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Abstract. Low-Z particle electron probe X-ray microanal- 1 Introduction

ysis (low-Z particle EPMA) shows powerful advantages for

the characterization of ambient particulate matter in environ- ) ] ]
mental and geological applications. By the application of The Asian dust storm even_t is a se_zasonal meteorological
the low-Z particle EPMA single particle analysis, an overall Phénomenon that mostly originates in the deserts of Mon-
examination of 1800 coarse and fine particles (aerodynami@©lia and Northern China and Kazakhstan (Sullivan et al.,
diameters: 2.5-10m and 1.0-2.%m, respectively) in six 2007). Nearly every spring, usually from March to May,
samples collected on 28 April-1 May 2006 in the marine ASian dust aerosols will bg carried eastward by strong winds
boundary layer (MBL) of the Bohai Sea and Yellow Sea was&nd pass over Eastern China, North and South Korea, Japan,
conducted. Three samples (D1, D2, and D3) were collecte@P€N séas and oceans, and even arrive in the Unlted States
along the Bohai Bay, Bohai Straits, and Yellow Sea near Ko-(Bishop. et al., 2002; Zhao, et al., 2008). During long-
rea during an Asian dust storm event while the other threg@nJe transport, Asian dust aerosols can react with a diversity
samples (N3, N2, and N1) were collected on non-Asian dusPf chemlcal species, cpagulate with other particles, and/or
(NAD) days. Based on X-ray spectral and secondary e|ecpr0\{|de reaction sites in 'Fhe atmo;phere, SO 'that they. po-
tron image data, 15 different types of particles were identi-t€ntially carry many chemical species along with the origi-
fied, in which soil-derived particles were encountered with "l Soil components, and the physical and chemical proper-
the largest frequency, followed by (C, N, O)-rich droplets t€S of the dust parucle; may change (Hwang et al., .2008).
(likely the mixture of organic matter and NNOg), parti- These chqnge/coagulatmn processes affect the _opt|cal and
cles of marine origin, and carbonaceous, Fe-tich, fly ash, anfly9roscopic properties of Asian dust particles, which are re-
(C, N, O, S)-rich droplet particles. Results show that dur- lated to important but uncertain dlr_ect impacts on climate
ing the Asian dust storm event relative abundances of th&hange, radiative budget, and possibly rainfall patterns (Ra-
(C, N, O)-rich droplets and the nitrate-containing secondaryManathan, etal., 2001; Jickells et al., 2005; Su et al., 2008),
soil-derived particles were markedly increased (on averag@nd they also affect the cycles and chemical balances of im-
by a factor of 4.5 and 2, respectively in By fraction ~ Portant trace gases (e.g. NOx, Os), acid deposition,

and by a factor of 1.9 and 1.5, respectively in P, 5 frac- gnd thg pH of preC|p|tat|on (Sullivan et al., 2007). Thus,
tion) in the MBL of the Bohai Sea and Yellow Sea, implying Increasing attention has been devoted to the study of mod-
that Asian dust aerosols in springtime are an important carification of the physicochemical properties of Asian dust

rier of gaseous inorganic nitrogen species, especially NO Particles during long-range transport. It was observed that
(or HNOs) and NH;. Asian dust aerosols collected in Korea experienced reactions

with NOy and SQ so that a number of nitrate- or sulfate-
containing particles such as NahON&SO,, Ca(NG;)2,

Correspondence taC.-U. Ro and (NH;)»SOs were encountered (Hwang and Ro, 2006;
BY (curo@inha.ac.kr) Ro et al., 2005). In Japan, Hong Kong, Taiwan, and even
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mainland China (from the source area to Chinese coastal rehave been at least semi-quantitatively elucidated (Ro et al.,
gions), Asian dust particles have been reported to underg@000, 2005). Even the reaction process of Asian dust and sea
significant chemical modifications through mixing with sea salts with NQ or SG species were observed (Hwang and
salts or reacting with anthropogenic air pollutants (Fang etRo, 2006). Hence, herein, lo®-particle EPMA was utilized
al., 1999; Ma et al., 2001; Wang et al., 2007; Lin et al., 2008).to examine the morphologies and chemical compositions of
Through “bulk” and “single-particle” analyses, the chem- aerosol particles (including Asian dust aerosols) collected on
ical compositional characteristics of Asian dust aerosol par-a commercial ferryboat plying between Incheon, Korea and
ticles in the regions surrounding the Yellow Sea have alsoTianjin, China from 28 April to 1 May 2006.
been investigated (Lee et al., 2002; Hwang and Ro, 2006; The objective of the present study is to characterize sin-
Zhang et al., 2007), but few reports have been published omle aerosol particles collected in the MBL of the Bohai Sea
compositional modification of aerosol particles in the marineand Yellow Sea in the springtime, and to investigate the in-
boundary layer (MBL) of the Bohai Sea and Yellow Sea dur- fluence of an Asian dust storm event on their compositional
ing Asian dust storm events. Owing to a lack of the direct characteristics and relative abundances.
observations, some conclusions on the interactions among
mineral Asian dust, sea salts, and anthropogenic air pollu-
tants (e.g. ammonium, and sulfur or nitrogen oxides species? Materials and methods
in the MBL had to rely on speculation to some extent (Jeong
and Park, 2008; Nishikawa et al., 1991; Park et al., 2003)2.1 Samples
Jeong and Park (2008) suggested that the favorable areas
for gas (e.g. S@ NOy) — aerosol interaction during Asian Six sets of aerosol samples were collected on a ferryboat
dust storm events were the downstream regions where relglying between the seaports of Incheon, Korea, and Tianjin,
tive humidity is relatively high. Nishikawa et al. (1991) at- China. The sampling locations along the navigation route are
tributed the increase of concentrations ofSS@nd NG in ~ shown in Fig. 1. The first sampling location (for samples D1
coarse mode particles over Japan to the interactions betweddd N3) is on the Bohai Sea near the Tianjin seaport, rep-
gaseous acidic species and Asian dust particles over the maesenting the windward place where aerosols are influenced
rine area. From the observations thatZS@_nd NG, were mostly by the continental outflow from mainland China; the
produced on the surface of Asian dust particles collected irsecond location (for samples D2 and N2) is at the demarca-
Japan, but hardly formed on those particles over Beijing andion area between the Bohai Sea and the Yellow Sea, which
Qingdao, China (Zhang and Iwasaka, 1999; Zhang et al.is regarded as a relatively clean marine environment (Feng
2003; Fan et al., 1996; Ma et al., 2001), Park et al. (2003)et al., 2007); the third location (for samples D3 and N1) is
suggested the higher concentrations of part|cu|at§ smd  on the Yellow Sea near the Incheon port, which is a leeward
NO; at Gosan, Korea, were generated during the transporlace where ambient aerosols are influenced by air masses
of dust storms over the Yellow Sea. Therefore, it is critical from the Seoul-Incheon metropolitan area as well as from
and necessary to investigate the morphology and chemicdnainland China and the marine environment. Samples N1,
composition of individual particles in the MBL of the Bo- N2, and N3 were collected when the ferryboat travelled from
hai Sea and Yellow Sea during Asian dust storm events i<yonggi-man (near the Incheon port) to the Bohai Straits,
order to better understand the compositional modification ofand to the Bohai Bay (in the west of the Bohai Sea) on 28

Asian dust aerosols in the atmosphere over China, Korea, an@nd 29 April 2006 (Table 1). The other three samples D1, D2,
Japan. and D3 were collected on 30 April and 1 May 2006 when the

