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Abstract

The PM,, and PM, aerosols were collected at the Gosan site of Jeju Island in 2013 and analyzed, in order to
examine the variation characteristics of the chemical compositions in relation to the haze, Asian dust, and mixed
haze-Asian dust episodes. Volume concentrations obtained from the Aerodynamic Particle Sizer (APS) were high in
the range of 0.6~1.0 um particles for haze event, and in the range of 2.0~10.0 um particles for Asian dust event.
For the haze event, nitrate concentrations increased highly as 8.8 and 25.1 times for PM,, and PM, ¢, respectively,
possibly caused by the inflow of air mass stagnated in eastern parts of China into Jeju area. For the Asian dust
event, the concentrations of nss-Ca®*, NO,™ and nss-SO,” increased 6.0, 1.5, 1.8 times for PM,,, and 2.3, 1.3, 1.6
times for PM,, respectively. Meanwhile, for the mixed haze-Asian dust event, the concentrations of nss-Ca** and
NO;™ increased 13.4 and 3.2 times for PM,,, and 1.8 and 3.4 times for PM,, respectively. The NH,NO, content
was higher than that of (NH,),SO, during the haze event, however it was relatively low during the mixed haze-
Asian dust event. The aerosols were acidified mostly by inorganic acids, and especially the nitric acid contributed
highly to the acidification during both the haze and the mixed haze-Asian dust events. Meanwhile, the neutraliza-
tion by ammonia was noticeably high during haze event when the stagnated air mass moved from China.
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Fig. 1. Surface weather map during the haze event in this study: (a) 00 KST MAR 4, 2013 and (b) 12 KST MAR 4, 2013.
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Fig. 2. Surface weather map (including dust observation information as a red circles) during Asian dust event in this
study: (a) 18 KST APR 07, 2013 and (b) 12 KST APR 09, 2013.
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Fig. 3. Surface weather map (including dust observation information as a red circles) during mixed haze-Asian dust
event in this study: (a) 18 KST DEC 30, 2013 and (b) 06 KST JAN 01, 2014.
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Fig. 4. Time evolution of the aerosol volume size distribution measured by the APS at Gosan during the three events:
(a) 2013. 03. 04. (haze), (b) 2013. 04. 09. (Asian dust), (c) 2013. 12. 31. (mixed haze-Asian dust).
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Table 1. Concentrations of water-soluble ionic species during haze, Asian dust and mixed haze-Asian dust episodes at

Gosan site.
Concentration (ug/m?)
Species PM,, PM,

Hz AD? HZ&AD? NE? HZ AD HZ&AD NE
NH,* 11.6 22 2.9 2.4 115 1.9 2.2 2.1
Na* 2.8 7.8 8.1 2.8 0.4 0.6 0.6 0.4
K* 1.4 0.4 1.0 0.3 0.9 0.3 05 0.2
nss-Ca?* 2.0 1.4 3.2 0.2 0.1 0.1 0.1 0.1
Mg** 0.6 0.6 1.0 0.3 0.1 0.1 0.1 0.05
cl 3.8 55 11.4 3.2 0.6 0.2 0.3 0.2
NO, 26.6 45 9.7 3.0 26.1 1.6 36 1.0
nss-SO,% 16.6 12.7 9.1 71 14.0 7.3 8.5 5.6
F 0.07 0.05 0.1 0.02 0.01 0.01 0.01 0.01
HCOO~ 0.1 0.2 0.3 0.1 0.1 0.02 0.06 0.05
CH,COO" 0.09 0.1 0.1 0.1 0.06 0.01 0.05 0.06

YHZ: haze, ? AD: Asian dust, ® HZ&AD: mixed haze and Asian dust, ¥ NE: non-event
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Fig. 5. 3-Day backward trajectories for (a) the haze, (b) Asian dust and (c) mixed haze-Asian dust events at Gosan site.

