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Abstract. This is the first study of Asian dust storm (ADS) S2 and S3, respectively). This suggests that an accumulation
particles collected in Beijing, China, and Incheon, Korea, of sea-salt components on individual ADS particles larger
during a spring ADS event. Using a seven-stage May im-than 1 um in diameter occurred and many secondary aerosols
pactor and a quantitative electron probe X-ray microanaly-smaller than 1 um in diameter were formed when the ADS
sis (ED-EPMA, also known as lo- particle EPMA), we  particles passed over the Yellow Sea. In the reacted or aged
examined the composition and morphology of 4200 aerosomineral dust and SSA patrticles, nitrate-containing and both
particles at stages 1-6 (with a size cut-off of 16, 8, 4, 2, 1,nitrate- and sulfate-containing species vastly outnumbered
and 0.5 um in equivalent aerodynamic diameter, respectivelyjhe sulfate-containing species, implying that ambientyNO
collected during an ADS event on 28—-29 April 2005. The re- had a greater influence on the atmospheric particles than SO
sults showed that there were large differences in the chemiduring this ADS episode. In addition to partially- or totally-
cal compositions between particles in sample S1 collected ineacted CaCg) reacted or aged Mg-containing aluminosil-
Beijing immediately after the peak time of the ADS and in icates were observed frequently in samples S2 and S3; fur-
samples S2 and S3, which were collected in Incheon approxthermore, a student’s test showed that both their atomic
imately 5 h and 24 h later, respectively. In sample S1, minerakconcentration ratios of [Mg]/[Al] and [Mg]/[Si] were sig-
dust particles accounted for more than 88 % in relative num-nificantly elevated  <0.05) compared to those in samples
ber abundance at stages 1-5; and organic carbon (OC) arll (for [Mg]/[Al], 0.344+0.09 and 0.4&0.03 in samples
reacted NaCl-containing particles accounted for 24 % andS2 and S3, respectively, vs. 0.24.01 in sample S1; for

32 %, respectively, at stage 6. On the other hand, in samfMg]/[Si], 0.21+0.05 and 0.22-0.01 in samples S2 and
ples S2 and S3, in addition to approximately 60% mineralS3, respectively, vs. 0.220.02 in sample S1). The signif-
dust, many sea spray aerosol (SSA) particles reacted witlicant increase of [Mg]/[Al] and [Mg]/[Si] ratios in Mg-
airborne SQ@ and NQ, (accounting for 24 % and 14 % on av- containing aluminosilicates indicates that a significant evo-
erage in samples S2 and S3, respectively), often mixed withution or aging must have occurred on the ADS patrticles in
mineral dust, were encountered at stages 1-5, and (C, N, Qhe marine atmosphere during transport from China to Ko-
S)-rich particles (likely a mixture of water-soluble organic rea.

carbon with (NH)2S0O, and NH;NO3) were abundantly ob-

served at stage 6 (accounting for 68 % and 51 % in samples

Published by Copernicus Publications on behalf of the European Geosciences Union.



3308 H. Geng et al.: Investigation of aged aerosols in size-resolved Asian dust storm particles

1 Introduction etry (EDX), can simultaneously detect the morphology and
constituent elements of an individual particle and provide in-

Asian dust storms (ADSs), called “Ugalz”, “Huangsha”, formation on the aging process and transformation of many
“Whangsa”, and “Kosa” in Mongolia, China, Korea, and environmentally-important particles, such as nitrates, sul-
Japan, respectively, occur frequently in the arid and semifates, and carbonaceous species (Maskey et al., 2010; Choél
arid areas of Russia, Mongolia, and northern China (Zhanget al., 2005, 2007). For instance, through the application of
et al., 2010; Natsagdorj et al., 2003). When Asian dust stormow-Z particle EPMA to characterize airborne particle sam-
episodes occur, the desert dust can be blown eastward bgles collected in the marine boundary layer (MBL) of the
strong winds over thousands of kilometers, being transportedBohai Sea and Yellow Sea on 30 April-1 May 2006, Geng
widely over eastern China, the Yellow Sea, the Korean Peninet al. (2009a) suggested that Asian dust aerosols are im-
sula, Japan Island, and the Pacific Ocean (Feng et al., 200portant carriers of gaseous inorganic nitrogen species, espe-
Liu et al., 2013). Even the Arctic atmosphere is impactedcially NOy and NH;. Recently, the combined use of low-
by long-range transport of Asian dust (Iziomon et al., 2006).Z particle EPMA with attenuated total reflection Fourier
In the process of long-range transport, Asian dust is oftertransform infrared (ATR-FTIR) imaging technique and Ra-
mixed/reacted with various organic and inorganic materials,man microspectrometry (RMS) demonstrated that many in-
making their compositions extremely complicated (Song etdividual Asian dust particles were extensively chemically-
al., 2013; Tobo et al., 2010). modified and highly complicated in compositions (Song et

The ACE-Asia (Aerosol Characterization Experiments- al., 2013; Sobanska et al., 2012).
Asia) and other projects have found that there are substan- In the present study, loé- particle EPMA was used to
tial modifications in the chemical and physical properties examine how size-resolved Asian dust contributes to ambi-
of Asian dust during long-range transport based on detaileant particulate matter in Beijing, China, and Incheon, Korea,
measurements of dust aerosols at ground-based, ship, aidue to an ADS event that occurred in April 2005 and to ex-
craft, and satellite points through “bulk” and individual par- amine the heterogeneous aging of Asian dust particles when
ticle analyses (Huebert et al., 2003; Zhang et al., 2006). Sethey transported from China to Korea over the Yellow Sea.
spray aerosols (SSAs) mixed internally and externally with This study presents the detailed characterization of reacted or
mineral dust and the unique reactivity of Caggarticlesin ~ aged mineral dust and SSAs, which became physically and
the atmosphere when Asian dust passes over the sea haehemically altered through interactions with anthropogenic
been reported (Krueger et al., 2003; Hwang and Ro, 2006gaseous pollutants and marine aerosols. Special emphasis
Zhang et al., 2006; Ma, 2010). Cag@an neutralize sulfu- was placed on quantitative analysis of the elemental percent-
ric and nitric acids (generated by the oxidation of;S&hd  ages of reacted particles in the size range of 0.2—10 um. The
NOx, respectively) to form hygroscopic sulfates and nitrateschanges in the ratios of [Cl]/[Na], [CI]/[N], and [CI]/[S]
(Usher et al., 2003), which often exhibit core-shell structuresin the reacted or aged SSAs and the changes of [Mg]/[Al]
in “aged” particles (Yuan et al., 2006; Li and Shao, 2009). and [Mg]/[Si] ratios in the reacted or aged aluminosilicates
The formation of sulfate and nitrate coatings or secondarywere investigated. To the best of the authors’ knowledge, this
organic matter on minerals, sometimes mixed with SSAs,is the first report of the results for ADS particles collected in
makes a significant contribution to the optical, chemical, andBeijing and Incheon during the same spring ADS episode.
hygroscopic modification of Asian dust (Bauer et al., 2007; The intent of this investigation of the chemical compositions
Kojima et al., 2004; Sullivan et al., 2007). This means thatof size-resolved ADS particles collected at the two sites and
Asian dust acts as a significant carrier of pollutants to theidentification of reacted or aged aerosols is to help improve
downwind locations (Hatch and Grassian, 2008; Choi et al. the understanding of the sources, reactivity, transport, and re-
2001; Mori et al., 2003; Matsumoto et al., 2006) and the car-moval of mineral dust particles.
rying ability is dependent to a large extent on the size, shape,
and chemical components of the dust aerosols (Ma et al.,
2004; Nie et al., 2012; Wang et al., 2013). 2 Materials and methods

