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ABSTRACT

The collection of fine particulate matter samples has been made at a 1100
meter altitude site of Halla Mountain (Mt. Halla-1100 site), which is located
at the upper atmospheric boundary layer (ABL) of background area in Jeju
Island, during 2017-2018. Their ionic and elemental species were analyzed in
order to examine the chemical compositions and emission characteristics of
fine particulate matters. Furthermore, their long-range transport was studied
in relation to the various airflow pathways and meteorological conditions.
Mass concentration of PMjy and PMss were 19.3+14.7 and 9.6+6.7 ng/m’
respectively, during the non-event days. From the comparison of ionic
balance, the correlation coefficients (r) between the sums of cationic and
anionic equivalent concentration were 0.993 and 0.997, respectively, for PMjj
and PMs5, indicating the good correlations.

In case of the coarse particles (PMy 25), the concentrations of secondary
pollutants such as NOs, nss-SO# and NH," were 1.23, 0.52 and 0.26 pg/m®,
respectively. While, in the fine particles (PMs5), their concentrations were
050, 3.63 and 1.37 ng/m° respectively, showing 95.4% of all ionic species.
Whereas the elemental compositions of PMjy showed 39.1% for anthropogenic
(S, Zn, Pb, Ni), 42.9% for soil (Al, Fe, Ca) and 11.296 for major marine (Na,
Mg) sources.

In comparison of chemical composition related to the particle sizes, the
concentration ratios of PMjo 25/PMs5 for nss-SO,° and NH,', were 0.1 and 0.2
respectively indicating that those species were mostly existed in fine particles.
On the other hand, marine and soil species such as Na', Cl, nss-Ca®’, Mg’
were rich in coarse particles.

From the study of source origins by the principal component analysis, the

= viii -



ionic species of coarse particle were originated mainly from soil and
anthropogenic sources, and next from anthropogenic sources and marine
sources. While the composition of fine particles were influenced mainly by the
anthropogenic sources, followed next by marine and soil sources.

The clustered backward trajectory analysis showed that the concentrations
of secondary pollutants such as NOs, nss-SO,, and NH, increased
remarkably, when the airflow moved from China continent. On the other
hands, they decreased when the airflow moved from the Northern Pacific
Ocean. Likewise, in back trajectory analysis, the concentrations of secondary
pollutants in both PMj 25 and PM->5 particles were higher when the airflow
moved from China continent to Jeju Island.

During the Asian dust days, the concentrations of nss-Ca® and NOj
increased highly as 83 and 3.9 times in PMjy25 and 84 and 1.5 times in
PMs5, respectively, compared to non-event days. Especially, the concentrations
of the crustal species in PMjy such as, Al, Fe, Ca, Mn, Ba, and Sr showed a
noticeable increase during the Asian dust periods. While, in case of haze
events days, the concentration of secondary pollutants (NOs , nss-SO,%, NHy")
increased 1.7~6.8 times more in fine particles. In addition, those components
for the mist event days were 1.1~1.5 times higher in fine particles, compared
to non—event days.

Based on the study of neutralization factors, the fine particulate matters
were acidified mostly by inorganic acids such as sulfuric and nitric acids,
whereas they were neutralized by calcium carbonate in PMjy 25 particles and

ammonia in PMys5 particles.
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1.2.1 PM;y Air Sampler

PMyy "IAIA Alse] 75, 110027 @7 oy ekl HAg PMy
Sequential Air Sampler (APM Engineering, PMS-103, PMS-104, Korea)E ©]
g3lo] AR o, MFC (Mass Flow Controller)7} #2825 A]2~ElS A}
g3t &7 fF&Hol 2VIHH FE AIMA ALHAH SR 167 L/ming AT
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1.2.2 PM2s Air Sampler

PM.s vVIAIHA] A5+ PMss Sequential Air Sampler (APM  Engineering,
PMS-103, PMS-104, Korea)& °|-&3to] A3 L, Inlet F1F o= PMe
WINS Impactor7} +2&o] Slvh. & 7]F42 Ap53t Al 2=5] MFC7F %5 o
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1.2.3 Ion Chromatograph

vl AR o] =84 o] AEES MetrohmAHe] Ion Chromatography (Modula IC,
Switzerland)& A}b&3te] EAatith. NHy, Na', K, Ca®, Mg“ 3 2& F8 o]
AR BA o= Metrohm 818 IC Pump@t 819 IC Dectector® A}-8-3f
Metrohm Metrosep Cation-6-1502 AF&3tAth. &-o]&(Cl, SO, NOs, F, CH;S0;3)
2 {71 2HHCOO, CHsCOO ) #4eol= 831 Compact IC Pro¢t 819 IC Detector,
Metrohm Metrosep A-SUPP-16-250 2] %S AF8-3}5 .

1.2.4 Inductively Coupled Plasma/Optical Emission Spectrophotometer

m Al A o] AW (AL Fe, Ca, Na, K, Mg, S, Ti, Mn, Ba, Sr, Zn, V, Cr,
Pb, Cu, Ni, Co, Mo, Cd)<> ICP-OES (Perkin Elmer, Model OPTIMA 7300DV,
USA)E AFE-3te] #4389t ICP-OES+= simultaneous mode, radial/axial
plasma A¥3d, 40.0 MHz RF power, Segmented-array CCD (Charge-Coupled

device) Detector7} H2HEl Al 2~#l o]t}

1.2.5 Inductively Coupled Plasma Mass Spectrometer

Al A o] AR FollA A ow s vb2 AR E(Ti, Mn, Ba,
Sr, Zn, V, Cr, Cu, Ni, Co, Mo, Cd )< ICP-MS (Perkin Elmer, Model ELAN
DRC-e, USA)E A}g-3le] #A&9dth. ICP-MS: 40.0 MHz RF power, DRC
(Dynamic Reaction Cell), Quadrupole Mass Spectrometer’} A% ® Al2glo]

ot

1.2.6 Microwave Digestion System
MAEAL ARYES FEA7] A AR BEE EFL ol FHAA

npol Az syt o FAE AREstAen, A AMEE wpolamsl el FA=

oleke]o} MILESTONEAF] Model START D& A}-4-5}3)



1.2.7 pH meter

ol=d% &&FN9 pH+ pH meter (ORION, Model 720A, USA)<}t
Combination pH ross electrode (ORION, Model 8102BN, USA)e} ATC probe
(ORION, Model 917005, USA)E AF&-3to] A3kt

2 MAMAY Am AH D BA

2.1 PMy A& A3

PMyy "]AIHA] A& PMo Sequential air sampler®t ®HZ 2 HAE (Pall Co.,
Zeflour™, 47 mm, 2.0 um, USA)E AHg3te] 20179 19 1d%H 20184 12¢
3197k 3 744, 24X 7 9912 F 207 E AF AT Als AFH Al MFC7d
28 2ps AlaglE AMRste]l 7] /&S ZVIFEH SR AP AESH R
16.7 L/mins #FA38tdth AFHA7E T8 @ A8 HEE E92F Petri Dish
(SPL life Science, PS, 60 x 15 mm)ol] ¥o] HIZE Ho|Zi WE3o] 232
2 &0 % dAAlelHel A AERAIA FAE SAAH.

2.2 PMos A& A H

PMss Al &% PMss Sequential air sampler?t H:Z & g (Pall Co., Zeflour™
47 mm, 2.0 um, USA)E AF&3sle] 20173 1€ 1¥€4¥E 20183 12¢€ 31¥7H#] 3
A, 24N F R F 2T0E AFHAA

m9

PMy, PMas, PlAIWHA] e 235 822 AHE gaAlolgol A o
2 w7k (72~96 A7) AZRAIZL F 001 mg A=Mettler Toledo, XP205,
Switzerland)& ©l &3kl Alg AFH A3} $o FA AolE FAHs FAHEA
vl a3 AR dgrEs A A%

A @ (ug/m’) 0.7 3kt glv).



241 A g9 A7
2

FAE F4% A5ZE e F4 A d7HA YA Petri Disholl ¥o HXZE A A

o] HlolZx 2EI F 20T Weiol RAsUT PM AEE ZHE o5 i
sho] ARk o] A& EA el AREsEaL, yHA Ak 4 EAow ARE-S)
ATHEA R, 2019).
T84 ol A PMy, PMys Al57F 23 € Bl2ZE H¥H el Isopropanol 0.2

mLE 7Fsto] 58417 § 289 20 mLE 7FEE & 25 9FE7]d4 308,

g7 (shaker)ol A 1A 7HE¢F AEH250 rmpm)A A 84 AEES EEAAL. &

(e
12
rlo

FAF7] B (Whatman, PVDF syringe filter, 0.45

um
AL ofolg oot Lol e ¥ B Agatsith

oX,
He
o

PM, PM259] 484 o]+ Ion chromatography (IC)H o & 413}
oFol & (NH,', Na’, K', Ca®, Mg?)& Metrohm Modula IC (818 IC pump, 819
IC detector)®} Metrohm Metrosep C6-150 +#] #2 AF-&-3}4] 0.9 mL/min 3,
25 uL F94-9], 36 mM HNO3 & e x FA4sd. F-dd54E
AccustandardAFe] 1000 ppm %84S AF83te] 0.1, 0.5, 1.0, 50 ng/mL 5%
& 3|43 §E o]&sto] ZAdskATh

