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Abstract

Anthropogenic emissions of PM, 5 in Chuncheon are considered to be low according to the national emissions
inventory; however, the atmospheric PM, 5 concentrations have been reported to be higher than or at least similar to
those measured in metropolitan (e.g. Seoul) and/or in industrial cities (e.g. Incheon, Ulsan). In this study, the con-
centrations of PM,; and its ionic and carbonaceous compounds were measured from Jan. 2013 to Dec. 2014 in
Chuncheon, Korea to identify the characteristics of high PM, 5 concentration event. Average PM, 5 concentration
was 34.6 ug/m’, exceeding the annual air quality standard (25 ug/m®). The most abundant compound was organic
carbon (OC), comprising 26% of PM, ; mass, followed by SO,>.

Among 14 high concentration events, three events showed clearly enhanced contributions of OC, SO,”", NO;~
and NH," to PM, 5 under the fog events. One event observed in summer showed high concentration of SO,*” while
the high wind speeds and the low PM, /PM,, ratios were observed for the two high concentration events. These
results indicate that the secondary aerosol formation under the fog events and high atmospheric temperature as well
as the regional and/or the long-range transport were important on enhancing PM, 5 concentration in Chuncheon.
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Cluster analysis based on back trajectories also suggested the significant impacts of regional transport from China

and metropolitan areas of Korea on PM, 5 in Chuncheon.

Key words : PM, ;, Secondary aerosol, Fog, Long-range transport, Cluster analysis
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AR = H7)E Ash AE8uA A v 7w
A, A4 & FEshe 5 A Aside] R
oy}, Aol =edhs BFES FFstAY AFA
A 7|t IS T AS A7t
2l g7l e dEHolth. 53] 2UAUA (PM, )= &
=719 7P A4S A AR BHOR o] F5}]
ol TF7|de 2 A8 des fuste, o
7] & PM,s9 5=7F SE71A9 HEHA 2 &
HE E AMTES T AT due A
e Aol A BrE Ath(Song et al., 2016). PM, 5]
£ FHRBE PG, AE 5 584 F714E]
oF 50%, ErAA o] oF 30%, 123 el w2
S48 9 75 4R A2 ZAE 9THMOE,
2013). SRS EAH O] 93] AT (elemen-
tal carbon, EC)2} 77| €4 (organic carbon, OC)2 L5
o}k (Park er al., 2005; Birch, 1998). Y4EtAE A7
Hanf vpo| A &7} FojlA IApA o= viEHoh
1 A QA f71RAE U7 F B4 $715
FE(VOCs)?) Bejet weomE YR de
F7199) 37k Argo] $Eulo] oMoz AN
T 3t} (Seinfeld and Pandis, 2012). o]x} {-7|&k42]
ATENE AR AxoA WEEE VOCsRE of
Yzet 2] oA vjEE]= VOCs (e.g. terpene, isoprene)
= EFHEH, 23 f7Ie] AA7IE] Bt F ¢
3t A7 AP v} QITh(Cahill ef al., 2006).
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SR 5 A 27 Y JelaA A4, PV, 2
PM,; o - FEA] & AL SRR
o, A7) F PM,,9] sk 4% wfEsFERE ofyet
o]zt HFol= FasHA IS 7] W2l 1 F
T &S A= Aol Wi 7ithEth