Asian dust particles are chemically and morphologically ferry returned from Tianjin to the Incheon seaport while an
heterogeneous (Wang et al., 2009). Their “average” com-Asian dust storm event originating from Mongolia and north-
positions and aerodynamic diameters could be obtained bgast China was occurring (Fig. 2). In this work, Asian dust
“bulk” analysis, but the exact aerosol mixing state and thesamples are designated as D1, D2, and D3 and non-Asian
chemical micro-processes in (or on) aerosol particles havelust (NAD) samples designated as N1, N2, and N3.
been unambiguously determined by the application of single The sources of aerosol particles for different samples were
particle measurements (Tsuji et al., 2008). A recently develinferred through backward air-mass trajectories that were
oped electron probe X-ray microanalysis (EPMA) technique,calculated via the HYbrid Single Particle Lagrangian Inte-
named lowZ particle EPMA, shows powerful advantages grated Trajectory (HYSPLIT) model at the National Oceano-
for the characterization of environmental and geological sin-graphic and Atmospheric Administration (NOAA) Air Re-
gle particles (Ro et al., 2001a, 2005). By the application ofsources Laboratory’s web servdrttp://www.arl.noaa.gov/
the technique, the particle size distribution and the quantitaready/hysplit4.htm)| as shown in Fig. 3. The air masses for
tive chemical compositions of individual particles have beensamples D1, D2, and D3 mostly originated from Mongolia
obtained without a complicated sample pretreatment processnd northeast China, unlike those for N1 (air masses stayed
and many environmentally important atmospheric particles,around 36 h over the Yellow Sea), N2 (air masses at recep-
e.g. sulfates, nitrates, ammonium, and carbonaceous speciém heights of 300 m, 500 m, and 1000 m originated from

Atmos. Chem. Phys., 9, 6933947, 2009 www.atmos-chem-phys.net/9/6933/2009/


http://www.arl.noaa.gov/ready/hysplit4.html
http://www.arl.noaa.gov/ready/hysplit4.html

H. Geng et al.: Elevated nitrogen-containing particles observed in Asian dust aerosol samples 6935

Table 1. Sampling date and time, sampling sites, and geographical traits of sampling locations.

Sampling locations ~ Geographical traits Sample  Sampling time (KST)

Yellow Sea The Yellow Sea, a semi-enclosedN1 At 22:30~01:30 on 28 April 2006
(near Incheon, Ko- marginal sea of the Northwest Pa-D3 At 07:50~13:00 on 1 May 2006
rea) cific Ocean, is surrounded by main-

land China and the Korean penin-
sula. To the northwest is the Bo-
hai Sea and to the south is the East
China Sea.
Demarcation area The Bohai Straits is located be-N2
between Bohai and tween Liaodong and ShandongD2
Yellow Sea peninsula, connecting the Yellow
(Bohai Straits) Sea and Bohai Sea. Several chan-
nels are formed as it is comparted
by many small islands.
Bohai Bay The Bohai Sea is a nearly enclosedN3
(a part of the Bo- interior sea with 3784 km of coast- D1
hai Sea near Tian- line and an average depth of 18 m. It
jin, China) is the largestinland sea of China and
is composed of Liaodong Bay (to
the north), Bohai Bay (to the west),
Laizhou Bay (to the south), and the
middle sea.

At 10:20~16:00 on 29 April 2006
At 21:00~22:40 on 30 April 2006

At 16:00~19:00 on 29 April 2006
At 14:00~17:05 on 30 April 2006

Note: Samples N1, N2, and N3 were collected on non-Asian dust (NAD) days while D1, D2, D3 were collected during an Asian dust storm
event.

CHINA N sample, sampling durations varied to obtain an appropriate
e aﬁ number of particles without overloading. The collected sam-
e Sy ﬁggg\‘ ples were put in plastic carriers, sealed, and stored before
e COLA S Bay { \ EPMA measurements. The stage 2 and 3 particles (2.5~
Tariin s AP ¥ongyang 10um and 1.0—2._5Lm size range, respect_lvely), designated
ronsat 1 N ﬁ_gﬂ:i_ D;’z“ North Yellow Sea - as “PMbs_1¢ fraction” and “PMo_25 fraction” for conve-
e, [ 2O bl Lie nience, were measured and analyzed.
Laizhou D2~ 2o T e R o gSeoul
Bay > =Y o = :',:le Sntheon
@ Yantai® elhai ¢ D3 Kongeiman, 2.2 EPMA measurement
o ® /. SOUTH
w? &
& ‘KOREA . ,
R South Yolow Sea S The low-Z particle EPMA measurement was carried out
ez ki Qinodes on a Hitachi S-3500N environmental scanning electron
— — — — sailing route Mokpa'y. 1 microscope equipped with an Oxford Link SATW ultra-thin
Z- - - sampling period &/ window energy-dispersive X-ray spectrometry (EDX) detec-

tor. The resolution of the detector was 133 eV for Mp—K
X-ray. The X-ray spectra were recorded under the control
of EMAX Hitachi software. A 10kV accelerating voltage,
1.0 nA of beam current, and a typical measuring time of 10s

northeastern, eastern, and southeastern China, respectivelyyere émployed to ensure a low background level of spectra,
and N3 (air masses at heights of 300 m and 500 m originate@ 900d sensitivity for lonz element analysis, and statisti-

from central and southern China and those at 1000 m wer&ally sufficient counts in the X-ray spectra (Ro et al., 1999).
mainly from western China). The cold stage of the electron microprobe at liquid nitro-

. . en temperature~—193C) minimized contamination and
Particles were collected on Ag foils by a three-stage cas—g P e )

. . . . ! lowered beam-damage effects on sensitive particles. Over-
cade Dekati P impactor with aerodynamic th'Oﬁ diam- all, 1800 particles were analyzed manually (150 particles for
eters of 1Qum, 2.5um, and 1.Qum at a 10 L/min of flow each stage sample).
rate. The impactor was set at the highest location on the
ferryboat prow, about 15 m distant from sea level. For each

Fig. 1. Map of the ferryboat sailing route and sampling locations.
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Fig. 2. GOES-9 Satellite images of the Asian dust storm event (provided by National Oceanic and Atmospheric Administration (NOAA),
the United States). (Orange areas in GOES images denote high-density dust, and blue areas indicate dust dispersion areas. Red dots dent
cities.)

2.3 Data analysis >10% formula fraction. Third, elements with an atomic con-
centration of less than 1.0% are not included in the procedure

The size and shape of each individual particle were input inof chemical speciation because elements at trace levels can-

the quantification procedure and the net X-ray intensities ofnot be reliably investigated (Ro et al., 2000, 2001a). On the

the elements were obtained by non-linear least-squares fittingasis of the above criteria, all the measured patrticles were

of the collected spectra through the AXIL program (Veke- classified into 15 types based on their X-ray spectral and SEI

mans et al., 1994). A Monte Carlo calculation combined data, as shown in Fig. 4 and Table 2. The characteristics of

with reverse successive approximations was applied to deeach particle type are described below.

termine the particles’ elemental concentrations on the basis

of the X-ray intensities (Ro et al., 2003). For standard par-

ticles, the quantification procedure provided results accuratél) Primary and secondary soil-derived particles

within 12% relative deviations between the calculated and

nominal elemental concentrations, except for C and K wherePrimary soil-derived particles are those emitted directly from

the characteristic X-rays overlap with those from the Ag sub-sources such as quarrying, agricultural harvesting, and en-

strate (Ro et al., 2001b). The formula concentrations and thérainment of soils by the wind. Aluminosilicate (AlSi)-

group distributions were rapidly and reliably determined by containing, quartz (Si§), and calcite (CaCg)/dolomite

the “expert system” program (Ro et al., 2004). (CaMg(CQ)2) particles are the representative types, which
usually appeared as irregular and bright on their SEls
(Fig. 4). The primary soil-derived particles can readily

3 Results and discussion interact airborne sulfur and nitrogen oxides, especially in
the presence of moisture (Lan et al., 2005; Hwang and Ro,

