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Abstract

This is the first study of Asian dust storm (ADS) particles collected in Beijing, China and
Incheon, Korea during the same spring ADS event. Using a seven-stage May impactor
and a quantitative electron probe X-ray microanalysis (ED-EPMA, also known as low-Z
particle EPMA), we examined the composition and morphology of 4200 aerosol parti-
cles at stages 1-6 (with a size cut-off of 16, 8, 4, 2, 1, and 0.5 um in equivalent aerody-
namic diameter, respectively) collected during an ADS event on 28-29 April 2005. The
results showed that there were large differences in the chemical compositions between
particles in sample S1 collected in Beijing immediately after the peak time of the ADS
and in samples S2 and S3, which were collected in Incheon approximately 5h and 24 h
later, respectively. In sample S1, mineral dust particles accounted for more than 88 %
in relative number abundance at stages 1-5, and organic carbon (OC) and reacted
NaCl-containing particles accounted for 24 % and 32 %, respectively, at stage 6. On
the other hand, in samples S2 and S3, in addition to approximately 60 % mineral dust,
many sea salt particles reacted with airborne SO, and NO,, often mixed with mineral
dust, were encountered at stages 1-5, and (C, N, O, S)-rich particles (likely a mixture of
water-soluble organic carbon with (NH,),SO, and NH,NO3) and K-containing particles
were abundantly observed at stage 6. This suggests that the secondary aerosols and
the internal mixture of mineral dust with sea spray aerosol increased when the ADS
particles passed over the Yellow Sea. In the reacted or aged mineral dust and sea salt
particles, nitrate-containing and both nitrate- and sulfate-containing species vastly out-
numbered the sulfate-containing species, implying that ambient nitrogen oxides had
a greater influence on the atmospheric particles during the ADS episode than SO,.
In addition to partially- or totally-reacted CaCOs, reacted or aged Mg-containing alu-
minosilicates (likely including amesite, allophite, vermiculite, illite, and montmorillonite)
were observed frequently in samples S2 and S3; and furthermore, both the atomic con-
centration ratios of [Mg]/[Al] and [Mg]/[Si] were elevated compared to that in sample
S1. This shows that a great evolution or aging process must have occurred on the min-
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eral dust. This indicates that the number abundance, reactivity with gaseous pollutants,
and ratios of [Mg]/[Al] and [Mg]/[Si] of Mg-containing aluminosilicates are promising
indices of the aging process of ADS particles during long-range transport.

1 Introduction

Asian dust storms (ADSs), called “Ugalz”, “Huangsha”, “Whangsa”, and “Kosa” in Mon-
golia, China, Korea, and Japan, respectively, occur frequently in the arid and semiarid
areas of Russia, Mongolia, and Northern China (Zhang et al., 2010; Natsagdorj et al.,
2003). When Asian dust storm episodes occur, the desert dust can be blown east-
ward by strong winds over thousands of kilometers, being transported widely over East
China, the Yellow Sea, the Korea Peninsula, Japan Island, and Pacific Ocean (Feng
et al., 2002; Liu et al., 2013). Even the Arctic atmosphere is impacted by long-range
transport of Asian dust (Iziomon et al., 2006). In the process of long-range transport,
Asian dust is often mixed/reacted with various organic and inorganic materials (includ-
ing gases, liquids, and aerosols), making their compositions extremely complicated
(Song et al., 2013; Tobo et al., 2010).

The ACE-Asia (Aerosol Characterization Experiments-Asia) and other projects have
found that there are substantial modifications in the chemical and physical properties
of Asian dust during long-range transport based on detailed measurements of dust
aerosols at ground-based, ship, aircraft, and satellite through “bulk” and individual par-
ticle analyses (Huebert et al., 2003; Zhang et al., 2006). Sea spray aerosols (SSAs)
mixed internally and externally with mineral dust and the unique reactivity of calcium
carbonate particles in the atmosphere when Asian dust passes over the sea have been
reported (Krueger et al., 2003; Hwang and Ro, 2006; Zhang et al., 2006; Ma, 2010;
Song et al., 2013). Calcium carbonate can neutralize sulfuric and nitric acids (gener-
ated by the oxidation of SO, and NO,, respectively) to form hygroscopic sulfates and
nitrates (Usher et al., 2003), which often exhibit core-shell structures in “aged” particles
(Yuan et al., 2006; Li and Shao, 2009). The formation of sulfate and nitrate coatings or
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secondary organic matter on minerals, sometimes mixed with SSAs, makes a signifi-
cant contribution to the optical, chemical, and hygroscopic modification of Asian dust
(Bauer et al., 2007; Kojima et al., 2004; Sullivan et al., 2007). This means that Asian
dust acts as a significant carrier of pollutants to the downwind locations (Hatch and
Grassian, 2008; Choi et al., 2001; Mori et al., 2003; Matsumoto et al., 2006) and the
carrying ability is dependent to a large extent on the size, shape, and chemical compo-
nents of the dust aerosols (Ma et al., 2004; Nie, et al., 2012; Wang, et al., 2013).

For the characterization of the complex mixtures of atmospherically-processed Asian
dust aerosols in detail, many analytical techniques were utilized, in which the quantita-
tive energy-dispersive electron probe X-ray microanalysis (ED-EPMA, also called low-
Z particle EPMA) has proven to be a powerful and useful tool with a relatively short
sampling time and without a complicated sample pretreatment process (Hwang and
Ro, 2005, 2006; Geng et al., 2009a, 2011a, b). This single-particle analytical technique,
which is based on scanning electron microscopy (SEM) coupled with an ultra-thin win-
dow energy-dispersive X-ray spectrometry (EDX), can simultaneously detect the mor-
phology and constituent elements of individual particle and provide information on the
aging process and transformation of many environmentally-important particles, such as
nitrates, sulfates, and carbonaceous species (Maskey et al., 2010; Choél et al., 2005,
2007). For instance, through the application of low-Z particle EPMA to the character-
ization of airborne particle samples collected in the marine boundary layer (MBL) of
the Bohai Sea and Yellow Sea on 30 April-1 May 2006, Geng et al. (2009a) suggested
that Asian dust aerosols are important carriers of gaseous inorganic nitrogen species,
especially NO, and NH;. The results obtained by low-Z particle EPMA showed an ob-
vious contrast in chemical compositions between the atmospheric aerosol over King
George Island, Antarctic and Ny-AIesund, Svalbard, Arctic (Geng et al., 2010; Maskey,
et al., 2011). Recently, the combined use of low-Z particle EPMA with attenuated total
reflection Fourier transform infrared imaging technique (ATR-FTIR) and Raman mi-
crospectrometry (RMS) demonstrated that many individual Asian dust particles were