%o]&(Cl, NOs, SOf, F, CHsSO;) 2 7]2HHCOO, CHsCOO )2
Metrohm 881 Compact IC2} Metrohm Metrosep A-SUPP-16-250 #]3#4& A}

43t 0.8 mL/min <5, 100 pL FYH3], 7.5 mM NaCO; &2, 200 mM
H,S0; suppressor 919 2o & BAg At F2 Fo]&(Cl, NOs, SO )9
EEAAAEAE 134 EFEA(AldrichAb KaSOs, 99.99%, KNOs 99.99%, NaCl
99.999%)% 1000 ppm ZT8& XS A F 0.1, 05 1.0, 50 pg/mL == 3
AR §Ae ol &sto] AAstAdn. 2elal wEEol2(F, CHSO;)3 #7114k
(HCOO, CHsCOO )2 ol =9 12k 2789 1000 ppms A 8k5 L
av 10, 50, 100, 500 pg/L w%E2 3|4



IC 4 Al 7171 A %34 (Instrument Detection Limit, IDL)¥

A g Ak

rr
=]
MN
b
oxl
i

N

N

f
b
M
2 P

NS 73] RbE EA o] FAHolE Y REAAE
TokaL, o 7)ol Student-t (98% AlEF<, 3.14) #s woto] ALkt &4
AULEE= 717 AESA 48 Al 73] wHEgE oy e FFEdaet W
(CV, coefficient of variation)& AAFsI Tl o] A¥2RE IC #2419 77| &3
AIIDL)eF WM& A5(CV)E Table 13 2t}

—
N

A Y
%9 2K (standard deviation) S = 2(19\6/7_196) (N-1 = A=
571 (coefficient of variation) CV = -3 x100 % (X = )

IDL = S x 3.14 (98% Al &<, 73] whE 29))

Table 1. Instrument detection limit (IDL) and coefficient of variation (CV) for
IC analysis (n=7).

Species NH,' Na' K' Ca*' Mg SO
IDL (ug/L) 13~37 13~30 18~34 24~33 34~55 04~08
CV (%) 09~24 09~20 11~24 15~24 22~35 03~05
Species NO; Cl F HCOO CH;COO CH;3S0;
IDL (ug/L) 22~29 02~05 01~02 03~07 03~07 03~14
CV (%) 14~17 02~03 04~11 18~34 17~34 18~53




243 Faole T A
28A] o]eAE B8 AmgAe Firole HE: pH meterd |83

4319t pH meter= 4107 697 $%-8 A (ORIONA}, low ionic strength
buffer, USA)S AF-&3te] BASAI, pH F4 A Al528dE 257 digF 25T

G LY

Qo A wto g Aud PMy Al® ZHE US EPA ‘Compendium of
Methods for the Determination of Inorganic Compounds in Ambient Air
(Method 10-3)" ®¥ilel wteh dxjeg] § mlojamy} Fefor dades &5
A PMyy A8 EHE #ZA A2 F HZE(PFA, polyfluoroalkoxy) £ 7]l
231, of7]e E34H6.55% HNOy/16.75% HCD 10 mLE 7FgE § mlo] A= a9t &
ZAEte] AAAES EEAAHTGEES, 2019; 313 A, 2010; Mainey and
William, 1999). wte]AZ3k= 1000W RF powerE ZAste] £%E& 15 & &<
1I80CE F5A171a 180CEE Al 15 3k FAAZ & A48 YZFstdrt. vlol
Ay S vl gode FAL7]HE(Whatman, PVDF syringe filter, 0.45 u

, ZEFE 7Fete] §%EdAA 20 mL7b HES

Ya2d &+ ICP-OES (Perkin Elmer, Model OPTIMA 7300DV, USA)<}
ICP-MS (Perkin Elmer, Model ELAN DRC-e, USA)E A}83}o] Al Fe, Ca,
Na, K, Mg, S, Ti, Mn, Ba, Sr, Zn, V, Cr, Pb, Cu, Ni, Co, Mo, Cd A #< 4
sttt ICP-OESol| AH8¥ 84 248 25892 AccustandardA}2]
ICP§ 1000 png/mL €4S 109 &3 100 ug/mL A¢E&NES s 5 o] AF-§
42 0.01~10.0 ng/mL HH9 &Hom sjAste] Attt o wf o] ALg
3 &= v (matrix) E3E H 2342 717] 9lste] AR A FAAAM ALE

_10_



Et &9(3% HNOy/8% HCDS Ak-&-3talth.

ICP-MS 4] Al 5841 A48 278 H2 Perkin ElmerAte] 10 pg/mL
Multi-Element Solution 3 (Ag, Al, As, Ba, Be, Bi, Ca, Cd, Co, Cr, Cs, Cu, Fe,
Ga, In, K, Li, Mg, Mn, Na, Ni, Pb, Rb, Se, Sr, T1, U, V, Zn)¥ 10 pg/mL
Multi-Element Solution 5 (B, Ge, Mo, Nb, P, Re, S, Si, Ta, Ti, W, Zr) &2
FAPo R EFste] 1~500 ng/L WAR Aol AE-s%

ol# gt W o g 19F9 AAgWS ICP-OESe ICP-MS® 241§ 717127

ro
s

=2

3} 71717 %3 A= Table 2, 339 2t}

Table 2. Instrumental conditions and detection limit (IDL) for ICP-OES

analysis.

Instrument: Perkin Elmer, Model OPTIMA 7300DV

Plasma conditions: RF Frequency = 40 MHz,
Plasma conditions: RF Power = 1.40 kW
Gas Flow rate: Carrier gas = Ar 0.65 L/min
Auxiliary gas = 0.2 L/min
Coolant gas = 15.0 L/min
Sampling conditions: Pump Rate = 1.5 mL/min
Nebulizer: Ultrasonic (CETAC Tech., U-5000AT)
Detector: Segmented—array Charge-Coupled device Detector

Wavelength Detection Limit Wavelength Detection Limit
Element Element
(nm) (ng/L) (nm) (ng/L)
Al 396.153 ~0.92 Fe 259.939 ~1.08
Ca 396.847 ~0.82 Na 589.592 ~0.79
766.490 ~0.86 Mg 279.077 ~2.54
S 181.975 ~5.15
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Table 3. Instrumental conditions and detection limit (IDL) for ICP-MS analysis.

Instrument: Perkin Elmer, Model ELAN DRC-e

Plasma conditions: RF Frequency = 40 MHz,
Plasma conditions: RF Power = 1.60 kW
Gas Flow rate: Carrier gas = 0.9~1.05 L/min
Auxiliary gas = Ar 1.2 L/min
Coolant gas = 15.0 L/min
DRC parameters: NHj reaction gas flow = 0.6 L/min
Sampling conditions: Sampling depth = 7 mm from work coil,
Sampling conditions: Sampling cone = Nickel, 1.1 mm orifice diameter
Sampling conditions: Skimmer cone = Nickel, 0.9 mm orifice diameter
Sampling conditions: Nebulizer = Concentric nebulizer type
Sampling conditions: Sampling uptake rate = 0.4 mL/min
Detector: Electron multiplier tube (EMT)

Element Wax(felength Detection Limit Element Wavelength Detection Limit

nm) (ng/L) (nm) (ng/L)

Ti 48 ~88.0 Mn 55 ~53.4

Ba 138 ~15.7 Sr 38 ~94

7n 64 ~207.4 \Y 51 ~66.0

Cr 52 ~37.7 Pb 208 ~22.0

Cu 63 ~72.3 Ni 58 ~116.3

Co 59 ~47.1 Mo 98 ~9.4

Cd 114 ~18.9

_12_



1 vAEA Adks s

oAM= AFE ekl fAIFE 110032 A oA 2017 1€ 195-H
2018 12€¥ 31¥€7H4] PMy
TEE SAsAY. tr1ed AN wEk dEel I v)Al A e
A5 FA Aolsh 7] FEFEOEFEH ta 4e AEste] vAlWA e AdEE

& AL AT EEAE 5, 2000).

13
e
=
>
b

It
N
N
[\
O
Q
5,
[\
[\
a1
>
2,
)
o
2

X

)

W:,—W.
Mass Concentration = ———x 10° (pg/m*)

Mass Concentration : P]A] 942} A& %% (ng/m°)
5 dE 9 FA(g)
Ay o] FA(g)

F7] frEF (m')

= =
=R
oy oo
2

<
o
o

AA A4717F T PMio PMes®] sdEs whE Adstglar, ojwfo] Ay
= PMy¥ PMs 7H7F 22.9+188 pg/m’ (n=179)¢} 10.8+7.8 ng/m’ (n=179)% 1}

Ehideh o8& A Sul g8 At 7129 PMyy 50 ng/m’, PMas 15
ng/m’el Bl W& FEE Wtk I A 5 I F oI, ATy,

HEA ) A3 mm o] h)S AL vlddd o] PM i PMys d s e ZH7)
19.3+14.7 pg/m® (n=106), 9.6+6.7 ng/m° (n=106)°] Y c}(Figure 1, Table 4). L&
AFE siQt7tel 1A wjAdsE A QA A Fq A 2016~

al Ql

54 A9
20180 A3 PMy (27.8 ng/m?), PMss (139 pg/m’) Ak we} vjusg 43
o M= Z+z; 1.24), | wre =22 249 H(Kang, 2019).

)

1.24}, 1.3¢
59 B A3 AF BEE uas B A%, AT A3 4% A9 23

i
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7)
5.6, 6.08) ¥ FAE By, AT =E Akl MAd A9 Zejtun A

o} PMyy, PMys ZH2F 1.24), 118 w2 525 H Y t(Table 5).

