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International symposium on aerosol studies explored by
electron microscopy: How can electron microscopy improve

atmospheric models?

Foreword

Yasuhito Igarashi”

' Atmospheric Environment and Applied Meteorology Research Department, Meteorological Research Institute,

1-1 Nagamine, Tsukuba, Ibaraki 305-0052, Japan

*Corresponding author. Tel.: +81 29 853 8621, Fax: +81 29 855 7240; Email address: yigarash@mri-jma.go.jp

(Y. Igarashi)

The Meteorological Research Institute (MRI) of the Japan Meteorological Agency held an international symposium
regarding the use of electron microscopy in aerosol studies and atmospheric simulation models on 16 and 17 February
2012. To our knowledge, this was the first symposium of its kind anywhere in the world. The purpose of the symposi-
um was to discuss (1) current atmospheric aerosol research making use of electron microscopy and (2) the use of the
results of such studies in aerosol model simulations. Two keynote speakers and 18 invited speakers addressed the
symposium, and there were 16 poster presentations. In total, we had close to 80 participants, who engaged in two days
of intense discussion. The papers in this MRI technical report present the contents of the keynote lectures, the invited

presentations, posters, and discussions.

Keywords: Electron microscopy, Aerosol, Observation, Atmospheric model

Background and scope

The primary motivation of this international symposium
was the first replace of a transmission electron microscope
(TEM) at the Meteorological Research Institute (MRI) in
the 30 years since the MRI relocated from Tokyo to its pre-
sent location in Tsukuba. This new TEM makes available
state-of-the-art TEM technologies, such as automated anal-
ysis of the aerosols with energy dispersive X-rays and 3-D
tomography.

Recent research trends in atmospheric aerosol sciences
include the rapid development of computer models for pro-

jecting air quality, weather forecasting, and climate research.

It is essential to incorporate into these models aerosol phys-
ics and chemistry. With these trends in mind, we, the aero-
sol researchers at the MRI, recognized that electron mi-
croscopy should play a crucial role in atmospheric aerosol
research. For electron microscopy to fulfill this role, how-
ever, improved communication between electron microsco-
pists and aerosol modelers is key.

Another motivation was to recognize the 30-year history
of research on aerosols conducted at the MRI making use of
TEM and scanning electron microscopy (SEM). This re-

search was led by the former section head of our laboratory,
Dr. Kikuo Okada, who has carried out pioneering aerosol
research since the 1980s, when atmospheric aerosol mor-
phology and mixing states were largely unknown. Electron
microscopy is a set of versatile technologies that can be
used to investigate the morphology and mixing state (ele-
mental composition) of individual aerosol particles. To clar-
ify the climatic and meteorological impacts of aerosols and
related processes, Dr. Okada used electron microscopy to
examine sea salt, mineral dust (Asian dust), soot, sulfate,
nitrate, and mixtures of these. His research targets included
samples retrieved from the poles to the tropics, and from the
boundary layer to the stratosphere, and his work has con-
tributed greatly to our understanding of the basic roles of
atmospheric aerosols in climate and meteorology (see Dr.
Okada’s paper in this volume).

Therefore, we decided to organize an international sym-
posium to review the research traditions at the MRI and the
cutting-edge research that has been carried out there, to set
forth current knowledge and state-of-the-art technologies,
and finally to promote the integration of observational, ex-
perimental, and model studies by encouraging mutual un-
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derstanding among researchers.

Keynote speakers

Two distinguished keynote speakers addressed the sym-
posium: Prof. Peter R. Buseck, Arizona State University
(ASU), U.S.A., and Dr. Weijun Li, Shandon University,
China. Prof. Buseck is a well-known electron microscopist
whose scientific endeavors cover vast areas of geology,
mineralogy, crystallography, electron microscopy, and at-
mospheric aerosols. Dr. Li is a promising young Chinese
scientist who has used electron microscopy to conduct aer-
osol research at ASU under the supervision of Prof. Buseck.

The audience listened with rapt attention to Prof.
Buseck’s outstanding and technically sophisticated lecture
on the use of electron microscopy in aerosol research. Dr. Li
focused on recent TEM investigations of haze, an important
air quality problem in China. His electron micrographs of
aggregates of fly ash spherules were particularly impres-
sive.

Invited speakers

The invited speakers included Dr. Kikuo Okada, formerly
of the MRI (and currently a guest researcher there) and Prof.
Yasunobu Iwasaka, Kanazawa University. These two lead-
ing Japanese scientists presented thought-provoking re-
views in which they shared their great expertise and long
research experience in the field of atmospheric and aerosol
sciences.

Dr. Kouji Adachi (MRI), Dr. Yuji Fujitani (National In-
stitute for Environmental Studies), Prof. Masahiko Hayashi
(Fukuoka University), Dr. Tomoko Kojima (Kumamoto
University), and Dr. Masahi Nojima (Tokyo University of
Science) spoke on state-of-the-art electron microscopy
techniques: 3-D tomography (Dr. Adachi), focused ion
beam secondary ion mass spectrometry (FIB-SIMS) (Dr.
Fujitani), environmental scanning electron microscope
(ESEM) (Prof. Hayashi), 2-D elemental mapping by scan-
ning transmission electron microscopy (STEM) (Dr. Koji-
ma), and secondary ion mass spectrometry (SIMS) (Dr.
Nojima).

Prof. Daizhuo Zhang (Prefectural University of Kuma-
moto), Dr. Keiichiro Hara (Fukuoka University), Prof.
Kazuhiko Miura (Tokyo University of Science), and Dr.
Atsushi Matsuki (Kanazawa University) described aerosol
observations conducted in western Japan (Prof. Zhang), the
Antarctic (Dr. Hara), the Pacific and Mt. Fuji (Prof. Miura),
and the Arctic (Dr. Matsuki).

Dr. Hikari Shimadera (Central Research Institute of the
Electric Power Industry), Dr. Daisuke Goto (University of
Tokyo), and Drs. Naga Oshima and Hiroshi Ishimoto (MRI)
described recent simulation experiments with different
kinds of models: a regional chemical transport model (Dr.
Shimadera), a global chemical transport model (Dr. Goto), a
microphysics model (Dr. Oshima), and a shape model (Dr.

Ishimoto).

In addition, the novel features of the new TEM system
installed at the MRI were briefly presented by representa-
tives of the manufacturers (Ms. Chizu Mitsui, Oxford In-
struments, and Mr. Hiromitsu Furukawa, System in Frontier
Inc.).

Poster presentations

In the poster sessions, a total of 16 posters were present-
ed, covering topics such as aerosol observations, including
morphology, composition, and optical properties;
state-of-the-art technologies; and novel approaches to aero-
sol modeling, and their mixtures.

Discussion session

During the discussion session, Dr. Igarashi, Prof. Buseck,
Dr. Oshima and Dr. Matsuki presented comments and sug-
gestions. All of them emphasized the urgent need to build
bridges between microscopists and modelers to further ad-
vance our understanding of atmospheric aerosols and im-
prove atmospheric models. Endeavors such as this sympo-
sium were concluded to be necessary to promote active col-
laboration among scientists.
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Table 1: Final agenda of the International Symposium on Aerosol Studies Explored by Electron Microscopy

Thursday, 16 February 2012

Opening (welcoming remarks, purpose of the
workshop)

Y. Igarashi (MRI)

pheric aerosols from viewpoint of environ-
mental effects

(Kanazawa U.)

Modification of individual sea salt particles

K. Miura (Tokyo

Keynote lectures U. of Sci.)
Individual aerosol particles in hazes of North | W.J. Li Single particle analysis of aerosols and cloud | A. Matsuki
China (Shandong U.) residues in the Arctic troposphere (Kanazawa U.)
Identification and Analysis of Atmospheric P. R. Buseck The latest application software for electron | H. Furukawa
Aerosol Particles (& Climate Implications) (Arizona State tomography (JEOL)

u) Posters
Invited oral presentations Determination of the aerosol direct effect over | P. Khatri
Welcome speech by the Director General Y. Kano (MRI) the East China Sea using ground-based re- (Chiba U.)
Studies of aerosol particles performed with K. Okada (MRI) mote sensing and aircraft observation data
the MRI electron microscopes during the last Particle effective density measurement using a | T. Nakayama
three decades DMA-APM- CPC system in Nagoya, Japan: (Nagoya U.)
Modification of dust particles by sea salt ad- D. Zhang Estimation of mixing state and shape
herence and surface chemical reactions in the | (Pref. U. of Ku- Measurements of light absorption enhance- T. Nakayama
marine atmosphere mamoto) ment of black carbon using a photoacoustic (Nagoya U.)

Aerosol particle shape revealed by transmis-
sion electron microscopy and the implications
for its optical properties

K. Adachi (MRI)

spectrometer in Nagoya, Japan

Some measurements of mixing state of
soot-containing particles at urban and

S. Hasegawa
(Center for En-

Internal mixtures of diesel nanoparticles in- Y. Fujitani non-urban sites viron. Sci. in
vestigated by FIB-SIMS microscopy (NIES) Saitama)
Modeling atmospheric transport of fine par- H. Shimadera Changes in chemical compositions of sea-salt | S. Mukai
ticulate matter with WRF/CMAQ in the Kan- | (CRIEPI) particles collected at Mt. Rokko, Kobe, Japan | (Kobe U.)
to region in summer 2007 Laser post-ionization mass spectrometry of K. Ohishi
Treatment of black carbon by a global climate | D. Goto PAHs on diesel soot particles (Kogakuin U.)
model and the potential contribution of elec- (U. of Tokyo) Analysis of black carbon particles by N. Mayama (To-
tron microscopy high-resolution TOF-SIMS kyo Inst.
Aerosol particle analysis with INCAFeature C. Mitsui Tech./Kogakuin
TEM (Oxford U.)

Instruments) Analysis of source apportionment and chemi- | T. Sakamoto
Friday, 17 February 2012 cal transformation of particles in (Kogakuin U.)
Invited oral presentations trans-boundary air pollution using high lateral
Observation of fine ice crystals on ice nucleus | M. Hayashi resolution imaging SIMS
at -70 °C using ESEM (Fukuoka U.) Mixing state of atmospheric black carbon H. Naoe (MRI)
Vertical distributions of aerosol constituents K. Hara particles and its effect on light absorption
and their mixing states in Antarctic tropo- (Fukuoka U.) Fine mineral aerosols collected in Japan dur- Y. Zaizen (MRI)

sphere during the summer

Aerosol isotope analysis by secondary ion

M. Nojima (To-

ing two Asian dust events: Size distributions
and mixing properties

mass spectrometry kyo U. of Sci.) Aerosol-related services of the Japan Meteor- | H. Shiozuru
Two-dimensional elemental mapping using a T. Kojima ological Agency (IMA)
scanning transmission electron microscope (Kumamoto U.) Climatic effect of black carbon in the MRI Y. T. Tanaka
Aging of black carbon and its impact on aer- N. Oshima global climate model (MRI)

osol optical properties and cloud condensation | (MRI) Model formulation and predictability of at- M. Kajino (MRI)
nuclei activities using a mixing state resolved mospheric aerosol properties and processes

model Transmission electron microscope for atmos- | JEOL
Formation and variations of aerosols around H. Matsui pheric aerosol analysis

Beijing using the WRF-chem model (U. of Tokyo) The latest application software for electron JEOL

Shape modeling of dust and soot particles for | H. Ishimoto tomography

remote sensing applications by considering (MRI) Particle analysis of aerosol with INCA Fea- Oxford Instru-
the geometrical features of sampled aerosols ture TEM ments
Importance of structural diversity in atmos- Y. Iwasaka




TECHNICAL REPORTS OF THE METEOROLOGICAL RESEARCH INSTITUTE No.68 2012

Individual aerosol particles in hazes of North China

Weijun Li', Longyi Shao’, Peter R. Buseck®, Daizhou Zhang®, Xiaoye Zhang’, Peiren Li® and

Wenxing Wang'

'Environment Research Institute, Shandong University, Jinan, Shandong 250100, China
*State Key Laboratory of Coal Resources and Safe Mining, China University of Mining and Technology, Beijing 100083,

China

3School of Earth and Space Exploration & Department of Chemistry and Biochemistry, Arizona State University, Tempe, AZ

85287-1404, USA

*Faculty of Environmental and Symbiotic Sciences, Prefectural University of Kumamoto, Kumamoto 862-8502, Japan
>Centre for Atmospheric Watch and Services, Chinese Academy of Meteorological Sciences, China Meteorological Admin-

istration, Beijing, China

Weather Modification Office of Shanxi Province, Taiyuan 030032, China

*Corresponding author. Email address: liweijun@sdu.edu.cn (W. J. Li)

Brown hazes have far-reaching effects at both regional and global scales, influencing both climate change
and human health. In recent decades, brown hazes have caused the atmospheric air quality to deteriorate all
over eastern China, where regional haze layers over both large cities and rural areas exhibit surprisingly high
loadings of atmospheric pollutants. To evaluate regional brown hazes in northern China, transmission elec-
tron microscopy was employed to study individual haze particles produced by different kinds of haze episodes.
We classified brown hazes into three types: smoke-urban-haze, industrial-urban haze, and coal-burning haze.

Keywords: Aerosol particles; Elemental composition; Mixing properties of aerosols; Single particle analysis; Elec-

tron microscopy; Aircraft

1. Smoke-urban haze

Emissions from agricultural biomass burning (ABB) in
northern China have a significant impact on the regional
and global climate. In northern China in June 2007, the
monthly average aerosol optical depth (AOD) at 550 nm
reached a maximum of 0.7. The AOD measurements are
consistent with the occurrence of regional brown hazes and
observations of severe aerosol pollution at that time. Aero-
sol particles were collected in urban Beijing from 12 to 30
June 2007 during a period of high haze and studied by
transmission electron microscopy (TEM) and ener-
gy-dispersive X-ray spectrometry. The dominant particle
types collected in the fine fraction (diameter < 1 um) were
ammonium sulfate, soot, K,SO,, KNOj3, and organic matter,
although the K salts were minor between 21 and 30 June
(Figure 1). The K-rich particles, which can be used as trac-
ers of biomass burning, together with wildfire maps show
that intense regional ABB in northern China contributed
significantly to the regional haze observed between 12 and
20 June. We therefore classified the haze into two episodes:
a type 1 (smoke-urban) haze between 12 and 20 June and a
type 2 (industrial-urban) haze between 21 and 30 June.
During the first haze episode, soot particles were mixed
with the other particle types. Abundant organic matter and
soluble salts emitted by ABB increased the particle sizes

during transport and resulted in more hygroscopic aerosol
particles in downwind areas, where they became cloud
condensation nuclei. The high AOD (average 2.2) in Beijing
during 12 to 20 June can be partly explained by the hygro-
scopic growth of fine aerosol particles and by the strong
absorption of internally mixed soot particles, both coming
from regional ABB emissions. These findings show that it is
important to consider the origins of a haze, because differ-
ent origins lead to different types of particles [1].

2. Industrial-urban haze

To evaluate a wintertime regional brown haze in northern
China (Figure 2), trace gases and aerosols were measured at
an urban site between 9 and 20 November 2009. Ion chro-
matography and TEM were used to investigate soluble ions
in PM, s and the mixing state of individual particles. The
contrasts between clear and hazy days were examined in
detail. Concentrations of the primary gases, including NO
(55.62 ppbv), NO, (54.86 ppbv), SO, (83.03 ppbv), and CO
(2.07 ppmv), on hazy days were two to six times their levels
on clear days. In contrast, concentrations of O; remained
low (5.71 ppbv) on hazy days. Mass concentrations of PM, s
(135.90 ug m™) and black carbon (7.85 ug m™) were three
times higher on hazy days than on clear days. By TEM
analysis, it was estimated that fractions of both ammoniated
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sulfate (AS)-soot (20%) and AS-soot/organic matter/fly ash
(20%) were larger on hazy days than on clear days (13%
and 12%), implying that coagulation is an important mixing
process in polluted air.
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Figure 1 Potassium and sulfur contents of individual particles of type 1
and type 2 hazes.

Wiomm by dbm

Figure 2 Reduction of visibility caused by a regional winter haze in north-

ern China.

Emissions from coal combustion for power generation,
industrial activities, and household heating led to the high
SO, concentrations. Also, significantly high concentrations
of secondary sulfates formed in the haze. Therefore, high
concentrations of acidic gases contributed to the increased
mass and number concentrations of secondary aerosols. Our
study results indicate that metal-catalyzed oxidation in the
aqueous phase is a major pathway of sulfate formation. The
mixtures of aerosol particles, together with MODIS images,
suggested that this haze covered not only the industrial cit-
ies but also extended into the neighboring rural regions [2].

3. Coal-burning haze

Heavy haze occurs frequently in winter over the Taiyuan
Basin, northwestern China, a coal-burning region. During a
research flight on 17-18 December 2010, aerosol particles
were collected and the SO, concentration was monitored in
a haze that occupied the atmosphere from the ground (780
m a.s.l) up to 4110 m altitude. Meteorological records re-
vealed that the haze was stable and that it could be subdi-
vided into three layers by chemical shifts at altitudes of
about 1500 and 3000 m. From the surface to 1500 m (layer
1), the SO, concentration was 16—116 ppb (average, 58 ppb);
from 1500 to 3000 m (layer 2), it was 2—45 ppb (average, 9
ppb); and above 3000 m (layer 3), it was 2—10 ppb (average,
4 ppb). The accumulation of SO, in layer 1 was attributable
to the stable meteorological conditions and strong anthro-
pogenic emissions as well as to the basin topography. Anal-
yses of the collected particles by TEM revealed that organic
particles and fly ash dominated in layers 1 and 2 and sulfate
particles in layer 3. The organic aerosols frequently con-
tained Si and Cl. Fly ash particles consisted of O and Si
with minor Fe, Mn, Zn, Ti, Pb, As, Co, and Cr. These two
types of aerosol particles are typically emitted during coal
burning. Therefore, this haze is characterized primarily by
aerosols produced as primary coal-burning emissions, in
contrast to the hazes produced over the North China Plain,
where secondary sulfate particles are dominant.

4. Conclusion

Although regional hazes occur frequently in China, the
aerosol sources differ depending on the region and on the
season, and various anthropogenic sources have resulted
from economic development and the implementation of
reforms throughout China. These regional hazes not only
cause diverse health problems in continental China but also
influence the regional and global climate. Compared with
other areas in the world, many different atmospheric chem-
ical mechanisms contribute to haze formation in this heavily
polluted region because of the extremely high fine-particle
loading in the atmosphere. Because how these haze aerosols
influence cloud formation and precipitation is still unknown,
haze aerosol particles from the upper atmosphere should be
examined in future studies.

1 Li, W. J.,, L. Y. Shao, P. R. Buseck, 2010: Haze types in Beijing and the
influence of agricultural biomass burning. Atmos. Chem. Phys., 10, (17),
8,119-8,130.

2 Li, W.J,S. Z. Zhou, X. F. Wang, Z. Xu, C. Yuan, Y. C. Yu, Q. Z. Zhang

and W. X. Wang, 2011: Integrated evaluation of aerosols from regional
brown hazes over northern China in winter: Concentrations, sources,
transformation, and mixing states. J. Geophys. Res., 116, (D9), doi:
10.1029/2010JD015099.
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Identification and analysis of atmospheric aerosol particles
(& climate implications)
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izona, 85287, USA

2Meteorological Research Institute, 1-1 Nagamine, Tsukuba, Ibaraki 305-0052, Japan

*Laboratoire de Météorologie Physique, CNRS, Université Blaise Pascal, Clermont Ferrand, France

*Kumamoto University, 2-39-1, Kurokami, Kumamoto 860-8555, Japan
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SUniversity of Pannonia, Veszprém, POB 158, H-8200 Hungary

*Corresponding author. Tel.: +1 480 965 3945; Email address: pbuseck@asu.edu (P. Buseck)

Aerosol particles are ubiquitous in the atmosphere and exert major influences on visibility, human health, and cli-
mate. The latter has received great attention in recent years and provides the primary justification for the research
described in this talk. When solid, many aerosol particles are extremely small and yet have irregular shapes and, in
many cases, form in complex mixtures. These variables control their interaction with solar radiation and thus deter-
mine whether they produce net heating or cooling effects.

Knowledge of their identities and physical characteristics is important for understanding reaction dynamics, source
attribution and remediation, atmospheric modeling, and determining optical properties, important for climate effects.
Desired parameters include size, composition, crystallographic structure, aspect ratio, and mixing state (single- or
polyphase, coated or aggregated).

Many methods are available for determining sizes of individual particles, fewer for determining composition, but
transmission electron microscopy (TEM) is unique for determination of structure (e.g., polymorphs or allotropes) and
mixing states. Indeed, TEM is the only way to determine all of the above parameters, and it covers sizes from <1 na-
nometer to 10 or more micrometers. They represent a far richer and more complex world than is commonly assumed,
and they contain more information than is commonly being recovered. Examples will be provided of imaging and
analysis of particles from a range of environments, including discussions of their climate implications.

Aerosol particles up close (sizes & origins)

Identification and Analysis of —_

Atmospheric Aerosol Particles N et
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School of Earth and Space Exploration &
Depariment of Chemistry and Biochemistry
Anzona State University
Phl]ﬁl&ﬂkg_{{ﬂﬂl edi,

Ittt Tetanm.agu.edu

Bussek and Adechi Elemoests, 2009




TECHNICAL REPORTS OF THE METEOROLOGICAL RESEARCH INSTITUTE No.68 2012

Composition of particles from bio

mass burning (MC)

— OM + K {4)
fl
| |

mog N

EDS spectrum of clay grains (Riyadh, 5A)

— L

N II'L |--jh;.('a;n,._J_.\.I.‘-r;i.l'-.-l_.?;i,[),..lﬂlil_.-rul!_-(]]
i (ilite/montmorillonite)




TECHNICAL REPORTS OF THE METEOROLOGICAL RESEARCH INSTITUTE No.68 2012

9 12

"Tar ball" from smoke (SEM image) Electron tomography (ET) of soot and organic matter
(oA B i Flighi @ LREDY {M ILAGRD]

The soot is EMBEDDED in (rather than coated
by) organic matter
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Ammaonium sulfate and soot Electron tomogram of orgahic matter embedding
soot and sulfate

3D image of particle. Yellow - soot,
. green - sulfate.
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Discrete dipole approximation (DDA)
and climate model
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Geographic distributions of simulated
radiative forcing
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Conclusions

Combining TEM analy with high-time-
resolution instruments provides new
infarmation re aerosol-particle mixing
states that helps interpret hygroscopicity
and chemical measurements

ic aerosal species internally mixed
with sulphate reduces the hygroscopicity
of pure sulphates

Thoughts & goals for the future

Use accurate and appropriate particle data in climate
models

For examﬁrle, produce models of “black carbon™ that
match the shapes and configurations that are
actually observed

Reconcile measurements of individual particles with
th?sl?{rom remote sources such as aircraftand
satellites

The people and facilities at MRI seem to make this an
ideal place for such research advances

Thank you very much for jnviting me to this very
interesting and promising symposium!
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During the last three decades, single-particle analyses have been carried out in the MRI by using a transmis-
sion electron microscope (Hitachi H-600 and H-6010) equipped with an energy-dispersive X-ray analyzer, and
sometimes with a scanning electron microscope (Hitachi S-2150) as well. This report briefly describes the re-

sults obtained by these electron microscope studies.

Keywords: Aerosol particles; Elemental composition; Mixing properties of aerosols; Single particle analysis; Elec-

tron microscopy; Aircraft observation

1. Introduction

To evaluate the effect of acrosols on meteorological phe-
nomena such as cloud formation and radiative transfer, it is
important to study the composition and mixture state of
individual aerosol particles. Many single-particle analyses
have been carried out during the last three decades with the
MRI electron microscope systems.

Here, the results obtained by using the MRI electron mi-
croscopes are briefly described.

2. Basic methods

Individual aerosol particles are usually collected on a
carbon-coated nitrocellulose (collodion) film with aerosol
samplers. Those collected on carbon film are usually coated
with Pt/Pd alloy at a shadowing angle of 26.6° (arctan 0.5)
and examined by a transmission electron microscope (TEM;
Hitachi H-600 and H-6010) to assess their shape and vol-
ume.

The elemental composition of the collected particles is
investigated by using the TEM equipped with an ener-
gy-dispersive X-ray (EDX) analyzer. The electron beams
usually irradiate the central part of a particle with an accel-
erating voltage of 50 kV, and the X-ray spectrum is ob-
tained through a Kevex UTW (ultra thin window) detector.
Individual particles are quantitatively analyzed by the thin
film method using Kevex Quantex'™ software for ener-
gy-dispersive microanalysis.

3. Results and discussion
3.1. Modification of sea-salt particles

Sea-salt particles are one of the dominant types of parti-
cles originating from natural sources. In the atmosphere,
sea-salt particles are modified by chemical reactions with
acidic materials that result in emission of HCI from the par-
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ticles.

The weight ratio of Cl to Na in seawater is mainly fixed
at about 1.8. Therefore, examination of the Cl/Na weight
ratio reveals whether the atmospheric sea-salt particles have
been modified. Sea-salt particles with CI/Na < 1 are re-
garded as having an apparent Cl deficiency (apparent modi-
fication). In the atmosphere over coastal regions, where
sea-salt particles encounter anthropogenically polluted air,
the composition of sea-salt particles is distinctively modi-
fied by chemical reactions with sulfuric acid and nitric acid
[1-3].

The number percentages of sea-salt particles with Cl/Na
< 1 in the radius range of 0.1-1 um change spatially. For
example, the number percentage at Shengshan Island,
which is about 150 km east of Shanghai, was 18% [3],
whereas the percentages at Marcus Island (24.3°N, 154.0°E)
in the northwestern Pacific ranged from 6% to 36% [4]. The
high percentage (36%) was associated with outflow from
the Asian continent. In sea-salt particle samples collected by
research ships during cruises [1, 5-8], the highest percent-
age (98%) was observed in the tropics near Borneo in asso-
ciation with biomass burning [1]. Thus, the number per-
centage of such particles changes depending on the trajec-
tory of the air mass, and values were generally less than
10% in remote oceanic areas.

One study examined sea-salt particles collected at Syowa
Station, Antarctica [9]. In the samples collected in austral
summer, when the production of marine organosulfur is
enhanced, the number fractions of sulfur-rich particles and
modified sea-salt particles were high. In the samples col-
lected in austral winter, when severe storms enhance the
production of sea-salt particles, the number fraction of un-
modified sea-salt particles was high. Another study investi-
gated the concentration, number-size distribution, and
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morphological features of aerosol particles (although not
sea-salt particles) at Barrow, Alaska, in April 1997 [10].
That study found that new particle formation from the gas
phase occurred in spite of the very low concentrations of
gaseous materials, especially in air masses from the lower
latitudes, and the accumulation mode included particles
composed of sulfuric acid and ammonium sulfate.

A sample collected on 4 February 1991 near the sea sur-
face in the South Pacific (10°S, 175°W) contained a very

low percentage (4%) of sea-salt particles with CI/Na <1 [5].

Aircraft (Gulfstream 2) observations carried out nearby on 3
March 1990 at 11.2 km altitude by the International Stra-
to/Tropospheric Air Chemistry (INSTAC-II) program [11]
observed high aerosol concentrations in the upper part of
cumulonimbus clouds with an optical particle counter
(OPC). Both cloud-active and -inactive particles were
transported vertically in the cumulonimbus clouds, and in
these samples the number percentages of sea-salt particles
in samples were large: 42% for particles with radii of
0.05-0.1 um and 64% for particles with radii of 0.1-1 pum.
This high abundance of sea salt in the smaller particles (ra-
dius < 0.1 pum) suggests that sea-salt particles play an im-
portant role in the cloudy marine atmosphere. EDX analysis
showed that CI/Na weight ratio in the sea-salt particles
tended to decrease as excess sulfur increased. The number
percentage of sea-salt particles with CI/Na < 1 was 34% in
the radius range of 0.1-1 um, or about one order of magni-
tude higher than the percentage in the near-surface sample
[5]. Thus, the sea-salt particles were modified during their
vertical transport in cumulonimbus clouds. Other studies
have also observed the vertical transport of sea-salt particles
by convective clouds in the middle troposphere [12-14].

3.2. Elemental composition and shape of mineral parti-
cles (Asian dust) collected in three arid regions of China

In spring 1991, mineral particles (Asian dust) were col-
lected with a battery-operated single-stage impactor in three
arid regions of China (Hohhot, Inner Mongolia Autonomous
Region; Zhangye, near the southern border of the Ba-
dain-Jaran Desert; and Qira, in the Taklamakan Desert)
[15-17]. Compared with samples collected in Japan [18],
the particles collected in these three locations usually
showed that the edge of the particles were a distinct outline
on the collection film.

Type classification of all particles with radii of 0.1-6 pum
based on EDX analysis indicated that the number percent-
ages of mineral particles were very high: 98.2% at Hohhot,
99.5% at Zhangye, and 99.1% at Qira). At Hohhot, fly ash
particles (classified as mineral particles) accounted for 4.4%
of aerosol particles.

The shape of 6998 mineral particles with radii between
0.1 and 6 pum at the three sites was examined by TEM [19].
In all three regions, the mineral particle shapes were irregu-
lar, with a median aspect ratio b/a (ratio of the longest di-
mension b to the orthogonal dimension a) of 1.4. Although
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the aspect ratio exhibited no clear size dependence, the cir-
cularity factor (47S//*; where S is surface area and / is pe-
riphery length) tended to decrease as the radius increased,
suggesting that the larger sized particles included aggregat-
ed mineral particles. The particle height-to-width ratio A4/a
was also evaluated by measuring the length of a particle’s
shadow on the collection surface. The median #/a was 0.49
at Hohhot, 0.29 at Zhangye, and 0.23 at Qira. Analytical
functions were fitted to the grand total of the frequency dis-
tributions of aspect ratios, height-to-width ratios, and circu-
larity factors to allow parametric calculations of radiative
effects and of the optical and sedimentation behavior of the
mineral particles.

In another study, the influence of particle nonsphericity
on the size distribution of submicrometer mineral particles
as measured with an OPC was examined by comparison
with TEM analysis obtained in a laboratory experiment and
theoretical computations of light scattering by nonspherical
particles [20]. When the size distribution of monodispersed
mineral particles was compared between measurements
made with the OPC and by TEM, the volume equivalent
mode radii obtained with the OPC were 0.06-0.09 pum larg-
er than those obtained by TEM.

The backscattering linear depolarization ratios of Asian
and Saharan mineral dust, sea-salt, and ammonium sulfate
particles were measured in a laboratory chamber to aid in
the interpretation of polarization lidar measurements of
tropospheric aerosols [21]. TEM results were also used in
the study.

Electron micrographs of Asian dust particles in aerosols
collected at Fukuoka, Japan, in March 2009 were used to
produce a shape model for mineral dust particles for light
scattering calculations [22]. In addition, local wind-blown
mineral particles collected at Tsukuba were examined by
TEM [23].

