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Abstract

Korean Photochemical Assessment Monitoring Stations (PAMS) have been established since the late 2001 to
monitor ambient air concentrations of VOC species, which would enhance understanding photo-chemical
formation of ozone and subsequently contribute to developing efficient ozone control strategies. The present study
aims at identifying major VOC species and examining their trends by analyzing PAMS monitoring data collected
from the year 2006 to 2016. All the 18 PAMS sites operated by the Ministry of Environment were included in the
study. PAMS monitored the 56 target VOC species, which are classified into four groups, alkenes, lower alkanes
(C<3), higher alkanes (C>4), aromatics. The higher alkanes and aromatics dominated over the lower alkanes and
alkenes in the type 2 and 3 PAMS sites except Joongheung site. N-butane was a major alkane species, toluene was
a major aromatic species and most of VOCs showed decreasing trends in these sites. On the other hand, only the
alkenes showed decreasing trends at the Joongheung site in Yeosu. Major sources of abundant species such as
ethane, propane, n-butane, toluene were estimated by analyzing seasonal variations, correlation with other VOC
species, and emission profiles. A major source of n-butane was identified as LPG cars, while major sources of
toluene varied considerably from one site to another. The lower alkanes were composed of ethane and propane,
both of which showed a strong seasonal variation, low in the summer and high in the winter, indicating that a major
source might be the heating by gaseous fuels. Ozone formation potentials of VOC species were evaluated by
applying MIR and POCP to the measured VOC species concentrations. Toluene contributed the most to total ozone
forming potentials followed by m,p-xylene for all the type 2 and 3 PAMS sites except for two sites in Yeosu-
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Gwangyang. Ethylene and propylene were the first and second contributors to total ozone forming potentials at

Joongheung site in Yeosu.
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Table 1. Details of GC installment in Korean PAMS.

Auto GC Model Name
City Name Type Remarks
Period 1 Period 2
Seoul Eunpyeon 3 Perkin Elmer auto- system XL Perkin Elmer, Calarus 500
pyeong (since 02.01) (since 08.10)
Incheon Kuwol 2 AMA GC-5000 (since 02.01) Varian 450-GC (since 09.08) Eﬁl%cged
Incheon Seogmo 1 AMA GC-5000 (since 01.12) Bruker SCION 456-GC
(since 15.11)
Gyeonggi . Perkin Elmer, Calarus 500 Moving from
Bucheon Sosabon 2 AMA GC-5000 (since 02.01) (since 09.12) ShimGog (12.12)
Gyeonggi . } . Moving to
Gwangju Tanbeol 3 Varian GC-3800 (since 02.11) SongJung (16.10)
Gyeonggi Gocheon 3 Perkin Elmer autosys- tem XL Bruker SCION 450-GC
Uiwang (from 02.01) (since 15.11)
Gyeonggi Ganeha 4 Perkin Elmer autosys- tem XL Moving from
Yangpyung & (since 02.01) Yangseo (09.05)
Gyeonggi . . Perkin Elmer, Calarus 500
Pocheon Gwanin 1/4 AMA GC-5000 (since 01.12) (since 08.10)
Busan Tacion 1 Perkin Elmer, Calarus 500 Perkin Elmer, Calarus 580 Moving from
jong (since 03.10) (since 16.10) Deogcheon (07.01)
Busan Daneeam 5 Perkin Elmer, Calarus 500 Perkin Elmer, Calarus 580
Y 8 (since 03.10) (since 16.10)
Busan Daeveon 5 Perkin Elmer, Calarus 500
Y (since 04.01)
Busan Janeicon 3 Perkin Elmer, Calarus 500
" & (since 03.10)
Busan Jeoneawan 4 Perkin Elmer, Calarus 500
8 (since 04.01)
Daegu Sangyeog 2 Varian 450-GC (since 09.12)
Daceu Dacmyun 3 Perkin Elmer, Calarus 500
i yung (since 10.10)
Jeonnam . .
Yeosu Joongheung 2 Varian CP 3800 (since 07.08)
Gyeongnam 5 . 3 Varian CP 3800 (since 07.08)
Gwangyang
Gyeongnam Perkin Elmer, Calarus 500
Hadong Hadong V& (since 12.02)
sfolAs 19 SHdolm, FES AL 48 SA40] T 2T, ARSI FoE SRaE 42 AT
ok A 2HA] B SH4s 14F02 ER7sE T FAHAA o]dsto] AT o] A} L
SITH(NIER, 2011) g o] frAfste] o] A FUL SHAFH o= T
FHALGBY 24 SN AU B 19 Fath
GC 4% A% 2ok & BET) S44E 9AE & Sete oS LEBA FYL0A A 2
HadA oldstol & 20079 198 2N AR B GCL 4587 AEE AL 1587 BAR

7SS A 34 A A1 &



Seuet e

78R SAAEY A7) AT BA - BRI ABY SR BH 59

Fig. 1. Location in Korean PAMS (a) Seoul Metropolitan Area, (b) DaeGu Area, (c) Yeosu Gwangyang and Hadong Area,

(d) Busan Metropolitan Area.
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Table 2. Invalid data checks and criteria using general
relations among VOC species.