For the detailed characterization of the complex mixtures
of atmospherically-processed Asian dust aerosols, many arg.1 Sampling sites and dates
alytical techniques have been utilized, in which the quanti-
tative energy-dispersive electron probe X-ray microanalysisThe two sampling sites were located in Beijing, China, and
(ED-EPMA, also called lowZ particle EPMA) has proven Incheon, Korea (Fig. 1). In Beijing, immediately after the
to be a powerful and useful tool with a relatively short sam- peak of the ADS event on 28 April 2005, aerosols were
pling time and without a complicated sample pretreatmentcollected on the roof of a building at the Chinese Research
process (Hwang and Ro, 2005, 2006; Geng et al., 2009ai\cademy of Environmental Sciences (3998 116.42 E),
2011a, b). This single-particle analytical technique, whichapproximately 30 ma.g.l. (notated as sample S1 hereafter;
is based on scanning electron microscopy (SEM) coupledrable 1). Approximately 5 and 24 h later, samplings were
with an ultra-thin window energy-dispersive X-ray spectrom- conducted on the roof of a five-story building (approximately
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Fig. 1. Satellite images recorddd) at 11:50 Korea Stgndard Time Fig. 2. Hourly values of PMg (in ug n3), NO, and SG concen-
(KST) on 28 April 2005;(b). at 18:55 KS.T on 28 April 2005; and trations (in ppm) recorded in Incheon (left axis) and hourly values
(c)at 11:45KST on 29 April 2005 (provided by NOAA). of PMyq (in pgni3) recorded in Beijing (right axis) from 27 to
30 April 2005. The shadowed areas correspond (left to right) to the
sampling times of the aerosol samples S1, S2, and S3. Sample S1

25ma.g.l) at Inha University (37.4%, 126.73 E_)' In- was collected in Beijing, China, while samples S2 and S3 were col-
cheon. The first sampling in Incheon was carried out atjected in Incheon, Korea.

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 2.2 Measurement and analysis
shows the hourly Plyy values recorded in Beijing and In-
cheon during four consecutive days from 27 to 30 April 2005. The size, morphology, and chemical composition of the indi-
In Beijing, the 24 h average Pjg concentrations reached Vidual aerosol particles were determined by a SEM equipped
706 ug nT3 on 28 Apr|| 2005, which is approxima’[e|y five with an Oxford Link SATW ultrathin window EDX detec-
times higher than the Chinese state Grade-Il standard ofor (Hitachi S-3500N). The resolution of the detector was
150 pg n3; and hourly PMg exceeded 1500 pg for five 133 eV for Mn-Ka X-rays. The X-ray spectra were recorded
consecutive hours with the peak level of 3198 pginfat under the control of INCA software. An accelerating volt-
07:00 on 28 April 2005, KST). The Pid concentrations in ~ age and beam current of 10kV and 1.0 nA, respectively, were
Incheon, which were recorded at an air quality monitoring chosen to achieve the optimal experimental conditions, such
station (Sungui-dong' Nam-gu) close to the Samp"ng Site’as low background level and hlgh sensitivity for I&vel-
exceeded the Korean National Ambient Air Quality Stan- €ment analysis. A typical measuring time of 10s was used
dard (100 pg m2 on the daily average) with 158 pgthon to limit the beam damage on sensitive particles. The sec-
29 April 2005. The hourly PN levels exceeded 100 ugth ~ ondary electron images (SEls) and X-ray spectra of 100 par-
for 28 consecutive hours and reached up to 308 pganthe  ticles on stages 1 and 6 and 300 particles on stages 2 to 5,
peak time of the ADS episode. The RpMevel in Incheon  respectively, were detected (1400 particles per sample). In
was ten times lower than the maximum value recorded intotal, 4200 particles were analyzed for the three samples. The
Beijing due to the dispersion and removal of ADS particles particle equivalent diameters were estimated from their pro-
during long-range transport. jected area, assuming the particles to be spherical. The meth-
The particles were collected on Ag and Al foils, using 0ds for acquiring the net X-ray intensities of the elements;
the seven-stage May cascade impactor_ At a flow rate Ofor simulating the measured X-ray intensities for all chemi-
20 L min~1, the May impactor has nominal aerodynamic cut- cal elements, in a particle by Monte Carlo calculations; and
off diameters of 16, 8, 4, 2, 1, 0.5, and 0.25 pm for stages 1-7for using the “expert system” program to perform chemical
respectively. The number—size distribution of ambient parti-speciation and determine the particle group distributions are
cles was monitored in situ using an optical particle counterdescribed elsewhere (Vekemans et al., 1994; Ro et al., 2003,
to observe the particle number concentration. To prevent th&004). The elemental quantification procedure provided re-
Overk)ading of partides at the impaction SlOtS, the Samp”ngSUltS with an accuracy of within 12 % relative deviations be-
durations were adjusted according to the atmospheric particléveen the calculated and nominal elemental concentrations
load, varying between 30s (for particles on stage 6) and 2 Hor various standard particles (Ro et al., 2000, 2001).
(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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Table 1. Sampling locations, dates and times.

Samples Sampling Date Time sampling  Localtime  Sampling
locations began of sampling  conditions
(UTC) (KST)
Sample S1  Beijing, China 28 Apr 2005 00:45 09:45-11:00 Just after the peak
time of ADS in Beijing
Sample S2  Incheon, Korea 28 Apr 2005 06:00 15:00-18:55 At the onset of
ADS in Incheon
Sample S3  Incheon, Korea 29 Apr 2005 00:25 09:25-11:45 At the peak time of

ADS in Incheon

2.3 Backward trajectories for air mass transport those size ranges in samples S2 and S3). The trend was op-
history posite for the particles on stages 4 and 6. The particles on
stages 4 and 6 in sample S1 had a higher percentage in the
The 48 h backward air mass trajectories at receptor heightsmaller size range than those in samples S2 anc-S® %
of 500m, 1000 m, and 2000 m a.s.|. were produced usingss. 40% in the 1-2 um size range for stage 4 and 90 % vs.
the HYbrid Single-Particle Lagrangian Integrated Trajec- 60 % in 0.1-1 um size range for stage 6). This suggests that
tory model available at the NOAA Air Resources Labora- the smaller particles collected in Incheon tended to become
tory’'s web server lfttp://ready.arl.noaa.gov/HYSPLIT.php  larger due likely to mixing between particles (e.g., dust par-
As shown in Figs. 1 and 3, the dust cloud, which originatedticles mixed with SSAs) or reactions between particles and
from Mongolia (likely from the Gobi Desert), moved over gas/liquid substances (e.g., dust particles reacted with NO
Inner Mongolia and Beijing city, China, and was dispersedand SQ). These mixing and/or reaction processes would
southeast toward the Korean Peninsula. lead to chemical modification of particles at different size
ranges, as shown in Figs. 7 and 8.