3.3. Modification of Asian dust-storm particles during
long-range transport

Sea salt can modify mineral particles during long-range
transport [24-26]. The abundance of dust-storm particles
with radii > 1 pm internally mixed with sea salt were com-
pared in samples from two dust-storm events observed in
both Beijing, China, and Nagasaki, Japan, in spring 1991. In
samples from the first event, 2% of Asian dust particles
collected in Beijing on 30 April and 72% of those collected
on 1 May in Nagasaki contained sea salt. In samples from
the second event, 2% of dust particles collected on 7 and 9
May in Beijing and 16% of those collected in Nagasaki on
10 May included sea salt. The large abundance of Asian
dust particles containing sea salt at Nagasaki during the first
event was attributed to clouds encountered in the marine
atmosphere during transport, which suggests that the mixed
dust particles formed by cloud processes.

As previous research had suggested that sulfur accumu-
lates on Asian dust particles [27], mineral particles from the
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same dust episode were collected in April 1993 at both Bei-
jing and Fukuoka [28]. Examination of individual dust par-
ticles by TEM showed that the dust particles collected in
China had distinctly irregular shapes and contained low
amounts of sulfur, whereas the dust particles collected over
Japan after transport had been modified by the addition of
sea salt and/or anthropogenic sulfur.

Asian dust particles were collected on a thin nitron

(CyoH 6Ny) film in Nagoya, Japan, to detect nitrate ions [29].

TEM examination indicated that nitrate was present on the
surface of dust particles collected during the dust-storm
event. Nitrate and sulfate formation through heterogeneous
reactions on the dust particles are one of the mechanisms of
nitrogen oxides and sulfur dioxide removal from the at-
mosphere.

The presence of high fractions of mixed dust particles
may enhance the cloud nucleating capability, as well as
modulate its optical properties. As a result, the removal rate
of Asian dust particles from the atmosphere might increase.

In addition to mineral particles, water-insoluble particles
in rainwater at Shizuoka and Tsukuba, Japan, which were
deposited directly onto electron microscope grids by ultra-
centrifugation [30], were found to consist of bacteria and
leaf debris, and most of them were aggregated with mineral
particles.

3.4. Mixing state of aerosol particles in the urban at-
mosphere

The composition and mixing properties of individual
aerosol particles in the urban atmosphere must be known to
evaluate the effect of anthropogenic aerosol particles on
cloud formation and atmospheric radiation.

Aerosol particles were collected in 1989 in Katowice,
Poland [31]. TEM results showed significant differences in
the hygroscopic properties of aerosol particles that depend-
ed on the wind direction at the time of collection, which
suggested that the aerosol particles were not well mixed and
were influenced by the distribution of anthropogenic
sources in Katowice and the surrounding area.

The mixing properties of individual aerosol particles with
radii between 0.1 and 1 pum collected in 1991 in the urban
atmosphere of Vienna, Austria [32], were studied by using
water dialysis to extract water-soluble material. The aver-
aged results showed that more than 85% of particles with
radii between 0.1 and 0.7 um were hygroscopic, and more
than 50% of those with radii larger than 0.2 um were mixed
particles (hygroscopic particles with water-insoluble inclu-
sions); mixed particles were dominant (80%) in the radius
range of 0.5-0.7 um. Moreover, the number proportion of
mixed particles increased with increasing radius, and their
abundance also increased as the particle mass loading in the
atmosphere increased. The volume fraction of water-soluble
material (¢) in mixed particles tended to decrease with in-
creasing radius, implying that the mixed particles formed by
heterogeneous processes such as condensation and surface
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reactions.

The mixing properties of individual aerosol particles with
radii of 0.02-0.2 pum collected with an electrostatic aerosol
sampler in June 2000 at Tsukuba [33] were studied by using
water dialysis. The proportions of particles with wa-
ter-soluble material (hygroscopic particles) ranged from
20% to 80% in the whole radius range and tended to in-
crease with increasing radius. Moreover, morphological
examination revealed two types of soot-containing particles:
externally mixed (pure) and internally mixed soot particles.
The number fractions of internally mixed soot particles in-
creased with increasing radius. A sample collected in “pol-
luted” air showed that internally mixed soot particles were
dominant (number fraction, 75%) in the larger radius range
0f 0.1-0.2 pm.

At Tsukuba, aerosol particles in ambient air downstream
of a differential mobility analyzer (DMA) were measured
with an impactor at the electrical mobility radii of 0.1, 0.15,
and 0.2 um in dry conditions (relative humidity < 3%)
[34-36]. The particles were collected on a film covered with
silicone oil and examined by TEM to determine their diam-
eters, shapes, and morphological changes caused by elec-
tron-beam bombardment. Measurements with an OPC were
carried out in parallel to assess the abundance of externally
mixed soot particles. Most of the number frequency distri-
butions obtained by TEM peaked at the DMA diameters
(mobility diameters). Circularity factors of pure soot parti-
cles decreased as the particle radius increased, and their
irregular shapes produced broad size-frequency distribu-
tions. Comparison of soot particle abundance between the
OPC and TEM results showed good agreement.

With regard to cloud formation, the efficiency of nucle-
ation scavenging of aerosol particles with radii between
0.028 and 0.28 um was measured at Tsukuba by using two
thermal gradient diffusion chambers, one with and one
without a water vapor source [37]. The efficiencies were
measured as a function of the supersaturation of water va-
por (S). The mean efficiency by aerosol volume was high
(0.75-0.93) at S of 0.25-1.04%. The efficiencies were
closely related to the hygroscopic properties of the aerosol
particles as determined by electron microscopy. Electron
microscope studies of aerosol particles in clouds and fog
were also performed [38-42].

The light absorption property of carbonaceous particles
was investigated at Tsukuba in relation to the mixing state
[43]. The volume fraction of water-soluble material (g¢) in
soot-containing particles was evaluated by comparing elec-
tron micrographs before and after water dialysis. The mass
absorption coefficient (unit; m> g') tended to increase with
the average & in soot-containing particles with radii of
0.05-0.5 pm. Thus, coatings of water-soluble material
around soot particles enhance the absorption of solar radia-
tion.
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Internal mixtures of nitrate with sulfate in urban aerosol
particles were examined by using the vapor-deposited thin
nitron film method and EDX analysis [44].

3.5. Free tropospheric aerosol particles

Aircraft observations are used to study aerosols in the
free troposphere. The INSTAC program, mentioned in sec-
tion 3.1, is one example. Another is a series of the Pacific
Atmospheric Chemistry Experiment (PACE) campaigns,
jointly carried out by the MRI and the Australian Com-
monwealth Scientific and Industrial Research Organisation
(CSIRO).

In the PACE I campaign, individual aerosol particles
were collected at 5-6 km altitude in the middle troposphere
over the western Pacific Ocean between Melbourne (38°S)
and Sendai (38°N) in January 1994 [14]. By EDX analysis
and morphological identification, particles were classified
into various types, including sea salt, mineral, sulfate, and
sulfuric acid. Sulfuric acid and ammonium sulfate, which
were commonly found in particles of 0.1-1 pm radius
across most of the observed region, were considered im-
portant background aerosols. Sea-salt particles were also
often abundant in the tropical regions (present at up to 67%),
owing to vertical transport by convective clouds. North of
20°N, mineral particles were dominant, suggesting transport
of Asian dust particles in the westerly air stream. Abundant
Asian dust particles covered with sulfuric acid indicated
that modification of Asian dust particles had occurred.

A local flight over Saipan, a subtropical area, carried out
during the PACE I campaign [45] showed that the number
concentration of condensation nuclei (CN) increased with
altitude in contrast to large particle concentrations, which
decreased with altitude. Most particles collected at 6 km
altitude were composed of sulfuric acid, suggesting that
new particle formation is favored in the upper troposphere.

In the PACE III campaign, individual aerosol particles
were collected at 5—-6 km altitude in the middle troposphere
between Melbourne and Sendai, as in the PACE I campaign,
but in July 1995 [46]. The PACE III campaign results were
similar to the PACE I results, except that mineral particles
were absent in the northern mid-latitudes and spatial shifts
in particle composition and concentrations were observed.
Comparison of the results of the two campaigns suggested
that seasonal shifts in the locations of the intertropical con-
vergence zone and wind belts contributed to the seasonal
differences in the spatial distributions of particles in the
middle troposphere over the western Pacific.

During the PACE V campaign over Kalimantan, Indone-
sia, in October 1997, individual particles were collected
from a very dense haze caused by Indonesian forest fires
[47, 48]. Although 60-90% of the particles collected at al-
titudes of 1-5 km contained K, the S/K weight ratio was
high, with median values of 9—18, independent of particle
size. These ratios were much larger than those (median
values of 2—4) measured in haze from biomass burning in

13

northern Australia. The high weight ratios over Kalimantan
were attributed to the heterogeneous growth of particles
through the oxidation of SO,. In addition to SO, from the
combustion of forest biomass, SO, originating from the
combustion of buried peat was believed to have also con-
tributed to the high S/K ratios. The samples were also ex-
amined by electron microscopy after using water dialysis to
extract water-soluble material, and benzene dialysis to ex-
tract organic material. Individual aerosol particles with radii
of 0.1-2 um were mainly present as an internal mixture of
water-soluble organic material and inorganic salt (mainly
ammonium sulfate). Chain aggregations of electron-opaque
spherules (elemental carbon) were also found, but their
proportion was small.

In the PACE VII campaign in February 2000 [49], the
number-size distributions of aerosols with radii between
0.05 and 5 um were observed in the free troposphere up to
11 km altitude in different air masses over the western and
northwestern Pacific Ocean. The results showed that over
the northern mid-latitudes, Asian outflow contained many
anthropogenic particles.

During the PACE II campaign (October 1994), soot par-
ticles originating from biomass burning were collected in
the middle troposphere over Australia [50]. The abundance
of internally mixed soot particles tended to increase with
particle radius, and internally mixed soot particles com-
posed 88% of particles with radii of 0.1-0.35 um.

Soot particles emitted from several hundred oil-well fires
in Kuwait from February 1991 were collected by aircraft on
27 April 1991 at 7.5 km altitude over Tsukuba [51, 52]. The
number percentage of soot-containing particles was high
(53%) in the radius range of 0.15-1 pum. Moreover, about
90% of the soot particles were covered with water-soluble
material. From the backward- and forward-trajectory anal-
yses of air parcels, the soot particles over Japan would be
supplied to the upper troposphere in the first half of April
and those have circled the globe before arrival at sampling
point.

Aecrosol particles collected by aircraft in January 1983 in
the upper troposphere (7.2 km altitude) over Showa Station,
Antarctica, were examined by EDX analysis [53]. The
number percentage of mineral particles was high (74%) for
particles with radii between 0.1 and 1.6 um. The transport
pathways of the mineral particles were studied by 3-D tra-
jectory analyses of U. S. National Meteorological Center
(NMC) data, which are reported twice daily. Most aerosol
particles collected in the Antarctic upper troposphere origi-
nated from El Chichon volcano and had been transported
downward from the stratosphere over Antarctica.

Aerosol particles for examination by electron microscopy
have also been collected at a mountain site [54, 55], and
from the upper troposphere and stratosphere by bal-
loon-borne samplers [56-59].



TECHNICAL REPORTS OF THE METEOROLOGICAL RESEARCH INSTITUTE No.68 2012

The author expresses his great thanks to all of the researchers who have
used the MRI electron microscope system.

1

10

11

12

16

17

20

21

22

Mouri, H., I. Nagao, K. Okada, S. Koga and H. Tanaka, 1996: Ele-
mental composition of individual aerosol particles collected from the
coastal marine boundary layer. J. Meteor. Soc. Japan., 74, 585-591.
Roth, B. and K. Okada, 1998: On the modification of sea-salt particles
in the coastal atmosphere. Atmos. Environ, 32, 1,555-1,569.

Li, F., and K. Okada, 1999: Diffusion and modification of marine
aerosol particles over the coastal areas in China - a case study using a
single particle analysis. J. Atmos. Sci., 56, 241-248.

Naoe, H.. and K. Okada, 2006. Modification of sea-salt particles in the
remote marine atmosphere in the North Pacific. Pap. Meteor. Geophys,
57, 47-54.

Mouri, H.., K. Okada and K. Shigehara, 1993: Variation of Mg, S, K
and Ca contents in individual sea-salt particles. Tellus, 45B, 80-85.
Mouri, H. and K. Okada, 1993: Shattering and modification of sea-salt
particles in the marine atmosphere. Geophys. Res. Lett., 20, 49-52.
Mouri, H., K. Okada and S. Takahashi, 1995: Giant sulfur-dominant
particles in remote marine boundary layer. Geophys. Res. Lett., 22,
595-598.

Mouri, H., I. Nagao, K. Okada, S. Koga and H. Tanaka, 1997: Ele-
mental composition of individual aerosol particles collected over the
Southern Ocean: A case study. Afmos. Res., 43, 183-195.

Mouri, H., I. Nagao, K. Okada, S. Koga and H. Tanaka, 1999: Indi-
vidual-particle analyses of coastal Antarctic aerosols. Tellus, 51B,
603-611.

Zaizen, Y., K. Okada, M. Ikegami, T. Aoki, Y. Sawa, F. Nishio and Y.
Tachibana, 1998: Size distribution of aerosols at Barrow in Alaska - A
case study in spring. Polar Meteor. Glaciol., 12, 40-48.

Ikegami, M., K. Okada, Y. Zaizen and Y. Makino, 1994: Sea-salt
particles in the upper tropical troposphere. Tellus, 46B, 142-151.
Ikegami, M., K. Okada, Y. Zaizen and Y. Makino, 1993: Aerosol
particles in the middle troposphere over the northwestern Pacific. J.
Meteor. Soc. Japan, 71, 517-528.

Ikegami, M., K. Okada and Y. Zaizen, 1991: Sea-salt particles in the
middle troposphere over the tropical Pacific Ocean. Pap. Meteor. Ge-
ophys, 42,31-41.

Ikegami, M., K. Okada, Y. Zaizen, Y. Tsutsumi, Y. Makino, J. B.
Jensen and J. L. Gras, 2004: The composition of aerosol particles in
the middle troposphere over the western Pacific Ocean: Aircraft ob-
servations from Australia to Japan, January 1994. Atmos. Environ, 38,
5,945-5,956. (Erratum: Atmos. Environ., 40, 793, 2006)

Okada, K., Y. Qin and K. Kai, 2005: Elemental composition and mix-
ing properties of atmospheric mineral particles collected in Hohhot,
China. Atmos. Res., 73, 45-67.

Okada, K. and K. Kai, 1995: Features and elemental composition of
mineral particles collected in Zhangye, China. J. Meteor. Soc. Japan,
73, 947-957.

Okada, K. and K. Kai, 2004: Atmospheric mineral particles collected
at Qira in the Taklamakan Desert, China. Atmos. Environ, 38,
6,927-6,935.

Okada, K., A. Kobayashi, Y. Iwasaka, H. Naruse, T. Tanaka and O.
Nemoto, 1987: Features of individual Asian dust-storm particles col-
lected at Nagoya, Japan. J. Meteor. Soc. Japan, 65, 515-521.

Okada, K., J. Heintzenberg, K. Kai and Yu Qin, 2001: Shape of at-
mospheric mineral particles collected in three Chinese arid-regions.
Geophys. Res. Lett., 28, 3,123- 3,126.

Sakai, T., Y. Zaizen, C. Nishita, A. Matsuki, Y. Mano and K. Okada,
2008: Influence of particle nonsphericity on the size distribution
measurement of submicrometer mineral dust by use of optical particle
counter. Earozoru Kenkyu (formerly: J. Aerosol Research Japan), 23,
269-277.

Sakai, T., T. Nagai, Y. Zaizen and Y. Mano, 2010: Backscattering
linear depolarization ratio measurements of mineral, sea-salt, and
ammonium sulfate particles simulated in a laboratory chamber. Ap-
plied Optics, 49, 4,441-4,449.

Ishimoto, H., Y. Zaizen, A. Uchiyama, K. Masuda and Y. Mano,
2010: Shape modeling of mineral dust particles for light-scattering

14

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

calculations using the spatial Poisson-Voronoi tessellation. J. Quan.
Spec. Rad. Trans, 111, 2434-2443.

Okada, K. and M. Ikegami, 2002: A case study of local wind-blown
dust observed in Tsukuba, Japan. Pap. Meteor. Geophys, 52, 9-18.
Niimura, N., K. Okada, X.-B. Fan, K. Kai, K. Arao and G.-Y. Shi,
1994: A method for the identification of Asian dust-storm particles
mixed internally with sea salt. J. Meteor. Soc. Japan, 72, 777-784.
Fan, X.-B., K. Okada, N. Niimura, K. Kai, K. Arao, G.-Y. Shi, Y. Qin
and Y. Mitsuta, 1996: Mineral particles collected in China and Japan
during the same Asian dust-storm event. Afmos. Environ, 30, 347-351.
Niimura, N., K. Okada, X.-B. Fan, K. Kai, K. Arao, G.-Y. Shi and S.
Takahashi, 1998: Formation of Asian dust-storm particles mixed in-
ternally with sea salt in the atmosphere. J. Meteor. Soc. Japan, 76,
275-288.

Okada, K., H. Naruse, T. Tanaka, O. Nemoto, Y. Iwasaka, P.-M. Wu,
A. Ono, R. A. Duce, M. Uematsu, J. T. Merrill and K. Arao, 1990:
X-ray spectrometry of individual Asian dust-storm particles over the
Japanese islands and the North Pacific Ocean. Atmos. Environ, 24A,
1369-1378.

Zhou, M., K. Okada, F. Qian, P.-M. Wu, L. Su, B. E. Casareto and T.
Shimohara, 1996: Charactersitics of dust storm particles and their
long-range transport from China to Japan - Case studies in April 1993.
Atmos. Res., 40, 19-31.

Wu, P.-M. and K. Okada, 1994: Nature of coarse nitrate particles in
the atmosphere- -A single particle approach. Atmos. Environ, 28,
2053-2060.

Casareto, B. E., Y. Suzuki, K. Okada and M. Morita, 1996: Biological
micro- particles in rain water. Geophys. Res. Lett., 23, 173-176.
Pastuszka, J. S. and K. Okada, 1995: Features of atmospheric aerosol
particles in Katowice, Poland. Sci. Total Environ, 175, 179-188.
Okada, K. and R. M. Hitzenberger, 2001: Mixing properties of indi-
vidual submicrometer aerosol particles in Vienna. Atmos. Environ, 35,
5617-5628.

Naoe, H. and K. Okada, 2001: Mixing properties of submicrometer
aerosol particles in the urban atmosphere - with regard to soot parti-
cles. Atmos. Environ, 35, 5765-5772.

Heintzenberg, J., K. Okada and B. P. Luo, 2002: Distribution of opti-
cal properties among atmospheric submicrometer particles of given
electrical mobilities. J. Geophys. Res., 107, doi:
10.1029/2001JD000372

Okada, K. and J. Heintzenberg, 2003: Size distribution, state of mix-
ture and morphology of urban aerosol particles at given electrical mo-
bilities. J. Aerosol Sci., 34, 1,539-1,553.

Heintzenberg, J., K. Okada, T. Trautmann and P. Hoffmann, 2004:
Modeling of the signals of an optical particle counter for real non-
spherical particles. Applied Optics, 43, 5,893-5,900.

Okada, K., T. Tanaka, H. Naruse and T. Yoshikawa, 1990: Nucleation
scavenging of submicrometer aerosol particles. Tellus, 42B, 463-480.
Naruse, H. and K. Okada, 1989: Change in concentrations of cloud
condensation nuclei and aerosol particles during the dissipation of fog.
Pap. Meteor. Geophys, 40, 125-137.

Akagawa, H. and K. Okada, 1993: Sizes of cloud droplets and cloud
droplet residues near stratus cloud base. Atmos. Res., 30, 37-49.
Hallberg, A., J. A. Ogren, K. J. Noone, K. Okada, J. Heintzenberg and
I. B. Svenningsson, 1994: The influence of aerosol particle composi-
tion on cloud droplet formation. J. Atmos. Chem., 19, 153-171.
Heintzenberg, J., K. Okada and J. Strém, 1996: On the composition of
non-volatile material in upper tropospheric aerosols and cirrus crystals.
Atmos. Res., 41, 81- 88.

Ueda, S., K. Osada and K. Okada, 2011: Mixing states of cloud inter-
stitial particles between water-soluble and insoluble materials at Mt.
Tateyama, Japan: Effects of meteorological conditions. Atmos. Res.,
99, 325-336.

Naoe, H., S. Hasegawa, J. Heintzenberg, K. Okada, A. Uchiyama, Y.
Zaizen, E. Kobayashi and A. Yamazaki, 2009: State of mixture of at-
mospheric submicrometer black carbon particles and its effect on par-
ticulate light absorption. Atmos. Environ, 43, 1,296-1,301.

Wu, P.-M., A. Ono and K. Okada, 1987: On the mixture of submi-
crometer nitrate- containing particles in the urban atmosphere. J. Me-
teor. Soc. Japan, 65, 1005- 1010.



TECHNICAL REPORTS OF THE METEOROLOGICAL RESEARCH INSTITUTE No.68 2012

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

Zaizen, Y., M. Ikegami, Y. Tsutsumi, Y. Makino, K. Okada, J. Jensen
and J. L. Gras, 1996: Number concentration and size distribution of
aerosol particles in the middle troposphere over the western Pacific
Ocean. Atmos. Environ, 30, 1755- 1762.

Okada, K., M. Ikegami, Y. Zaizen, Y. Tsutsumi, Y. Makino, J. B.
Jensen and J. L. Gras, 2008: Submicrometer sulfur-rich particles in the
middle troposphere: Aircraft observations from Australia to Japan.
Atmos. Res., 88, 185-198.

Ikegami, M., K. Okada, Y. Zaizen, Y. Makino, J. B. Jensen, J. L. Gras
and H. Harjanto, 2001: Very high weight ratios of S/K in individual

haze particles over Kalimantan during the 1997 Indonesian forest fires.

Atmos. Environ, 35, 4237- 4243.

Okada, K., M. Ikegami, Y. Zaizen, Y. Makino, J. B. Jensen and J. L.
Gras, 2001: The mixture state of individual aerosol particles in the
1997 Indonesian haze episode. J. derosol Sci., 32, 1269-1279. (Erra-
tum: J. Aerosol Sci., 33, 553, 2002)

Zaizen, Y., K. Okada, M. Ikegami, Y. Sawa and Y. Makino, 2004:
Number-size distributions of aerosol particles in the free troposphere
over the northwestern Pacific Ocean - Influence of Asian outflow and
tropical air transport. J. Meteor. Soc. Japan, 82, 1147-1160.

Okada, K., M. Ikegami, Y. Zaizen, Y. Tsutsumi, Y. Makino, J. B.
Jensen and J. L. Gras, 2005: Soot particles in the free troposphere over
Australia. Atmos. Environ, 39, 5079-5089.

Okada, K., M. Ikegami, O. Uchino, Y. Nikaidou, Y. Zaizen, Y. Tsu-
tsumi and Y. Makino, 1992: Kuwaiti soot over Japan. Nature, 355,
120.

Okada, K., M. Tkegami, O. Uchino, Y. Nikaidou, Y. Zaizen, Y. Tsu-
tsumi and Y. Makino, 1992: Extremely high proportions of soot parti-
cles in the upper troposphere over Japan. Geophys Res. Lett, 19,
921-924.

Yamazaki, K., K. Okada and Y. Iwasaka, 1989: Where do aerosol
particles in the Antarctic upper troposphere come from? - A case study
in January 1983. J. Meteor. Soc. Japan, 67, 889-906.

Naoe, H., J. Heintzenberg, K. Okada, Y. Zaizen, K. Hayashi, T.
Tateishi, Y. Igarashi, Y. Dokiya and K. Kinoshita, 2003: Composition
and size distribution of submicrometer aerosol particles observed on
Mt Fuji in the volcanic plumes from Miyakejima. Atmos. Environ, 37,
3047-3055.

Naoe, H., Y. Zaizen. K. Yanagida, K. Okada, H. Takahashi and Y.
Igarashi, 2012: Mixing state of aerosol particles at Mt. Hotaka, Japan:
A case study in winter. Afmos. Res., 118, 170-179.

Mouri, H., K. Okada and Y. Tazawa, 1992: Stratospheric solid parti-
cles collected at 24 km altitude over Japan using a balloon-borne im-
pactor. J. Meteor. Soc. Japan, 70, 67-75.

Wu, P.-M,, K. Okada, T. Tanaka, T. Sasaki, T. Nagai, T. Fujimoto and
0. Uchino, 1994: Balloon observation of stratospheric aerosols over
Tsukuba, Japan: Two years after the Pinatubo volcanic eruption. J.
Meteor. Soc. Japan, 72, 475-480.

Okada, K., P.-M. Wu, T. Tanaka and M. Hotta, 1997: A light bal-
loon-borne sampler collecting stratospheric aerosol particles for elec-
tron microscopy. J. Meteor. Soc. Japan, 75, 753-760.

Xu, L., K. Okada, Y. Iwasaka, K. Hara, K. Okuhara, Y. Tsutsumi and
G.-Y. Shi, 2001: On the composition of individual aerosol particle in
the troposphere and stratosphere over Xianghe (39.45°N, 117.0°E),
China. Atmos. Environ, 35, 3,145-3,153.

15



TECHNICAL REPORTS OF THE METEOROLOGICAL RESEARCH INSTITUTE No.68 2012

Modification of dust particles by sea salt adherence and sur-
face chemical reactions in the marine atmosphere

Daizhou Zhangl’*, Guangyu Shi® and Yasunobu Iwasaka’

'Prefectural University of Kumamoto, Kumamoto 862-8502, Japan
“Institute of Atmospheric Physics, Chinese Academy of Science, Beijing 100029, China

’FSO, Kanazawa University, Kanazawa 920-1192, Japan

*Corresponding author. Tel.: +81 96 387 6712; Fax: +81 96 384 6765, Email address: dzzhang@pu-kumamoto.ac.jp

(D. Zhang)

Modifications to dust particles in the marine atmosphere detected by electron microscopy are briefly re-
viewed. Two processes are emphasized: the interaction of particles with gaseous species leading to the for-
mation of chloride, sulfate, and nitrate, and the adherence of sea salt to particles.
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1. Introduction

Individual aerosol particle analysis can provide accurate
information on the shape, size, composition, and other
properties of particles. Unlike bulk, or integrated, sample
analysis, which shows quantitative characteristics of all
particles collected on a filter, individual particle analysis
reveals the physical and chemical nature of a single atmos-
pheric particle. Because it is tremendously time consuming
and expensive, however, and because suitable standards are
lacking, it is very hard to obtain good-quality quantitative
data, although this situation is gradually improving owing
to the commercial use of aerosol time-of-flight mass spec-
trometry (ATOFMS) in a limited series of field studies.

Here, dust particle changes that occur during transport in
the atmosphere, caused by the formation of sulfate, nitrate,
and chloride and by adherence of sea salt, are summarized,
and their effects on the properties and fate of the dust parti-
cles are examined. In addition, important gaps in our
knowledge and current topics of study relevant to individual
particle analysis, as well as the potential subsequent envi-
ronmental effects, are briefly described.

2. Sulfate, nitrate, and chloride formation

The formation of particulate sulfate and nitrate is sub-
stantially enhanced by the presence of dust particles in the
atmosphere. Observations of Asian dust made at different
sites, from dust source areas to remote marine areas, have
shown that as the distance traveled by a dust plume in-
creases, the number of sulfate- and nitrate-containing parti-
cles also increases. Furthermore, the formation of such
compounds is much more efficient in the marine atmos-
phere than in the continental atmosphere, an effect that can
be attributed to the greater humidity in the marine atmos-
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phere. Although mineral dust containing substantial sulfate
and/or nitrate has been reported in the urban atmosphere of
Chinese cities, the weather conditions and records obtained
at the time of sample collection indicate that these mineral
particles were probably not from desert areas; more likely
they derived from areas with active anthropogenic emis-
sions such as road dust and coal burning emissions.

Moreover, the uptake of sulfate and nitrate by dust parti-
cles depends on the particle mineralogy; nitrate accumula-
tion is more likely on calcium-rich particles, and sulfates
tend to accumulate on aluminosilicate-rich dust. Further, the
formation of nitrate on mineral particles relates mainly to
their calcium carbonate content rather than to their silicon
dioxide content.

The formation of sulfate on dust particles does not in-
crease their hygroscopicity, whereas nitrate formation can
remarkably increase particle hygroscopicity. The presence
of nitrate on dust particles can also change the particles
from hydrophobic to hydrophilic when the relative humidity
is less than 30%, as shown by both laboratory studies and
field measurements. Thus, the formation of nitrate on dust
particles might increase their potential to act as cloud con-
densation nuclei (CCN) to produce cloud droplets.

A series of observations, for example, by ATOFMS, has
provided evidence of hydrogen chloride (HCI) formation
and deposition on dust particles in the marine atmosphere.
HCl is a secondary acid released from sea salt by substitu-
tion reactions.

Ongoing analyses have shown that, in the absence of
substantial sulfate and nitrate (i.e., in air masses less pol-
luted by anthropogenic emissions), the effects of chloride
formation on dust particles are likely important. Chloride on
dust particles can also remarkably increase their hygrosco-
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picity, suggesting that the chlorine-related chemistry of dust
particles might substantially increase the ability of dust par-
ticles to act as CCN at high altitudes in the marine atmos-
phere. In addition, a recent report indicated that dust parti-
cles coated with organic acidic materials could more effi-
ciently act as CCN.

3. Dust particles with adhering sea salt

Mineral dust particles frequently become mixed with sea
salt during their transport in the marine boundary layer, and
the mixed particles differ from mineral dust in size, hygro-
scopicity, and other physical-chemical characteristics.

Observational data and theoretical calculations have
shown that the adherence of sea salt to dust particles can
substantially enhance the settling of the particles. As a result,
mixed particles composed of dust and sea salt are removed
from the atmosphere faster than dust particles without sea
salt. Since sea salt derives from sea spray, mixed particles
are mainly found in the marine atmosphere. Thus, the grav-
itational settling of dust particles to the sea surface is fun-
damentally different from the settling of particles to the
ground surface from the continental atmosphere. This sea
salt effect on dust settling must therefore be taken into ac-
count to correctly map dust fluxes to the ocean. Studies
comparing the effects of sulfate and sea salt on dust parti-
cles have shown that sulfate and nitrate formation on dust
particles influences particle settling less than sea salt.