27974

Jaded uoissnosiq

| J1adeq uoissnosiq

Jaded uoissnosiq | Jaded uoissnosiq

ACPD
13, 27971-28016, 2013

Investigation of aged,
size-resolved Asian
dust storm particles

H. Geng et al.

L

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Il



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/27971/2013/acpd-13-27971-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/27971/2013/acpd-13-27971-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

extensively chemically-modified (aged) and highly complicated in compositions (Song
et al., 2013, 2010; Sobanska et al., 2012).

In the present study, low-Z particle EPMA was used to examine how size-resolved
Asian dust contributes to ambient particulate matter in Beijing, China and Incheon, Ko-
rea in a same ADS event occurred in April 2005 and to examine the heterogeneous
aging of Asian dust particles when they transported from China to Korea over the Yellow
Sea. This study presents the detailed characterization of reacted or aged mineral dust
and SSAs, which became physically and chemically altered during long-range trans-
port through interactions with anthropogenic gaseous pollutants and marine aerosols.
Special emphasis has been placed on quantitative analysis of the elemental percent-
ages of different stages, samples, and types for reacted particles in the size range of
0.2-10um. The changes in the ratios of [Na]/[Cl], [N]/[CI], and [S]/[CI] in the aged
SSAs and the changes of [Mg]/[Al] and [Mg]/[Si] in the aged alminosilicates will be in-
vestigated. To the best of the authors’ knowledge, this is the first report of the results for
ADS particles collected in Beijing and Incheon during the same spring ADS episode.
The investigation of the chemical compositions of size-resolved Asian dust storm parti-
cles collected in the two sites and identification of reacted or aged aerosols would help
improve the understanding of the sources, reactivity, transport, and removal of mineral
dust particles, as well as the heterogeneous reaction processes between air pollutants
and mineral dust.

2 Materials and methods
2.1 Sampling sites and dates

The two sampling sites were located in Beijing, China and Incheon, Korea (Fig. 1). In
Beijing, immediately after the peak of an ADS event on 28 April 2005, aerosols were
collected on the roof of a building in the Chinese Research Academy of Environmental
Sciences (39°59' N, 116°25’ E), approximately 30 ma.g.l. (notated as sample S1 here-
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after; Table 1). Approximately 5 and 24 h later, samplings were conducted on the roof
of a five-story building in Inha University (latitude 37.45° N, longitude 126.73°E, ap-
proximately 25ma.g.l.) in Incheon. The first sampling in Incheon was carried out at
15:00 ~ 18:55 (KST) on 28 April 2005 when the ADS event began (sample S2) and
the second was at the peak time of the ADS event on 29 April 2005 (sample S3).
Figure 2 shows the hourly PM,, values recorded in Beijing and Incheon during four
consecutive days from 27 to 30 April 2005. In Beijing, the 24 h average PM,, concen-
trations reached 706 pg m~ on 28 April 2005, which is approximately five times higher
than the Chinese state Grade-Il standard of 150 g m™ and hourly PM,, exceeded
1500 pg m™2 for five consecutive hours with the peak level of 3198 ug m~3 (at approx-
imately 7 o’clock on 28 April 2005, KST). The PM,, concentrations in Incheon, which
were recorded at an air quality monitoring station (Sungui-dong, Nam-gu), close to the
sampling site, exceeded the Korean National Ambient Air Quality Standard (100 pug m=3
on the daily average) with 158.2 ug m~ on 29 April 2005. The hourly PM,, levels ex-
ceeded 100 ug m™~° for 28 consecutive hours and reached up to 308 ug m~° at the peak
time of the ADS episode. The PM, level in Incheon was ten times lower than the max-
imum value recorded in Beijing due to the dispersion and removal of ADS particles
during long-range transport.

The particles were collected on Ag and Al foils using the seven-stage May cascade
impactor. At a flow rate of 20 Lmin‘1, the May impactor has nominal aerodynamic
cut-off diameters of 16, 8, 4, 2, 1, 0.5, and 0.25 ym for stages 1-7, respectively. The
number-size distribution of ambient particles was monitored in situ using an optical par-
ticle counter to observe the particle number concentration. To prevent the overloading
of particles at the impaction slots, the sampling durations were adjusted according to
the atmospheric particle load, varying between 30s (for particles on stage 6) and 2h
(for particles on stage 1). The collected samples were placed in Petri dishes, sealed,
and stored in a desiccator prior to the measurements.
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2.2 Measurement and analysis

The size, morphology, and chemical composition of the individual aerosol particles
were determined by a scanning electron microscopy (SEM) equipped with an Oxford
Link SATW ultrathin window energy-dispersive X-ray spectrometry detector (Hitachi S-
3500N). The resolution of the detector was 133 eV for Mn-Ka X-rays. The X-ray spectra
were recorded under the control of INCA software. An accelerating voltage and beam
current of 10kV and 1.0 nA, respectively, were chosen to achieve the optimal experi-
mental conditions, such as low background level and high sensitivity for low-Z element
analysis. A typical measuring time of 10 s was used to limit the beam damage on sensi-
tive particles. The secondary electron images (SEls) and X-ray spectra of 100 particles
on stages 1 and 6 and 300 particles on stages 2 to 5, respectively, were detected (1400
particles per sample). In total, 4200 particles were analyzed for the three samples. The
particle equivalent diameters were estimated from their projected area, assuming the
particles to be spherical. The methods for acquiring the net X-ray intensities of the
elements, for simulating the measured X-ray intensities for all chemical elements in
a particle by Monte Carlo calculations, and using the “expert system” program to per-
form chemical speciation and determine the particle group distributions are described
elsewhere (Vekemans et al., 1994; Ro et al., 2003, 2004). The elemental quantification
procedure provided results with an accuracy of within 12 % relative deviations between
the calculated and nominal elemental concentrations for various standard particles (Ro
et al., 2000, 2001).