3 Results and discussion 3.2 Classification of measured particles

The way used to determine the chemical species of individual
particles and perform a classification based on their chemi-

The particle size is closely related to the chemical compo-Cal species is summarized briefly here. Firstly, the particles

sitions, heterogeneous reactivity, and ultimate fate of am-Were regarded to be composed of just one chemical species
bient particles (Formenti et al., 2011). The mean equiva—Whe” the chemical species constituted at least 90 % of the

lent diameters of all 4200 particles analyzed in stages 1-&tomic fraction. Secondly, efforts were made to determine

6 are 15.6:7.0, 7.5+ 2.6, 3.8-1.4, 2.3-1.0, 1.3+ 0.6, the chemical species of the internally mixed particles based

0.9+ 0.6 um in size, respectively (Table 2), which have mi- N all the chemical species identifi_ed. Thirdly, glements _vvi'_[h

nor deviation compared to the nominal aerodynamic cut-off €SS than 1 at. % were neglected in the chemical speciation

diameters of the May impactors (with 50 % efficiency of 16, bepause elements. at such tr.ace levels cannot be. |nves_t|gated

8, 4,2, 1, and 0.5 um for stages 1-6, respectively). The parti[ellably. The speqated paruc!es.were grouped !nto differ-

cles on stage 6 in sample S1 were significantly smaller thargnt types according to the criteria summarized in Table 3.

those in both samples S2 and S3 because many hygroscop@vera”v_te” groups of particles were clgssmed: (1) unre-

particles, which look dark and “big” in size on their SEls, acted mineral dust, (2) aged or reqct_ed mineral dust, (3) fresh

were encountered on stage 6 of samples S2 and S3 (Figs. ¥ unreacted SSA (or NaCl-containing), (4) reacted or aged

and 5). Also, a lot of hygroscopic particles were encountered>SA (and mixtures) or reacted NaCl-containing particles, (5)

on stage 4 of samples S2 and S3 (Fig. 6). carbon-rich partlcles_, (6) organic cart_)qn (OC).partches, ©)
The particle size changed during mixing among the dif- (C: N, O, S)-rich particles, (8) K-containing particles, (9) Fe-

ferent types of particles. As illustrated in Fig. 4, the parti- fich particles, and (10) others. Some SEls of various types of

cles on stage 1 had a similar distribution trend in sampled®@rticles are shown in Figs. 5 and 6.

S1-S3, but for the particles on stages 2 and 3, those in sam-

ple S1 (i.e., Beijing particles) tended to be larger than those

in samples S2 and S3 (i.e., Incheon particles) because the

S1 particles had lower percentages in the smaller size range

(~21% in the size range of 4—6 um in diameter for stage

2 and 2-3um for stage 3 compared to more than 40% in

3.1 Particle size on different collecting stages

Atmos. Chem. Phys., 14, 3308323 2014 www.atmos-chem-phys.net/14/3307/2014/
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Table 2. Mean equivalent diameters (um) of the particles analyzed at different stages.

Samples Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6
(n=300) @=900) @=900) @=900) @=900) =2300)

S1 156+7.0 8225 43+14 1.7£07 1305 0.4+0.2
S2 15369 7.2+26 3.7+14 27£09 1.3+06 0.9£0.3
S3 16.0+7.3 7.0£26 35+£13 2510 1.4+0.7 1.4+06

Mean 15670 75+£26 38+14 23+10 1.3t06 0.9+06

Units are pmy denotes the number of analyzed particles.

3.3 Chemical compositions of size-resolved particles in  tive abundance than the unreacted ones on stages 1-5: ap-

samples S1, S2, and S3 proximately 71 % vs. 17 % on average for sample S1; 50 %
vs. 6% for sample S2; and 48 % vs. 13% for sample S3
3.3.1 Particles on stages 1-5 (Fig. 7). Furthermore, the majority of aged mineral dust

. particles were nitrate-containing species and both sulfate-
Overall, 3900 particles on stages 1-5 of samples S1-S3nd nitrate-containing species (Tables 4 and 5), consistent
(1300 for each sample) were analyzed. Based on the classifiyith the results for aerosol particles collected in the marine-
cation of the particles, the relative number abundances of th@tmospheric boundary layer of the Yellow Sea when an ADS
various particle types were obtained by dividing the numberhas passed by (Geng et al., 2009a). In sample S1, the relative
of a specific type of particle by the total number of particles ghundance of the reacted Cag@ CaMg(CQ), was 3%,
analyzed for each stage, as shown in Figs. 7 and 8. It wagyhich was similar to that of the unreacted ones (4 %). On
found that there were significant differences in the aerosokhe other hand, in samples S2 and S3, the reacted ga€O
components among the three samples by comparing the reEamg(CQ), largely outnumbered the unreacted ones (13 %
ative abundances of the major particle types at different sizg/s. 1% in sample S2 and 11 % vs. 2% in sample S3). The
ranges, reflecting the aging process of the ADS particles. Aower relative abundance of reacted Ca@®CaMg(CQ)»
detailed description of the changes in the relative abundancejf sample S1 than in samples S2 and S3 suggests that some
of the various types of particles is summarized as follows.  atmospheric reactions occurred on the surface of Ga@O
CaMg(CQ), particles when they passed over the Yellow Sea

_ _ (Fairlie et al., 2010; Ma et al., 2004; Wang et al., 2005). Pos-

Mineral dust particles sibly, moisture over the sea might play important roles in fa-

) ) ) ) _cilitating the reactions of CaC{or CaMg(CQ)2 with NOy
Mineral dust particles appeared irregular and bright on theirang SG (Formenti et al., 2011).

SEls. The typical unreacted mineral dust particles included The aluminosilicate particles with strong X-ray peaks of
aluminosilicate, quartz (Si), calcite (CaC@), dolomite  A| Si and O and minor elements, such as Na, K, Ca, Mg,
(CaMg(CQ)2), and TiQ; (Shao et al., 2008). The re- fpe CI, Ti, etc., are important components of mineral dust.
acted or aged mineral dust particles mainly included “re-They existin many different forms, including Na-feldspar, K-
acted CaC@/CaMg(CQ)2" and “aluminosilicate+ (N,  feldspar, muscovite, montmorillonite, illite, Mg-vermiculite,
S)", where the (N, S) notation represents compounds conkaglinite, talc, pyrophyllite, etc. (Jung et al., 2010; Malek et
taining either nitrates, sulfates, or both. They were ei-g| 2011). Most of them belong to clay mineral. Table 5 lists
ther produced when mineral dust particles (particularly Ca-the elemental compositions of different types of aluminosil-
containing species) react with airborne S@nd NQ in  jcates and their respective relative abundances. The reacted
the presence of moisture or with “secondary acids” suchor aged aluminosilicates greatly outnumbered the unreacted
as SOy, HNGs, and HCI (Harris et al., 2012; Wang et gnes in all three samples (on average, 58 % vs. 12 % in sam-
al., 2005), or were formed from the adsorption of fND3 ple S1,~ 4.8 fold; 33 % vs. 3% in sample S2,11 fold; and
and/or (NH)2S0s/ NH4HSO, on the particle surface (Sul- 3504 vs, 8% in sample S3y 4.4 fold), where most aged
livan et al., 2007). In the present study, the overall relativegiyminosilicates contained nitrates. Those containing only
abundance of mineral dust particles was more than 88 % oyfates without nitrates were rarely encountered, indicating
the particles analyzed for sample S1 collected in Beijing.that aluminosilicate particles react more easily with A\

On the other hand, for samples S2 and S3 collected in IN{yNO; than with SG or H,SO,. NH4NO3 adsorbed on the
cheon, the relative abundances of mineral dust particles wergrface of aluminosilicate particles cannot be excluded.

