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Abstract

Giant particles transported over long distances are generally of limited concern in at-
mospheric studies due to their low number concentrations in mineral dust and pos-
sible local origin. However, they can play an important role in regional circulation of
earth materials due to their enormous volume concentration. Asian dust laden with5

giant particles was observed in Korea on 31 March 2012, after a migration of about
2000 km across the Yellow Sea from the Gobi Desert. Scanning electron microscopy
(SEM) revealed that 20 % of the particles exceeded 10 µm in equivalent sphere diame-
ter, with a maximum of 60 µm. The median diameter from the number distribution was
5.7 µm, which was larger than the diameters recorded of 2.5 and 2.9 µm in Asian dust10

storms in 2010 and 2011, respectively, and was consistent with independent optical
particle counter data. Giant particles (> 10 µm) contributed about 89 % of the volume
of the dust in the 2012 storm. Illite-smectite series clay minerals were the major mineral
group followed by quartz, plagioclase, K-feldspar, and calcite. The total phyllosilicate
content was ∼ 52 %. The direct long-range transport of giant particles was confirmed15

by calcite nanofibers closely associated with clays in a submicron scale identified by
high-resolution SEM and transmission electron microscopy. Since giant particles con-
sisted of clay agglomerates and clay-coated quartz, feldspars, and micas, the mineral
composition varied little throughout the fine (< 5 µm), coarse (5–10 µm), giant-S (10–
20 µm), and giant-L (> 20 µm) size bins. Analysis of the synoptic conditions of the 201220

dust event and its migration indicated that the mid-tropospheric strong wind belt directly
stretching to Korea induced rapid transport of the dust, delivering giant particles. Giant
dust particles with high settling velocity would be the major input into the terrestrial
and marine sedimentary and ecological systems of East Asia and the western Pacific.
Analysis of ancient aeolian deposits in Korea suggested the common deposition of gi-25

ant particles from Asian dust through the late Quaternary period. The roles of giant
particles should be reviewed with regard to regional circulation of mineral particles and
nutrients.
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1 Introduction

Asian dust is composed of soil particles from the surfaces of western China and Mon-
golia. Asian dust is transported eastward across China, Korea, Japan, and the North
Pacific. The size, morphology, chemistry, and mineralogy of dust particles are impor-
tant for modeling their transport (Westphal et al., 1987; In and Park, 2002), radiative5

impacts (Tegen and Lacis, 1996; Reid et al., 2003; Park et al., 2005; Kandler et al.,
2007; Kim et al., 2008), and chemical reactions (Laskin et al., 2005; Jeong and Chun,
2006; Dentener et al., 1996; Sullivan et al., 2009; Song et al., 2013). They supply in-
organic nutrients to marine ecosystems (Meskhidze et al., 2005), and are eventually
deposited on land and the ocean floor to form aeolian sediments, recording paleocli-10

matic changes through the Quaternary period (Bradley, 1999). The Korean Peninsula
lies in the main path of the Asian dust transfer and is suitable for observation of its
physical, optical, and chemical characteristics (Seinfeld et al., 2004).

In studies of mineral dust, attention is often paid to fine particles because they are
more respirable, produce harmful effects (Dockery et al., 1993), react with gaseous15

pollutants (Dentener et al., 1996), and reflect light close to solar wavelengths (Tegen
and Lacis, 1996). Modeling of the radiative properties of mineral dust considers parti-
cles < 10 µm because the atmospheric lifetime of particles > 10 µm is less than 1 day
(Tegen and Lacis, 1996; Seinfeld and Pandis, 2006). Chun et al. (2001) suggested that
particles > 10 µm in Asian dust collected in Korea may be derived from local sources.20

Thus, real-time monitoring networks of Asian dust by governmental institutes of Korea
(National Institute of Environmental Research and Korea Meteorological Administra-
tion) measure PM2.5 and PM10, but not total suspended particulate (TSP) matter.

Although particles > 10 µm have attracted little attention, they can be transported
over long distances, and may play significant roles in regional circulation of materials.25

Long-range transport of coarse particles has been reported in Saharan dust across
the Atlantic Ocean and the Mediterranean Sea (Goudie and Middleton, 2001; Díaz-
Hernández and Páraga, 2008). However, there are rare reports dedicated to the re-
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search of coarse mineral dusts providing systematic data of particle size and mineral-
ogy with a meteorological interpretation about their outbreak and migration. Although
number concentrations of relatively coarse particles are normally low compared with
fine particles, their mass/volume concentrations can be high (Seinfeld and Pandis,
1997). The mass flux of dust via dry deposition can be controlled by a relatively small5

fraction of aerodynamically large particles (Coude-Gaussen et al., 1987; Arimoto et al.,
1997). They are absorbers of light at thermal wavelengths (Tegen and Lacis, 1996). On
a regional scale near dust sources, the radiative effect of coarser particles is not neg-
ligible (Ginoux, 2003). The bulk geochemistry and isotopic composition of dust have
largely been determined for TSP, where the mass is dominated by coarse particles10

(Kanayama et al., 2002).
The modal particle diameters of volume size distribution of Asian dust have been

reported to range from 2 to 4 µm as measured with an optical particle counter in Seoul,
Korea (Chun et al., 2001, 2003; Jeong, 2008) and British Columbia, Canada (McKendry
et al., 2008), and using a cascade impactor in Japan (Mori et al., 2003; Mikami et al.,15

2006). However, size distribution curves of Asian dust often extend over 10 µm. Park
and Kim (2006) reported a mean diameter of 9.12 µm on a mass basis using a cascade
impactor in Seoul. In addition, there are probably inter-event and in-event fluctuations
of particle size distribution depending on synoptic conditions, which have not been
studied in detail. Giant particles were observed in the central North Pacific by Betzer20

et al. (1988) who traced them to Asian sources, indicating global circulation of giant
particles. However, there are almost no reports on the occurrence and characterization
of Asian dust heavily laden with giant particles despite numerous articles on Asian dust
events.

Asian dust was observed in Korea on 31 March 2012. Despite a low TSP concentra-25

tion, it was laden with giant particles compared to two previous events (2010 and 2011).
The 2012 dust provided a unique opportunity to observe the long-range transport of the
giant particles. We report physical, mineralogical and meteorological characteristics of
the 2012 dust event, in comparison to previous events, and discuss the remote origin
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of giant particles as well as the implications for regional circulation of mineral particles
and elements. Here, dust particles were classified as fine (< 5 µm in diameter), coarse
(5–10 µm), giant-S (10–20 µm), and giant-L (> 20 µm) particles.

