; daily capacity of 550ton; ave-
rage running rate of 60%) located 3 km west from the
sampling site.

Calcium-containing Particles

They were observed as carbonate, sulfate, and ni-
trate. As shown in Figs. 7-9, calcium carbonate parti-
cles were significantly encountered in the coarse frac-
tion of al the samples. However, there were some dif-
ferencesin their size distributions among the samples.
In the Seoul sample, the relative abundance of the
CaCO; particles was relatively constant in all stages.
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In the ChunCheon sample, CaCO; particles were sig-
nificantly observed in stages 1-3 and not in the fine
fraction (stages 4-6). This finding implies that most
of the calcium carbonate particles in the ChunCheon
sample were soil-derived. In the CheongJdu sample,
the overall relative abundance of the Ca-containing
particles was smaller than that of others and, in addi-
tion, fine calcium carbonate particles were not encoun-
tered. The two types of calcium-containing particles,
namely sulfate and nitrate, were significantly observ-
ed only in the CheongJu sample. Calcium nitrate parti-
cles were significantly encountered in stages 2-4, wh-
ereas, sulfate in stages 1-5. The formation of Ca(NOs),
by the reaction between CaCO; and HNO; was pro-
posed (Dentener et al., 1996) and directly observed
(Carmichael et al., 1997). A recent study claimed that
soil-derived aerosol particles were more suitable for
the internal mixture of sulfate and nitrate than the other
kinds of particles, and this claim was based on analyz-
ing individual particles with the combination of micro-
chemical test and EPMA techniques (Zhang et al.,
2000). Other study reported the observation of the
internal mixtures of CaCO3; and Ca(NOz3), (Ro €t al.,
20014a). It seemed that the reaction had not compl ete-
ly occurred for these particles. In addition, since some
of the Ca(NOs), particles also contained small amount
of aluminosilicates, Ca(NOs), seemed to be most pro-
bably the product of a reaction between anthropoge-
nic nitric acid and soil-derived CaCOs species. In the
ChungJu sample, about 30% of Ca-containing particles
were found asinternal mixture of CaCO3; and Ca(NOs),
species. In addition, observation of some calcium sul-
fate particles including calcium nitrate and/or carbo-
nate species implies that some of the calcium sulfate
particles were a so formed by an atmospheric reaction.

Iron Oxide Particles

They constituted ca. 2.0% of total analyzed parti-
cles. Iron oxides could be originated from soil or an-
thropogenic emissions (e.g. as fly-ash). Iron oxides
were observed in stages 2-5; for the Seoul sample, the
particles were more abundantly encountered in stages
4 and 5 (more in the fine fraction), whereas in the
CheongJu and ChunCheon samples, the particles
were more abundantly observed in stages 2 and 3
(more in the coarse fraction). It implies that the iron
oxide particles in the Seoul sample might be originat-
ed from anthropogenic emission. The observation of
anthropogenic fine SiO, particles in the Seoul sample
supports the assertion. Studies carried out on urban
particles in Europe reported quite abundant iron oxide
particles in the air (Van Borm et al., 1990). In the
study on aerosols in Antwerp, Belgium, using the low-
Z EPMA, the iron oxide particles were believed to

have two sources, namely soil and anthropogenic, alth-
ough the anthropogenic source was not determined
(Ro et al., 2000).

Marine Particles

They were observed as“genuine” or “reacted” ones.
Since sea-water contains significant amount of Mg
(the mole ratio of Mg to Nain sea-water is 0.12 to 1
(Wesst et al., 1984)), the Mg peak can be seen in their
X-ray spectrum when marine-originated particles are
analyzed using EPMA. All the NaCl particles in the
sample were found to be genuine sea-salts and most
of NaNO; particles also contain Mg in them. Further-
more, the observation of the existence of residual Cl
in NaNO; particles might be the direct evidence of the
heterogeneous atmospheric reaction between the sea
salt particle and gaseous NOy in the air. Gard et al.,
(1998) reported that the atmospheric reaction between
sea-salts and HNO; to produce NaNOs occurred in a
relatively short time (on a time scale of about a half
day). Observation of overwhelmingly abundant NaNO3;
particles over genuine sea-salts in the CheongJu and
ChunCheon samples implies that the air-masses had
spent a sufficient time in the air. However, lack of
NaSO, particles implies that sulfate formation from
the sea-salts does not occur as easily as that of nitrate.
The similar observation that the NaSO,-containing
particles were much less abundant than the NaCl- and
NaNOs-containing particles was seen for the aerosol
samples collected in Cheju Island, Korea (Ro et al.,
2001b).

Ammonium Sulfate Particles

They were observed in the fine fraction (stages 4-6)
for al the three samples (see Figs. 7-9). It is well
known that ammonium sulfate particles in the air are
anthropogenic and they are the major fine particles
which can be found in urban atmosphere. The ammo-
nium sulfate particles were most abundantly encoun-
tered in the CheongJu sample, and significantly in the
ChunCheon sample, but relatively less in the Seoul
sample. In addition, in the CheongJu sample, some
ammonium sulfate particles were found even in the
coarse fraction (i.e., on stage 3). As discussed previ-
oudly on the Ca-containing particles in the ChungJu
sample, most of Ca-containing particles were observed
as nitrate and/or sulfate without carbonate particles. It
seemed that there was an anthropogenic emission
during the sampling period in ChungJu (ChungJdu has
an industrial complex in the city.).