3.1 Classification of individual particles based on their ~ 2006). These reaction or mixture products of primary parti-

X-ray spectra and secondary electron image (SEI) cles with “secondary acids” were termed as secondary soil-

derived particles (Sullivan et al., 2007), and mainly included

A brief explanation of the classification rules used to clas-“reacted CaC@CaMg(CQOsz)2" and “aluminosilicate + (N,

sify all the measured particles follows below. First, a particle S)”. (N, S) notation represents compounds containing either

is regarded as being composed of just one chemical speciastrates, sulfates, or both. The secondary aluminosilicate par-

if this species accounts for at least a 90% atomic fraction ticles can be formed either through the reaction of cation ions

in which case the particle with one chemical species is redin aluminosilicates with SO, and/or HNQ, or from ad-

garded as a “pure” particle. Second, efforts were made taorption of NH{NO3 or NH4sHSO4/(NH4)2SO4 on particle

specify chemical species even for particles internally mixedsurfaces that act as a reaction place for airborne; it

with two or more species. Since many different types of HoSOs (or HNG3) (Sullivan et al., 2007), e.g. particles #3,

internally mixed particles were identified, mixture particles #7, #12, #21, #28, #39, #44, #48, #51, #58, #84, and #88 in

were grouped on the basis of all the chemical species with &ig. 4. The secondary CaG@aMg(CQ), particles contain

Atmos. Chem. Phys., 9, 6933947, 2009 www.atmos-chem-phys.net/9/6933/2009/
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Fig. 3. 36 h backward air mass trajectories for different samples. The backward air mass trajectories were calculated via the HYbrid Single

Particle Lagrangian Integrated Trajectory (HYSPLIT) model at the NOAA Air Resources Laboratory’s web b&pzénivw.arl.noaa.gov/

ready/hysplit4.htm)l

CaSQ, Ca(NQ),, or their mixture compounds, e.g. parti- riety of cations, such as NaK+t, C&t, Mg?t, and Fé*,

cles #20, #26, #36, #42, #70, and #77 in Fig. 4.

For SiQ; and CaCQ patrticles, the calculated atomic con- are not constant. The ratios of [Si]/[Al] and [Si+Al}/[O] are
shown in Table 3. It was found that the ratio of [Si+Al]/[O]

centration ratios are [Si];[3}1:2 and [Ca]:[C]:[O¥1:1:3,
very close to their respective stoichiometry (Table 2), indi- in PM1 o2 5 fraction of Asian dust particles was significantly

cating the validity of the quantification procedure applied in lower than those in Plk_10 fraction of Asian dust and NAD
this study. As far as aluminosilicates, they have many kindsparticles while the ratio of [Si]/[Al] had no statistically sig-

and thus the atomic concentration ratios of O, Si, and Al

of groups (such as feldspar, mica, kaoline, zeolites, or othenificant difference between the Asian dust and NAD par-
minerals containing Al and Si) that accommodate a wide va-ticles, indicating that there were elevated oxygen contents

www.atmos-chem-phys.net/9/6933/2009/
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Fig. 4. Typical particle types for non-Asian dust and Asian dust
samples. (Fourteen types of particles are listed here, although th

2003), e.g. particles #2, #18, #60, and #67 in Fig. 4. Often, it
was observed that the reacted sea salts were mixed with pri-
mary or secondary soil-derived particles (e.g. particles #19,
#59, #61, #64, #71, and #82 in Fig. 4). They were formed by
two possible mechanisms, i.e., (a) collisions of reacted sea-
salt and soil-derived particles in the atmosphere (Andreae
et al.,, 1986); (b) in-cloud processes through droplet coa-
lescence (Fan et al., 1996). These particles were classified
into the group of “reacted sea salts & mixture,” which pos-
sibly included components such as NaCl, NaNa&SOy,
MgSQy, MgClp, and Mg(NQ)2, with minor inclusions of
aluminosilicate, CaSg) or Ca(NQ)2. A substantial portion
of sea salt particles were collected as water droplets which
can be inferred from the morphology. Some sea salt parti-
cles appear as a group of particles scattered over a circular
dark pattern, e.g. the genuine sea salt particles such as par-
ticles #6, #8, #10 and reacted sea salt (& mixture) particles
such as particles #2, #18, #59, #61, #64 in Fig. 4. These sea
salt particles were possibly collected as a fresh droplet from
sea spray, spread over the collecting substrate, and dried out
into small crystalline particles. Some sea salt particles have
typical cubic shape of sea salts, e.g., the reacted sea salt (&
mixture) particles #23, #67, and #71 in Fig. 4, indicating that
these particles were likely collected as single particles and
the crystalline shape was well preserved.

It is worth noting that the majority of genuine sea salt
particles contained some oxygen that perhaps came from the

droplet particle richin (C, N, O, S) is not shown. The elemental con-NaOH shell around the NaCl (Laskin et al., 2003). Since

centration data for each particle is shown in Table 2. (N, S) notationNaOH is very hygroscopic, the sea salt particles will form an
represents the compounds containing either nitrates, sulphates, @kaline hygroscopic coating that has liquid-like properties

both.)

as they dry out. NaOH is generated at the air-solution
interface by photolysis of § followed by its reaction with
water vapor. The surface reaction of ozone is expressed as

in smaller AlSi-containing particles for Asian dust samples, the following equation (Oum et al., 1998):

possibly attributable to their reactions with air pollutants (e.g.

SO, NOy).

(2) Genuine and reacted sea-salt particles

O3+H20+2CI — Cl; +20H + Oy

(3) Carbonaceous particles

The sea is also a major source of primary particles. Sea salthe carbonaceous particles are divided into two types based
aerosols (SSA) mainly produced by wave action are ubig-on SEI and the contents of C, N, and O. One is carbon-rich
uitous in the MBL and can significantly impact particulate particles, which are defined as those particles wherein the
matter concentrations in coastal regions (Oum et al., 1998C and O atomic concentrations are more than 90% and the
Athanasopoulou et al., 2008). The genuine sea salt partieontent of C is 3 times larger than that of O (Ro et al., 2000).
cles, e.g. particles #6, #8, and #10 in Fig. 4, are regarded t@hey have complex morphologies such as fractal-like chain
be generated from the fresh marine-derived particles withstructures (e.g. soot aggregates — one of the most abundant
out experiencing chemical reactions after being emitted intoforms in urban aerosols), separate spherules (e.g. tar balls),
the air by the bursting of air bubbles entrained in breakingand irregular-shaped carbons (e.g. char) (Chen et al., 2005a).
waves (i.e.pubble burstingor sea sprayprocess) (de Hoog In the present study, no identifiable, separated particles of
et al.,, 2005). Genuine sea salt particles can react with nisoot agglomerate and tar ball were encountered, suggesting
trogen and sulfur oxides species in the atmosphere to fornthat the aerosols in the MBL had quite different character-
reacted (or aged) sea salts, resulting in chlorine loss (somestics from those in an urban environment. Alternatively, it
times without remaining chloride if they are completely re- may have been because the soot and tar balls were normally
acted) (Mclnnes et al., 1994; Gard et al., 1998; Laskin et al. below 1um in diameter so that the Dekati PM10 impactor

Atmos. Chem. Phys., 9, 6933947, 2009 www.atmos-chem-phys.net/9/6933/2009/



H. Geng et al.: Elevated nitrogen-containing particles observed in Asian dust aerosol samples 6939

Table 2. Elemental concentrations in atomic fraction (at. %) for corresponding particles (samples N3 and D3) in Fig. 4.