Table 4. Mass concentration of PMj;y and PM,s at Mt. Halla-1100 site

during non-event days (n=106).

Concentration (1g/m®)

PM

Mean SD Median Max Min
PM; 19.3 147 14.4 8.7 4.6
PMs;5 9.6 6.7 7.1 33.7 2.0

Table 5. Comparison of average mass concentrations of PMjy and PMa5
particles at Mt. Halla-1100 and other site.

Sampling  Concentration (ug/m®) PM.5/PM;o

Site Country ] ]
time PMo PMo5 Ratio
Mt. Halla-1100 Korea  2017-2018 22.9 10.8 0.47
Gosan” Korea  2016-2018 27.8 13.9 0.46
Taiyuan® China 2017 1285 64.3 05
Chiang Mai®  Thailand  2015-2017 71.8 - -
Zejtun? Malta 2008-2017 28.6 11.8 0.41

YKang et al. (2019), "Ping et al. (2019), “Ruttanawongchai et al. (2018), YSara et al. (2019)
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Figure 1. Variations of PMj,, PMss and PM)y 25 mass concentrations at

Mt. Halla-1100 Site during the study.
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TCation = ZZI Ci ZZ/W/Z

TAnion = Zn Cz'Zi /

i=m+1

=

U AollA G ol o Fx@ueq/l), Zi= ol i9] FEs, Wie ol i9]
Aol me Fol=2 F nd ol Folo] Folth (At &, 1994).
Sepat 11004 FA 20l A AHFFE PMygdt PMzs PIAIWA9] F8 o] 24 %
=4 HelHE nigo® ko] PMip¥ PMase| o] FAE AR dijoltt
=

Figure 2, 39 Ao, ol s &3 ol T

Wi, #A Aske] Ayl FEF Ao s

_16_



750
y =0.9837x - 7.9151
R*=0.9850 (r =0.993) O

750

0 1< . .
0 250 _ 500
2. [Cation],

Figure 2. Correlations of >[Cation]eq versus >[Anionle, for the analytical

data of PM;y particles.

600
y =0.9812x - 0.5645
R2=0.9932 (r = 0.997)

400 A
g
P
<
N
200
0 |¢ |
0 200 ) 400 600
2. [Cation],

Figure 3. Correlations of >[Cation]eq versus >[Anionle, for the analytical

data of PMs5 particles.
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3. mAIEA =4

2P o] F A, AR, Y, ALE mm o] )S ALk, PMiedt
PMys ALl Lzt 106702 AlZETS Aesto] oY AHPM 259 o]
J5 w52 A9 tH(Table 6, Figure 4). Zol A nss-SO.% ¢ nss-Ca®'&= H]
3] 9 (non-sea salt) ¥E& SO ¢ Ca¥'ol & LA g v=& W S 2
o 9] AxkslgdtHSavoie et al, 1987; Ho et al, 2003).

[nss—SOf] [5'02] [Nat]<0.251

[nss— Ca* "] =[G ] — [Nat] < 0.04

PMig 25 XA o] &AHdES NO; > nss-SOZ > Na' > NH, >
nss-Ca® > Cl > Mg® > K" > CH;COO > HCOO > F > CHsSO; +o=
o xn 2 gyt o] AEE FdAE NO; 7 123 ng/m’zE b =

, TFg o 2= nss-SO4 7F 052 pg/m®, Na'o] 027 pg/m’= =<

o] & NO3 = i A8 A4 3 A% 3 F vEd NOt &7
2EAL AFEAEAN ZAE5td, t7] 5 AstAAS AA AP EH 53T
A5FQ 2AAA FEVF FUkske Ae® d# A vk 1A A=A NO«
7b Abs RS 1A A E oA dEAER] NOSH NO&2 wiE =W, =8 AE
A= NOs & W3ty = o2 Ruxi k(A g}, 2015 Geng et al, 2013;
Aardenne et al, 1999). 7] = NO; A#& F3 HNO3;# NHjz ¥H$o] s A
¥l NHNO; AEZ EAstE Aoz dEA oy Ax7E & 2gdxe] 74

=
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$ol = HNOs7 31994191 NaCle) whgo] ©)8) NaNOs@ ez EAlel7)e v}
(FE2, 2019; 3137, 2010; 813 5, 2008).

SOf = ARAQ 124 WiEedd noe dddw diad 4% seteg

A AuH(FFL, 2019; 12384, 2010; Ansari and Pandis, 1988).
Ao 3]k (Na', Cl)¥ Ed(nss-Ca®) 719 A&
AA 71 e HlE] B¢ vEE KB, o

ARl 10% AHEvle] EYdoRRE  fFE

&, 2018; A5, 2014; 274 5, 2009; McMurry et al., 2004).

F714 A¥(CH,CO00 , HCO0 )& AR AU ANA uZ == A%y 7] o3
B(VOCs)& B3l wAHE JREE deld dvh 48 4370 F wgse
BEAH HRE ol hZAL ¥ e FF Hol P Faw AgAlel =

A2 (OHN)EA & 9&e 1 olF vuS 5343 #718deEs AA ol

Aol =oAL, 2009).

ZOPAe] 2AS B AR FAEE Ay 994 7Y ARE(NO;,
nss-SO,% , NHy)ol 695% = 7Hd =e A4S vedleon, o oz ¢
7190 JENa', Cl1)e ZAo] 17.3%. E%7]9 A (nss-Ca®)o] 89%, 714
d(CH3COO , HCOO )o] 1.3%° =45 At olefst A& 7Y, et
A 11003241 o] i At 2L Q1A e =R Ve dFS VP Bel v

So2 39 VY, EY VY, AEAY coR2 AN 2 AoE 44

tHFigure 5).
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Table 6. Concentrations of ionic species in coarse particles (PMip 25).

Concentrations (ng/m®)

Species

Mean S.D. Median Max Min
NH.' 0.26 0.36 0.11 1.65 0.00-
Na' 0.27 0.20 0.21 0.96 0.00;
K' 0.03 0.04 0.02 0.35 0.00;
nss—Ca®' 0.26 0.35 0.10 1.79 0.001
Mg* 0.05 0.03 0.04 0.16 0.003
nss-S0,2 0.52 0.52 0.35 2.46 0.005
NO; 1.23 1.65 0.53 6.94 0.01
Cl 0.23 0.27 0.12 1.31 0.00,
F 0.00, 0.01 0.00; 0.04 BDL
HCOO 0.01 0.02 0.00, 0.13 BDL
CH;COO 0.03 0.03 0.02 0.13 BDL
CH3S0s 0.00: 0.00: 0.00; 0.02 BDL

BDL: Below Detection Limit
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Concentration (ug/m?)

NH,” Na* K nss-Ca®*  Mg¥ nss-S0,>  NOy cr
0.06
a
-;n 0.04
=
=
£
S
£
£
=
@
&
2
S o0
" ; | | i
F HCOO- CH,C00" CH,805

Figure 4. Comparison of ionic concentrations in coarse particles (PMjig 25).

Others : F 0.1%, HCOO 0.4%, CH;COO 1.0%, CHsSOs 0.1%

Figure 5. Composition ratio of ionic species in coarse particles (PMjig 25).

_21_



|
Z~(trace element) As, Se, V, Cr, Ni, Cd, Pb 502 o]Fo]x lo] tj
=

=
=

A

@ elxholth(

AT}
(crustal element) Si, K, Ca, Ti, Mn, Fe, Zn

3

3.1.2 PMj 944
Aol A
v =
s, 2015).
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0|/
e
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o
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S
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T
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Z LA~
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=
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(Kumar and Jugdutt, 2003; Donaldson and MacNee, 2001).

-
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U:] E
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I
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b
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oY, 20105 Liu J et al, 2008).
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2ol e gebal 1001 A 04 AHT PMy Amel thal 200159 9%
Heg BASA o 3 A, 9%, HRE ALY MAFAN-5D) FEE

UER S TH(Table 7, Figure 6). A7-717te] 7} AR5 At T5E S >
Al>Ca>Fe>Na>K>Mg >7n>Ti>Mn>Pb>Ni >Ba>Cr >
Cu>V >Sr>Cd>Mo > Co £0% =& 25 Btk 7 ARE Fo
A o91913 A7 €9 S FEE 10836 ng/m'E 7HE =gtk 1 ggow
Eg7199 Al Ca, Feol sx7F zbz} 4979, 408.0, 320.1 ng/m’cl™, i 71¢
ol Na A%¥<& 2002 ng/m’z FAEAt. EX3 g T4 71€9¢ Mg
120.0 ng/m’% el AAd7199 B 2 197 71 ARG R Q)
F9E = K& 1546 ng/m’2 FAE AT Zne 227 ng/m’e] $ %S HERAS L,
T2 Elolojo} 2RO wpRo] o) WA= Asate] o3 S dYdoew ¢
#14 Jdth(Adachi. K, 2003). =3+ V, Ni, Cr& z+7} 1.8, 4.3, 3.8 ng/m’o.& F&
715 Azl 98 wEHE Aoz 2AEAY TiE 136 ng/m’e FE25 B4
om wEe] AAYsrr dHA UoH(FE 5, 2015). PbiE 56 ng/m’E A8
Az, AATH, o 2B AolA RS 53] A8 Ah oA &
Akl o] Qo ml# FF<4 AE Mn, Cu, Ba, Sr, Cd, Co 5& 77} 99, 2.8,
40, 15, 09, 0.2 ng/m’e] FE& ¥ £FS et

T3 PMpel 9AAE A4S vus] BAH(Figure 7). 94 AES
7190 (S, Zn, Pb, Ni)o] 49.1%, 1719 A(Na, Mg)o] 11.2%, =47
A#-(Al, Fe, Ca)ol 42.9%2] A4S 1o olE A¥o] dA2 82.0%= ot

<

ro
Ho
o X

o

AA s = Ao A AT
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Table 7. Concentrations of elemental species in PM;, particles.

