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Abstract

Recently, Jeollabuk-do has been reported as a province where the PM,, concentration is one of the highest levels
in South Korea. To explore the characteristics and origins of the PM,, in Jeollabuk-do, we present one of the first
long-term datasets including a statistical analysis of PM,, concentrations obtained from six cities in the province
from 2010 to 2015. During the entire periods, the mean hourly PM,, concentration was 49.3 pg/m3, which correspond
to the annual ambient air quality standards for PM,, in South Korea, and the annual PM,, concentration of each city
showed a similarity in year-to-year variations. In the monthly variation of PM,,, the PM,, concentrations showed a
maximum value in May that was one of the top levels among the provinces of Korea while the concentrations were
dramatically decreased in August showing one of the lowest levels among the provinces in Korea. For the diurnal
variation of PM,,, the PM,, concentration was enhanced during the rush hours together with gaseous species of
NO,, and CO. When the high concentrations of PM,, were observed (the highest 10% of the PM,, mass contribution),
temperature and relative humidity were low. Using HYSPLIT backward trajectories and cluster analysis for the
high PM,, concentrations, we found that the pollution plumes were transported mainly from China.

Key words : PM,,, Meteorological parameters, Precursor gases, Local pollutants, Long-range transport pollutants

1. M = Z]7Zo] 10 um ©]3}1 Z-& PM,, (Particulate matter)©]
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5ot A e 359 4ds MSHARIT(Sol-
omon, 2007). £3t, 57] A% 5& do7m A
GeFS n|XE&= Ao Z RIE I ok (Harrison et al.,
2012; Baltensperger et al., 2008; Jang et al., 2006; Lee
et al.,2003).

7] 5 PM, 8] s=& 7142, A
=9 F, di7lsety, A9 F vjaw, X
DA dAuE Al - FHE e
A5 o, FHUT= &, 7H, A=l BA
sta AAY f9lo] stod, olet dAntd 7]
I oA HR Y FEE YT AWAEE A
H I E It} (Seoul Development Institute, 2011; Chen
et al., 2008; Song ef al., 2006). T3t A (XA: 1~10
km, ANEE: 75% ©]|3}), BFE (A A: 1~10km, A&
& 75% o) T4 714 @l Al F717F AAE
I, ZAE 7] rellAl A&l B8t whgo] dojut
WA =Y BAHA7E YEhs AoR HiuEHT
Atk (Lee et al., 2013; Jo and Kim, 2011; Choi et al.,
2003; Chun et al., 2003).

F2Uehe 1993058 PV, & o718 /1% 82
2 Agsto] AL Uk PM,9] t7|187 7% &
T 19934 FE 80 ug/m’, YHF 150 ug/m’, 2001
H A" 70 ug/m’, QFF 150 ug/m’, 20079 AR F
50 ug/m’, QHF 100 pg/m’2 7] F0] 78k=|9)c}. 2016
799 vz o o)A 26379 EAI 7] ZAA,
37719 =27 S44, 309 27 sE S
2, 1970¢] wedf7] S 47 Q=L lod, ATt
©2 PM,, =& 37135t 9ot (http://www.airkorea.
orkr). 2010~2015d $-2utet A= PM,, 98T &
L oF 482 ug/m’E "= LA 303 pg/m’, 4B =F
20.3 pg/m’e] BIFA AFs] ¥ FXo|ch(NIER,
2016).