A= = A AT} g FYAof vl SR
LYol Hom HH =AZ AHA §lof, PM,so o
e A7 gol +yHA skt SHEAE AU
HiEsF ZpEo QJstd 20139 EHAIY] PM, viETF
2 oF I30E(HAMAR], BEAY A4 9 A Agher
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Az a7t oF 22%E AR, ik 34, H71E
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E AloAE= 2013 1€9HE 20149 129714 &
14579 Al RS AHSAT, AR AF Fal 214
At AARS 25 S/4HES] 3752, 54
127440010k, 7R AR A2 L 07 BHA
(U.S. Environmental Protection Agency; U.S. EPA)9]
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o WA 2447 53 A2 E AFSHATH PM, 5 A2 9
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*ﬂxﬂﬂ} 32 SRR AAHT & ARgstgen, Y &
= E#d (clean bench)o| 4] FH] 4335}t PM,
FHEE B2 vn dEHE A RHsta BAE
EAsto] of Al Enfch 2GS AT o] E &
2, 94 E) tig E% FA| R (field blank)= 674
A& QFH ket g Hy JHstlct. B FA RS B
TH& NO;7, SO, NH,", OC, ECe]l tiafiA] 22+ 0.4,
0.3,0.06,0.29,001 pg/m’ 22 Ueh}, A& HEo H
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SIich. E3 BUT ARE W 24 (oleARe] 7
£ 39 BHE 24, g E ] A 29 HhE B35}
o] RPD (relative percent difference)E AAFs}H o,
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2.4 S ™ (Back—trajectory)
E4 71 B¢ fd=HE 3719 358 gotst) 3.1 PM,s Sk
93to] w|=a| ] 7]= (NOAA: National Oceanic and 20134¥ 195 20149 129714 233 g7 £
Atmospheric Administration)o]| ] A|&3}= Hybrid PM,,9 BF 5L 346ugm’ 24 AHF 7|84
Single Particle Lagrangian Trajectory (HYSPLIT 4.7) 7% B2 (25 ugm)E 37| 2st=s AR Vet
Y o gstel AL AT o1 8T A ©m, 2013W} 20149 ABF FEE 242 368py
£ GDAS (Global Data Assimilation System)Z 0.5F  m’, 328 ug/m’S2 T & 2% dB8F 7|25EE %2
Fsdeh (3™ 1(A). B3 AA 54 717 5 4
Table 1. Method detection limit (MDL) and relative per- 2te] dg 71EE = 50 ug/m3—% 25k e F
cent difference (RPD) for each PM,; component. 2792 AA AR 49 ¢ 19%7) 7|25 EE 278}
NO,, SO NH,S OC EC gon, dFFE 25t AR HFEEC] ALH
RPD (%) 47 96 04 26 26 AFH A 54 Fa7t ==Y &7l
MDL (ug/m®) 0.1 04 0.02 09 0.04 = g3E 2xA 237} ofd =R ujE o] =9
2 120 T T T T T T
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Fig. 1. (A) Daily concentrations of PM,; during the whole sampling period. (B) Good correlation between PM,; and
PM,, concentrations. Note that the PM,, concentrations were obtained from the nearest national air quality
monitoring site. (C) Seasonally averaged ratio of PM,/PM,,.
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of EAstA] G Addigta HHA ol A
AZSE o, 2HA1Y PM,; &8 AT A2E 5
olgtal AotE Tt

AZE PM,; B ES AHEH 52 33.7 pg/m’,
o]& 212 pg/m’, 7FE 31 pg/m’, AL 454 pg/m’ o2
Ag L5E, q&ol As=rt yephde g ¢
Jon, E3] 20133 11Y€EE 20144 4974 R4
Aog & =7t UEHTHIY 1A). PM,59 A
A 15kt oA AsEe EvE g A g
A dEEA SHEE o, ditder T3k
1%, TF L A5 58 Lot 714 @Y A4
H sk} wj &Y A-A zto] FLoZ s of7||
o} (Kim et al., 2013; Jeon, 2012).
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A o7t 3A yeh (3™ 10). FE o= 2013
|3 20149 25 PM,/PM,, H]&°] 50% O|Fteg
Ueh, EFUAY A Aot 22 AduiEede=
FE wEEs dAHPM,5,0)7F PMy, 520 S83% 9
F= A= Aoz Held 9, PM,/PM,, H]E°]
0.6 oJA2l AAL 2013~20149 ALT} 201449 A5
H 7SR, 2HAAHPM, 5,00 B8 PM, 7F PM,, &
Lof mAle gl 2 AL= YEH