Concentrations (ng/m®)

Species

Mean S.D. Median Max Min
Al 497.9 548.8 332.1 2540.8 1.3
Fe 320.1 344.7 219.8 1990.4 3.9
Ca 408.0 329.6 384.4 329.6 5.1
Na 200.2 1772 156.1 1772 4.1
K 154.6 150.8 98.8 150.8 11.2
Mg 120.0 122.1 82.6 122.1 4.6
S 1083.6 834.9 825.8 3885.6 148.0
Ti 136 17.3 9.6 116.1 0.5
Mn 9.9 11.0 6.7 68.7 0.3
Ba 4.0 3.4 3.2 15.3 0.2
Sr 1.5 1.3 1.1 6.2 0.1
Zn 22.7 22.8 13.7 1219 0.9
\Y% 1.8 1.3 1.5 7.4 0.1
Cr 3.8 59 24 31.5 0.03
Pb 5.6 5.0 3.7 18.0 0.7
Cu 2.8 2.1 2.2 9.1 0.1
Ni 4.3 4.0 3.3 22.2 0.2
Co 0.2 0.1 0.1 0.8 BDL
Mo 0.3 0.3 0.2 14 0.0z
Cd 0.9 1.8 0.3 10.5 0.003

BDL: Below Detection Limit
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Concentration (ng/m?)

Concentration (ng/m?)

1500

1000
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Figure 6. Comparison of elemental concentrations in PM;jy particles.

Mg

Others
2.5%

Others @ Ti 0.5%, Mn 0.3%, Ba 0.1%, Sr 0.1%, Zn 0.8%, V 0.1%, Cr 0.1%,

Pb 0.2%, Cu 0.1%, Ni 0.2%, Co 0.0:%, Mo 0.0:%, Cd 0.0s%

Figure 7. Composition ratio of elemental species in PMjy particles.
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3.2 MARA 24

321 WA o] Lo B u 24

TAY AR R RS, A A4, a4R S o AF wEEs 1A
U AH(primary acrosol)¢t W7l F steiRkgol] o A W= HelolE A
(secondary aerosol)® T EHTHE X 3] &5, 2008; Yao et al., 2002). 7] A A=

oA vl 7] FollA AAEE Q191A 71 Edo] A oR @il

=2
N
ol
Ho
o,
)
>
i)
ol\
a|d
db
ojf
EIO\I
b
©
oo
©
_O|Ll
2
F

=
o
)
2
=

abal 1100244 20179 1€ 1948 2018
9129 31Y7HA] AFAT F 225709 PMas AlwE BA5AT o] & #FAh A

B, 293 mm o)) H S A8k, PMigd PMas A F Aol A 10671
o NEEWS Adste] P AYA(PMp) ol&4% FEE v a s tH(Table
8, Figure 8)

ARz F wAYAe] o] E HEE nss-SOS > NH, > NO3 > Na'

> K' > nss-Ca®” > Cl > CH;COO > CH3;SO3; > Mg* > HCOO > F <o

Z = ey ol ARE T A94 71 AF< nss-SO°, NHy', NO; =

7} 363, 1.37, 050 ng/m’® =& FEE Btk 53] nss-S04° = AA SO

99.5%9] Hl&& AA = Aoz Kol ety LAH SOF = of

ou gk Ao FelHrt. EF nss-SOL = AR A g xtel] ]3]
o7

Hol nss-SOS° = F2 u YA BXdE Ao

YN ol
o

rlo
off
k1
il

HU
o
o
il
3
= o

ojE9 AL FAs B A A4 2dEH 719 AENOs, nss-SO.,

NH,)ol 955%%= 7H¢ ¥ A4S Yehlda, ez 42(Na', Cl) 1.8%.
EY719Y A (nss-Ca®) 0.6%, F714F AE(CH;CO0 , HCOO ) 0.6%°] =4S

AA AT ol Ay EEH vAdAte] 242 1A V1 s 240
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2P A vlE) G oR =L som A AT (Figure 9).

Table 8. Concentrations of ionic species in fine particles (PMa5).

Concentrations (ig/m®)

Species

Mean S.D. Median Max Min
NH,' 1.37 1.10 1.02 5.54 0.03
Na' 0.08 0.05 0.07 0.26 BDL
K' 0.06 0.05 0.05 0.25 BDL
nss—Ca®' 0.03 0.03 0.02 0.22 BDL
Mg*' 0.01 0.01 0.01 0.04 BDL
nss-S0, 3.63 2.69 2.71 15.02 0.26
NO; 0.50 1.36 0.15 10.76 0.04
Cl 0.03 0.02 0.02 0.17 BDL
F 0.00: 0.00 0.00; 0.02 BDL
HCOO 0.01 0.01 0.01 0.04 BDL
CH;COO 0.02 0.02 0.02 0.10 BDL
CH3S0s 0.02 0.01 0.01 0.06 0.005

BDL: Below Detection Limit
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Figure 8. Comparison of ionic concentrations in fine particles (PMoss).
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Figure 9. Composition ratio of ionic species in fine particles (PMas).
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3.3 o dxket mAd A 24 vla

PMjp 259 22 iz A4 2 29 ESdAY sidd4 S 717
A Bl RSk EEEE A HH (A, 2017). vbd e m A<
A= W7l S 7R B0l gehites Fel AR EHE ASE oA d=
deol F2 7)dle] He Adom deA k. B3 1Al 5 AE Al v = Y

AU 2AH, A7 g6 viAE G 5 AFd sy Besed 2

X,
fl
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=
i)
H
X
ui
il
X
°
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=
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ol
52
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it
oX,
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re
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D)
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N

2018; Donaldson et al., 1998).

BodgelA Zdidaet mAYgAte] wx 9 gt 2ol FelEty] 915t
o] oA Felet Fuldatel mAYRe] FEA o] 9 Fwie SRS HE
v w3k tH(Table 9, Figure 10). NHy, nss-SO/ ¥%+ ZU
0.26, 0.52 ng/m°el™, WA Aol A= 2+2E 147, 363 ng/m’= FAE 2% 1A
PAFel A AR e TEE YERHT PMy2s/PMes §%EHE H g A 7ol A
= NH/, nss-SO° 77} 02, 0.1 ol Alel] ula)] v A xjolA] w@o] 3=

o & yehytth
o] NHy7b tl7] FellA] el &3 F $ gk Hak 5o Tk &
o dEFEAS B wiEelw, 53 EAsE AHED T Fiy 7}
T 2 At Faky @A vAgA Ge] F2 REEy] biolti(Masiol et
al., 2012; Lee et al., 1999; Ansari and Pandis, 1988).

Hbd o] NO;y &= 2GS A Afel A 2h2; 1.23, 050 ng/m’e] %2 & B3
i, NOs 9 s=H & 2502 v Adx7t obd Zullatel Al F38]7F 28 54
S Hol: Zo® FAHAY ol NO; 7/l F2 ZHdA] EEdE= e A

WAool REahi A S el B E, 2018 o)% % 5, 2010).
K'e Ege] TR A 4A2% SoR%E wasel 194 4]

doll &S 7= sk Aem dEA vk K9] PMyg25/PMas §5=H]= 0.5
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2 vAgAd BEae 4ge UEis e

nss-Ca’>" %2 PMy 25/PMss EEH] = 7390

Ho
>
o
)
BN
=
jin
ﬂ>~l~
K-y
o)
N

=

ZU Aol v AldAte] S84 ol 38tFEA S Figure 11 B Akt
NH, % nss-SO/~ ¢ A4S =hdAtolA 22k 90, 18.0%, wlAIYA A 2h2)
Aol s kel whHe] NOs
& ZUPA} mAGANA FA 0] ZH2; 425, 87% R ZUYAFAA Ekar, o]
3 A3 NHS' 9 nss-SO2 AR o2 JES ol Aom 2lEgt) Na',
Cl, Mg*, nss-Ca®" A& iAol A Z7F 94, 7.9, 9.4, 89%= WAl ) Aol
Hla 242z} 7.2, 179, 65, 498 =& ZAHE YEFUWIAT oA m A A e F

8 o)A RELS NHY, nss-SO2 AES F2 mAYAA = 248 Hol:

[\
w3
o0
o))
N
N
Eﬁ
=
=
inSs
>
=
o
4=
w
o
[\
o

ja)
==
BN
=
inSs

HH Na', Cl, Mg?, nss—Ca®’ & g Aol A Aoz =o 248 nr),
ol ANES Ea3l et 11003248 PAHA A ESH fA7Id A

TES 2UdAt F2 Fxsi, 194 VI AEES PAdAA ¥ gol
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Table 9. Concentrations of ionic species and their ratios in coarse (PMjig 25)

and fine (PM>5) particles.