Unfortunately, the mechanism responsible for the mixing
of dust and sea salt has yet to be elucidated. Coagulation of
dust particles and sea salt particles that collide as a result of
Brownian motion cannot explain the observed frequency of
mixed particles, suggesting that some unknown process
causes dust and sea salt mixing. Mixing in clouds has been
suggested, but it cannot explain observations obtained dur-
ing high-pressure conditions. Small-scale turbulences in the
convective unstable mixed layer probably play a very im-
portant role in determining the fate of dust particles in the
marine boundary layer. Horizontal roll vortices and streaks
may alter the settling process to one very different from
gravitational settling and delay the removal of particles,
consequently increasing the likelihood that they will mix
with gaseous species and other particulate matter.

Mixed particles of mineral dust and sea salt show strong-
er hydrophobicity than mineral dust particles. However, this
characteristic is attributed to the sea salt component of the
particles, which shows very strong hygroscopicity

In addition, when sea salt becomes mixed with mineral
dust it may be less likely to lose chloride ions, as a result of
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the deposition of acidic materials such as sulfate and nitrate
on the dust. This effect is plausible because most mineral
dust particles are alkaline.

4. Remaining questions and challenges

Settling dust particles have an important influence on
marine ecosystems by supplying nutrients such as iron.
Early integrated sample analyses have shown that the iron
in dust particles is water soluble. How much and by what
processes the iron in dust particles becomes bioavailable is
as yet unknown. Laboratory experiments have shown that
the formation of acidic sulfate and nitrate materials can
transform iron from a water-insoluble to a water-soluble
form, although the experimental conditions differed greatly
from those in the atmosphere. Model simulations have also
evaluated these integrated sample results, but evidence from
single particle analysis is not yet available.

Recent studies of integrated samples have reported that
during long-distance transport in the atmosphere dust parti-
cles may become mixed with compounds such as halocar-
bons and polycyclic aromatic hydrocarbons and these
mixed particles may importantly affect Earth geochemical
cycles. However, methods have not yet been developed to
detect these compounds on individual particles.

Atmospheric dust dispersion may play a role in the evo-
lution and conservation of microorganism diversity in the
natural environment. Some recent studies using culturing
and staining techniques coupled with bioassays have con-
firmed that the abundance of microorganisms increases
when there are dust plumes in the ambient air. However,
methods to identify the microorganisms on a single particle
are not available; consequently, whether microorganisms
occur on dust particles is not clear, although it seems plau-
sible, or even, probable, that they should.

The observations and analyses were conducted mainly within the scope of a
series of Sino-Japan collaborative programs under the direction of Dr. Y.
Iwasaka and Dr. G. Shi. A number of previous students of Dr. Iwasaka, Dr.
Shi and Dr. Zhang contributed to the studies.
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Aerosol particles in the atmosphere have various shapes, and their shape greatly influences light scattering
and absorption by the particles. Direct observation by electron microscopy, including transmission electron
microscopy (TEM), can reveal particle shapes. Current TEM techniques can determine the two-dimensional
and three-dimensional shapes and hygroscopicity of aerosol particles. Optical properties of non-spherical
three-dimensional aerosol particles with multiple components can be determined by using discrete dipole ap-
proximation (DDA). Here, I show how the combination of TEM techniques and DDA calculations can be used

to determine the shape and configuration, and thus the optical properties, of realistic aerosol particles.

Keywords: Aerosol particles; Transmission electron microscopy; Discrete dipole approximation; Optical properties

1. Introduction

Atmospheric aerosol particles viewed by transmission
electron microscopy (TEM) show various shapes,
including fractal, aggregate, cubic, plate-like, and
spherical. However, Mie theory, which is commonly
used to estimate the optical properties of particles (e.g.,
absorption, scattering, and the asymmetry parameter),
assumes that the particles are spherical. Here, I show the
use of a discrete dipole approximation (DDA) calculation
to determine the optical properties of non-spherical
particles and electron tomography to determine the
three-dimensional (3D) shapes and configurations of
aerosol particles. I show several examples of the optical
properties of non-spherical aerosol particles.

2. Material and methods
The electron tomography and DDA methods are
described in detail by Adachi et al. (2010: Ref. 1) .

3. Results and discussion
3.1. Soot particle shape and configuration

Soot particles commonly have a fractal shape and are
mixed with other particles. The amount of light
absorption by a soot particle depends on its 3D shape and
configuration. Adachi et al. (2010: Ref. 1) showed the
effects of coatings on soot particles and particle
configuration by simulating different particle shapes and
coatings. Here, I describe how soot particle shape and
configuration affect light absorption.

Coating enhances light absorption by soot particles [2]
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via a lens effect (Figure 1). Because of refraction of light
within the coating, more light is focused on a coated soot
particle than on one without coating.

&) Nandens sffect

—

Incident light A

Retractionof light
Caubing

b Lens effact

¥ Soat

The mare Co3TngE. the mare 3asorpion

Figure 1 Schematic model of the lens effect. Light absorption by a)
non-coated and b) coated soot particle.

The position of the soot within the coating determines
the amount of light absorption [3]. Light tends to be fo-
cused on the center of the entire particles in the size
range of ambient aerosol particles. Thus, when soot par-
ticles are centered within the coating, they absorb more
light than when they are closer to one edge (Figure 2).



TECHNICAL REPORTS OF THE METEOROLOGICAL RESEARCH INSTITUTE No.68 2012

a) Center

]

b) Edge

—
._}\
___H}—}///

The maore centering, the more absorption

|

Figure 2 Schematic diagram of the position effect. Soot a) centered within
and b) near the edge of the coating.
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Figure 3 Schematic diagram of the soot shape effect. a) Compacted soot
(high fractal dimension) and b) uncompacted soot (low fractal dimension).

Particle shape, that is, the degree of compaction, also af-
fects absorption. Light absorption by a spherical soot parti-
cle depends on the particle size and the light wavelength.
Light with a wavelength of 550 nm is efficiently absorbed
by soot particles ~100 to 200 nm in diameter. Compacted
soot has an apparent size within this range. When it is un-
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compacted, its apparent size is almost the same as that of
the primary particles composing the soot, ~50 nm, and it
does not absorb light efficiently.

3.2. Hygroscopic aerosol particles

Hygroscopic aerosol particles change their shape
depending on the ambient relative humidity (RH); thus,
changes in RH can increase or decrease the light scattering
by the particles. An environmental TEM (ETEM) system,
by controlling RH, can measure these shape changes, and
then their shapes can be used determine the light scattering
by the particles. Because particles change their shape and
size after deliquescence, the scattering is different from that
estimated by Mie theory [4, 5].

4. Summary

Particle shapes vary depending on the sampling location
and time and RH. As a result, light scattering and absorption
by particles will be increased or decreased compared with
that determined by assuming a simple spherical model.
Thus, particle shape needs to be considered by climate
models.

1 thank Peter R. Buseck (Arizona State University) and Yasuhito Igarashi
(MRI) for supporting this research. I acknowledge the use of TEM facilities
within the LeRoy Eyring Center for Solid State Science at Arizona State
University.

1 Adachi, K., S. H. Chung and P. R. Buseck, 2010: Shapes of soot acrosol
particles and implications for their effects on climate, J. Geophys. Res.,
115, D15206.

2 Bond, T. C., G. Habib and R. W. Bergstrom, 2006: Limitations in the
enhancement of visible light absorption due to mixing state, J. Geophys.
Res., 111, D20211, doi: 10.1029/2006JD007315.

3 Fuller, K. A., W. C. Malm and S. M. Kreidenweis, 1999: Effects of
mixing on extinction by carbonaceous particles, J. Geophys. Res., 104,
15,941-15,954.

4 Adachi, K., E. Freney and P. R. Buseck, 2011: shapes of internally
mixed hygroscopic aerosol particles after deliquescence, and their effect
on light scattering, Geophys. Res. Let., 38, L13804.

5 Freney, E., K. Adachi, and P. R. Buseck, 2010: Internally mixed
atmospheric aerosol particles: Hygroscopic growth and light scattering,
J. Geophys. Res., 115.



TECHNICAL REPORTS OF THE METEOROLOGICAL RESEARCH INSTITUTE No.68 2012

Internal mixtures of diesel nanoparticles investigated by
FIB-SIMS microscopy

Yuji Fujitanil’*, Tetsuo Sakamoto” and Kentaro Misawa’
'National Institute for Environmental Studies, 16-2 Onogawa, Tsukuba, Ibaraki 305-8506, Japan

*Kogakuin University, 2665-1 Nakanocho, Hachioji, Tokyo 192-0015, Japan
Tokyo Institute of Technology, 4259 Nagatsuta-cho, Midori-ku, Yokohama, Kanagawa 226-8503, Japan

*Corresponding author. Tel.: +81 29 850 2014, Fax: +81 29 850 2014, Email address: fujitani.yuji@nies.go.jp
(Y. Fujitani)

Information about the physicochemical properties of particles composed of internal mixtures of inorganic
and organic materials is necessary to predict particle fate after deposition in the lung and to assess particle tox-
icity. To measure internal mixtures of inorganic and organic materials in diesel exhaust nanoparticles, we ap-
plied a scanning electron microscopy technique, in which Ga-focused ion beam-secondary ion mass spectrome-
try (FIB-SIMYS) is coupled with laser ionization, for observation of diesel particles. We collected particles, gen-
erated by an engine operating under no-torque conditions, with aerodynamic diameters of 100-630 nm (subdi-
vided into four size fractions) and with mobility diameters of 30, 50, and 100 nm. By using FIB-SIMS observa-

tions, we classified the particles into seven types according to their physical size and chemical composition.

Keywords: Nanoparticle; Ultrafine particle; FIB-SIMS; Imaging; Laser ionization

1. Introduction

Particles, especially insoluble and ultrafine particles
(diameter < 100 nm), deposited in the human alveoli are
thought to penetrate the cell membrane and enter the blood-
stream to be transported to other organs [1, 2]. The adverse
health effects due to such insoluble nanoparticles may de-
pend on their chemical composition and shape, as well as
on the dose received (number and surface area of the parti-
cles). In contrast, the adverse health effects of soluble na-
noparticles may depend primarily on their chemical compo-
sition and the dose. Thus, the physicochemical properties of
nanoparticles, including internal mixtures of inorganic and
organic materials, need to be known to predict the toxicity
and likely fates of particles after deposition in the lung. Par-
ticle fate depends on its solubility in the lung fluid, which in
turns depends the particle’s composition and how the com-
ponents are mixed.

In this study, we applied a scanning electron microscopy
technique, in which ion beam-secondary ion mass spec-
trometry (FIB-SIMS) to measure the internal mixture of
inorganic and organic materials in diesel exhaust particles
and nanoparticles.

2. Methods
An apparatus consisting of a scanning electron micro-
scope and a focused ion beam secondary ion mass spec-
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trometer [3] was used to measure the internal mixture of
inorganic and organic material in diesel exhaust nanoparti-
cles. A gallium liquid metal ion source (*’Ga and 7'Ga mix-
ture) was used for the FIB. Resonance enhanced mul-
ti-photon ionization was used for the detection of organic
species. Image resolution of up to 50 nm was achieved. Par-
ticle morphology was also observed by transmission elec-
tron microscopy (TEM; JEM-2010, JEOL).

An 8-L diesel engine (1997 emission regulations) that
was not fitted with any after-treatment devices in the Na-
noparticle Health Effect Laboratory, National Institute for
Environmental Studies [4], was used to generate diesel ex-
haust particles. The engine was operated at a steady state of
2000 rpm and 0 Nm. Low-sulfur diesel fuel (JIS No. 2 light
oil, available and generally used in Japan) and lubricant oil
(E Pro Extra 10W-30, Hino) were used. The exhaust was
introduced into a primary dilution tunnel and diluted with
particle-free clean air with a dilution ratio of about 10
times.

Particles were collected in a size-resolved manner be-
cause the depositional area after inhalation is a function of
the particle aerodynamic diameter or diffusive equivalent
diameter [5], not the physical particle size. Size-resolved
particles (aerodynamic diameter, D,. = 100-630 nm, divid-
ed into four size fractions) were collected on a silicon wafer
by a low-pressure impactor (DLPI, Dekati) in the primary
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dilution tunnel. The sample flow rate was 10 L min" and
the sampling duration depended on the targeted size fraction,
because particle number concentrations differ according to
the size fraction and the particles collected on the silicon
wafer in the microscope were required not to overlap. Parti-
cles smaller than 100 nm are likely to overlap on the impac-
tion plate because of their high number concentration;
therefore, we used a differential mobility analyzer (DMA)
and electrical precipitator to distribute the sample evenly on
the silicon wafer. Particles with a mobility diameter (D,,) of
30, 50, and 100 nm were collected on the silicon wafer or
on collodion membrane-coated copper grids with an elec-
trical precipitator operated at 9 kV after passing through the
DMA (SIBATA) with a sheath flow rate of 24 L min' and a
sample flow rate of 2.4 L min . The aerodynamic diameter
and electrical mobility diameter were equivalent, as shown
by the mass size distribution determined by DLPI meas-
urement and the volume size distribution determined by a
scanning mobility particle sizer (3034, TSI), in the primary
dilution tunnel during sampling. Therefore, we considered
there to be no systematic difference between particles >100
nm and <100 nm obtained by the different sampling meth-
ods.

3. Results and discussion

Three kinds of physical particles were detected as having
D,. = 100-630 nm for each size fraction: agglomerated par-
ticles a few micrometers in diameter, oily spot, and smaller
particles with a diameter similar to their D,.. Agglomerated
particles were apparently soot particles; clusters of ions (Cs,
C4, Cs, C¢), detecting mainly of elemental carbon, were de-
tected. Further, their surface seemed to be coated with an
oily substance, because they suddenly shrank when exposed
to FIB irradiation. Ca and carbon were detected in the oily
spots, indicating that oil mist particle is derived from lubri-
cant oil (Figure 1). The smaller particles consisted mainly
of Ca and CI (Figure 1), or they corresponded to oxidized
particles containing Na and K. Carbonaceous particles were
also detected without Na or K. We classified the particles
with D,. = 100-630 nm into five types according to their
physical size and chemical composition. TEM observation
indicated that the number of primary particles (about 10 nm)
increased as the particle size increased (Figure 2).
FIB-SIMS observation showed that particles with D, =
30-100 nm were of two types, oil mist particles and carbon
particles covered with fluorine.

To simulate particle fate after deposition in the lung, the
soot particles were exposed to micro mist of acetone gener-
ated by electrical spray. FIB-SIMS observation showed that
after exposure, the aliphatic hydrocarbons on the soot parti-
cle dissolved and dispersed around particle, creating many
small particles from the soot particle fragments. From this
we infer that after deposition in the alveoli agglomerated
particles become disagglomerated in the alveolar lining.
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Smaller particles can more easily penetrate the cell mem-
brane and enter the bloodstream, to be transported to other
organs. Thus, the fate of these particles after deposition in
the lung can be predicted from our data.

Fum —

Figure 1 Elemental mapping of Ca’, C,, and CI" for particles of D,, =
390-630 nm

Figure 2 TEM images of particles with D,,, = 30, 50, and 100 nm. Scale bar
is 100 nm.
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The Community Multiscale Air Quality model was used to analyze atmospheric transport of elemental car-
bon (EC) and sulfate (SO,”) in the Kanto region of Japan in summer 2007. Although the model captured well
the long-range transport of EC from the Asian continent, the simulation results indicated that local emissions
dominantly contributed to EC concentrations in urban parts of the Kanto region. The model also approxi-
mately captured the concentration of SO,> and its temporal variation in the region. The simulation results in-
dicated that both domestic emissions in Japan and long-range transport from the Asian continent contribute to
SO,> concentrations in the Kanto region. When a Pacific high-pressure system covered the Kanto region, local
circulation was well developed and consequently domestic emissions, including volcanic emissions, were the
dominant contributors, whereas when a high-pressure system prevailed over the East China Sea and
low-pressure systems passed north of Japan, synoptic-scale winds associated with this pressure pattern trans-
ported large amounts of SO,* from the Asian continent to the Kanto region. In addition, although heavy pre-
cipitation decreased SO,* concentrations near the center of a typhoon, peripheral typhoon winds occasionally

played an important role in the long-range transport of SO,* from the Asian continent to the Kanto region.

Keywords: PM, 5; Air quality model; Sulfate; Elemental carbon; Long-range transport

1. Introduction

Fine particulate matter (PM, s5) has several major compo-
nents, including elemental carbon (EC) and sulfate (SO/5).
PM, s has been of increasing concern because it can seri-
ously affect human health. The Ministry of the Environment
of Japan established an air quality standard for PM,s in
2009. Although PM, s concentrations have decreased in
recent years in Japan, the standard for PM, 5 is seldom at-
tained in most urban areas. Therefore, better understanding
of PM,s behavior in the atmosphere is required so that
measures to attain the standard can be developed.

In this study, the Community Multiscale Air Quality
model (CMAQ) [1] driven with meteorological fields pro-
duced by the Weather Research and Forecasting model
(WRF) [2] was applied to the Kanto region of Japan in
summer 2007. In summer, a Pacific high-pressure system
often covers Honshu, the main island of Japan. Under this
condition, local circulation is well developed and
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long-range transport is likely to be of small importance.
However, Aikawa et al. (2010: Ref. 3) showed that
long-range transport of SO4> from the Asian continent con-
tributes importantly to air quality in Japan even in summer.
In Japan, summer is also the typhoon season and the heavy
precipitation and strong winds associated with typhoons can
also affect air quality. The present study analyzed summer-
time atmospheric transport of EC and SO42’ in PM,s.

2. Methods

The Advanced Research WRF version 3.2.1 and CMAQ
version 4.7.1 were used. The WRF/CMAQ modeling sys-
tem was run for July and August 2007 with three nested
modeling domains, from domain 1, covering a wide area of
East Asia, to domain 3, covering most of the Kanto region.
Mesoscale and regional-scale objective analysis data of the
Japan Meteorological Agency and the final analysis data of
the U.S. National Centers for Environmental Prediction
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were used for initial and boundary conditions and grid
nudging in the WRF simulation. Initial and boundary condi-
tions for the CMAQ simulation were obtained from the
Model for Ozone and Related Chemical Tracers version 4
[4]. Emission data were derived from Ohara et al. (2007:
Ref. 5) and Zhang et al. (2009: Ref. 6), and estimated by the
method described by Chatani et al. (2011: Ref. 7). The
CMAQ simulations were conducted for two cases: a base-
line simulation case (CB), and a case in which EC and sul-
fur compound emissions outside Japan and their domain 1
boundary concentrations were set to 0 (CJ).

3. Results and discussion

The simulated EC concentration of CB agreed with the
observed black carbon (BC) concentration at the Chi-
chi-Jima Island (about 1000 km south of the center of To-
kyo; Figure 1). This result indicates that the model repro-
duced well the long-range atmospheric transport of EC. It
also captured well the temporal variations of EC and SO,*
concentrations at Komae (about 10 km southwest of the
center of Tokyo; Figures 2 and 3). The EC concentration of
CB was slightly higher than but similar to that of CJ, indi-
cating that local emissions dominantly contributed to the
EC concentration in urban areas of the Kanto region. The
differences in the SO,* concentrations between CB and CJ
indicate that long-range transport from the other countries
contributed substantially to SO,” concentrations in the
Kanto region even in summer. On 15 July, heavy precipita-
tion associated with typhoon 0704 Man-Yi decreased the
SO, concentration. On 20 July, the typhoon and the
low-pressure system that succeeded it transported EC from
the Yellow Sea coastal area to the Chichi-Jima Island, and a
volcanic plume from the Miyake-Jima Island increased the
SO, concentration at Komae. During 26-29 July and
25-28 August, a high-pressure system prevailed over the
East China Sea and low-pressure systems passed north of
Japan. Under this typical summertime pressure pattern, the
associated synoptic-scale winds transported large amounts
of SO,* from the Yellow Sea coastal area to Japan. From
31 July to 5 August, peripheral winds of typhoon 0705
USAGI controlled the SO,* concentration in the Kanto re-
gion by transporting a polluted air mass from the Asian
continent and a clean air mass from the Pacific Ocean. After
the passage of the typhoon, a Pacific high-pressure system
often covered the Kanto region. Under this very typical
summer pressure pattern, local sea and land breezes were
well developed and the region tended to be less affected by
Asian continental outflow. On 21 August, the local circula-
tion accumulated local air pollutants and volcanic gases
from Miyake-Jima, and caused high SO,* concentrations at
Komae.
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Figure 1 Hourly time series of observed BC and simulated EC concentra-
tions at Chichi-jima.
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Figure 2 Time series of observed and simulated 6-hour EC and SO,* con-
centrations at Komae.
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Figure 3 Time series of the observed and simulated daily SO concentra-
tions at Komae.
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Black carbon (BC) is the most strongly light-absorbing component of aerosols, and the accurate simulation
of BC-containing aerosols is required to properly predict aerosol radiative forcing (ARF) and climate change.
Different global climate models differently treat categories of BC-containing aerosols and their behaviors in the
atmosphere. In this study, we implemented newly parameterized BC aging processes depending on sulfuric acid,
BC, and total aerosols into a global three-dimensional aerosol transport-radiation model, SPRINTARS. ARF as
predicted by the traditional aging process and a new process differed from that calculated by the original
SPRINTARS by about 0.30 Wm™, a value comparable to the uncertainty suggested by international model in-

tercomparison (AeroCom) results.

Keywords: Black carbon (BC); BC Aging process; Global aerosol model; BC radiative forcing

1. Introduction

Black carbon (BC) aerosol particles strongly absorb
shortwave radiation and thus influence radiative perturba-
tion more strongly than other aerosol components [1-3].
Estimates of the direct radiative impacts of an aerosol due
to BC derived from fossil fuel and biomass burning still
include large uncertainty, with positive forcings of +0.20 +
0.15 and +0.03 + 0.12 W m?, respectively [3]. The uncer-
tainty of the BC radiative effects may reflect uncertainties
in both the spatial distribution of BC, which depends on
various atmospheric processes such as emission, transport,
chemical transposition (BC aging), and deposition process-
es [4-7], and BC optical properties [8]. Among general cir-
culation models (GCMs) and models included in the Aero-
Com model intercomparison project, differences in the BC
aging process are large (Table 1). Most aerosol climate
models still use parameterization to simplify the BC aging
process.

Therefore, in this study, we investigated how differences
in the treatment of the BC aging process affected the BC
spatial distribution and thus BC radiative forcing. For this
purpose, we performed numerical experiments with
SPRINTARS, a global aerosol transport-radiation model
[9-13], which also is a participant in the AeroCom project,
using three different types of treatment for BC aging pro-
cesses: (1) the original SPRINTARS method (ORIG); (2)
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the traditional method, which uses a constant aging time-
scale with e-fold lifetime (tBC) through coagulation and
condensation and is widely used in global models (AGF); (3)
a method similar to AGF but using a variable TBC value
that is calculated online by a new parameterization of BC
aerosols based on a spectral-binning method (AGV) [14].

Table 1 Summary of BC aging processes used in global models

Name® Method®  Time scale of BC aging® Computer cost®
UMI None Zero (No aging)

UIO_CTM Param. Const. Light
LOA Param. Const. Light
LSCE Param. Const. Light

MPI HAM  Explicit Var. Heavy
GISS Param. Const. Light

UIO_GCM  Explicit Var. Heavy

SPRINTARS  Param. Zero® Light
ULAQ Param. Const. Light
GOCART Param. Const. Light

* Model name as shown in the AeroCom project [4]

® Param., parameterization; Explicit, explicit expression

¢ Zero, no decay; Const., constant timescale of decay; Var., variable time-
scale of decay

4 CPU time required to calculate the process

¢See section 2
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2. Methods
2.1. Global aerosol radiation model (SPRINTARS)

We implemented three different BC aging processes in a
global three-dimensional aerosol transport-radiation model,
the Spectral Radiation-Transport Model for Aerosol Species
(SPRINTARS) [9-13, 15, 16]. SPRINTARS has been im-
plemented within an atmospheric GCM developed by the
former Center for Climate System Research (now Atmos-
phere and Ocean Research Institute) of the University of
Tokyo, National Institute for Environmental Studies, and
the Frontier Research Center for Global Change, and used
for climate modeling [17]. The model has also been imple-

mented within a radiation scheme called MSTRN-8 [18, 19].

SPRINTARS calculates the mass mixing ratios of the main
tropospheric aerosols, namely, carbonaceous aerosols, in-
cluding water-soluble BC (WSBC), water-insoluble BC
(WIBC), and organic particles (OC); sulfate, soil dust, sea
salt, and the precursor gases of sulfate (SO, and dimethyl
sulfide). SPRINTARS considers atmospheric processes,
including emission, advection, diffusion, sulfur chemistry,
deposition, and gravitational settling. We used emission
inventories and nudging conditions described previously
[10, 15]. The spatial and vertical resolutions were set to T42
(i-e., 2.8° x 2.8° horizontally and 20 vertical layers).

2.2. Treatment of BC

The three ways of treating BC aging processes imple-
mented in SPRINTARS are shown schematically in Figure
1.
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Figure 1 Schematic diagram of the three BC aging processes implemented.

2.2.1. Original method (ORIG)

In ORIG, WIBC is not converted to WSBC; that is, it is
assumed that no BC aging occurs in the atmosphere. BC
aerosols are categorized into three types: pure BC (i.e.,
WIBC) and two types of WSBC (BC/OC = 6.67 or 3.33). In
the original SPRINTARS, the partitioning ratio of WSBC
into each mode is diagnosed by the fractions of WSBC and
OC in one grid cell of the GCM. Therefore, ORIG treats
three carbonaceous tracers: OC, WSBC, and WIBC. In
ORIG, half of the BC emitted by fossil fuel combustion is
assumed to be externally mixed with other species (i.e.,
WIBC), whereas the BC from biomass burning, agricultural
activities, and biofuel combustion is considered to become
internally mixed with OC (i.e., WSBC) within one time step
(about 20 min) of the GCM in one grid cell (about 300 km
by 300 km).
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2.2.2. AGV and AGF

In AGV and AGF, BC aging in the atmosphere is ex-
pressed by the conversion timescale with e-fold lifetime,
wBC, from WIBC to WSBC. The change in WIBC in time ¢
can be expressed in terms of TBC as follows:

[WIBC](1) =[WIBC](t-1)+[WIBC](1 1) xexp(~1/TBC).

[WSBC](1) =[WSBC](z-1)-[WIBC](t-1)x exp(-z(/lr)BC),

2)

where [WIBC] and [WSBC] are the concentrations of
WIBC and WSBC, respectively. In AGF the tBC value is
generally fixed at 1 to 1.2 days (see section 1) [20, 21]. In
AGYV, however, tBC is allowed to vary, depending on the
number concentration of the particles to be aged and the
concentrations of condensed gases. In this method, we used
a new parameterization of tBC that takes into account the
dependence of the aging process on various conditions. This
parameterization was developed by Liu et al. [5], who used
a detailed physics-based aerosol mixing state-resolved box
model for the purpose [22, 23]. However, this parameteriza-
tion only addresses the growth of BC by condensation, and
ignores other BC aging processes (e.g., by coagulation).
Therefore, we set the maximum tBC to 20 days following

[7].

3. Results

We compared three methods using the horizontal distri-
bution of the annually averaged BC mass concentration at
the surface (Figure 2). We found that the difference in the
calculated BC mass concentration among the three methods
was at most 10% near aerosol sources and at most 50% over
remote areas (Figures 2b and 2c). The differences among
the methods near aerosol source regions such as North
America exceeded the differences between the simulations
and the observations (not shown). Therefore, these differ-
ences may reflect mainly the uncertainty of the BC emis-
sion inventory.

We also compared the annually averaged ratio of WIBC
to total BC (WIBC + WSBC) (hereafter, the WIBC ratio) at
the surface with that at the sigma 0.5 level (Figure 3). In
ORIG, the WIBC ratio at the surface ranged from 10% to
30% over the BC source regions (United States, Europe,
China, and India) and were smaller over oceans (from 30%
to 40%), because the WIBC particles, which are ineffi-
ciently removed by rainout during precipitation events, do
not age in ORIG but remain in the atmosphere, whereas
WSBC particles are efficiently removed. In contrast, in both
AGF and AGV, the WIBC ratios at the surface over most
land areas become much larger than those over oceans. In
AGYV, the WIBC ratios are larger than those in AGF over
most of the world, because the magnitude of the conversion
timescale is smaller in AGV than in AGF. As a result,
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WIBC ages more rapidly in AGF than in AGV and more is
scavenged by wet deposition. Therefore, the contrast in the
WIBC ratio between land and ocean in ORIG is very dif-
ferent from that in both AGV and AGF. Theoretically, the
WIBC ratio tends to be higher over BC source regions (land)
than over outflow regions (ocean), because the amount of
BC that is aged by condensation of gases or other aerosols
is in proportion to the amount of time the BC particles re-
main suspended in the atmosphere [24-27].

a) Surface BC mass n AGY

T ]

Figure 2 Global distributions of annually averaged (a) surface BC mass
concentrations obtained by the AGV method, and the relative differences in
BC mass concentrations (b) between AGF and AGV and (¢) between ORIG
and AGV.

{b) Surface WIBCDE nato e AGE  (c) Surface WIBL/BC rata m DRIG
[#] (0.5 WIBCEC rEa m AGF ‘tﬂdimtfﬂnoﬂlﬂ

[fpie=0. 5 WIBCTBC relia n AGY

—eelET ] T eeEe—

1uan3u4usum7uaumm

Figure 3 Annual mean ratio of WIBC to total BC at the surface and at the
sigma 0.5 level.

These differences in the WSBC ratio among the methods
result in differences in the absorption aerosol optical thick-
ness (AAOT) (Figure 4). The AAOT values in AGV tend to
be larger than those in the other two methods, especially
over biomass burning regions. This difference can be ex-
plained in part by the gap in AAOT between simulation and
observation [4].
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Figure 4 Global distribution of annually averaged (a) AAOT obtained by
the AGV method and the relative differences in AAOT (b) between AGF
and AGV and (c) between ORIG and AGV.

Finally, we estimated aerosol radiative forcing caused by
the aerosol direct effect due to anthropogenic BC to be
+0.300 Wm™ (AGV), +0.047 Wm™ (AGF), and +0.356
Wm? (ORIG). Thus, AGF tended to underestimate the
amount of aerosol light absorption compared with the other
methods (AGV and ORIG).

4. Conclusions

Differences in the treatment of BC aging in aerosol mod-
eling studies can cause differences of up to about 0.3 Wm™
in the aerosol radiative forcing due to BC. This value is
comparable to the uncertainty suggested by AeroCom re-
sults. Therefore, this problem needs to be addressed further
by obtaining new information from field measurements and
in situ experiments. In this regard, electron microscopy
could contribute to global modeling by providing micro-
physical information, for example, the fraction of
BC-containing particles relative to total atmospheric parti-
cles and the proportion of BC in BC-containing particles.
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Energy dispersive X-ray spectroscopy (EDS) is an established technique used to characterize the elemental
composition of a sample under the beam of an electron microscope. INCAFeature is an automated feature de-
tection and analysis system in which an electron microscope is used for feature detection and EDS is used to
determine the chemistry of each feature. Although a particle analysis with an scanning electron microsco-
py-EDS system is often used for non-metallic inclusions in steel or gunshot residue, few studies have used a
transmission electron microscopy (TEM)-EDS system because of sample size and focusing difficulties. In this
study, we conducted a first trial of automated particle analysis with a TEM-EDS system and succeeded in au-
tomatically detecting and analyzing 158 particles in just 31 min. By automating labor-intensive statistical cal-
culations, INCAFeature can accelerate the progress of aerosol studies.