Smallell’ than that Of Sf’:lmp|e S1. The miXture Of' reaCted SSA Many a|uminosi|icate particles Contain magnesium (Mg)
and mineral dust, which was not encountered in sample Slthe Mg-containing species in unreacted aluminosilicates

was frequently observed in samples S2 and S3. Overall, thgccounted for 73%, 46 %, and 40% in samples S1-S3,
reacted (aged) mineral dust particles were of greater rela-

www.atmos-chem-phys.net/14/3307/2014/ Atmos. Chem. Phys., 14, 33323 2014
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Table 3. Classification of the aerosol particles based on their SEls and X-ray spectral data.

Particle type Characteristics and possible compositions
1. Unreacted mineral dust Aluminosilicate Irregular and bright, having strong Al, Si, and O peaks, often
with minor elements, such as Na, Mg, S, Cl, K, Ca, and Fe
SiOy 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)
CaCGQ;, MgCO;3, and Appearing irregular and bright, with strong C, O, Ca and/or
CaMg(CQy)2 Mg signals in its X-ray spectrum
TiO» Appearing irregular and bright, having strong Ti and O sig-

nals in its X-ray spectrum

2. Reacted (or aged) min- Aged or reacted aluminosil- Irregular and bright on their SEIs, sometimes enclosed or
eral dust icate, CaCQ@, CaMg(CQ),, mixed with dark droplet, having N and/or S peaks in X-ray
etc., with SG@ and NG or spectra, indicating either nitrates, sulfates, or both are gener-
with “secondary acids” such as ated on their surface
HoSO4 and HNGs

3. Fresh sea spray aerosol(Na, Mg)Cl-containing Cubic and bright, with predominant Na and ClI signals and
(SSA) or NaCl-containing minor C, O, Mg, etc.

particles

4. Reacted (or aged) NacCl- Nitrate-containing Covered or enclosed with liquid, containing jJN@nd/or
containing or SSA particles SO%’ in addition to Na, Cl, and Mg, sometimes with de-

tectable Al and Si and/or Ca signals
Sulfate-containing
Both nitrate- and
sulfate-containing

Aged SSA mixed with
mineral dust
5. Carbon-rich particles Soot aggregates, The sum of the C and O concentration is more than 90 at. %,
tar ball, and the concentration of C is much larger (generally more
char or coal dust than 3 times) than that of O, and almost no other element is
present
6. Organic carbon (OC) Irregular and solid particles, or dark droplets, with more than
particles 90 at. % of C, O, and sometimes N (concentration of C is not
much larger than that of O)
7. (C,N,0,S)-rich particles (NP2SOs / NH4HS Oy~ C, N, O, and S (sometimes just C, O, and S) peaks are obvi-

containing particles, perhaps  ous, with a lot of water-soluble organic matters inside
mixed with NHyNO3

8. K-containing particles Particles containing KCI and/otrregular and bright, with K, O, S, and/or Cl peaks in their
KoSOy X-ray spectra
9. Fe-rich particles FePor 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 Irregular and bright on their SEIs, only containing O or ClI

Atmos. Chem. Phys., 14, 3308323 2014 www.atmos-chem-phys.net/14/3307/2014/
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Table 4. Relative number abundance of unreacted and reacted £8C1g(CQ;)» in samples S1-S3.

Type Relative abundance (%) Relative abundance (%) Relative abundance (%)
in sample S1 in sample S2 in sample S3

stl st2 st3 st4 st§stl st2 st3 st4 st stl st2 st3 st4 st5

1. Unreacted CaCgor CaMgCQ 8 4 4 4 1| 2 1 0 2 0| 10 0 0 0 0
2. Reacted CaCgor CaMgCQ 2 3 5 2 411 18 17 12 6/ 15 12 17 7 1
Nitrate-containing 1 3 4 2 3 11 7 3 2 1| 5 5 0 0 0
Sulfate-containing 0 0 1 0 0 0 1 5 0 1] 8 4 9 5 1
Both-containing 1 0 0 0 1 0 10 9 10 4| 2 3 8 2 0
3. Sum of (14 2) 10 7 9 6 5/ 13 19 17 14 6| 25 12 17 7 1

respectively, on average; and in the reacted or aged alumimplies that Mg-containing aluminosilicates played impor-
nosilicates, they accounted for 74 %, 63 %, and 63 % in samtant roles in the heterogeneous aging process of mineral dust
ples S1-S3, respectively. Corresponding to the mineralogywhen they passed over the Yellow Sea. The internal mixture
the particles with X-ray peaks of Al, Si, O, and Mg in the of mineral dust and SSAs by collision or coagulation may
EDX spectra are considered as amesite or allophite, normalljrave contributed to the increase of [Mg]/[Al] and [Mg]/[Si]
associated with chlorite, magnetite, rutile, diaspore, calciteratios in Mg-containing aluminosilicates. Why and how the
grossular, diopside, and clinozoisite in a range of locationsreactions happened will be discussed in the Sect. 3.4.

The particles 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-beg_ring phl-geq spray aerosols (SSAs)

ogopite and annite (Malek et al., 2011). In addition, Mg

signals can also be observed in illite and montmorillonite. Figyre 10 shows the relative abundances of fresh and reacted
They have bgen commonly observed in airborne partlcles(aged) SSAs at stages 1-5. As no SSA was encountered in
collected during ADS events (Xuan et al., 2004; Schulz etsample S1, SSAs in samples S2 and S3 likely originated from
al., 2012; Sobanska et al., 2012). These Mg-containing aluthe Yellow Sea. The fresh SSA particles, which were identi-
minosilicates are abundant in the soils of Chinese loess aregg(g by the presence of Na and Cl peaks and often with minor
and desert areas (Malek et al., 2011, Takahash_i et a]., 2010f o, Mg, and Ca signals in their X-ray spectra, were encoun-
Therefore, it is expected that they would be uplifted into the tgreq only in sample S2 (none were observed in sample S3)
air and transported to downwind locations by strong windsyith jow abundance: less than 1% on stage 2, stage 4, and
when an ADS occurs. Herein, they were simplified as thestage 5. On the other hand, many aged or reacted SSA parti-
groups of (Al, Si, O, Mg) and (Al Si, O, Mg) and mixture, in  cles were encountered in samples S2 and S3 (approximately
which th_e mixture included one or more of Na, Fe, Ca, K QI, 24% and 14 % in samples S2 and S3, respectively), suggest-
P, and Ti (Table 5). The relative abundance of Mg-containinging that the aerosols were largely influenced by airborng NO
aluminosilicates (AISIOMg and AISiIOMg/mixture species) and/or S@ in the marine atmosphere.