3.2 7| & o|2HE

7] & PM,s9] 8 o] JEL SO,7,NO, ,NH,"
2 A2 YF 717 B 242 39+3.6ug/m’,2.8+29
ug/m’, 20+1.9 pg/m’2 e, Al o] 28] g
PM, ;s &9 ¢F 26%5 Attt Al A& 5 AAl
2 APHorg ALH LFE, o5 AsEE
et = (28 2), ol ZAEE (NHNO,) 9 3f
g A4, K7 di7] &) 24 Q&) gE AL
2 e ) (Seinfeld and Pandis, 2012). §Hd A A&
F 7V 2 TEE Hole AEY A TR A

(52 © (2] (s} < s < <
¥ ©r ¥ £ © © = =
a > s o > =
& » x T & @» x =2
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Fig. 2. Concentrations of ionic compounds and their contribution to PM,; mass ((A) sulfate, (B) nitrate, (C) ammonium)
and (D) correlation of molar concentrations between 2[SO,?>1+[NO;] and [NH,"].
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H e AE HolAe Eskeu, PM, ol tigt 7]
&2 o5Ho] ALH va =2 = Ul
(A" 2). o]2gt At o 54 F3s vhgo = 3|
SO,7} H,80,2 A% & SO, & 2x& 02 A3}
7] W&o 2 mheteEth(Witting er al., 2004).

NO; & 2348 o &2 st 8 7132 Aaitsks
I} NH, 9| §h3 7|20 2, e Al B2 A4t =
Qoff kg v EE = A AR gk Wol gtA
S 2 NO, 9 FE7F w2 ¥ AJF 292 ¢2 NO,”
9] =& el (Han et al., 2008; Kim et al., 2007;
Choi and Kim, 2004). & &4 4% SO, /NO, 9|
H &2 142 veht, Sejubet i =410 24H3.2)E
= ko L} (Moon et al., 2005), A2 (0.65) (Park et
al.,2004) Boh= & gho] eyt T3t 2 Aol A
2743 SO,7/NO,” H] &2 347 234 Z4H 2005
HE 20099 9] SO,”/NO; 7k (2.44) (Kim, 2010) % ch
2 Ao Hol, TA HgjA EHA| PM,; 5=
A= AsAFe ggFo] F7Hr Ao g woE of

2009¢ FHF A&-3H 1&E27F HFEHA &
Aol ol A F71ekg7] WE o2 AzrEct
EgH 2 Aol A= 2[SO, ]+ [NO; |2k [NH, ] Ao
AEAS7E 0.82 (T ol AB/AF)E e PM, 5
of A3 SO,7 2 NO, 9] 8 e Faktn
& ((NH,),S0,)3 A4+ (NHNO,) o2 EAgt}
T e £ Qloh(a® 2(0)). 2[SO,7] +[NO; ]9}
[NH,"] Atole] A 7E 2[SO, ]9k [NH,] Ato] ]
AEAS (0724 [NO;I9F [NH,'] Abo] o] AghAla
(0.69ET 22 Ao R Hol £HE NH, 9 vj&o]
8% Aoz FAHET d=Al g} YHeR
2 9T A S5 o= Qs tj7] F NH,
NH, "7} F%3t7 £A)5k3, NH, 9 NH,"7} SO, ¢}