2.3 Backward trajectories for the air mass transport history

The 48h backward air-mass trajectories at receptor heights of 500m, 1000 m, and
2000 ma.s.l. were produced using the HYbrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT4) model available at the NOAA Air Resources Laboratory’s web
server (http://www.arl.noaa.gov/ready/hysplit4.html). As shown in Figs. 1 and 3, the
dust cloud, which originated from Mongolia (likely from the Gobi Desert), moved over
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Inner Mongolia and Beijing city and was dispersed southeast toward the Korean penin-
sula.

3 Results and discussion
3.1 Particle size on different collecting stages

The particle size is closely related to the chemical compositions, heterogeneous reac-
tivity, and ultimate fate of ambient particles (Formenti et al., 2011). The mean equiva-
lent diameters of all 4200 particles analyzed in the stages 1—6 are 15.6+7.0, 7.5+ 2.6,
3.8+1.4,23+1.0, 1.3+£0.6, 0.9+ 0.6 um in size, respectively (Table 2), which has
minor deviation compared to the nominal aerodynamic cut-off diameters of the May im-
pactor (with 50 % efficiency of 16, 8, 4, 2, 1, and 0.5 um for stages 1-6, respectively).
Possibly, some size misclassification might have occurred due to particle bounce-off
during sampling (Hwang et al., 2008). The particles on stage 6 in sample S1 were sig-
nificantly smaller than those in both samples S2 and S3 because many hygroscopic
particles which look dark and “big” in size on their secondary electron images (SEls)
were encountered on stage 6 of samples S2 and S3 (Figs. 4 and 5). Also, as seen in
Fig. 6, a lot of hygroscopic particles were encountered on stage 4 of samples S2 and
S3 (Fig. 6).

The particle size will change during mixing or reactions between the different types
of particles. As illustrated in Fig. 4, the particles on stage 1 had a similar distribution
trend in samples S1-S3, but for the particles on stages 2 and 3, those in sample
S1 tended to be larger than those in samples S2 and S3 because they have lower
percentage in the smaller size range (~ 21 % in the size range of 4-6 um in diameter
for stage 2 and 2-3 um for stage 3 compared to more than 40 % in those size ranges
in samples S2 and S3). The trend was opposite for the particles in stages 4 and 6.
The particles on stages 4 and 6 in sample S1 have a higher percentage in the smaller
size range than those in samples S2 and S3 (~ 70% vs. 40% in the 1-2um size

27978

Jaded uoissnosiq

| J1adeq uoissnosiq

Jaded uoissnosiq | Jaded uoissnosiq

ACPD
13, 27971-28016, 2013

Investigation of aged,
size-resolved Asian
dust storm particles

H. Geng et al.

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Il



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/27971/2013/acpd-13-27971-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/27971/2013/acpd-13-27971-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

range for stage 4 and 90 % vs. 60 % in 0.1—1 um size range for stage 6). This suggests
that the smaller particles collected in Incheon tend to become larger, due likely to
mixing between particles (e.g., dust particles mixed with sea salt) or reactions between
particles and gas/liquid substances (e.g., dust particles reacted with NO, and SO,).
Indeed, the chemical compositions of the particles differed according to the size range,
as shown in Figs. 7 and 8.

3.2 Classification of measured particles

The way to determine the chemical species of individual particles and perform a clas-
sification based on their chemical species is summarized briefly. Firstly, the parti-
cles were regarded to be composed of just one chemical species when the chemical
species constituted at least 90 % of the atomic fraction. Secondly, efforts were made
to determine the chemical species of the internally mixed particles based on all the
chemical species identified. Thirdly, elements with less than 1 at.% were neglected in
the chemical speciation because the elements at trace levels cannot be investigated
reliably. Although the presence of hydrogen cannot be detected in EPMA, elemental
carbon (EC) and organic carbon (OC) could be identified based on their morphologies
and the contents of C and O (Geng et al., 2011a). The particles were grouped into
different types according to the criteria summarized in Table 3. Overall, ten groups of
particles were classified. They are unreacted mineral dust; aged or reacted mineral
dust; fresh SSA (or NaCl-containing); reacted (or aged) SSA (and mixtures) or reacted
NaCl-containing; EC; OC; (C, N, O, S)-rich particle; K-containing particles; Fe-rich par-
ticles; and others. Figures 5 and 6 show SEls of various types of particles.
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3.3 Chemical compositions of size-resolved particles in samples S1, S2, and
S3

3.3.1 Particles on stages 1-5

3900 particles on stages 1-5 of samples S1-S3 (1300 for each sample) were ana-
lyzed. Based on the classification of the particles, the relative number abundances of
the various particle types were obtained by dividing the number of a specific type of
particles by the total number of particles analyzed for each stage, as shown in Fig. 7.
By comparing the relative abundances of the major particle types at different size lev-
els, there were significant differences in the aerosol components between the three
samples, reflecting the aging process of the ADS particles. Detailed description on
the change in the relative abundances of various types of particles is summarized as
follows.