in Beijing was larger than that in Incheon (on average, 73.8% The reacted or aged SSAs were classified into three types
in sample S1 vs. 54.6 % and 51.8% in samples S2 and S3hased on their SEIs and X-ray spectral data. The first was
Moreover, the calculated atomic concentration ratios showedor those containing nitrates, such as Na(Cl,dji@nd (Na,

an obvious increase in [Mg]/[Al] and [Mg]/[Si] in sam-  mg)(CI, NOg). The second was for those containing?S0
ples S2 and S3 compared to sample S1, for both the unres methanesulfonate (S5 ), which were generated from
acted f':lnd reacted (aged) alumlnosmca"te pgrﬂcles (F|'g. 9ihe reactions of SSAs with SOH,S0, and/or methylsul-

In particular, for the reacted (aged) aluminosilicate particles ¢y acig (MSA) from the oxidization of dimethylsulfide
the student's test showed that their atomic concentration (DMS) (Hopkins et al., 2008; Ault et al., 2013). Because the
ratios of [Mg]/[Al] and [Mg]/[Si] were significantly ele-  .,nyripution of biologically produced DMS to sea-salt sul-
vated (P <0.05) (for [Mg]/[Al], 0.34+0.09and 0.4&0.03 {540 (ss-S&") is not significant over the Yellow Sea and Bo-

in sam.ples S2 and S3, respectively, vs. 01 in sam- ;i Seq compared to the anthropogenic contributions (Yang
ple S1; for [Mg]/[Si], 0.210.05 and 0.220.01 in sam- o 5| ' 2009), sulfate-containing SSAs generated from oxi-
ples S2 and S3, respectively, vs. 0440.02 in sample S1).  gized DMS can be neglected. The third was for those contain-

The significant increase of [Mg]/[Al] and [Mg]/[Si] ratios ing both NG; and SCi‘ /CH3SQ; . Nitrate-containing ones
in reacted Mg-containing aluminosilicates indicates that a9-cianificantly outnumbered the ﬁO/CH SO-- and both-
ing occurred on the mineral dust during ADS particles’ dis- 9 y 3505

ersion from China to Korea in the marine atmosphere Itcontaining ones on stages 1-5 (see Fig. 10). In addition,
P P " “the reacted SSAs mixed internally with mineral dust species
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Table 5. Relative number abundances (%) of various types of aluminosilicates in samples S1-S3.

Types based on X-ray sig- Sample S1 Sample S2 Sample S3
nals/mineralogy

stl1 st2 st3 st4 st§ stl st2 st3 st4 st st st2 st3 st4 sth
1. Unreacted aluminosilicates 13 9 10 12 14 2 4 3| 20 8
(1) Al Si O (sometimes with minor 1 1 0 3 0| O 0 0 1 1] 2 0 1 1 2
Ca, P, or Ti), likely kaolinite
(2) Al Si O Fe, likely almandine 1 0 0 0 0 0 0 0
(3) Al Si O K (sometimes with mi- 2 1 1 0 1] 2 0 0 0 0| 3 1 1 0 0
nor Ca, Ti, or Na), likely K-feldspar
or illite
(4) Al Si O Na (sometimes with mi- 0 1 1 1 1 1 2 0 0 1] 3 1 1 2 0
nor Cl, Ca, or Ti), likely
Na-feldspar
(5) Al Si O Mg, likely amesite or 1 1 3 4 71 0 0 0 0 0| 3 0 1 0 0
pyrope
(6) Al Si O Mg/mixture (one or 8 4 5 4 5 1 1 1 2 1] 8 3 3 1 0
more or all of Na, Fe, Ca, K, ClI,
P, and Ti), likely montmorillonite or
Mg-vermiculite

SN
N
(2}
a1
N

o
o
o
o
o
=
o

2. Reacted aluminosilicates 40 66 61 66 526 35 46 28 31 23 45 40 32 33
(1) Nitrate-containing 38 65 61 64 5620 33 38 25 26/ 21 41 29 27 19
Al Si O N (sometimes with minor P~ 2 4 3 2 2 1 3 4 5 3] 2 1 0 3 5
or Ca)

Al Si O N Fe (sometimes with 5 3 4 3 3] 0 0 0 0 0| 3 0 0 0 2
minor Ti)

Al Si O N K (sometimes with minor 1 5 5 3 4| 3 1 1 1 0| O 2 0 0 1
Fe or Ca)

Al Si O N Na (sometimes with 2 6 10 5 3| 5 12 5 5 4| 4 16 4 7 2
minor Cl, K, Ca, P, or Fe)

Al Si O N Mg (sometimes with 7 9 6 20 21| 4 1 2 6 1] 3 1 0 1 4
minor Cl, Ca, 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
AlSiOS 0 0 0 0 0| O 0 0 0 0| O 0 1 0 0
Al Si O Mg S/mixture 1 0 0 0 o 1 0 0 0 0] 1 0 2 0 0
(3) Both nitrate- and 1 0 0 1 1| 5 2 7 3 41 1 4 9 5 14

sulfate-containing
Al SiON S (with minor Na, Fe,Ca, O 0 0 0 1] 2
K, P, or Cl but without Mg)
Al Si O N S Mg/mixture (one or 1 0 0 1 0| 3 1 5 3 3] 1 2 6 4 10
more or all of Na, Fe, Ca, K, CI, P,
and Ti)

3. Sum of (1+2) 53 75 71 78 71 30 39 47 32 33 43 51 48 37 35
4. Percent of nitrate-containing 98 100 100 100 99 96 100 99 100 99 96 100 94 99 100
species in all reacted
aluminosilicates
5. Percent of Mg-containing 69 63 83 68 83| 25 33 81 54 37| 55 56 61 27 0
species in the unreacted
aluminosilicates

6. Percent of Mg-containing 75 73 64 81 77| 58 52 73 62 69| 61 53 81 64 57
species in the reacted
aluminosilicates

7. Mean of (5+ 6) 72 68 74 75 80| 42 43 77 58 53] 58 55 71 46 29

=
N
o
=
o
w
w
=
N
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Fig. 4. Size range of analyzed particles on stages 1-6 for samples
S1-S3.

Meters AGL

(c) AL 03:00 on April 29, 2005 in Incheon et al.,, 2011), implying that ss-SO accounted for a minor
fraction in the reacted SSA particles compared to the non-

. ) sea salt sulfate (nss-%O). In the nitrate-containing reacted
03:00 UTC on 28 April 2005 in Beijing(b) at 10:00 UTC on 28 . : .

: . . . . SSA particles, the ratio of [N]/[Na] in samples S2 and S3
April 2005; and(c) at 03:00 UTC on 29 April 2005 in Incheon. Tra- 114 and 0.88 tivel | to th
jectory plots were produced with HYSPLIT from the NOAA ARL Wa§ Cfi' -4 and 0.co, respectively on average, close 1o the
website:http://www.arl.noaa.gov/ready/ stoichiometry of NaN@.