4.3 Subway Aerosol

4.3.1 Introduction
Many people within the worldwide metropolitan



areas commute using underground subway transpor-
tation and spend considerable time in the underground
subway environment on a daily basis. The atmos-
pheric environments of underground subway stations
have relatively unique characteristics since there is a
peculiar source of aerosol by the movement of train
and the ventilation is restricted. Therefore, there has
been increasing attention to air quality in the under-
ground subway system because of its possible adverse
influence on public health (Karlsson et al., 2006; Karl-
sson et al., 2005; Seaton et al., 2005; Chillrud et al.,
2004). Due to the limited ventilation, in generd, the
PM concentrations of the underground subway sys-
tem are higher than those of outdoor atmosphere. It
has been reported that the PM o concentrations in vari-
ous subway stations around the world were afew times
higher than those of ambient outdoor atmosphere
(Branis, 2006; Aarnio et al., 2005; Johansson and Jo-
hansson, 2003; Furuya et al., 2001). Since PM emis-
sion sources in the underground subway stations are
very different from those in outdoor urban environ-
ments, the chemical compositions of subway particles
are unique. Subway particles are dominated by Fe
and Si, and contain Mn, Cr, Cu, Ca, and K as minor
components (Salma et al., 2007; Birenzvige et al.,
2003; Sitzmann et al., 1999). In particular, concentra-
tions of Fe, Mn, and Cr in PM,5 samples collected in
underground subway stations of New York City were
found to be more than 100 times higher than those in
aboveground ambient samples (Chillrud et al., 2004).
Studies have shown that the subway particles were
more genotoxic and more likely to induce oxidative
stress in cultured human lung cells than the particles
from welding fume and the wood combustion (Karls-
son et al., 2006; Karlsson et al., 2005; Seaton et al.,
2005).

Herein, subway particles collected in Hyehwa sta-
tion, one of the underground subway stations in Seoul,
Korea were investigated. The Seoul subway system
contained 8 lines with a total of 327 stations in 2005.
According to statistics provided from the Seoul metro
transportation center (http://www.seoulmetro.co.kr),
approximately 6.7 million commuters use the Seoul
subway system on a daily basis. The Hyehwa station
isone of the busiest subway stations with 58,000 com-
muters per day. In 2005, the average PM in Seoul
was 58.0 ug/m?® and that in Hyehwa station was 121.5
ug/mé. By the combined use of the morphological and
chemica information obtained from the low-Z parti-
cle EPMA, it was observed that subway particles were
mostly iron-containing particles which were originat-
ed from the wear processes at rail-wheel-brake inter-
faces(Kang et al., 2008).
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4.3.2 Sampling and Measurement

Sampling was done at the platform of the Hyehwa
station using a 7-stage May cascade impactor. Subway
particle samples were collected twice every season
during 2004-2005: Dec. 16 and 17, 2004; May 3 and
5, July 4 and 6, and Nov. 23 and 25, 2005. The mea-
surements were carried out using a Hitachi S-3500N
environmental scanning electron microscope equipp-
ed with an Oxford Link SATW ultrathin window EDX
detector. Due to the SEM resolution, particles on stage
1-5 were analyzed. About 300 particles for each stage
were analyzed (1,300 particles for each sample).

4.3.3 Results and Discussion

Based on their chemical compositions, 4 major parti-
cle types were significantly encountered: Fe-contain-
ing; soil-derived; carbonaceous; and secondary nitrate
and/or sulfate particles. In Table 1, overal relative
abundances of those particle types for the 8 samples
are shown. Since the particles collected on stages 1-5
were analyzed, the results shown in Table 1 is for the
aerosols with D,> 1 um. Fe-containing particles were
overwhelmingly abundant (more than 60%) in the sub-
way station environment. Other studies for the sub-
way aerosolsin London, New York, Helsinki, Tokyo,
and Budapest have aso reported the very high concen-
trations (above 42%) of iron (Samaet al., 2007; Aar-
nio et al., 2005; Chillrud et al., 2004; Furuya et al.,
2001; Sitzmann et al., 1999).

Fe-containing Subway Particles

They are shown as a secondary electron image in
Fig. 10. In this study, Fe-containing particles were clas-
sified into three different types. iron metal (denoted
as “Fe"), partialy oxidized (denoted as “Fe/FeOx”),
and fully oxidized (denoted as “FeOx"). A mgjor ad-
vantage of EPMA technique is that the morphology
of the particle can be obtained with the chemical com-
position. The combined information makes it possible
to deduce the source of the particle. Most of Fe-con-
taining particles were observed as oxidized form and
some nano-sized iron oxide particles formed an agglo-
merated lump on the surface of Fe-containing parti-
cles(see particles (a)-(c) in Fig. 11B). Similar way to
the formation of arc welding particles (Zimmer and
Biswas, 2001), the nano-sized iron particles were pro-
bably formed by the condensation of gaseous iron spe-
cies generated from the sparking between the third
rail and the electricity guide of subway trains. Iron
metal particles also can be produced by the mechani-
cal friction process at the rail-wheel-brake interface.
It is probable that the surface of the primary iron parti-
cles must be active enough so that oxygen in the air
can easily react on the metallic surface, resulting in
the formation of iron oxides. Since the surface areais
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Table 1. Overal relative abundances of subway particle types observed in the 8 samples collected at the platform in Hyehwa
station. Reprinted from permission from ref. Kang et al., 2008. Copyright 2008 American Chemical Society.