oA AT AR AR SAHE BN AR op= FuEy] gE Ao 2R (Robarge etal.,
SHIME ABEA9LS E36t9 a1, o| 2o A wrAsh A5 2002; Koutrakis et al., 1992). gl o] nss-Ca®* HEi
E HBAoR Qg nHS ACE 2FEch WE  PMolA 608, PM,.olA 238 Z71st] PM,olA
of nss-Ca™& PM,s0l4] 228, PMoll Al 818 = 2 3ol Rk s1AT o] A oA 1145
7} 2715kl PM,0lA NH,', nss-S0.7, NOy BTk 2% 241714 |4A1zko] of% &7 Yehde). 12
A om te 27heS eyl PM,, 557} 2t 146 pg/im® HER T2 o]
49 9ol WA B} o= NO,, nss-SO,” 5 HIS) ML sk Wopy] W] off Feeld 3
7h @] Hls) PMoIA L5~185. PM,olH A} ofol2Ee] 4L Uehlxs 23E Aoz 1l
13~L6¥] A53tch. Teu NH," 420 B¢, 8 th
ANYRY Tt B BES Yehhoch olaid 2 129 31909) AR} B ooj2E 2] NH,', nss-
T A Ao $F Uehbe @40 A4 dE SO BE o] HEAe] 8] PMelH 1.2~13
Foleo] Eoke] 7] Bute] whgo] o8] otmy  ul, PM, ol A L1~158) Z7ksheleh 22lm NO, &

7SS IA A 32 A A 3 &
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Fig. 6. Size distributions of aerosol components for (a) the haze, (b) Asian dust and (c) mixed haze-Asian dust events
at Songwol-dong site of Korea Meteorological Administration in Seoul.
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A% Ak EAS eI o|A Y AF-BAF &
A AN 2710e 39 4L HAT AFet A
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23t 23l= APSE A3 dAA7E Ruls= He}

oh= & AXsock
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SRA A A o5 AT e TEstol
AFA A7 AARoZ ) 7)Ao 2A FFS
HY Ao 23Hch 49 999 B¢ Ca' T NO,
HBo] ZiRel A tha F7hstel AL AR

o] vl AFE Bk 3 1249 3199 AE&AY
MOUDI %74 Ao A& NO,, SO, 0] A9t =T
QAo A FAof| Z745k whHo Ca’t, Na'e =df ¢
Ao FE7} Adsste] AR FAE FAlO S
oY Aoz Btk a3 oA AE&d AFA
oA &A% o] FE Fol7t A2 & dXst= A
o2 Ho} o] AHFEC] AFA G| F3HE A gl
FdH o2 BASHESS AT 4 Ui

B3 7 AEEY ABEEE sty Yot
PMy,5/PM,s T =HE B8 AF Al PMyg, s
PM,; 5EH]= 27+ nss-SO,% 0.18, NO, 0.02, NH,*
0.02, K* 0.51, nss-Ca* 16.829] £xH|E Jey it
vl AL Aol Z+2h nss-SO,> 0.75, NO,™ 1.76,
NH,* 0.15, K* 0.50, nss-Ca?* 11.300]gich & 5o}
A} &2 Aloll= Z+Hz} nss-SO,% 0.07, NO,™ 1.71, NH,*
0.28, K* 0.89, nss-Ca?* 34.442 el it o] A Y 4=
£4 o] 2HEE F nss-SO,7, NH, 2 tiA| " o2 n|
Al Aol EZ3EA T NOy 7} K& 2o g aket nlAlY
Aol 17 RE3}T, nss-Ca”' = I RE 2o Yato] &
ZEE= AFES Bk 1Y NO, 9 A AR A9
= WEE PM,; ulA YA B2 AL A=
PMyg,s ZHH YA R E o] 7|4ANERE 2 AolE
Ve 3}

3.3.2 Al|E o]l
ﬂ“:fil %]—A]—l ﬂ‘EIL ]' ZH }\] PM:LO! PM25 o\:]X]—"] T
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Fa 27 ®7)oe12F 48 NH,', NO;, nss-
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SO, 3 K'S et 2A4u7} 39 49 AR A=
PM,y, PM, s ZtZ} 85.5, 97.4%0] 3L, PM,, 0l A
26.0%% AA|SHAT) ol A= et 1100317
oA FAlo 4T AN A= B3 FFE Holn
Atk grepal 1100aA] oA 783 Aao A= NH,',
NO;’, nss-SO,”, K*9] 4 J&& I 2447t PMy,
PM, ol Al Z+2} 90.0, 94.2% 2 TAMA| 7} up7A| 2
AF AR Aol E2 &S el i