Fig. 3. 48h backward trajectories of air masses end{ay at

- L Carbonaceous particles
(such as CaC@and aluminosilicates) were classified into

the group of “reacted SSAs and mixture”. They were encoun+qy the ADS particles, carbon-rich particles are in low abun-
tered frequently on stages 2-5, accounting for 65 % on avergances on stages 1-5 P % on average for each sample)
age in sample S2 (58 %, 67 %, 68 %, and 67 % in stages 2-%ompared to OC particles (7 %, 16% and 17 % on average
respectively) and 60 % in sample S3 (71 %, 61 %, 58 %, andor samples S1-S3, respectively) (Fig. 7), suggesting that OC
48 % in stages 2-5, respectively), which suggests that the inparticles are dominant in the carbonaceous aerosols. Further-
ternal mixing of SSAs and mineral dust occurred during themore, the abundance of OC particles collected in Incheon
ADS event, mainly after the ADS patrticles left the continent. outweighs that collected in Beijing (on average, approxi-
Low-Z particle EPMA can clearly distinguish between mately 16 % and 17 % in samples S2 and S3, respectively,
partially-reacted and totally-reacted SSAs. The former are,5 794 in sample S1), implying that many OC particles in

observed as nitrates and sulfates of sodium and magnesiufcheon came from the marine atmosphere over the Yellow
with residual chlorine, whereas the later are found in the formgea guring the ADS event. In addition, volatile organic com-

of just (Na,Mg)NQ and/or (Na,Mg)S@ without Cl being  hounds (VOCs), which can condense onto organics during
detected in the X-ray spectra (Geng et al., 2009a, b). In paryansport, might also contribute to the increase of OC parti-

ticular, this method provides the possibility of quantitative jes in Incheon (Atkinson, 2000; Wang and Zhao, 2008).
analysis of the elemental percentages in SSAs among dif-

ferent stages and samples. This means that the changes in

[CI]/[Na] ratio, [CI]/[N] ratio, and [CI]/[S ratio could re-  (C, N, O, S)-rich particles

flect the Cl depletion of reacted SSAs to some extent, as

shown in Table 6. On average, the ratio of [Cl]/[Na] in the The (C, N, O, S)-rich particles were encountered at stage 5
partially-reacted and totally-reacted SSA particles was 0.09n sample S3. EDX revealed peaks for C, O, S, and N and
and 0.07 in samples S2 and S3, respectively. The [S]/[Na}heir SEIs showed round, dark shape. These particles are
ratio in all the reacted or aged SSAs was in the 0.5-1.0&onsidered as (NIJ2SO4/ NH4HSOy-containing particles,
range, largely more than that in seawater: ca. 0.083 (Maskew secondary species produced from the reactions of ambient

www.atmos-chem-phys.net/14/3307/2014/ Atmos. Chem. Phys., 14, 33323 2014
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sulfate or sulfuric acid with ammonia (Geng et al., 2009b).
NH4NOs3, which is formed by a reaction of ambient NOr
HNOg3, might be included in this type of particle because the
N concentration is much larger than the S concentration in
some particles of this type (Fig. 11). These will be described
in detail in Sect. 3.3.2 because (C, N, O, S)-rich particles
were observed as being abundant in stage 6 samples.

Fe-rich and other particles

Fe-rich particles appeared bright and irregular on their SEls
and normally contained strong Fe and O peaks in their X-ray
spectra, sometimes with minor C, Si, and Al. Several of them
are shown in Fig. 5 (particles 2, 5, and 41) and Fig. 6 (parti-
cle 52). These particle types are often interpreted as goethite,
hematite, or magnetite in atmospheric aerosols. They can be
from natural sources or human activities such as mining, steel
production, metallurgical industries, the abrasion of vehicu-
lar brake linings, etc. (Flament et al., 2008). In the present
study, Fe-rich particles at stages 1-5 had average abundances
of 2%, 1%, and 4% in samples S1-S3, respectively. This
means that the ADS did not increase the level of Fe-rich par-

o (a) Particles on st6 in sample S1
#1 ALSi,0 " NaCl-containing
G- TH#5 Fe-rich

#4 Na2SOs-containing
#6 OC particle *

#2 Fe-rich{i’

#8 others
(only O peak in X-ray)|
#7 (AL,Si,0,Na,Fe)/SOs ;

5 -

#9 ALSi,0,Ca A

%
#11 OC particle

#13 OC particle 14 ALSi,0,K

w #15 ALSI,0

#12 Na2S0s-containing

K-containing |

0.8) i
#21(CN,0,8)
% |

: 3

;s ¥ :
- #26 K-containing '
+

#30 (C,N,0;8)

¥ + 8
ontaining AR O

3

712287 1@8.0kV X4.‘5’BK 4.80,rm

ticles significantly in the atmosphere of Incheon.

#36 OC particle 5 #38 (C,N,0,S) e

. & B 3 : #39 K-containing
332 Pal’tIC|eS on Stage 6 #35 (CN,0,8) #37 Fe-ricﬁ mixed s &
¥ with (C,N,0,S) i
p |
”, . . = ;
The compositions of particles on stage 6 and stages 1-5 dif- P W (SO

fered significantly. As shown in Fig. 8, many aged NaCl- SV
containing particles (< 1 um in diameter) were encountered in ;
sample S1 with an abundance of approximately 32 %. Their
morphologies in SEI (particle 3 in Fig. 5a) and the informa-
tion from the backward air mass trajectory (Fig. 3a) show
that they are different from the SSA particles from the Yel-
low Sea. They look dry and are smaller than SSA particles
in size, implying that they are halite from the desert (Okada
and Kai, 2004). They might have come from dried salt lakesFig. 5. SEls of typical particles on stage 6 in samples S1, S2, and
or saline soils near Hunshandake Sandy Land or Hulunbeie®3: (For Fig. 5c, those with a+" are all particles rich in C, N, O,
Sandy Land in the southeast and northeast, respectively, @nd S.)
the Inner Mongolia plateau (Zhang et al., 2010; Sun et al.,
2010). These halite particles can react with,NBINO3 dur-
ing transport and then be transformed to NalN@dustrial ~ higher than S levels (Fig. 11). Herein, the (C, N, O, S)-rich
sources could not be excluded for the dry and fine-modeparticles had higher abundance on stage 6 in samples S2 and
NaCl-containing particles, although the likelihood is small. S3 and were barely encountered on the other stages (except
While passing over the Yellow Sea, these NaCl-containingon stage 5 in sample S3, with 8.3 % in abundance), suggest-
particles might have been mixed with SSAs, as it was diffi-ing that they were small in size and generated in the high-
cult to identify them in samples S2 and S3 by I&particle  humidity atmospheric environment, likely becoming droplets
EPMA. in the air. On the other hand, OC-containing particles on
Notably, there were many (C, N, O, S)-rich particles in stage 6 were more abundant in sample S1 than samples S2
samples S2 and S3 (Figs. 5 and 8), whereas none were oland S3 (23.6 % vs. 7.7 % and 9.6 %). Possibly, they dissolved
served in sample S1, suggesting that the (C, N, O, S)-rich parin water and were absorbed into the (C, N, O, S)-containing
ticles were formed favorably in Incheon. Besides (N5 droplet particles during transport when they passed over the
and water-soluble organic matter, lNOs is also likely to  sea.
be included in the (C, N, O, S)-rich particles as NND3 K-containing particles, mostly from biomass burning
is water-soluble and the measured N levels were sometime@Nang et al., 2007; Liu et al., 2000, 2005), were encountered