. Dec. 16, Dec.17, May3, Mayh, July 4, July 6, Nov. 23, Nov. 25,

Particle types 2004 2004 2005 2005 ~ 2005 2005 2005 2005
Iron-containing 60.5 715 70.8 714 79.1 78.0 711 74.6
Carbonaceous 13.2 7.7 9.0 9.2 105 8.6 5.4 7.4
Soil-derived (sum) 14.0 114 10.7 115 6.0 7.5 13.1 9.4
Aluminosilicates 51 4.6 3.8 3.8 2.0 2.6 4.6 25
Aluminosilicates/C 2.8 15 2.2 1.8 1.0 13 2.0 11
CaCO; 0.8 1.0 0.1 0.7 0.5 0.7 1.5 1.0
CaCOs/C 1.2 0.8 0.4 0.6 0.5 0.4 1.3 0.8
SO, 18 13 2.7 2.8 0.8 1.4 15 25
SiO,/C 25 2.2 15 1.8 1.2 1.1 2.2 15
Secondary nitrates/sulfates (sum) 8.0 6.8 51 4.0 13 27 6.0 4.1
Ca(NO;, SO,) 42 25 15 2.2 0.8 11 26 1.2
(Na, Mg)(NOs, SO,) 15 1.0 36 18 05 1.2 32 2.7
(NH4)2S04 2.3 33 — - - 04 0.2 0.2
Others 4.2 2.6 45 39 31 3.3 4.3 45
Totd 100 100 100 100 100 100 100 100
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Fig. 10. A typical secondary electron image for subway
particles collected at Hyehwa subway station in Seoul, Ko-
rea. Reprinted from permission from ref. Kang et al., 2008.
Copyright 2008 American Chemical Society.

larger for smaller particles, oxidized iron particles
were more frequently encountered in fine fraction (on
stages 4 and 5). In addition, the existence of gaseous
iron species in the subway environment can be ex-
plained by the observation of minor iron species con-
tained in almost al the subway particles, even for soil
particles that came from outdoor.

Iron metal particles were clearly distinguishable
from oxidized iron particles in the secondary electron
images. Iron metal particles were observed mostly in
the dliced form, implying that they were scraps peel-

ed off from train wheels or rails(see Fig. 11A). In the
secondary electron image, the iron metal particles
look darker compared to iron oxides particles. The dif-
ference in brightness mainly results from the differ-
ence in the secondary electron yields between con-
ducting metal and insulating oxide particles. The in-
sulating oxide particles can develop a negative vol-
tage by the accumulation of primary e ectrons, result-
ing in a bright contrast due to alarger emission of se-
condary electrons by repulsion(Goldstein et al., 2003).

Many Fe-containing particles classified either asiron
metal, partialy, or fully oxidized iron oxides usualy
contained small amount of C, N, Mg, Al, Si, S, and/
or Ca. When the atomic concentrations of those ele-
ments were larger than 10%, the elements were regard-
ed as major chemical species. For example, the nota-
tion of “FeOx/C/Si/Ca’ for particles #25 and #34 in
Fig. 10 indicates that the particles are iron oxides inter-
nally mixed with C, Si, and Ca species. Using single
particle analysis, Sitzmann et al. (1999) discussed in
depth the sources of subway particles containing C,
Si, and/or Ca together with Fe: (a) particles contain-
ing both Fe and Si were generated from the friction
between brake block composed of iron and glass fibers
and train wheels, (b) particles containing Fe and Cato-
gether were also generated in the same way because
brake blocks contain CaCO;3, and (c) C element was
from cast iron used for wheels and rails. In this study,
these elements were also very frequently encountered
in Fe-containing subway particles. For example, among
29 Fe-containing particlesin Fig. 10, 22 particles con-
tained Si and 12 particles contained Ca. According to
Korean Standard Database (http://www.standard.go.
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Fig. 11. Magnified Fe-containing particles shown in Fig. 10.
Reprinted from permission from ref. Kang et al., 2008.
Copyright 2008 American Chemical Society.

kr), cast irons used for rails and wheels contain C (0.5-
0.7%), Si (0.1-0.35%), Mn (0.6-0.95%), P (< 0.045%),
and S(< 0.05%). Since the contents of carbonaceous
species in Fe-containing subway particles are much
higher than those of cast iron, the extra carbon ob-
served in subway particles must come from the hete-
rogeneous oxidation reaction of volatile organic car-
bons (VOCs) in indoor subway environment on the
active surface of Fe-containing particles when the
particles are generated during the wear process. The
reaction of VOCs with Fe-containing particles ex-
plainswhy C element is observed in amost al Fe-con-
taining particles.

Among the four seasonal samples, the summertime
samples showed the most abundant Fe-containing
particles. Other studies have reported similar obser-
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vation that the concentrations of Fe-containing parti-
cles were higher in the summer than in the winter
(Adamset al., 20014, b). Since whole areas of the Hye-
hwa subway station were air-conditioned during sum-
mertime, it is likely due to less air-exchange between
indoor and outdoor areas. In general, it showed that
the morning samples contained more abundant iron-
containing particles than the afternoon samples. Three
samples(Dec. 17, July 4, and Nov. 25) were collected
in the morning and others in the afternoon. A reason
for the observation of more abundant Fe-containing
particles in the morning samples can be that the accu-
mulated Fe-containing particles overnight drift in the
air due to the movement of train. In addition, the fre-
guency of train runs in the morning was greater (12
times/hour) than that in the afternoon (10 times/hour).
Similar observations were reported in other studies;
the PM in subway was proportional to the train pass-
ing frequency and reached a maximum during rush
hour (Birenzvige et al., 2003).