2 Dust outbreak and migration

In terms of spatio-temporal evolution of the dust storm, the infrared measurements5

by geostationary satellites are fairly useful to trace the dust outbreak and migration in
short-term time scale. To detect dust aerosols from the satellite, the brightness tem-
perature difference (BTD) between 10.8 µm and 12.0 µm bands (T11 µm −T12 µm) has
been widely used (Ackerman, 1997). Specifically, BTD is positive over thin ice cloud
and negative over the dust storms (Chaboureau et al., 2007). However, since the BTD10

technique has some problems such as low sensitivity on the ocean and discontinuity
between daytime and nighttime images, other dust indices have been developed and
provided by the Korea Meteorological Administration (KMA).

In this study, aerosol index derived from the Communication, Ocean, and Meteoro-
logical Satellite (COMS) of the KMA launched on 27 June 2010 is used for the dust15

events in 2011 and 2012 and the images of COMS aerosol index are shown in Fig. 1.
The COMS aerosol index is based on the BTD technique, but derived from the differ-
ence between BTD and the background threshold value (BTV), which is defined as
a difference between the maximum of T11 µm for the past 10 day and observed T12 µm at
each pixel. Since BTV is actually BTD in the clear sky condition, the difference between20

BTD and BTV can be utilized for the detection of the Asian dust (Hong et al., 2010).
In Fig. 1, we also show the infrared difference dust index (IDDI) (Legrand et al., 2001)
derived from the Multi-functional Transport Satellite-1R (MTSAT-1R) of the Japan Mete-
orological Agency launched on 26 February 2005 to reveal the 2010 dust event, which
occurred before the launching of COMS. MTSAT-1R IDDI is based on the brightness25

temperature in dust-sensitive 10.8 µm band (T11 µm) and is derived from the difference
between T11 µm in clear sky condition and observed T11 µm.
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The images of COMS aerosol index during the 2012 dust event (National Meteoro-
logical Satellite Center, 2013) reveal the dust outbreak in the Gobi Desert of southern
Mongolia and northern China (40◦–45◦ N, 90◦–105◦ E) at around 12:00 Korea Standard
Time (KST) on 30 March 2012 and its migration to the east (Fig. 1). The dust arrived
at the western coast of Korea at around 16:00 KST on 31 March, based on the time5

series of PM10 concentrations in Seoul (KMA, 2013). The time-of-flight was about 28 h
for the migration of about 2000 km. The duration of the Asian dust event was 4 h with
a peak PM10 concentration of 220 µgm−3.

During the 2011 dust event, the images of COMS aerosol index images show that
the dust outbreak occurred in the Gobi Desert (40◦–45◦ N, 95◦–105◦ E) at around 12:0010

KST on 29 April 2011 and the dust arrived at the sampling site (Andong) at 09:00 KST
on 1 May 2011. The time-of-flight was about 45 h and the event lasted for about three
days (ca. 62 h) with a peak PM10 concentration of 344 µgm−3.

MTSTR-1R IDDI images during the 2010 dust event show the dust outbreak in
the Gobi Desert of southern Mongolia (43◦–46◦ N, 100◦–110◦ E) at 11:00 KST on15

19 March 2010. The dust arrived at around 22:00 KST on March 20 with the time-
of-flight of about 35 h. Time series of PM10 concentrations indicated short duration
(7 h) at the sampling site (Andong, Korea) with a peak concentration of 1788 µgm−3.
Although the sampling site used for the 2011 and 2010 dust events (Andong) was dif-
ferent from that used for the 2012 dust event, mineralogical and physical differences20

between Korean sites were not likely to be significant because Asian dust was a na-
tionwide phenomenon over the Korean Peninsula in both events.

3 Dust samples and methods

The TSP Asian dust in 2012 was collected using a high-volume sampler (Thermo Sci-
entific) fitted with a Teflon-coated borosilicate glass-fiber filter (8×10 in. PALLFLEX25

membrane filters). The sampler was installed on a peak at Deokjeok Island (190 m
above sea level, 37◦13′59′′ N, 126◦08′57′′ E) off the western coast of Korea, 85 km from
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Seoul. Sampling proceeded for 24 h from 09:00, 31 March to 08:00, 1 April 2012. The
flow rate of the sampler was adjusted to 250 Lmin−1 to avoid coagulation of particles on
the filter surface. The measured TSP concentration for 24 h was 255 µgm−3. For com-
parison, we used TSP samples collected by the same procedure on 20 March 2010,
and 1 May 2011 in Andong (36◦32′34′′ N, 128◦47′56′′ E). The late Quaternary sedi-5

ments of ancient Asian dust were sampled from a Paleolithic excavation site at Jeon-
gok, Korea (Shin et al., 2004), and prepared as polished thin sections after epoxy
impregnation for comparison to Asian dust particles.

The physical and mineralogical characterization of the Asian dust was carried out
by the electron microscopic analysis of single particles. Mineralogical analysis of bulk10

dust using X-ray powder diffraction was not possible due to the low mass of samples.
For scanning electron microscopy (SEM), three layers of conductive sticky carbon tape
were attached to Cu-Zn stubs. The filter surface was touched lightly with carbon tape.
The filter surface was observed to change from light yellow brown to white, indicat-
ing transfer of the dust particles onto the carbon tape. Since our goal was to perform15

the entire morphological, chemical, and high-resolution electron microscopic analyses
from one specimen, the particles were transferred onto the stable substrate of conduc-
tive sticky carbon tape. A direct observation of the particles collected on the filter does
not guarantee the high resolution microscopy and focused ion-beam application due to
the low electrical conductivity of the mineral dust even after metal coating and resulting20

poor images.
After platinum coating for electrical conductivity, the morphology and chemistry of

particles were analyzed with a TESCAN LMU VEGA microscope equipped with an
IXRF energy dispersive X-ray spectrometer (EDXS) at 20 kV acceleration voltage and
15 mm working distance. The IXRF EDXS detects elements from carbon. Numbers of25

analyzed particles were 3085, 1441, and 1689 in 2012, 2011, and 2010 dusts, respec-
tively. High-resolution imaging of the surface microtextures of giant dust particles was
performed with a JEOL JSM 6700F field emission gun microscope at 5 kV acceleration
voltage and 8 mm working distance. SEM work was performed at the Center for Scien-
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tific Instruments, Andong National University. Then, ultrathin slices (ca. 50 nm in thick-
ness) of about ca. 6µm×6µm size were cut from dust particles using a SMI3050TB fo-
cused ion beam (FIB) instrument. Submicron minerals in the slices were characterized
on the basis of lattice fringe spacing, electron diffraction, and chemical composition us-
ing a JEOL JEM3010 transmission electron microscope (TEM) at the National Center5

for Inter-University Research Facilities, Seoul National University and an Oxford EDXS
system of a JEOL JEM 2010 TEM. The polished thin sections of the aeolian sediment
from the Paleolithic site were examined in backscattered electron imaging mode using
a TESCAN SEM instrument.