Keywords: Acrosol particles; Energy dispersive X-ray spectroscopy; Elemental composition; Automated analysis;

Particle analysis; Electron microscopy

1. Introduction

Energy dispersive X-ray spectroscopy (EDS) is an estab-
lished technique used to characterize the elemental composi-
tion of a sample under the beam of an electron microscope.
INCAFeature is an automated particle detection and analysis
system that uses electron microscopy for feature detection
and EDS for determining the chemistry of each particle.
Although a scanning electron microscopy-EDS system is
often used for particle analysis of non-metallic inclusions in
steel or gunshot residue, few studies have used a transmis-
sion electron microscopy (TEM)-EDS system because of
sample size and focusing difficulties. In this study, we con-
ducted a first trial of automated particle analysis with a
TEM-EDS system.

2. Instrument configuration

EDS system: INCAFeature, a particle detection and iden-
tification system
EDS detector: X-MAXTEM, 80 mm’ (Oxford Instruments
Ltd.)
TEM: JEM-1400 (JEOL Ltd.)

3. Aerosol particles

An aerosol is a colloid suspension of fine particles in a
gas. Aerosols scatter and absorb solar and terrestrial radia-
tion. Moreover, by forming clouds, they influence climate
and meteorology. Aerosol particles have complex chemical
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compositions and vary over a wide size range, depending on
their origin and on atmospheric processes. The number, size
and chemical composition of aerosol particles have im-
portant consequences for meteorological phenomena. In this
study, aerosol particles were applied to a carbon filter for
TEM imaging and EDS analysis.

4. Results

On a TEM image (Figure 1), aerosol particles appear as
small dark particles and brighter amorphous features. The
dark particles are composed mainly of carbon, silicon, and
some metals (data not shown), whereas the brighter particles
are sulfate.

Gray-level thresholding of the image is used to identify
the gray particles on the filter. Figure 2 shows aerosol parti-
cles imaged by TEM and scanning TEM (STEM; dark-field),
and detected by INCAFeature. Sulfate particles are brighter
than the filter used to obtain the STEM image. Detected
particles were colored individually.
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Figure 2 Aerosol particles imaged by (a) TEM and (b) STEM (dark-field)
and (c) detected by using INCAFeature

Kormrebep s
) Y Th b DT aba PP Lh !
s L.l Y4 A . Tiv 2T Wl T
Al Lal = 1k H L0 I kX3
im0 (IR nr-alr ] (3] T3 T
Tlamr- VI ni-alr 19 LE+ [1%] BT
|3 (0] B = e [T e
Dt or T e F.- L ol el
B L1 nir
Lot 11 rr
| wrirsdar 1 i
S - 3%

(c) (d)

Figure 3 INCAFeature TEM results for a single particle: (a) STEM image,
(b) binary image and X-ray spectrum, and information on the particle’s (c)
morphology and (d) chemistry.

To acquire a STEM image for morphological measure-
ment, all detected particles were scanned again; the electron
beam scanned each particle continuously and its X-ray spec-
trum was determined with the EDS detection system. The
automated analysis of a particle by INCA Feature produces a
STEM image of the particle and its X-ray spectrum, and

information on its morphology and chemical composition
(Figure 3). Then, the particle is classified on the basis of its
morphology and chemistry (Figure 4).

In this trial, 158 particles were detected automatically in a
12 pm x 12 um area, and particle detection and measure-
ment took just 31 min. The automated statistical data pro-
cessing can be performed using the particle chemistry or its
morphology, or a combination of the two (Figures 5 and 6).
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Figure 4 Example of particle data. Scatter plot of area vs perimeter (left),
and a quant bar summarizing all of the elements and their concentrations
(right)
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Figure 5 Example statistical analyses

Figure 6 Histogram showing the frequency distribution of one morpholog-
ical measurement. Most particles were smaller than 200 pm equivalent
circle diameter (ECD).

5. Conclusion

INCAFeature, an automated particle analyzing system
used in conjunction with TEM, is a powerful tool for aerosol
studies. Typically, particle analysis by TEM-EDS is done
manually point by point, which requires an immense amount
of time and effort. With INCAFeature, we succeeded in au-
tomatically detecting and analyzing 158 particles in just 31
min, and data processing was done in parallel. Thus, by au-
tomating labor-intensive statistical processing, INCA Fea-
ture can further the progress of aerosol studies.

The authors thank Dr. Yasuhito Igarashi, Meteorological Research Institute,
for the aerosol sample.
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This study focuses on radioisotopes on aerosols exposed to radionuclides produced by the Fukushima Daiichi
nuclear disaster. Radioisotopes are transported by wind in the gas phase or adsorbed onto aerosol particles.
The distribution of radioisotopes in the environment depends on the aerosol particle size and the radionuclides
present, factors that must be considered when investigating the areas polluted by radioisotopes and internal
contamination in our bodies. In this study, size-classified aerosol particle samples were collected with a cascade
impactor and analyzed by secondary ion mass spectrometry.

Keywords: Size-classified analysis; Radioisotope aerosol; Fukushima Daiichi nuclear disaster; SIMS

1. Introduction

This study focused on radioisotopes on aerosols that were
exposed to radionuclides produced by the Fukushima
Daiichi nuclear disaster. Radioisotopes are carried by winds
in gas phase or adsorbed onto aerosol particles. The distri-
bution of radioisotopes in the environment depends on the
aerosol particle size and the radionuclides present, and these
factors must be considered in investigations of the areas
polluted by radioisotopes and internal contamination in our
bodies.

Radioactive contamination is frequently discussed only in
terms of dose. The objective of this study was to clarify the
relationship between radionuclide distribution in the envi-
ronment and the size of aerosol particles, which is not taken
into account by the Japanese System for Prediction of En-
vironmental Emergency Dose Information. In this study,
size-classified aerosol particle samples were collected by
cascade impactor and analyzed by secondary ion mass
spectrometry (SIMS).

2. Methods

Acrosols were sampled with an MCAS-03 aerosol sam-
pler (Murata Inc.) that filtered the particles into three size
fractions according to their aerodynamic diameter: >10 pm,
2.5-10 pm, and <2.5 pm.

The sampling locations were Katsuomura, in Fukushima
Prefecture, almost 20 km from the Fukushima Daiichi nu-
clear power plant; Noda, in Chiba Prefecture, which is near
a nuclear fallout hot spot; and Aihara, in Tokyo, where the
dose measured after the disaster was nearly the same as that
before the disaster. In some locations, the aerosol sampler
was powered by electricity provided by an AC backup sys-
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tem; MBS-300S-TR1 (Miyauchi works).

The aerosol samples on the sampling plates were intro-
duced into a dynamic SIMS system (IMS-4f; AMETEK,
Inc.) and supplied with 4.5 kV of energy. The primary ion
beam was O, (acceleration energy, 10 kV; beam current, 30
nA). In this system, secondary ions generated by a sputter-
ing process are separated by their energy and mass by a
mass spectrometer.

3. Estimation of size-classified aerosols

In addition to the SIMS analysis, the size-classified aer-
osol particles were examined by scanning electron micros-
copy (SEM) and energy dispersive X-ray spectroscopy
(EDX) (Figure 1). In this figure, the SEM images show
each size fraction of the aerosol sampled at Noda. Fine aer-
osol particles (<2.5 um) are observed on the resin fibers,
and an aggregate of aerosol particles of intermediate size .
A single aerosol particle of the >10 pm size fraction is also
shown.

The mass spectrum of the <2.5 pm aerosol particles
shows a strong peak at m/z = 131. The peak may represent
radioiodine already transformed by beta decay to *'Xe in
the nuclear reactor [1]. The mass spectrum of the aerosol
particle > 10 pm in diameter shows two strong peaks at m/z
=139 and 141. These may represent the main fission prod-
ucts of the following nuclear reactions:

235U+n — 921{‘[‘"‘ 141Ba+3n
235U+n — 95Y+ 1391+2n

(1)
2)

These elements are not stable, and by the time they were
released into the atmosphere their decay products were no
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Figure 1 SEM images (top row), mass spectra (middle), and EDX spectra (bottom) of size-classified aerosol particles: a) <2.5 um; b) 2.5-10 um; ¢) >10 pm.

longer radioactive.

The EDX spectra show that the main elements in the
sampled aerosol were carbon, oxygen, and silicon. No ele-
ments generated by the nuclear disaster were detected.
Small particles also included sodium and chlorine, probably
from sea salt.

4. Concluding remarks

To clarify the size relationship between aerosol particles
and radionuclides, a size-classified aerosol sample was ob-
tained by cascade impactor and analyzed by SIMS.

The mass spectrum of particles < 2.5 pm showed a strong
peak at m/z = 131, suggesting radioiodine already trans-
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formed by beta decay to "*'Xe in the nuclear reactor. The
mass spectrum of particles > 10 pm showed two peaks (m/z
=139 and 141) that may have originated as the main fission
products of the nuclear reactions.

This study was supported in part by the Research Fund of the Tokyo Uni-
versity of Science. I am grateful to Dr. Yasuhito Igarashi, Prof. Kazuhiko
Miura, and Prof. Ken Takada for technical support and helpful sugges-
tions.

1 Aregbe, Y., K. Mayer, S. Valkiers and P. De Bi¢vre, 1996: International
Journal of Mass Spectrometry and Ion Processes, Volume 154, Issues
1-2, Pages 89-97.
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The mixing state of black carbon (BC) aerosols, namely, the degree to which BC particles are coated with
other aerosol components, has been recognized as important for evaluating aerosol radiative forcing. In order
to resolve the BC mixing state explicitly in model simulations, the Model of Aerosol Dynamics, Reaction, Ioni-
zation, and Dissolution with resolution of the mixing state of BC (MADRID-BC) was developed. MADRID-BC
uses a two-dimensional (2-D) aerosol representation, in which aerosols are given for individual particle diame-
ters and BC mass fractions, and it can accurately simulate changes in the entire BC mixing state resulting from
condensation/evaporation processes. Aircraft observations conducted in March 2004 show that the mass frac-
tion of thickly-coated BC particles increased in air horizontally transported out from an urban area in Japan
within the planetary boundary layer (PBL) over the ocean. MADRID-BC generally reproduces this feature well
when observed bulk aerosol concentrations are used as constraints. MADRID-BC was applied to evaluate the
influence of changes in the BC mixing state on aerosol optical properties and cloud condensation nuclei (CCN)
activities in these air parcels. The evaluation shows that coatings on BC particles enhance light absorption at a
wavelength of 550 nm by 38% in air leaving the source region, and by 59% after transport over the ocean for
half a day. When the model treats aerosols using the conventional size-resolved sectional representation that
does not resolve BC mixing states, the simulated absorption coefficients and single scattering albedos are
greater by 3544% and smaller by 7-13%, respectively, than those from a simulation that resolves the BC
mixing state. These results indicate that it is essential for atmospheric models to take into account BC-free par-
ticles for accurate prediction of aerosol optical properties, because the conventional representation cannot sep-
arately treat BC-containing and BC-free particles in each size bin. Moreover, 55% and 83% of BC-containing
particles (by BC mass concentration) can act as CCN at a supersaturation of 0.05% when they leave the source
region and after transport for half a day, respectively. These results suggest the importance of the uplift of BC
particles from the PBL near source regions for their efficient long-range transport in the free troposphere.

Keywords: Aerosol modeling; Black carbon; Mixing state; Aging; Aerosol optical properties; Cloud condensation
nuclei

1. Introduction

Black carbon (BC) aerosols (soot) in the atmosphere ef-
ficiently absorb solar radiation and are recognized as one of
the most important aerosols for climate forcing. In evaluat-
ing aerosol radiative effects, the mixing state of BC parti-
cles, namely, the degree to which BC particles are coated
with other aerosol components, is a key parameter. Freshly
emitted BC particles are generally bare (hydrophobic BC)
and become internally mixed with other aerosols through
condensation, coagulation, and photochemical oxidation
processes in the atmosphere (referred to as “aging process-
es” hereafter). Coatings on BC particles with sufficient wa-
ter-soluble compounds, such as ammonium sulfate
((NHy4),SO,4) and organic acids, change hydrophobic BC to
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hydrophilic BC, which can serve as cloud condensation
nuclei (CCN) at a given supersaturation. Therefore, the
coatings on BC particles increase their wet scavenging effi-
ciency and influence the atmospheric lifetime of BC Stier et
al., (2006: Ref. 1) through their removal from the atmos-
phere by precipitation Oshima et al., (2012: Ref. 2). At the
same time, coatings on BC particles with non-absorbing
compounds enhance the BC absorption efficiency of solar
radiation Bond et al., (2006: Ref. 3) This enhancement and
the CCN activity of a BC-containing particle primarily de-
pend on the diameters of the BC core and the particle shell,
which consists of both the BC core and the coating materi-
als. Consequently, to accurately estimate the aerosol optical
properties and CCN activities of BC-containing particles,
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one needs to know the entire BC mixing state, namely, the
size distribution of BC-containing particles as a function of
both the BC core diameter and the BC mass fraction. Alt-
hough previous modeling studies have evaluated the radia-
tive effects of aerosols including BC, some uncertainties
remain in their results because the entire BC mixing state
was not accurately treated in most of these studies.

In this study, a new mixing state resolved box model is
developed to explicitly simulate the entire BC mixing state
resulting from condensation/evaporation processes. This
paper presents comparisons of the model simulation results
with the aircraft observations and the influences of changes
in the BC mixing state on aerosol optical properties and
CCN activities for air parcels sampled by the aircraft.

2. Methods

A new box model, called Model of Aerosol Dynamics,
Reaction, Ionization, and Dissolution (MADRID) [4] with
resolution of the mixing state of BC (MADRID-BC), was
developed as a stand-alone model that includes gas-phase
chemistry. Oshima et al. (2009a, b: Ref. 5, 6) describe
MADRID-BC in detail. MADRID-BC uses a 2-D aerosol
representation, in which aerosol mass and number are given
for individual particle diameters and BC mass fractions, so
that the coexistence of BC particles with different shell di-
ameters but with the same BC core diameter can be tracked
for all ranges of BC core diameter (Figure 1). In this study,
40 size sections, ranging from 0.0215 pm to 10 um, are
employed, and BC mass fractions are divided into ten even
sections between 0 and 100%. In addition to BC-containing
particles, externally mixed “BC-free” particles are treated
separately. Aerosol species treated in MADRID-BC include
sulfate (SO,%), ammonium (NH,"), nitrate (NO5), sodium
(Na"), chloride (CI), aerosol water, BC, and organic aerosol
(OA). Note that the 2-D aerosol representation allows the
coexistence of particles having different BC mass fractions
with any given particle diameter. However, when aerosols
are represented only by particle diameters, as used in most
aerosol models (i.e., a one-dimensional (1-D) aerosol rep-
resentation or a conventional sectional aerosol representa-
tion), the variability in aerosol mixing states cannot be rep-
resented.

MADRID-BC treats condensation/evaporation due to
mass transfer between gas and particulate phases by a dy-
namic (kinetic) non-equilibrium approach developed by
Meng et al. (1998: Ref. 7). BC aging processes due to co-
agulation and photochemical oxidation are not included in
this study, although the contribution of coagulation may be
important under certain circumstances. MADRID-BC treats
heterogeneous reactions on the surface of particles and ho-
mogeneous nucleation processes [4], however, the nuclea-
tion process is not used in this study. The dilution of air, dry
and wet deposition, and aqueous-phase chemistry in cloud
particles are not included.
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Figure 1 Schematic diagram of the two-dimensional (2-D) aerosol repre-
sentation adopted in the MADRID-BC box model.

Aerosol optical properties (e.g., absorption and scattering
coefficients of aerosol particles) are calculated based on the
core-shell treatment according to the Mie code of Bohren
and Huffman (1983: Ref. 8) for concentrically coated
spheres. A complex refractive index of (1.85, —0.711) at a
wavelength of 550 nm [3] is used for the concentric core of
pure BC. The CCN activities of BC-containing particles are
estimated by calculating the critical supersaturation of par-
ticles with the Kohler equation. In this study, BC is treated
as the insoluble concentric core of BC-containing particles,
and other aerosol components are assumed to be soluble
materials. When the critical supersaturation of
BC-containing particles is lower than a given air supersatu-
ration, these particles are defined as hydrophilic BC (i.e.,
CCN).

3. Results and discussion

3.1. Observed evolution of the BC mixing state

The Pacific Exploration of Asian Continental Emission
phase C (PEACE-C) aircraft campaign was conducted over
the western Pacific around Japan between 22 and 27 March
2004 [9]. Kinematic back trajectories of air parcels sampled
from the aircraft were calculated using the method de-
scribed by Tomikawa and Sato (2005: Ref. 10). Figure 2
shows two-day back trajectories for two air parcel groups,
which were transported horizontally from over the Nagoya
urban area, Japan, within the planetary boundary layer
(PBL), during flight 5. Within air parcels sampled by the
aircraft in the PBL, these two groups had the shortest (2
hours) and longest (13 hours) transport times over the ocean
after leaving the coastline of Japan, and hereafter they are
referred to as “fresh” and “aged” air, respectively. Both air
parcels had likely been influenced by anthropogenic emis-
sion sources. During flight 5, the air parcels had very little
chance to encounter clouds or precipitation.
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Figure 2 Flight tracks of the aircraft observations during PEACE-C flight
5 (gray lines) and two-day back trajectories of “fresh” and “aged” air par-
cels (colored lines).

During the PEACE-C aircraft measurements, thinly- and
thickly-coated BC particles were discriminated by using a
single-particle soot photometer (SP2) [9]. These two types
of aerosols generally correspond to BC particles with a
shell/BC-core ratio smaller or greater than a particular
threshold value. The mass fraction of thickly-coated BC
particles, fii«(Dgc), is defined for individual BC core diam-
eters, Dgc, as follows,

[BCoiex (Dsc)]
Clhick (DBC )] + [Bclhin (DBC )]

where [BCy,ii(Dpc)] and [BCy,;(Dpc)] are the total BC mass
concentrations of thickly- and thinly-coated BC particles,
respectively, for a given BC core diameter (Dpc).

Consistent with the shortest and longest transport times
of the “fresh” and ‘“aged” air parcels, the smallest and
greatest ASO,>/ABC ratios were observed in “fresh” and
“aged” air, respectively (Figure 3), where ASO,> and ABC
are the differences between observed and background con-
centrations of SO42’ and BC, respectively. In Figure 3, ob-
served fy(Dpc) values are shown as a function of the
ASO42’/ABC ratios for Dpc of 155-185 nm. Observed
Jfunier(Dpc) values increased continuously from 0.34 (“fresh”
air) to 0.62 (“aged” air) as the ASO4*/ABC ratio increased
from 1.3 to 3.5. This result shows that f,,.(Dpc) values in-
creased as the photochemical production of SO, proceed-
ed during transport. This increasing tendency can be viewed
as a Lagrangian time evolution of the BC mixing state from
“fresh” to “aged” air parcels during transport over the
ocean.

(1

frhick (DBC) = (B

3.2. Model-predicted evolution of BC mixing states
MADRID-BC was applied to the flight 5 case to validate
the model simulations and examine changes in the entire
BC mixing state. To simulate the entire BC mixing state in
air sampled during flight 5, simulations for two consecutive
regimes were performed. The simulation for the first regime
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Figure 3 Observed and model-predicted mass fractions of thickly-coated
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Figure 4 Entire BC mixing states predicted by the model for (a) “fresh”
and (b) “aged” air parcels. The BC mass concentrations in individual grid
cells are denoted by colored squares.

was for the source region, where emissions of BC particles
were continuously introduced, and concurrent coatings due
to condensation were calculated. The second regime simu-
lation, which followed the first regime simulation, was for
the outflow region over the ocean, where the coating pro-
cess took place without emissions. These simulations were
performed using observed bulk amounts of aerosols and
gaseous concentrations as constraints so that the predicted
bulk ASO,>/ABC ratio became equal to that observed in
“fresh” and “aged” air, respectively.

As shown in Figure 3, MADRID-BC reproduced well the
observed increase in fy;(Dpc) values with the increase in
the ASO,*/ABC ratio from “fresh” to “aged” air for the ob-
served BC core diameter ranges. The agreement in f;,;..(Dpc)
values of this particular case suggests the validity of the
time evolution of the model-predicted entire BC mixing
state. The validity found in this study also suggests that
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general features of the evolution of BC mixing states can be
interpreted at least by the condensational growth process in
this particular case.

In the predicted entire BC mixing states for “fresh” and
“aged” air (Figures 4a and 4b, respectively), BC-containing
particles with different BC mass fractions (coating thick-
nesses) coexist for individual BC core diameters. The mass
of BC particles is concentrated at a BC core diameter of
around 200 nm, reflecting the input BC core size distribu-
tion. Comparison of the entire BC mixing state between
“fresh” and “aged” air shows two distinguishing features.
First, compared with “fresh” air, BC mass fractions in
“aged” air are systematically smaller for particles with BC
core diameters smaller than 1 pm, and BC mass fractions of
smaller BC particles show larger decreases. Second, the
spread of the BC mass fraction at a given individual BC
core diameter is systematically smaller in “aged” air than in
“fresh” air. These two features are consistent with both
condensation theory, which predicts that the rate of change
in particle diameter is greater for a smaller particle, and also
with the absence of BC emissions in the outflow region
over the ocean, in contrast to continuous emissions of un-
coated BC over the source region.

3.3. Aerosol optical properties and CCN activities

Aerosol optical properties were estimated at a wave-
length of 550 nm using MADRID-BC based on the vali-
dated BC mixing states for “fresh” and “aged” air parcels
(Table 1). In this particular case, the BC coatings enhance
the overall absorption of particles by 38% and 59% in
“fresh” and “aged” air, respectively. The overall single
scattering albedo (SSA) of particles increases from 0.81 in
“fresh” air to 0.85 in “aged” air. CCN activities were also
estimated for a supersaturation of 0.05% for “fresh” and
“aged” air parcels (Table 1). The overall hydrophilic BC
mass fraction increases from 0.55 in “fresh” air to 0.83 in
“aged” air, although these values are quite sensitive to the
given supersaturation. This result suggests the importance
of the uplift of BC particles near source regions for their
efficient long-range transport through the free troposphere,
because precipitation generally takes place in association
with vertical transport of air.

Another simulation using a conventional sectional (1-D)
aerosol representation was conducted to evaluate possible
errors in aerosol optical properties and CCN activities cal-
culated using the 1-D aerosol representation instead of the
BC-mixing-state-resolved (2-D) aerosol representation (Ta-
ble 1). In comparison with the 2-D aerosol representation
results, the 1-D case simulation gives considerably larger
overall absorption coefficients (by 35-44%), a much small-
er overall SSA (by 7.2-13%), and a larger overall fraction
of hydrophilic BC mass (by 7.9-34%) for particles in air.
The absence of efficiently scattering BC-free particles in the
conventional sectional (1-D) aerosol representation, which
causes not only smaller scattering effects but also greater
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coating amounts on BC-containing particles, can explain
these differences. These results demonstrate the importance
of a BC-mixing-state-resolved aerosol representation in
aerosol modeling to accurately predict the optical properties
and CCN activities of BC particles.

Table 1 Aecrosol optical properties and CCN activities calculated by MA-

DRID-BC using a 2-D aerosol representation and a conventional sectional
(1-D) aerosol representation (in parentheses)

Parameter Fresh air Aged air
Extinction coefficient 75.1(69.7) 107 (103)
Scattering coefficient 60.9 (49.3) 90.9 (80.8)
Absorption coefficient 14.2 (20.4) 16.4 (22.1)

Absorption amplification 1.38 (1.77) 1.59(1.92)

0.811 (0.708)
0.552 (0.738)

0.847 (0.786)
0.831 (0.897)

Single scattering albedo
Fraction of hydrophilic BC mass
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Model calculations were conducted with the Weather Research and Forecasting model coupled with a chem-
istry scheme (WRF-chem) for the region around Beijing, China, in summer 2006, when the CAREBeijing-2006
intensive campaign was conducted. In this paper, we interpret aerosol optical properties in terms of aerosol
mass concentrations and their chemical compositions by linking model calculations with measurements.

Keywords: Aerosol; Regional three-dimensional model; Optical property; Mass concentrations; Spatial and tem-
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1. Introduction

The mega-cities of East Asia are large emission sources
that have considerable impacts on regional climate and air
quality. We performed three-dimensional aerosol model
simulations for the region around Beijing with the Weather
Research and Forecasting model coupled with a chemistry
scheme (WRF-chem). The purposes of this study were (1)
to validate the model-simulated spatial and temporal varia-
tions of aerosol mass concentrations and optical properties
and (2) to systematically understand the spatial and tem-
poral variations of aerosol mass concentrations and their
optical parameters around Beijing. This study is one of the
first applications of the WRF-chem model to the simulation
of aerosol optical properties associated with mega-city
emissions in East Asia.

2. Methods
2.1. Three-dimensional model (WRF-chem)

WRF-chem version 2.2 was used as a regional
three-dimensional model [1, 2]. The details of the calcula-
tion settings and parameterization schemes used are de-
scribed elsewhere [3, 4]. Model calculations were conduct-
ed for two domains with horizontal resolutions of 27 and 9
km. The simulation period was from 10 August to 11 Sep-
tember 2006. For the aerosol calculations, the Model for
Simulating Aerosol Interactions and Chemistry (MOSAIC)
was used, and a sectional representation of the aerosol size
distribution was adopted to simulate both particle number
and mass in each aerosol size bin [2, 5]. An eight-bin repre-
sentation was adopted. Aerosol species included were sul-
fate, nitrate, ammonium, elemental carbon (EC), primary
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organic aerosols, nonreactive dust, and aerosol water. An-
thropogenic emission inventories for 2004 were used [3, 6].
The Global Emissions Inventories Activity [7] was used for
biogenic emission inventories.

Acrosol optical parameters were calculated offline using
the WRF-chem-simulated aerosol mass concentration and
size distributions, rather than using those calculated online,
within WRF-chem. The offline optical calculation approach
adopted an algorithm based on Mie theory [8] to estimate
differences in aerosol optical properties calculated using
three different aerosol mixing state treatments, namely,
well-mixed internally (WMI), core-shell internally mixed
(CSI), and externally mixed (EM) [4]. Here, we mainly use
the aerosol optical properties calculated using the WMI
treatment (at 550 nm) in the comparison with the measure-
ment data, because this treatment was also used in the
online WRF-chem calculations.

2.2. Measurements

Model calculations of aerosol optical properties were
compared with various in situ measurements made during
the CAREBeijing-2006 campaign, which was conducted
between 10 August and 11 September 2006. Intensive aero-
sol measurements were carried out at Yufa, a site about 50
km south of Beijing. Details of the observation sites and
CAREBeijing-2006 measurements are reported in other
papers [9, 10]. In this study, we used mass concentrations of
inorganics (obtained with an Aerodyne Aerosol Mass Spec-
trometer), EC/organic carbon (OC) (Sunset Laboratory
semi-continuous EC/OC analyzer), and PM, 5 (tapered ele-
ment oscillating microbalance), aerosol size distributions
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(twin differential mobility particle sizer and aerodynamic
particle sizer), the absorption coefficient (by,) at 532 nm
(photoacoustic spectrometer), and the scattering coefficient
(bscar) at 550 nm (nephelometer).

3. Results: mass and optical properties
3.1. Variations in aerosol mass concentrations

Model calculations generally captured the temporal vari-
ations of primary (such as EC) and secondary (such as sul-
fate) aerosols observed at Yufa (Figure 1). Model calcula-
tions showed distinct differences in spatial distribution be-
tween primary and secondary aerosols in association with
synoptic-scale meteorology. Under an anticyclonic pressure
system, secondary aerosols increased in the air around Bei-
jing within an area of about 1000 x 1000 km”. This polluted
air mass had been transported northward from the area of
high anthropogenic emissions and continuous photochemi-
cal production in the region south of Beijing. Then, the
subsequent passage of a cold front brought clean air from
the north, and the polluted air around Beijing was swept
southward. This cycle was repeated about once a week and
was found to be responsible for observed enhancements and
reductions of aerosols at the intensive measurement sites. In
contrast to the secondary aerosols, the spatial distributions
of primary aerosols (EC) reflected those of emissions, re-
sulting in only slight variability despite changes in the syn-
optic-scale meteorology. In accordance with these results,
source apportionment simulations revealed that primary
aerosols in Beijing were controlled by emissions emitted

within 100 km of Beijing and within the preceding 24 hours,

whereas emissions emitted as far as 500 km of Beijing and
within the preceding 3 days were found to affect secondary
aerosols.
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Figure 1 Time series of (a) EC and (b) sulfate at the Yufa site.

3.2. Variations in aerosol optical properties

Model calculations generally reproduced well the tem-
poral variability of the local aerosol optical properties at
Yufa (Figure 2). Because of the reasonable agreement with
measurements, spatial and temporal variations of aerosol
optical properties around Beijing were interpreted from the
model results from the viewpoint of regional-scale aerosol
mass distributions of individual chemical components. The
spatial and temporal variations of by, by, and the extinc-
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tion coefficient (be) and the single scattering albedo (SSA)
corresponded well to those of the mass concentrations of
EC, sulfate, and PM, 5, and the mass fractions of secondary
aerosols, respectively. Therefore, aerosol optical parameters
can be interpreted by considering in combination the spatial
variations of EC, which are controlled by local-scale emis-
sions (within 100 km of Beijing during the preceding 24 h),
and those of sulfate, which are controlled by regional-scale
emissions (within 500 km of Beijing during the preceding 3
days), as well as by synoptic meteorological conditions.
These results explain why b, and by, exhibited multi-day
variations, whereas by, primarily exhibited diurnal varia-
tions at Yufa.

On the other hand, the model calculations underestimated
the absolute values of bey, bgea, and SSA by 40%, 50%, and
20%, respectively, and overestimated the absolute value of
bas by 60%. The underestimation and overestimation ex-
ceed the uncertainties in the measurements. Possible causes
of the discrepancies between measurements and model cal-
culations are discussed in section 3.3

3.3. Offline sensitivity calculations

Here we discuss possible factors accounting for the over-
estimation and underestimation by the aerosol optical pa-
rameter calculations, including uncertainties in the aerosol
physical parameters (aerosol density and refractive index),
size distribution, and mixing state (adopted for aerosol op-
tical calculations). We first examine by, (sections 3.3.1 and
3.3.2) because it is rather insensitive to the aerosol mixing
state, and we examine the other optical parameters (b,ps, Dscats
and SSA) in section 3.3.3.
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Figure 2 Time series of (a) by and (b) SSA at the Yufa site.