a8y 49 9 FAF Aol o] 2/4H7F PMy,

7SS IA A 32 A A 3 &

PM,; Z}Z} 55.8, 91.1%, PM,y,s91 A 34.1%0°]1 1, 12
4 31Y AF-FA EA Alol= PMy, PM,5 242} 48.5,
92.5%, PMyq, 914 22.6%°]3{e}. o] A H A% Alofl=
ol& 4EE0°] PMy, PMygoll A B TR & 24&
AR ST SHARE 49 9 Fafe} 124 319 -3
AR EA A Aol olE9] 2/4H]7F PMyol A 48.5
~55.8%= Zoi YAt A 287} dashe AP A
FA Ao REY EAS Holx Yo Y olE F

A} AR-FAL EA A PM,0lA] 0|5 HRES] 24
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Fig. 8. Composition ratios of element species in PM,, aerosols during (a) haze, (b) Asian dust and (c) mixed haze-Asian

dust events.

H= 91.1~92.5%2 AR} FARRE HlES e
o} £33 7] Q9] nss-Ca?*2 PM,g, PM, 5, PM,q, 500
A zAw7E A Al ZH2F 3.0, 0.2, 14.8%, AL ZH2t
4.0,1.0,5.2%, 18|31 AZ-3A; A A] 242+ 6.9, 0.6,
9.6%= AFo] HIF A} Ao ZYAA 2/dH]
7t SVt AFE BT

At o2 ALASET FASES F2 o5
YT 1P HYEY HA7EE UEdr] o2
NO,/nss-SO,> % |7} 3 0|59 d ¢ (Shen et al.,
2009), oW 1Y dY FFo| Atk & 4 Ut
(Cao et al., 2009). 2013 FFX| oA =ATE PM,,
9] NO, /nss-SO,” 5=t FAtel H|ZA} Alo] 2zt
1.37, 1.260| ¢t} 283 PM,2] NO,/nss-SO,” &
H|7} AR} H|AR A] 121, 1.062. 2 ZAME|$ITh(Lee
et al., 2014). = 2009¥ AR G4 PM,,e] NO,/
nss-SO,” HEHlE AR, FA-AE, vlade] 2z
2.13,1.76,0.87¢ Ao = Uehta it T3k =2 o)
o] o] 7% AR Aol NO,/SO,” 5% 7 PMygoll A
1.42~2.40, PM, ol A 1.51~2.119] HS Ho|rL} ]
A Yol= PMyoll A 0.48~1.32, PM, g0l A 0.52~
0.989] WelE Holk Aoz WIET Jch(Sun, et
al., 2013). & Ao PM,olA NO;/nss-SO,” %
TH7E AR, S AR-FAL v@A o] ZHz 1.6,
0.4, 1.1, 0.40]¢ith. 22 PM ol A= AR, AL A
F-ShA} v @dde] 42 1.9,0.2, 04, 025 YEHASL
th. o] NO, /nss-SO,” st A%t AF-FAt
A Ao AdFez ©§ wof o]l HUY IFE
gol W= Aoz Y 2P AFV S5 F

AN FAdHUNES ALt AFAY H7)d
ol BA2 & LHEL FFE Wol T e A

oz 234

3.3.3 Algg AAXY
PM, dlol2E9] Y2 EE BAsI A7, &
Ab, QF-ZAL AH A9 FEE 2 e
FEEY s=t HAFoR AF Ao 193 7199
S, K, Zn, Pb, Ni, Cu J&E5°] Hl@Adel ulaf 2.0~
1518 o £& Ao RAETE 223 AL A9
£ o5 AEEol H@ddel vls] 0.9~5.18), AF-3F
A EA) Aol 2.8~10.54] A3, AR AR
o AR-ZAL A Al ¥ £ FEE UEHigict v
o 8 Eo7|Y AHEQl Al Fe, Ca, Ti, Mn, Ba &
HIEG YT AR Alo] 2.4~12.84), A} Al 2.8~
7.2v, AF-ZAF EA] Alo] 8.3~19.94) F7Fst3ict
a3 BAT & 207] dagREe i 8
947149 &= (S, K, Zn, Pb, Ni, Cu)¢} H]&2 &7, &
A}, AEL-3FAL, H|EAFD o 72k 38.9, 28.4, 15.3, 25.4%
£ AR st BHo] E7|Y A&=5 (Al Fe, Ca, Ti,
Mn, Ba)¢] 2/du]= AR, FAL AF-ZAL Bl@A L
7}7} 415, 35.0, 56.9, 9.1% 2 UEh It} o] X F ofo]
2EY YRS AF DA Ao A71E A&
o 2u7t AR & A4S UedE AL

ZAPETHH 8).