Single particle analysis of mineral dust employing SEM–EDXS analysis is basically10

qualitative because of the irregular shape and wide size range of dust particles (Blanco
et al., 2003; Kandler et al., 2007; Fletcher et al., 2011). In addition, the dust particles
are mostly the agglomerations of subparticles of wide-ranging mineralogy and size
in varying ratios. Thus, quantitative mineralogical analysis of single dust particle is
practically impossible. However, the mineral types dominating dust particles can be15

reliably estimated from the EDX spectral pattern, compared with those of reference
mineral particles. The mineralogical identification of the Asian dust particles was greatly
facilitated by referring to quantitative mineralogical and microscopic data of the source
soils and the Chinese loess deposited from the Asian dust around desert sources
(Jeong, 2008; Jeong et al., 2008, 2011). Additionally, our SEM–EDXS identifications of20

Asian dust particles were confirmed by the TEM and EDXS analysis of the FIB slices
of individual dust particles.

Dust particles were classified mineralogically using EDX spectra following the identi-
fication procedure of Jeong (2008). Quartz and feldspars (K-feldspar and plagioclase)
were easily identified. However, mineralogical classification of clay minerals was more25

difficult due to their complex chemistry and structural diversity (Weaver, 1989). Fine-
scale mixing of submicron platelets of clay minerals made classification more difficult.
Clay minerals in dust and sediments include illite, smectite, illite-smectite mixed lay-
ers, kaolinite, vermiculite, and chlorite (Shi et al., 2005; Jeong and Chun, 2006; Jeong,
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2008; Jeong et al., 2008, 2011). Kaolinite and chlorite were readily identified from their
EDX spectra; however, illite, smectite, illite-smectite mixed-layers, and vermiculite could
not be positively identified because of their fine-scale mixing. Therefore, to avoid over-
interpretation they were grouped into illite-smectite series clay minerals (ISCMs). The
EDX spectra of many biotite and chlorite particles show signatures of partial weather-5

ing. Weathered biotite and chlorite that have partly lost of K, Mg, and Fe are often dif-
ficult to distinguish from ISCMs. Some muscovite grains with high Mg and Fe contents
cannot be readily distinguished from illite. Thus, ISCMs, kaolinite, chlorite, muscovite,
and biotite were further classed as total phyllosilicates.

Particle diameters equivalent to a sphere were derived from 2-D images. The shape10

of particles in 2-D images approximates ellipse (Reid et al., 2003). The orthogonal
long and short dimensions of particle ellipses were measured using Corel Draw®.
The surface area and volume of the spheroids and the diameter of the equivalent
spheres were calculated assuming spheroidal 3-D morphology of the particles (Reid
et al., 2003). Large micaceous (muscovite, biotite, and weathered equivalents) flakes15

(> 20 µm) could not be approximated by spheroidal morphology. Their volumes were
calculated by multiplying the 2-D area by thickness, assuming a 7 : 1 ratio of area-
equivalent diameter to depth, because the ratios of micaceous flakes in Chinese loess
ranged from 5 : 1 to 10 : 1 (Jeong et al., 2008, 2011; Jeong and Lee, 2010). Particle
sizes were divided into 12 size bins from 0.5 to 60 µm. The number, surface area,20

and volume fractions of the bins divided by the width of each bin were plotted against
particle diameter on a logarithmic scale (Reist, 1993). Volume distribution is almost
equivalent to mass distribution because the densities of the major minerals fall into
a narrow range (2.6–2.9 gcm−3).
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4 Results

4.1 Particle size

SEM images revealed that the particles of 2012 dust were much larger than those
in 2010 and 2011 dusts. Giant particles were common in the 2012 dust (Fig. 2a),
while they were rare in the 2010 and 2011 dusts (Fig. 2b, c). Number distributions5

of the three dusts showed roughly log-normal distributions (Fig. 3, Table 1). The me-
dian equivalent-sphere diameter of the 2012 dust was 5.7 µm and the maximum was
60 µm. The proportion of giant particles (giant-S and giant-L) was 20 % on a number
basis, but they contributed 89 % of the total volume. Giant-L particles occupied 60 % of
the volume. In contrast, the median diameters of the 2010 and 2011 dusts were 2.5 and10

2.9 µm, respectively. The number proportions of the giant particles were only 2 and 1 %
in the 2010 and 2011 dusts, respectively, while the respective volume proportions were
61 and 43 %. The volume contributions of giant-L particles were 29 and 13 % in both
dusts. SEM backscattered electron images of thin sections of the sediment (Fig. 2d)
identified giant particles of quartz and feldspar enclosed in the clay matrix.15

4.2 Particle mineralogy

Phyllosilicates were the most common mineral group in 2012 dust particles (Table 2).
The number and volume abundance of total phyllosilicates were 52.3 and 52.1 %, re-
spectively. ISCMs were the major phyllosilicates (42.1 number% and 36.1 volume%),
followed by muscovite, biotite, and chlorite. Biotite and chlorite were partly weathered20

as shown in the loss of cations including K, Mg, and Fe. The other silicates were quartz
(19.7 and 25.0 %), plagioclase (10.3 and 10.1 %), K-feldspar (5.2 and 4.4 %), and am-
phibole (0.9 and 0.8 %). Calcite was the major carbonate (6.7 and 5.9 %) with a minor
dolomite content (1.2 and 0.4 %). The number and volume ratios of dolomite to calcite
were about 0.18 and 0.06, respectively. Fe, Ti, and Fe-Ti-oxides were minor compo-25

nents in Asian dust with total content of about 1 %.
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Mineral composition varied little throughout the four size bins (Table 2). The abun-
dance of ISCMs decreased from the fine bin (44.1 %) to giant-L bin (33.6 %). However,
increases in muscovite and biotite contents result in little variation of total phyllosilicate
content over the size bins. Quartz content increased from 17.7 to 28.5 %. The fine size
bin was relatively enriched with trace minerals, such as iron oxides, Ti oxides, dolomite,5

and gypsum.
The contributions of size bins to the number, surface area, and volume of each min-

eral or mineral group are listed in Table 3. Their variations with minerals were not
significant regardless of number, surface area, and volume. Giant particles accounted
for 70–75 % of the volume of mineral and mineral groups, while the volume contribution10

of the fine size bins was usually < 3 %, e.g., the contribution of giant size bins to ISCM
content was 85.2 % on a volume basis, but only 2.7 % on a number basis. However,
the contributions of fine size bins to the volumes of dolomite (9.9 %) and iron oxides
(11.6 %) were higher than those of other minerals.

Mineral number compositions in the 2010 and 2011 dusts were similar to the compo-15

sitions of 2012 dust (Table 4). However, the 2010 and 2011 dusts were more enriched
with ISCMs by about 10 % compared with the 2012 dust.