S2uet A4 WHo) of 8%8 AR HeRE
= A7 oF 186%F N FOo= (20174, Z7HEAIEE,
http://kosis kr), P H O 2= A&F0Z FHIE A3t
I Hotol 3, FHOEE AWMLY YR o2
Legibdo] stod itk 2013 HIAHA] H AEA
22 AT HRE A7 PM,, hEFS 1 624E
© 2 BIEQTHNIER, 2015). AetEE PM,, vl &
T AF43%7F ERO|FLHUCE T 2 HiET
HAY, o202 N0l 52 HY 36%, Hl4ty A
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6%, A|ZY A4 5% ZALEQTHNIER, 2015). A}
& AYo)A9 PM,, HiEFS A= PM,, HiE&F9
22 1.3%2 Wj-$ H2 F& 2AA| k= Aol Hlg|, Hi7]
% PM,\9 5=+ 52 52 YEY T gt Kim and
Ma (2009)9] Aol 4] 2004~2006 AR A =0 A
o] PM,, 98+ 5= 22 oF 49 ug/m’, oF 52 pg/m’
o7 T 29 B ey A%+ PM,, 84 7]
ZAFAY 238t 202 eyt & o 29
2010~20159 F¢t AHEE=A Y] AFH PM,, 55+
B 508 ugm’ R o[ eyt 7 V1EAE
ZI}eHe fEOITHEE 54.7 pg/m’, 7] 54 pg/m’, Q1
A 513 pg/m’, NIER, 2015). E3F 2010~2015E7F £
guat 177 A=E A8 PM, 5% <=HlolA A=t
EE292 A 49] ool BaH QUTH(NIER,
2015). At A7 HAEE=AY d7] F PM,, 5%
= FEvEA Y =2 298 vEAL dSol=
ETS O AR} 8 2 HUS FEsk] A% A

+ 7Y€ Ao] glth

2 AFolME HZ LYl M 22 E2
AR FEE 2ol Sl AHEE =AY AY
9] mAEA] AL wpotstarzt gttt o] 5 f|3 2010
R 2015E7H4] 637 4717 PM9] =5 Al
Ao s BASGT B3 AdEEoA Y=
PM,, Ig%= AR} oo erbEE 7484, 7hAA
AT AT, 71¥E FEAFLEN HIRE TA|
4719 E4& st A} gt

2, g 4y

2.1 X8 &%

2 AFolA= ool ool A AlFstaL §l= 2010
~2015¢ HeFRE BANF AT EAIY] 24
& Y A=E olEsty PM, ¥ 7FAAAEE (SO,
0.0, NO,) 9| 147t B g +yskdct. det
EzoE 20179 A £ 14719 A4 =AY
71 PM,, =5 A5t JAH(AF: 370, 24k 370,
170, AL 170, 23 170, 9
AT ATHL BA5)
S8 147) 294 ol M 2 ALA F4hs Ft
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Fig. 1. The location of six air quality monitoring stations (Soryong-dong, Palbong-dong, Jungang-dong, Yeonji-dong,
Gochang-eup, Jukhang-dong) in Jeollabuk-do (marked by red dots). The annual variations of PM,, concentra-
tions at each station in Jeollabuk-do between 2010 and 2015 are also shown. In the plot, the box indicates 25%
and 75% of PM,, concentrations and dot represents 5% and 95% of PM,, concentration. Solid and dashed lines
indicate median value and mean value of the PM,, concentration, respectively. The location of the weather sta-
tion at Jeonju is also included (marked by star).
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Table 1. Information of six stations studied in this work. Annual mean PM,, concentrations of the stations from 2010 to
2015 are listed. For the data in the year of 2010 of Gochang station, the available measurement data rate is
less than 75% and thus the data is excluded in this work.

Mean PM,, (pg/m’)

City Name Surrounding environment 2010~
2010 2011 2012 2013 2014 2015
2015
Tksan Palbong-dong Industrial zone, Hill, Residential zone 570 555 551 525 599 559 560

Jeongeup Yeonji-dong  Residential zone, Commercial zone
Gunsan  Soryong-dong Industrial zone, Farmland, Sea
Namwon Jukhang-dong Residential zone

Jeonju
Gochang Gochang-eup
Six cities  Six stations

529 509 498 524 501 495 509
50.1 559 524 445 455 472 492
485 519 454 474 4677 489 482

Jungang-dong Residential zone, Commercial zone, City hall 48.1 399 434 533 504 451 467
Residential zone, Commercial zone, mountain, Empty lot — 354 459 509 454 477 450