Carbonaceous Particles

They were significantly encountered with their re-
lative abundances ranging in 5.4-13.2% (see Table 1).
Since hydrogen cannot be detected in the low-Z parti-
cle EPMA, it has alimitation on the speciation of orga-
nic particles. Thus, particles were simply classified as
carbonaceous particles when the sum of the atomic %
of the carbon, nitrogen, and oxygen in the particle was
larger than 90%. It was suggested that carbonaceous
species in subway particles could originate from the
carbon contained in cast iron (Sitzmann et al., 1999).
In that case, it is expected that carbonaceous species
should be combined with Fe-containing particles. In-
deed, many Fe-containing particles also contained car-
bon and those were classified as Fe-containing part-
icles. However, the particles classified as carbonace-
ous particles were mostly composed of carbon, nitro-
gen, and oxygen without iron. It is likely that these
anthropogenic carbonaceous particles came from the
urban outdoor atmosphere.

Soil-originated Particles

Soil-originated particles such as aluminosilicates,
SiO,, and CaCO; were the second most abundantly
encountered in subway platform samples, with relative
abundances ranging in 6.0-14.0% (Table 1). Some of
soil-derived particles were found as internal mixtures
of carbonaceous species(denoted as Aluminosilicates/
C and SIO,/C). Sail-derived particles are one of the
most abundant aerosol types in ambient urban atmo-
sphere, especialy in the coarse fractions, whereby it
is expected that those particles came from an outdoor
environment. However, it was suggested that some of
the Si-, Al-, and S-rich particles in subway aerosol
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could come from the wear of paints at subway tunnels,
or from construction activities in the tunnels (Sitz-
mann et al., 1999). If the particles were generated in
the indoor subway system, the particles may contain
iron species which is ubiquitous in subway indoor
environments. Indeed, some of aluminosilicates and
CaCO; particles were found as internal mixture of iron
oxide. In this study, they were classified as Fe-contain-
ing particles. Considerably less amounts of soil-origi-
nated particles in the summertime samples (Table 1)
reflect the limited air-exchange between the indoor
and outdoor environments.

Nitrate- and Sulfate-containing Particles

They were also significantly encountered in sub-
way aerosol samples, and existed mostly in the che-
mical forms of Ca(NO3, SO,), (Na, Mg) (NO3, SO,),
and (NH,4),SO,. Particles denoted as Ca(NOs, SO,)
were the internal mixture of Ca(NOs), and CaSO, and
were produced by the atmospheric reaction of CaCO,
with nitrogen and sulfur oxide species (Hwang and
Ro, 2006; Ro et al., 2005; Krueger et al., 2004). Simi-
larly, (Na, Mg) (NO3, SO,) particles are the mixture
of nitrate and sulfate formed by the reaction of sea-
salts with nitrogen and sulfur oxide speciesin the air
(Hwang and Ro, 2006; Ro et al., 2005; Laskin et al.,
2003). These secondary particles containing nitrates
and/or sulfates are likely from the outdoor environ-
ment. Since nitrogen and sulfur oxides are abundant
gaseous species in the indoor subway microenviron-
ment, such nitrate and sulfate particles can also be
formed by the reaction of CaCO; and sea-salts from
the outdoor with indoor gaseous nitrogen and sulfur
oxides.

(NH4),SO, Particles

They are amajor chemical speciesin urban aerosols,
especidly in fine fractions. In this study, the (NH4),SO,
particles were encountered only at stage 5 (1um< D,
< 2um). Nitrate- and sulfate-containing particles
were encountered less frequently in the summer sam-
ples(Table 1), mainly due to less air-exchange in the
summer and less introduction of outdoor particles into
the subway system. Some studies suggested that sub-
way particles are well correlated with the outdoor en-
vironment, implying that air-exchange between under-
ground and aboveground environments is well esta-
blished (Branis, 2006; Aarnio et al., 2005), whereas the
others suggested that they are not correlated (Salma et
al., 2007; Sitzmann et al., 1999).

4. 4 Arctic Aerosols

4.4.1 Introduction
The Arctic atmosphere is regarded as a unique natu-

ral laboratory to understand the occurrence, nature,
origin, and transport of atmospheric aerosols and their
effect on global climate change (Kawamura et al.,
2007; Law and Stohl, 2007; Lohmann and Leck,
2005; Yli-Tuomi et al., 2003). It has been observed
that atmospheric aerosols were often disturbed by the
well-known Arctic haze, a winter/spring Arctic pollu-
tion phenomenon (Law and Stohl, 2007; Teinilaet al.,
2003), suggesting that the atmosphere of the Arctic
region could be polluted by anthropogenic air pollu-
tants in the winter and spring. The summertime Arctic
atmosphere has been generally regarded as a clean
background environment with low aerosol burden and
pollution levels. Many research stations from many
countries are located in Svalbard, Norway, and Korean
Polar Research Center (KPRC) located at Ny-Alesund
(78°55'N, 11°56’E), Svalbard is one of them. Sval-
bard is an archipelago in the Arctic Ocean, including
three populated islands. Spitsbergen, Bear Island, and
Hopen. Ny-Alesund is located at the remote northern
settlement of Spitsbergen, where the sun is above the
horizon for 24 hours a day from late April to late Au-
gust. To characterize the summertime ambient Arctic
aerosol particles, aerosol samples were collected at
KRPC and investigated using low-Z particle EPMA
technique.