Mineral dust particles

Mineral dust particles appear irregular and bright on their SEls. The typical unreacted
mineral dust particles include aluminosilicate, SiO,, CaCO3, CaMg(CO;),, and TiO,
(Shao et al., 2008). The reacted (or aged) mineral dust particles mainly include “re-
acted CaCO3/CaMg(CO3),” and “aluminosilicate + (N, S)”, where the (N, S) notation
represents compounds containing either nitrates, sulfates, or both. They were either
produced when mineral dust particles (particularly Ca2+-containing species) react with
airborne sulfur and nitrogen oxides in the presence of moisture or with “secondary
acids”, such as H,SO,, HNO,, and HCI (Harris et al., 2012; Wang et al., 2005), or
were formed from the adsorption of NH,NO3 or (NH,),SO,/NH,HSO, on the particle
surface (Sullivan et al., 2007). In the present study, the overall relative abundance of
mineral dust particles (i.e. aluminosilicate, calcite, dolomite, quartz, etc.) was more than
88 % of the particles analyzed for sample S1 collected in Beijing. On the other hand,
for samples S2 and S3 collected in Incheon, the relative abundances of mineral dust
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particles were smaller than that of sample S1. The mixture of reacted SSA with min-
eral dust that were not encountered in sample S1 were frequently observed in samples
S2 and S3. Overall, the reacted (aged) mineral dust particles have higher abundance
than the unreacted ones on stages 1-5: approximately 71 % vs. 17 % (~ 4.2 fold) on
average for sample S1; 50 % vs. 6 % for sample S2; and 48 % vs. 13 % for sample S3
(Fig. 7). And the majority of aged mineral dust particles are nitrate-containing species
and both sulfate- and nitrate-containing species (Tables 4 and 5). This is consistent with
the results for aerosol particles collected in the marine-atmospheric boundary layer of
the Yellow Sea when an Asian dust storm passed by (Geng et al., 2009a). The relative
abundances of reacted CaCO5 or CaMg(CQO3), in sample S1 is generally lower than
that in samples S2 and S3, whereas the unreacted samples showed an opposite trend,
suggesting that some atmospheric reactions might have occurred on the surface of the
particles when they passed over the Yellow Sea (Fairlie et al., 2010; Ma et al., 2004;
Wang et al., 2005). In sample S1, the relative abundance of the reacted CaCO3; or
CaMg(CO3), was 3 % (in which the nitrate-containing species account for 97 %), which
is similar to that of the unreacted samples. On the other hand, in samples S2 and S83,
the reacted CaCO4 or CaMg(COs), largely outnumbered the unreacted ones (13 % vs.
1% in sample S2 and 11 % vs. 2% in sample S3, respectively), indicating that mois-
ture over the sea might play important roles in enhancing the reactions of CaCO3; or
CaMg(COs3), with NO, or SO, (Formenti et al., 2011).

The aluminosilicate particles with strong X-ray peaks of Al, Si, and O and minor
elements, such as Na, K, Ca, Fe, Cl, Ti, etc., are important components of mineral
dust. They exist in many different forms, including Na-feldspar, K-feldspar, muscovite,
montmorillonite, illite, Mg-vermiculite, kaolinite, talc, pyrophyllite, etc. (Jung et al., 2010;
Malek et al., 2011). Most of them belong to clay mineral. Table 5 lists the elemental
compositions of different types of aluminosilicates and their respective relative abun-
dances. The reacted or aged aluminosilicates greatly outnumbered the unreacted ones
in all samples (on average, 58 % vs. 12 % in sample S1, 4.8 fold; 33 % vs. 3 % in sam-
ple S2, 11 fold; and 35 % vs. 8 % in sample S3, 4.4 fold). This has a similar distribution
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trend to the reacted CaCOgj in the three samples, i.e. more aged mineral dusts were
produced in sample S2, possibly being related to their transport path. Moreover, most
reacted or aged aluminosilicates contain nitrates. Those containing only sulfates with-
out nitrates are rarely encountered, indicating that aluminosilicate particles react more
easily with NO, or HNOj3 than with SO, or H,SO,. NH,NO3; adsorbed on the surface
of aluminosilicate particles cannot be excluded.

In aluminosilicates, many of them contain magnesium (Mg). The Mg-containing
species in unreacted aluminosilicates account for 73 %, 46 %, and 40 % in samples
S1-88, respectively, on average; and in the reacted or aged aluminosilicates, they ac-
count for 74 %, 63 % and 63 % in samples S1-S3, respectively. Corresponding to the
mineralogy, the particles with X-ray peaks of Al, Si, O, and Mg in the EDX spectra are
considered amesite or allophite, normally associated with chlorite, magnetite, rutile, di-
aspore, calcite, grossular, diopside, and clinozoisite in a range of locations. The particle
showing strong X-ray peaks for Al, Si, O, Mg, and Fe might be a Mg-vermiculite, likely
being formed by weathering or hydrothermal alterations of iron-bearing phlogopite and
annite (Malek et al., 2011). In addition, Mg signals also can be observed in illite and
montmorillonite. They were commonly observed in airborne particles collected during
ADS events (Xuan et al., 2004; Schulz et al., 2012; Sobanska et al., 2012). These
Mg-containing aluminosilicates are abundant in the soils of Chinese loess areas and
desert areas (Malek et al., 2011; Takahashi et al., 2010). Therefore, it is expected that
they would be uplifted in the air and transported to the area when an ADS occurs.
Herein, they were simplified as the groups of (Al, Si, O, Mg) and (Al, Si, O, Mg) and
mixtures, in which the mixture includes one or more of Na, Fe, Ca, K, Cl, P, and Ti
(Table 5). The relative abundance of Mg-containing aluminosilicates (AISIOMg and Al-
SiOMg/(mixture) species) in Beijing is larger than that in Incheon (on average, 74 % in
sample S1 vs. 55 % and 51 % in samples S2 and S3). Moreover, the calculated atomic
concentration ratios show an obvious increase in [Mg]/[Al] and [Mg]/[Si] in samples
S2 and S3 compared to sample S1, both for the unreacted and reacted (aged) alu-
minosilicate particles (Fig. 9). This suggests that some reactions in aluminosilicates
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(particularly Mg-containing species) must have occurred so that their chemical com-
positions were changed. It implies that Mg-containing aluminosilicates play important
roles in understanding the heterogeneous aging process of mineral dust when they
pass over the Yellow Sea.

Sea spray aerosols (SSAs)

Figure 10 shows the relative abundance of fresh and reacted (aged) SSA at stages 1—
5. As no SSA was encountered in sample S1, SSAs in samples S2 and S3 should have
originated from the Yellow Sea. Moreover, the SSA’s relative abundance in sample S2
outnumbers that in sample S3, particularly for stage 5. The fresh SSA particles, which
were identified by the presence of Na and Cl peaks and often with minor C, O, Mg,
and Ca signals in their X-ray spectra, were encountered only in sample S2 with low
abundance: less than 1 % on stage 2, stage 4, and stage 5. On the other hand, many
aged or reacted SSA particles were encountered in samples S2 and S3, suggesting
that the aerosols were largely influenced by airborne NO, and/or SO,.