AZkne] HlgL Ao AHG ACE tehka grt
(Mori et al., 2003). ¥Htxl o7 Y4 AE £ Ca/Al,
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Table 2. Estimated concentrations of (NH,),SO, and NH,NO, in PM,, and PM,; during haze, Asian dust and mixed haze-

Asian dust episodes.

PMy, PM_s
Species
Haze Asian dust Mixed haze-Asian dust Haze Asian dust Mixed haze-Asian dust
(NH,),SO, 22.89 7.97 10.47 19.30 6.95 8.16
NH,NO, 24.28 0.09 0.12 27.75 0.08 0.09

Fe/Al9] Hl= ti=F 0.7 A= 2 IR 2 ok £3] Cof
Al2] B]= x| &jo|| uhet BHE YL 1.08~2.70, Beijing
¥} Qingdao § F38kAH- 0.35~1.60, 2z
0.56~1.14, XL 0.13~0.71 522 F3} =9 ¢YX
F4% te ANE Hol: gtk o) o|FHA A
=40] 2 7ldto] GaFL HX7] B RoE &
A E}H(Cao et al., 2008). 18] ofAlo} ¥ 9] Ca/Al
Hl= ofzg|7} W29 0.15~0.38Ett A53HA Fot
A 229 Sl 7]oste ST YUk 2 Aol
A PM,2] CalAle] Hl= A, 3AL, AR-34a} Ao
712} 1.33, 1.36, 0452 el A4 Ee] ol ]
WA 2 A4S Gehhedch 2oy aReh FApe) 7]
SR A vl A s TR ZolE HolX e &

oz 2AE YL o d o] ft 3Y 499 Y
7F Fao] v " o Fk: AR w49 9
210] S Bl oFY] TR I Kjol7} ok F
AL ghe Ao ARH

L g

3.4 O|X} R7|00|2ES EY

3.4.1 A2 EYH sk #Ht

7] dEYyots FA4te F3ukgol o3
NH,HSO, E+= (NH,),SO,8 ¥EEHe A5t 9
o2& #=drh ol NHy/H,SO,2| &¥1]7} 0.5~
1591 44 di7]ofl A= NH,HSO, A o] S48k, =
H|7} 2 o]l AHjollA= F2 (NH,),SO, 4EE4
Aol LAttt (Seinfeld and Pandis, 1998). Hh o]
NH,NO,2 o] REatAL grrujolet Yabe)
E=7F w2 AHolA 2 BAE ] doj2Eo ExHY
(Robarge et al., 2002). o] 4 F8 o|x}F7|oj2&
AE(NH,*, nss-SO,7, NO, )2 3t E= A
FEEo) B 7] ool 2Bo] ZAJ5HH ooz
zo 20 TR FH EA9 FEA 0|
A EZAT oA ol2E HRY 2L PM,Y

7SS IA A 32 A A 3 &

19~44% AEE X R|ol= A2 HuE it &
Rogula-Koztowska et al. (2014)2 o] & AEE°] 2
(NH,),SO,2} NH,NO, 4oz ZA3ttt= 7Hy st
Al e FE2RE o9 4 (D~@)el o3 g=
E99 &2 346l (Rogula-Koztowska et al.,
2014). & AFtollA GA] ThF2 Ao &) AR, A,
AF-ZAE AH Al (NH,),SO,2F NH,NO; 4 46
93,71 2348 % 20 S5 3}2ck

[Ns5-SO,” Je/[NH, Teg <12 75,

[(NH,),SO,] =1.38[nss-SO,*] 1)
[Nss-SO,* 1o /[NH, Tg> 18] -,

[(NH,),S0,]1=3.67[NH,"] )
[ex-NH,*]=[NH,*] = 0.27[(NH,),SO,] 3)
[NH,NO,] = 4.44[ex-NH,"] 4)