513 48.1 488 50.1 495 488 493

ther Station) #&A8 F 7|2, A%, TF, 5.4
dEe, AASY 1A B ARE 0835t o]
53 Xiﬂ‘r%ES’l ARkl ZAIH 7] v AHA| EA4E o
oFst7] sl AlFE-Eo] FREHA Bt =
5mm ©]AH(Choi et al., 1998)2] ZFA AJ7HE B X o) A
A LJstart. £ 714G A ERHIE FAF T AT
9 &4 Are EAoNA AYstct. A A Azk
2 ATBETY A Al 71E0] He 7dEEL2
AFE AHstgh. 2717 Smm, AL A AJ7HS
AeJsty A= PM, 9 7\}5:1'7} 5% o4 o &4
Shich 2% 201099 A PM, 0 A=7F HA &
| F 25%%to] & 7P—°}°1 EAol|lA ALttt
714849 3l 93| PMIH FE7 oA W
glel=A] BA57] Al dYuix]EAHEA] (One way
ANOVA)E AAE4T. B dFoAE PM,, & &
o =t yed 7144 EAE ootsr] 9l
PM,, =77+ 6719 HEQLZE o] PM,, 10%
0]3}, 10~25%, 25~50%, 50~75%, 75~90%, 90% ©]
Aoz FEsHTh AR A olg XY #
EE9| Buvt Z2AE BdstE A2 EHHsE
2 A9 £F Be FHOE U, URojRl o]
FARCE JAGE NE FAstE Aolth(Won and
Jung, 2005). F¢EL 592 HAAstHon, §o5¢
FRT §TE (p-value)o] HthH FL7HEHY] {oet
zZpol7t Qe AR wetd 4= gtk 1 AR {o¥E
(p-value)o] 2% 0.0000.2 e} 2z} 7]/\1‘.&_1_t- Z]‘
Bt d3) SAAHLE {23t 2ol7t Q=
2 EAH

F

7SS IA A 33 A A3 &

2.3 9HH 2

IFE PM,, B AIZEY) 3 R 7R e gt
oFsl7] &) ul=s ¥ 7]+ (NOAA: National Oceanic
and Atmospheric Administration)oj| A A &3}+= Hybrid
Single Particle Lagrangian Trajectory (HYSPLIT-4) 2
W2 olgste] AAH BAS ANt F719) o
AA BXS 93] NCEP/NCAR (National Center for
Environmental Prediction/National Center for Atmo-
spheric Research)o]|A] A|&3}= GDAS (Global Data
Assimilation System)& AR5}t GDASE 1°9] 4
AT} A AHAES ATHT A
2010~20154 E¢F PM,, =9 glo|g 47} 74 @
2 AFY YT BZEY 1500m 4FY 3715 64
R EERAHE N EERERS DL

2.4 CPF (Conditional Probability Function)
model

AGERE A9 F HRE=AYU AFY FAHA o9
Ho] AAE FH37] Y3 CPF 2d& %}%5}‘21‘1}
AF71AH Y ARl 29 1o EAS AF714
= A3 95 718549 oF 2.8km %4017(:1 A
o} 7|AARE 2010~20159 AA A 7|7 Z219
AF F4E vAAA bolee}t -gstA ko] 1A17F
BHARE o833t

CPF 2d2 & o|&sto] 2 AU HxH2 9
AgE FAE = = AR FEo|th(Watson ef al.,
2008; Kim et al., 2003). CPF Zfto] 1¢f 77l&45 1
ko] g o] 2 Mol #2 AL Yv|siH
23 28 2oz AArET



CPF jp=m /0, (1)

40 WA ol ot g NES F 5
=7} 9% 7123 o4 Hel ur% Mol 3, n
A0 el A Eol ok vige] & WEsolth & AT
o A0 225°% AA3}o] mwi 28 7]
4= PM,, 6719 =7t F 10% o8t (As%
PM,)2} 90% ©]AH(Z%%E PM,)C2 AA3IHch &
3 F4o] WS e 05m/s WRHY G Bojot
aoll et BEAET} ot HAA A9t

m e

3.2 &

3.1 MtEE PM, It 7IAMHER Sk 22
a9 13 8 12 2010~20159 AZEZ 671 7]
LHEY LY AFHE PM 9 FEE HojETh :l%l 1
O MAZEROA WA= PM,, TE9Y 25%, 15% 3
o, AAE S AL B4 H2 7#2¥