4.3 Microtextures and submicron mineralogy of giant particles

The surface details of giant-L particles were imaged using high-resolution SEM. Quartz
(Fig. 4a, b) and plagioclase (Fig. 4c) have surface coatings of micron to submicron-20

sized fine clay platelets. Calcite nanofibers were closely associated with clay minerals
as cross-linked intergrowth (Fig. 4a, b) or single fibers on the surfaces of clay platelets
(Fig. 4c). Fine clay platelets agglomerated to form giant clayey particles (Fig. 4d, e).
Cross-linked intergrowth of calcite nanofibers was also found in the interstices of clayey
agglomerates (Fig. 4d, e). Some coarse kaolinite was present with coatings of calcite25

nanofibers (Fig. 4f), resulting in enhanced kaolinite content in the giant-L size bin (Ta-
ble 2).
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TEM images of the FIB slice of the clayey agglomerate giant particle in Fig. 4e
showed a fine-scale agglomeration of ISCMs with submicron grains of quartz, K-
feldspar, and chlorite (Fig. 5a-1). Lattice-fringe imaging of the ISCMs showed the basal
spacings of ca. 1.0–1.2 nm (Fig. 5a-2). Nanofiber calcite grains of elongated morphol-
ogy were closely admixed with the ISCM clays in a submicron scale (Fig. 5a-3, 4). The5

lattice fringe of ca. 0.3 nm (Fig. 5a-5) and EDX spectrum (Fig. 5a-6) confirmed calcite.
TEM image of the FIB slice of the quartz particle in Fig. 4b showed thin ISCM clay lay-
ers (ca. 1 µm thickness) covering quartz grain (Fig. 5b-1, 2). The ISCMs contain a high
amount of Fe (Fig. 5b-3). The range of Fe content (8 analyses) of ISCMs determined
by EDXS was ca. 3–14 wt. % (average 7 wt. %). Although the dominant clay minerals10

were ISCMs (Fig. 5b-4), kaolinite and chlorite were also admixed in minor quantity as
shown in the lattice fringes of 0.7 and 1.4 nm, respectively (Fig. 5b-5, 6).

5 Discussion

5.1 Comparison of SEM particle sizes to optical particle counter data

SEM images and particle-size data indicated relatively coarse characteristics of the15

2012 dust, compared with 2010 and 2011 dust. Particle-size data measured from SEM
images were compared with real-time data produced by optical particle counter (OPC)
(GRIMM Aerosol Technik Model 180) at the Korea Meteorological Administration Asian
dust monitoring station in Seoul. The OPC reports particle numbers over 30 size bins
from 0.25 to 32 µm. The coarse characteristics of the 2012 dust were confirmed by20

the volume distributions of three Asian dusts measured using OPC (Fig. 6). The vol-
ume distributions of the 2012 dust revealed almost monotonic increase toward larger
sizes, while distributions of 2010 and 2011 dusts had modes around 3 µm. The volume
portions of giant particles were 64 %, 8 %, and 39 % in 2012, 2011, and 2010 dusts,
respectively, while those derived from SEM measurements were 89 %, 43 %, and 61 %,25

respectively.
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The orders of enrichment of giant particles were consistent in both SEM and OPC
measurements, with highest concentration in the 2012 dust and lowest concentration in
the 2011 dust. However, the OPC data were shifted toward fine sizes relative to SEM
data. Reid et al. (2003) observed similar features in comparison between SEM and
aerodynamic particle size data for Saharan dust. The differences are attributed to as-5

sumptions made for SEM measurements, measurement objects, or site-specific factors
between sampling and OPC installation site. SEM measurements assume spheroidal
dust particle morphology. The actual morphology of many particles is not spheroidal
but is better approximated as an ellipsoid of which the longer axes are parallel to
the filter surface. We have no information regarding the third shortest dimension and10

therefore the actual diameters would be smaller than those measured by SEM. The
OPC cannot distinguish mineral particles from biogenic, marine, and pollutant particles.
However, our SEM measurements excluded sea salt and most submicron particles of
organic/inorganic pollutants and soot. The volume of giant-L size particles increased
markedly in the OPC data for 2010 dust (Fig. 6). This is possibly due to the presence of15

coarse non-mineral particles, such as pollens, which cannot be distinguished by OPC.
However, plants flowering in March are rare around the sampling site (Seoul). Thus,
the OPC volume distribution indicates the coarser characteristics of the 2010 dust in
Seoul, compared with the SEM size distribution in Andong.

The population of giant particles in the 2012 dust was larger than those in 201120

and 2010 dusts. SEM analysis of single particles enabled determination of mineral-
ogy, chemistry, and size distribution of coarse mineral dust, distinguishing them from
non-mineral particles. Combined application of SEM and wide-ranging particle counter
installed at the same sampling site optimizes systematic characterization of mineral
dusts laden with large particles.25

5.2 Mineral compositions and particle sizes

Fine clay minerals (ISCMs) consistently decreased in the larger size bins with gen-
eral increases in quartz, plagioclase, biotite, and muscovite (Table 2). Concentrations
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of quartz, plagioclase, biotite, and muscovite in the giant-L size bin were related to
their usual occurrence in coarse-grained igneous and metamorphic bedrocks. Despite
these mineralogical variations, the mineral compositions were highly uniform from fine
to giant-L particles as shown by the large ISCM volume of the giant-L size bin (33.6 %).
This was primarily attributed to the occurrence of large agglomerates of fine clay min-5

erals (Figs. 4d–e) and thin coatings on large quartz and feldspar grains (Figs. 4a–c).
ISCMs were the most common mineral group throughout all the size bins, even the
giant-L size bin (Table 2). Thus, most of the volume (mass) of fine clay minerals was
transported in the form of giant particles. Giant-S and giant-L particles contained 34 %
and 51 % of the ISCMs, respectively (Table 3).10

5.3 Nanoscale evidence of the remote origin of giant particles

The size of dust particles transported over 1000 km is generally below 10 µm (Tegen
and Lacis, 1996). Giant particles are normally transported and deposited short dis-
tances of a few hundreds of kilometers (Pye, 1995). Thus, it is difficult to determine
whether giant dust particles, particularly at sites on land that are distant from the15

source, are remote or local. Previous studies at sites on land suggested that Asian
dust particles > 10 µm may have been derived from local sources (Chun et al., 2001).
The origin of giant dust particles can be confirmed from the nanoscopic features ac-
quired during the chemical weathering in source soils.

