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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. 
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1. Introduction 

To evaluate the effect of aerosols 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 QuantexTM 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 HCl from the par-

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 Cl/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 µm 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 Cl/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 μm and 64% for particles with radii of 0.1–1 μm. 
This high abundance of sea salt in the smaller particles (ra-
dius < 0.1 µm) suggests that sea-salt particles play an im-
portant role in the cloudy marine atmosphere. EDX analysis 
showed that Cl/Na weight ratio in the sea-salt particles 
tended to decrease as excess sulfur increased. The number 
percentage of sea-salt particles with Cl/Na < 1 was 34% in 
the radius range of 0.1–1 µm, 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 µm 
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 µm 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 

the aspect ratio exhibited no clear size dependence, the cir-
cularity factor (4πS/l2; where S is surface area and l 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 h/a 
was also evaluated by measuring the length of a particle’s 
shadow on the collection surface. The median h/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 µm 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 µm 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 
(C20H16N4) 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 µm 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 µm were hygroscopic, and more 
than 50% of those with radii larger than 0.2 µm were mixed 
particles (hygroscopic particles with water-insoluble inclu-
sions); mixed particles were dominant (80%) in the radius 
range of 0.5–0.7 µm. 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 (ε) in mixed particles tended to decrease with in-
creasing radius, implying that the mixed particles formed by 
heterogeneous processes such as condensation and surface 

reactions. 
The mixing properties of individual aerosol particles with 

radii of 0.02–0.2 µm 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 
of 0.1–0.2 µm.  

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 µm 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 µm 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 (ε) in 
soot-containing particles was evaluated by comparing elec-
tron micrographs before and after water dialysis. The mass 
absorption coefficient (unit; m2 g-1) tended to increase with 
the average ε in soot-containing particles with radii of 
0.05–0.5 µm. 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 µm 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 

northern Australia. The high weight ratios over Kalimantan 
were attributed to the heterogeneous growth of particles 
through the oxidation of SO2. In addition to SO2 from the 
combustion of forest biomass, SO2 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 µm 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 µm 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 µm. 

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 µm. 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. 

Aerosol 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 µm. 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]. 
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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-

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 (HCl) 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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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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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 

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.  
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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] 

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.  

 

 
 

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).  
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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).  
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Figure 2 Schematic diagram of the position effect. Soot a) centered within 
and b) near the edge of the coating. 

 

 
 

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-

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. 
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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-SIMS) 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. 
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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-

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 (69Ga and 71Ga 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, Dae = 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 



21

TECHNICAL REPORTS OF THE METEOROLOGICAL RESEARCH INSTITUTE No.68 2012 

20 
 

Internal mixtures of diesel nanoparticles investigated by 
FIB-SIMS microscopy 
Yuji Fujitani1,*, Tetsuo Sakamoto2 and Kentaro Misawa3 

1National Institute for Environmental Studies, 16-2 Onogawa, Tsukuba, Ibaraki 305-8506, Japan 
2Kogakuin University, 2665-1 Nakanocho, Hachioji, Tokyo 192-0015, Japan 
3Tokyo 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-SIMS) 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-

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 (69Ga and 71Ga 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 
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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 
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ed into four size fractions) were collected on a silicon wafer 
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dilution tunnel. The sample flow rate was 10 L min-1 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 (Dm) 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–1 and a 
sample flow rate of 2.4 L min–1. 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 
Dae = 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 Dae. Agglomerated 
particles were apparently soot particles; clusters of ions (C3, 
C4, C5, C6), 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 Cl (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 
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Figure 1 Elemental mapping of Ca+, C2
-, and Cl-1 for particles of Dae = 

390–630 nm 
 

 
 
Figure 2 TEM images of particles with Dm = 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 (SO4
2–) 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 SO4

2– 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 
SO4

2– 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 SO4

2– from the Asian continent to the Kanto region. In addition, although heavy pre-
cipitation decreased SO4

2– concentrations near the center of a typhoon, peripheral typhoon winds occasionally 
played an important role in the long-range transport of SO4

2– from the Asian continent to the Kanto region. 