Type Elemental atomic concentration (at. %)

1. Primary soil-derived particles

(1) AlSi- N3: #1 (C:7.5; 0:61.2; Al:8.1; Si:19.5; K:3.5); #5 (C:9.9; 0:54.8; Na:5.2; Mg:2.2; Al:8.0; Si:11.6; K:2.1;

containing Ti:1.2; Fe:4.9); #14 (C:7.0; O:55.6; Al:8.5; Si:23.8; K:5.1); #17 (C:7.0; 0:57.7; Na:1.8; Mg:1.5; Al:7.4;
Si17.2; Ca: 5.9; Fe:1.4); #22 (0:60.2; Mg:2.7; Al:11.9; Si:19.7; K:2.9; Fe:2.1); #27 (C:2.9; 0:64.0;
Mg:2.3; Al:11.2; Si: 17.2; K:2.5); #30 (0:52.6; Mg:4.5; Al:16.1; Si:22.5; Fe:4.3); #31 (C:5.3; 0:57.6;
Al:13.7; Si:20.3; Ca:1.1; Ti: 1.3); #34 (C:18.3; 0:54.3; Mg:1.6; Al:6.9; Si:10.3; K:1.3; Ca:5.9); #46
(C:15.7; 0:50.2; Al:11.8; Si:20.6)
D3: #52 (C:9.7; 0:53.6; Na:3.2; Al:8.8; Si:16.5; Ca:3.0; K:2.2; Fe:2.4); #54 (C:1.8; 0:61.7; Na:5.1;
Al:9.2; Si:21.3); #62 (C:5.7; 0:63.7; Al:10.7; Si:15.5; K:2.8); #73 (C:1.2; 0:53.6; Mg:2.4; Al:13.2;
Si:22.0; Ca:7.3); #81 (C:7.4; 0:57.7; Na:2.9; Mg:1.7; Al:8.9; Si:15.1; Ca:5.9); #83 (C:8.8; 0:60.0;
Mg:2.6; Al:8.8; Si:14.1 Ca:4.1); #87 (0:66.5; Al:8.5; Si:22.3; K:2.6)

(2) Sioy N3: #15 (C:6.6; 0:62.4; Si:30.0); #25 (C:3.1; 0:66.0; Si:30.0); #33 (C:7.0; 0:61.9; Si:29.8);

D3: #53 (C:2.3; 0:66.7; Si:31.0); #65 (C:1.4; 0:65.1; Si:33.4); #76 (C:4.0; 0:64.3; Si:31.5)
(3) CaCQ or N3: #9 (C:21.7; 0:48.7; Mg:4.7; Si:1.0; Ca:20.5); #13 (C:17.1; 0:58.0; Mg:1.1; Ca:20.4); #40 (C:19.8;
(Ca,Mg)CQ 0:60.1; Ca:20.0); #43 (C:17.4; 0:59.8; Mg:1.4; Al:1.7; Si:2.8;Ca:16.8)

D3: #49 (C:19.1; 0:61.6; Ca:18.5)

2. Secondary soil-derived particles

(1) AISi + (N, S) N3: #3 (C:4.1; N:7.1; O:53.6; Na:5.9; Mg:3.5; Al:6.8; Si:12.5; K:2.1; Fe:3.7); #7 (C:2.5; N:7.2; O:51.2;
Na:4.3; Mg:3.0; Al:7.7; Si:17.9; Fe:1.8); #12 (C:11.9; N:3.7; O:49.4; Na:2.7;, Mg:3.1; Al:8.8; Si:18.9;
Fe:1.1); #21 (C:4.7; N:4.9; 0:65.1; Mg:1.5; Al:5.0; Si:14.2; S:2.0; Ca:2.1); #28 (C:13.1; N:6.6; 0:52.4;
F:2.4;Mg:3.7; Al: 5.8; Si:11.8; Cl:1.0; K:1.4; Ca:1.3); #39 (C:6.0; N:3.4; 0:64.9; Na:1.2; Mg:2.8; Al:4.9;
Si:9.5; S:3.4; Ca:3.9); #44 (N:3.7; 0:64.3; Na:2.1; Mg:10.2; Al:5.2; Si:14.2)
D3: #48 (C:6.0; N:4.7; 0:62.9; Na:1.7; Al:8.1; Si:11.1; S:3.9; Ca:1.4); #51 (C:6.7; N:5.4; 0:57.1; Mg:1.7;
Al: 9.5; Si:15.7; K:1.1; Fe:1.8); #58 (C:11.9; N:7.1; 0:54.3; Na:2.8; Mg:2.1; Al:6.6; Si:14.0); #84 (C:8.1;
N:4.3; 0:56.5; Al:8.3; Si:19.2; K:1.0; Ti:1.0); #88 (C:8.0; N:5.0; 0:55.5; Mg:1.7; Al:9.0; Si:17.0; K:2.2;

Fe:l.1)
(2) reacted N3: #20 (C:20.3; N:2.9; 0:46.8; Na:3.7; Mg:2.5; S:4.2; Ca:19.0); #26 (C:13.0; N:4.5; 0:65.3; Mg:1.8;
CaCG; or S:2.2; Ca:12.7); #36 (C:5.6; 0:67.1; Si:1.4; S:9.2; Cl:1.2; Ca:14.5); #42 (C:4.2; N:4.6; 0:63.5; Al:1.6;
(Ca,Mg)CQ Si:1.8; S:7.9; Ca:15.7)

D3: #70 (C:9.7; N:4.7; 0:59.9; Mg@:2.2; S:9.1; Ca:14.3); #77 (C:21.3; N:5.3; 0:47.8; Na:3.7; Mg:2.5;

S:4.2; Ca:15.0)

3. Marine-derived particles

(1) genuine sea N3: #6 (0:11.9; Na:45.3; Mg:4.3; CI:38.5); #8 (C:1.8; 0:6.9; Na:37.8; Mg:10.8; Cl:42.6); #10 (C:1.8;
salt 0:36.9; Na:27.8; Mg:10.8; Cl:22.6)

(2) reacted sea salt N3: #2 (N:18.5; 0:50.3; Na:22.8; Mg:1.3; S:3.8; Cl:3.1); #18 (N:19.5; O:58.4; Na:20.1; Mg:1.9); #23
(N:18.8; 0:59.3; Na:20.2; S:1.7)
D3: #60 (C:1.4; N:18.8; 0:59.5; Na:19.6); #67 (N:18.1; O:57.6; Na:19.0; Mg:5.2)

(3) reacted sea salt N3: #19 (0:58.8; Na:15.3; S:11.7; Cl:3.7; Ca:9.9)

& mixture D3: #59 (C:14.9; N:13.4; 0:37.4; Na:13.5; Cl:4.9; Ca: 12.2); #61 (C:9.2; N:4.9; 0:46.3; Na:20.2; S:2.4;
Cl:7.1; Ca:4.7); #64 (C:6.6; N:3.8; 0:51.5; Na:13.7; S:1.1; Cl:11.5; Ca:11.7); #71 (C:8.8; N:6.9; 0:53.7;
Na:12.8; Mg:1.8; S:3.9; Ca: 12.0); #82 (C:11.1; N:7.7; 0:61.8; Na:7.3; Al:1.2; Si:2.4; S:3.7; CI:1.0;
Ca:3.8)

4. carbonaceous particles

(1) carbon-rich N3: #16 (C:83.1; 0:16.9); #35 (C:86.8; 0:12.7)
D3: #79 (C:93.0; 0:7.0)

(2) organic parti- N3: #37 (C:49.4; N:2.9; 0:43.4; Na:1.3; Mg:1.4);

cles D3: #75 (C:37.7; N:9.1; 0:43.8; P:2.3; K:2.1; Ca:1.0); #91 (C:64.1; 0:35.9)
5. droplet rich in  N3: #32 (C:18.6; N:22.7; 0:53.0; Mg:5.1); #45 (C:16.9; N:24.8; 0:51.6; Mg:5.8)
(C,N, 0) D3: #50 (C:32.0; N:33.6; 0:29.9; Mg:3.4); #55 (C:34.0; N:25.6; 0:35.1; Mg:5.3); #56 (C:31.6; N:34.3;