Minerals in soils are subjected to chemical weathering. Primary minerals derived20

from the erosion of rocks are unstable and dissolved by reacting with soil solutions,
while secondary minerals are crystallized, depending on their solubility. The intensity
of chemical weathering is largely dependent upon annual precipitation and tempera-
ture, ranging from the least weathering of primary minerals in arid soils to complete
decomposition in tropical soils. The stability of minerals against chemical weathering25

is much diverse (Brady, 1990), e.g., on the Chinese loess plateau along the climatic
gradients, primary minerals were sequentially weathered in a progressive fashion with
increasing annual precipitation eastward in the order of calcite, dolomite, biotite, illite,
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chlorite, amphibole, and plagioclase (Jeong et al., 2011). Calcite is most susceptible
to chemical weathering than other major primary minerals. Thus, even in arid environ-
ments, coarse primary calcite in soils could react with water supplied by intermittent
rain or melt water. However, leached Ca2+ ions are rapidly reprecipitated to form sec-
ondary calcites in soils due to high evaporation rates.5

The average content of primary calcite in the western Jiuzhoutai loess was about
11.7 % (Jeong et. al., 2008). Thus, calcite dissolution and reprecipitation are the major
weathering process in the arid soils of Asian dust sources. The morphological charac-
teristics of secondary calcite are greatly different from those of primary calcite. One of
the major forms of secondary calcite is a nano-sized fiber in comparison to micron-10

sized irregular primary calcite (Jeong and Chun, 2006; Jeong, 2008; Jeong et al.,
2011). In the desert sands and loess silts of Asian dust sources, these nanofibers oc-
curred only in samples containing coarse primary calcite particles derived from rocks,
indicating that the primary calcite particles were partly dissolved during the occasional
rainfalls, and reprecipitated as nanofibers from evaporating soil solutions (Jeong and15

Chun, 2006).
The precipitation of nanofiber calcites from soil solutions results in the pervasive

infilling of the interstices of coarser soil particles, together with submicron clay miner-
als. Thus, the surfaces of the source soil particles are commonly associated with cal-
cite nanofibers scattered individually or forming their own clusters (Jeong and Chun,20

2006). The agglomerates of clay and nanofibers, or the particles of quartz, K-feldspar,
and plagioclase with clay and nanofiber coatings, were then blown to form Asian dust.
Thus, calcite nanofibers associated with giant particles (Figs. 4, 5a) are the nanoscopic
features of Asian dust particles blown from remote arid sources. However, secondary
calcite is absent from the aeolian deposits of Korea (Jeong et al., 2013). This suggests25

a complete leaching of calcite in the acidic soils of Korea under humid climate con-
ditions compared with the calcareous arid soils in the Asian dust sources. Thus, the
common presence of calcite nanofibers associated with giant dust particles (Fig. 4)
provides the direct evidence of their long-range transport.
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The mineral particles collected on the central North Pacific north of Hawaii by Betzer
et al. (1988) were exceptionally large (> 75 µm), and can be called ultragiant parti-
cles. They suggested that the particles were transported over 10 000 km from Asian
sources using backward trajectory. However, the Asian desert origin of the ultragiant
particles is required to be further confirmed by observing the nanoscopic features such5

as nanofiber calcite.
Díaz-Hernández and Páraga (2008) reported pinkish mineral microspherulites re-

ferred to as iberulites deposited on the Southern Iberian Peninsula. The micro-
spherulites are giant particles with a common size range of 60–80 µm. They were
formed by the evaporation of cloud water droplets collided with Saharan dust parti-10

cles. Thus, the cloud processing is a possible mechanism of the formation of giant dust
particles. However, iberulite is characterized by high sphericity, high porosity (a bulk
density of 0.65 g cm−3), vortex depression, and coarse internal agglomeration grading
to fine thin clay rinds. The irregular giant particles in this study lack the microscopic fea-
tures of iberulite. They were not the results of cloud processing, but directly transported15

from the Gobi desert sources.

5.4 Synoptic conditions of Asian dust laden with giant particles

Since it was revealed that the extraordinary high fraction of giant particles in 2012 Asian
dust was the result of long-range transport from source region rather than local origin,
we investigated the synoptic meteorological conditions compared with 2011 and 201020

dust events.
Aerosol index images from the COMS satellite showed that the outbreak regions,

migration routes, and transport distances of the three dusts were almost identical: the
Gobi Desert of southern Mongolia and northern China (40◦–46◦ N, 90◦–110◦ E) (Fig. 1).
However, the flight time of the 2012 dust was relatively short (28 h), while those of 201125

and 2010 dusts were 45 and 35 h, respectively.
Asian dust incursions in Korea are closely associated with synoptic conditions over

dust source regions 2–3 days earlier (Chun et al., 2001; Kim et al., 2010). For exam-
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ple, Chun et al. (2001) showed that a strong pressure gradient with strong baroclinic
instability at 850 hPa (about 1.5 km level) over the dust source region is associated with
outbreaks of Asian dust in spring. Such strong pressure gradients behind the develop-
ing low-pressure system result in high surface wind speeds, which are necessary for
dust uplift (Husar et al., 2001). In addition, the strong wind belt in the mid-troposphere5

is closely related to dust migration. Thus, the dust arrival is much faster if the strong
wind belt at 500 hPa (about 5 km) stretches directly to Korea (Chun et al., 2001).

We used daily mean variables such as 850 hPa geopotential height and temperature,
500 hPa wind speed, and 10 m wind speed (as a proxy for the surface wind conditions)
derived from the European Centre for Medium-Range Weather Forecasts Reanalysis10

Interim (ERA-Interim) data to examine the synoptic conditions related to the outbreak
and migration of dust during the Asian dust events in 2010, 2011, and 2012. We also
used the ultraviolet (UV) aerosol index obtained from the Ozone Monitoring Instrument
(OMI) onboard the EOS Aura satellite to identify the intensity and locations of the dust.
The OMI UV-aerosol index provides qualitative information on the presence of UV-15

absorbing aerosols such as desert dust or smoke, without interference by ice, snow,
and clouds (Ahn et al., 2008).

The 2012 dust event showed unusual characteristics. The intensity of dust at the
source region was much weaker, but the transport was much faster than the previous
events, even though the dust source regions in the Gobi Desert were almost identi-20

cal. The meteorological characteristics of the 2012, 2011, and 2010 dust events are
shown in Fig. 7. During both the 2010 and 2011 dust events, strong pressure gradi-
ents associated with strong baroclinic instability at 850 hPa were observed over the
Gobi Desert on 19 March 2010, and 29 April 2011, respectively (Fig. 7). The strong
pressure gradients resulted in a high surface wind speed (> 12 ms−1) over the dust25

source region and thus induced severe dust storms. The dust-laden air mass followed
the eastward-moving low-pressure systems and took about 1.5–2 days to reach Korea
on both occasions. Despite the similar mechanisms of dust generation and transport
in both events, the transport speed was slower and the duration for which the dust
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persisted was longer during the 2011 event than the 2010 event because of the lower
wind speed at 500 hPa and stagnant atmospheric conditions associated with a high-
pressure system over China. This is consistent with number and volume proportions of
giant particles slightly higher in the 2010 event.