Keywords: PM2.5; Air quality model; Sulfate; Elemental carbon; Long-range transport 

 
 
1. Introduction 

Fine particulate matter (PM2.5) has several major compo-
nents, including elemental carbon (EC) and sulfate (SO4

2–). 
PM2.5 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 PM2.5 in 
2009. Although PM2.5 concentrations have decreased in 
recent years in Japan, the standard for PM2.5 is seldom at-
tained in most urban areas. Therefore, better understanding 
of PM2.5 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 

long-range transport is likely to be of small importance. 
However, Aikawa et al. (2010: Ref. 3) showed that 
long-range transport of SO4

2- 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 SO4

2– in PM2.5. 
 

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 SO4

2– 
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 SO4

2– concentrations between CB and CJ 
indicate that long-range transport from the other countries 
contributed substantially to SO4

2– concentrations in the 
Kanto region even in summer. On 15 July, heavy precipita-
tion associated with typhoon 0704 Man-Yi decreased the 
SO4

2- 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 
SO4

2– 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 SO4

2– from the Yellow Sea coastal area to Japan. From 
31 July to 5 August, peripheral winds of typhoon 0705 
USAGI controlled the SO4

2- 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 SO4

2– concentrations at 
Komae. 
 
 
 

 
 

 

 

Figure 1 Hourly time series of observed BC and simulated EC concentra-
tions at Chichi-jima. 

 
 
 
 
 
 

Figure 2 Time series of observed and simulated 6-hour EC and SO4
2- con-

centrations at Komae. 

 
 
 
 
 

 

Figure 3 Time series of the observed and simulated daily SO4
2- 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-2, 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-2, 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) 

the traditional method, which uses a constant aging time-
scale with e-fold lifetime (τBC) through coagulation and 
condensation and is widely used in global models (AGF); (3) 
a method similar to AGF but using a variable τBC 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 

 
Namea Methodb Time scale of BC agingc Computer costd 
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. Zeroe Light 

ULAQ Param. Const. Light 
GOCART Param. Const. Light 

 

a Model name as shown in the AeroCom project [4] 
b Param., parameterization; Explicit, explicit expression 
c Zero, no decay; Const., constant timescale of decay; Var., variable time-
scale of decay 
d CPU time required to calculate the process 
e 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 (SO2 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° × 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. 
 

 
 
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).  

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, 
τBC, from WIBC to WSBC. The change in WIBC in time t 
can be expressed in terms of τBC as follows: 
 

,

          (1) 
, 

          (2) 
 
where [WIBC] and [WSBC] are the concentrations of 
WIBC and WSBC, respectively. In AGF the τBC value is 
generally fixed at 1 to 1.2 days (see section 1) [20, 21]. In 
AGV, however, τBC 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 τBC 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 τBC 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 
AGV, 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, 

WIBC[ ] t( ) = WIBC[ ] t 1( )+ WIBC[ ] t 1( ) exp t BC( )

WSBC[ ] t( ) = WSBC[ ] t 1( ) WIBC[ ] t 1( ) exp t BC( )

WIBC[ ] t( ) = WIBC[ ] t 1( )+ WIBC[ ] t 1( ) exp t BC( )

WSBC[ ] t( ) = WSBC[ ] t 1( ) WIBC[ ] t 1( ) exp t BC( )
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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].  
 

 
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 (c) between ORIG 
and AGV. 

 
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]. 

 

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-2 (AGV), +0.047 Wm-2 (AGF), and +0.356 
Wm-2 (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-2 
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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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].  
 

 
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 (c) between ORIG 
and AGV. 

 
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]. 

 

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-2 (AGV), +0.047 Wm-2 (AGF), and +0.356 
Wm-2 (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-2 
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: Aerosol 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 mm2 (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 

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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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 mm2 (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 

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 1 TEM image of aerosol particles applied to a carbon film. 