Invalid data check points Criteria ~ Reference
1 Ethylene is greater than ethane. - VOCdat
Propylene is greater than _
2 propane. VOCdat
3 n-Pentane is greather than 20% VOCdat
i-pentan. ¢
o-Xylene is greater than m,p-
4 xylene. 5% VOCdat
5 Benzene is greater than toluene. - VOCdat
6 3-Methylpentane is greater than 30% VOCdat
2-methylpentane
7  Ethane is greater than propane. 80% VOCdat
Ethane is less than 2 ppbC and _
8 Benzene is greater than 2 ppbC. VOCdat
9 i-Pentane is greater than propane 20% This study
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Fig. 2. VOC annual arithmetic mean concentrations by groups (a) Sosabon station, (b) Taejong station.
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Fig. 3. Monthly arithmetic mean VOC concentration of type 2 Seoul Metropolitan Area PAMS. (a) Kuwol station, (b)
Sosabon station.
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Fig. 4. Annual arithmetic mean VOC concentrations of type 2 Seoul Metropolitan Area PAMS. (a) Kuwol station, (b)

Sosabon station.
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Fig. 5. Monthly arithmetic mean VOC concentration of type 3 Seoul Metropolitan Area PAMS, (a) Gocheon station,

(b) Tanbeol station.
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3to] AF&8E 4= Qlth. MIRS VOC 3}ekE 9] A 3 4~6Y =<k AMAISE @ E&Fo|th(Derwent, 1996).
1A12F B AT 4 9l Ho) LEFolo (Carterer RIS S2|ihe} FEAGA VOC Sf3} w9 2A%
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Table 3. Comparison of POCP with MIR and RIR for selected VOC species.

POCP MIR” RIR POCP MIR RIR
Propane 17.6 6.7 72 Propylene 1123 125.0 84.9%
n-Butane 352 13.8 13.7 1-Butene 107.9 120.8 75.6%
Benzene 21.8 5.6 4.0 Isoprene 109.2 120.8 101.5%
Toluene 63.7 36.7 333 m,p-Xylene 106.0 97.9 123.8
Ethylbenzene 73.0 35.8 - o-Xylene 1053 87.5 -

"Nomalized value by setting the MIR of ethylene 100.
*RIR is a function of VOC/NO, for these species, and therefore calculated by setting VOC/NO, to be 0.8, a typical value in the Ozone episodes in Seoul

Metropolitan Area.
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Fig. 13. Total POCP and MIR calculated by using averaged VOC species concentrations at the photochemical assess-
ment stations.
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Table 4. The top five VOC species ranked by POCP and MIR in the Seoul Metropolitan Area.

POCP Toluene m,p-Xylene n-Butane Ethylene Ethylbenzene
Kuwol (26%) (12%) (7%) (6%) (5%)
uwo
MIR Toluene m,p-Xylene Ethylene 0-Xylene Propylene
(23%) (17%) (9%) (5%) (5%)
POCP Toluene Ethylene Isoprene m,p-Xylene n-Butane
s (27%) (13%) (7%) (6%) (5%)
eogmo
MIR Toluene Ethylene Isoprene m,p-Xylene Propylene
(24%) (20%) (11%) (8%) (5%)
POCP Toluene m,p-Xylene n-Butane Ethylbenzene Ethylene
Sosab (33%) (10%) (6%) (5%) (5%)
osabon
MIR Toluene m,p-Xylene Ethylene 1,24-TMB o-Xylene
(30%) (14%) (8%) (6%) (4%)
POCP Toluene m,p-Xylene Ethylbenzene n-Butane Propane
Tanbeol (51%) (9%) (6%) (4%) (3%)
anbeo
MIR Toluene m,p-Xylene Ethylene Ethylbenzene o-Xylene
(46%) (13%) (5%) (4%) (4%)
POCP Toluene m,p-Xylene Ethylbenzene 0-Xylene n-Butane
Goch (32%) (16%) (7%) (5%) (5%)
ocheon
MIR Toluene m,p-Xylene o-Xylene Ethylene Ethylbenzene
(28%) (23%) (7%) (6%) (5%)
POCP Toluene m,p-Xylene Ethylene Propane Ethylbenzene
Ganeh (29%) (9%) (7%) (6%) (6%)
angha
MIR Toluene m,p-Xylene Ethylene Propylene Ethylbenzene
(25%) (13%) (11%) (7%) (4%)
POCP Toluene Ethylene Isoprene Propane Propylene
Gwani (21%) (11%) (9%) (6%) (6%)
wanin
MIR Toluene Ethylene Isoprene Propylene m,p-Xylene
(18%) (17%) (14%) (10%) (6%)