4.4.2 Sampling and Measurements

16 sets of Arctic aerosol samples were collected at
KPRC using a seven-stage May cascade impactor
(May, 1975) on July 25-31, 2007. Sampling durations
for each stage were adjusted to avoid the collection of
agglomerated particles. Individual particles were mea-
sured by a JEOL JSM-6390 SEM equipped with an
Oxford Link SATW ultra-thin window EDX detector.
X-ray spectra were obtained using INCA software
(Oxford). Overall, about 8100 individual particles
(~150 individual particles on each stage) were manu-
aly investigated to obtain information on their size,
secondary electron image (SEl), and chemical com-
position. Samples on stages 1-6 were measured due
to the resolution of SEM. Particles on stage 6 were
denoted as PMg 5.1, which means the particle diamet-
ers were in the range of 0.5-1 um. In the same way,
particles on stages 2-5 were denoted as PMg.1¢, PM 4.8,
PM,_4, PM ., reSpeCtlvely

4.4.3 Results and Discussion

Based on the X-ray spectra and SEI data of all the
analyzed individual particles, 13 particle types were
identified. Their characteristics and relative abund-
ancesin different stage samples are described bel ow.

Sea-salt Aerosols (SSA)
They are ubiquitous in the marine boundary layer
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(MBL) (Athanasopoulou et al., 2008). Shown in Fig.
12 are secondary electron images of Arctic aerosol
particles. The size dependency of major particle types
was observed, i.e., the frequent observation of soil-
derived particles is in coarse fraction (PM,.;) and
carbonaceous particlesin fine fraction (PMos.1). Most
of sea-salt particles were found in PM1.,. The genuine
(or fresh) sea-salt particles were cubic in shape and
looked bright on SEI (e.g., particles #16 and #17 in
Fig. 12b). In general, genuine sea-salt particles con-
tained small amount of oxygen, which likely came
from the NaOH shell, an alkaline hygroscopic coating
around the NaCl (Laskin et al., 2003). Occasionaly,
MgCO; and MgSO,, which might originate from the
evaporation of sea salts, were observed.

In the atmosphere, the reacted (or aged) sea-salts
containing NaNOj; and/or N&,SO, are produced when

genuine sea-salts react with nitrogen and sulfur oxides
species, which results in chlorine loss, sometimes
without remaining any chloride if the reaction is com-
plete(Hopkins et al., 2008; Laskin et al., 2002). Hence,
SSA often acts as a sink for anthropogenic gases such
as nitrogen and sulfur oxides species. In this study,
the reacted sea-salts were classified into three types
based on their X-ray spectral data. The first type is
for those containing nitrates such as Na(Cl, NO3) and
(Na, Mg) (ClI, NOg3), which are the reaction products
of genuine sea-salts and NO, or HNOs, e.g. particles
#6, #10, #15, #18, #21, #29, #31, #40, and #43 in Fig.
12. Particles internally mixed with NaCl, MgCl.,,
NaNOs, and Mg(NOs), were denoted as (Na, Mg)(Cl,
NQOs). The second typeis for those containing methane-
sulfonate (CH3SO37) and non-sea-salt sulfate (nss-
S0,27) such as Na,SO, and (Na, Mg)SO, (e.g., particle
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#46 in Fig. 12), which resulted from the reaction of
genuine sea-salts with SO,/H,S0O, or methylsulfonic
acid (MSA) — a product of dimethylsulfide (DMS)
(Hopkins et al., 2008). The third type is for those con-
taining both NO;~ and CH3S05 /nss- SO427, e.g. parti-
cles #23, #24, and #38 in Fig. 12. Sometimes, the
reacted sea-salts were found as a mixture with mine-
ral dust particles, which were classified into the “re-
acted sea-salt & mixture” group, e.g. particles #19,
#26, and #51 in Fig. 12.

The magjority of reacted sea-salt (& mixture) parti-
cles were nitrate-containing. Their round or semis-
pherical shape on SEls (Fig. 12) indicates that they
were liquid droplets at the time of collection. The pre-
sence of water greatly enhances the reactivity of NaCl
with gaseous materials such as HNO3;, CIONO,, and
N>Os. If hygroscopic nitrates were formed, due to the
low deliguescence and efflorescence points of the se-
condary SSA particles, they remain as liquid droplet
(Hoffman et al., 2004; Laskin et al., 2002). When
these liquid droplets were collected on the substrate
foil, water started to evaporate and fractionaly cry-
stallized particles were formed as illustrated in Fig.
12b. The abundances of nitrate-containing sea-salt
particles greatly outweighed those of the CH3SO3~
/nss-SO4#~-containing ones for all the samples except
the sample collected on July 27, 2007. Why were such
alarge number of nitrate-containing sea-salt particles
formed and where did NO, come from in the summer-
time Arctic region? The possible explanations are de-
scribed as follows: (1) Sunlight or solar radiation pro-
vides favorable conditions for the enhancement of the
reaction of NO, (or HNOs) and sea-sdlt aerosols. Gard
et al. (1998) observed that active heterogeneous chemi-
cal reaction of sea-salt particles and NO, (or HNO3)
primarily occurred during the daytime. It was also re-
ported that sea-salt particles were almost unprocessed
during the nighttime, while they were completely
converted mostly into NaNO; particles during the
daytime (Laskin et al., 2002). At Ny-Alesund, the al-
day-long daytime during the sampling period should
enhance photochemical activities, consequently
resulting in the production of nitric acid that readily
reacts with sea-salt particles. (2) Levels of NO, and
some precursors of secondary aerosols are increasing
in the Arctic Ocean because of the rapid increase of
shipping traffic in the region (Xie et al., 2007; Xie et
al., 2006). It was reported that the high level of ni-
trate was observed over and downwind of shipping
lanes, asits relatively low deposition rate of high level
of NO, species emitted from travelling ships provid-
ed ample time for rate-limited mass transfer for the
displacement of chloride (Athanasopoulou et al.,
2008). In Russian, Canadian, and U.S. Arctic regions,