 
Figure 2 Aerosol particles imaged by (a) TEM and (b) STEM (dark-field) 
and (c) detected by using INCAFeature 

 
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 µm × 12 µm 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). 

 

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) 
 

 
Figure 5 Example statistical analyses 

 
Figure 6 Histogram showing the frequency distribution of one morpholog-
ical measurement. Most particles were smaller than 200 µm 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. 
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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 

Aerosols 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 µm, 
2.5–10 µm, and <2.5 µm. 

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-

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 O2

+ (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 µm) are observed on the resin fibers, 
and an aggregate of aerosol particles of intermediate size . 
A single aerosol particle of the >10 µm size fraction is also 
shown. 

The mass spectrum of the <2.5 µm aerosol particles 
shows a strong peak at m/z = 131. The peak may represent 
radioiodine already transformed by beta decay to 131Xe in 
the nuclear reactor [1]. The mass spectrum of the aerosol 
particle > 10 µm 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 → 92Kr + 141Ba + 3n    (1) 
235U + n → 95Y + 139I + 2n    (2) 

 
These elements are not stable, and by the time they were 

released into the atmosphere their decay products were no 



31

TECHNICAL REPORTS OF THE METEOROLOGICAL RESEARCH INSTITUTE No.68 2012 

30 
 

Aerosol isotope analysis by secondary ion mass spectrometry 
Masashi Nojima 
1Research Institute of Science and Technology, Tokyo University of Science, 2461 Yamazaki, Noda-shi, Chiba 

278-8510, Japan  
 
*Corresponding author. Tel.: +81 4 7124 1501 (Ext. 5025), Email address: mnojima@rs.noda.tus.ac.jp (M. Nojima) 

 

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 

Aerosols 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 µm, 
2.5–10 µm, and <2.5 µm. 

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-

tem; MBS-300S-TR1 (Miyauchi works). 
The aerosol samples on the sampling plates were intro-

duced into a dynamic SIMS system (IMS-4f; AMETEK, 
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osol particles (<2.5 µm) are observed on the resin fibers, 
and an aggregate of aerosol particles of intermediate size . 
A single aerosol particle of the >10 µm size fraction is also 
shown. 

The mass spectrum of the <2.5 µm aerosol particles 
shows a strong peak at m/z = 131. The peak may represent 
radioiodine already transformed by beta decay to 131Xe in 
the nuclear reactor [1]. The mass spectrum of the aerosol 
particle > 10 µm in diameter shows two strong peaks at m/z 
= 139 and 141. These may represent the main fission prod-
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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 µm; b) 2.5–10 µm; c) >10 µm. 

 
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 µm showed a strong 
peak at m/z = 131, suggesting radioiodine already trans-

formed by beta decay to 131Xe in the nuclear reactor. The 
mass spectrum of particles > 10 µm showed two peaks (m/z 
= 139 and 141) that may have originated as the main fission 
products of the nuclear reactions. 
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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 35–44% 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 
((NH4)2SO4) and organic acids, change hydrophobic BC to 

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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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 
((NH4)2SO4) and organic acids, change hydrophobic BC to 

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 µm to 10 µm, 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 (SO4

2-), ammonium (NH4
+), nitrate (NO3

-), sodium 
(Na+), chloride (Cl-), 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. 

  
 

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, –0.71i) 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 Köhler 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, fthick(DBC), is defined for individual BC core diam-
eters, DBC, as follows, 

 
)]([)]([

)]([)(
BCthinBCthick

BCthick
BCthick DBCDBC

DBCDf
+

=  (1) 

where [BCthick(DBC)] and [BCthin(DBC)] are the total BC mass 
concentrations of thickly- and thinly-coated BC particles, 
respectively, for a given BC core diameter (DBC). 