Low-Z particle EPMA can clearly distinguish between partially- and totally-reacted
SSAs. The former are observed as nitrates and sulfates of sodium and magnesium with
residual chlorine, whereas the later are found in the form of just Na and N and/or S with
little Cl being detected in the X-ray spectra (Geng et al., 2009a, 2009b). In particular,
this method provides the possibility of quantitative analysis of the elemental percent-
ages in SSAs among different stages and samples. The changes in the Cl/Na ratio,
ClI/N ratio, and S/Cl ratio can reflect the Cl depletion of reacted SSAs to some extent,
as shown in Table 6. The reacted or aged SSAs were classified into three types based
on their SEls and X-ray spectral data. The first was for those containing nitrates, such
as Na(Cl, NO3) and (Na, Mg)(Cl, NO3). The second was for those containing sulfates
(SOi‘) or methanesulfonate (CH;SO;), which were generated from the reactions of
sea salt with anthropogenic SO,/H,SO, and/or methylsulfonic acid (MSA) from the
oxidization of dimethylsulfide (DMS) (Hopkins et al., 2008; Yang et al., 2009). It can be
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noted that sulfate popularly exists in sea salt. Ault et al. (2013) reported that nascent
SSAs sampled immediately after formation through bubble bursting have sulfate with-
out any time for reaction with oxidized DMS products. Although SO, and CH3SO, are
likely to be present simultaneously in sulfur-containing aged SSAs, sulfate-containing
aerosols generated from oxidized DMS can be neglected because the contribution of
biologically produced DMS to sea-salt sulfate is not significant over the Yellow Sea and
Bohai Sea compared to the anthropogenic contributions (Yang et al., 2009). The third
was for those containing both NO; and SOi' /CH3S0j5. In addition, the reacted SSAs
mixed internally with mineral dust species (such as CaCO5 and aluminosilicates) were
classified into the group of “reacted sea salt and mixture”. In this study, the range of
S/Na ratio in all the reacted or aged SSAs is in 0.5-1.08 (Table 6), largely more than
that in seawater: ca. 0.083 (Maskey et al., 2011). Compared to the non-sea-salt sul-
fate, sea-salt sulfate accounts for minor in the reacted SSAs. Those containing NOy

significantly outnumbered the SOi_/CH3SOg- and both-containing ones on stages 1-
5 (Fig. 10). The mixtures of aged SSAs with mineral dust are encountered frequently
on stages 2-5. They account for 65 % on average in sample S2 (58 %, 67 %, 68 %, and
67 % in stages 2-5, respectively) and 60 % in sample S3 (71 %, 61 %, 58 %, and 48 %
in stages 2-5, respectively), suggesting that the internal mixing of sea salt and mineral
dust occurred during the ADS event mainly after the particles left the continent. This
indicates that ADS particles experienced chemical reactions during their long-range
transport over the sea. At least many of them were mixed with SSAs by collision or
coagulation or by in-cloud processes (Ma, 2010).

Carbonaceous particles

EC (also termed as a “carbon-rich” particle) and OC particles are ubiquitous in the
atmosphere and contribute significantly to the suspended particulate matter both in re-
mote and urban locations (Sudheer et al., 2008; Arimoto et al., 2006). In this study,
EC particles are in low abundances on stages 1-5 (~ 2% on average for each sam-
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ple) compared to OC particles (7 %, 16 %, and 17 % on average for samples S1-S83,
respectively) (Fig. 7), suggesting that OC particles are dominant in the carbonaceous
aerosols for the ADS particles. Furthermore, the abundance of OC particles collected
in Incheon (samples S2 and S3) outweighs that collected in Beijing (sample S1), sug-
gesting that many OC particles come from the atmosphere over the Yellow Sea during
the ADS event.

(C, N, O, S)-rich particles

The (C, N, O, S)-rich particles were encountered at stage 5 in sample S3. EDX revealed
peaks for C, O, S, and N and their SEls showed round, dark shape. These particles
are considered as (NH,),SO,/NH,HSO,-containing particles, a secondary species
produced from the reactions of ambient sulfate or sulfuric acid with ammonia (largely
emitted from regions of high agricultural activity and livestock farming) (Geng et al.,
2009b). NH,NO3, which is formed by a reaction of ambient NO, or HNO3, might be
included in this type of particle because the N concentration is much larger than the
S concentration in some of this type of particles (Fig. 11). These will be described in
detail in Sect. 3.3.2 because (C, N, O, S)-rich particles were observed abundantly in
the stage 6 samples.

Fe-rich and other particles

Fe-rich particles appear bright and irregular on their SEls and normally contain strong
Fe and O peaks in their X-ray spectra, sometimes with minor C, Si, and Al. Several of
them are shown in Figs. 5 (particles #2, #5, and #41) and 6 (particle #52). These parti-
cles are in the form of iron ((oxy)hydr)oxides, and are interpreted as goethite, hematite,
or magnetite in atmospheric aerosols. Human activities, such as mining, steel produc-
tion, metallurgical industries, the abrasion of brake linings, and erosion of asphalted
road, might lead to significantly higher loads of Fe /FeO, (Flament et al., 2008). Some-
times, ADS carry various fractions of fine-grained magnetic particles, containing mainly
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Fe;O, and y-Fe,O4 (Kim et al., 2012). On the other hand, in the present study, Fe-rich
particles at stages 1-5 have average abundance of 2%, 1%, and 4 % in samples S1—
S3, respectively. This means that the ADS did not increase the level of Fe-rich particles
significantly in Incheon.

3.3.2 Particles on stage 6

The compositions of particles on stage 6 and stages 1-5 differed significantly. As
shown in Fig. 8, many aged NaCl-containing particles (< 1 um in diameter) were en-
countered in sample S1 with an abundance of approximately 32 %. This is surprising.
Their morphologies in SEI (particle #3 in Fig. 5a) and the information from the back-
ward air-mass trajectory (Fig. 3a) show that they are different from the sea salt par-
ticles from the Yellow Sea. The highest possibility is that they might come from dried
salt lakes near Hunshandake Sandy Land or Hulunbeier Sandy Land in the southeast
and northeast, respectively, of the Inner Mongolia plateau (Zhang et al., 2010). Huang
et al. (2010) and Sun et al. (2010) also reported that NaCl-containing particles were
observed in Beijing when an ADS passed by.