shipping activities such as the running of icebreakers,
transportation of crude oil, and deliveries of general
cargo and petroleum products are extensive. Air pol-
lutant emissions from shipping traffic and fuel usage
along the main navigation routes in the Arctic Ocean
should have an impact on chemical compositions of
the Arctic aerosols in the marine boundary layer (Xie
et al., 2007; Xie et al., 2006). (3) Anthropogenic air
pollutants such as nitrogen and sulfur oxides from
industrial emissions in northern Europe and western
Siberia can be transported to Ny-Alesund during the
summer (Yli-Tuomi et al., 2003; Ohta et al., 1996). (4)
Renoxification (i.e., reduction of NO3;~ to NO, and
HONO) may be one of the most important mecha-
nisms(Morin et al., 2008; Nyeki et al., 2005). During
the continuous daytime in the Arctic region, photoche-
mically induced reactions are active. Photochemical
reactions occurring within the snowpack or on the
snow/ice surface where NO, and NO;~ were accumu-
lated or enriched in the winter and spring (particularly
when the Arctic haze occurred) can produce high level
of NO, from nitrate (lanniello et al., 2002). Under
solar radiation, the deposited NOs™ on the Arctic snow-
pack or ice can be reactivated or reduced to nitrite
(NOy) or to NO, and hydroxyl radicals (OH), which
may eventually lead to reemission of nitrogenous com-
pounds to the atmosphere (Beine et al., 2003), resul-
ting in elevated reacted (aged) sea-salt particles by
the reaction of NO, or HNO; with sea salts. The
nitrogen cycling rates in the Arctic were reported to
increase as shrub growth is stimulated by increasing
summer temperature and nitrogen supply (Chapin et
al., 2005). Also, the acceleration of summer warming
in the Arctic region can result in the advancing of
snowmelt and the declining of summer sea ice. (5)
The decomposition of peroxyacetyl nitrate (PAN) in
the Arctic atmosphere during the polar night period
aso contributes to the formation of NO, (Beine and
Krogne, 2000). The thermal decomposition of PAN to
NO, in the Arctic troposphere (e.g., at Svalbard)
occurs mostly in the summer, although the amounts
of PAN and NO, from PAN are small (Morin et al.,
2008).

Mineral Dust Particles

They include aluminosilicate (AlSi-containing),
quartz (SI0,), calcite (CaCOs)/dolomite (CaMg(COs),),
gypsum (CaS0, - 2H,0), Fe-rich (mostly iron oxides),
and rutile (TiO,). They were popular in coarse frac-
tion and appeared irregular and bright on their SEls
(see Fig. 12a). Fe-rich particles look angular on their
SElsand it iswell known that they can act as a nutri-
ent for biota in marine environments with their depo-
sitions (Xie et al., 2007). Reacted mineral dust parti-



cles were classified mainly as “reacted CaCO,/CaMg
(COy)," and “auminosilicate+(N, S)” typesin which
(N, S) notation represented compounds containing
either nitrates, sulfates, or both. They are produced
when aluminosilicate (especially Ca-containing) and
CaCOy/CaMg(COs), particles react with airborne sul-
fur and nitrogen oxides in the presence of moisture or
with “secondary acids’ such as H,SO,4, HNO;, and
HCI (Sullivan et al., 2007; Hwang and Ro, 2006; Lan
et al., 2005). They can be formed either through the
reaction of aluminosilicate and CaCO,/CaMg(COs),
particles with H,SO, and/or HNOs, or from adsorp-
tion of NH4NO; or (NH,),SO4/NH4HSO, on particle
surface (Sullivan et al., 2007), e.g., particles #2, #8,
and #39in Fig. 12.

Carbonaceous Particles

They are generated mainly from incomplete com-
bustion of fossil fuels and biomass, are ubiquitous in
the tropospheric atmosphere, and have strong radia-
tive-forcing effects (Chen et al., 2005). Carbonaceous
particles are generally differentiated into two groups:
elemental carbon (EC, termed “carbon-rich particle’
herein) and organic carbon (OC). In this study, the
particle was classified as carbon-rich (or EC) when
the carbon content was 3-fold greater than the oxygen
content and no other elements were present (Ro et al.,
2005). Other carbonaceous particles which have more
than 90% atomic concentration of C and O (some-
timesincluding N) were classified as OC.