Concentrations (1g/m®)

Species PMio ZF/PMZ’
Ratio
PMio 25 PM:5
NH,' 0.26 1.37 0.2
Na' 0.27 0.08 36
K' 0.03 0.06 0.5
nss—Ca®' 0.26 0.03 73
Mg** 0.05 0.01 3.2
nss-S0,° 0.52 3.63 0.1
NO; 1.23 0.50 2.5
Cl 0.23 0.03 9.0
F 0.00, 0.00- 2.3
HCOO 0.01 0.01 1.0
CH3CO0 0.03 0.02 1.2
CH3S03 0.00: 0.02 0.1
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Figure 10. Comparison of concentrations and ratios of ionic species in coarse

and fine particles.
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Figure 11. Composition ratios of ionic species in coarse and fine particles.
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Table 10. Cross correlations between ionic species of coarse particles (PMig 25).

nss—

nss—

Species NH,” Na’ K’ s Mg?' 50,2 NO; Cl F  HCOO CH;COO CHsSO;
NH,' 1.00

Na' -0.13 1.00

K' 0.09 0.00 1.00

nss-Ca®" 045  -0.03 0.47 1.00

Mg?* 0.30 0.62 0.28 0.65 1.00

nss-SO2 040  -0.06 0.28 0.38 0.27 1.00

NOs 082  -0.01 0.25 0.73 0.56 0.18 1.00

Cl -0.02 068  -0.03 0.05 051  -0.22 0.12 1.00

F 042  -0.01 0.20 0.85 0.59 0.26 0.64 010  1.00

HCOO 0.24 0.07 0.14 0.39 0.27 0.34 026  -008  0.36 1.00

CH,COO  0.08 0.13 0.10 0.10 017  -0.04 0.11 004 008 016 1.00
CH;S0; 0.20 0.12 0.12 0.05 014 060 004  -018 0.0 0.21 0.00 1.00
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Table 11. Cross correlations between ionic species of fine particles (PMa5s).

nss— nss—

Species NH,"  Na' K’ o Mg? 502 NO; Cl F  HCOO CH;COO CHiSO;
NH,' 1.00

Na' 0.25 1.00

K' 0.76 0.22 1.00

nss-Ca” 024  -0.04 0.33 1.00

Mg -0.02 0.47 0.06 0.35 1.00

nss-SO2 094 0.27 0.71 0.27 0.01 1.00

NO; 0.54 0.18 0.50 0.07 0.04 0.24 1.00

Cl -0.02 024  -0.09 0.15 015  -0.07 0.06 1.00

F 0.24 0.11 0.29 0.14 0.03 0.12 0.49 0.14 1.00

HCOO 0.47 0.08 0.57 0.28 0.10 0.47 0.20 0.16 009  1.00

CH:COO  0.03 022  -0.02  -0.10 0.17 005  -0.02 000 -0.03 028 1.00
CH3SOs 0.73 0.27 0.57 0.21 0.09 0.77 024  -0.17 027 035 0.13 1.00
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Table 12. Cross correlations between elemental species of PM;jy particles.

Species Al Fe Ca Na K Mg S Ti Mn Ba Sr /n A\ Cr Pb Cu Ni Co Mo Cd
Al 1.00

Fe 0.69 1.00

Ca 058 085 1.00

Na 034 041 038 1.00

K 067 091 079 044 1.00

Mg 075 094 081 054 088 1.00

S 061 058 051 032 073 053 1.00

Ti 079 089 070 053 083 094 054 1.00

Mn 070 0838 074 041 081 08 060 0838 1.00

Ba 051 078 072 032 081 068 062 067 081 1.00

Sr 070 092 090 040 091 091 060 079 078 077 1.00

Zn 044 029 044 028 032 026 060 034 045 042 030 1.00

\Y% 041 005 039 058 047 055 038 059 046 044 043 025 1.00

Cr 0.05 0.09 010 007 000 001 008 011 034 047 -002 039 015 1.00

Pb 044 056 066 016 069 043 076 034 045 066 070 044 020 002 1.00

Cu 055 067 069 022 070 052 070 050 060 073 069 049 031 025 083 1.00

Ni 075 087 074 047 078 08 054 090 08 069 076 042 060 023 042 064 1.00

Co 069 093 084 047 089 090 063 08 08 075 087 039 058 008 055 064 089 1.00

Mo 020 040 044 023 056 027 060 024 030 062 047 032 025 010 068 065 026 043 1.00
Cd 0.06 013 011 012 027 005 032 009 012 037 019 016 002 004 037 037 004 016 07 1.00
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S o] g3t AyE A& vH(Table 13, Table 14, Table 15).

iAol o] Aol s FAEEA AR F 4 QA (Factor) & FE3)
Rom ojd HAE 73.0%E Btk A WA Factorv 27.9%° A #HS
Eblal, NHY, nss-Ca®’, Mg”, NO; ¢ =& AAgE 53 olEd EYd 99
A 71 Edo]l EAH detds Aow 2AEAY. 1gal F WA Factors
180%¢ 44 =& BehdAL, Na', Mg”, Cl o] %2 AAgeR wol sjd7)<
Aol s e oz FRAEHAT Al WA Factor ol A& 15.4%<] 4

S BYor nss SO 7 £ Aow wol A9H 9 L won] wd
CHyS0s 9 2 A4S 55) a8 & Y AR o8 2w 39
i BsgEse 9Fe v Aoz wuAn. ¢ AnReRy Feak 110074

mAGAte FAREEA Ao F 699% HHHES nAx, 4719 <R
7} 31.19%, 13.8%9] A
S ¥t NHy, nss—Ca™’, NO; 9

oz el gl Al HA 2= 153%9] AW Yo & nss-Ca’, Mg®'o] H

AAke dehe] Bgvl9e] e we Aoz dadth 99 ¥4 4%

N3 tH(Table 15). % 4749 A7t FEH0om, dAx 4
EhgiTh R WA QlAE 46.2%9) 2 ES B Al Fe, Ca, K, Mg, Ti, Mn,
Ba, Sr, Pb, Cu, Ni, Co% thi-#9] A&o| =& AAzte dehiget F WA
1A= Aol 17.3%%E Pb, Cu, Mo, Cd A¥E°] =& AHAS YehhATh
A A ul WA QA= 2h7E 97%, 96%9) AW S RAT Na, V, Zn, Crrt
e AAE YeEhle Ao =g
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Table 13. Results of principal component analysis for ionic species in

coarse particles.

Species Factor 1 Factor 2 Factor 3 Factor 4
NH,' 0.78 -0.09 0.26 -0.15
Na' -0.12 0.94 0.11 0.08
K 0.21 -0.03 0.18 0.60
nss-Ca”' 0.83 0.05 0.10 0.39
Mg*' 0.55 0.70 0.17 0.26
nss-SO;” 0.26 -0.08 0.84 0.12
NO3 0.92 0.08 0.02 0.05
Cl 0.09 0.87 -0.24 -0.10
F 0.82 0.08 0.01 0.25
HCOO 0.28 0.00 0.35 0.45
CH3COO -0.05 0.09 -0.12 0.71
CH3503 -0.05 0.04 0.90 0.00
Eigenvalue 3.35 2.16 1.85 1.41
Variance (%) 279 18.0 154 11.7
Cumulative (%) 279 45.9 61.3 73.0
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Table 14. Results of principal component analysis for ionic species in

fine particles.

Species Factor 1 Factor 2 Factor 3 Factor 4
NH,' 0.90 0.30 -0.06 0.05
Na' 0.16 0.25 0.25 0.75
K 0.82 0.31 0.08 -0.05
nss-Ca”' 0.39 -0.08 0.73 -0.36
Mg*' 0.03 -0.05 0.70 0.44
nss-SO4 0.93 0.06 -0.03 0.07
NO3 0.30 0.80 -0.02 0.03
Cl -0.19 0.28 0.59 0.12
F 0.10 0.80 0.11 -0.05
HCOO 0.63 -0.04 0.27 0.09
CH3COO 0.10 -0.19 -0.04 0.71
CH3503 0.81 0.07 -0.09 0.19
Eigenvalue 3.73 1.66 1.54 1.46
Variance (%) 31.1 13.8 12.8 12.2

Cumulative (%) 31.1 45.0 57.8 69.9
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Table 15. Results of principal component analysis for elemental species of

PMl() particles.

Species Factor 1 Factor 2 Factor 3 Factor 4
Al 0.78 0.06 0.13 0.15
Fe 0.93 0.18 0.19 0.05
Ca 0.84 0.26 0.04 0.13
Na 0.28 0.13 0.80 0.04
K 0.86 0.40 0.19 -0.01
Mg 0.92 0.05 0.33 -0.03
S 0.55 0.56 0.07 0.24
Ti 0.86 0.02 0.41 0.11
Mn 0.84 0.10 0.22 0.35
Ba 0.65 0.45 0.14 0.41
Sr 0.91 0.31 0.09 -0.04
Zn 0.28 0.28 0.06 0.68
\% 0.38 0.07 0.73 0.15
Cr -0.03 -0.02 0.09 0.91
Pb 0.54 0.70 -0.22 0.11
Cu 0.60 0.59 -0.10 0.32
Ni 0.85 0.03 0.32 0.26
Co 0.88 0.22 0.29 0.10
Mo 0.18 0.93 0.14 0.08
Cd -0.10 0.85 0.17 -0.01
Eigenvalue 9.25 3.47 1.93 1.92
Variance (%) 46.2 17.3 9.7 9.6
Cumulative (%) 46.2 63.6 73.2 82.8
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Cluster means - Standard
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GDAS Meteorological Data

Cluster 1 of 5 - Standard
26 backward trajectories ending at various times
GDAS Meteorological Data
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Source * at 33.21 N 126.27TE

Cluster 2 of 5 - Standard
17 backward trajectories ending at various times
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Source * at 33.21 N 126.27E

Source * at 33.21 N 126.27E

Figure 12. Clustered back trajectories of air masses at Mt. Halla-1100

site.
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Table 16. Concentrations (ng/m® of ionic species for the inflow pathways of
Cluster 1~5.