0:28.1; Mg:5.9); #57 (C:32.7; N:33.1; 0:28.6; Mg:5.6); #63 (C:23.4; N:30.5; 0:39.9; Na:1.6; Mg:4.6);
#68 (C:33.2; N:29.2; 0:28.7; Na:2.0; Mg:5.9); #72 (C:22.2; N:23.8; 0:48.8; Na:1.3; Mg:3.1); #78
(C:22.8; N:23.8; 0:48.7; Mg:3.8); #89 (C:19.4; N:32.6; 0:41.8; M@:5.2); #90 (C:22.1; N:29.4; O:41.9;
Na:2.8; Mg:3.8); #92 (C:22.1; N:25.0; 0:49.2; Mg:3.7)

6. Fe-rich N3: #11 (C:2.2; 0:69.3; Na:1.0; Mg:1.4; Al:1.0; Si:2.8; Fe:22.2); #41 (C:1.5; 0:64.5; Fe:34.0)
particles D3: #66 (C:8.5; 0:54.5; S:6.5; Ca:5.7; Fe:23.5); #85 (0:56.2; Fe:43.8)
7. fly ash N3: #4 (C:2.8; 0:63.4; Si:1.8; Ti:12.4; Mn:4.0; Fe:12.2); #47 (C:3.6; 0:62.0; Fe:34.4)
D3: #80 (C:1.4; 0:65.5; Al:15.2; Si:15.4; Fe:2.5); #86 (C:2.1; 0:61.9; Na:1.4; Mg:1.0; Al:12.1; Si:19.4)
8. other N3: #24 (0:21.7; Cl:78.3); #29 (0:19.8; Na:4.4; CI:75.8); #38 (0:11.3; CI:88.7)
species D3: #69 (C:7.8; 0:62.8; Cl:1.3; Ti:27.1) (TiQ; #74 (C:46.9; N:29.8; Cl:23.3)

Note: (1) Particle classification was based both on SEI and element contents from X-ray data. Elements with atomic concentration less than
1.0 % were neglected.
(2) (N, S) notation represents the compounds containing nitrates, sulfates, or both.
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Table 3. Atomic concentration ratios of Al/Si and (Al+Si)/O in AlSi-containing particles (including aluminosilicate and “aluminosili-
cate + (N, S)” particles).

Particles Ratio of [Al}/[Si] Ratio of [Al+Si]/[O]
PM25_10 PM10-25 PM25_10 PM10-25

Non-Asian dust 0.534+0.188 0.556+0.183 0.428+0.188 0.396+0.152

samples (n=211) (n=225) (n=211) (n=225)

(N3, N2, N1)

Asian dust samples 0.52G+0.182 0.542t0.184 0.453t0.151 0.333:0.142*

(D1, D2, D3) (n=246) (n=214) (n=246) (n=214)

Note: (1) The results are expressed as meaal. “»” represents the number of particles.
(2) Comparison between particle size (#<0.05) and between samples (#<0.05) was tested by two-way ANOVA. There is statistical
significance whemn value<0.05.

failed to collect them. It was reported that a large numberseawater, but without S, e.g. particles #32, #45, #50, #55,
of small secondary aerosol particles (aerodynamic diamete#56, #57, #63, #68, #72, #78, #89, #90, and #92 in Fig. 4 and
<1um)in ambient aerosol samples were soot inclusions andrable 2. They are abundant in nearly all the samples. How-
about 90% of the soot inclusions had a size of 20-250 nmever, the droplet particles rich in (C, N, O, S), which seem to
(Vester et al., 2007). Only a handful of char particles werebe a mixture of organic matter and WHSOy/(NH4)2SOy
observed (11 of 900 in Pp%_10 fraction and 3 of 900 in  (also sometimes with minor Na and Mg), were observed
PMj 025 fraction), e.g. particles #16, #35, and #79 in Fig. 4. only in PMy g_25 fraction of samples N1 and N2. Since
They were probably derived from the pyrolysis and oxida- NH4NO3 and NHHSOy/(NH4)2SO4 are hygroscopic, they
tion of fuel particles, and had compact and irregular-shapedan be readily mixed with seawater droplets containing Na
morphologies that were related to the nature of the fuel, theand Mg in the MBL, making the particles become droplets.
fuel/air ratio, and the combustion temperature (Chen et al..The reaction of NH with HNO3 produces NHNOs3 par-
20054, b). ticles with D, <1 um, and the thermodynamic equilibrium
The second type of carbonaceous particles is organic caetween HN@ and NH;NOgz strongly depends on ambient
bons, which have high C and O contents, sometimes witHeémperature and relative humidity (Miyazaki et al., 2005).
minor N, P, S, K and/or Cl, e.g. particles #37, #75, and #91However, the (C, N, O)-rich droplet particles observed in the
in Fig. 4. They are mostly from combustion or of biogenic present study often had sizes larger thamni, suggesting
origins (Jurado et al., 2008). The simultaneous presence dhat the relative humidity in the ambient air was relatively
minor N, K, P, S, and/or Cl with C and O is considered to high, causing the particles to be collected as droplets.
be a “biogenic fingerprint” (Ro et al., 2002), e.g. particle  Carbon-rich or organic matter contained in these parti-
#75. Relatively few biogenic particles were encountered incles likely originated from crude oils spilled on the surface
the collected samples. Itis likely that the majority of organic of the sea, marine organisms, or the “humic-like substances
compounds came from the products of combustion (result{HULIS)” in seawater. HULIS, which mostly come from
ing from biomass burning, automotive or industrial sources)biomass burning or are of biogenic origin, have high con-
in the surrounding area, or resulted from the oxidation oftents of carbon and oxygen (Krivacsy et al., 2008). Vester et
volatile organic compounds (Jurado et al., 2008). Besidesal. (2007) reported that the significant fraction of aerosol par-
crude oils spilled on the surface of the sea from tanker shipdicles in the size range of 0.1-10n aerodynamic diameter
or cargo vessels could not be excluded (Wang et al., 2008). collected at an urban background station in Germany is com-
posed of secondary aerosol particles in droplet shape mainly
containing ammonium, nitrate, sulfate, and organics. The
(4) Droplet particles rich in (C, N, O) and (C, N, O, S) droplet particles rich in (C, N, O) or (C, N, O, S) that we ob-
served here are likely a part of the complex secondary aerosol
Two types of droplet particles have to be paid particular at-Particles as they reported.
tention. One is rich in (C, N, O) and the other is rich in
(C, N, O, S). They have similar morphology (dark shades)
in the SEI due to low secondary and backscattered electroib) Fe-rich, fly ash, and other species particles
yields. The droplet particles rich in (C, N, O), likely the
mixture of organic matter and N O3, often include mi-  Fe-rich particles have irregular shapes on the SEI and usu-
nor (less than 6 at.%) Na and Mg that possibly come fromally contain more than 20 at.% of Fe element species, e.g.
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particles #11, #41, #66, and #85 in Fig. 4 and Table 2. Their _ PM.=.10 fraction PM 025 fraction

major type is iron oxide/hydroxides, the main sources of «42 7

which are metallurgical processes, traffic, and coal combus-£ ., 7

tion (Ro et al., 2002). These Fe-rich particles possibly come% 20 B/Z//E E‘\m/ @\//f\m

from the surrounding cities and steel factories near the coastz ;7%& ;\;\:} .
Fly ash is a powdery material made up of tiny glass spheres " ., ", o, 5 xz aill o D s o o

that consists primarily of silicon, aluminum, iron, and/or cal- —e~ particles containing sulfates 5~ particles containing nitrates - particles containing both

cium oxides. It is formed by mineral transformation in high-
temperature combustion processes and has longer residence