The OC particles were categorized into four different
types based on their morphological and X-ray spectr-
al data. The first type was of primary or water-insolu-
ble secondary organic particles, which look bright
and angular on their SEI and have high levels of C,
N, and O. It has been termed (C, N, O)-rich particles
or nitrogen-containing organic compounds (NOC) by
other researchers (Laskin et al., 2009), and may be
generated mostly by biomass burning. The second type
was of biogenic particles (e.g., pollen, spore, agae,
bacteria, and plant or insect fragments), a specia type
of organic particles. They have a “biogenic finger-
print”, i.e., the presence of N, K, P, S and/or Cl toge-
ther with C and O (e.g. particles #47 and #48 in Fig.
12d) (Geng et al., 20093, b). Most of the biogenic parti-
cleswere likely from the seawater of the Arctic Ocean
or the surrounding seas nearby the sampling site. The
third type was of liquid droplet particles (probably
containing water-soluble organic carbon (WSOC)),
which looked dark with round shape and had high
levels of C, N, and O, often together with a trace
amount of Na and Mg elements indicating their ma-
rine origin. These(C, N, O)-rich droplets were possib-
ly composed of organic matter and NH4;NOs. Oxida-
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tion of volatile organic compounds, humic substances
or “humic-like substances (HULIS)” in the marine
environment, and crude oils spilled on the sea surface
from ship tankers are perhaps contributory to the
organic matter (Geng et al., 2009b). The fourth type
of OC particles was of droplet particles rich in C, N,
O, and S, represented as (C, N, O, S)-rich droplets,
which were also significantly observed in the sum-
mertime aerosol samples collected at Tokchok Island,
Korea (Geng et al., 20098). They look dark on their
SEls(e.g., many particles in Fig. 12d) and are likely
internally mixed with (NH,),SO,/NH;HSO, and orga-
nic matter. Ambient sulfate is often neutralized by
ammonia(mainly from animal waste, fertilizer appli-
cation, soil and industrial emissions, and direct emis-
sions from vegetation and oceans) and its most com-
mon form is (NH4),SO,4. However, if ammonia is
scarce, sulfate can remain in more acidic forms such
as NH4HSO, or H,SO,4 (Ansari et al., 1998). Ammo-
niais usually scarce in the Arctic region being with-
out major ammonia sources (Teinila et al., 2003), so
that the (C, N, O, S)-rich droplet particles might in-
clude more acidic NH4HSO, (or H,SO,) rather than
(NH4),S0O4. There are three possible sources of SO,
and SO4#~ in the Arctic region: the first is from ship
emissions around the Arctic Ocean (Xie et al., 2007,
2006); the second is likely from industrial emissions
in western Siberia(Russia) and northern Europe; the
third is from DMS in seawater, as high biological
activity in ocean margins results in a significant pro-
duction of DM S, which can be oxidized to form vari-
ous sulfur containing products, such as MSA, SO,,
nss-SO42” (Yang et al., 2009; Hopkins et al., 2008).
The organic matter in the (C, N, O, S)-rich droplet
particlesis likely similar to that in the (C, N, O)-rich
droplets. Perhaps, some products of DMS are involv-
ed (Hopkins et al., 2008).

Soot agglomerates, which are abundant in urban
atmosphere, were not observed in the summertime
Arctic samples, possibly due to the absence of com-
bustion sources of diesel oil or coal in Ny-Alesund. A
few tar balls and chars were observed, which have irre-
gular or spherical morphology, quite different from
that of soot aggregates. They can be generated by gas-
to-particle conversion within smoke plumes and are
particularly abundant in slightly aged biomass smoke
(Posfai et al., 2004).

Relative Abundances of Various Types of Particles

The relative abundances of particle types observed
in 16 summertime Arctic samples are shown in Fig.
13. Arctic aerosols were classified into three groups
according to their origins: marine-originated, soil-
derived, and carbonaceous. Marine-originated particles
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contain genuine and aged (reacted) sea-salt particles.
The aged sea-sdlts including nitrates and/or sulfates
were produced by the reaction between sea-salts and
NO,/SO,. In Arctic aerosol samples, sea-salt particles
were the most frequently encountered with more than
50% relative abundance, and most of them were
observed as aged (reacted) species. However, the rela-
tive abundances of reacted sea-salt depended on the
passage of air mass. Similar observation was reported
by Friedman et al. (2009).

Soil-originated mineral dust particles contained
aluminosilicate, CaCOs/(Ca,Mg)CO3, SiO,, CaSO,,
and Fe-rich particles, among which aluminosilicate
particles were the most frequently encountered. The
relative abundances of mineral dust particles (includ-
ing reacted ones) were in the range of 25-35% and
they were observed mainly in coarse fraction (PMg.16
and PM.g). The non-reacted mineral dust particles
outnumbered the reacted ones (only 5.3%, 6.4%, and
7.0% on average for PMy,, PM,.1, and PM o5 frac-
tions, respectively). Many of the mineral dust parti-
cles should be of local origin, mostly from snow-free
mountains during summertime (Teinila et al., 2003).
The possible reasons for the predominance of the genu-
ine mineral dust particles over the reacted ones are:
(i) anthropogenic emissions were not strong in the re-
mote Arctic region so that mineral dust particles had
no chance to react with air pollutants; (ii) the reacti-
vity of mineral dust particles with NO, and SO, was
much slower than that of sea-salts(Kang et al., 2009).
Like the reacted sea-salt particles, the reacted mineral
dust particles containing nitrates were predominant
over those containing sulfates, indicating that NO, or
HNO; contributed to the formation of reacted mineral
dust particles more than SO, or H,SO, did.