During the 2012 dust event, a strong pressure gradient over the Gobi Desert5

appeared ahead of an expanding high-pressure system over central China on
30 March 2012 (Fig. 7). However, the strong pressure gradient was relatively weak
compared with typical dust events. The weak baroclinicity on the boundary of the an-
ticyclone induced a relatively low surface wind speed (∼ 8 ms−1) over the dust source
region, and hence resulted in a weak dust event. The synoptic conditions during the10

2012 event were similar to the typical winter synoptic conditions produced by anticy-
clones in the continent and cyclones in the east. Between the high and low pressure
systems, the contour lines of the 850 hPa geopotential height and 500 hPa strong wind
belt were stretched directly southeastward from the Gobi Desert to Korea. These pecu-
liar meteorological characteristics ensured much faster migration of dust and resulted15

in the extraordinary delivery of abundant giant particles to Korea during the 2012 dust
event, even though the dust intensity was relatively weak.

The mechanism of the long-range transportation of giant particles of several tens
of micrometers over several thousands of kilometers is unclear so far (Betzer et al.,
1988; Goudie and Middleton, 2001). Giant particles could be transported over long20

distances when strong upward advection of air masses lifts dust particles to higher
altitudes (Windom, 1985; Pye, 1995). Betzer et al. (1988) suggested a re-suspension
mechanism in the isolated storm along the particle’ path. Fast migration of the dust
flume observed in 2012 is one of the long-range transport mechanisms.

5.5 Ancient records of giant Asian dust particles in Korea25

The enormous volume of giant particles suggests that deposition of Asian dust would
occur near the dust source like in the Chinese Loess Plateau. However, they also
contributed to the formation of an aeolian sedimentary body in remote environments.
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The particle size and morphology of quartz and feldspars in ancient aeolian sedi-
ments (Fig. 2d) in the Paleolithic excavation sites of Korea (Shin et al., 2004; Jeong
et al., 2013) are markedly similar to the 2012 dust (Fig. 2a). The origin of the fine clays
forming the matrix enclosing quartz and feldspar particles is unknown. However, the
common occurrence of giant clay agglomerates in the 2012 dust (Table 2 and Fig. 4d, e)5

suggests that even the fine clays in the sediments (Fig. 2d) were also derived from gi-
ant clay agglomerates. The original morphology and size of clay agglomerates in Asian
dust may have been altered by post-depositional pedogenic activity. Thus, the long-
term deposition of giant particles through the late Quaternary likely represents major
terrestrial input of minerals from long-range transported dust to form an aeolian sedi-10

mentary body in East Asia.
The giant particles of ancient Asian dust contributed to far remote sedimentary body

out of the Asian region. Betzer et al. (1988) suggested the recent anthropogenic distur-
bance as the cause of the giant dust particles delivered to the North Pacific because
giant particles are rare in the deep-sea sediment core in the North Pacific. However,15

Beget et al. (1993) reported quartz particles as large as 40–60 µm in the late Quater-
nary tephric loess deposits on the island of Hawaii. There is evidence supporting the
long-range transport of large particles, as summarized in Goudie and Middleton (2001),
e.g., quartz grains up to 90 µm in diameter on Sal Island (Cape Verde Islands) off West
Africa (Glaccum and Prospero, 1980) and particles > 20 µm in diameter transported20

4000 km from their Saharan source (Prospero et al., 1970). Thus, mass contribution
of giant particles to the terrestrial and ocean sediments may have been higher than
previously thought at least on a regional scale.

5.6 Transport of reactive minerals and nutrients

Iron dissolved from dust particles is important in Fe-deficient marine ecosystems of25

high-nutrient low-chlorophyll regions, such as the eastern subarctic North Pacific and
the Southern Ocean (Boyd et al., 2004). Fine clay minerals and nanofiber calcite with
a large surface area and cation exchange capacity are sensitive minerals that react with
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acidic gases/droplets and organic/inorganic pollutants. The major form of clay minerals
and nano-sized calcites transported are giant clay agglomerates, as revealed by SEM
analyses, which showed that giant particles accounted for 89 % of the total volume
of the 2012 dust. Mineral dusts supply inorganic nutrients to remote sea locations.
The settling rates of giant particles are higher than fine particles. Important inorganic5

nutrients (e.g., Fe) are associated with fine particles such as Fe-bearing clay minerals
and iron oxides. TEM imaging and EDX spectroscopy of individual clay grains of the
Asian dusts and their deposits (Chinese loess) showed that ISCMs contain ca. 5–
7 % of Fe (Jeong, 2008; Jeong et al., 2008, 2011; this study). About 85 % (vol.) of
ISCMs are included in the giant agglomerate particles (Table 3, Fig. 4d, e). Large clay10

agglomerates are a major source of inorganic nutrients in some regions of the ocean
in comparison to fine particles with a slow settling velocity and long residence time.

6 Summary and conclusions

Particle size, mineralogy, and meteorological characteristics of the Asian dust event on
31 March 2012, were investigated and compared with two previous events in 2010 and15

2011. The median equivalent sphere diameters from the number size distributions were
5.7, 2.9, and 2.5 µm in the 2012, 2011, and 2010 dust events, respectively, were consis-
tent with independent OPC data. Twenty percent of the particles in the 2012 dust event
were giant (giant-S and giant-L) particles, with a maximum size of 60 µm. They con-
tributed 89 % of the total dust volume in the 2012 dust and were either agglomerates of20

submicron clay minerals, or large quartz and feldspar grains with clay-mineral coatings.
The occurrence of calcite nanofibers associated with giant particles confirmed their
long-range transport from remote arid sources. Illite-smectite series clay minerals were
the major mineral group followed by quartz, plagioclase, K-feldspar, and calcite. Min-
eral compositions showed little variation through the fine, coarse, giant-S, and giant-L25

size bins because the fine clay minerals formed larger agglomerates. Mineral com-
positions varied little through the three dust events, but fine clay minerals were more
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common in the 2010 and 2011 dusts. The particle-size characteristics of the mineral
dust may be dependent on the synoptic conditions of the dust outbreak and migration.
During the 2012 Asian dust event, a mid-tropospheric strong wind belt stretched south-
eastward from the Gobi Desert to Korea, making the rapid migration of dust possible,
and delivering abundant giant particles. Atmospheric aerosol studies usually focus on5

particles < 10 µm. However, the role of giant particles should be reviewed with regard
to the regional circulation of earth materials through the lithosphere, pedosphere, and
atmosphere. For example, analysis of ancient aeolian deposits in Korea suggested the
common deposition of giant particles from Asian dust through the Quaternary period.
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Table 1. Particle number, surface area, and volume distribution of three Asian dusts from SEM
measurements with basic properties.