3.3.1. Total mass and b

We examine closure among the measurements them-
selves in terms of aerosol mass, size distribution, and opti-
cal properties to separate the uncertainties in the model
calculations from those in the measurements. First, we ex-
amine the closure between aerosol mass concentrations and
size distributions. When we estimated PM, s mass concen-
trations from the size distribution measurements using an
aerosol density of 1.6 g cm”, as assumed in the aerody-
namic particle sizer measurements [11], their absolute val-
ues and temporal variation agreed with those of measured
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PM, 5 within the uncertainty of the measurements.

Second, we examine the closure between b, and size dis-
tributions. We estimated b, values of PM;, from the meas-
ured size distribution and chemical composition by the
WMI treatment. When we compared these with the meas-
urements obtained by the photoacoustic spectrometer and
nephelometer, they agreed within 3%. We also found a quite
good agreement of their temporal variations (correlation
coefficient = 0.99 for hourly data).

We found reasonably good measurement closure, within
the uncertainties in observed aerosol mass, size distribution,
and b,y values. These results suggest that the disagreement
in by values between measurements and model calculations
is not due to the Mie theory algorithm itself but instead is
due mainly to the uncertainties/errors in the parameters used
for the Mie calculations, such as the refractive index and the
size distributions of aerosols in the model calculations.

3.3.2. Aerosol density, refractive index, and size distri-
bution: b

The average aerosol density in the WRF-chem calcula-
tions of approximately 2.0 g cm~ was greater than the den-
sity of 1.6 g cm™ assumed in the measurements [11]. This
discrepancy is partly because the density of unidentified
species is unknown and a high aerosol density (2.6 g cm )
is assumed for dust species in the model calculations. Some
organic aerosols in the real atmosphere with densities as
low as 1 g cm” may also contribute to this discrepancy,
because they are not included in our WRF-chem calcula-
tions. In addition, non-spherical aerosol particles in the real
atmosphere (under dry conditions) may in part account for
this discrepancy because spherical particles are assumed in
the model calculations. In this study, the discrepancy in
“aerosol density” between measurements and model calcu-
lations includes all of the above potential effects related to
mass-to-volume conversion.

The period average of the volume-averaged aerosol re-
fractive index in the WRF-chem calculations is 1.545 +
0.0911, whereas an estimate obtained by using the observed
PM;, chemical composition is 1.545 + 0.103i. Consequently,
errors due to the refractive index are expected to be small in
this study.

To obtain a quantitative understanding of the discrepan-
cies in bgy between model calculations and measurements,
we conducted simple sensitivity studies in which mod-
el-calculated aerosol density, refractive index, and the shape
of the size distribution were individually replaced with val-
ues estimated from the measurements. In these sensitivity
calculations, total aerosol mass concentrations at each time
point were constrained by the results of the WRF-chem
calculations. In addition, we assumed that aerosol density
and refractive index did not influence each other (e.g., we
used measurement-derived density with the mod-
el-calculated refractive index). Note that the replacement of
the refractive index, aerosol density, and the shape of size
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distribution is equivalent to making changes in chemical
composition, volume, and the size distribution with constant
volume, respectively.

The use of measurement-derived values for both density
and the refractive index causes a 37% increase in b, (or-
ange square in Figure 3a), leading to much better agreement
with the measurements (blue circle in Figure 3a). Most of
the increase was due to the aerosol density change (28%
increase in bey) because a lower density (1.6 g cm™ instead
of 2.0 g cm™) results in a larger total aerosol volume and
mass extinction efficiency and therefore a larger b, value.

Similarly, we conducted sensitivity calculations to esti-

mate errors in by, caused by errors in the shape of the aero-
sol size distributions calculated by WRF-chem. In this sen-
sitivity calculation we used the shape of the observed aero-
sol size distributions without changing the model-calculated
aerosol total mass, density, or volume-averaged refractive
index. As a result, the period-averaged b, value increased
by 9.1% (green square in Figure 3a).
Finally, we conducted sensitivity calculations in which all
three aerosol parameters (aerosol density, refractive index,
and the shape of the size distribution) were replaced with
measurement-derived values, while using model-calculated
mass concentrations. As a result, the calculated b, value
(black square in Figure 3a) agrees with observed b, within
0.5%.

These sensitivity calculations demonstrate that the dis-
crepancies in be, between the calculations and measure-
ments are due mostly to the treatment of aerosol density
(disagreement between the calculated mass-to-volume con-
version and the measurements) in the model calculations.
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Figure 3 Period-averaged (a) bey and (b) bays at Yufa. The results of the
optical sensitivity calculations are also shown.

The contributions of the refractive index and the shape of
the size distribution to b, discrepancies were estimated to
be small. Good agreement with measurements is achieved
when these aerosol properties are accurately predicted or
assumed; however, a notable bias can result when these
properties are inadequately treated, even if total aerosol
mass concentrations are reproduced well in the model cal-
culations.

3.3.3. Aerosol mixing states: b, bgea, and SSA
Optical parameters were also estimated from the ob-
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served size distribution and chemical composition for the
CSI and EM aerosol mixing state treatments. Although bey,
was insensitive to the aerosol mixing state treatment, b
and SSA were sensitive to the treatment and agreed better
with direct measurements when the EM treatment was
adopted (Figure 3b). These results are consistent with the
observed features of the aerosol mixing states during the
CAREBeijing-2006 campaign [11].

When b,,s and SSA were calculated using the results of
the WRF-chem calculations, similar tendencies were found:
namely, b,, values were largest (lowest) and SSA values
were lowest (largest) when the WMI (EM) treatment was
adopted. Because the aerosol mixing state is essential in-
formation for reproducing SSA in model calculations, it is
quite important to improve regional aerosol models to rep-
resent multiple mixing states and their aging processes.

4. Summary

Regional aerosol model calculations were made using
WRF-chem to study spatial and temporal variations of aer-
osol mass concentrations of individual chemical compo-
nents and their optical properties around Beijing, China.
Model calculations reproduced the temporal variations of
aerosol mass concentrations and optical properties observed
during the CAREBeijing-2006 campaign.

The spatial and temporal variations of the absorption,
scattering, and extinction coefficients and SSA corre-
sponded well with those of the mass concentrations of EC,
sulfate, and PM, 5 and the mass fractions of secondary aer-
osols, respectively. Therefore, aerosol optical parameters
can be interpreted by considering the combination of spatial
variations of primary aerosols (EC), which are controlled by
local-scale emissions, and those of secondary aerosols (sul-
fate), which are controlled by regional-scale emissions,
along with synoptic meteorological conditions. These re-
sults explain why the scattering and extinction coefficients
exhibited multi-day variations, while the absorption coeffi-
cient primarily exhibited diurnal variations, at Yufa.

Model calculations, however, underestimated or overes-
timated the absolute levels of aerosol optical properties
around Beijing by up to 60%. Offline sensitivity calcula-
tions showed that the treatment of aerosol mixing states and
aerosol “density” (parameters related to mass-to-volume
conversion) in the model calculations mainly contributed to
these over- and underestimations. Good agreement with
measurements is achieved when these aerosol parameters
are accurately predicted or assumed; however, a notable
bias can result when these properties are inadequately
treated, even if total aerosol mass concentrations are repro-
duced well in the model calculations.
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We present shape models for dust and soot particles that were developed by taking into account the geometrical
features of sampled aerosols and using an assumed cell-type structure. We examined the spatial Poisson-Voronoi tes-
sellation by considering the assumed basic structure of the material, and determined the particle shapes by extracting
cells from the tessellation. Using these procedures, hundreds of “Voronoi aggregates” were prepared for use in a dust
particle model. To determine the final model, we used two-dimensional images of dust particles collected at Fukuoka,
Japan, on 16 March 2009, during a time when dust particles transported from China were widely observed in this
part of western Japan. For the shape analysis, we used silicate-dominated particles, which were identified by trans-
mission electron microscopy spectral analysis. For the modeling of soot particles, selected fractal structures with arbi-
trary fractal dimensions were examined and compared to the sampled images of complex-shaped aerosols, under the
assumption that the aerosol particles with highly complex shapes were soot particles. A database of the optical proper-
ties of these aerosol models was compiled from calculations by the finite-difference time-domain method, the geomet-
ric optics integral equation method, and a conventional geometric optics method. The database will be made available
for use in analyses of aerosol remote sensing data.

Keywords: Mineral dust; Soot; Irregular shape; Optical modeling

1. Introduction length, discrete-dipole approximation and finite-difference
Together with particle size and chemical composition, the time-domain (FDTD) methods are widely used for the ac-
shape characteristics of aerosol particles must be considered curate determination of their light-scattering properties.
in their optical modeling. Because dust and soot particles These numerical methods can be used for most of the typi-
generally have irregular and complex shapes, some models cal size range of soot particles at visible and near-infrared
assuming simple shapes (e.g., spheres and spheroids) may wavelengths.
produce large errors when estimating the radiative proper- For relatively large aerosol particles, such as mineral dust,
ties of particles in the visible and near-infrared wavelengths. improved geometrical optics approximations (GOM2 or
There is also an increasing demand for models using realis- geometric optics integral equation: GOIE), which use the
tic aerosol shapes for various applications of multi-channel integral equation of electromagnetic wave theory, produce
and polarization observations by satellite and ground-based reasonably accurate results (e.g., [1, 2]). Therefore, formu-
active or passive sensors. lating realistic and sophisticated aerosol shape models for
With advances in computer performance, it is possible to use with these numerical methods is vital for improving
create a database of the optical properties of modeled parti- remote sensing analysis and radiative models of the atmos-
cles over a wide size range that takes into account their re- phere. To create realistic shape models, geometrical infor-
alistic shapes and structures. For nonspherical and inhomo- mation collected from microscopic images of sampled aer-
geneous particles with small size parameters x=7d /A, osols is important.
where d is the size of the particle and A is the wave- In this paper, we propose an approach for modeling the

three-dimensional shape of mineral dust and soot particles
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from geometrical information provided by aerosol images.

2. Methods

Shape models of mineral dust and soot particles were
created by the following procedure.

(i) The basic structure of the shape model was obtained
by applying certain microphysical assumptions.

By a Monte Carlo approach, a number of particle
models were created by changing various parameters
to modify the shape characteristics of the structure as-
sumed in ().

A final shape model was determined by statistical
comparison of two-dimensional geometrical features
between randomly oriented model particles and sam-
pled aerosols.

In this method, the basic structure assumed in (i) is cru-
cial for producing a reasonable shape model. The final
shape model determined was not a copy of a specific aero-
sol particle seen in the microscopic images, but a virtual
particle with geometrical features similar to those of an en-
semble average of the sampled aerosols. The intention was
to simulate the average optical properties of the sampled
aerosols by using a small number of shape models in order
to reduce the computational cost of light-scattering calcula-
tions.

(i)

(iif)

2.1. Mineral dust model

We used a spatial Poisson-Voronoi tessellation to simu-
late the basic structure of mineral dust particles [3]. A Pois-
son-Voronoi structure has been used as a simple crystal
growth model in structural analysis studies [4], where the
structure is defined by nucleation points within a numerical
field. The structure consists of Voronoi cells with each cell
sharing a facet with a neighboring cell, and aggregates of
Voronoi cells (hereafter, Voronoi aggregate: VA) are deter-
mined by extracting the cells enclosed within an assumed
spheroid. Therefore, the shape of the VA depends on the
number of initial nucleation points and their locations in the
numerical field, and on the shape of the assumed outer
spheroid. In this study, we randomly selected 100 nuclea-
tion points in the numerical field and then examined differ-
ent spheroid shapes, creating hundreds of aggregates for
each combination of tessellation and outer spheroid. Exam-
ples of numerically created VAs are shown in Figure 1.

Figure 1 Examples of numerically created Voronoi aggregates
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To determine the mineral dust shape model from the large
number of created VA particles, geometrical information
obtained from microscopic images of sampled aerosols was
considered. For the shape analysis, images of particles larg-
er than 0.1 pm were used. Furthermore, silicate-dominated
particles (Si weight ratio more than 65%) were chosen fol-
lowing chemical analysis with an energy-dispersive X-ray
(EDX) analyzer. We also removed particles that included
materials soluble in water or other liquids detected by elec-
tron beam irradiation. These elemental analyses were per-
formed on 91 particles on the sample plate, leaving 18 par-
ticles for image analysis (see Figure 2).

Figure 2 Microscopic image of aerosols sampled at Fukuoka, Japan, on 16
March 2009. Mineral dust particles identified by EDX analysis are encir-
cled by red lines.

We calculated two non-dimensional shape parameters
(a, ﬂ) for the 18 dust particle images and numerically

created VAs:

44 47 A

o=——, f=—— 1

zD? p r o
where A4 is the area, D is the maximum dimension, and
L is the perimeter of the projected particle image. Figure 3
shows scatter plots of (@,f) for the 18 mineral dust par-
ticle samples (Figure 3a) and for 100 VAs created by using

a prolate spheroid with an axis ratio of 1:2 for the outer
shape (Figure 3b).

Figure 3 Scatter plots of the geometrical parameters (a, p ) of 18 aerosol

particles (a) and 100 selected Voronoi aggregates (VAs) (b) The calculat-
ed values for 46 orientations of each VA are plotted.
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By using a least-squares analysis for correlation of the
(a,p) distribution, we determined the final shape model
for mineral dust particles. The resultant shape model con-
sisted of four Voronoi cells and was relatively simple com-
pared with other possible shape models (Figure 1). Because
of the small number of mineral dust samples, we neglected
the particle size dependence of («, ) and proposed only

one shape model.

1 1 1 1 1 1 1
00 01 02 03 04 035 06 07 08
a

0% 10

Figure 4 Shape model for mineral dust particles (a) and the (e, ) dis-

tribution of its 46 orientations (b).

2.2. Soot model

There is a large body of previous work on determining
soot particle shape. A typical assumption is that soot parti-
cles consist of primary particles (monomers) and have a
fractal structure with a specific fractal dimension (e.g., Ref.
[5]). We also assumed a fractal structure for soot particles.
Moreover, we considered aerosol particles with a highly
complex structure on the microscopic images to be soot and
used them as the reference soot particles, because it was
difficult to identify soot particles directly by elemental
analysis. From microscopic images of aerosol samples ob-
tained at Tsukuba, Japan, we selected 52 complex-shaped
aerosols with the geometrical parameter £ <0.3 and as-

sumed that they were soot particles (Figure 5).

We created many fractal structures with a specific fractal
dimension d, between 1.5 and 2.4 at intervals of 0.1, by

using the numerical procedure described in [6]. Then we
created spatial Poisson-Voronoi tessellations with an aver-
age cell size of ~30 nm. To restrict the size variation for
each Voronoi cell, a Matérn hard-core point field (e.g., Ref.
[4]) was applied to determine the distribution of the initial
nucleation points for generating tessellations. After apply-
ing the prepared fractal structure to the Voronoi tessellation,
Voronoi cells that overlapped the fractal shape were ex-
tracted [7]. Examples of aggregates of Voronoi cells are
shown in Figure 6.
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Figure S Reference particles for soot modeling selected from microscopic
images. The largest particle has D =~3 um.

Figure 6 Voronoi aggregates created by using fractal structures (fractal
dimension d, =1.7 in box-count method).

Figure 7 shows the geometrical parameters o and S

with respect to the maximum dimension D for the soot
particles and for the orientation-averaged fractal aggregates,
where 10 size categories and 10 modeled particles of each
size were used for the fractal aggregate. For particles with
D> 1 pm, the aggregates with fractal dimensions between
1.5 and 1.8 agreed well with the selected soot samples, for
both parameters o and [ . However, a bias was con-
firmed in values of [ for particles with D < 0.5 pm. Be-

cause we considered the average cell size of the aggregate
to be 30 nm, the small modeled aggregates became more
compact than the sampled soot particles. This result indi-
cates that it is difficult to simulate the size dependence of
the shape properties of whole soot particles, such as those
shown in Figure 5, by using only one fractal dimension and
one average monomer size. To improve the f—D rela-

tionship for the modeled particles, we further considered the
particle size dependence of the monomer (size of the Voro-
noi cell). The final soot model was selected from 10 sets of
modified fractal aggregates with a fractal dimension
d, =17 (Figure 8).
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Figure 7 Size dependence of the geometrical parameters « (a) and S
(b) for the assumed soot particles (*) and the simulated fractal-Voronoi

aggregates with fractal dimensions ¢, =1.5-1.8 (lines).
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Figure 8 (a): The same as Figure 7b but for particles with modified
d,=1.7 (solid line) and for the soot shape model determined by light

scattering calculations (dashed line). (b): The shapes of six soot models of
different sizes. Different colors indicate views from different angles.

3. Database of optical properties

Optical properties of the mineral dust and soot models
were calculated by using FDTD, GOIE, and conventional
geometrical optics methods for various size parameters and
refractive indices. A database of these optical properties is
scheduled to be used for data analysis by the Sec-
ond-generation Global Imager onboard the Global Change
Observation Mission Climate (GCOM-C1) satellite. Fur-
thermore, we inserted our mineral dust model, called
MRIDUST, into the RSTAR atmospheric radiative transfer
model developed by the Atmosphere and Ocean Research
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Figure 9 Size averaged phase function of the mineral dust model
MRIDUST (red), based on the size distribution of the “yellow sand” model

in the RSTAR code and refractive index 7 =1.55+5.102x107; at wave-
length A =0.5pm . Results of the Mie calculation (green) and the Mie

calculation modified by an empirical formula for nonsphericity (blue) are
shown for comparison.

Institute, Tokyo University [8], as an optional calculation
scheme for "Yellow sand" (i.e., mineral dust) (currently
only available to model developers).

4. Discussion

Mineral dust and soot particle shapes were modeled by
assuming microphysical constraints on the particle structure
and the geometrical features of sampled aerosols. For the
mineral dust model, we neglected the size dependence of
particle shape irregularities because of the small number of
dry dust samples. Because the surface roughness of dust
particles is likely important in determining their optical
properties, in future work, the size dependence of the shape
properties of dust particles should be considered. In addi-
tion, the relationship between water-soluble components of
particles and their optical effects for dust and soot particles
should be investigated. The transmission electron micros-
copy tomography imaging technique is expected to be use-
ful for three-dimensional shape modeling of internal mix-
tures of such aerosols.

This work was supported by the Global Change Observation
Mission-Climate (GCOM-C1) research project of the Japan Aerospace
Exploration Agency (JAXA).
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The compositions of individual cloud residues and interstitial aerosol particles collected in northern Scandi-
navia during the POLARCAT 2008 spring campaign were investigated. Individual aerosol particles and resi-
dues from various clouds (ice, liquid, or mixed phase) extracted by an aircraft-borne counterflow virtual im-
pactor were analyzed by both scanning and transmission electron microscopy systems equipped with energy
dispersive X-ray detectors. Supermicrometer-sized residues of clouds containing ice crystals tended to be dom-
inantly clay-like mineral dust, whereas marine particles were relatively more important within lower altitude,
liquid-phase clouds, indicating distinctly different interactions of different particle types with Arctic clouds.
Submicrometer-sized biomass burning (BB) particles (enriched in potassium and often internally mixed with
soot) were characteristically found in polluted air masses in the Arctic troposphere. BB particles were also ex-
tracted from liquid-phase clouds, and less frequently from ice-phase clouds. In contrast, mineral dust, bare soot,
fly ash, and K-rich marine particles dominated submicrometer-sized ice-phase cloud residues. These results
suggest that BB particles may be efficient cloud condensation nuclei but their internal mixing can delay or in-
hibit the ice nucleating properties of bare soot particles. These results show that continental particles are ac-
tively transported to the Arctic, where they interact with Arctic clouds.

Keywords: Acrosol particles; Cloud residues; Single particle analysis; Aircraft; Cloud condensation nuclei; Ice nu-

clei

1. Introduction

In the past 100 years, average Arctic temperatures have
been rising at almost twice the rate of temperatures in the
rest of the world [1], and global circulation models agree
that Arctic warming will continue to exceed the global
mean warming [2]. High surface albedo in the Arctic region
can amplify both the direct and indirect radiative effects of
aerosols. Over the ice, even weakly absorbing aerosol layers
can heat the Earth/atmosphere system [3], making the Arc-
tic climate especially vulnerable to any changes in aerosol
and cloud microphysical properties.

POLARCAT (POLar study using Aircraft, Remote sens-
ing, surface measurements and modeling of Climate, chem-
istry, Aerosols and Transport) is an international program
endorsed as part of the 4th International Polar Year
(2007-2008), which aims to quantify the impact of trace
gases, particulate aerosols, and heavy metals transported to
the Arctic and their contribution to pollutant deposition and
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climate change in the region. The POLARCAT-France team
used in situ aircraft measurements to better quantify the
impact of aerosol particle properties on cloud characteristics
in the Arctic during the spring 2008 campaign. The focus of
this particular study is the detailed characterization of indi-
vidual cloud residual and interstitial aerosol particles col-
lected with an airborne counterflow virtual impactor (CVI)
to provide insights into the cloud nucleating properties of
Arctic aerosols.

2. Methods

The ATR-42 research aircraft was stationed at Kiruna
airport (67°50'N, 20°20'E, 460 m a.m.s.l.) in northern Swe-
den from 30 March to 11 April 2008 during the POLAR-
CAT-France spring measurement campaign. The aircraft
made multiple level flights when cloud layers and pollution
plumes were present in the low to mid troposphere (0.3—6
km). Tropospheric aerosol particles as well as residues from
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various clouds (ice-, liquid-, or mixed-phase) extracted by
the CVI were analyzed later in the laboratory on an indi-
vidual particle basis by both scanning and transmission
electron microscopy systems equipped with energy disper-
sive X-ray detectors (SEM- and TEM-EDX systems).

3. Results and discussion

Supermicrometer-sized residues of clouds containing ice
crystals tended to be dominantly clay-like mineral dust,
whereas marine particles were relatively more important
within lower-altitude liquid-phase clouds, indicating dis-
tinctly different interactions of the different particle types
with Arctic clouds.

Submicrometer-sized biomass burning (BB) particles
(enriched in K and S and often internally mixed with soot)
were characteristically found in polluted air masses in the
Arctic troposphere (Figures 1 and 2). BB particles were
primarily extracted from liquid-phase clouds and less fre-
quently from ice-phase clouds. In contrast, mineral dust,
bare soot, fly ash, and marine (sea salt, often enriched in K)
particles dominated submicrometer-sized ice cloud residues.
These results suggest that BB particles may be efficient
cloud condensation nuclei (CCN) but that their internal
mixing can delay or inhibit the ice nucleating properties of
bare soot particles. These results show that continental par-
ticles are actively transported to the Arctic, where they in-

teract with the Arctic clouds.
Fly ash (Al Si, Fe)

Mineral dust (Al, Si, Fe)
e =» ’* ’
Marine (K-rich)

Marine (Na, Mg, S, CL, K, Ca)

P

Soot (C only) Sulfate (S)

Biomass burning particles (S, K) with soot inclusions

Figure 1 Representative TEM images of submicrometer-sized cloud re-
sidual and aerosol particles collected during the POLARCAT-France spring
measurement campaign. Particle types were distinguished by their charac-
teristic morphology and the elements detected by EDX. Each image is 500
nm wide.
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Figure 2 Relative abundance of particle types among submicrometer-sized
cloud residues (ice, mixed, and liquid phases) and aerosols in the marine
boundary layer (upper panel), following manual identification by
TEM-EDX analysis. The particle types of free tropospheric aerosol parti-
cles collected under polluted and clean Arctic conditions [4] are also
shown for comparison (lower panel).

The enrichment of marine particles in ice- and
mixed-phase residues and the abundance of BB particles in
interstitial aerosols found in this study are surprisingly con-
sistent with the results of CRYSTAL-FACE experiments [5],
which found a high abundance of sea salt in ice residues but
a low quantity in interstitial aerosols. Conversely, the vast
majority of interstitial aerosol particles, but not ice residues,
were BB-related particles (those with mass spectral features
of sulfates, K, organics, and NO"). This similarity is strik-
ing considering the different analytical methods used and
the different geographical settings (i.e., cirrus clouds at 13
km over Florida).

POLARCAT-France campaigns were funded by the French research agen-
cies ANR, CNES, CNRS-INSU (LEFE-CHAT), IPEV, EUFAR, and
CLIMSLIP-LEFE. Special thanks to SAFIRE for support during the planning
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with the instrument integration.
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Meteorological and aerosol data observed from aircraft over the East China Sea region as well as aerosol ra-
diative parameters and surface irradiances observed by ground-based remote sensing instruments were input
a radiative transfer model to study the vertical profiles of aerosol radiative forcing and the aerosol heating rate
over the study region. The results showed that in spring, some aerosol layers above the boundary layer can
have a strong heating effect comparable to that of aerosols within the boundary layer. This result suggests that
aerosols above the boundary layer can have important effects on the atmospheric heat budget over the East

China Sea region in spring.

Keywords: Aerosol particles; Aerosol optical thickness; Single scattering albedo; Aerosol radiative forcing

1. Introduction

Despite the important effects of East Asian aerosols on
climate change, how those aerosols are linked with regional
and global climate change, a major scientific question, is
not well understood because of their spatial and temporal
variations as well as the complexity of their physical,
chemical, and optical characteristics. Efforts are being made
by the scientific community to understand the characteris-
tics of East Asian aerosols and their roles in the climate
system. One important reason for the poor understanding of
the direct and indirect effects of East Asian aerosols on cli-
mate is the inadequate understanding of the vertical profiles
of aerosol optical parameters and aerosol radiative forcing.
Widely used instruments for aerosol observation such as the
Prede sky radiometer and the CIMEL sun photometer can
provide information about only columnar aerosols, and lidar
systems are capable of providing only limited information
about the vertical profile of aerosols. The most important
parameter for estimating aerosol radiative forcing, single
scattering albedo (SSA), cannot be measured directly. Im-
plementation of the vertical profiles of SSA and other radia-
tive parameters in radiative transfer models is necessary for
precise calculation of the aerosol direct effect. Aircraft ob-
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servations are very useful for understanding the vertical
distribution of aerosols and other atmospheric parameters.
This study utilized simultaneous aircraft observation data
and ground-based remote sensing data to investigate the
vertical profiles of aerosol radiative parameters and the
aerosol direct effect over the East China Sea in spring.

2. Data and study method

We used observation data collected at the Fukue-Jima Is-
land (32.752°N, 128.682°E) on 30 March and 5 April 2009.
Vertical profiles of black carbon concentration and relative
humidity were observed by aircraft over Fukue-jima, and
spectral aerosol optical thickness and SSA at wavelengths
0f 399.1, 499.0, 675.6, 870.6, and 1020.2 nm were retrieved
by using spectral irradiances measured with an MS-700
spectroradiometer and the algorithm of Khatri et al. (2012:
Ref. 1). Further, we used the spectral asymmetry parameter
(ASY) retrieved by a sky radiometer (Manufacture: PREDE
Co. Ltd., Japan, model: POM-02) as well as vertical profiles
of the aerosol extinction coefficient and yellow sand index
(YSI) at 532 nm measured by a lidar. YSI is defined as the
contribution of non-spherical (dust) aerosol optical thick-
ness to the total aerosol optical thickness [2].
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By assuming that the three types of aerosols, namely
water soluble, dust, and black carbon, were externally
mixed, we derived the vertical profiles of the extinction
coefficient, SSA, and ASY at the wavelengths of 399.1,
499.0, 675.6, 870.6, and 1020.2 nm in such a way that the
integrated vertical profiles of those optical parameters
would produce the best agreement with the columnar values
measured at ground level by the MS-700 spectroradiometer
and the sky radiometer. For this purpose, we used the opti-
cal data given in the Optical Properties of Aerosols and
Clouds (OPAC) software [3]. Finally, vertical profiles of the
extinction coefficient, SSA, and ASY as well as the colum-
nar water vapor content measured by a microwave radiom-
eter and surface reflectance measured by MODIS were in-
put into the Santa Barbara DISORT atmospheric radiative
transfer (SBDART) model [4] to estimate the vertical pro-
files of aerosol direct radiative forcing and of the heating
rate.

3. Results and discussion

In Figure 1, the vertical profiles of heating rate caused
by aerosol light absorption are shown for aircraft observa-
tion days of 30 March, 2009 (14.17JST) and 05 April,
2009(14.67 JST). Figure 1 shows that some aerosol layers
within an altitude of 2-6 km have strong heating rates com-
parable to the aerosols near the surface. For the aerosols
that have relatively high heating rate, we noted that YSI and
SSA values were relatively higher and lower, respectively
(not shown here).This indicates that such strong heating
rates over the boundary layer were likely to be caused by
the mixture of dust and light absorbing aerosols. This result
indicates that strongly light absorbing aerosols can be
transported by dust aerosols at altitudes above the boundary
layer in the spring season. Backward trajectories were used
to trace the paths for aerosols on those layers. Backward
trajectory analyses also emphasized that such light absorb-
ing aerosol layers above the boundary layer were likely due
to the mixture of aerosols transported from the desert and
urban areas.
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Figure 1 Vertical profiles of the heating rate due to aerosol absorption over
Fukue-jima on 30 March 2009 (14.17 JST) and 05 April (14.67 JST) 2009.
The vertical profiles were calculated from a combination of aircraft, lidar,
and surface observation data.
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and shape

Tomoki Nakayamal’*, Yuuki Sawadal, Yuka Ikedal, Yutaka Matsumil, Yoshitaka Setoguchiz,

Kaori Kawana® and Michihiro Mochida?

'Solar-Terrestrial Environment Laboratory and Graduate School of Science, Nagoya University, Furo-cho,
Chikusa-ku, Nagoya 464-8601, Japan
? Graduate School of Environmental Studies, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8601, Japan

*Corresponding author. Tel.: +81 52 747 6413; Fax: +81 52 789 5787, Email address:
nakayama@stelab.nagoya-u.ac.jp (T. Nakayama)

Simultaneous observations of particle density distributions and chemical properties of ambient aerosols were
conducted at an urban site in Nagoya, Japan, during summer, by a system consisting of a differential mobility
analyzer, an aerosol particle mass analyzer, and a condensation particle counter, and a time-of-flight aerosol
mass spectrometer. Bimodal effective density distributions consisting of non-volatile black carbon particles and
volatile compounds such as organics and sulfate were observed. Temporal variations of effective densities were
found to be related to chemical composition. From the effective density distributions with and without heating,

relative abundance of externally mixed soot particles was also estimated.

Keywords: Particle density distribution; Mixing state; Chemical property, Aerosol particle mass analyzer (APM);
Time of flight aerosol mass spectrometer (ToF-AMS); Ambient measurement

1. Introduction

Tropospheric aerosols are a complex mixture, including
mineral dust, inorganic salts, organic compounds, and soot
particles. The climate impact of aerosols depends on their
physical and chemical properties such as size, shape, densi-
ty, mixing state, and chemical composition. Therefore, ac-
curate knowledge of these properties is essential for model-
ing climate forcing by aerosols.