Notably, there were many (C, N, O, S)-rich particles in samples S2 and S3 (Fig. 8),
whereas none were observed in sample S1, suggesting that many secondary aerosols
were generated when the ADS moved into Incheon. Although their formation mecha-
nism is beyond this study, it appears that the (NH,),SO,/NH,NO3-containing particles
mixed with water-soluble organic matter were formed favorably due to the elevated hu-
midity in the air when the air masses carrying Asian dust as well as SO,, NO,, and
NH; passed over the sea. Under high humidity, the uptake of water/moisture, water-
soluble organic carbon, and gaseous pollutants will enhance the generation of (C, N,
O, S)-rich particles. NH,;NO; is likely to be included because NH,NO, is water-soluble
and the measured N levels are sometimes much larger than S (Fig. 11). Herein, the
(C, N, O, S)-rich particles have higher abundance on stage 6 in samples S2 and S3
and are barely encountered on the other stages (except on stage 5 in sample S3, with
8.3 % in abundance), suggesting that they are small in size and are generated in the
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high-humidity atmospheric environment, likely becoming droplets in the air. In addition,
there are higher abundances of OC-containing particles in sample S1 than samples
S2 and S3 (28.6 % vs. 7.7 % and 9.6 %), showing that the OC particles on stage 6 are
abundant in Beijing. Possibly, they were dissolved in water and absorbed into the (C,
N, O, S)-containing droplet particles during transport when they passed over the sea.

K-containing particles, mostly from biomass burning (Wang et al., 2007; Andreae,
1983), are encountered only on stage 6. Furthermore, they have much less abundance
in sample S1 than in samples S2 and S3 (2.4 % vs. 15.4 % and 15.4 %) (Fig. 8), sug-
gesting that there are sources of biomass burning near Beijing or Incheon (Shen et al.,
2007; Liu et al., 2000, 2005).

3.4 Mixing and aging processes of ADS particles during long-range transport

The air mass backward trajectory shows that this ADS originated mainly from the Gobi
Desert in Mongolia, passing over arid and semi-arid regions of China (including the In-
ner Mongolia Autonomous Region and Hebei Province), and arriving at Beijing (Fig. 3).
The particles then passed over the Yellow Sea and reached Incheon. The time they
remained over the Yellow Sea was approximately 5-8 h. This means that there was
sufficient time for Asian dust to be mixed or react with airborne pollutants. The low-
Z particle EPMA measurement provided a strong indication of aging process of ADS
particles during long-range transport. Figure 12 presents the aging process.

Initially, when the Asian dust storm event started, mineral dust particles in the dust
source region were lifted and suspended in the air, resulting in a dramatically increased
mass concentration of ambient particulate matter. These particles, which were com-
prised mostly of minerals, such as calcite, quartz, montmorillonite, feldspars, cristo-
balite, muscovite, and vermiculite (Jung, et al., 2010; Malek, et al., 2011), were trans-
ported by strong westerly winds to the middle and eastern China, where many types
of air pollutants (e.g. SO,, NO,, NH3, soot, and organic matters) from power plants,
motor vehicles, cooking, biomass burning, etc. were emitted (Lee et al., 2013). Indus-
trial growth in China might increase the emission of anthropogenic pollutants due to
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the increased use of fossil-fuels in factories, power-plants, and vehicles. In addition,
vast anthropogenic magnetic particulates, particularly carbon-bearing iron-oxides, are
produced (Kim et al., 2012). When dust particles leave the continent and enter the
marine atmosphere, they normally experience significant modification by the surface
uptake of gaseous species and mixing with other particulate matter. A large number of
the particles might rapidly become a mixture of mineral, sea salt, sulfate, and/or nitrate
in the marine atmosphere (Fan et al., 1996).

During transport, reactive gases (e.g. SO,, NO,, etc.) are likely to be adsorbed on
some of the dust particles and then oxidize to their acidic forms or acidic gases (e.qg.
HNO5; and H,SO,); sometimes, their ammonium salts (e.g. NH,NO5 and (NH,),SO,)
can be adsorbed directly on the dust particles (Manktelow et al., 2010; Formenti et al.,
2011; Huang et al., 2010; Li and Shao, 2012). When the acids are formed/adsorbed on
the dust particles, they can be neutralized fully or partially by the alkaline species (e.g.
CaCOg3) or by ambient NH;. In the marine air, the presence of liquid water will result in
more efficient transformation of SO, to sulfate and NO, to nitrate, and the enrichment of
sulfate and nitrate on dust particles in the marine atmosphere becomes more effective.
Previous studies showed that nitrate formation on aluminosilicates and calcium car-
bonate is favored compared to sulfate (Ma et al., 2012; Li et al., 2012). Especially, the
formation of nitrates from CaCO5 would enhance significantly the uptake of water and
water-soluble species, resulting in a positive feedback until CaCO5 completely trans-
formed to Ca(NO;), (Formenti, et al., 2011). Given that no fresh SSAs were found and
the majority of reacted SSAs were NaNOg3-containing, the Cl depletion from sea-salts
would be caused mostly by the uptake of HNO5 (or NO,) rather than that of H,SO, (or
S0O,). The atomic concentration ratio of CI/N in the nitrate-containing reacted SSAs is
in 0.08-0.15 (Table 6), indicative of strong Cl depletion.

Moisture over the sea is favorable not only for the reaction of mineral dust with NO,
and SO,, but also for the formation of (C, N, O, S)-rich particles, which are likely
mixtures of NH,NO5; and (NH,),SO,/NH,HSO, with water-soluble organic carbon
(WSOC) in the atmosphere. WSOC accounts for approximately 20—35 % in the organic
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carbon fraction (Pathak et al., 2011). Because OC on stage 6 in sample S1 was abun-
dant, a large part of the OC detected in sample S1 is thought to have contributed to the
formation of (C, N, O, S)-rich particles by being dissolved in airborne water droplets or
by aqueous-phase processing during transport over the sea. This type of (C, N, O, S)-
rich particles were abundantly encountered in samples S2 and S3. For SSAs collected
in Incheon, more than 60 % of them were internally mixed with mineral dust (Fig. 10),
suggesting that the mixing of mineral dust and sea salt is rather routine. Although the
mechanisms responsible for the mixing of dust particles and sea salt have not been
elucidated in detail (Zhang et al., 2006), particle-to-particle collisions and in-cloud pro-
cessing are likely to be major routes for the agglomerate formation (Ma, 2010; Li et al.,
2012). Although NaCl-containing particles were found in Beijing, they were not encoun-
tered in Incheon. It is possible that they were mixed with sea salt particles of marine
origin when the particles passed over the Yellow Sea.