& 29] Autel o] 3¢ 4Y AR A Al (NH,),SO,
o] 92 PM,,, PM, 014 22+ 22.9, 19.3 ng/m°e] 911,
NH,NO,& Z}z} 24.28, 27.75 ug/m’2 ZARIEEO
o 2 55 & UsWch vido] 49 90U A} AL
Aol (NH,),SO, /d&o] PMy, PM, oA Z+z} 7.97,
6.95 pg/m°o]t}, NH,NO, AE-2 PM,,, PM, oA Ztz}
0.09, 0.08 pg/m°2 o] AR Abgo] vls) FAtd=E
o A W kS Holi it B AR A
Aloll= (NH,),SO,/ 8] PMy, PM,soll 4 22+ 10.47,
8.16 ug/m*o]u}, NH,NO, 2 PM,,, PM, ;0| 4] ZFz} 0.12,
0.09 pg/m’2 o] HA| &4 AT Al v]d] FAYRE
o] WX @ FFE Hol= AR Uegt o3t
ANE Kol dREFHL AH R AL Aol At
UuE FHE ooj2Eo] EAsh AF A= AT
o] Aty FHE MEEe Ao A

L

3.4.2 MYt % B3 54

47l $4 F8 F714 At ik, a0
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Table 3. Comparisons between the sums of equivalent concentrations (Heq/m°®) of basic cations and acidic anions in
PM,, and PM,; particles.

PMy, PMs
Meteorology
Cation Anion Cation Anion
H* 0.005 nss-S0,% 0.346 H* 0.004 nss-SO,> 0.292
NH,* 0.645 NO, 0.429 NH,* 0.635 NO, 0.421
K* 0.036 F 0.004 K* 0.024 F 0.000,
Haze nss-Ca2" 0.097 HCOO" 0.002 nss-Ca2* 0.005 HCOO" 0.002
Mg?* 0.049 CH,C00" 0.002 Mg 0.005 CH,CO00™ 0.001
Total 0.832 Total 0.783 Total 0.673 Total 0.716
H* 0.003 nss-SO,> 0.263 H* 0.012 nss-SO,2 0.151
NH,* 0.107 NO, 0.072 NH,* 0.126 NO,” 0.026
) K* 0.010 F 0.003 K* 0.007 F 0.000,
Asian dust nss-Ca2* 0.071 HCOO" 0.003 nss-Ca?* 0.006 HCOO" 0.001
Mg?* 0.053 CH,C00" 0.002 Mg?* 0.004 CH,CO0O™ 0.000,
Total 0.244 Total 0.343 Total 0.155 Total 0.178
H* 0.002 nss-SO,% 0.187 H* 0.012 nss-SO,% 0.176
NH,* 0.158 NO, 0.157 NH,* 0.123 NO,” 0.058
Mixed haze- K* 0.026 F 0.005 K* 0.014 F 0.001
Asian dust nss-Ca?* 0.160 HCOO™ 0.006 nss-Ca?* 0.005 HCOO" 0.001
Mg?* 0.078 CH,CO0" 0.002 Mg 0.006 CH,CO0O™ 0.001
Total 0.424 Total 0.357 Total 0.160 Total 0.237

H|3) v f714R2 F2 A7) dE Yok} vk Table 4. Neutralization factor (NF) by ammonia and cal-

& 5o 93| FIHE AoE RAE o]r;].(seinfem cium carbonate in PM,, and PM,; during haze,
Asian dust and mixed haze-Asian dust events.
and Pandis, 1998). wtgtA] $a0]2, 9 $84 o) N NE
23 S0 FFFEREH S E F3} 7|dx Meteorology e o
PM PM PM PM
£ 828 4 9t} (Akpoa et al., 2015; Kim et al., 10 25 10 25
Haze 0.85 0.89 0.13 0.01
IO -3 A A
2014; Kang et al., 2009). 1%, AL, A-gpAL 24 A Asian dust 031 071 021 003

g Al ol 7 84 o] AR FEFEEE
3 3| B|astgc}.