Diameter (µm) ∆N ∆N/(NT∆ logD) ∆S (µm2) ∆S/(ST∆ logD) ∆V (µm3) ∆V/(VT∆ logD)

2012 (Md = 5.7 µm, PM10 = 181 µgm−3, duration time = 4h)a

0.5–1 0 0.00 0 0.00 0 0.00
1–2 29 0.03 296 0.00 90 0.00
2–3 296 0.54 6174 0.04 2735 0.01
3–4 481 1.25 18 424 0.18 10 839 0.04
4–6 849 1.56 65 891 0.45 55 065 0.13
6–8 494 1.28 76 220 0.74 88 849 0.30
8–10 325 1.09 82 309 1.03 121 106 0.53
10–15 365 0.67 169 056 1.16 347 368 0.83
15–20 143 0.37 134 371 1.30 388 857 1.32
20–40 91 0.10 187 604 0.76 829 779 1.17
40–60 12 0.02 84 314 0.58 681 117 1.63
n 3085
Giant-S% 16.5 36.8 29.1
Giant-L% 3.3 33.0 59.8

2011 (Md = 2.9 µm, PM10 = 273 µgm−3, duration time= 62 h)
0.5–1 7 0.02 20 0.00 3 0.00
1–2 308 0.71 2635 0.12 744 0.03
2–3 438 1.73 8706 0.70 3729 0.26
3–4 310 1.72 11 635 1.32 1.53 6762 0.65
4–6 265 1.04 18 925 1.53 15 393 1.05
6–8 70 0.39 10 105 1.15 11 486 1.11
8–10 25 0.18 6124 0.90 9145 1.14
10–15 13 0.05 5755 0.46 11 886 0.81
15–20 4 0.02 4173 0.47 12 723 1.23
20–40 1 0.00 2369 0.11 11 096 0.44
40–60 0 0.00 0 0.00 0 0.00
n 1441
Giant-S% 1.18 14.1 29.7
Giant-L% 0.069 3.4 13.4

2010 (Md = 2.5 µm, PM10 = 1518 µgm−3, duration time= 7 h)
0.5–1 18 0.04 45 0.00 7 0.00
1–2 541 1.06 4864 0.19 1211 0.03
2–3 501 1.68 9713 0.65 4088 0.19
3–4 269 1.27 10 158 0.96 5921 0.38
4–6 225 0.76 16 917 1.13 14 136 0.65
6–8 68 0.32 10 346 0.97 12 144 0.78
8–10 31 0.19 7365 0.89 10 838 0.90
10–15 26 0.09 11 961 0.80 25 877 1.19
15–20 5 0.02 4716 0.44 13 758 0.89
20–40 5 0.01 8995 0.35 36 016 0.96
40–60 0 0.00 0 0.00 0 0.00
n 1689
Giant-S% 1.835 19.6 32.0
Giant-L% 0.296 10.6 29.0

a Md = median particle diameter on number basis. PM10 value is the mean of hourly measurements for
4 h around peak concentration (Korea Meteorological Administration, 2013).
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Table 2. Mineral compositions of Asian dust TSP collected on 31 March 2012 (unit in %).

Mineral Total (n = 2870) Fine Coarse Giant-S Giant-L
(< 5 µm)1 (5–10 µm) (10–20 µm) (> 20 µm)

(n = 1555)2 (n = 1130) (n = 490) (n = 95)
No. Area Vol. No. Area Vol. No. Area Vol. No. Area Vol. No. Area Vol.

Phyllosilicate
Total 52.3 52.7 52.1 52.0 53.5 54.2 54.2 55.1 54.3 49.2 50.7 48.2 49.5 53.4 53.9
ISCMs3 42.1 39.2 36.1 42.4 43.4 44.1 43.2 43.3 42.5 40.2 40.8 37.9 33.7 33.4 33.6
Kaolinite 2.4 3.0 4.5 3.5 2.5 2.9 1.7 1.6 1.7 1.0 1.2 1.2 3.2 6.5 7.0
Muscovite 1.5 2.6 3.5 0.7 0.8 0.7 1.9 2.5 2.5 1.8 1.4 1.3 3.2 4.4 5.1
Chlorite 3.5 3.0 2.6 3.1 4.1 3.7 4.3 4.3 4.2 2.7 3.0 3.5 3.2 2.0 1.7
Biotite 2.9 4.9 5.4 2.2 2.6 2.8 3.1 3.4 3.4 3.5 4.3 4.3 6.3 7.1 6.5
Talc 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Other silicates
Quartz 19.7 21.1 25.0 17.9 17.6 17.7 20.1 20.1 20.7 22.4 21.5 20.8 22.1 21.8 28.5
Plagioclase 10.3 11.9 10.1 9.1 9.7 9.1 11.2 11.2 11.4 10.8 11.3 13.8 10.5 13.6 7.8
K-feldspar 5.2 5.0 4.4 5.0 5.3 5.1 4.2 4.0 4.0 7.6 6.8 7.2 6.3 3.5 2.9
Amphibole 0.9 0.9 0.8 0.8 1.1 0.8 0.8 0.8 0.9 1.0 0.7 0.7 2.1 1.1 0.8
Pyroxene 0.1 0.2 0.3 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.0 0.0 1.1 0.6 0.5
Titanite 0.2 0.2 0.3 0.3 0.4 0.3 0.1 0.1 0.1 0.0 0.0 0.0 1.1 0.7 0.6
Zoisite 0.4 0.4 0.1 0.2 0.1 0.2 0.6 0.5 0.5 0.4 0.7 0.2 0.0 0.0 0.0
Non-silicates
Calcite 6.7 6.0 5.9 7.2 6.8 6.5 6.3 6.1 6.1 6.3 6.4 7.1 7.4 5.4 5.1
Dolomite 1.2 0.5 0.4 2.0 1.5 1.7 0.8 0.7 0.7 0.6 0.7 0.8 0.0 0.0 0.0
Iron oxides 1.6 0.6 0.4 2.7 2.0 2.0 0.8 0.7 0.6 1.0 0.8 0.8 0.0 0.0 0.0
Fe-Ti oxides 0.4 0.2 0.1 0.4 0.5 0.4 0.4 0.4 0.4 0.4 0.3 0.2 0.0 0.0 0.0
Ti oxides 0.1 0.0 0.0 0.3 0.4 0.3 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum 0.8 0.1 0.0 1.9 1.0 1.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Apatite 0.1 0.1 0.0 0.2 0.1 0.2 0.1 0.1 0.1 0.2 0.1 0.1 0.0 0.0 0.0
Pyrite 0.0 0.0 0.0 0.1 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

1 Particle diameter of equivalent sphere.
2 Number of analyzed particles.
3 Illite-smectite series clay minerals (illite, smectite, and their mixed layers).
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Table 3. Particle number, surface area, and volume contributions of four size bins to major
minerals in the Asian dust TSP collected on 31 March 2012 (unit in %).