AL

a

—

J o

£ 1o

HE i ol

'§-2 NH,7} thA] HNO,9} uH$-3}

3.3
A EE PM, 9 58 FALRLCE oF 10~40%
a1 Z @Itk (Kim et al., 2008). & A|
o] PM,s U &t2A B9 FHF-E OC7} 9.0+5.3 pg/m’
EC7F 1.6+ 1.0 pg/m’2 Wehit, 4| ga/d8o] PM,;
AFFEY oF 31%F5 AASHTH(E 2). OCeF EC &
T AL 7P & 529 o5l 7HE *2 =S
Uebd o, PM, s W &2 AT Aaglo] tiFE
30% ooz EAHUTH MA Az diEt OCet
ECY| A (1)L 0.742 Uehgen o] O0C%
ECY| FL®3}o] fARE vj&o] BAdT= A&
AAFECE A2 OCS} ECS) AgAlE A= 7
23 71 5 4T 0930] Uehtor e
3} o2 o] 247} 0433} 0.597} et T AEe) A
$ 0Ce} ECE Aol w29 Ex Ao 2y
711FHh AL o 4 9tk
A AF717F F¢F OC/ECE] Hl= 651272 A%
3| A Uebdth(GE 2). Schauer et al. (2006)°] 2]5F
A 404 e OC/EC Hl&E 1.0~4.2, A
A AoA= 2.5~10.5, Hfo] QU A AZto A=
772 BRI ES 7|E9 W AFoAE OC/
EC H|&o] 25 273 ¢ 7] $9 35kl ¢
3 A== 22 OC2 ZHshgich(Lee and Kang,
2001; Turpin and Huntzicker, 1995). wetA £49] &
< OC/EC H]&-2 A-ga; da 919 dat wi&de] 9
ol AU 22 0CY 7|o =7t Aths AL AlARRE
th. 7} AAE OC/EC H& ATEH & 69 9§ 73
7 54 AL 6302 BE 208 A 20T Fel

Table 2. Seasonally averaged concentrations of OC, EC, POC and SOC with Pearson correlation coefficients between
EC and OC for each season. All concentration units are pg/m°.

Pearson
ocC EC Or(;if)c coefficient POC, POC,o1-comb SOC
(EC vs.0C)
Spring 8.8+£3.1 1.3£05 69+19 0.80 60x24 0.1 2819
Summer 5122 0.7+0.3 73%33 0.59 14£05 0.2 36£20
Fall 85+£5.6 19+£12 54+3.6 043 36%22 0.2 49+5.1
Winter 13.0x6.2 20£1.0 63x1.1 0.93 10.1£49 0.2 28+2.6
Total period 94+5.7 15£1.0 6527 0.74 42126 0.2 53+40
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Fig. 3. Correlation between OC and EC concentrations for spring (A), summer (B), fall (C), and winter (D).

T = ok 5H ] &2 OC/EC H|&3 W2 0Ce}
EC 78] A#A = 22 0CY 719 =7} Fasits
A& AFH o2 Yepdich §H, A d o2 ALH o
E2 0Ce} EC 719 A&, 2% OC7F 34 548
312 93l OCet EC7F GARH U3t vi&doA Hj&
HAE ZoR ddd 4 vk 7R E Y A9 HAA
S 2 OCe} EC 7H9] Aol A ¢hgkal OC/EC H]|
€% 20130] 44,2014 682 Yeh} F ZfolE
Bt 201349 119 2343} 119 240 =2 PM,,
9] 5= (89.5 pg/m’et 76.7 pg/m’)e}k o] ¥ OC
%2 (29.6 ug/m’e} 24.7 ug/m’)7F UEbt=d], o] = 7
9] o] (outliers)S T Lol A A|L]stH 2013 7}
LA AF oz ¥e OC/EC H]&(3.3)S Hol=
ghd 20149 7REEL €53 ¥ OC/EC H|&(6.8)
o] Uetth(Z® 3). 3 7} 39] OCet EC Ato] <]
AFTHA 4= 2013 0= 0.94, 201400 0952 =2
S YeERH(3E 3),201393 20149 7HSoll= ©A
AEY & WHolo| 4% FFS vA= HEY E
= Aol AR FElo] g Ao R wrhdn

b7 & kg o s P == o|xF OCE 4HAst
= e dA WiEYddA ¥iEEE OC/EC Hl&

((OC/EQC), )& A8t Alitste ®iol BIMsHA Ab
L=t} Turpin and Huntzicker (1995)2} Chow et al.
(1996) LA} Hj& Yo 2RE ujEH= OC/ECY H]
£2 20~222 7}H% & 2% OCE A3t 1
Y (OC/EQ), = Al-348 o2 bE s 7Hd &+
7] dzol ddgts ARgslrlols B0l 24
3ttt Castro ef al. (1999)= AGL7|7F S #=5H 714+
W& OC/EC B|& ((OC/EC),;,)& AREstA o] & (OC/
EC),&2 dAlstAth & Atoli= njd: BPew
5B 71908t= OC(eg. A& 719 OO)% FAlo 119
3371 93l 4] (1) (Lim and Turpin, 2002)-& AR&-3}4
12} OCe} 22} OCE AHF 5Tt