Consistent with the shortest and longest transport times 
of the “fresh” and “aged” air parcels, the smallest and 
greatest ∆SO4

2–/∆BC ratios were observed in “fresh” and 
“aged” air, respectively (Figure 3), where ∆SO4

2– and ∆BC 
are the differences between observed and background con-
centrations of SO4

2– and BC, respectively. In Figure 3, ob-
served fthick(DBC) values are shown as a function of the 
∆SO4

2–/∆BC ratios for DBC of 155–185 nm. Observed 
fthick(DBC) values increased continuously from 0.34 (“fresh” 
air) to 0.62 (“aged” air) as the ∆SO4

2–/∆BC ratio increased 
from 1.3 to 3.5. This result shows that fthick(DBC) values in-
creased as the photochemical production of SO4

2– 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.  

 
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 

 
Figure 3 Observed and model-predicted mass fractions of thickly-coated 
BC particles, fthick(DBC), defined by equation (1), as a function of the bulk 
∆SO4

2–/∆BC ratio. Results are shown for BC core diameters (DBC) of 
100–200 nm (model) and 155–185 nm (observation). 

 

 

 
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 ∆SO4

2–/∆BC 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 fthick(DBC) values with the increase in 
the ∆SO4

2-/∆BC ratio from “fresh” to “aged” air for the ob-
served BC core diameter ranges. The agreement in fthick(DBC) 
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 µm, 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 

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 Aerosol 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) 
Single scattering albedo 0.811 (0.708) 0.847 (0.786) 

Fraction of hydrophilic BC mass 0.552 (0.738) 0.831 (0.897) 
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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, fthick(DBC), is defined for individual BC core diam-
eters, DBC, as follows, 
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where [BCthick(DBC)] and [BCthin(DBC)] are the total BC mass 
concentrations of thickly- and thinly-coated BC particles, 
respectively, for a given BC core diameter (DBC). 

Consistent with the shortest and longest transport times 
of the “fresh” and “aged” air parcels, the smallest and 
greatest ∆SO4

2–/∆BC ratios were observed in “fresh” and 
“aged” air, respectively (Figure 3), where ∆SO4

2– and ∆BC 
are the differences between observed and background con-
centrations of SO4

2– and BC, respectively. In Figure 3, ob-
served fthick(DBC) values are shown as a function of the 
∆SO4

2–/∆BC ratios for DBC of 155–185 nm. Observed 
fthick(DBC) values increased continuously from 0.34 (“fresh” 
air) to 0.62 (“aged” air) as the ∆SO4

2–/∆BC ratio increased 
from 1.3 to 3.5. This result shows that fthick(DBC) values in-
creased as the photochemical production of SO4

2– 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.  

 
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 

 
Figure 3 Observed and model-predicted mass fractions of thickly-coated 
BC particles, fthick(DBC), defined by equation (1), as a function of the bulk 
∆SO4

2–/∆BC ratio. Results are shown for BC core diameters (DBC) of 
100–200 nm (model) and 155–185 nm (observation). 

 

 

 
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 ∆SO4

2–/∆BC 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 fthick(DBC) values with the increase in 
the ∆SO4

2-/∆BC ratio from “fresh” to “aged” air for the ob-
served BC core diameter ranges. The agreement in fthick(DBC) 
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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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 

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.  

Aerosol 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 PM2.5 (tapered ele-
ment oscillating microbalance), aerosol size distributions 
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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 
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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-
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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.  

Aerosol 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 PM2.5 (tapered ele-
ment oscillating microbalance), aerosol size distributions 
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(twin differential mobility particle sizer and aerodynamic 
particle sizer), the absorption coefficient (babs) at 532 nm 
(photoacoustic spectrometer), and the scattering coefficient 
(bscat) 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 × 1000 km2. 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. 

 

 

 
 
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 babs, bscat, and the extinc-

tion coefficient (bext) and the single scattering albedo (SSA) 
corresponded well to those of the mass concentrations of 
EC, sulfate, and PM2.5, 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 bscat and bext exhibited multi-day 
variations, whereas babs primarily exhibited diurnal varia-
tions at Yufa. 