(a) Secondary soil-derived particles

periods in the atmosphere. The fly ash particle tends to be _ PM:s.10 fraction PMio-25 fraction
small and spherical, has a bright and circular shape on SEI : ~ N
images, and is easily distinguished, e.g. particles #4, #47,5 " rANE A
#80, and #86 in Fig. 4. Large quantities of fly ash are gener- * ’ \‘ / m\ A/Z /“
ated by coal combustion for electric utilities and power plants = * T’N 5 %743\
(Chen et al" 2004)' ' DI D2 D3 N3 N2 NI | DI D2 D3 N3 ‘ N2 NI
The particles that could not be classified into any of the o~ particles containing sulfates g~ particles containing nitrates - particles containing both

above fourteen types were put in the category of “other
species.” They included TiQ CuQ, MgO, and (O, Cl)- and
(C, N, Cl)-rich particles with low encounter frequencies, e.9. Fig. 5. Relative abundances of secondary soil- or marine-derived
particles #24, #29, #38, #69 and #74 in Fig. 4. It is possi-particles containing nitrates, sulfates, or both. (The secondary soil-
ble that the particle rich in (O, Cl) is AgCl or AgO in which derived particles included “aluminosilicates + (N, S)” and “reacted
Ag failed to be distinguished due to the disturbance of theCaCQ/(Ca,Mg)CQ”; and the secondary marine-derived particles
substrate. The particle rich in (C, N, Cl) is the mixture of included “reacted sea salts” and “reacted sea salts & mixture”.)
organic matter and NECI, which is probably the reaction

product of NH with HCI. The major sources of NiHare _ ) )

animal waste, fertilizer, soil emissions, and industrial emis-PM25-10 and 62.0% in PMo_2 5 fraction) outweigh those
sions (Sorooshian et al., 2008), and HCl is likely a result offor NAD samples (N1: 12.0% in Ph_10 and 32.0% in

the reaction of NaCl from sea salts with HNQr H,SOy) PMy 0—25 fraction), the Asian dust storm event seems to in-
(Sullivan et al., 2007). crease secondary soil-derived particles in the MBL of the

Yellow Sea. The possible reasons are: on one hand, an-
3.2 Effects of an Asian dust storm event on particle thropogenic S@ and NG in the MBL of the Yellow Sea
abundances are abundant, providing more chances for these chemicals to
react with the mineral dust; on the other hand, air masses
3.2.1 Effects on relative abundance of soil-derived par- Passing over northeast China (Fig. 3) carry mineral dusts
ticles that have already reacted with “secondary acids,” since a
large amount of S@and NQ, are emitted in that region
As shown in Table 4, the primary soil-derived particles in (Hatakeyama et al., 2005).
which AlSi-containing particles greatly outnumber Siéhd Nitrogen-containing particles provide essential nutrients
CaCQ have higher relative abundance in PM1q fraction for ocean life through wet and dry atmospheric depositions
than in PM_o_» 5 fraction (on average, 43.8% vs. 14.0% for (Zhang et al., 2007). However, excessive supply of nitrogen
Asian dust samples, and 46.9% vs. 26.2% for NAD samples)nutrition (e.g., the atmospheric deposition of organic nitro-
in contrast to the secondary soil-derived particles (24.2% ingen, ammonium, and nitrate) leads to eutrophication in the
PM 5_1¢ fraction vs. 46.9% in PNlg_» 5 fraction for Asian ~ oceanic, coastal, and shelf regions (Bergstrom and Jansson,
dust samples, and 19.2% vs. 37.3% for NAD samples), in-2006). Fig. 5a shows that in nearly all the samples, the sec-
dicating that the fine soil-derived particles in the atmosphereondary soil-derived particles containing nitrates are the most
are more prone to reacting or mixing with air pollutants or frequently encountered, followed by those containing both
“secondary acids” than are the coarse ones, which agreesitrates and sulfates, and then those containing sulfates. This
with the results from Table 3. Along the Bohai Bay, the Bo- suggests that a large amount of nitrogen-containing particles
hai Straits, and Yellow Sea, the relative abundances of priare deposited into the Bohai Sea and Yellow Sea.
mary soil-derived particles in both BM_10 and PM g_25 It was reported that Asian dust storm events provide a
fractions gradually decrease, suggesting the presence of a deemoval mechanism for NO(or HNOg) and perhaps con-
position or composition-modifying process affecting thesetribute to nitrogen deposition in the Yellow Sea (Wu and
particles during transport. Based on the observation thaDkada, 1994). In the present work, the amount of nitrate-
the relative abundances of secondary soil-derived particlesontaining, soil-derived particles is found to be higher in the
for Asian dust samples on the Yellow Sea (D3: 30.0% in Asian dust samples than in the NAD samples. Moreover,

(b) Reacted sea salt (& mixture) particles
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Table 4. Particle types and their relative abundances in non-Asian dust (NAD) and Asian dust samples.

Types relative abundance in BM_1¢ fraction (%) relative abundance in R\J_» 5 fraction (%)
Asian dust samples NAD samples Asian dust samples NAD samples

D1 D2 D3 ave N3 N2 N1 ave D1 D2 D3 ave N3 N2 N1 ave
1. Primary soil-derived particles 57.3 540 200 438 587 507 313 469 18.0 213 27 140 487 16.7 133 26.2
(1) AlSi-containing 453 46.7 133 351 36.7 347 253 322 120 187 13 10.7 39.3 120 120 211
(2) SiO,-containing 93 53 60 69 87 93 33 71 33 27 13 24 40 33 13 29
(3) CaCQ or (Ca, Mg)CQ 27 20 07 18 133 67 27 76 27 0 0 09 53 14 0 2.2
2. Secondary soil-derived particles 21.3 21.3 30.0 242 173 280 120 19.2 440 347 620 469 353 447 320 373
(1) aluminosilicate+(N, S) 153 16.7 300 20.7 153 220 93 156 28.0 32.0 540 380 26.7 327 30.7 300
(2) reacted CaC® 6.0 4.7 0 3.6 2.0 6.0 2.7 3.6 16.0 2.7 8.0 8.9 8.7 120 1.3 7.3
3. Marine-derived particles 7.3 2.7 10.0 6.7 16.7 11.3 38.0 220 11.3 220 93 143 2.7 18.0 18.7 131
(1) genuine sea salts 0 07 O 0.2 20 07 40 22 0 0 0 0 0 0 0 0
(2) reacted sea salts 4.0 1.3 4.0 3.1 10.0 5.3 26.0 1338 5.3 140 6.7 8.7 2.0 7.3 11.3 6.9
(3) reacted sea salts & mixture 33 07 60 33 47 6.0 80 6.2 60 80 27 56 07 107 73 6.2
4. carbonaceous particles 1.4 1.3 0.7 11 4.7 4.0 3.3 4.0 0 2.0 0.7 0.9 4.0 4.0 5.4 4.5
(1) carbon-rich particles 0.7 0 0 0.2 2.7 2.7 1.3 2.2 0 0 0.7 0.2 0.7 0 0.7 0.5
(2) organic particles 07 13 07 09 20 13 20 18 0 20 0 07 33 40 47 40
5. dropletrichin (C, N, O) 12.7 120 353 200 13 2.0 10.0 4.4 26.0 173 180 204 33 8.7 18.7 10.2
6. dropletrichin (C, N, O, S) 0 0 0 0 0 0 0 0 0 0 0 0 0 53 80 44
7. Fe-rich particles 0 2.7 13 13 0.7 2.7 4.0 2.4 0.7 13 3.3 1.8 13 13 13 13
8. fly ash particles 0 0 2.0 0.7 0.7 0 0.7 0.4 0 0.7 3.3 13 0 0 1.3 0.4
9. other species 0 60 07 22 O 13 07 07 0 07 07 04 47 13 13 24