5%, 95% 422& UERdIT) 2010~201549 7]7F 59t
BT 67 ALY PM,, BF 5= 4944319
ng/m’2 Uepdth o]2jgt detEz ol PM,, B B&
= A%+ PM,, 7187 7]&X]<l 50 “‘g/m3°ﬂ 455
= FAolth B3] HEE 67 5L FolA 4t
TR=O| PM,, BF =7} 56.0+36.1 pgm’E 7HY
=7 etk 389 AAEL 5094329 ug/m*e 2
o S84 5 F HAAE £ 555 AT 3L
2 4k 5;%5 49.2+31.4 pg/m’, LY 3%
4824289 ug/m’, Ao % 46.7+30.9 ug/m’, 1
2ol 1S 45 o+3ooug/m‘ Loz UehygthE 1).
I 194 2 £ 0] 20109HF 2015874 A
HEE REY A HoA dHF PM,, TE= 5718t
At 7&*'5}1] A ALY AT F=E B oAt
I HEo A o7 5429 B PM, RO &
A A veEgen HAREE o) 44 F w2 A
Wt FEE B3t

19 2% 2010~2015¢ HAEE 67 7| L FEA
29 PM, AE B¢ =& UetdthAA: 93,
AA: BHgE, 9rA: 25%, 75%, A: 5%, 95% WE-2)S).
2o 3~59, 22 6~8Y, 2L 9~11¢, AL
12~2¥42 Aostgct. AdE PM,, == 67 &
oA AR FARE HEHS Holm, ol 7MY =1L,

_9.04..

2010~20154¥ AZE= ZA|H7] PM,, 9] E4 255

ol 71 Rt 3] 59 /) S84 4 PM, &
& 603+335 ug/m 2 7 2 = & 2k 2011
| 599 Mt % PM,, B BEE o T6pgm’o2
AA &4 717 5 7P E=okom, &2 7|7 AH (84

ug/m’), 771 (80 pg/m’), A5 (80 pg/m’) thE 2 2 £
=t} (http://www.airkorea.orkr). o= 13- A|
25t 57 &2A a0 A PM,, & WE 4 50% o|Ako]
ABd PM,, 7|87 7| EY 52 5E FES
e lth ol 53 715 544 ASALY vk
l FAEEA BARY AF2 & PM,, 55 TF
< 2 Aoz ddEn v 67 $44 B oF
ol M W& PM,, =5 E3th. 53] 8¥o|
33.6424.1 pg/m’2 7P ok B AfolA] duky
A H71e E4e AHEY] 8 4 Smm o)) &}
e AYEAoY el ot Edet Aag
Hzo] d5HS W TS HAoH, BABYEY
AT 3719 ol g FFez ATk (Lee er
al., 2008; Kim et al., 2007b). oo]Z2|o}e] 2015 %
AR A 8L HHEE A S44 PM,, B
FEE o Bugm'gen, vt 167 ARA F
139]0] diFsh= wAolth. &, 953 AHE= nA
WA T FEUTlA ARs] B2 Aoz Sl
At
AZHE PM,, T2 T4 2853 AlYskal o
A AGAA FARE S ‘/}EH%M(I’-%! 3.4
9AIRE 124744 &2 PM,, S HgoH, E3
2A 1042 114] Aolof Hds=s L}Emahrﬂ
ol ZIAZ Y ARAY WEIF 2717 Yol
2 Hojth o]F 252 7HHA PM 9 F&7} Wotb
A=t o]AL Kim et al. (2007a) A Aol A4 H
71 &3] F7to) weh SN w=7F AR 7
a3tEA PM,, FE7F HAH3] HolxA € Aoz &
Mgt YA 2041578 2149 ThA] PM,9
SE7F FoHAIH, o= 239 &2 ARF} izt
A2 B Azl o] F7eHHA wiEd 57t
7F 9l Aoz wotdnh v oAt B T4

£FFS AY A% £ HES BATHAY 3a,
3d). A BEE ZHLE FHBHo] % yohx)of 5
ANGOR, 24 28F ZP2E FRTAO| &, vt

oh BHRAL o RolA ek 1>.u+aw ueix) &
HAE FABHE ALY 1), o] 9] Az
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Fig. 2. Seasonal variations of PM,, concentration in six cities: (a) lksan Palbong-dong, (b) Jeongeup Yeonji-dong, (c)
Gunsan Soryong-dong, (d) Namwon Jukhang-dong, (e) Jeonju Jungang-dong, and (f) Gochang Gochang-eup.
PM,, concentrations were classified into four seasons: Spring: March ~ May, summer: June ~ August, fall:
September ~ November, winter: December ~ February. In the box plot, solid and dashed lines indicate median
value and mean value of PM,, concentration, respectively. Box represents 25% and 75% of PM,, concentrations
and dot represents 5% and 95% of PM,, concentrations. Solid and dashed lines indicate median value and
mean values of PM,, concentrations, respectively.
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Fig. 3. Diurnal variations of PM,, concentrations. (a) lksan Palbong-dong, (b) Jeongeup Yeonji-dong, (c) Gunsan
Soryong-dong, (d) Namwon Jukhang-dong, (e) Jeonju Jungang-dong, and (f) Gochang Gochang-eup.