F 33 o] 38 4 AR Al PMol| A H4bat At
of o3t AJS 7= 247t 44.2, 54.8%E AA|  E PM,ollAe AR A4S 7|o=rt 7zt 84.7,
99.0%7} o] & F7|4tel] o5 AMYStEE AoR AP 147%Z A 99.4%F AX|ste] AR Aot ] 2
HAth E PM,, GA] FAbaL Aatof o3t AMgst=r Shato] AbgStel| Z|ojgh Ao g RARE QT RHH
Z}7} 40.8, 58.7% 2 AA] 99.5%2 A 3IAT o] HF  87)Ake] 7]od8L PM,, PM, oA 1.5%, 0.6%= 1
AR 717kl AR EY] A3 AY diFE F74F GFFo] w]u]g Ao FRlE .

O] S ok, FAtHTH= A4t 7)o =7t B ™ 12 314 9] AR-FAL X A PMol|A] Satat &
Aoz ZAERT BHHo {714k 7ol && PMy, Aol o3t AWt = 247} 52.4, 43.9%2 XA 96.3%
PM,soll A 0,5%, 0.4%= ofF 22 &8 Yl ARt T PM, ol A= SH4tat AAbe] o5tk A
ct. "éE}E% 2}7; 74.4, 24.4%2 A A 98.8%0]3) 1, ALE-

49 9 AL A| PMyoll A 4k} FAbe] &3 4Hg AR EA Aol &4 FAt] vls) Adidez At

St 7427} 76.5, 21.1%E HA| 97.6%F AHA|stch. o Q% AMIE 7] mTt Fokele AEE ol gl

Mixed haze-Asian dust 0.45 0.53 0.45 0.02

mlm

tloi

.ﬁol?i
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rlo

oh E3 AR-GAL B A §714ke] 7] gL PM,
PM,soll A Zk2} 2.2%, 0.8%2 PM,olA o 2 E4<
UreR it

ES A=A F3t 719=E F3HIAH (Neutral-
ization Factor, NF)& H3lo] H7l8l\tH(E 4). t)7]
A Foole dEYol, Sk, gAY
& 50 7193k 1AL, o] FolM= FELote} g4t
Zgo] gt 7|A =7 2 AR &HA Uk (Akpoa,
et al., 2015; Kim et al., 2014; Kang et al., 2009).

HA Eyote] &%t FEAAE S B 2,
PMyofl A A, BHAL A7-33A% W@ Lol 242 0.85,
0.31, 0.45, 0.682 AF Alo]| &AW F11, AL A=
AR e 7loled Wbl v gk
o A% T2 AT, FAL DA HIEA L
Z}7} 0.13, 0.21, 0.45, 0.062 AtjF o2 AL A9 ¢
= B%E Holal Slth E PM,; ofloj2F A= A
AL QF-EAY Bl gE Yot 9%t F3t
21247} Z+zh 0.89, 0.71, 0.53, 0.86, BHAE &0 o3t &
3}127} Z+ZF 0.01, 0.03, 0.02, 0.030]Q1t}. o] A& tj
7] do2EofA AdERY Fohe diFE dEYot
o s dofifar L, AF o= A Alofl= gt
Zg9 7lo&o] S7I6AH 53] 39 49 AF Al
= s34 A" 77 FAEEA dEYoty F

o A

o

— 5

3t o=t T4 st ol HY d7)7h FA =
o} AF Aol YRS W FEYot w7}t 718t
£ FA= Lee et al. (2014)0] 2013 0] FFA] ol A
ST Ao A= FQAF Sick(Lee etal, 2014).
4.3 B

AF 143t ghebik 1100322] X H o)A 2013
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shad BHS 2AG ARENE Thedt g AES
A9ick
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Z¥z} 4.0, 2.4, 5.74), PM,; AFsT= 717} 4.9, 1.3,
208 o 27519k

AR (3 4%) Akl Al NOy BEE 53 539 4

7SS IA A 32 A A 3 &
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A (122 319) Aloll= PMyTt PM, 50141 NO;™ 5:=7F
Z+7+ 3.2, 3.44), nss-Ca’*o] ztz} 13.4, 1.84) Z7}5+¢
o AP ESS GF DA Aol AR HES (S,
K, Zn, Pb, Ni, Cu)9] =AJH]7} 2.0~15.14) ©f &%,
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A Aol 8.3~19.98 2 && S7H-S Yl
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A3 71Tt ket B¥FE BA E olE
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