the amount of such particles increases from the Bohai Sea Marine particles can react with $S@nd NG to produce
to the Yellow Sea, peaking at 44.7% in RWl.o5 fraction Na;SO; and NaNQ@ particles, respectively (Laskin et al.,
and 26.7% in PMs_1¢ fraction (sample D3), whereas the 2003). In our previous studies, it has been convincingly
amount of such particles in the NAD samples tends to de-demonstrated that the lo&-particle EPMA technique can
crease (Fig. 5a). The results suggest that airborng (80  clearly distinguish “genuine” (either in the form of NaCl or a
HNO:3) rather than S@(or H,SOy) is prone to react with the  mixture of NaCl and MgG) from “reacted” sea salts (mostly
primary supermicron alminosilicate, SiCand CaCQ par- nitrate and/or sulfate of sodium and/or magnesium) (Hwang
ticles; or, the mass concentration of N@ the MBL of the  and Ro, 2006). Herein, the reacted sea salts (& mixture) were
Yellow Sea might be higher than the mass concentration otlassified into 3 types, i.e. nitrate (N)-containing, sulfate (S)-
SO. In addition, photochemistry, sink processes, and a num<ontaining, and both nitrate and sulfate (N+S)-containing
ber of other factors also play important roles in the forma-types. Figure 5b shows that the reacted sea salt (& mixture)
tion/decomposition process of nitrate- or sulfate-containingparticles in PM o_2 5 fraction have a similar distribution at
particles (Sullivan et al., 2007; Hwang et al., 2006). The the three sampling locations for the Asian dust and NAD par-
decreasing trend for the sulfate-containing secondary soilticles. Namely, (N+S)- but (S)-containing particles are more
derived particles both in the Asian dust and in the NAD sam-abundant in the samples collected in the Bohai Straits than
ples from the Bohai Sea to the Yellow Sea (Fig. 5a) indicatesn those collected on Bohai Bay and the Yellow Sea, which
that the impact of NQon soil-derived particles is larger than is in contrast to the case for (N)-containing particles, which
that of SQ in the MBL near the Seoul-Incheon metropolis. are more abundant in the samples collected on the Bohai Bay
and the Yellow Sea. (N+S)-containing particles from the Bo-

3.2.2 Effects on the relative abundance of marine- haj Straits greatly outnumber (N)- or (S)-containing particles

derived particles from the Bohai Straits. In Pi_1o fraction, the relative

. ) abundances of (N+S)-containing particles for the Asian dust
The Asian dust storm event reduced relative abundances Qfympjes tend to decrease from the Bohai Sea to the Yellow
coarse sea salt particles. In Byl fraction, notonly the  ge5 \whereas those for the NAD samples tend to increase,
genuine sea salt particles but also the reacted sea salt (& Mixg, ggesting that the Asian dust storm event reduced the coarse

ture) particles exhibited lower encounter frequencies in the(N+S)-containing sea salts (& mixture) in the MBL of the
Asian dust samples than in the NAD samples (Table 4). Inyg|iow Sea.

PM1 025 fraction, genuine sea salt particles were not ob-
served for either type of sample, and there was no significant

difference in the average abundances of reacted sea salt ( . .
mixture) particles between the Asian dust and NAD samples the width Of, the Ygllow Sea between Ea;tern Chlna and the
Korean peninsula is 350 km—700km), with the air masses

This indicates that the Asian dust storm event had a greater ) . )
g assing through the Yellow Sea. This means that there is

impact on big sea salt particles than on small ones. P . . .
P 9 P enough time for S@to be oxidized into HSOy or SOf;r‘ and

On normal (non-Asian dust) days, air pollutants from East-
rn China take 1-2 days to arrive at the Korean peninsula
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to interact with sea salt aerosol particles, resulting in the el-3.2.4 Effects on the relative abundances of carbona-
evation of reacted sea salt (& mixture) concentrations in the ceous, Fe-rich, fly ash, and other species particles
MBL of the Yellow Sea. However, during the Asian dust
storm event, higher wind speeds and lower relative humidityOverall, the Asian dust storm event reduced the relative abun-
possibly hindered the transformation of S@to H,SO, or dances of carbonaceous particles (1.1% for the Asian dust
SO;, therefore leading to fewer (S)-containing and (N+S)- samples vs. 4.0% for the NAD samples in P fraction
containing particles. In addition, the presence of dimethyl-and 0.9% vs. 4.5% in Pib_2 5 fraction) (Table 4). A possi-
sulfide (DMS) in the seawater might complicate the discus-ble explanation is that the Asian dust mostly originated from
sion regarding the reaction of sea salt particles with anthrothe desert and Gobi, carrying a high abundance of mineral
pogenic NQ and SQ in the MBL. DMS, which is produced dust but not organic compounds (Hwang et al., 2008).
by marine microbiota and is the most abundant volatile sul- Fe-rich and fly ash particles are not frequently encountered
fur compound emitted into the atmosphere from the oceanin either the NAD or the Asian dust samples in the MBL
can be oxidized to form various sulfur containing products, (Table 4). The Asian dust samples had higher abundances of
such as S@ methanesulfonic acid (MSA), and non-sea salt both coarse and fine fly ash particles and lower abundances
SOff (nss-SCﬁ’) (Yang et al., 2009). An investigation of the of coarse Fe-rich particles than did the NAD samples. The fly
spatial distributions of atmospheric DMS and the sea-to-airash particles in the Asian dust samples may have come from
flux of DMS in the North Yellow Sea, China, reported the east and northeast China (Fig. 3), where there exist several
reduction of the concentrations of DMS from inshore to off- large coal-fired power plants.
shore sites in the surface water, revealing the indirect effects In all the samples, only 14 (C, N, Cl)-rich particles were
of DMS on the aerosol compositions in the MBL (Yang et encountered. They had low relative abundances except in
al., 2009). PM25_10 fraction of sample D2, which was collected in the
MBL of the Bohai Straits. This type of particle has high
3.2.3 Effects on the relative abundances of droplet par-  atomic concentrations of C, N, and Cl, and is likely the mix-
ticles richin (C, N, O) and (C, N, O, S) ture of NH4Cl and organic matter. The release of HgI

) ) from acidified sea salt particles (caused by reaction with

The (C, N, O)-rich droplet particles were frequently encoun- H>SO4 or HNOg) could result in elevated concentrations of

tered both in PMs_10 and PM,o—2 fractions, and greatly HCl(,) available for reaction with dust particles or NkSul-
outnumbered the (C, N, O, S)-rich droplet particles that Were) -1 'et al. 2007).

only encountered in PMy_> 5 fraction (Table 4). For the

NAD samples, the relative abundances of (C, N, O)-richg 3 pgssible mechanisms for the elevation of nitrogen-
droplets increased from Bohai Bay to the Yellow Sea. This is containing particles during an Asian dust storm
not unexpected, given that emissions of anthropogenic pollu- event

tant precursors are plentiful around the Yellow Sea, and that

the relative humidity in the MBL is high, therefore provid-  Geographical traits, meteorological conditions, and air mass
ing favourable conditions for the gas—aerosol interaction antyyigins exert significant influences on the chemical compo-
for the nitrate-ammonia interaction to form WNOs onthe  sjtions of aerosol particles. In this study, it was observed
aerosol (Pandey et al., 2008). _ that the Asian dust storm event that occurred on 30 April
Moreover, the relative abundances of (C, N, O)-rich ang 1 May 2006 particularly elevated the relative abundances
droplets in the Asian dust samples were significantly ele-of secondary soil-derived particles containing nitrates and
vated over those of the NAD samples (on average 20.0%roplet particles rich in (C, N, O). Overall, the relative abun-
vs. 4.4% in PMs_q fraction and 20.4% vs. 10.2% in  gances of these particles gradually increased in the MBL
PMuo-2 5 fraction), suggesting that the NNOs-containing  from Bohai Bay to the Bohai Straits and the Yellow Sea.
particles increased in number when the Asian dust passefh conclusion, inorganic nitrogen-containing particles in the
over the MBL. The observation that no (C, N, O, S)-rich \BL of the Bohai Sea and the Yellow Sea were enhanced

droplets were encountered in the Asian dust samples iMgyring the Asian dust storm event. The possible reasons are
plies that the Asian dust storm event reduced the formatioryescrined below.