Mineral Number Area Volume
F2 C GS GL Sum F C GS GL Sum F C GS GL Sum

Phyllosilicates
Total 40.0 40.8 16.0 3.1 100 4.6 24.4 38.8 32.2 100 2.2 10.8 29.9 57.1 100
ISCMs1 40.6 40.4 16.3 2.7 100 5.0 25.8 42.0 27.1 100 2.6 12.2 33.9 51.3 100
Kaolinite 60.3 27.9 7.4 4.4 100 3.7 12.5 15.4 68.5 100 1.4 4.0 8.5 86.2 100
Muscovite 19.0 52.4 21.4 7.1 100 1.4 22.5 22.0 54.1 100 0.4 7.3 11.9 80.3 100
Chlorite 35.6 48.5 12.9 3.0 100 6.1 33.0 40.5 20.4 100 3.0 16.9 44.1 36.0 100
Biotite 30.1 42.2 20.5 7.2 100 2.4 16.1 35.4 46.1 100 1.1 6.5 25.5 66.9 100
Other silicates
Quartz 36.6 40.2 19.5 3.7 100 3.8 22.2 41.1 32.8 100 1.5 8.6 26.9 63.0 100
Plagioclase 35.6 43.1 18.0 3.4 100 3.7 21.9 38.2 36.2 100 1.9 11.6 43.8 42.6 100
K-feldspar 38.9 32.2 24.8 4.0 100 4.8 18.6 54.4 22.2 100 2.5 9.4 52.2 35.9 100
Amphibole 36.0 36.0 20.0 8.0 100 5.5 22.0 33.4 39.0 100 2.1 11.6 28.3 58.0 100
Non-silicates
Calcite 43.2 37.0 16.1 3.6 100 5.1 23.5 43.0 28.3 100 2.4 10.7 39.2 47.7 100
Dolomite 65.7 25.7 8.6 0.0 100 13.0 34.0 52.9 0.0 100 9.9 19.8 70.4 0.0 100
Iron oxides 68.9 20.0 11.1 0.0 100 15.7 26.6 57.7 0.0 100 11.6 16.5 71.9 0.0 100
Sum 40.2 39.4 17.1 3.3 100 4.5 23.3 40.3 31.8 100 2.1 10.3 32.3 55.2 100

1 Illite-smectite series clay minerals (illite, smectite, and their mixed layers).
2 F = fine (< 5 µm), C = coarse (5–10 µm), GS = giant-S (10–20 µm), and GL = giant-L (> 20 µm).
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Table 4. Mineral number compositions of Asian dust TSPs collected on 1 May 2011 and 20
March 2010 (%).

Mineral 2011 (n = 981) 2010 (n = 953)

Phyllosilicates
Total 59.2 60.3
ISCMs1 48.2 49.4
Kaolinite 1.6 1.7
Muscovite 0.3 0.9
Chlorite 4.5 5.7
Biotite 4.6 2.4
Talc 0.0 0.2
Other silicates
Quartz 16.8 16.9
Plagioclase 10.5 10.0
K-feldspar 4.3 3.0
Amphibole 0.6 0.4
Pyroxene 0.0 0.0
Titanite 0.0 0.0
Zoisite 0.4 0.2
Non-silicates
Calcite 5.8 5.7
Dolomite 0.2 0.9
Iron oxides 0.6 0.8
Fe-Ti oxides 0.1 0.3
Ti oxides 0.2 0.1
Gypsum 0.7 1.1
Barite 0.1 0.0
Pyrite 0.2 0.0
Apatite 0.1 0.3

1 Illite, smectite, and illite-smectite mixed-layer clay minerals.
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Fig. 1

Fig. 1. COMS and MTSAT satellite images of the Asian dust index of three events observed in
Korea. Solid orange circles are the TSP sampling sites in Korea. The graphs are plots of hourly
PM10 concentrations over 4 days in the Korea Meteorological Administration aerosol monitoring
stations near sampling sites. Red dots in the 2012 COMS images are the stations of Korea–
China joint Asian dust monitoring networks.
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a March 31, 2012

Fig. 2

50 µm

b cMay 1, 2011 March 20, 2010

50 µm 50 µm

d

50 µm50 µm

Fig. 2. Scanning electron micrographs of Asian dust particles. (a) Giant Asian dust particles,
31 March 2012, Deokjeok Island. Curved threads are contaminants from borosilicate glass-fiber
filter. (b) Asian dust, 1 May 2011, Andong. (c) Asian dust, 20 March 2010, Andong. (d) Back-
scattered electron image of the polished thin section of aeolian sediment from the Jeongok
Paleolithic site, showing quartz, K-feldspar, and plagioclase particles (bright gray contrast) in
the fine clay matrix (dark gray contrast) with pores (black) impregnated with epoxy resin.
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Fig. 3Fig. 3. Number, surface area, and volume size distributions of three Asian dusts measured by
scanning electron microscopy.

21073

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/21041/2013/acpd-13-21041-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/21041/2013/acpd-13-21041-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 21041–21077, 2013

Long-range transport
of giant particles in

Asian dust

G. Y. Jeong et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 4. High-resolution SEM images of the surfaces of giant-L dust particles. Bottom image was
magnified from the box in the upper image. (a), (b) Quartz particles coated with thin layers of
clay platelets and intergrowth of calcite nanofibers. (c) Plagioclase coated with thin layers of
clay platelets and calcite nanofibers. (d), (e) Agglomerates of clay platelets with intergrowths of
calcite nanofibers. (f) Kaolinite with calcite nanofibers.
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Fig. 5. TEM microtextures and lattice fringe images of giant dust particles with EDX spectra.
(a) FIB slice of the clayey agglomerate dust particle in Fig. 4e. (b) FIB slice of the quartz dust
particle in Fig. 4b.
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Fig. 6. Volume size distributions of three Asian dusts measured with an optical particle counter
at the Korea Meteorological Administration Asian dust monitoring station in Seoul, compared
with those of non-Asian dust days. Dust event periods in Korea standard time.
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Fig. 7Fig. 7. Daily evolution of the 2010, 2011, and 2012 dust events with ERA-Interim daily meteoro-
logical fields superimposed on an Aura-OMI aerosol index over East Asia. Black solid lines and
red dotted lines represent the 850 hPa geopotential height (gpm) and temperature (K). Blue
thin solid lines and red thick solid lines indicate 10 m wind speed above 8 ms−1 and 500 hPa
wind speed above 30 ms−1, respectively. The solid orange circles are the TSP sampling sites.
Missing values of the OMI aerosol index are shown in light gray color.
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