Most of organic carbon (OC) particles were primarily
composed of liquid dropletsrich in(C, N, O) and (C,
N, O, S), and it was hard to find carbon-rich ones. It
implies that the summertime Arctic atmosphere was
more affected from the mixture of organic matter and
secondary anthropogenic pollutants such as NH4NO3
and NH4HSO4/(NH,4).SO, than EC particles, which
are produced from smoke plumes of forest fires or
from oil combustion by ships around the periphery of
the Arctic Ocean (Xie et al., 2007). The relative abund-
ances of (C, N, O, S)-rich droplets were much higher
than those of (C, N, O)-rich droplets. On average, (C,
N, O)-rich droplets were encountered with relative
abundances of 1.9%, 1.7%, and 3.4% in PM4,, PMo.4,
and PM 5 fractions, respectively; whereas (C, N, O,
S)-rich droplets were significantly encountered in PM .,
PM.,_;, and PM 45 fractions for amost all the sam-
ples, peaking at 50-60% of relative abundances for
PM ., fraction of samples collected at 20:40-8:40, 7/
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30-31/2007. Possible reasons for this observation are
(i) NH4HSO4/(NH,4),S0O, was easier to be formed in
the summer than NH4NO; and/or (ii) the air masses
that originated from continental European countries
and passed over the south Arctic Ocean and Barents
Sea carried more NH3 and SO.. It has been reported
that air masses from western Siberia can be contami-
nated by anthropogenic pollutants such as SO, from
smelting factory in Norilsk (Ohta et al., 1995). And
nss-sulfate concentrations in precipitations at Ny-
Alesund were reported to be high when air masses had
passed over Scandinavia and western Siberia regions
(Yamagata et al., 2009).

5. Summary

In this review, the development and methodology
of low-Z particle EPMA for the analysis of atmos-
pheric aerosols are introduced and the characteristic
physicochemical properties and origins of various at-
mospheric aerosol particles, such as Asian dust, urban
aerosols, subway particles, and Arctic aerosols are
described. Low-Z particle EPMA technique is capa
ble of the quantitative determination of low-Z elements
in microscopic volume by utilizing a methodology of
automated Monte Carlo calculations in an iterative
approach. The ability of analyzing low-Z elements in
microscopic volume enlarges the applicability of this
technique for the analysis of atmospheric aerosol parti-
cles. Furthermore, the diversity and the complicated
heterogeneity of atmospheric aerosol particles can be
investigated in detail.

The major chemical species found in the Asian Dust
particles collected during Asian Dust phenomena in
Korea were aluminosilicate, silicon dioxide, calcium-
containing, marine-originated, and carbonaceous parti-
cles. Overall, the soil-derived particles such as alumi-
nosilicate, silicon dioxide, and calcium-containing
particles were the most common. However, the re-
lative abundances of those particles on the basis of
their size were different case by case. Some samples
contained relatively large fraction of sea-salt related
particles, either genuine or reacted sea-salts, entrain-
ed during their passage through the Yellow Sea. For
some samples, the considerable amount of nitrate and/
or sulfate particles were encountered, implying that
CaCO; and sea-sdlts particles had reacted with SO,/
NO, species during their long-range transport. It shows
that the chemical composition and the relative abund-
ances of the chemical species of Asian Dust particles
depend on the pathway and the moving speed of the
air-mass, and the meteorological conditions.

Urban aerosols collected in three cities (Seoul as a
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megacity; CheongJu as arelatively small city with in-
dustrial complexes; ChunCheon as a city of low popu-
lation without industrial complexes) of Korea, having
different urban characteristics in terms of their popula
tion, size, and industrial circumstances, were investi-
gated. In general, carbonaceous, aluminosilicates, sili-
con dioxide, and calcium carbonate aerosol particles
were major components in urban atmospheric parti-
cles. In Seoul sample, soil-originated and carbonace-
ous particles were most abundant in the coarse and fine
fractions, respectively. However, in CheongJu sample,
ammonium sulfate particles were most abundant in
the fine fraction. In addition, calcium sulfate and ni-
trate particles, presumably the product of a reaction
between soil-derived CaCO; species and anthropo-
genic SO,/NO,, were significantly observed. In Chun-
Cheon sample, organic particles were most abundant
in the fine fraction and sodium nitrate particles were
seen at high levels, which seemed to be influenced by
sea-salts aerosols originating from the Yellow Sea.

Subway particles, collected in Hyehwa underground
subway station in Seoul, Korea, were investigated.
Four major types of subway particles, based on their
chemical compositions, were significantly encounter-
ed: Fe-containing; soil-derived; carbonaceous; and se-
condary nitrate and/or sulfate particles. Fe-containing
particles were generated from wear processes at rail-
wheel-brake interfaces while the others were mostly
introduced from the outdoor urban atmosphere. Fe-
containing particles were the most frequently encoun-
tered with relative abundances in the range of 61-
79%, and existed either as partialy or fully oxidized
forms. Relative abundances of Fe-containing parti-
cles increased as particle size decreased. There was a
seasona difference in the composition of subway parti-
cles such that the summertime samples contained the
most abundant Fe-containing particles, whereas soil-
derived and nitrate/sulfate particles were the least,
indicating the limited air-exchange between indoor
and outdoor environments owing to the air-condition-
ing in the subway system.

Summertime Arctic aerosols, collected at Ny-Ales-
und, Svalbard, Norway, most abundantly contained
marine originated particles, followed by carbonaceous
and mineral dust particles. A humber of aged (react-
ed) sea salt (& mixture) particles produced by the
atmospheric reaction of genuine sea-sats, especially
with NOy (or HNOg), were significantly encountered
in aimost all the Arctic aerosol samples. They greatly
outnumbered genuine sea salt particles, implying that
the summertime Arctic atmosphere, generally regard-
ed as a clean background environment, is disturbed
by anthropogenic air pollutants. The main sources of
airborne NO, (or HNOs) are probably ship emissions

around the Arctic Ocean, industry emission from nor-
thern Europe and northwestern Siberia, and renoxifi-
cation of NO5;~ within or on the melting snow/ice sur-
face.
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