Particle density is an important parameter that links par-
ticle mass and particle volume (or diameter). However, de-
tailed knowledge of the density distributions of ambient
particles is still limited [e.g. 1-3], because filter-based tech-
niques can provide only average densities of internally and
externally mixed particles.

In this work, real-time measurements of effective density
distributions and chemical properties of ambient particles
were made at an urban site in Nagoya, Japan, and the rela-
tionship between them was examined. In addition, the mix-
ing state of the aerosols, another important parameter for
determining optical properties, was also estimated by using
the measured particle density distributions.
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2. Methods

Observations of aerosol density distributions and chemi-
cal properties were conducted on 16-25 August 2011 at the
Higashiyama campus of Nagoya University. A schematic
diagram of the experimental setup used for the ambient
measurements is shown in Figure 1. The effective density of
particles with mobility diameters of 100 and 200 nm was
measured by a system consisting of a differential mobility
analyzer (DMA, TSI model 3081), an aerosol particle mass
analyzer (APM, Kanomax model 3601), and a condensation
particle counter (CPC TSI, model 3776).

Nearly monodisperse acrosols were selected by the DMA,
which was upstream of the APM. The APM then transmit-
ted particles of known mass, determined by the balance of

EMt | Heater |DMA ]_,| APM |_,.| CPC |

Z5M00E00°C Mumber
{every 30 min.) sy

ToF AMS

“Chemical Properties'

Figure 1 The experimental setup.
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centrifugal and electrostatic forces, to the CPC, which was
connected downstream of the APM and which counted the
particles selected by the APM. By scanning the APM volt-
age with a fixed rotational velocity, the effective density
distributions of the ambient particles were then determined
[1].

Chemical compositions of the aerosol were measured by
a time-of-flight aerosol mass spectrometer (ToF-AMS,
Aerodyne). The density distributions and chemical compo-
sitions were measured after the aerosol had passed through
a PMI1 cyclone, diffusion dryers, and one of three heaters,
controlled at 25, 100, and 300 °C, by switching ball valves
every 30 min.

3. Results and discussion

The ambient aerosols typically had two distinct density
peaks, at 0.7-0.9 g/cm’ (peak 1) and 1.2—1.6 g/cm’ (peak 2)
(Figure 2). The changes in the peak areas after heating im-
plied that peak 1 and peak 2 consisted mainly of soot and
volatile compounds (such as inorganic salts and organics),
respectively.

Observation data were divided into three periods on the
basis of particle chemical properties and the observed me-
teorological conditions: A, 00:00 16 August to 06:00 20
August; B, 06:00 20 August to 12:00 22 August; and C
12:00 22 August to 06:00 25 August. These periods were
characterized as follows: period A, increased mass concen-
tration of organics and of the low-volatility oxygenated or-
ganic aerosol (LV-OOA) fraction during the afternoon
(12:00-18:00) accompanied by clear weather conditions;

14 - (a)25°C

1.2 Observatian
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Figure 2 Average density distributions of ambient particles with a mobility
diameter of 100 nm observed at an inlet temperature of (a) 25 °C and (b)
300 °C at 6:00-18:00 on 21 August 2011.
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Figure 3 Diurnal variations of the average effective density of peak 2
during periods (a) A and (b) C (mobility diameter, 100 nm).

period B, lower abundance of volatile compounds (organics
and inorganics) associated with rainfall; period C, higher
sulfate/organics ratio (typically >2).

Analysis of the diurnal variation of the effective density
of peak 2 during these periods (examples shown in Figure
3) showed that during period A, the effective density at
25 °C decreased during the afternoon (12:00-18:00),
whereas no significant diurnal variations of effective densi-
ty were observed at 100 °C or 300 °C. This result may be
attributable to higher contributions of photochemically gen-
erated LV-OOA during the afternoon, because LV-OOA
possibly has a relatively lower density. During period C, a
larger difference in effective density was observed between
25 °C and 100 °C, which may be due to a higher contribu-
tion of sulfate during that period, because sulfate has a
higher density and volatilization temperature than organics.

The peak area ratio of peak 1 to the sum of the areas of
peak 1 and peak 2 gives information about the relative
abundance of externally mixed black carbon (BC) particles.
The ratio typically was between 0.05 and 0.15 at 25 °C for
particles with a diameter of 100 as well as those with a di-
ameter of 200 nm. The absolute peak area of peak 1 tended
to increase after heating. This result implies that at 25 °C
some of the BC particles were internally mixed with vola-
tile compounds.

This work was partly supported by the Global Environment Research Fund of
the Japanese Ministry of the Environment (RF-1008) and the Ministry of
Education, Culture, Sports, Science and Technology (KAKENHI 20671001,
21710007, 22310015, 20120007).
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Simultaneous observations of optical and chemical properties of ambient aerosols were conducted at an ur-
ban site in Nagoya, Japan, during summer by using a multi-wavelength photoacoustic spectrometer and a
time-of-flight aerosol mass spectrometer. By comparing absorption coefficients at 781 nm with and without
heating (300 °C), the increase in BC light absorption due to particle coating was estimated to be 10-40%. A
slightly larger amplification factor was observed when the sulfate/organics ratio was high. The contribution to
light absorption of organic carbon, which is vaporized at 300 °C, was small (<5%) at 405 nm, at least during
the summer at Nagoya.

Keywords: Aerosol optical properties; Chemical properties; Absorption enhancement; Light absorbing organic car-
bon; Photoacoustic spectroscopy (PAS); Time-of-flight acrosol mass spectrometer (ToF-AMS); Ambient measure-

ment

1. Introduction

Aerosol particles play an important role in the radiation
balance in the atmosphere by absorbing and scattering inci-
dent light. Black carbon (BC) particles are an important
global warming agent with radiation forcing similar in
magnitude to that of CO,. Light absorption by BC is gener-
ally considered to be increased by internal mixing with oth-
er compounds, but the amount of absorption enhancement
depends on factors such as the refractive index of the BC
and the coating materials and the size and location of the
BC core. In addition, light-absorbing organic carbon
(“brown carbon”), including humic-like substances (HU-
LIS), organonitrates, and nitro-aromatics, has recently been
proposed to be a cause of substantial absorption, particular-
ly in the shorter visible and UV wavelengths. However,
observational studies of the enhancement of BC light ab-
sorption and of brown carbon are still limited, mainly be-
cause it is difficult to directly measure light absorption by
internally mixed BC particles without collecting them on a
filter [1, 2].

In this work, photoacoustic spectroscopy was applied to
examine light absorption enhancement of BC and the con-
tribution of brown carbon to aerosol light absorption at an
urban site in Nagoya, Japan.

50

2. Methods

Observations of aerosol optical and chemical properties
were conducted during 16-25 August 2011 at the Hi-
gashiyama campus of Nagoya University. A schematic dia-
gram of the experimental setup is shown in Figure 1. The
optical properties and chemical compositions were meas-
ured after the aerosols were passed through a PM1 cyclone,
diffusion dryers, and one of three heaters, controlled at 25,
100, and 300 °C, by switching ball valves every 30 min.
Optical properties were measured using a photoacoustic
soot spectrometer (PASS-3, Droplet Measurement Tech-
nologies). Chemical composition of the aerosol was meas-
ured by a time-of-flight aerosol mass spectrometer
(ToF-AMS, Aerodyne). Mass concentrations of elemental
carbon (EC) and organic carbon (OC) were also measured
by a thermo-optical technique (Sunset Lab.) every 90 min.

3. Results and discussion

Observation data were divided into three periods on the
basis of particle chemistry and meteorological conditions: A
23:00 15 August to 12:00 19 August; B, 12:00 19 August
t012:00 22 August; and C, 12:00 22 August to 06:00 25
August. These periods were characterized as follows: period
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Figure 1 The experimental setup.

A, increased mass concentration of organics and of the
low-volatility oxygenated organic aerosol fraction during
the afternoon accompanied by clear weather conditions;
period B, lower abundance of volatile compounds (organics
and inorganics) associated with rainfall; and period C,
higher sulfate/organics ratio (typically > 2), possibly due to
long-range transport of sulfate.

Changes in the inlet temperature from 25 °C to 300 °C
led to a slight decrease in the absorption coefficient (b,s(1)),
but a significant decrease in the scattering coefficient
(bsea(X)). As a result, small single scattering albedo (SSA;
bsea(M)/(baps(A) + byea(L))) values of around 0.4 were ob-
served at 300 °C (Figure 2). The ToF-AMS data showed
that sulfate, nitrate, and a large part of the organics were
volatized at the inlet temperature of 300 °C. These results
suggest that the observed optical properties at 300 °C are
mainly due to non-volatile BC particles.

Relatively smaller SSA values at 25 °C were observed
during period B, when smaller mass concentrations of vola-
tile compositions such as sulfate and organics were ob-
served. These results may be explained by the hypothesis
that lower photochemical activities due to a stationary front
suppressed secondary formation of aerosols containing sul-
fate and organics, and resulted in larger contributions by
light-absorbing BC particles during the period.

The amplification factor (F,), which represents en-
hancement of light absorption by BC due to its coating, is
calculated under the assumption that light absorption by OC
is negligible at 781 nm as follows.

Fa=bus(781 nm, 25 °C) / bups(781 nm, 300 °C) (1)
Average F, (£ 1o) (Figure 3a) during periods A, B, and C
was 1.22 £ 0.16, 1.26 £ 0.14, and 1.29 £ 0.13, respectively.
Although average F, during period C, when the contribu-
tions of sulfate were large, was slightly higher than that
during the other two periods, the small difference in F
among the three periods suggests that the degree of en-
hancement of light absorption by BC due to its coating did
not significantly depend on photochemical activities and
aging processes in this observation.

The absorption coefficient of OC at 405 nm (b,ps,0c(405
nm, 25 °C)) was calculated under the assumption that F
does not depend on wavelength as follows.

51

;B A0 nm, BEC] 8 &y, 0 nm, 300°C)
B, ATEY i, BT 8 b T8 i, B06C)
|
. £ I
. Fomd Jan e
F"'.‘_q'i-.:-wﬁi :‘FJ"..#“"" # a# &
i’ ﬂr‘:ﬁ' »
=

ien
an

000G e, 3EOC) W 040G e, 300G
#: B, (7B nm, 35°C) @ B, {761 nm, 300°C)

)
1
1
ik} Scaﬂnrmg i
1
1
1
]

W S5AAIG o, 3HOC) W SSAMDG e, J03°C)
#: BEATE] nm, I5°C) @: Ba.-.:rsl nem, 337G}

{c) SSA i

10 ]

Ry ﬁﬁ—&

i
F.r?’ A -w‘ b-_|1
I T T

e

¥ ’-' R “'"i"""'w"""
1": i,

-\rd.:,
T

[aka]

1

I I

B BT RS mu:n)u Wit w.w:
1 |

i L -\.u..- [

-F'.
Period Period B Pa

Figure 2 (a) Absorption (babg(k)) and (b) scattering (bgca(k)) coefticients

and (c) single scattering albedo (SSA; bsca(A)/(Davs(A)+ bsea(L))) at 405 and

781 nm measured at the inlet temperature of 25 °C and 300 °C. All data are

30-min averages.

BT RS RS

20 (a) Fy ! !

15 . . i . .i“.- .
1o .1- .-l.l:r.. . ., 1,- . ."

w0

00 : :

3¢ (b) Absorption by OC

| ®: b, o405 am, 25°C)
a0 .« ! #: b, (405 nm, 25°C)
i...- I: !
tet h"."“""]r-.-".'

([ T
I..

Eigae / MY

i ..-'l-'n,“-“q'ﬂ",'.l"‘ﬂ'q'mnill"i
o ! !
A6 8117 818 BMD B0 B2 RI22 Bi23 824 25 8/26
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babs0c(405 nm, 25 °C)
= byps(405 nm, 25 °C) — FpXbyps(405 nm, 300 °C)  (2)
The calculated b, oc values and the observed total aero-
sol light absorption at 405 nm show that the contribution of
light absorption by OC, which is vaporized at 300 °C, was
small (<5%) at 405 nm, at least during summer at Nagoya
(Figure 3b).

This work was partly supported by the Global Environment Research Fund of
the Japanese Ministry of the Environment (RF-1008) and the Ministry of
Education, Culture, Sports, Science and Technology (KAKENHI 20671001,
21710007, 22310015, 20120007).
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We collected aerosol particles at the summit of Mt. Rokko, Kobe, Japan, at 15:00 JST every day for one
month from 31 July to 1 September 2011, and analyzed a total of 21 aerosol samples with a transmission elec-
tron microscopy system equipped with an energy-dispersive X-ray analyzer. Various aerosol particles having
different chemical compositions were identified. In particular, the chemical compositions of sea-salt particles
differed from that of typical seawater. We focused on four sea-salt particles from two samples. The amount of
Cl varied with the sampling day, and the Na to Mg ratio in sea-salt particles differed from that of seawater.

Keywords: Aerosol particles; Sea-salt particles; Elemental composition; Single particle analysis; Electron micros-

copy; Chemical compositions; Electron micrograph

1. Introduction

Kobe city, including Mt. Rokko, is located in the north-
western part of the Kansai urban region, the second-most
populated urban area in Japan. Kansai is also an active indus-
trial region, where many studies of aerosol particles have
been carried out. For example, Adachi (2006: Ref. 1) ana-
lyzed dry deposition of particles in winter and Iwasaki et al.
(2007: Ref. 2) analyzed morphologies and chemical compo-
sitions of aerosol particles during Asian and non-Asian
dust-storm events. Both these studies used scanning electron
microscopy along with energy-dispersive X-ray analysis
(SEM-EDX). Furthermore, Aikawa et al. (2003: Ref. 3)
showed by a bulk analysis that aerosol particles were present
during fog events at Mt. Rokko. Despite the many studies
conducted in this region, single aerosol particles in summer
have not been analyzed, even though single-particle analyses
are an important method for obtaining basic information
about the morphology and chemical composition of aerosol
particles. The purpose of this study was to investigate the
basic characteristics of aerosol particles sampled on Mt.
Rokko in summer. Here we examine individual sea-salt parti-
cles obtained on Mt. Rokko in summer 2011 by transmission
electron microscopy (TEM)-EDX.

2. Methods
Acrosol samples were collected at the summit of Mt.
Rokko (34°77'N, 130°20'E, 931 m above sea level), Kobe,
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Japan (Figure 1), daily from 31 July to 1 September 2011
(except on 17, 25, 27, and 28 August). Aerosol samples were
collected by a cascade impactor (model I-1L, PIXI Interna-
tional Corp.) with two stages having aerodynamic 50% cut
off diameter of 1.0 and 8.0 um. We used particles collected
on the 1.0-um-diameter stage. Samples were collected for 5
minutes beginning at 15:00 JST on each day.

We chose two samples, one collected on 7 August and the
other on 1 September, for analysis. Electron micrographs of
aerosol particles were obtained by TEM (JEM-2010, JEOL
Ltd.), and their chemical compositions were determined by
EDS analysis (JED-2300T, JEOL Ltd.), conducted using an
acceleration voltage of 200 kV and an EDX collection time
of 30 s.
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3. Results and discussion

Several hundred aerosol particles were captured on each
grid on each of the two days, and many of them were
sea-salt particles. We focused on four sea-salt particles and
examined their features on electron micrographs (Figure 2)
and ternary diagrams of their Na, S, and Cl contents (Figure
3).

On the ternary diagram, we also plotted the compositions
of standard seawater and NaNO; and Na,SO,, which were
generated by reacting sea-salt particles with HNO; and
H,S0,, respectively, until they were completed depleted in CL
Particles (a), (b), and (c) showed strong Cl depletion, but
the Na/Cl ratio of particle (d) was similar to that of pure
seawater (Figure 3). Thus, although these samples were
collected at the same location and their morphologies were
similar (Figure 2), their compositions differed greatly.

Many studies have investigated the modification of
sea-salt particles in aerosols. For example, Li et al. (2003:
Ref. 4) examined sea-salt particles collected over the North
Atlantic and suggested that Cl modification occurred by
chemical reactions with anthropogenic compounds such as
sulfate and nitrate, and Kawakami et al. (2008: Ref. 5) sug-
gested that the degree of modification depends on wind
speed. An industrial area with a high population is situated
south of our sampling site. The compositional differences
among these samples may therefore reflect differences in
the transport route and wind speed.

We also compared the relationship between Na and Mg in
the four particles with that in seawater (Figure 4). The
Na/Mg ratios of particles (b), (c), and (d) differed from the
seawater ratio, whereas the ratio in particle (a) was almost
the same as the seawater ratio. Thus, although Na/Cl in par-
ticle (d) was the same as that of seawater (Figure 3), its
Na/Mg ratio differed. The particles of both samples were
representative of aerosol particles collected at Mt. Rokko,
where a wide range of Na and Mg contents is observed,
possibly reflecting the influence of anthropogenic materials.
Future studies are needed to understand urban atmospheric
chemical processes over Kansai.

1 September

Figure 2 Photomicrographs of sea-salt particles collected on 7 August
and 1 September..
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The line on the graph shows the seawater ratio.
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Polycyclic aromatic hydrocarbons (PAHs), which are found in diesel soot and suspended particulate matter,
are well known to be harmful to human health. Pi-conjugated organic materials such as PAHs absorb pho-
tons in the ultraviolet light range. Here, we detected PAHs on diesel soot particles, chosen as suitable real en-
vironmental samples to demonstrate single-particle analysis by gallium focused ion beam time-of-flight sec-
ondary ion mass spectrometry (Ga-FIB-TOF-SIMS) and laser systems, including laser post-ionization sput-
tered neutral mass spectrometry. We optimized the Ga-FIB-TOF-SIMS apparatus to keep the sample at a low
temperature of about 170 K to suppress the evaporation of PAHs from the sample, and for the laser
post-ionization mass spectrometry, the apparatus incorporated a new optical system that allowed the focus to
be adjusted by moving the laser and the lens in parallel in order for laser light to be accessible to the nearer

point sputtered by FIB.

Keywords: Laser-SNMS; REMPI; Diesel soot; SPM; PAHs; Asian dust; Kosa; Single particle analyzer;

1. Introduction

Several kinds of polycyclic aromatic hydrocarbons
(PAHs) are found on diesel soot particles, Asian dust
“Kosa”, and suspended particulate matter that are trans-
ported long distances. Because PAHs are well known to be
harmful to human health, it is important to understand the
long-range transport of Asian dust to study the internal and
external mixing states of individual particles with inorganic
and/or organic materials.

Our single-particle analyzer [1, 2] uses gallium focused
ion beam time-of-flight secondary ion mass spectrometry
(Ga-FIB-TOF-SIMS) and several laser systems. The com-
bination of laser-induced resonance-enhanced multi-photon
ionization (REMPI), laser post-ionization sputtered neutral
mass spectrometry (laser-SNMS), and TOF mass spectrom-
etry allows several highly selective and sensitive analytical
techniques to be applied. To increase the sensitivity and
selectivity of the analysis, sputtered neutral particles are
post-ionized by irradiating them with an electron beam or
photon field. Many experiments have been carried out with
this system on inorganic and organic materials [3-7].

For REMPI and laser-SNMS experiments, the laser focus
position, shape, and input energy are important for ionizing
and detecting the materials with high sensitivity. In general,
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laser light is focused by a cylindrical or positive lens, but to
move the focus point parallel in both vertical and horizontal
directions along the optical beam axis, a system with a new
type of focus lens and a movable light axis is needed to
control the focus position.

In this paper, we report on optimizations of our apparatus
for detection of PAHs, and we show an example of its use
for detection of PAHs on diesel soot.

2. Experiment

Figure 1 shows our single-particle analyzer, which con-
sists of a Ga-FIB-TOF-SIMS apparatus and laser systems,
including a laser-SNMS system. To optimize the apparatus
and suppress the evaporation of PAHs from the diesel soot
sample, we modified the system so that it would keep the
sample cool at about —100 °C (~170 K) by lowering the
pressure in the chamber from atmospheric pressure to ul-
tra-high vacuum pressure.

For laser post-ionization mass spectrometry, the handling
of the laser light is very important. Many similar apparatus-
es have a simple positive lens or a cylindrical lens for fo-
cusing the laser light on the sample stage. We designed a
new optical system that enabled us to move the focus point
of the laser and the lens in parallel (Figure 2). We selected
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laser light with a wavelength of 266 nm, and used a 266-nm
pulsed laser beam timed to coincide with the FIB. Because
PAHs have a pi-conjugated system, most PAH molecules
are ionized by 1-color 2-photon process after they are sput-
tered by the FIB and have absorbed at least two photons
during their exposure to the 266 nm laser light. As a result,
it is possible to analyze PAHs by TOF-MS. In this study, we
analyzed diesel soot particles by laser-SNMS.

' -
- e

'S ;.-."'

Figure 1 Instruments of time-of-fight secondary ion mass spectrometry
and YAG + dye laser system. Repetition rate 30 Hz, pulse energy ~5mJ.
TOF-MS: time-of-flight mass spectrometer, EB for SEM: electro beam
for scanning electron microscope, Ga-FIB: gallium focused ion beam.
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Figure 2 (Left): Diesel soot on the indium plate. The diesel soot was
pressed on the flat indium plate and set in the sample stage. The sample
was cooled below 170 K in the load lock chamber using liquid nitrogen.
(Right): A) Old type focus shifter. The optical beam axis is fixed, and
only the lens is moved. Therefore, in changing the focus horizontally
and vertically, old type focus shifter moves the focal point to back and
forth. B) New optical parallel axis and focus shifter. In front of the lens,
the laser beam can be moved parallelly, horizontally and vertically. Al-
so, the lens on the motor stage is simultaneously moved parallel to the
laser. So this shifter keeps focal point no swingable back and forth for
the area sputtered by FIB.

We chose diesel soot particles as a suitable real environ-
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mental sample to use as an example. The sample was col-
lected from a diesel bus exhaust pipe with a diesel particu-
late filter (DPF). Several milligrams of diesel soot particles
were pressed onto an indium metal substrate.

In the case of non-conductive materials, such as diesel
soot, charge-up is caused by bombardment of the Ga-FIB,;
therefore, a low-energy electron gun for charge neutraliza-
tion was also used to compensate for the charge-up. In addi-
tion, PAHs have a vapor pressure of several kilopascals
(kPa). Injection of the PAH sample into the system at room
temperature would cause the PAHs to evaporate from the
sample. Therefore, to suppress the evaporation of PAHs, the
sample was cooled by using liquid nitrogen under ultra-high
vacuum pressure.

3. Results and discussion

Laser-SNMS analysis performed with the apparatus
modified to incorporate a sample cooling system and an
optical parallel axis and focus shifter successfully detected
PAHs on diesel soot (Figure 3). The mass-to-charge (m/z)
ratios of PAHs with 3 or 4 rings were detected, but not those
of PAHs with 5 or more rings.

In previous other experiments, pyrene and benzopyrene
were found to coexist in diesel soot, but the molar ratios of
pyrene and benzopyrene drastically changed at the different
emission patterns [8]. Our result shows that benzopyrene
quite probably was caught in the DPF or the emission pat-
tern of diesel engine was very low. We did not identify
benzopyrene on laser-SNMS spectra obtained by several
analyses of diesel exhaust soot.
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Figure 3 Laser post ionization mass spectrum of PAHs on diesel soot. The
results suggest the mass-to-charge ratio values (m/z) is several PAHs de-

tected in diesel soot by laser post-ionization mass spectrometry.
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We analyzed particles containing black carbon by time-of-flight secondary ion mass spectrometry with a
high lateral resolution. After sulfate particles with a diameter of about 1 pm were sputtered by gallium primary
ions (a gallium focused ion beam), solid materials with a diameter of about 100 nm were sometimes found
within the particles. Since the mass spectrum for the solid material was almost the same as that of graphite, we
concluded that the solids might be black carbon. Furthermore, we inferred a possible structure from the results,
in which black carbon occurred at one edge of sulfates, and the sulfates were usually surrounded by organic

matter.
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1. Introduction

Black carbon, which is emitted by incomplete combus-
tion of fossil fuel, biofuel, and biomass carbon, is a major
contributor to global warming because in the air it absorbs
solar radiation. Aerosol particles containing black carbon
are typically aggregated carbonaceous spherules a few tens
of nanometers in diameter that are coated with sulfates
and/or organic matter. It is important to know the structure
and composition of these particles for use in climate simu-
lations [1]. Because of the small size of black carbon,
transmission electron microscopy (TEM), electron ener-
gy-loss spectroscopy (TEM-EELS), and energy dispersive
X-ray spectroscopy (EDX) [2] are most often used for their
analysis. However, the structures of aerosol particles con-
taining black carbon and the composition of the coating
materials have yet to be clarified.

We developed a time-of-flight secondary ion mass spec-
troscopy (TOF-SIMS) system with high lateral resolution
[3]. The apparatus can analyze single aerosol particles with
the high lateral resolution of 40 nm, and a cross-section of
the particle can be fabricated by using a gallium focused ion
beam (FIB). Individual aerosol particles have already been
analyzed with the apparatus to clarify their chemical reac-
tions and sources [4, 5]. In this study, we used the apparatus
to analyze aerosol particles containing black carbon.
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2. Methods

Acrosol particles were collected at the Fukue-Jima Island,
Nagasaki Prefecture, Japan, and on the Kougakuin Univer-
sity campus (Hachioji, Tokyo, Japan). A custom-made sin-
gle stage impactor [6] was used for the sampling. The im-
pactor collected particles less than 10 pm in diameter. Sili-
con wafers with an area of 4 mm” were used as collection
substrates. Each sampling was performed for 10 minutes at
a suction rate of 1.5 L/min. The silicon wafers with aerosols
were introduced into the TOF-SIMS apparatus at room
temperature and without any pretreatment.

All experiments described here were performed with a
TOF-SIMS apparatus developed by the authors [3]. The
apparatus has two beams: a gallium FIB as the primary ion
beam and an electron beam (EB). The FIB was used as a
machining tool to fabricate particles, to observe the particle
surface, and to map the elements of the particle. A 30-keV
gallium FIB was rastered to obtain the FIB-induced sec-
ondary electron image. The EB was used to search for par-
ticles to be analyzed and observe during the FIB machining.
The base pressure of the apparatus was around 3.0 x 10°°
Pa.

First, aerosol particles on the silicon wafer were observed
on the FIB-induced secondary electron image and the sec-
ondary electron image produced by the EB. Next, elemental
mapping was performed using a pulsed FIB and TOF mass
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spectrometry (MS) of an area a few tens of square microm-
eters in size on the silicon wafer, involving particles with a
diameter of about 1 pm (128 x 128 pixels). The pulse dura-
tion was 300 ns, and 300 sweeps were performed. The FIB
current was about 300 pA.

3. Results and discussion

Figure 1 shows the FIB-induced secondary electron im-
age of a particle with a diameter of about 1 um after ion
sputtering. A solid material with a diameter of about 100 nm
remained at the edge of the particles. The solid was not
spherical but irregular in shape, similar to aggregated car-
bonaceous spherules observed by TEM [2]. This solid might
be composed of black carbon.

Elemental mapping in negative analysis mode of particles
with a diameter of about 1 pm before the sputtering showed
an area of sulfate ions surrounded by carbon ions. In con-
trast, after the sputtering, an area of carbon ions was ob-
served at one edge of the sulfates, which is consistent with
the position of the solid material seen in Figure 1. However,
the elemental mapping alone could not identify the carbon
ions after the ion sputtering as black carbon, because the
source of the carbon before and after ion sputtering was not
clear.

Figure 1 FIB-induced secondary electron image of particles with a diame-
ter of about 1 pm after ion sputtering.

In the mass spectrum of the carbon area after ion sputter-
ing (Figure 2), the carbon cluster ions C', C,, C;, C4, Cs,
and Cs were detected. In particular, C; and C4 (m/z = 36
and 72, respectively) could be distinguished. The line at m/z
= 48 is interpreted as C, rather than SO because SO, (m/z
= 64) was not detected. The detected ions in the carbon area
after ion sputtering were almost the same as those of graph-
ite, used as a reference for elemental carbon. In addition,
the solid carbon material remaining after ion sputtering was
identified as black carbon. The materials in the carbon area
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Figure 2 Mass spectrum of the carbon area of particles with a diameter of
about 1 pum after ion sputtering

before ion sputtering were identified as organic matter from
their mass spectra.

These results suggest that in the structure of the original
aerosol particles containing black carbon. The black carbon
may have been at one edge of the sulfates, and that the sul-
fates were usually surrounded by organic matter.

4. Summary

Aerosol particles containing black carbon were analyzed
with a high lateral resolution TOF-SIMS system. After sul-
fate particles with a diameter of about 1 pm were sputtered
by FIB, solid materials sometimes remained in the particles.
On the basis of our analysis results, we concluded that the
solids might be identified as black carbon. Furthermore, the
aerosol particles containing black carbon might have a
structure in which the black carbon is at one edge of sul-
fates, and the sulfates are usually surrounded by organic
matter.
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Aerosol particles collected on the Fukue-Jima Island in western Japan were analyzed individually by a
time-of-flight secondary ion mass spectrometry (TOF-SIUS) system with high lateral resolution. Two major
coarse particle types were found in the sample from an air mass that had passed over the Korean Peninsula:
one with a crystalline part, and another with a fluidic part. Examination of the first type showed that formed
by the reaction of mineral dust containing CaCQO; with HCI that had been produced by a decomposition reac-

tion between sea salt and dust. The latter reaction would be enhanced in the presence of the pollutant HNO;.
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1. Introduction

Trans-boundary air pollution is of great interest because
of its potential impacts on the environment in the down-
stream area. Aerosols transported from East Asia to western
Japan have been studied to determine their sources and the

chemical transformations that they undergo during transport.

Conventionally, aerosol studies have employed chromatog-
raphy and mass spectrometry to analyze particle composi-
tion. These analysis methods result in highly precise com-
positional data on bulk samples, but they cannot be used to
analyze individual particles.

We formed a research group with the aim of combining
bulk analysis with individual particle analysis. Bulk analy-
sis was used to obtain information about overall trends in
aerosol transport, and then individual particles from partic-
ular samples identified as of interest by the bulk analysis
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were analyzed. For individual particle analysis, a novel im-
aging apparatus based on time-of-flight secondary ion mass
spectrometry (TOF-SIMS) was employed [1]. Here, we
present the results of some individual aerosol particle anal-
yses.