On the other hand, the model calculations underestimated 
the absolute values of bext, bscat, and SSA by 40%, 50%, and 
20%, respectively, and overestimated the absolute value of 
babs 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 bext (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 (babs, bscat, 
and SSA) in section 3.3.3. 

 

 

 
 
Figure 2 Time series of (a) bext and (b) SSA at the Yufa site. 
 
3.3.1. Total mass and bext 

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 PM2.5 mass concen-
trations from the size distribution measurements using an 
aerosol density of 1.6 g cm–3, 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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PM2.5 within the uncertainty of the measurements.  
Second, we examine the closure between bext and size dis-
tributions. We estimated bext values of PM10 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 bext values. These results suggest that the disagreement 
in bext 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: bext 

The average aerosol density in the WRF-chem calcula-
tions of approximately 2.0 g cm–3 was greater than the den-
sity of 1.6 g cm–3 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–3) 
is assumed for dust species in the model calculations. Some 
organic aerosols in the real atmosphere with densities as 
low as 1 g cm–3 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 + 
0.091i, whereas an estimate obtained by using the observed 
PM1 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 bext 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 

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 bext (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 bext) because a lower density (1.6 g cm–3 instead 
of 2.0 g cm–3) results in a larger total aerosol volume and 
mass extinction efficiency and therefore a larger bext value.  

Similarly, we conducted sensitivity calculations to esti-
mate errors in bext 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 bext 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 bext value 
(black square in Figure 3a) agrees with observed bext within 
0.5%. 

These sensitivity calculations demonstrate that the dis-
crepancies in bext 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. 
 

 
Figure 3 Period-averaged (a) bext and (b) babs 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 bext 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: babs, bscat, and SSA 

Optical parameters were also estimated from the ob-



39

TECHNICAL REPORTS OF THE METEOROLOGICAL RESEARCH INSTITUTE No.68 2012 

39 
 

served size distribution and chemical composition for the 
CSI and EM aerosol mixing state treatments. Although bext 
was insensitive to the aerosol mixing state treatment, babs 
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 babs and SSA were calculated using the results of 
the WRF-chem calculations, similar tendencies were found: 
namely, babs 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 PM2.5 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. 

We are indebted to all of the CAREBeijing-2006 campaign participants for 
their cooperation and support. This study was conducted as a part of the 

Mega-Cities: Asia Task under the framework of the International Global 
Atmospheric Chemistry (IGAC) project.  
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PM2.5 within the uncertainty of the measurements.  
Second, we examine the closure between bext and size dis-
tributions. We estimated bext values of PM10 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 bext values. These results suggest that the disagreement 
in bext 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: bext 

The average aerosol density in the WRF-chem calcula-
tions of approximately 2.0 g cm–3 was greater than the den-
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The period average of the volume-averaged aerosol re-
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0.091i, whereas an estimate obtained by using the observed 
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errors due to the refractive index are expected to be small in 
this study. 

To obtain a quantitative understanding of the discrepan-
cies in bext 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 

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 bext (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 bext) because a lower density (1.6 g cm–3 instead 
of 2.0 g cm–3) results in a larger total aerosol volume and 
mass extinction efficiency and therefore a larger bext value.  

Similarly, we conducted sensitivity calculations to esti-
mate errors in bext 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 bext 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 bext value 
(black square in Figure 3a) agrees with observed bext within 
0.5%. 

These sensitivity calculations demonstrate that the dis-
crepancies in bext 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. 
 

 
Figure 3 Period-averaged (a) bext and (b) babs 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 bext 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: babs, bscat, and SSA 

Optical parameters were also estimated from the ob-
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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 

Together with particle size and chemical composition, the 
shape characteristics of aerosol particles must be considered 
in their optical modeling. Because dust and soot particles 
generally have irregular and complex shapes, some models 
assuming simple shapes (e.g., spheres and spheroids) may 
produce large errors when estimating the radiative proper-
ties of particles in the visible and near-infrared wavelengths. 
There is also an increasing demand for models using realis-
tic aerosol shapes for various applications of multi-channel 
and polarization observations by satellite and ground-based 
active or passive sensors.  