A5G o] & fJsf B RoIA AT AEE
Xéi‘ﬂ AR 285 A SYES diE
2 of PM, 1} 7tAZEE Y] ABdE &
stk & 2% 2010~2015d A=H SO,, C

NO, B BEE HolZth 2010d 0,9 B FE
A AFE 257 ppb, AFE 24 192ppbR 1, A&
Z7bske] 2015 ol = —‘.U;_P 31.1 ppb, A= 30.0 ppb
o A 2855 A 20104 2015H o= 2

rlr

O,%1} oz} COY H== 435.7 ppbollA 510.7
ppb2, NO,9| FE% 14.0ppbollA] 17.4 ppbE Z7}8}
Ak AF F4F A9l Ad 6@ F¢ NO9 5
%7} 15.6ppboll A 17.6ppbE 10% = F7+5+ .

NO,% COE F2 AFARNH wEHE 7ty E
Aot (QUARG, 1996). 7] Fojl4] CO= OHet 2
< AbstA|eke] BHSofl Q3 O, AAshe Fa3 o
2 3t} E3 NO= th7] oA FEE 0.2
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Table 2. Summary of concentrations of the gaseous species including SO,, CO, O,, and NO, at Gunsan and Jeonju

sites from 2010 to 2015.

Mean concentrations (ppb)

City Name
2010 2011 2012 2013 2014 2015 2010~2015
SO, 6.0 6.2 6.5 6.8 6.3 5.6 6.2
Gunsan Soryong-dong Cco 4357 497.6 494.1 5194 5499 510.7 501.3
(0N 25.7 22.6 235 25.1 26.0 31.1 25.7
NO, 14.0 14.2 16.2 15.1 16.6 174 15.6
SO, 4.1 6.0 3.6 3.7 34 34 4.0
Jeonju Jungang-dong Cco 5175 548.6 4279 421.5 4179 425.0 460.9
O, 192 26.5 247 304 29.7 30.0 26.7
NO, 15.6 14.8 16.3 17.9 17.1 17.6 16.5

ARk 0.2 d7] oA skl 2Hgsio) 3
4 $71shkake] Bsish vl 8 oIz} §7] of
o] 22 (secondary organic aerosol)& AJAdl= FAoZ
&4 A Qi (Hallquist et al., 2009). Ghim et al.(2015)
oNe AEolA FEZ A7 CO% NO,9 5= 5
7p7t F3iskH, ol PM, == A F7kste AL
2 B35

PM, 9] A|ZttiE Wstel v wst S wf (2 3), 7t
L4EE F NOY &= ¥ 7 AR B
HAoH(@™ 4). A9 B9 24 8A]9 NO,7F
FTEE BN (TY 4a), 1N FQA 24 9A]o PM,,
o] F=7F HAAE UEheH(2d 3d). A9 B,
NO,7} &= ¥1¢] 535 Holn] 27 9A|&} 2.5 8AJo]
EOMAAL(TE 4b), ofZHe] Azt ZpolE Holm o
11A¢} &% 9AJof] PM,, 8] 9|27} UERTH(E 3e).
52 25 20~21470) PM, 8] F%7} HaL ¢
et =t o] A7 AFE NO,9 s&%= 1
gt COY AL NOSH AR 7
7, qHels tha o s eyt
54 Eek dAEBE Qo4 0, NO,,
COSl A&He 55 27 vAHAY AFR2 &
&sto] d7] FollA wAUA Y FE5 F7HA7]+=
Qe FU& Ao PerA