. +
; g A i +
o i§4 1 Fe-rich
i "y

* 4442 K-containing . +
i +

(c) Particles on st6 in sample S3
Yo K-(lzontaining—»x'&»' + i '(C,N,O,S)
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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 | Sample S3
Atomic concentration of Ratio of element Atomic concentration of Ratio of element
elements (%) atomic concentration elements (%) atomic concentration

(1) Nitrate-containing |

|
Size n Na N S CI|[Cll/[Na] [CI/[N] [CN/[S] [SI/[Na] | » Na N S CI|[CI/[Na] [C/[N] [CI/[S] [S]/[Na]

stl 1 17 18 0 0 0 0

st2 47 13 17 2 0.15 0.12 17 12 14 3 0.25 0.21

st3 48 10 17 2 0.20 0.12 26 22 17 1 0.05 0.06

st4 62 13 15 2 0.15 0.13 29 18 17 1 0.06 0.06

stS 56 16 12 2 0.13 0.17 3 16 12 0 0 0

ave 14 16 2 0.13 0.11 17 15 1 0.09 0.08

(2) Sulfate-containing ‘ ‘

stl 1 17 2 4 0.24 2 0.12| O

st2 1 16 6 0 0 0 038| 1 8 12 0 0 0 1.5
st3 0 3 8 12 1 0.13 0.08 1.5
st4 1 9 11 0 0 0 1.22| 29 12 11 1 0.08 0.09 0.92
st 2 16 8 0 0 0 050| 4 18 7 0 0 0 0.39
ave 15 7 1 0.06 0.50 0.55 12 11 1 0.05 0.04 1.08
() Both-containing | | |

stl 1 19 3 1 1 0.05 0.33 0.09 058 0

st2 9 10 11 5 2 0.20 0.18 0.40 050 10 11 7 7 1 0.09 0.14 0.14 0.64
st3 19 9 9 5 1 0.11 0.11 0.20 0.5 23 15 10 5 1 0.07 0.10 0.20 0.33
st4 8 8 10 5 0 0 0 0 0.63| 39 14 10 6 1 0.07 0.10 0.17 0.43
st 88 14 8 4 1 0.07 0.13 0.25 0.29 22 13 15 8 0 0 0 0 0.62
ave 12 8 6 1 0.09 0.15 0.19 0.5 13 11 7 1 0.06 0.09 0.13 0.50

only on stage 6. They were less abundant in sample S1 thabiomass and/or fossil-fuel burning, etc. were emitted (Lee et
in samples S2 and S3 (2.4 % vs. 15.4% and 15.4 %). al., 2013; Li et al., 2014). Reactive gases (e.g.2,300,,

etc.) were likely adsorbed on some of the dust particles and
3.4 Mixing and aging processes of ADS particles during  then oxidized to their acidic forms (e.g., HN@nd HSOs),

long-range transport which would be neutralized fully or partially by the alka-

line species (e.g., CaGr Ca/Mg-containing aluminosili-
The air mass backward trajectory shows that this ADS orig-cates) or by ambient N&H(Huang et al., 2010; Li and Shao,
inated mainly from the Gobi Desert in Mongolia, passed 2012); sometimes, ammonium salts or secondary aerosols
over arid and semi-arid regions of China (including the Inner(€-9-, NFkNO3z and (NH;)2SCy) would be adsorbed directly
Mongolia Autonomous Region and Hebei Province), and ar-on dust patrticles (Mar)ktelow et al., 2010; Formenti et al.,
rived at Beijing (Fig. 3). The ADS particles then passed over2011). When dust particles from the ADS event left the con-
the Yellow Sea and reached Incheon. The time they speniinent and entered the marine region atmosphere, they likely
over the Yellow Sea was approximately 5-8 h. This meanavould have experienced significant modification by the sur-
that there was sufficient time for ADS particles to be mixed face uptake of gaseous species and mixing with fresh or aged
with SSAs or react with airborne pollutants. The I@par-  (reacted) SSAs, rapidly becoming a mixture of mineral, SSA,
ticle EPMA measurement provides a strong indication of anSulfate, and/or nitrate in the marine atmosphere (Fan et al.,
aging process of ADS particles during long-range transport.1996_)- M0|stl_Jre over the sea is favorable not only for the
Figure 12 illustrates their production, transport, growth, co-éaction of mineral dust with airborne N@nd SQ (result-
agulation, and deposition (or collection) of ADS particles. ing in more efficient transformation of $Qo sulfate and
Initially, when the ADS event started, a large number of min- NOx to nitrate) (Tursic et al., 2003), but also for the forma-
eral dust particles were uplifted and suspended in the airlion of (C, N, O, S)-rich particles, which are likely mixtures
resulting in a dramatically increased mass concentration oPf NH4NOs and (NHy)2SQs/ NH4HSO with water-soluble
ambient particulate matter in the dust source area. These paf’ganic carbon (WSOC). Previous studies have shown that
ticles, which were comprised mostly of minerals, such ashitrate formation is favored on aluminosilicates and CaCO
calcite, quartz, montmorillonite, feldspars, cristobalite, mus-compared to sulfate (Ma et al., 2012; Li et al., 2012, 2014),
covite, and vermiculite, were transported by strong westerIyWhiCh is consistent with our observation, i.e., most of reacted
winds to the middle and eastern areas of China, where an(or aged) mineral dust contained nitrates. In addition, nearly
thropogenic air pollutants (e.g., SONO,, NH3, soot, and ~ NO fresh SSA partic]es were encountereq gnd the majority
organic matters) from power plants, motor vehicles, cooking,of reacted SSA particles were Nai®©ontaining ones (the
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ing transport. The mixtures of dust and SSA particles have
been observed at several locations of Korea and Japan (such
as Nagasaki and Kumamoto in Japan, and Incheon and Chun-
cheon in Korea) as well as over the ocean (such as the Yel-
atomic concentration ratios of [CI]/[N] and [CI]/[Na] in the low Sea) by other studies (Arimoto et al., 2006; Sullivan et
reacted nitrate-containing SSAs were in 0-0.21 and 0-0.25al., 2007; Ma et al., 2004; Kojima et al., 2006; Hwang et al.,
respectively; see Table 6), indicating that the CI depletion2008; Geng et al., 2009a; Fan et al., 1996; Niimura et al.,
from SSAs was caused mostly by the uptake of HNGr 1998; Zhang et al., 2003; Okada et al., 1990; Andreae et al.,
NOy) rather than that of 5Oy (or SG). 1986). Although the mechanisms responsible for the mixing
The mixing of dust aerosols and SSAs is regarded a®f dust particles and SSAs have not been elucidated in de-
a likely and important process in composition change oftail (Zhang et al., 2006), particle-to-particle collisions and
ADS particles during long-range transport (Ma et al., 2004;in-cloud processing are likely to be major ways for forma-
Zhang et al., 2003). For SSA particles collected in Incheon tion of the agglomerate (Ma, 2010; Li et al., 2012).
more than 60% of them were internally mixed with min-  Figure 13 illustrates three types of mixing status of min-
eral dust (Fig. 10), suggesting that the mixing of mineral eral dust particles and SSAs. A large mineral dust particle
dust and SSAs was rather routine. For mineral dust, the eleean interact with small SSA particles (or a large amount of
vated [Mg]/[Al] and [Mg]/[Si] ratios in Mg-containing alu-  dust particles can interact with a small amount of SSAS)
minosilicates of samples S2 and S3 (compared to those ifType 1), a mineral dust particle can interact with a SSA par-
sample S1) also suggest an accumulation of the sea-salt corticle of a comparable size (Type 2), and small mineral dust
ponent on individual ADS particles over the Yellow Sea dur- particles can interact with a large SSA particle (or a small