Coarse Particle

Fine Particle

Species Clus- Clus- Clus- Clus- Clus- Clus-  Clus- Clus- Clus-  Clus-
ter 1 ter2 ter3 terd terb ter 1 ter2 ter3 terd terb
NH, 038 014 031 026 0.09 156 08 177 129 098
Na' 022 029 020 034 039 0.07 008 006 008 0.11
K' 003 005 004 003 002 008 006 006 006 0.02
nss-Ca” 035 030 028 021 004 004 003 004 004 0.02
Mg” 005 005 004 005 006 001 001 001 002 0.02
nss-SO,s% 040 023 067 043 035 360 228 483 366 278
NO3 174 115 120 125 038 121 044 028 021 013
Cl 026 031 014 019 029 0.03 003 002 002 004
F 001 005 0003 0.003 0.001 0.003 0.002 0.001 0.001 0.001
HCOO 001 001 001 001 0001 001 001 001 001 001
CH;COO 002 003 002 004 002 002 002 003 003 003
CH3S03 0.001 0.001 0.002 0.002 0.001 001 001 002 002 001
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S shizol FaAe @AY AstW FAMoR RATGIAE, 2014). Lo
GAERE gl AV B3 ARz BEHAE A T PMy vIAHA
W

3 ek sabe] g8 71 PMy PIAIH Al FXEF 400 1
g/m’ olstold @& AL 400~800 pg/m’elW T FAL 800 pg/m’ o]/dolw
g AL GARR sk vk A SR 7SS PMy ARE Hit s =7 400
ng/m’ o] 4¢l AElE 2417 o] A &Ew FALF o rolm, 800 ng/m’ ]9
ol A 2A17F o)A A &EW FAL ARE wEsta Qe AR, 2014).
Boagr)Ed 20179 59 62140, 2017 59 7L(2ah), 2018 49 6Y(3
Zh), 20189 49 15947}, 20189 119 289 (52h), 2018 11¥ 302 (64}), 2018
3129 19(73hol A F73]el AA A #AE A, o W AFHT PMy
it AFFEE 770 ng/m’ o2 el on, ol 42 Fale] sjgats £
Ao FAHAE 53] 20189 49 6L @Bl E 99.8 ng/m’E M S Tk
2 B, PMysoll A 924 2018 49 6L (32Dl A 200 ng/m*e& 7p =gkt
(Table 17).
A7 e ZOldAbel Al YRR FREte] o] HEFwwulE ulae A
A FAZ|ZE PMyg 25/PMos Bt F2H 7} 478 A7) 2k ml AW 2] 7F Z 7}
st Aow SHdnt. GAF A

% %
o N1 oEARE Yo gelsE A, wulAtd WEF 19 A

==

4

AN AR F R0 e Fo guA el UPE A, s, 54
A T& AA et 110024 2 FdH e Ao s 2 ATH(Figure 13).
A Al ZUgAS} WAYAe] FEE GRS wdddy v Ay
YA AFFEe 614 ng/m’= WAL 100 ng/m’ell Ws) oF 629 F7hst
I, WAQARE 155 ng/m'E @Al vle L6 F7he Aow Z2AE
) olxE A} A AEri= YA A7 A Rbe] ¥l Ete] o @ol =y}
A0 7 gl¥ vk (Table 18).
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Table 17. Mass concentrations of PMiy, PMip 25 and PMys particles for Asian

dust (AD) days.

Concentration (1g/m®) Ratio

Particulate Matter
PMio PMjip 25 PMzs PMio 25/PMas

Ist AD (17.05.06) 94.4 81.9 12.5 6.57
2nd AD (17.05.07) 66.8 471 19.6 2.40
3rd AD (18.04.06) 99.8 79.8 20.0 4.00
4th AD (18.04.15) 63.5 25.7 7.8 713
5th AD (18.11.28) 64.0 56.6 7.5 71.56
6th AD (18.11.30) 91.1 65.3 25.8 2.53
7th AD (18.12.01) 59.2 435 15.7 2.78
Mean AD 77.0 61.4 155 4.48
NE" 19.3 10.0 9.6 1.04

UNE: Non-event

Table 18. AD/NE ratios of PMjj 25 and PMs5 mass concentration during Asian

dust days.
Particulate Concentration (ng/m?®) Ratio
Matter Asian dust Non-event AD/NE
PM; 80.6 19.3 4.0
PMio 25 61.4 10.0 6.2
PM:5 16.1 9.6 1.6
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Figure 13. 5-Day back trajectories for the Asian dust days on March 6,
2017 March 7, 2017 and on April 6, 2018, November 30, 2018 at
Mt. Halla-1100 site.
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FAL Al 2O g Aret vAdAe] 84 o] AR FEE HWEle Table 199]
YEel At (Table 19, Figure 14~Figure 15).

ZYPAe] o] 2% %= NO; > nss-Ca’ > nss-SO7° > NH;" > Na' > Cl
> K" > Mg® > CH;COO > F > HCOO > CH;SO; <=olix, vl M=k
nss-SO7 > NH,” > NO; > nss-Ca® > K' > Na' > Cl > Mg* >
CH;COO > CH;SO; > HCOO > F <& zudatel nAldAe] Frs A
2 02 4%S Jehdsin.

FA7) ke B AEQl nss-Ca®' 527t A AA 214 pg/m’= v @
Aele] wla] 831 F7batl L, W AIYA EE 0.26 ng/mPE Bl @ddel] ulE) 84
m FE7E kvl 291H 7199 nss-SOS2 = FAF Al 2t Aol A 1.88 ng/m’

R udAd Hl&) 36w F71stath v m A G Ae A= 3.32 ng/miE

4
7batAth NOs Aol 2 YAl Z7h&o] & olfi= FAF Al nss-Ca* ¢}
A AxASES FAS A Fdel] FAHAY sehukgs doA
Ca(NO3)x¥ 2 ¢ ez xoifiate] £XHAS 7FeAel & Aow dAdd
tF(Rengarajan et al., 2011; AlA o} S 2005).

T3 NHy' = 2t Aol A vl@dddel vls) 266 S7kakivh. vhdel mA <
A= 2 W gl Ao R Kol nss-SOL ¥ FANE AEgS Mol Ao
B EHd. 538 A A vAIG Al A NHy 9 s =7F sh2 o]

EAY T3S Aoy ojuf AAHdE NHy7b 7]18t¥ 7] o= dddv
(12384, 2010).

FAb Al 2o Ael W AR ol xS wluwer Az 094 7199
nss-SO4, NOsz, NH o] &AF Al =i zkek wAldatol A zhzt 69.0, 88.9%
7 Ee uEgs AXEAT 53 2dAAANN EF 7194959 nss-Ca® ol
Hl Aol wlsf 238 S7kskdvh. sld Ad&(Na', Cl)> A AFANA 6.9%°]
1& YEerlTh 919 A3E TH BH A A EGV]AAE] ES4

R0l nss-Ca' 7} AA Z7hels EAS Holk= Aow FA

%4

jud

ﬂd
=
32
o
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Table 19. Concentrations and ratios of ionic species in coarse and fine

particles for Asian dust (AD) and non-event (NE) days.

Concentration (1g/m?®) Ratio
Species PMio 25 PMz5 PMio 25 PMz5
AD NE AD NE AD/NE AD/NE
NH,' 067  0.26 134  1.37 2.6 1.0
Na' 043  0.27 0.09 0.08 1.6 1.2
K’ 021  0.03 0.10 0.06 6.3 1.6
nss-Ca®' 214 0.26 0.30 0.04 8.3 84
Mg* 012 0.05 0.05 0.01 2.5 35
nss-S0,° 1.88  0.52 332 3.63 3.6 09
NO3 473 1.23 0.74 0.50 3.9 15
Cl 030  0.23 0.06 0.03 1.3 24
F 0.02  0.004 0.01  0.002 4.0 3.1
HCOO 002  0.01 0.02 0.01 1.5 1.6
CH3COO 003  0.03 0.04 0.02 1.1 1.6
CH3S03 0.004  0.002 0.02 0.02 2.0 1.2
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Figure 14. Comparison of concentrations and ratios of ionic species in coarse
particles for Asian dust (AD) and non-event (NE) days.

6 10

CNE
-<--Ratio AD/NE

IS

Concentration (pg/m?)