2. Methods

Aerosol particles were collected at the Fukue-Jima Island,
Nagasaki prefecture, Japan, at 16:50 JST on 29 March and
at 9:30 on 31, March 2010. A custom-made single-stage
impactor [2] was used for the sampling. Silicon wafers
4 x 4 mm in size were used as collection substrates because
it is easy to observe small particles on them owing to their
surface smoothness. Each sampling was performed for 10
min at a pumping rate of 1.5 L/min. After the sampling, the
wafers were stored in airtight boxes at room temperature
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10 um

Figure 1 FIB-induced secondary electron image of aerosols collected on a
Si wafer on 29 March. Particle type A is partly crystalline, and particle
type B is partly fluidic.

until analysis in the laboratory.

All analyses were performed with a high-resolution
TOF-SIMS apparatus. This apparatus can perform sin-
gle-particle analysis with high lateral resolution, down to 40
nm. A cross section of the targeted particle is fabricated
with a gallium focused ion beam (Ga-FIB) operated in DC
mode at 30 keV, with a beam current of 300 to 500 pA and
at an incident angle of 45° with respect to the surface nor-
mal. The Si wafers with the collected aerosols were intro-
duced into the apparatus at room temperature and without
any pretreatment. The particles were mapped at a resolution
of 128 pixels x 128 pixels with a Ga-FIB pulse repetition of
200 per pixel. The typical time required for one mapping
analysis was 300 s. The pressure in the specimen chamber
was around 3.0 x 10°° Pa.

3. Results and discussion

Before the individual particle analysis, the origin of each
day’s air mass was deduced by back-trajectory analysis us-
ing the HYSPLIT-4 method of the U.S. National Oceanic
and Atmospheric Administration [3]. The air mass sampled
on 29 March had passed over the Korean Peninsula, where-
as that sampled on 31 March first passed over the Japanese
Islands and then subsequently moved northward into the
Pacific Ocean. Therefore, we expected that the particles
collected on 29 March would be more affected by anthro-
pogenic chemical species than those collected on 31 March.

In the FIB-induced secondary electron image of particles
collected on 29 March (Figure 1), two major types of coarse
particles were observed: type A particles were partly crys-
talline, and type B particles were partly fluidic.

Secondary ion maps of the major constituents of a type A
particle analyzed by SIMS (Figure 2) show that the particle
consisted of a crystalline part surrounded by non-crystalline
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Figure 2 Secondary electron (SE) image (a) and secondary ion maps of a
type A particle: (b) **Na™; (c) 7’Al’; (d) “’Ca’; (e) '°0O; (f) ¥*CI". The arrow
in (a) indicates the crystalline part.

components. The crystalline part (arrow in Figure 2a) con-
sisted of Na and O, not of Na and CI (sea salt). If the Na
originated from sea salt, then the following sea salt decom-
position reaction must have occurred in the air mass:

NaCl + HNO; — NaNO; + HCl. )

In this reaction, HNOj; is assumed to be emitted from in-
dustrial processes. The non-crystalline parts of the particle
contained Cl and the mineral dust components Al and Ca,
indicating that mineral dust had reacted with the HCI pro-
duced by the decomposition reaction.

4. Conclusion

Trans-boundary aerosol particles were individually ana-
lyzed with a state-of-the-art SIMS apparatus. An air mass
that had passed over the Korean Peninsula had two major
types of particles. One type contained CaCl, that originated
from a reaction between mineral dust and sea salt.

This work was supported by the Environment Research and Technology
Development Fund (ERTDF, Ministry of the Environment, Japan, B-1006),
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The mixing state of light-absorbing carbonaceous particles is investigated in relation to their light-absorption
properties by electron microscopy examination, analyses of black carbon (BC) on a quartz fiber filter by the
thermal/optical reflectance method, and measurements made with two continuous light-absorbing photometers
at a suburban site in Tsukuba, about 60 km northeast of Tokyo, Japan. The volume fraction of water-soluble
material (€) in individual particles is an important parameter for assessing particulate light absorption and/or
scattering by atmospheric aerosols. The ¢ values in BC particles are evaluated by examining electron micro-
graphs before and after dialysis (extraction) of water-soluble material. In BC particles with radii between 0.05

2 -1

and 0.5 pm, the mass absorption coefficient (in units of m” g™') tends to increase as the average € value increases,
indicating that coatings of water-soluble material around BC particles can enhance their absorption of solar
radiation. Moreover, the single scattering albedo also increases because a large amount of coating material will

scatter more light.

Keywords: Aecrosol particles; Elemental composition; Mixing properties of aerosols; Single particle analysis; Elec-
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1. Introduction

Light-absorbing carbonaceous particulate matter, often
called “black carbon” (BC) or “soot,” is an important con-
stituent of atmospheric particles. Airborne BC is the most
important particulate material absorbing solar radiation in
the atmosphere, and it is one of major contributors to global
climate forcing (IPCC, 2007). A mass absorption coefficient
(MAC; in units of m* g’l), which is defined as the ratio of
the aerosol absorption coefficient (m™) to the mass concen-
tration (ug m ) of the absorbing particles, is a crucial pa-
rameter in many applications. For BC particles with known
size distribution and refractive index, MAC can be calcu-
lated by using a Mie theory. BC-containing aerosol particles
can have MAC values between 3.8 and 17 m”> ¢! [1] or be-
tween 5 and 13 m” g”' [2], depending on the size distribu-
tion and the refractive index.

Measurements of BC concentrations or model calcula-
tions often use values on the order of 10 m* g'. Hansen
(2003: Ref. 1) showed when measurements of aerosol ab-
sorption by soot absorption photometer were regressed
against Aethalometer measurements of mass concentration,
the resulting regression line had a slope of 10.8 m* g'.
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However, Bond and Bergstrom (2006: Ref. 2) recommend-
ed a MAC value of 7.5 m* g ' at or near combustion sources.
To evaluate the contribution of different substances to light
absorption by BC-containing particles, the mixing state of
BC with other particulate matter (usually
non-light-absorbing substances) must be considered [3].
Externally mixed BC particles have a lower MAC than in-
ternally mixed particles with the same chemical composi-
tion [1, 4].

To date, our understanding of light absorption obtained
from measurements is insufficient because there were only
a few studies to evaluate light absorption properties in
BC-containing aerosol particles in relation to their mixing
state. Thus, the aim of this study is to obtain information on
the mixing state of BC particles by using electron micros-
copy and to evaluate its effect on the light absorption prop-
erties of BC-containing particles determined from observa-
tional results obtained in the suburban atmosphere of Tsu-
kuba, Japan.

2. Methods

Ground-based aerosol measurements were performed in
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the radiation observation building of the Meteorological
Research Institute (MRI, 36.06°N, 140.01°E) in Tsukuba in
October 2005. Naoe et al. (2009: Ref. 6) described the ob-
servational method in detail. Number-size distributions of
aerosol particles were measured with a differential mobility
analyzer (TSI, Model 3071A) in combination with a con-
densation nucleus counter (TSI, Model 3025). Aerosol par-
ticles were collected on carbon-coated nitrocellulose film in
an impactor with a 0.5-mm-diameter round jet. After the
collection, the particles on the film are coated with a Pt/Pd
alloy at a thickness of 0.7 nm and a shadowing angle of
26.6°. Then, the shape and volume of the individual parti-
cles are assessed by using transmission electron microscopy
(Hitachi, H-600 and H-6010). The system for measuring
their optical properties consists of an integrating nephelom-
eter (TSI, Model 3563), a continuous light absorbing pho-
tometer (PSAP; Radiance Research, M903), and a sev-
en-wavelength black carbon aethalometer (Magee Scientific
Company, AE-31).

Before sampling, quartz fiber filters (47 mm in diameter)
for total suspended particulates were used that were
punched out of a filter sheet of the same lot. For concen-
trated filtration, the aerosol particles were collected in an
8-mm-diameter area on the filter using a mask. Organic
carbon (OC) and elemental carbon (EC) are analyzed with a
DRI model 2001 carbon analyzer [7]. The IMPROVE pro-
tocol uses for the analysis and comprises the following
seven steps: OC1, 120 °C; OC2, 250 °C; OC3, 450 °C; and
0C4, 550 °C in a 100% He atmosphere; EC1, 550 °C; EC2,
700 °C; and EC3, 800 °C in a 2% O, and 98% He atmos-
phere.

3. Results

Figure 1 shows the relationship between MAC and the
average volume fraction of water-soluble material ¢ in BC
particles (0 < & < 1) with radii between 0.05 and 0.5 pm in
each sample. MAC is the ratio of the aerosol absorption
coefficient at 565 nm, obtained from the PSAP measure-
ments, to the BC mass concentration, measured by the
thermal/optical reflectance method. MAC thus does not
depend on the total particulate mass but on the mass of the
only BC component. Although MAC is a function of wave-
length and its properties determined at a single wavelength
are insufficient for climate modeling studies, here we focus
on identifying BC optical properties at a mid-visible wave-
length (565 nm). For the Tsukuba aerosol collected in Oc-
tober 2005, the MAC values are distributed within a narrow
range (10-13 m* g '), and MAC tends to increase as the
average volume fraction of water-soluble material increases.
MAC (y-axis) and average ¢ (x-axis) are somewhat corre-
lated (% = 0.41; regression line, y = 4.5x + 11.1 (= 1.0) m’
g ). Therefore, the enhancement of MAC in our observa-
tional results is qualitatively comparable to that obtained by
theoretical calculations. Since BC is fully externally mixed
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when x = 0, MAC in BC particles without water-soluble
components is shown by the y-intercept to be 11.1 + 1.0 m?
g'. Thus, this value is different from the value of 7.5 for & =
0.0 recommended by Bond and Bergstrom (2006: Ref. 2).

Bond and Bergstrom (2006: Ref. 2) showed that MAC of
BC particles ranges usually between 5 and 13 m* g but
that at or near combustion sources it does 6.3-8.6 m> g .
Although a MAC of 10 m* g is commonly cited, they
recommended a MAC of 7.5+ 1.2 m* g' for uncoated (i.e.,
freshly produced) aerosols and small BC particles. Our
MAC value estimated from the y-intercept of the regression
line is similar to the commonly cited value.

When ¢ is close to 1, BC particles correspond to be fully
internally mixed. The estimated MAC value of 16 + 1 m’
g in our result may represent the maximum of MAC that
can result from the coating of BC particles.
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Figure 1 Mass absorption coefficient (MAC; aerosol absorption coefficient
divided by BC mass concentration) versus the average volume fraction of
water-soluble material (¢) in BC particles. BC mass concentrations were
obtained by the thermal/optical reflectance method. The numbers close to
the symbols indicate the sample IDs.
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ulate light absorption. Atmos. Environ., 43, 1,296—1,301.
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Fine mineral aerosols collected in Japan during two Asian
dust events: Size distributions and mixing properties
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Asian dust samples were collected from the prefrontal and postfrontal air masses of an extratropical cyclone
on 20 March 2010, and the size distributions and mixing properties of the mineral aerosols were examined by
transmission electron microscopy and energy-dispersive X-ray analysis. Mineral aerosols were predominant in
the large size ranges (Dp > 0.5 pm) in both samples. In the smaller size range (Dp < 0.5 pm), mineral particles
dominated in the postfrontal samples, but particles with abundant sulfur were predominant in the prefrontal
sample. Mixing properties of the mineral particles were examined by irradiation of individual particles by in-
tense electron beams. In the postfrontal sample, most of the fine mineral particles were externally mixed,
whereas most of those in the pre-frontal sample were internally mixed with volatile aerosols. The coating
thickness depended on the core size. In particular, particles smaller than 0.3 pm were thickly coated. The mode
diameters of mineral aerosols and of mineral cores were both in the fine size range of both dust samples. The
aging properties of prefrontal dust and the strong influence of anthropogenic pollutants were due to the slow
transport of the dust in the mixing layer over coastal China and the East China Sea. In contrast, the
postfrontal dust was not particularly influenced by anthropogenic aerosols, because the front separated the air
mass from the anthropogenic pollution south of the front.

Keywords: Aerosol particles; Asian dust; Single particle analysis; Electron microscope

1. Introduction

Asian dust particles affect human activities and health,
plants, the environment, and climate. During dust events,
fine particles are not important in terms of mass. However,
observations at source regions suggest that the number
concentrations of fine mineral particles are comparable to or
higher than those of coarse mineral particles.

Aerosols in the fine size range are generally dominated
by particles formed through gas-to-particle conversion, and
they are thus composed of volatile materials, namely, sulfu-
ric acid, sulfate, nitrate, ammonium, and organic matter.
The number concentrations of these accumulation mode
particles are generally several orders of magnitude higher
than those of coarse particles. Therefore, number concentra-
tions of fine mineral dust are expected to be lower than
those of volatile particles even during Asian dust events
over Japan.

During Asian dust events, mineral dust particles are typi-
cally transported in association with extratropical cyclones
from the Asian continent to Japan. Dusty air is sometimes
observed to be associated with northwesterly winds after the
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passage of a cold front, and increased particle concentra-
tions are associated with southerly winds before the passage
of a cold front [1, 2]. Increases in the number concentration
of fine particles are particularly notable in prefrontal air
masses, and they are attributable to anthropogenic pollution
transported from China.

On 21 March 2010, Asian dust events were observed over
Japan before and after the passage of a cold front. For the
present study, we collected aerosol particles at Tsukuba
during these events. We examined the mixing properties of
the individual particles (examining approximately 10,000
particles) by observing morphological changes of the parti-
cles after their irradiation with strong electron beams during
transmission electron microscopy (TEM).

2. Methods

Aerosol samples were collected with a two-stage jet im-
pactor with nozzle diameters of 1 and 0.5 mm at flow rate
of 2 L min"' onto the surface of a carbon-coated nitrocellu-
lose (collodion) film on a reference copper grid (Graticules,
Ltd., Maxtaform H7). The 50% cutoff diameters of the



TECHNICAL REPORTS OF THE METEOROLOGICAL RESEARCH INSTITUTE No.68 2012

0.5-mm and 1-mm impactors were evaluated as 0.66 and
0.14 pm, respectively. The sampling sites were at the Mete-
orological Research Institute (MRI) in Tsukuba (36.08°N,
140.12°E) and at Mt. Haruna (36.48°N, 138.87°E; elevation,
1390 m).

The samples were analyzed by TEM (Hitachi, H-600 and
H-6010), scanning TEM (STEM H-6010), and energy dis-
persive x-rays (EDX). Individual particles were irradiated
by intense electron beams to remove volatile components
such as sulfate, nitrate, and organic matter. Minerals and
soot in the residues remaining after removal of the volatile
materials were distinguished by their morphological ap-
pearance. The volatile aerosols were distinguished by the
traces remaining after the irradiation. The size (volume
equivalent diameter) of volatile aerosols was evaluated by
assuming a spherical cap from the disk on the collection
film.

3. Results and discussion

Figure 1 shows the number-size distributions of the dif-
ferent types of fine aerosol particles normalized to scanning
mobility particle sizer/optical particle counter data
(SMPS/OPC) for the prefrontal (left) and postfrontal (right)
samples collected at Tsukuba. In the prefrontal event, ex-
ternally mixed volatile aerosols predominated, and exter-
nally mixed refractory aerosols (minerals, soot, and fly ash)
were present in very low concentrations. The refractory
materials were mostly internally mixed with volatile aero-
sols. Number fractions of mineral particles were lower than
1%, even including the internally mixed particles.

Most soot particles were internally mixed. In the
postfrontal event, the concentration of mineral aerosols was
greater than the concentrations of soot and volatile particles
in the 0.2-0.4 um size range, and most mineral particles
were externally mixed. It is notable that the maximum
number concentration of total aerosols with a diameter of
0.4 pum was attributable to externally mixed mineral aero-
sols.

A model simulation showed that the source of the pre-
frontal and postfrontal dust was the Badain Jaran Desert
(approximately 40°N, 100°E), a result that is consistent
with back-trajectory analysis results. A dust storm was ob-
served continuously at the meteorological observatories in
that area from the beginning of March 2010. Therefore, we
considered that the properties of the mineral particles in the
prefrontal and postfrontal events were originally similar and
that they became differentiated during transport. We inter-
preted the fine minerals in the prefrontal air to have been
originally present as externally mixed particles, which be-
came internally mixed under the influence of anthropogenic
pollutants during transport.
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Figure 1 Size distributions of particles of different mixing types from the

prefrontal (left) and postfrontal (right) events.

Bates et al. (2004: Ref. 1) observed aerosols from a re-
search vessel in the Japan Sea near Sakhalin (approximately
50°N latitude) before and after the passage of a cold front
accompanying an extratropical cyclone and reported that
the prefrontal air was dominated by ammonium sulfate and
organic carbon, with mineral dust particles as a minor
component, whereas the postfrontal air was dominated by
mineral dust particles. Zhang et al. (2005: Ref. 2) analyzed
aerosol samples obtained at Qingdao, China, before and
after the passage of a cold front passing over Mongolia (ap-
proximately 50°N latitude) and reported that the prefrontal
dust had been highly influenced by anthropogenic pollution
whereas the postfrontal dust was relatively unmodified.
Moreover, some investigators have reported increased fine
particle concentrations before the arrival of high concentra-
tions of Asian dust in Japan. Taken together, these findings
suggest that the effects of anthropogenic pollution on pre-
frontal air are generally stronger than their effects on
postfrontal air.

1 Bates, T. S., P. K. Quinn, D. J. Coffman, D. S. Covert, T. Miller, J. E.
Johnson, G. R. Carmichael, I. Uno, S. A. Guazzotti, D. A. Sodeman, K.
A Prather, M. Rivera, L. M. Russell and J. T. Merrill, 2004: Marine
boundary layer dust and pollutant transport associated with the passage
of a frontal system over eastern Asia. Journal of Geophysical Research,
109, D19S19, doi: 10.1029/2003JD004094.

2 Zhang, D., Y. Iwasaka, G.. Shi, J. Zang, M. Hu and C. Li, 2005: Sepa-
rated status of the natural dust plume and polluted air masses in an
Asian dust storm event at coastal areas of China. Journal of Geophysi-
cal Research. 110, D06302, doi: 10.1029/2004JD005305.
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We used the global climate model MRI-CGCM3 to investigate the climatic effect of black carbon (BC) aero-
sols and to estimate the effectiveness of mitigation of global warming by the reduction of BC. As the first step,
we conducted an idealized sensitivity study to investigate the climatic response of air temperature in the pres-
ence or absence of atmospheric BC aerosol, as well as the response with an atmospheric loading of BC 10 times
that of the control experiment. We found that the atmospheric heating effect of BC was large in the tropical
upper troposphere in mid-latitude regions of the Northern Hemisphere and in the Antarctic region. In addition,
the surface air temperature in tropical regions, especially the Sahel, India, and Southeast Asia, was reduced by
the presence of atmospheric BC. These results suggest that radiative heating of atmospheric BC modifies at-
mospheric stability conditions and hence the general circulation of the atmosphere and ocean.

Keywords: Black carbon; Climate change; Aerosol particles; Numerical climate model

1. Introduction

Black carbon (BC) in atmospheric aerosols is an efficient
absorber of radiation, and it affects the Earth's climate by
scattering and absorbing atmospheric radiation. BC is
estimated to be the second-most important warming agent
after carbon dioxide [1]. Moreover, when deposited on
snow- or ice-covered ground, BC acts as a light-absorbing
impurity and reduces the surface albedo (e.g. [2]). Because
the lifetime of BC is shorter than that of other greenhouse
gases (GHGSs), reduction of atmospheric BC emissions may
be an efficient way to mitigate global warming [1].
However, the climatic impact of BC is still uncertain
because of the uncertainties in numerical climate models.

We used a global climate model developed in the
Meteorological Research Institute (MRI) of the Japan
Meteorological Agency to investigate the climatic effect of
BC aerosols and to estimate the effectiveness of the
mitigation of global warming by the reduction of BC. In
section 2, we describe the MRI global climate model, and
we present preliminary results of an experiment on the
effect of BC aerosols in section 3.

2. Model description
2.1. MRI climate model

We used the global climate model MRI-CGCM3, which
consists of an atmospheric general circulation model
(MRI-AGCM3), an ocean general circulation model
(MRI.COM), and a global aerosol model (MASINGAR
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mk-2; Model of Aerosol Species IN the Global Atmosphere)
[3]. The horizontal resolution used was TL159
(approximately 1.1°) for the AGCM, 1° x 0.5° (tripolar) for
the OGCM, and TL95 (approximately 1.8°) for the aerosol
model. The vertical resolution of the AGCM and aerosol
model was 48 vertical layers from the ground to 0.01 hPa
with a terrain-following and pressure hybrid () coordinate
system. The model components were interactively
connected by a coupler library called Simple coupler (Scup,
[4]). MRI-CGCM3 is a part of the MRI Earth System
Model (MRI-ESM1) [5].

MASINGAR mk-2 considers five aerosol species,
namely sulfate (and its precursors), BC, organic carbon
(0OC), sea salt, and mineral dust. The concentrations of the
aerosols are passed to the AGCM and used for the
calculation of atmospheric radiative transfer. Deposition
fluxes of light-absorbing aerosols, namely BC and mineral
dust, are also considered as snow impurities and used in the
calculation of the albedo of snow and ice. Emission
inventories of the Representative Concentration Pathways
(RCP) emission scenario [6] are used for BC, OC, and SOx.

2.2. Experimental conditions

We performed a series of 25-year simulations for the
period from 1 January 2005 to 31 December 2029, setting
all GHG concentrations and BC, OC, and SOx emissions to
those in 2005. The initial experimental conditions were
adopted from a historical CMIPS5 climate experiment
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Figure 1 Annually averaged optical depth (at 550 nm) of the simulated aerosols: (a) total, (b) sulfate, (c) black carbon, (d) organic carbon, (e) sea salt,

and (f) mineral dust.

conducted with MRI-CGCM3.

To elucidate the radiative effects of the BC aerosols, we
conducted experiments under three sets of conditions. The
default setup of the model simulation was used as the
“Control” experiment. The second experiment (the
“No-BC” experiment) excluded airborne BC from the
radiative transfer calculation. The difference between the
Control experiment and the No-BC experiment represented
the effect of total elimination of BC emissions into the
atmosphere. Because of uncertainties in the concentrations,
mixing states, and optical properties in the BC simulation,
as a sensitivity study we conducted a third experiment (the

Temperature difference (K1 {Control} — (no BC)
- - e

BCx10 experiment), in which the BC concentration was
assumed to be 10 times the concentration in the atmosphere
used for the Control radiative transfer calculation.

3. Results
3.1. Simulated optical depth of aerosols

The globally averaged annual mean optical depths of the
aerosol species in the Control experiment (Figure 1) were
0.050 for sulfate, 0.003 for BC, 0.007 for OC, 0.042 for sea
salt, and 0.029 for mineral dust. The horizontal distribution
of the BC optical depth indicates that in the early 21st cen-
tury BC loading will be highest over China, India, South-
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Figure 2 Annual mean zonally averaged temperature differences caused by the radiative effect of BC. Differences between the (a) Control and

No-BC experiments and the (b) BCx10 and No-BC experiments.
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east Asia, and the equatorial region in Africa. Most of the
BC loading was in the Northern Hemisphere, and it was
very low over the ocean in the Southern Hemisphere.

3.2. Zonal mean temperature differences

Zonal mean temperature differences between the Control
and No-BC experiments (Figure 2a) show both positive and
negative temperature anomalies, whereas those between the
BCx10 and the Control experiments show positive
temperature anomalies (Figure 2b) at most latitudes and

altitudes.

In both experiments, a considerable positive temperature
difference is present in the tropical upper troposphere,
indicating BC heating there. In the middle and lower
troposphere, negative temperature anomalies are seen from
about 60°S to 30°N, suggesting that BC causes cooling of
the lower troposphere at those latitudes.

Atmospheric heating in the presence of BC is also seen in
mid-latitude regions of the Northern Hemisphere, where the
BC loading is high, and positive temperature anomalies are
found in the lower troposphere over the Arctic and Antarctic
regions (Figure 2a), although in the upper troposphere and
lower stratosphere, negative temperature anomalies are seen
over the Arctic and Antarctic. However, the differences
between the BCx10 and Control experiments indicate only
a slight positive anomaly in the lower troposphere over the
Antarctic and a slight negative anomaly over the Arctic
(Figure 2b).

These results suggest that the presence of BC in the
atmosphere affects large-scale atmospheric circulation. In
the tropics, BC heats the upper troposphere and cools the
lower troposphere, which should reinforce atmospheric
stability and weaken convective transport.

3.3. Ground surface temperature differences
The annually averaged surface air temperature difference
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between the Control experiment and No-BC experiment
(Figure 3a) suggests that with the current BC loading the
surface air temperature will increase over northeastern Chi-
na and Europe, where anthropogenic BC emissions are high.
Also, surface air temperature in the presence of current BC
loading is increased in Antarctic regions. In contrast, in
low-latitude continental regions, especially the African Sa-
hel, India, and Southeast Asia, surface air temperature dif-
ferences show cooling with the current BC loading (Figure
3a). Moreover, more pronounced cooling tendencies are
seen in these regions when the differences between the
BCx10 and No-BC experiments are examined (Figure 3b).

In some regions, however, the current BC loading and
the BCx10 loading show different tendencies when com-
pared with the Control results. The considerable heating
over the Arctic with the current BC loading (Figure 3a),
compared with cooling over that region with BCx10 load-
ing (Figure 3b), suggests that the effect of BC on surface
temperatures in the Arctic region depends on the BC load-
ing amount. In addition, the pattern of surface air tempera-
ture differences with respect to the No-BC experiment dif-
fers greatly over the ocean between the Control (Figure 3a)
and BCx10 (Figure 3b) experiments. Large heating over the
Antarctic in the latter experiment (Figure 3b) is attributable
to a decrease in sea ice in that region. This result suggests
that the surface air temperature change with the amount of
BC loading is due to feedback from changes in the general
circulation of the atmosphere and ocean induced by radia-
tive heating due to the atmospheric BC loading.

3.4. Seasonal change in the global average surface tem-
perature

The seasonal variation of the globally averaged ground
surface temperature anomalies between the Control and
No-BC experiments (Figure 4, blue line) suggests that
globally averaged ground surface temperature from May to
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Figure 3 Annual mean surface air temperature differences due to the radiative effect of BC. Differences between the (a) Control and No-BC experi-

ments, and the (b) BCx10 and No-BC experiments.

67



TECHNICAL REPORTS OF THE METEOROLOGICAL RESEARCH INSTITUTE No.68 2012

Difference of globally averaged surface lemperature (i)
0.5 + T L T T — ' - ' '
0.4t
0.3t
0.2t
01 p

0
01
A8
.U_a L
0.4 .

Temperatura anomaly (K)

{Control} - (Mo-BC) —
(BC x 10} - (No-BG) ———

J O F M A M J J A 5 O N D

Month

Figure 4 Seasonal variation of the globally averaged surface air temper-

ature anomaly.

August will be slightly increased with the current atmos-
pheric BC loading, whereas in autumn and winter, the glob-
ally averaged temperature anomalies are unremarkable. The
heating due to BC in summer may reflect the large radiative
heating due to BC in summer in the Northern Hemisphere,
where there are large land masses and high anthropogenic
BC emissions. The seasonal differences of the globally av-
eraged surface air temperature anomalies between the
BCx10 and No-BC experiments (Figure 4, red line) are
greater than those between the Control and No-BC experi-
ments; large positive anomalies (higher temperatures) are
seen from May to October, and negative anomalies (lower
temperatures) in January and December.

4. Summary

The global climate model MRI-CGCM3 was used to in-
vestigate the radiative effect of BC and to assess the validity
of mitigating global warming by reducing atmospheric BC
aerosol emission. As the first step of the assessment, we
conducted an idealized sensitivity study to investigate the
climatic response of air temperature in the presence or ab-
sence of atmospheric BC aerosols, and with an atmospheric
BC loading 10 times higher than the current loading. The
results predict a large atmospheric heating effect of BC in
the tropical upper troposphere, mid-latitude regions of the
Northern Hemisphere, and the Antarctic region in the early
21st century, and also suggest that surface air temperatures
in tropical regions, especially the Sahel, India, and South-
east Asia, will be reduced by the presence of atmospheric
BC. Therefore, radiative heating of atmospheric BC is pre-
dicted to change atmospheric stability conditions and hence
the general circulation of the atmosphere and ocean. To
assess regional temperature changes caused by BC reduc-
tions, more sensitivity experiments and investigations of
feedback processes are needed.
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A new aerosol chemical transport model, the Regional Air Quality Model 2 (RAQM?2), was developed to
simulate Asian air quality. We implemented a simple version of a modal-moment aerosol dynamics model
(MADMS) and achieved a completely dynamical (non-equilibrium) solution for gas-to-particle mass transfer
over a wide range of aerosol diameters, from 1 nm to super pm. To consider a variety of atmospheric aerosol
properties, a category approach was utilized: aerosols were distributed into four categories: Aitken mode
(ATK), accumulation mode (ACM), soot aggregates (AGR), and coarse mode (COR). Condensation, evapora-
tion, and Brownian coagulations for each category were solved dynamically. Modeled size distributions
(PM,.s/PM;y and PM,/bulk ratios) of total weight and chemical components were compared and found to be
consistent with observations. At Hedo, proportions of non-sea-salt-SO,”~ mixed with ATK + ACM were largest
in summer, whereas H,SO, gas was efficiently condensed onto AGR in cold seasons. Of the modeled NO;",
98% was mixed with COR at Hedo, whereas 53.7% was mixed with sea salt at Gosan, which is upwind to-
ward the Asian continent. This difference can be attributed to condensation of HNO; onto sea salt particles

during transport over the ocean.

Keywords: Air quality modeling; Aerosol category approach; Non-equilibrium aerosol dynamics; Northeast Asia

1. Introduction

Atmospheric trace gases and aerosols have various det-
rimental effects on ecosystems and human health. Because
their emission, secondary formation, transport, and deposi-
tion mechanisms are highly complex and still mainly un-
known, many studies on the development and application of
air quality modeling are ongoing. Recently, Jacobson and
Ginnebaugh (2010: Ref. 1) developed a glob-
al-through-urban nested three-dimensional air pollution
model that implements a large explicit photochemical
mechanism with 4675 gases and 13,626 tropospheric and
stratospheric chemical reactions. The mechanism also in-
cludes one internally mixed aerosol and three hydrometeor
categories that are size and chemistry resolved (17 compo-
nents and 14 size bins for aerosols; 18 components and 30
size bins for cloud/precipitation liquid, cloud/precipitation
ice, cloud/precipitation graupel). On the other hand, there is
still a strong demand for computationally efficient models
for the purpose of long-term integration with higher grid
resolutions. For example, the Community Multiscale Air
Quality (CMAQ) model [2] has been extensively used, and
continually updated, worldwide for more than 10 years; the
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current version is 4.7 [3].