4 Conclusions

In this study, three sets of ADS particle samples collected in Beijing, China and In-
cheon, Korea on 28-29 April 2005 were examined by low-Z particle EPMA. Overall
4200 individual particles, including reacted or aged ADS particles, which experienced
extensive chemical modification during long-range transport, were investigated. The
morphology, elemental compositions, and mixing state of the particles on stages 1—
6 with 50 % cut-off diameters of 16, 8, 4, 2, 1, and 0.5um were analyzed (approxi-
mately 97 % of the analyzed particles were in the size range, 0.5-16 um). At stages
2-5, particles of aged or reacted mineral dust were most abundant in Beijing, fol-
lowed by unreacted mineral dust, carbonaceous, and Fe-rich. After the ADS passed
over the sea, many aged or reacted SSAs and the mixture of SSAs with mineral dust
were encountered. For the aged mineral dust and SSAs, the nitrate-containing and
both nitrate- and sulfate-containing species outnumbered those only sulfate-containing
species, suggesting that ambient nitrogen oxides had a larger influence on atmospheric
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particles than SO, in this region. During the ADS event, a number of reacted or aged
Mg-containing aluminosilicates were observed in addition to partially- or totally-reacted
CaCOs;. The changes in the relative number abundance and the atomic concentration
ratios of [Mg]/[Al] and [Mg]/[Si] between samples S2 and S3 and sample S1 suggests
that a significant evolution or aging process occurred on the mineral dust when they
passed over the sea. For the particles at stage 6, the most obvious characteristics
is that many NaCl-containing particles in sample S1 and many (C, N, O, S)-rich and
K-containing particles in samples S2 and S3 were encountered.

In light of the single-particle characterization of chemical compositions of aerosols,
the reacted (aged) SSAs, organic compounds, and secondary aerosols have significant
effects on the atmosphere when the ADS originating from Mongolia arrived at Korea.
This study provides some details of ADS particles that experienced extensive chemical
modification during long-range transport from Beijing to Incheon.
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Table 1. Sampling locations and time.

Samples Sampling Date Time Local Sampling
locations to begin  time for conditions
sampling sampling
(UTC) (KST)
sample S1 Beijing, China 28 Apr 2005 00:45 9:45~11:00  Just after the peak
time of ADS in Beijing
sample S2 Incheon, Korea 28 Apr 2005 06:00 15:00 ~ 18:55 At the beginning
of ADS in Incheon
sample S3 Incheon, Korea 29 Apr 2005 00:25 9:25~11:45 At the peak time

of ADS in Incheon
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Table 2. Mean equivalent diameters (um) of the particles analyzed at different stages.

Samples Stage 1 Stage2 Stage3 Stage4 Stage5  Stage 6
(n=300) (n=900) (n=900) (n=900) (n=900) (n=300)
S1 156+7.0 82+25 43+14 17+07 13+05 04x02
S2 15.3+6.9 72+26 3714 27+09 1.3+06 0903
S3 16.0£73 7.0x26 35x1.3 2510 14+£0.7 14+06
Mean 156+£70 7526 38x14 23x10 13+£06 09+06

Note: Units are pm; n denotes the number of analyzed particles.
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Table 3. Classification of the aerosol particles based on their SEls and X-ray spectral data.

Group

Particle types

Characteristics of SEI and X-ray spectral data

1. unreacted mineral dust

aluminosilicate

Sio,

CaCOjg, MgCOg,
and CaMg(CO3),
TiO,

Irregular and bright, having strong Al, Si, and O peaks,
often with minor elements, such as Na, Mg, S, Cl, K, Ca,
and Fe

Irregular and bright, having strong Si and O signals in its
X-ray spectrum (the atomic concentration ratio of Si and O
is around 1:2)

Appearing irregular and bright, with strong C, O, Ca and/or
Mg signals in its X-ray spectrum

Appearing irregular and bright, having strong Ti and O
signals in its X-ray spectrum

2. reacted (or aged)

mineral dust (with sulfur and
nitrogen oxides or with
“secondary acids” such as
H,S0O,, and HNO;)

aged or reacted
aluminosilicate,
SiO,, CaCOg,
CaMg(COg),, etc.

Irregular and bright on their SEls, sometimes enclosed or
mixed with dark droplet, having N and/or S peaks in X-ray
spectra, indicating either nitrates, sulfates, or both are
generated on their surfaces

3. fresh sea salt or
NaCl-containing

(Na,Mg)Cl-containing

Cubic and bright, with predominant Na and ClI
signals and minor C, O, Mg, etc.

4. reacted (or aged)
NaCl-containing or sea salt
(and mixtures)

Nitrate-containing

Sulfate-containing
Both nitrate- and sulfate-containing
Aged sea salt mixed with mineral dust

Covered or enclosed with liquid, containing NO; and/or
SOf’ in addition to Na, Cl, and Mg, sometimes with
detectable Al and Si and/or Ca signals

5. EC carbon-rich species, The sum of the C and O concentration is more than 90 at.%,
including soot and the concentration of C is much larger (generally more
aggregates, tar ball, than 3 times) than that of O, and almost no other element
and char or coal dust is present

6.0C Liquid droplet or Irregular and solid particles, or dark droplets, with more
irregular, solid than 90 at.% of C, O, and sometimes N (concentration of C
particles is not much larger than that of O)

7. (C,N,0,S)-rich particles (NH,),S0,/NH,HSO,- C, N, O, and S (sometimes just C, O, and S) peaks

containing particles,
perhaps mixed with

are obvious, with a lot of water-soluble organic matters inside

NH,NO,4
8. K-containing particles Particles containing Irregular and bright, with K, O, S, and/or Cl peaks in their
KCl or K,SO, X-ray spectra

9. Fe-rich particles

FeO, or Fe(OH),

Usually contain more than 20 at.% of Fe, generally in the
form of iron ((oxy)hydr)oxides, often with minor amounts
of C, Si, and Al

10. others

Only O or Cl-containing

Irregular and bright on their SEls
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Table 5. Relative number abundances (%) of various types of aluminosilicates in samples S1—

S8.