)

Ratio (AD/NE)

Fo
NH," Na® K nss-Ca®  Mg¥  nss-SOF NO;s cr
0.06 6
mmAD
C=INE
-<--Ratio AD/NE
E 004 4
E :
=
=}
g .
5 \%
H 2
8 &
3 0.02 2
ooz 2
0 j 0

Figure 15. Comparison of concentrations and ratios of ionic species in
fine particles for Asian dust (AD) and non-event (NE) days.
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Others @ F 0.12%6, HCOO™ 0.1%, CH3COO 0.3%, Others ¢ F 0.1%, HCOO™ 0.3%, CH3COO 5.2%,
CH3503 0.05% CHzSO3™ 0.1%

<Asian dust> <Non-event>

Figure 16. Composition ratios of ionic species in coarse particles for

Asian dust and non-event days.
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Figure 17. Composition ratios of ionic species in fine particles for Asian

dust and non-event days.
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Sk A PMel 94 ARS vlas An zodAel a4 FrE Al
>Ca>Fe >S5S >Mg >K >Na>Ti>Mn>7n>Ni >Ba>Sr > Pb
>Cr >V >Cu>Cd>Co>Mo w22 e (Table 19, Figure 17).

ju)

]
8l 7}z 45, 5.9, 5.2, 4.8, 5.6, 6.1, 3.6, 588 Stttk el A7 A<

Al Al E719991 Al Fe, Ca, K3 Ti, Mn, Ba, Sr A% 52 "L

7)
Na¢t Mge #AF Al vj@ddde] vls) 242b 24, 779 s %=7F =4k 283 <l
A7 719 AELS S Pb, Ni, Cde z+7} 1.2, 1.3, 47, 1.6¥] %7} F7tst= A
o2 FelE .

A ARES S vdddy vus 2 A BEY 719 4R (Al Fe,

1.5 =okvh. 22 sl d dEENa,

7} 4l

it

d

U
>
2
o,

=2
:OIL:

Ca)ol PMlooﬂ/q 62 9%i H] o =2
Mg)e Ab Al 240l 142%% wdele] ) 138 Frbshs Ao 2AH

21 (Figure 19).
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Table 20. Concentrations and ratios of elemental species in PMj particles for
Asian dust (AD) and non-event (NE) days

Concentration (ng/m®) Ratio
Species PM;o PM;o
AD NE AD/NE

Al 2223.3 497.9 45
Fe 1890.5 320.1 59
Ca 2102.8 408.0 52
Na 475.7 200.2 2.4
K 741.3 154.6 4.8
Mg 929.3 120.0 7.7
S 1291.6 1083.6 1.2
Ti 5.7 13.6 5.6
Mn 60.3 9.9 6.1
Ba 14.4 4.0 3.6
Sr 8.4 15 5.8
Zn 28.1 22.7 1.2
\Y% 4.6 1.8 2.6
Cr 54 3.8 14
Pb 7.1 56 1.3
Cu 4.4 2.8 16
Ni 20.1 4.3 4.7
Co 0.8 0.2 52
Mo 0.3 0.3 1.3
Cd 1.4 0.9 1.6
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Figure 18. Comparison of concentrations of elemental species and their

ratios in PMjy particles for Asian dust (AD) and non-event (NE)
days.
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Figure 19. Composition ratios of elemental species in PMjy particles

for Asian dust and non-event days.
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Yu et al, 2018a, 2018b), W A eloz= 7

1
ro

22 ool 2] A Y
AEE gy dHA A Yu et al, 2018a; Liu et al, 2017). 20150 F= Hjo| A
ANA LA AF= AdFEsE £ vhgol fFE g 2220 90%°l AL (Liu et
al, 2017; Wang et al, 2017; Yang et al, 2015), AW e F4£S 2 m/s o3&
d71ed =2 giks walste Aew FAHAT(FTE 5, 2018 Sun et
al., 2016).

22k 71 " 7] dojEES] S WA o R HAIYAe] edS oFr] &
v AR dEA Aok wlel A FaAlE AT A AT A Q1914 71 E
, Aol Aol FASH FUteke Aew RaEa 9t
(F+t8l 5, 2018 &5 5, 2015). A= FEA b WWE] dFE= FAke

9] AAH Aol Aol glol BE Adel nF B MAYR FAE F



/miz W EAA00 ug/d)e) de) L6W ESEL, MAYAE 214 ng/m' v
2121 (9.6 ng/m®) BT} 2.2u) Z7}skg).

0Q

r (

84 o)leAdR Tri= YA A NO; > NH, > nss-Ca® > nss-SO,°

> Cl > Na" > Mg® > K" > CH,COO > F > HCOO > CH3;SO; <=o]H,
AR AHE nss-SOZ > NO; > NHy > K' > nss-Ca® > Na' > Cl >
CH;COO > CH3SO; > HCOO > Mg* > F £o% £& ¥»:E Urhdt
(Table 21, Figure20~Figure 21). 22l <194 7]Y¥ A%< NO;, NH,/ & %=
Aol A 319, 058 ng/m’= wl@gdeo] nla) 2tz 2.6, 2.24) E=heh 3 v
DA NOs , nss-SO&, NHy A#S 341, 6.20, 3.28 ug/m’%= Zt) ¢ 2o
Hlal z}z} 6.8, 1.7, 249 & =& Z718S BTk

AT Al NOs, nss-SO&, NHy Aol A48 Aol z+2zF 589, 7.6,
106% =2 AA & F 77.3%] =4S AA AT vAGAIA A o] & A RE]
v &o] Zhz} 256, 464, 246%< A4S vEbdon AA 249 96.69
Aloll o]l& AwEES FAdol BWol FUhste Ao® AT 1 ol thY]
dryoli= FAF T Ay FEkSo] od] NHMHSO:, Fi= (NH):SO,

NHNO; 52 ¢Euds Adste] mAdAd £xst= Aoz deA gl (a
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3]A %, 2016; Robarge et al, 2002; Seinfeld and Pandis, 1998) 15 24 A
e s Hlel 53 NOs o 529 Aol §Fsts o= Hop dF A
ol = (NHy:S0,5 v NHNO3z @] ¢tRmdoe] F5 o] Fo] AF Yo +x
i e Ao w wekdc

kel s 71€e] Na', Cl & A% Al A}t mAIdA ol A 2h2; 11.0%,
0% =AE& HYi, EF7199 nss-Ca’'e Zoldxtel wAdAFel A 747}
2, 04%°] =AHE YeEtHAT olelst AFEHE AF A A 194 71

BEEel w7 SUFek AL, o] § NOy Adiel 43+ 7 Bel vAl= Ao
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Table 21. Concentrations and ratios of ionic species in coarse and fine

particles for haze (HZ) and non-event (NE) days.

Concentration (1g/m?®) Ratio
Species PMy 25 PMs5 PM) 25 PMas
HZ NE HZ NE HZ/NE  HZ/NE
NH,' 058  0.26 328 137 2.2 2.4
Na' 026  0.27 007  0.08 1.0 0.9
K’ 004  0.03 015 0.06 13 25
nss-Ca” 050  0.26 008  0.04 19 2.1
Mg*' 0.06  0.05 001 001 13 0.9
nss-SO,2 042 052 620 363 0.9 1.7
NO; 319 123 341 050 2.6 6.8
Cl 033 023 007 003 2.7 2.7
F 001 000, 0003 0.00. 15 15
HCOO 001  0.01 002 001 2.4 2.4
CH;CO0 0.02  0.03 002  0.02 0.8 1.0
CH;S0; 0.00; 000, 002 002 0.6 15
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Figure 20. Comparison of concentrations of ionic species and their ratios

in coarse particles for haze (HZ) and non-event (NE) days.
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Figure 22. Composition ratios of ionic species in coarse particles for haze

and non-event days.
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Figure 23. Composition ratios of ionic species in fine particles for haze

and non-event days.
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AR 7| 7ko] PMppe] 9AAE 5% S > Ca > Al > Fe > Na > K > Mg
>7n>Mn >Ti >Pb>Ni >Cu>Cr>Ba>V >6r>Cd> Mo > Co
o2 =7 et (Table 22, Figure 25).

AR Al BV AR AL Fe, Ca®l ¥XEi= 370.38, 287.69, 472.95 ng/m’%
el ity 283 Ti, Mn, Ba, Sr A#<& 12.29, 14.14, 3.30, ng/m® v &4 3}

H 523k ks Btk wbde] Q1914 71191 S, Pb, Ni A2 B dddel Bl

TS A5 A PMy 944825 =4S vas] & A, 191H 48, Zn,
Pb, Ni)<> 46.0%= Hl@d<del wls] 1.2v) =okth. 23y BEF A
Ca) 355%, HFAE A4+(Na, Mg) 11.4% = EFRL

Ao AvziE A LS FAF A3, nFE AR BAF 20179 19

=2

(Al Fe,

18, 2017 11€¥ 26<, 2018 3¢ 24¥, 20184 12€ 189 9] 7|+ (air mass)7}

1500 m ZEo|A] Fo] Q7 A HYE AXA Ao @ F Exo|

A9 5 LAAdEe AA AFR FdE AoR e th(Figure 26). ol23 A
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Table 22. Concentrations and ratios of elemental species in PMjy particles
for haze (HZ) and non-event (NE) days.