of NH4HSO4/(NH4)2S0s-containing droplets. It is likely The Yellow Sea, a semi-enclosed marginal sea of the
that, on one hand, NHHSO4/(NH4)2SO; was more diffi-  Northwest Pacific Ocean, joins the Bohai Sea to the north
cult to form than NHNO; did during the Asian dust Storm  ,:0,9h the Bohai Straits. The aerosols in the MBL of the

event, or the formation of ammonium sulfate/bisufate might g h4i Sea and the Yellow Sea are influenced by air masses
be suppressed as sulfuric acid was taken up by mineral pag;, 1)y from mainland China and the Korean peninsula. In-

ticles (Zhang et al., 1999, 2003), and that, on the other handyitaply, these aerosols will be also affected by mineral dust
NH4HSOW/(NH4)2SOs particles were too small in diameter o air pollutants carried by Asian dust aerosols. The trans-

(<1pm) to be collected by the Dekati Piimpactor. port route of a dust storm plays an important role in the effect.
In the present study, it is noticeable that the pathway of air
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masses for sample D3 was different from that of air massesnoto, 2003). At the same time, due to a reduction in indus-
for samples D1 and D2, although they all originated from trial coal use and the execution of a series of strict environ-
Mongolia and northeast China (Fig. 3). The air masses atnental protection policies in China, S@missions are ex-
heights of 300 m, 500 m, and 1000 m for sample D3 passegbected to decline, resulting in a reduction in acid deposition
over North Korea and the Seoul-Incheon metropolis (whilein China and even in Japan (Carmichael, et al., 2002). In the
those for samples D1 and D2 just passed over Northern Chinapring, Asian dust storms originating in the deserts of Mon-
and the Bohai Sea) and stayed for a shorter period on the segolia and China make their way to populated cities, adding
Consequently, sample D3 seems to have been more stronghust components to the urban aerosols. In the Asian Pa-
influenced by landmass and metropolis environments tharific Regional Aerosol Characterization Experiment (ACE-
by marine environments, in contrast to samples D1 and D2Asia), it was observed that there were few “pure” particles
This may be why sample D3 contained more secondary soiland a lot of calcium-rich particles coated with secondary
derived species and (C, N, O)-rich droplets. nitrates; such nitrate-coated particles unexpectedly outnum-
In East Asia, due to rapidly growing agricultural, bered those coated with secondary sulfates, indicating that
livestock-farming, and industrial activities, particularly in the Asian dust storm studied in that experiment carried a va-
China, the concentrations of NHand NG species have riety of nitrogen-containing pollutants along with the min-
rapidly increased, leading to a large amount of JNiD3 be- erals (Erickson, 2002). Tang et al. (2004) also reported that
ing formed in the East Asian atmosphere (e.g., over the Yelhigher concentrations of sulfate were prevalent in the interior
low Sea) (Kim et al., 2006). Large amounts of Nate emit-  of China, while nitrate and ammonium were maximal at the
ted from regions of high agricultural activity and livestock east coast. The higher N@nd lower S@ emissions in the
farming (e.g., Shandong, Anhui, Jiangsu, Henan, Sichuancoastal region might lead to the formation of a large amount
and Hebei provinces, China), whereas,N®largely emitted  of inorganic nitrogen-containing particles.
from urban areas (e.g., the Seoul, Beijing, and Shanghai ar-
eas) (Kim et al., 2006). The mean M@alues at roadsides in
Seoul (60 ppb or so) and Incheon (45.4 ppb) were higherthad Conclusions
those in other cities such as Greater Manchester in the UK
(33.2 ppb), Rotterdam in the Netherlands (20.8 ppb), MunichSix sets of aerosol samples were collected in the Marine
in Germany (17.2 ppb), and Stockholm in Sweden (15.1 ppb)Boundary Layer (MBL) of the Bohai Sea and the Yellow
(Pandey et al., 2008), providing favorable atmospheric con-Sea from 28 April 2006 to 1 May 2006 using a three-stage
ditions for particulate nitrate formation in the atmosphere.cascade Dekati PM10 impactor. Samples D1, D2, and D3
Song et al. (2009) reported that Nidoncentrations in the were collected during an Asian dust storm event whereas
Seoul atmosphere were also high, ranging from 0.7 ppbv tsamples N1, N2, and N3 were collected on non-Asian dust
13.6 ppbv with an average of (4:2.1) ppbv, and they at- (NAD) days. Overall, 1800 coarse and fine particles (aero-
tributed high concentrations of NHo the catalytic convert- dynamic cutoff diameters: 2.5-10m and 1.0-2.5um, re-
ers of automobiles. Hence, it is not unexpected that the aispectively) were analyzed using a quantitative single parti-
masses passing over the Seoul-Incheon metropolis can cargfe analytical technique called lo®-particle EPMA. Based
a large amount of NFNOs. Indeed, Miyazaki et al. (2005) on the X-ray spectral and SEI data, 15 types of particles
found that particulate nitrate transported from the Asian con-were characterized. For all the samples, soil-derived parti-
tinent to the western Pacific region was mostly in the form of cles (alminosilicates, Si§)and CaCQ) were the most abun-
NH4NOs3. The conversion of NElIfrom gas phase to aerosol dantly encountered, followed by (C, N, O)-rich droplet parti-
phase will reduce its dry deposition rate, allowing long-rangecles (likely the mixture of organic matter and WNO3), ma-
transport of this nitrogen-containing species. rine particles, and then carbonaceous, Fe-rich, fly ash, and
The anthropogenic N©emitted from mainland Chinaand (C, N, O, S)-rich droplet (likely the mixture of organic mat-
the Korean peninsula may outweigh the S@®the MBL of ter and NHHSOy/(NH4)2SOy) particles. During the Asian
the Bohai Sea and the Yellow Sea, or it may be thaN&3 dust storm event, primary soil-derived particles decreased
is more favorably generated and observed in the springand secondary particles, especially those containing nitrates,
time than (NH)2SOQu/NH4HSOy, as inferred from theob- increased. Moreover, the relative abundance of the (C, N,
servations of many (C, N, O)-rich but not (C, N, O, S)- O)-rich droplet particles was elevated in both £Mo and
rich droplet particles and of many nitrate-containing but not PMy o_2 5 fractions, and the abundances of carbonaceous and
sulfate-containing secondary soil-derived particles. AerosoldC, N, O, S)-rich droplet particles were reduced. The results
collected in Asia are different in their chemical compositions imply that Asian dust aerosols were an important carrier of
from those in Europe and North America because in Asiagaseous inorganic nitrogen-containing species (within 1.0—
more coal and biomass is burned, leading to a sharp increasB0um), especially N@ (or HNOz) and NHs, in the MBL of
in NOy emissions and an excess of pl€ncentrations, es- the Bohai Sea and the Yellow Sea. Considering the poten-
pecially in the atmosphere over China (Richter et al., 2005) tial increases in the emissions of j@nd NH; in the coastal
NOy emissions are expected to continue to increase (Aki-cities of mainland China and Korea, the influences of nitrate
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and ammonium on the biogeochemistry of the Bohai Sea and transport path of the Asian continental outflow, Atmos. Environ.,
Yellow Sea are expected to be further enhanced. 41, 1924-1935, 2007.
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