Types based on X-ray signals/mineralogy Sample S1 Sample S2 Sample S3
st1 st2 st3 st4 st st st2 st3 st4  stb st1 st2  st3 st4  sth

1. Unreacted aluminosilicates 13 9 10 12 14 4 4 2 4 3 20 6 8 5 2
(1) Al Si O (sometimes with minor Ca, P, or Ti), 1 1 0 3 0 0 0 0 1 1 2 0 1 1 2
likely kaolinite
(2) Al Si O Fe, likely almandine 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0
(3) Al Si O K (sometimes with minor Ca, Ti, or 2 1 1 0 1 2 0 0 0 0 3 1 1 0 0
Na), likely K-feldspar or illite
(4) Al Si O Na (sometimes with minor Cl, Ca, or 0 1 1 1 1 1 2 0 0 1 3 1 1 2 0
Ti), likely Na-feldspar
(5) Al Si O Mg, likely amesite or pyrope 1 1 3 4 7 0 0 0 0 0 3 0 1 0 0
(6) Al Si O Mg/mixture (one or more or all of 8 4 5 4 5 1 1 1 2 1 8 3 3 1 0
Na, Fe,Ca,K,Cl, P, and Ti), likely montmorillonite
or Mg-vermiculite
2. Reacted aluminosilicates 40 66 61 66 57 26 35 46 28 31 23 45 40 32 33
(1) Nitrate-containing 38 65 61 64 56 20 33 38 25 26 21 41 29 27 19
Al Si O N (sometimes with minor P or Ca) 2 4 3 2 2 1 3 4 5 3 2 1 0 3 5
Al Si O N Fe (sometimes with minor Ti) 5 3 4 3 3 0 0 0 0 0 3 0 0 0 2
Al Si O N K(sometimes with minor Fe or Ca) 1 5 5 3 4 3 1 1 1 0 0 2 0 0 1
Al Si O N Na (sometimes with minor Cl, K,Ca,P, 2 6 10 5 3 5 12 5 5 4 4 16 4 7 2
or Fe)
Al Si O N Mg (sometimes with minor Cl, Ca, 7 9 6 20 21 4 1 2 6 1 3 1 0 1 4
or K)
Al Si O N Mg/mixture 21 38 33 32 23 7 16 26 9 17 9 21 25 15 5
(2) Sulfate-containing 1 0 0 0 0 1 0 1 0 0 1 0 2 0 0
AISiOS 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
Al Si O Mg S/mixture 1 0 0 0 0 1 0 0 0 0 1 0 2 0 0
(3) Both nitrate- and sulfate-containing 1 0 0 1 1 5 2 7 3 4 1 4 9 5 14
Al Si O N S (with minor Na, Fe, Ca, K, P, or Clbut 0 0 0 0 1 2 1 2 0 1 0 3 3 1 4
without Mg)
Al Si O N S Mg/mixture, likely aged 1 0 0 1 0 3 1 5 3 3 1 2 6 4 10
montmorillonite or vermiculite
3.Sumof (1+2) 53 75 71 78 71 30 39 47 32 33 43 51 48 37 35
4. Percent of nitrate-containing species 98 100 100 100 99 96 100 99 100 99 96 100 94 99 100
in all reacted aluminosilicates
5. Percent of Mg-containing species 69 63 83 68 83 25 33 81 54 37 55 56 61 27 O
in the unreacted aluminosilicates
6. Percent of Mg-containing species 75 73 64 81 77 58 52 73 62 69 61 53 81 64 57
in the reacted aluminosilicates
7. Mean of (5+6) 72 68 74 75 80 42 43 77 58 53 58 55 71 46 29
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Table 6. The concentrations of elements Na, N, S, and Cl and their ratios in the reacted SSAs
at different stages in samples S2 and S3.

Sample S2
Atomic concentration of elements
(%)

ratio of element atomic
concentration

Sample S3

Atomic concentration of elements

(%)

ratio of element atomic
concentration

(1) Nitrate-containing

size
st1
st2
st3
st4
st
ave

(2) Sulfate-containing

st1
st2
st3
st4
st
ave

(3) Both-containing

st1
st2
st3
st4
st
ave

n Na
117
47 13
48 10
62 13
56 16
14
1 17
1 16
1 9
2 16
15
1 19
9 10
19 9
8 8
88 14
12

® 0 = © = Ww
o

N oo =

oA OO0 =

-

ry

o NMNNODNDNMNOQO

- oo

_-—_ O s =

Cl/Na CI/N CI/s
0 0

0.15 0.12

0.20 0.12

0.15 0.13

0.13 0.17

0.13 0.11

0.24 2

0 0

0 0

0 0
0.6 0.50

0.5 0.33 0.9
0.20 0.18 0.40
0.11 0.11 0.20

0.7 0.13 0.25
0.9 0.15 0.19

S/Na

0.12
0.38

1.22
0.50
0.55

0.58
0.50
0.56
0.63
0.29
0.51

17
26

10
23
39

12

11

Noo o

-0 = a0 _-O = aWw

I JQGEN

Cl/Na CI/N CI/S S/Na

0.25 0.21

0.5 0.6

0.6 0.6

0 0

0.9 0.8

0 1.5
0.13 0.08 15
0.8 0.9 0.92
0 0 0.39
0.5 0.4 1.08

0.9 0.14 0.14 0.64
0.7 0.10 020 0.33
0.7 0.10 0.177 0.43

0.6 0.9 0.13 0.50
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to 30 April 2005. The shadowed areas correspond to the sampling times of the aerosol samples
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Fig. 3. 48 h backward trajectories of air masses ending (a) at 03:00 UTC on 28 April 2005 in
Beijing; (b) at 10:00 UTC on 28 April 2005; and (c) at 03:00 UTC on 29 April 2005 in Incheon.
Trajectory plots were produced with HYSPLIT from the NOAA ARL website: www.arl.noaa.gov/

ready/.
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Fig. 4. Size range of analyzed particles on stages 1-6 for samples S1-S3.
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Fig. 7. Relative number abundances of various types of particles on stages 1-5 in samples

S1-S3.
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