Fig. 6. SEls of typical particles on stage 4 in samples S1-S3.
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S3 (Note: for the unreacted aluminosilicate particles, 182 Mg-

containing species were considered; and for the reacted or aged 10
ones, 1152 Mg-containing species were considered. Statistical com-

parisons of [Mg]/[Al] or [Mg]/[Si] ratios between samples S1 and

S2 and between samples S1 and S3 were done by a student’s 1
test. When the difference is statistically significantpat 0.05, it

is marked by an “*".).

(b) A particle in sample S3
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Element concentration
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amount of dust particles can interact with a large amount of 0
SSAs) (Type 3). When a mineral dust particle is enclosed %
by SSA particles or a small mineral dust particle is coagu-
lated with a large SSA particle, this type of mixture (Type 3)

«“OoZ0O

Ag foil
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Intensity

mainly consists of reacted sea salts as well as minor mineral

dust, likely including components of NaNOMg(NOs)», WMWHM

Nap SOy, MgSQy, Si0,, aluminosilicate, etc., which is clas- . . . . ' l il
sified as “reacted SSA and mixture” (as shown in Sect. 3.3.1  © Loz 4 s 6 789 10

and Fig. 10). On the other hand, the coagulation of a large

mineral dust particle with small SSA particles (Type 1) or Fig. 11. Typical (C, N, O, S)-rich particlega) A typical particle
dust and SSA particles of a comparable size (Type 2) reLollected on AI fo_il and(p) aty!oical particle collected on Ag foll
sult in the formation of a mineral dust particle mixed with (N concentration is relatively high).

SSA components. Given that aluminosilicates (of which Mg-
containing species account for more than 50 % on average b
number) are the main fraction of mineral dust, the interac-
tion of Mg-containing aluminosilicate particles with reacted
SSAs can lead to their elevated Mg and Na levels, as Mg-

containing aluminosilicates were observed with the increase, Conclusions

of atomic concentration ratios of [Mg]/[Al] and [Mg]/[Si]

in samples S2 and S3. The frequent observation of Na sigOverall, 4200 individual particles in three sets of Asian dust
nals for this type of particles supports that the increased Mgstorm (ADS) particle samples collected in Beijing, China
was due to the mixing of Mg-containing aluminosilicates and (sample S1) and Incheon, Korea (samples S2 and S3) on 28—
reacted SSAs. Because the Mg-containing aluminosilicate29 April 2005 were examined by loi-particle EPMA. The

are an important part of ADS particles, the modification of morphology, elemental compositions, and mixing state of the
the atomic concentration ratios of [Mg]/[Al] and [Mg]/[Si] particles on stages 1-6 with respective cut-off diameters of

P{kely reflected the aging of mineral dust when the ADS par-
ticles passed over the marine atmosphere.
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16,8, 4, 2, 1, and 0.5 um were analyzed. Results showed théztjg' 13. Formation process of the coagulation of mineral dust with
19 e 4y : : sea spray aerosols (SSAs).

approximately 97 % of the analyzed particles were in the size

range of 0.5-16 um and there were extensive modification of

ADS particles in chemical compositions during long-range

transport from China to Korea. In addition to anthropogenic : " X

: . .~ chemical composition change of ADS patrticles.

SO, and NG, SSAs in the marine atmosphere made great in- ; ; ; . .
i . This study provides details of ADS patrticles that experi-

fluences on the compositional change of ADS particles. For

ADS particles larger than 1 um (at stages 2-5) in sample Slenced extensive chemical modification during their disper-

aged or reacted mineral dust were most abundant foIIoweéion from Beijing to Incheon in the marine atmosphere. As it
9 ' appears that ADS particles can be modified greatly by SSAs

by unreacted mineral dust, carbonaceous, and Fe-rich partl'hrough coagulations or in-cloud processing, further stud-
cles (no SSAs were detected). When the ADS passed over

the sea, the dust particles were mixed with fresh or reactec'ie s are needed for the full understanding on how the inter-
! P nal mixture of ADS particles with SSAs is formed and how

SSAs. Approximately 24 % of aged or reacted SSAs (and the L . .
: : . . ) anthropogenic air pollutants are incorporated into these dust

mixture with mineral dust) in sample S2 and 14 % in sample nd marine particles

S3 were detected. Nitrate-containing and both nitrate- anc? P '

sulfate-containing species in the reacted/aged mineral dust

and .SSAS 0utnur_nbered only Sulfate-cqntalnlng SPECIES, S’ngAcknowledgementsThis study was supported by Basic Science
965“”9 that am_blen.t NEhad a glieater |mpact on ADS par- pesearch Programs through the National Research Foundation
ticles than S@ in this area. Besides partially or totally re- ot korea (NRF) funded by the Ministry of Education, Sci-
acted CaC@, a number of reacted or aged Mg-containing ence, and Technology (grant 2012R1A2A1A05026329) and
aluminosilicates were encountered during the ADS eventby the National Natural Science Foundation of China (NSFC)
The significant increaseP(<0.05 by a student’s test) of  (21177078) and NSFC-NRF Scientific Cooperation Program
the atomic concentration ratios of [Mg]/[Al] and [Mg]/[Si] (grants 2012K1A2B1A03000431 and 41211140241). In addition,
in the reacted Mg-containing aluminosilicates for samplesthe authors gratefully acknowledge the support of Metrology Re-
2 and 3 (compared to sample S1) was indicative of Coagsearch 'Center funded by the Korea Research Institute of Standards
ulation of Mg-containing aluminosilicates with SSAs, im- and Science (KRISS-2013-13011055).

plymg that a 3|gn!f|cant evolution or aging occurred on the Edited by: A. Laskin

mineral dust particles when they passed over the sea. The
most obvious characteristic for the particles less than 1 pm
in equivalent diameter (at stage 6) was that many (C, N, O
S)-rich particles (likely mixtures of (N|J2SOs/ NH4HSOy
and NHNOs with water-soluble organic carbon) were en- angreae, M. 0., Charlson, R. J., Bruynseels, F., Storms, H., Van
countered (approximately 68 % and 51 % of relative number  Grieken, R., and Maenhaut, W.: Internal mixture of sea salt, sili-
abundance in samples S2 and S3, respectively). This suggestscates, and excess sulfate in marine aerosols, Science, 232, 1620—
that marine air likely facilitated the formation of secondary 1623, 1986.

aerosols when ADS plumes passed over the sea, resulting in
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