Asian air quality is highly complex because Asia covers
regions from the tropics to the polar zones with huge
amounts of anthropogenic air pollutants and natural dust
particles together with other natural species. The Regional
Air Quality Model (RAQM) was developed at the Acid
Deposition and Oxidant Research Center (now called the
Asia Center for Air Pollution Research), which focuses on
such Asian air quality problems [4, 5]. RAQM has been
used for various air pollution studies in Asia, such as studies
on high-oxidant, massive dust transport, and volcanic sulfur
events, and it has been substantially modified by means of
comparisons and evaluation with extensive and long-term
monitoring data [4, 5] and with other models ([6] and ref-
erences therein). However, an aerosol dynamics module
was not implemented in RAQM, and thermodynamic equi-
librium was assumed for gas—aerosol partitioning of
semi-volatile inorganic components such as sulfate, nitrate,
and ammonium.

To simulate the evolutionary processes of aerosol mi-
croscale properties such as chemical composition, size dis-
tribution, and mixing state, we implemented a simple ver-
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sion of a new modal-moment aerosol dynamics model [7-9]
that enables the non-equilibrium calculation of
gas-to-particle mass transfer for a wide range of aerosol
diameters from 1 nm to super pm. We also implemented six
important parameterizations relating to aerosol dynamics: (1)
new particle formation, (2) cloud condensation nuclei acti-
vation, (3) ice nuclei activation, (4) an explicit grid-scale
cloud microphysical module, (5) dry deposition, and (6)
sub-grid-scale convection and scavenging. This new model
is called RAQM2. In this report, only the general findings
of the study are summarized. A detailed description of the
model and further details of our findings are presented by
Kajino et al. (2012a: Ref. 10, 2012b: Ref. 11).

2. Methods

The model framework is illustrated in Figure 1. The U.S.
National Center for Environmental Prediction (NCEP) 6 h,
1° final operational global analysis data set ds083.2
(http://rda.ucar.edu/datasets/ds083.2/), the Japan Meteoro-
logical Agency (JMA) Climate Data Assimilation System
data set (JCDAS, 6 h, 1.25°, http://jra.kishou.go.jp/JRA-25/
AboutJCDAS en.html), or the JIMA Meso Regional Objec-
tive Analysis (MANAL) data set (3 h, 5 km) are used for
the initial and boundary conditions of the global and re-
gional meteorological model simulations and also for the
analysis nudging method. The Advanced Research Weather
Research and Forecasting (WRF) model or the JMA non-
hydrostatic model (NHM) are used to simulate the region-
al-scale meteorological field. In this study, WRF was se-
lected as the regional model and it was driven by NCEP
ds083.2.

Figure 1 Framework of the RAQM2 system

The model domain, common to both WRF and RAQM2,
is illustrated in Figure 2, which also shows locations of ob-
servation sites of the Acid Deposition Monitoring Network
in East Asia (EANET). The horizontal grid resolution is 60
km with a Lambert conformal map projection; vertically
there are 28 layers from the ground to 100 hPa for WREF,

NCEP-FNL ds083.2 | IC, BC, 4DDA WRF | NHM
JCOAS [ MANAL 6 hourly Regional Meteorchogical
Objective Analysis Data] — Model
IC, BC, 4DDA Metear. Var.
& hourly 1 hourly
WRI-CCM Top BC RACIMZ
Global Stratospheric & | Lateral BC Regional Agrosol | Output
Tropaspheric Chemistry [0, o Chemical Transport [} - }."
Climale Model Model
1 Gas 1 Gas & Aerosol
Emission Inventories:
REAS, INTEX-B, EDGAR, Bond et al. (2004), GFED3, MEGAN2Z,
Han et al. {2004), Clarke et al. (2006)
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and 13 layers from the ground to 10 km for RAQM2, with
terrain-following coordinates. The output time interval of
the WRF was set to 1 h, and thus the input/output time in-
terval for RAQM2 was also 1 h.

We used EANET monitoring data (Guidelines for acid
deposition monitoring in East Asia, available at
http://www.eanet.cc/product.html) for model evaluation.
The EANET stations monitor 1- or 2-week accumulated
concentrations of gaseous species and aerosol components
using the filter pack (FP) method (Technical documents for
the filter pack method in East Asia; http://www.eanet.cc/
product.html). These stations monitor hourly concentrations
of air pollutants and meteorological data such as wind speed,
wind direction, temperature, relative humidity, and solar
radiation.
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Figure 2 Model domain showing terrestrial elevation (m) and six Japanese
EANET sites (1, Rishiri; 2, Tappi; 3, Ogasawara; 4, Sado; 5, Oki; 6, Hedo).
The arrow indicates the Gosan site on Jeju Island, Korea.

Six EANET stations located on small islands or on iso-
lated capes in the downwind region in Japan were selected
for the model evaluation (Figure 2, red triangles). These
stations have no nearby large anthropogenic emission
sources and lack the complexity of local orographically
induced winds. Therefore, air pollutant transport events
mostly coincided with synoptic-scale disturbances at these
stations and are generally well reproduced by regional-scale
models. On the other hand, because the stations are very
close to ocean surfaces, regional-scale simulations of
ocean-originated species such as sea salt often do not agree
well with the observations. Thus, we often obtain a better
agreement for sea salt-originated components at inland or
mountainous stations.

3. Results and discussion

Statistical analyses by Kajino et al. (2012a: Ref. 10).
showed that the model reproduced the regional-scale
transport and transformation of the major inorganic anthro-
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pogenic and natural air constituents within factors of 2 to 5.
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Figure 3 Biweekly mean PM; to total (gas plus aerosol) concentration
ratios (left) and modeled fractions of the gas phase (gray) and aerosol
categories ATK+ACM (red), AGR (green), and COR (blue) (right) at He-
do: (a), (b) nss-SO,™; (c), (d) T-NH,'; (e), (f) T-NO;; and (g), (h) T-CI.

Figure 3 summarizes the major findings of the study at
Hedo. The observed values are depicted only when the
available hourly aerosol mass spectrometer data exceeded
50% during each biweekly FP sampling period (more than
140 hourly data during two weeks). The observed median
PM, to bulk non-sea-salt (nss)-SO,* ratio was 0.85. The
ratio exceeded 1.0 in some cases, so it may be within the
uncertainties of the analysis (Figure 3a). The modeled ratio
was also large because approximately 80% of the nss-SO,>
was mixed with submicron particles, such as ATK, ACM,
and AGR (Figure 3b). The modeled median ratio was 0.66,
smaller than the observed ratio, indicating that the modeled
size distribution of nss-SO,> may have been larger than the
observed distribution, or the proportions mixed with larger
COR particles might have been overestimated. The features
of the NH, " ratio were similar to those of the nss-SO,*" ratio
because nss-SO,” is a major counterpart of NH,". The pro-
portion of total NH,  (T-NH,") in the gas phase, as NH,
ranged from 20% to 60% in summer, because the tempera-
ture was high enough for NH,NO; to evaporate and/or be-
cause the amount of nss-SO,> was not enough to take up
NHj gas and fix it to the aerosol phase as ammonium sul-
fate. Because the modeled nss—SO42’ and NH," were both
underestimated, improvement of nss—SO42’ could also result
in improvement of NH,".

The mixing type of NO; at Hedo was interesting in
comparison with that at Gosan, Jeju Island, Korea. The ob-
served and modeled median PM; to total NO; (T-NO;")
ratios were 0.054 and 0.035, respectively, more than one
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order of magnitude smaller than those of nss-SO,* and
NH,". This result means that the observed and modeled
T-NO;  partitioned into the gas phase or internally mixed
with aerosols larger than PM; were close to each other, at
94.6% and 96.5%, respectively. Kajino and Kondo [9] con-
ducted a similar analysis of the PM, s/PM; ratios of chem-
ical components at Gosan and calculated that on average
53.7% of the modeled NO; was internally mixed with
sea-salt particles in March 2005. This value was consistent
with observations; the mean modeled and observed
PM, s/PM,, ratios of NO; were both 0.66. In the current
simulation, 98% of the NO; was internally mixed with
COR, based on the annual average at Hedo (Figure 3f).

During long-range transport, HNO; gas is produced via
photochemical oxidation of NOy. The mass transfer coeffi-
cients for each aerosol category are nearly proportional to
their total surface area for atmospheric aerosol size ranges
(free-molecular regime). Over the continent, more than 90%
of the NO; was mixed with submicron particles as
NH4NO;. In contrast, over the ocean, toward downwind
regions of the continent, HNO; gas produced during
transport is more efficiently condensed onto sea-salt parti-
cles, because the proportions of sea-salt surface area be-
come large.

Gosan is located approximately 700 km upwind of Hedo,
in the direction of the Asian continent. The spatial distribu-
tions of the mixing types of NO; showed that more than
90% of the NO; could be internally mixed with sea salt
over regions further downwind such as Hedo, whereas ap-
proximately 50% was mixed with sea salt over the Yellow
Sea, where Gosan is located (Figure 61 of [9]).

Kajino et al. (2012b: Ref. 11) also evaluated model sys-
tem performance regarding the major inorganic components
of rain and snow precipitation measured at EANET stations.
Statistical analysis showed that the model system success-
fully reproduced the regional-scale emission, transport,
transformation, and wet deposition processes of major in-
organic components of both anthropogenic and natural spe-
cies, such as nss-SO4>, NH,", NO;, Na* and nss-Ca’". In-
terestingly, however, we found that only modeled Na' in
precipitation at near-coast stations was significantly under-
estimated (by a factor of up to 30), which suggests that the
contribution of short-lived, super-large sea-salt droplets
(SLSD; D = ~10-100 um) was substantial in precipitation
samples at near-coast stations in Japan (150-700 m from the
coast). SLSD can be transported horizontally from the coast
about 1-10 km, which means that the horizontal representa-
tiveness of the wet deposition of sea-salt-originated com-
ponents such as Na" and CI  is limited to that transport dis-
tance. However, SLSD are not collected when aerosols are
sampled by the FP method, because SLSD settle rapidly and
they do not enter the air intake with the low pumping flow
rate of 1 L min"'. Therefore, the horizontal representative-
ness of Na" and Cl” concentrations in air concentrations can
be adequately large as the traveling distance of the coarse
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mode particles (>100 km).

Cluud Cloud
LRT ©0° p P
» O recipitation recipitation
@ FP [T
%90 (7o @ @ %o
° \?‘ o®
o
Indirec o t > D-"
&
LRT, Direct .
\ W i W
L) o
: o o®
IE 3 WD WD/
1 ~1km I
I I
1 1
€ (s
: =10km !

Q E.g. sulfate / nitrate (~1pm)
@ Sea saltvia indirect process (~1um)

Sea salt via direct process
{>10um])

FP: Filter pack sampdes; WD: Wet only deposition samples; LRT: long-range transport

Figure 4 Schematic illustration showing the possible effects of super-large
sea-salt droplets (SLSD) on wet deposition samples at near-coast stations.

These processes are summarized in Figure 4. The out-
come of our study gives an important perspective on pH
values of precipitation at Japanese EANET stations. Sea-
water pH is about 8, much higher than the pH of precipita-
tion (~5). Thus, the pH of precipitation at near-coast sta-
tions might be increased by contamination with SLSD.
However, a simple calculation suggests that the effect of
SLSD on precipitation pH is very low, about 0.014 pH units
on average if the SLSD fraction of sea salt in precipitation
is assumed to be 90%.

4. Conclusion

A new aerosol chemical transport model, the Regional
Air Quality Model 2 (RAQM2), was developed to simulate
Asian air quality. A regional-scale simulation (Ax = 60 km)
was performed for the entire year of 2006 covering the
northeast Asian region. Statistical analyses showed that the
model successfully reproduced the regional-scale transport,
transformation, and wet deposition of the major inorganic
anthropogenic and natural air constituents.

The modeled mixing types of the chemical components
were found to be interesting, but the results were not com-
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pared with direct measurements of the mixing state. These
results should be evaluated in the future by comparing them
with measurements of soot mixing states made by volatility
tandem differential mobility analyzer, single particle soot
photometer, or transmission electron microscopy analyses.
The aerosol mixing type is a key parameter influencing the
light-scattering and absorbing properties of the aerosol.
Further investigations are needed that compare our results
with aerosol optical thickness or single scattering albedo
observations for accurate assessment of aerosol-radiation
interaction processes.
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Aerosol-related services of the Japan Meteorological Agency
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The Atmospheric Environment Division, Japan Meteorological Agency (JMA), is in charge of monitoring
global/regional aerosols and issuing information about them. Our main products are as follows:

1) Measurement data of aerosol optical depth (AOD) by sun photometer

We operate three observational sites to measure AOD: Ryori in northern Japan since 1988; Minamitorishi-
ma in the northwestern Pacific since 1995; and Yonagunijima in the southwestern islands since 1998. In 2002,
the measurement instrument at Ryori was upgraded to a precision filter radiometer and in 2007 the instru-
ments at Minamitorishima and Yonagunijima were upgraded. Monthly mean AOD at those stations are pub-
lished in the “Annual Report on Atmospheric and Marine Environment Monitoring.”

2) Kosa (aeolian dust) information

In spring, Japan is frequently affected by Kosa from the Eurasian continent. We present the current and
expected risk of Kosa to the public by providing information about visibility at meteorological observation
stations and forecasts of dust concentrations through the JMA website. The dust forecasts are derived by using
the MASINGAR numerical dust forecast model, which was developed at the Meteorological Research Insti-
tute/JMA to study global atmospheric aerosols and related trace species.

3) Satellite aerosol monitoring products

The Meteorological Satellite Center of JMA retrieves aerosol products from the visible and infrared chan-
nels of the Geostationary Meteorological Satellite (MTSAT). The aerosol optical thickness is determined for
the area from 52°N to 17°N and 114°E to 150°E. We also monitor aerosols using products derived from Earth
Observation Satellites such as Aqua and CALIPSO.

4) Global Aerosol Optical Depth climatology for the numerical weather prediction (NWP) model

We processed AOD data derived from MODIS on Terra (2000-2005) and AOD data from MODIS on Terra
and Aqua (2000-2008) to create a global monthly AOD climatology. This product is used in the JMA’s opera-
tional global NWP model to improve the radiation-aerosol interaction.

Keywords: Aerosol optical depth; Kosa (Asian dust) forecasts; Retrieved satellite products; Japan Meteorological Agency
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Geochemical Study of the Atmosphere and Ocean in 1995 and 1996. (Geochemical Research Department, 1998)

FRiE 2 WOTHERUERTE (@ATEE, 1999)

Vertically 2-dmensional Nonlinear Problem (H. Kanchisa, 1999)

BRI T MBAROWIIE (FHRATFEES, 2000)

Study on the Objective Forecasting Techniques (Forecast Research Department, 2000)

P B BRI d6 1) 2 S 0 s & MU B TN BE 9~ 208 (MIER IS8,  2000)

Study on Stress Field and Forecast of Seismic Activity in the Kanto Region (Seismology and Volcanology Research
Department, 2000)

TR ETEC K DK ORRERIRE D@ FEE 38T K OKRK O ZF bR & MK ORI O BESTERF#
FIGLA L DMIE (IS - F)IASE « faF5 7, 2000)

Coulometric Precise Analysis of Total Inorganic Carbon in Seawater and Measurements of Radiocarbon for the Carbon
Dioxide in the Atmosphere and for the Total Inorganic Carbon in Seawater (I.Masao, H.Y.Inoue and H.Matsueda, 2000)
KERWFERT/ BAET WaARHE — M /1A 7 v GRRERE - IgsEs - KFAE - =HHH L, 2001)
Documentation of the Meteorological Research Institute / Numerical Prediction Division Unified Nonhydrostatic Model
(Kazuo Saito, Teruyuki Kato, Hisaki Eito and Chiashi Muroi, 2001)

REB I WK P O vm 7w Ji—R AADRERRE L REITERT 7 v v 7 v w gy — R HERERET A O
filesr (RpRches - JF BEGEIDASE, 2004)

Precise measurements of atmospheric and oceanic chlorofluorocarbons and MRI chlorofluorocarbons calibration scale
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PostScript @ — F& A3 S i —/L"PLOTPS"~ = = 7 /L (IR, 2004)

Documentation of "PLOTPS": Outputting Tools for PostScript Code (Teruyuki Kato, 2004)

KRG R OVREFEATIC I T D bR 32 O RIEIANAE ] S LT EHET A D A - — v & 2 D2 EMED FFl
(ZPE9 DA - HPSE (B An - ZHE — A - PEREE T - CPERALE - 8 ST - PR - 1R 2 - AO
& B ARARFNZ « RITFFHE - HEHER] - S EFENR - 1A 38 - AR THW - SkEER - foE 52, 2004)
Re-evaluation for scale and stability of CO, standard gases used as long-term observations at the Japan Meteorological
Agency and the Meteorological Research Institute (Hidekazu Matsueda, Kazuto Suda, Sakiko Nishioka, Toshirou Hirano,
Yousuke, Sawa, Kazuhiro Tuboi, Tsutumi, Hitomi Kamiya, Kazuhiro Nemoto, Hideki Nagai, Masashi Yoshida, Sonoki
Iwano, Osamu Yamamoto, Hideaki Morishita, Kamata, Akira Wada, 2004)

HERFE AL DFEM 2T T U o 71T X D B IR R AR OHE NG L 17 RIS BE 9 2058 (MuER KILIAFFZEE, 2005)

A Study to Improve Accuracy of Forecasting the Tokai Earthquake by Modeling the Generation Processes (Seismology
and Volcanology Research Department, 2005)

SRHFZEHTE AWEEE T L (MRLCOM) fig#lt (MEPERFSEES, 2005)

Meteorological Research Institute Community Ocean Model (MRI.COM) Manual (Oceanographical Research Department,
2005)

H AR T 2E O RS & N TEREi o fTREMEICBE 9~ 20198 (BRI GAFZEHRS « FHRAFZEHE8, 2005)

Study of Precipitation Mechanisms in Snow Clouds over the Sea of Japan and Feasibility of Their Modification by
Seeding (Physical Meteorology Research Department, Forecast Research Department, 2005)

2004 4 AR B R OB L BREEY (B EBFZEERE, 2006)

Summary of Landfalling Typhoons in Japan, 2004 (Typhoon Research Department, 2006)

KA I E VAL HE 0D 2003 AREIBRIL R E B S (F LB, 2006)

2003 Intercomparison Exercise for Reference Material for Nutrients in Seawater in a Seawater Matrix (Michio Aoyama,
2006)

KEIS L OMEAR T ORBIER 7 7 (Lhi 8 (SFo) DIEFIED ML & SFe BRYEN 2 D RWILEMEDFHL (R
Z. AR A . sl &, 2007)

Highly developed precise analysis of atmospheric and oceanic sulfur hexafluoride (SF¢) and evaluation of SF4 standard
gas stability (Takayuki Tokieda, Masao Ishii, Shu Saito and Takashi Midorikawa, 2007)

HERIRRRALIC & 2 BAEHTT O RRZE(BICBET 2198 (IIBE XRRA, BRI - IS HRERMTIEES, 2008)

Study of Climate Change over Tohoku District due to Global Warming (Sendai District Meteorological Observatory,
Atmospheric Environment and Applied Meteorology Research Department, 2008)

KITEB AL 15 DB JEATIE (MR K (LATF 723, 2008)

Studies on Evaluation Method of Volcanic Activity (Seismology and Volcanology Research Department, 2008)
HARICI T DIEMERGEIES L O A 7 m 3B X2 KRG A7 212 & 5 PKe OJIE S AT L ORSE
LTN1995 405 2006 EOPERER (FILDER, BRI, BB O, ToHeBEA, BRI, Bl ¥, Hartmut
Sartorius, Clemens Schlosser, Wolfgang Weiss, 2008)

Establishment of a cold charcoal trap-gas chromatography-gas counting system for °Kr measurements in Japan and results
from 1995 to 2006 (Michio Aoyama, Kenji Fujii, Katsumi Hirose, Yasuhito Igarashi, Keisuke Isogai, Wataru Nitta,
Hartmut Sartorius, Clemens Schlosser, Wolfgang Weiss, 2008)

FEMIREIZ X 2 4 FIEO B BIGE R ol (FErth, A% B, JURES1T, 2008)

Comparison of Data from Four Current Meters Obtained by Long-Term Deep-Sea Moorings (Toshiya Nakano, Hiroshi
Ishizaki and Nobuyuki Shikama, 2008)

CMIP3 v~ VFETNT v TR 2R LT RER O AR, « MK OHEE OKE 5, BSZASR, 174
ks, fi B, 2008)

Estimation of the Future Distribution of Sea Surface Temperature and Sea Ice Using the CMIP3 Multi-model Ensemble
Mean (Ryo Mizuta, Yukimasa Adachi, Seiji Yukimoto and Shoji Kusunoki, 2008)

PHUEE th o> 7 v — L & I T2 40 G B v B B 0 AT 25 18T X DYk O EE EE pHy IE G 75, IS, fok
N5,k GEIID ASE, 2008)

Precise Spectrophotometric Measurement of Seawater pHy with an Automated Apparatus using a Flow Cell in a Closed
Circuit (Shu Saito, Masao Ishii, Takashi Midorikawa and Hisayuki Y. Inoue, 2008)
SRR E FH VKR RAZE TE 0D 2006 47 [E] B L [R) SE B # 45 (75 138 K, J. Barwell-Clarke, S. Becker, M. Blum, Braga E.S.,
S. C. Coverly, E. Czobik, I. Dahllof, M. Dai, G. O Donnell, C. Engelke, Gwo-Ching Gong, Gi-Hoon Hong, D. J. Hydes,
Ming-Ming Jin, & 7G)AE, R. Kerouel, JE/A% 7, M. Knockaert, N. Kress, K. A. Krogslund, AE/S1EYE, S. Leterme,
Yarong Li, #{HE, =2 Z, T. Moutin, #H & Z, KHEH, G Nausch, A. Nybakk, M. K. Ngirchechol, /INIi#55,
J. van OQoijen, KM Z50, J. Pan, C. Payne, O. Pierre-Duplessix, M. Pujo-Pay, T. Raabe, 75—, VEHEE S, C.
Schmidt, M. Schuett, T. M. Shammon, J. Sun, T. Tanhua, L. White, E.M.S. Woodward, P. Worsfold, P. Yeats, 754 %%, A.
Youénou, Jia-Zhong Zhang, 2008)

2006 Inter-laboratory Comparison Study for Reference Material for Nutrients in Seawater (M. Aoyama, J. Barwell-Clarke,
S. Becker, M. Blum, Braga E. S., S. C. Coverly, E. Czobik, 1. Dahlléf, M. H. Dai, G. O. Donnell, C. Engelke, G. C. Gong,
Gi-Hoon Hong, D. J. Hydes, M. M. Jin, H. Kasai, R. Kerouel, Y. Kiyomono, M. Knockaert, N. Kress, K. A. Krogslund, M.
Kumagai, S. Leterme, Yarong Li, S. Masuda, T. Miyao, T. Moutin, A. Murata, N. Nagai, G. Nausch, M. K. Ngirchechol, A.
Nybakk, H. Ogawa, J. van Ooijen, H. Ota, J. M. Pan, C. Payne, O. Pierre-Duplessix, M. Pujo-Pay, T. Raabe, K. Saito, K.
Sato, C. Schmidt, M. Schuett, T. M. Shammon, J. Sun, T. Tanhua, L. White, E.M.S. Woodward, P. Worsfold, P. Yeats, T.



Yoshimura, A. Youénou, J. Z. Zhang, 2008)
K[EFFERTIE VAT 7 L (MRLCOM) A 3 Mufifan GEBr e, AdFiESR, a)ll—88, PR, hirses, b
BR, Mk, AR (KGR FERmmPerrsEEs) | 2010)
Reference manual for the Meteorological Research Institute Community Ocean Model (MRL.COM) Version 3 (Hiroyuki
Tsujino, Tatsuo Motoi, Ichiro Ishikawa, Mikitoshi Hirabara, Hideyuki Nakano, Goro Yamanaka, Tamaki Yasuda, and
Hiroshi Ishizaki (Oceanographic Research Department), 2010)
SREAR R E AW AKHLEUR MED 2008 FEBRLFRERRE (FILER, Carol Anstey, Janet Barwell-Clarke, Frangois
Baurand, Susan Becker, Marguerite Blum, Stephen C. Coverly, Edward Czobik, Florence D’ amico, Ingela Dahllsf,
Minhan Dai, Judy Dobson, Magali Duval, Clemens Engelke, Gwo-Ching Gong, Olivier Grosso, [, J F1E4Y,
A HIE=, David J. Hydes, ‘& Pt /x¥#, Roger Kerouel, Marc Knockaert, Nurit Kress, Katherine A. Krogslund, A& 1EE,
Sophie C. Leterme, Claire Mahaffey, ¢, Pascal Morin, Thierry Moutin, Dominique Munaron, #H & =, Giinther
Nausch, /NI[##55, Jan van Ooijen, Jianming Pan, Georges Paradis, Chris Payne, Olivier Pierre-Duplessix, Gary Prove,
Patrick Raimbault, Malcolm Rose, 75—, &7z, 1% —EF, Cristopher Schmidt, Monika Schiitt, Theresa M.
Shammon, Solveig Olafsdottir, Jun Sun, Toste Tanhua, Sieglinde Weigelt-Krenz, Linda White, E. Malcolm. S. Woodward,
Paul Worsfold, 5 #f%¥%, Agnés Youénou, Jia-Zhong Zhang, 2010)
2008 Inter-laboratory Comparison Study of a Reference Material for Nutrients in Seawater (¥ [LI3& 7%, Carol Anstey, Janet
Barwell-Clarke, Frangois Baurand, Susan Becker, Marguerite Blum, Stephen C. Coverly, Edward Czobik, Florence D’
amico, Ingela Dahll6f, Minhan Dai, Judy Dobson, Magali Duval, Clemens Engelke, Gwo-Ching Gong, Olivier Grosso, *F-
s, e 1AL, A HkE=, David J. Hydes, & 7t J~#, Roger Kerouel, Marc Knockaert, Nurit Kress, Katherine A.
Krogslund, RE4*1Et, Sophie C. Leterme, Claire Mahaffey, Y H#), Pascal Morin, Thierry Moutin, Dominique Munaron,
A M B Z, Giinther Nausch, /N[5, Jan van Ooijen, Jianming Pan, Georges Paradis, Chris Payne, Olivier
Pierre-Duplessix, Gary Prove, Patrick Raimbault, Malcolm Rose, FXJf —{%, X IBEZ M, /£ —EB, Cristopher
Schmidt, Monika Schiitt, Theresa M. Shammon, Solveig Olafsdottir, Jun Sun, Toste Tanhua, Sieglinde Weigelt-Krenz,
Linda White, E. Malcolm. S. Woodward, Paul Worsfold, 5 #1%%, Agnés Youénou, Jia-Zhong Zhang, 2010)
RN 2 b 72 O TR K HE O T RO AR SE O M R ONRKTREE - BEEhREE O TRICBE T 20198 (KIRE XKL E -
BT RGH B R GB  RB TR G E - iU R G B - PR G B - L R G B - R B
FRER - EEREER R R R BT R R - e TR R - TRITSER, 2010)
Studies on formation process of line-shaped rainfall systems and predictability of rainfall intensity and moving speed
(Osaka District Meteorological Observatory, Hikone Local Meteorological Observatory, Kyoto Local Meteorological
Observatory, Nara Local Meteorological Observatory, Wakayama Local Meteorological Observatory, Kobe Marine
Observatory, Matsue Local Meteorological Observatory, Tottori Local Meteorological Observatory, Maizuru Marine
Observatory, Hiroshima Local Meteorological Observatory, Tokushima Local Meteorological Observatory AND Forecast
Research Department, 2010)
WWRP b A Y 8y 7 2008 THFEG/MFRHFE 7 v = 7 b Bk, B, BEL, Wh5L, KA, 1L
MR, Z4FREIE, #fRAE, 2010)
WWRP Beijing Olympics 2008 Forecast Demonstration/Research and Development Project (BOSFDP/RDP) (Kazuo Saito,
Masaru Kunii, Masahiro Hara, Hiromu Seko, Tabito Hara, Munehiko Yamaguchi, Takemasa Miyoshi and Wai-kin Wong,
2010)
R HIER O TSR ) X OV - FEYEHIER O F A VEfR IR ORFJE (HUFR K ILRFZEES, 2011)
Improvement in prediction accuracy for the Tokai earthquake and research of the preparation process of the Tonankai and
the Nankai earthquakes (Seismology and Volcanology Research Department, 2011)
KGMTEFTHIER > 27 L E 7V 1R (MRI-ESM1) —E 7 L ORLil— (7R, EARIE, RIIEZ, SR
Bk, TR, PR, HYRRE, WAEE, MIE, PR, RN, BT, B, BTSN, A
I, 2011)
Meteorological Research Institute-Earth System Model Version 1 (MRI-ESM1) — Model Description — (Seiji Yukimoto,
Hiromasa Yoshimura, Masahiro Hosaka, Tomonori Sakami, Hiroyuki Tsujino, Mikitoshi Hirabara, Taichu Y. Tanaka,
Makoto Deushi, Atsushi Obata, Hideyuki Nakano, Yukimasa Adachi, Eiki Shindo, Shoukichi Yabu, Tomoaki Ose and Akio
Kitoh, 2011)
W7 27 MUl D KGR SCEREBRIL A 7T Grakfnge, R, MEE, Wboh, B, Esz, B,
JIHR R, AHES, KIEFREE, Nurjanna Joko Trilaksono, #FF#5, R, Le Duc, Kieu Thi Xin, $&fFfd,
Krushna Chandra Gouda, 2011)
International Research for Prevention and Mitigation of Meteorological Disasters in Southeast Asia (Kazuo Saito, Tohru
Kuroda, Syugo Hayashi, Hiromu Seko, Masaru Kunii, Yoshinori Shoji, Mitsuru Ueno, Takuya Kawabata, Shigeo Yoden,
Shigenori Otsuka, Nurjanna Joko Trilaksono, Tieh-Yong Koh, Syunya Koseki, Le Duc, Kieu Thi Xin, Wai-Kin Wong and
Krushna Chandra Gouda, 2011)
KT IIT 2 KRR MR Z{LIRFE 7 T > 7 AHEETFiE (BAM 2, FHEZ, AT, &)1, 2012)
A method for estimating the sea-air CO2 flux in the Pacific Ocean (Hiroyuki Sugimoto, Naotaka Hiraishi, Masao Ishii and
Takashi Midorikawa, 2012)
KFFENCIB T DR —MEM bR FE 7 7 v 7 AEEFIE (5, RS, BT, FRRES, AR
E, ACRHKE], SRR, R, 08, EORES, KRERFH, WAL, 2012)
Development of a flask sampling and its high-precision measuring system for greenhouse gases observations using a cargo
aircraft C-130H (Kazuhiro Tsuboi, Hidekazu Matsueda, Yousuke Sawa, Yosuke Niwa Masamichi Nakamura, Daisuke



Kuboike, Shohei Iwatsubo, Kazuyuki Saito Yoshikazu Hanamiya, Kentaro Tsuji, Hidehiro Ohmori, Hidehiro Nishi, 2012)