OCsec = OC(OC - [EC (OC/EC)mm + OCnon—comh] (1)

o714, OC, g com= A& 7€ €2} OC F&=E Bt
Woh &2 Aol A= (OC/EQ),,, @ OC g coms 5783t
7] $18h AdE = OC/EC H]&o| 3+9] 7.0~12.5%°] 3}
Fol= Al RE gACE Deming regressions AR5}
of dHa} 7]12715 Fotpen, y-HHE OC o com AL
o2, 781 7|€7]2 (OC/EC),, & =Rt ch(Park
and Cho, 2011; Saylor et al., 2006; Chu, 2005). 1 &

J. Korean Soc. Atmos. Environ., Vol. 32, No. 4, 2016



442 2AZ - YT

ol

2 -

%

A - APE - olsH

I, A OCo]| tigt SOCE] "l oF 34%= el
o Bo o 329, 4L 67%, 7+ 53%, AL 18%=
oF2 7HE &2 Hleol, 283 ALH M ¥
< SOC H]&< ETH(E 2). o] A= AFH &
ZH w& 0C% EC Aol o] A4 (R=059: 17 3)

=2 OC/EC B & (7.3: & )= Rst= 2z,
e} Aol B3 Fatet whgo= gk 22 0CY| 7]
=7} Avke AL Uehdth

9 10%0] fFst= ABN=14HE ez 54
A Hokth AFY] 10% A &9 BF PM,; 5= 822
ug/m'olglon, il JY o] Fo] FH A
Ao SWste] FEHFS AR MR FUH
A& ST 5 AU A9 10%9] PM, s A& =5
Uz 90%2] A|5e} Hlmshd 0Ce ECY HEt
Z+z} 2.44), 1.84] Z7}st9eH, SO,7, NO;, NH," 9
o] 24w = 7z 2.34), 3.04, 2T 42 F
7¥8hgith OCet o] &4 K9] =& E3] SO, 9 NO,
of Hl3j NH," 5=7F 34 713t A& & o, 27 o
ol2F9 Ut Yo £HY IFE PM,E oF]
doha 24 4 Qo

AET HIeF o] AsE PM,; AlRE AR

a2

i

l

oqg_ L]—E]-‘—H @L}o]u} 20139 11€Y 239,249, 12
4 59(ad 49 AEHE 3749 A= HHS F
14719] 5% A7 Foll A7} HAS 4ahdol AH
H AFo|tt 2 1% % A|F9} H|ZE wf, OCE H]
R3] o] 24489 7| go] £ &1L ujEA F
£9] 7]0j&2 s wor ECY 7|oq&L HWoE
EAE ZotE = Qlith 71£9 AFoAE &3
PM,; 559} PM,/PM,, H|-&°] th7] & At&=7t
VS F5lo] ket AR Uegten, th
7HERRE O oot w2 PM, 9] 5= 9 PM, 4/
PM,,©] #ZE$tH(Cho er al., 2016). o] g LTE

AT 24 MRS BAsHE A7t o3 §7]
9 57] oojnEo] YHo| FoT FFL mA of
2 918) PM, 0] 57} Z7haThe A AAE.

1479] Jg e ofHlE F FUsH 954 (20149
84 233l #ZH PM, = FAHA9 7]of&o] F3
SHA wSkth whebA o5 FEEh-E o= QI 23
it Agol easide] wet PM,; =7 7t
Aoz dgd 4 Qi

TEE AR F 201449 49 1623 124 300 A
HE PM, = EAQHOR T8 Ik AR H& 7}

1.0

@
L ® @ ]
08 I ® o0 @
I ®
0
3
N |
% ost .
e ® ®
5 |
2 [ | l )
g [ |
= o4t B .
g = l |
=
Il oc
B EC
02 7 [ N Nitrate