*The number in the parenthesis denotes a percentage contribution

o} 1.738] 222, POCPE A8} toluene?] 7|9 =
7} MIRS AFE3H9S A9 BT} 24 ehdeh 2, 7
XA toluened] 7|9l POCPE AMESHH 26%
o]I, MIRE A& 23%o0|th. 181 POCPE A&
5} QFA = 3}8FE2l n-butane, propane, ethylbenzene
o %97k 7 b, MIRS AHg5Hel whg4]
5] 917} 7 vt of
= stol 4 A viet 2ol HgE B3HEL POCPT}
MIREtt 714 POCPE ARE-SHH A2 7]oj= FA|
Uehiy] fjgolgt.

£ 59 ol +EAN AT FATPA B4 BE 2
A Aof A toluene®] POCP7} 7 &¢toY 7|ox 2
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B7retd B, e, FHE 5 FAA S 33
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3 9 @8R 244 Z 37404 mp-xylenel] 7]oj=
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th. 283 =T FAFSH, POCPE AHESFES 73
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Z9] 97} &=om, MIRS AR&59S -9 eth-
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Table 5. The top five VOC species ranked by POCP and MIR in Busan and Daegu.

POCP Toluene m,p-Xylene Ethylene Propane Ethylbenzene
(17%) (15%) (7%) (7%) (6%)
Taejong
MIR m,p-Xylene Toluene Ethylene Propylene 0-Xylene
(21%) (15%) (11%) (7%) (6%)
POCP Toluene m,p-Xylene Ethylbenzene n-Butane Propane
(33%) (12%) (6%) (5%) (4%)
Danggam
MIR Toluene m,p-Xylene Ethylene o-Xylene Ethylbenzene
(29%) (17%) (6%) (5%) (4%)
POCP Toluene m,p-Xylene n-Butane Ethylbenzene Propane
(21%) (15%) (7%) (6%) (6%)
Daeyeon
MIR m,p-Xylene Toluene Ethylene Propylene o-Xylene
(22%) (18%) (7%) (6%) (6%)
POCP Toluene m,p-Xylene Ethylbenzene Ethylene n-Butane
(22%) (15%) (6%) (6%) (5%)
Jangjeon
MIR m,p-Xylene Toluene Ethylene o-Xylene Propylene
(21%) (19%) (8%) (6%) (6%)
POCP Toluene m,p-Xylene Ethylbenzene o-Xylene Ethylene
(30%) (16%) (6%) (6%) (5%)
Jeongwan
MIR Toluene m,p-Xylene o-Xylene Ethylene Propylene
(25%) (23%) (7%) (7%) (5%)
POCP Toluene m,p-Xylene n-Butane Ethylene Ethylbenzene
(38%) (9%) (5%) (5%) (4%)
Sangyeog
MIR Toluene m,p-Xylene Ethylene Propylene 1,24-TMB
(35%) (14%) (8%) (5%) (4%)
POCP Toluene m,p-Xylene n-Butane Propane Ethylene
(36%) (9%) (8%) (5%) (5%)
Daeyung
MIR Toluene m,p-Xylene Ethylene Propylene n-Butane
(33%) (13%) (7%) (6%) (5%)

*The number in the parenthesis denotes a percentage contribution
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Table 6. The top five VOC species ranked by POCP and MIR in Busan and Daegu City in Yeosu, Kwangyang, Hadong.

POCP Ethylene Propylene Toluene 1-Butene n-Hexane
(25%) (15%) (8%) (7%) (6%)
Joongheung
MIR Ethylene Propylene 1-Butene Toluene Isopropyl-benzene
(31%) (20%) (9%) (6%) (4%)
POCP Toluene Ethylene m,p-Xylene Propylene Ethylbenzene
(13%) (12%) (11%) (7%) (5%)
Golyag
MIR Ethylene m,p-Xylene Propylene Toluene 1_2_3-TMB
(17%) (14%) (11%) (10%) (6%)
POCP Ethylene Toluene Propane m,p-Xylene 1-Hexene
(15%) (13%) (7%) (6%) (6%)
Hadong
MIR Ethylene Toluene Propylene m,p-Xylene 1-Hexene
(22%) (11%) (9%) (9%) (6%)
*The number in the parenthesis denotes a percentage contribution
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Fig. 14. The monthly variation of major alkane species at two type 2 PAMS. (a) Kuwol station (b) Danggam station.

g 4= QTH(US EPA, 2014). NIER (2006)3} Han ef al.
(20062 Boto PN ZA4Y 422 +89 1Y
of Hgsto EAGA F2 VOC W9 Tetg A
=3tk Teht £89 Bgo] 7] sk Wy
e F237]0l VOS] Baeture AuLEs} 2
the BAIHe] gtk £ AT ME VOC HEE4E
RO seRithy Bk F4 VOC 8k 4|
AW BT Fa BE 3 AV FEdt]
VOC 2 E4S A4 4o setstert.