With advances in computer performance, it is possible to 
create a database of the optical properties of modeled parti-
cles over a wide size range that takes into account their re-
alistic shapes and structures. For nonspherical and inhomo-
geneous particles with small size parameters /x dπ λ= , 
where d  is the size of the particle and λ  is the wave-

length, discrete-dipole approximation and finite-difference 
time-domain (FDTD) methods are widely used for the ac-
curate determination of their light-scattering properties. 
These numerical methods can be used for most of the typi-
cal size range of soot particles at visible and near-infrared 
wavelengths.  

For relatively large aerosol particles, such as mineral dust, 
improved geometrical optics approximations (GOM2 or 
geometric optics integral equation: GOIE), which use the 
integral equation of electromagnetic wave theory, produce 
reasonably accurate results (e.g., [1, 2]). Therefore, formu-
lating realistic and sophisticated aerosol shape models for 
use with these numerical methods is vital for improving 
remote sensing analysis and radiative models of the atmos-
phere. To create realistic shape models, geometrical infor-
mation collected from microscopic images of sampled aer-
osols is important.  

In this paper, we propose an approach for modeling the 
three-dimensional shape of mineral dust and soot particles 
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geometric optics integral equation: GOIE), which use the 
integral equation of electromagnetic wave theory, produce 
reasonably accurate results (e.g., [1, 2]). Therefore, formu-
lating realistic and sophisticated aerosol shape models for 
use with these numerical methods is vital for improving 
remote sensing analysis and radiative models of the atmos-
phere. To create realistic shape models, geometrical infor-
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osols is important.  

In this paper, we propose an approach for modeling the 
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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. 
(ii) 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 (i). 

(iii) 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. 
 
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 

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 μm 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 
( ),α β  for the 18 dust particle images and numerically 
created VAs: 

 2 2

4 4,A A
D L

πα β
π

≡ ≡  (1) 

where A  is the area, D  is the maximum dimension, and 
L  is the perimeter of the projected particle image. Figure 3 
shows scatter plots of ( ),α β  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 ( ),α β  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 
( ),α β  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 ( ),α β  and proposed only 
one shape model.  
 

 
 
Figure 4 Shape model for mineral dust particles (a) and the ( ),α β  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 0.3β ≤  and as-
sumed that they were soot particles (Figure 5).  
 

We created many fractal structures with a specific fractal 
dimension fd  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. 
 

  
 
Figure 5 Reference particles for soot modeling selected from microscopic 
images. The largest particle has D = ~3 μm. 
 

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

 
Figure 7 shows the geometrical parameters α  and β  
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 μm, the aggregates with fractal dimensions between 
1.5 and 1.8 agreed well with the selected soot samples, for 
both parameters α  and β . However, a bias was con-
firmed in values of β  for particles with D ≤ 0.5 μm. 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 Dβ −  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 

1.7fd =  (Figure 8). 
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Figure 7 Size dependence of the geometrical parameters α  (a) and β  
(b) for the assumed soot particles (*) and the simulated fractal-Voronoi 
aggregates with fractal dimensions 1.5 1.8fd = −  (lines). 

 

 
Figure 8 (a): The same as Figure 7b but for particles with modified 

1.7fd =  (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  
 

 
 
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 31.55 5.102 10n i−= + ×  at wave-
length 0.5μmλ = . 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 
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liquid-phase clouds, indicating distinctly different interactions of different particle types with Arctic clouds. 
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soot) were characteristically found in polluted air masses in the Arctic troposphere. BB particles were also ex-
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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 

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. 

 

  
Mineral dust (Al, Si, Fe)         Fly ash (Al, Si, Fe) 

   
Marine (Na, Mg, S, Cl, K, Ca)    Marine (K-rich)  

   
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. 

 
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).  
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