2010~20154 £ $0,9] 3§ Aok P4k 2H4
oA RE ZAFFTHE 2). IF 404 SO,& COY
35, 2 AZHolA AR FAtelA A
ettt o] A2 FAF &85Ol ArdeA| et TR
7 BA4H Slo] I FEE ol Hl 7|og Aes
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3.3 PM,, Z5EQ XS 0f|A] LIEFL
Tlaers £
2010~2015 HBEE PM,, =}t AEEofA
tebd 71481 B4 dast] 13 ek ol
A& FolA PM,, 274727 7 A2 AFY F
S 7|20 (PM,, AAAE 2] 96.7%2 B4 0| o]

B FE 10% WESG o|5HE AE = PM,(F 5280
Azhoz Helssich. ALY PM,, HESE D55
PM,, 0] HS AL 414%, B 34.6%, A2 122%, 7+S
11.8%08 BAEQT, A% PM, o AS o2 539
%, 7VS 237%, B 14.4%, AL 8.1%2 Lrehgdet.
AF YoM 5= PM, Y B+ e
11394269 ug/m’, A% PM, &) BF &= ¢k 95
+3.5 ug/m’ P} (E 3). 2010~20159 A= PM,, T
& Bt A= 2007~20119 FAA S 5% nA™H
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Fig. 4. Diurnal distributions of gaseous species in (a) Gunsan (Soryong-dong), and (b) Jeonju (Jungang-dong).
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Table 3. Meteorological parameters of the mean + stan-
dard deviation of temperature, relative humidity,
and wind speed for the lowest 10% of the PM,,
mass contribution (<10%) and the highest 10%
of the PM,, mass contribution (>90%).

PM,, contribution

<10% >90%
PM,, (ug/m’) 9.5+3.5 113.9+£269
Temperature (°C) 203+9.1 112+95
Relative humidity (%) 772+185 63.9+21.0
Wind speed (m/s) 20+13 16+12
<10% % haze
(9.5 ug/m®) Hl mist
10~25%
'5 (18.8 ug/m’)
g 25~50%
S (31.5ug/m)
2 50~75%
o (49.2pg/m°)
E 75~90%
(71.7 pug/m’)
90% <
(113.9pg/m°)

T T T T T T

0 5 10 15 20 25 30 35 40

Percentage for occurrence of mist and haze (%)

Fig. 5. Occurrence of mist and haze for the different lev-
els of the PM,, mass concentrations in Jeonju
(Jungang-dong).
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AF e LF5EY PM T Z2 BHo| Sl ALE U
gt Ay dTolAe dHiret AF T Al mAd
A9 &7t Sk AeE UEE 2w (Song et al.,
2016), 53] WM 7] F H53he= 292 divle
QEYol B4 U FAFo) Het PM, 557 FoA

o2 BuEch(Lee et al., 2013).

3.4 I5E PM,, UM AI 7I°J =X

2010~20159 AEE AFoA Uehd %%
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Fig. 6. Conditional probability function (CPF) plot for the
highest 10% of the PM,, mass in Jeonju (Jungang-
dong).
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Table 4. Chemical and meteorological characteristics of the four air mass categories.

Cluster number

1 2 3 4

PM,, (ug/m’) 121.8+32.7 114.9+26.1 114.1£27.1 107.8+21.6
SO, (ppb) 6.5+3.6 64+38 5730 50+£3.0
CO (ppb) 711.1£296.7 727.2+296.6 656.7+269.7 629.3+2552
O, (ppb) 22.6+19.3 256+£21.6 309+27.0 320x245
NO, (ppb) 23.5+12.6 239+13.7 24.6+149 22.5+13.6
Relative humidity (%) 67.7£19.6 64.5+204 60.5+22.0 639+21.1
Temperature (°C) 6.6+64 8.0£8.7 133+£9.7 155+92
Wind speed (m/s) 19+13 1.6+£12 1612 15+1.0
2okt RaE e A gAY $45H F7
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&9 &7} 32ppb= HIAE HAPoH, 2=Vt w11
@x)71ke] W EAL Byt H*:i Aol N B
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WEE PM, B A9 FAH 7Y e e
CPF 58 BA& $3319ch(1Y 7). CPF 292 %)
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Fig. 7. Conditional probability function (CPF) plot for the
highest 10% of the PM,, mass in Jeonju (Jungang-
dong).
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toml, Theo 2 Ag AXF S09pg/m’, T4 AFE
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