Ty 149} Zo| FHALABD 28 240

=
Al FEE A0 FAkA] BT S 40lA ethane

)

I} propane®] FE+= AEH 1 o FH Yt o}
ehA] ol ALBEL EAASH ZRRskATE )
9o FHHEYG U ZATAY FHARS
methane©] Ak, oF 9% 9] ethane} F 1%2] propane<
45k QT )T ZRPAAL propaneo] FA
Holth(Kim et al., 2017).

Ethaned} propane 7+9] @74 F45o] 0.63,
d750] 0582 E£0}A], ethane} propane?] H|ESEA
of grin 2AEL 1Y 149 FAF ZH40 G4
A, =4 287 38 SAH2A= ALEo| pro-
pane®] YHHF E =7} ethane Rt} ¢F7t &=9kom, A7k

J. Korean Soc. Atmos. Environ., Vol. 34, No. 1,2018



Toluene (ppbC)

K - —&— Toluene
—O— m.p-Xylene
& Ethylbenzene

T T T T T T T T T 0

4 5 6 7 8 9 10 11 12

Month

m,p-Xylene, Ethylbenzene (ppbC)

(®) 60 20
>
—&— Toluene
—O— m p-Xylene 2
459 «-A Ethylbenzene L5 &
2
o S
Q =
e 2N £
< 30 o [10 2
g 5 9 @
= A 5
= /B /

S ¢ o8 A 5
= ‘0\0/ A':' Acep A A %
15 T L5 ™
AAe a

0 — — T — T 0

1 2 3 4 5 6 7 8 9 10 11 12
Month

Fig. 15. The monthly variation of major aromatic species at two type 2 PAMS. (a) Kuwol station, (b) Danggam station.
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Table 7. The top eight VOC species ranked by ppbC concentration at Joongheung station compared with those at

Kuwol station.

Cyclo-

I-propyl-

Joone-heun Ethylene hexane Toluene Propylene n-Hexane benzene Propane 1-Butene
ghieuns 50.7 272 26.7 26.2 19.0 129
31.3 20.6

. . Ethyl-

Kuwol Toluene Propane n-Butane Ethane m,p- Xylene i-Butane i-Pentane benzene

330 17.6 15.6 129 83 8.3 72 6.1
*The number in the parenthesis denotes concentration in ppbC
&9 Zo] F7RE A =7 ¥doy 20109 5o st et & dFAe o=, A dT
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tolueneo] 94| 3}3tFolgict. YF o 9l= ot o
ARe g 281 35 FAaoM= VOCE HaFAA
ok 1§/48 &H a0 VOC 25X+ 75ppbC 0|3}
2 9 HEH VOCY S8AE o]Fl 72 v
nsiehal FrHEh 83 AFER st 13/4%
ERae AR HE 349 Agrrt gong 347k
A &34 52 5 GCE o83 5740 adrh
LEYG7I =7 & VOC 31ek5-2 =AY o
THo A= tolueneL 2 H7FEM T3 O 2= m,p-
xylene2 2 UERGTE I8 toluened] 7]oj=7} oF
50% &2 1 oo g A Ushd SHae A=
B4 BEE 294 Uldo] BRsHT 1 9 53
Ao AE toluened 7| =7} oF 33% B& 1 o]5HY
o} 0] BATAL toluene] 7]o] w7} 45 Wk
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YR ot veb oz AL Sleis
toluene?] &S S0l AL BECIL, AHoA
SEANIETL £E B VOC FHoks R A
Fretolof Fitt 0|2 SlalN v=T fHA Aue
L EEHA YA =l MIRZ POCPETH= 39
3lshike EAS 183 RIR 59 IAE SAAIA A
& Zlo| vtgrAsitt. 281 F9ol= B3t dE
A F32Y SRS 234 {71001 2Z(SOA, Sec-
ondary Organic Aerosol)& AJAsH= VOC 3}st£o 2
st ol Adst sekEd 23 frldlolzE
AIFAG A =S Adsto] 22 f7]oflol2E /el
7127t & VOC 38tgE =55t 7ol 4
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