Concentration (ng/m®) Ratio
Species PM;o PM;o
HZ NE HZ/NE
Al 370.4 497.9 0.7
Fe 281.7 320.1 0.9
Ca 472.9 408.0 1.2
Na 229.9 200.2 1.1
K 186.7 154.6 1.2
Mg 133.7 120.0 1.1
S 1421.9 1083.6 1.3
Ti 12.3 13.6 0.9
Mn 14.1 9.9 14
Ba 3.3 4.0 0.8
Sr 1.7 1.5 1.2
7n 30.6 22.7 1.3
A% 2.1 1.8 1.1
Cr 3.6 3.8 0.9
Pb 9.1 5.6 1.6
Cu 3.6 2.8 1.3
Ni 4.6 4.3 1.1
Co 0.2 0.2 1.2
Mo 0.2 0.3 0.9
Cd 0.2 0.9 0.6
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Figure 24. Comparison of concentrations of elemental species and their

ratios in PMy particles for haze (HZ) and non-event (NE) days.
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Figure 25. Composition ratios of elemental species in PMj, particles

for haze and non-event days.
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Figure 26. 5-Day back trajectories for the haze days at Mt. Halla-1100
site on January 18, 2017, November 26, 2017, March 24, 2018,
and December 18, 2018.
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Table 23. Concentrations and ratios of ionic species in coarse and fine

particles for mist (MT) and non-event (NE) days.

Concentration (1g/m?®) Ratio
Species PMio 25 PM2s PMip 25 PM2s
MT NE MT NE MT/NE  MT/NE
NH,' 025 026 168 1.37 1.0 12
Na' 027 027 008 0.8 1.0 1.1
K’ 003  0.03 006  0.06 1.0 1.1
nss-Ca”’ 024 026 0.05  0.04 0.9 1.4
Mg*' 0.04  0.05 0.02 0.1 0.8 1.2
nss-S0,> 038 052 403 363 0.7 1.1
NO; 114 123 0.75 050 0.9 15
Cl 027 023 004  0.03 1.2 16
F 0.003  0.004 0.001  0.00: 0.7 0.6
HCOO 001  0.01 001 0.1 0.6 1.2
CH;COO 0.02 003 002  0.02 0.8 1.0
CH3S03 0.001  0.00 002 0.2 0.8 1.0
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Figure 27. Comparison of concentrations of ionic species and their ratios

in coare particles for mist (MT) and non-event (NE) days.
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Figure 29. Composition ratios of ionic species in coarse particles for mist

and non-event days.
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Figure 30. Composition ratios of ionic species in fine particles for mist

and non-event days.
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HHE Al PMppe] 94472 S > Al > Ca > Fe > Na > K > Mg > Zn >
Ti > Mn >Pb >Ni >Cr >Cu>Ba>V >Sr>Cd>Co>Mo To®
=S =2 el v (Table 24, Figure 31). ¢199% od Yoz iy HjEy =
. Zn, Pb¥= ZH7F 1109.2, 293, 5.6 ng/m’= v @A o] H]&] 1.0~1.3) = A}k

wn

off
H

2 Bg. E%7199 Al Fe, Cae 4979, 320.1, 408.0 ng/m’% H] &< 3}
M7t fAbah AT

HE Al RS AR A= 914 71 E(S, Zn, Pb, Ni) 37.1%,

off
H

ju

EY714(AL Fe, Ca)2 42.1%, 319 719 (Na, Mg)2 13.8% % UElHE= Aoz
ZALE A (figure 32).
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Table 24. Concentrations and ratios of elemental species in PMj, particles for
mist (MT) and non-event (NE) days.

Concentration (ng/m®) Ratio
Species PM;o PM;o
MT NE MT/NE
Al 493.3 497.9 1.0
Fe 364.9 320.1 1.1
Ca 446.4 408.0 11.1
Na 269.6 200.2 1.3
K 175.7 154.6 1.1
Mg 157.1 120.0 1.3
S 1109.2 1083.6 1.0
Ti 16.3 13.6 1.2
Mn 13.1 99 1.3
Ba 3.1 4.0 0.8
Sr 15 15 1.0
7n 29.3 22.7 1.3
\Y 1.8 1.8 1.0
Cr 3.2 3.8 1.1
Pb 5.6 5.6 1.0
Cu 3.2 2.8 1.1
Ni 55 4.3 1.3
Co 0.2 0.2 14
Mo 0.2 0.3 0.7
Cd 0.5 09 0.5
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Figure 32. Composition ratios of elemental species in PMj, particles
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Table 25. Seawater enrichment factors for ionic species in coarse and fine

particles.

PMyo o (Cx/Cra+) Aerosol/ (Ci/Crat ) seawater

Species Non-event Asian dust Haze Mist
K’ 3.0 12.1 4.1 3.2
Ca*' 24.3 125.7 49.0 23.5
Mg* 1.4 2.2 19 1.2
SO/ 75 16.0 74 5.8
Cl 0.5 04 0.7 0.6
PM- (Cx/Cxa+) Aerosol/ (Cx/Crat)seawater

Species Non-event Asian dust Haze Mist
K 20.3 25.6 54.1 20.1
Ca™ 12.5 81.0 21.5 16.6
Mg*’ 15 4.4 15 1.7
SO/ 193.1 144.0 347.7 202.4
Cl 0.2 0.4 0.5 0.3
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Table 26. Crustal enrichment factors for elemental species in PM;o particles.

(Cx/CAl)Aer()S()J/(Cx/CAl)Crust

Species

Non-event Asian dust Haze Mist
Fe 1.5 2.1 1.0 1.9
Ca 24 29 14 3.3
Na 1.2 0.3 1.3 1.9
K 1.0 0.8 0.9 14
Mg 15 2.7 1.1 1.8
Ti 2.7 2.3 15 3.3
Mn 2.6 3.0 2.9 3.9
Zn 54.1 6.3 46.3 112.6
\Y% 20.1 2.8 26.7 52.0
Pb 67.2 12.1 99.8 105.9
Cu 3.3 0.7 2.4 13.6
Ni 42.4 36.3 36.0 63.1
Co 3.2 3.4 1.8 4.7
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Table 27. Comparison between the sums of equivalent concentrations of

basic cations and acidic anions in coarse and fine particles.

Equivalent Concentration (peg/m®)

Meteorology PMig-25 PMos
Cation Anion Cation Anion
H 0.002 nss-SO2 0009 H 0.003 nss-SO% 0.076
NH,"  0.014 NOs 0020 NH,"  0.076 NO3 0.008
Non—
nss-Ca® 0.013 HCOO™  0.000. nss-Ca® 0.002 HCOO™  0.000-
event
CH5;COO™ 0.0005 CH5COO™  0.0004
Total 0.029 Total 0.030 Total 0.081 Total 0.084
H 0.0005 nss-SO,* 0.037 H’ 0.004 nss-SOZ 0.069
NH;"  0.044 NOs 0076 NH)"  0.074 NOs 0.012
Asian
nss-Ca® 0.114 HCOO™  0.000; nss-Ca® 0.015 HCOO™  0.0004
Dust

CHs;COO™ 0.001 CH3COO ™ 0.001

Total 0.158 Total 0.114 Total 0.092 Total 0.082

H 0.002 nss-SO4 0.009 H’ 0.006 nss-SOs% 0.129
NH4 0.032 NO3~ 0.0561 NH4 0.182 NO3~ 0.055
Haze  nss-Ca® 0.025 HCOO  0.000; nss-Ca® 0.004 HCOO™  0.001

CH;COO  0.0004 CH;COO ™ 0.0004

Total 0.058 Total 0.061 Total 0.191 Total 0.185

H 0.002 nss-SO,% 0.007 H 0.004 nss-SO> 0.034
NH,"  0.014 NOs 0018 NH, "  0.093 NO3 0.012
Mist  nss-Ca® 0.012 HCOO™  0.000; nss-Ca®" 0.003 HCOO™  0.0005

CHsCOO  0.0004 CHsCOO  0.0004

Total 0.027 Total 0.026  Total 0.099 Total 0.097
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Table 28. Acidity contributions of acidic anions for non-event, Asian dust,

haze and mist days.

Acidity Contributions (%)

Meteorology PMio-25 PMs5

Inorganic acid Organic acid  Inorganic acid Organic acid

nss-SO 234 HCOO 0.7 nss-SO/4 834 HCOO 02

eNVO;t NO;~ 630 CH;COO 80 NO3 1.0 CHs;COO™ 0.4
Total 91.3 Total 87 Total 99.4 Total 0.6

nss-SO 188 HCOO™ 0.7 nss-SO4 836 HCOO 05

Asian Dust No,~ 689 CHsCOO 116 NOy- 101 CH,COO 0.7
Total 876 Total 124 Total 98.8 Total 1.2

nss-S0/ 80 HCOO 02 nss-SO/4 744 HCOO 0.2

Haze — no, 895 CHsCOO™ 2.3 NOs 25.3 CHiCOO 0.1
Total 975 Total 25  Total 99.7 Total 0.3

nss-SO 196 HCOO 04 nss-SO/ 830 HCOO 0.3

Mist  Noy 756 CH;COO 44 NOs 165 CH;COO 0.2

Total 95.2 Total 48 Total 995 Total 0.5
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Table 29. Neutralization factors by ammonia and calcium carbonate in coarse

and fine particles for non—event, Asian dust, haze and mist days.

Neutralization Factor

Meteorology NFNH3 NFC&OOZ;

PMig 25 PMz5 PMip 25 PMz5
Non-event 0.44 0.88 0.41 0.03
Asian Dust 0.50 0.83 1.72 0.27
Haze 0.53 0.99 0.43 0.02
Mist 0.55 0.92 0.52 0.05
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