> RN

&
Q\
W q,@\q,\q, v ‘1/\ 3

PP 0P P € @ P WS o

Sulfate
B Ammonium

Unidentified
@ PM,s/PM,,

b‘ > > > >
N '\ N N
&S S

Fig. 4. Fractions of each PM,; component to PM,; mass for high concentration events. Red circle indicates the PM, ./

PM,, ratios.

o713 A A 32 A Al 4 &



O

AT 2%

e

A S F5(13mis)0] BEEUT o] F ARE A
93t HE W% A|RLE HF £&o] 08misE A

A& AFH 7170 Bt F4 (1.1 m/s)ET} Zof tf7] 9
AAZE PM, 59 LF5EE oF1# 5 d5S HoFH
. agu o] F ARE deHoR Be Fhol B
Ha mlEA d&EY 719Eo] =4 et §40]
EAFT. 3 PM,; =% EUAT PM, /PM 9
H& (PM, 8] sE+= &3 AAbs ZAIH7ISAS
ARE AHEEHo] 515%F UERL, B 15 oHlE
o] PM,s/PM,, 9] B B &<1 72.2%9] H]8] ES15}HA
e 2u]Rte 7]l ge Uerth mebq o] %
TEE OMEL B2 F£02 A% FAH oF ¢
A, AFANE B 42 5 AAHOR BEHE 2
HYAH(PM,5.,0) 8] HIAE Fo] Hlo] HE 7Hsde
R2re 4= Sk

Utix] 87)9] T3 oMl E (12/8/2013~2/24/2014)
of thalAE A 7lelge] ERG B FolE 4
AAITE, PM, /P, Hl-&0] ThE 1F = oJHlEo] H]
A A& o2 R e etk (1Y 4). B3 A
g ol5e ARBAR @ol AFHE CO9Y ¥=
(Brasseur et al., 1999)7} € %% oWl Eo| H|3j
LI~128) 7] BEE0] A7 el o502 QI Zv]
AR w7 A Vet AoR 23T S 9o

M

)

Ao ZHT PM,,9] B R o] YR ST B4 W W AP 24

443

A= £40] Basit

+
odt
o
o
S
ac)
p

i
v
&N
2
o

PM,; s=0f WA= IS etstr] AAsl, 444 =
28 Hgoz FURAL ANBth B ATolAE
7+ M5 TF(TSV: total spatial variance) B'H-& A}
S, TSV/H 37 W5 U viees 24
TE ZAAsIc(Draxler er al., 2014; Kelly et al.,
2012). & AFollA= F 4719 230 AgE it A
WA 2E 3 AR 14%E ARG G o)
F% SENe 29 AU AN FHOR Y%
oh & RSt Al R 2782 42 HAA A=Y 23%
o 0292 AABGY oM BE SR Seete] S
1S AH £ filHe 25 2o, &+
A 2L F2 g SR Aol U ey
Aol A3 v Al WA L AAeA R st
Ao 297 Ae2 yebth vl A 232 A
AR 0% AAsEom Setere] T2 A
N zAoR g5 Ao TaRG,

PM,;9 FZ& 23 2(38.9 ug/m’)2t 3(39.6 pg/m’)
oA we e mHon 24 404 A we 3
(212 pg/m’)y& YetloH (¥ 5). o] Aike 33 Ak

ofo ofu

(A)

Cluster 1
(14%)

B)

Cluster 2
(23%)

(€)

Cluster 3
(42%)

% e

(B)

Cluster 4
(20%)

Fig. 5. Backward trajectories for cluster 1 (A) through cluster 4 (D). The blue solid lines indicate the mean back trajec-

tory.

J. Korean Soc. Atmos. Environ., Vol. 32, No. 4, 2016



444 2R 71T -

oh.
%

A - APE - olsH
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Fig. 6. (A) PM,; concentration associated with each cluster. (B) OC and EC concentrations associated with each clus-
ter divided by the average OC and EC concentrations for the whole sampling period. (C) Concentrations of ionic
components associated with each cluster divided by the average concentrations for the whole sampling period.
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