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Abstract

In Korea, photochemical air pollution has drawn public attention as one of the major environmental issues since
1990s. To abate ozone and air pollution, new legislation was enacted and regulation was reinforced in conjunction
with basic researches. Asaresult, the air quality has been much improved in terms of primary pollutant such as CO
and the occurrence of extremely high ozone concentration. In Seoul, on the other hand, concentrations of ozone and
exeedance hours of its national standard have increased since 2005, which isintimately coupled with NO, variations.
It indicates the need for further research at long-term bases to improve our understanding on complex processes
determining ozone concentrations. In this paper, the characteristics of ozone variation was analyzed with 13-year
measurement data obtained in Seoul. In addition, the previous studies and their main results were summarized that
have been performed in association with photochemical air pollution in Korea over the last three decades.
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FAdolAM Op F=7t F7hel 2971A= = 24
Z1A = FHFE AR 4 059 J&2 dirj= %
29EAE A= s AFAAE THeATE
ZAelet.

AFHeAM Oz FEsl=He] OH7IE A }—t—
o) OH H12 fYSI= AL kel 21
A 71 FehibsE RARISH (2 D). H= +’r°J
H ooduxe g]z_zq_i 74} AkEb) wo] ) Ale)
Helz wgkse] A-AAE 1A A7]elA AA"
o} o] oA Ozo] AAA =™ A OHE A
3t} o]2 3t EAkA7| (odd-oxygen) ¢} E4=4-7| (odd-
hydrogen) Ate] <=3} 7 &8& CO, CH, NO,,
3)9A 7] ek 4-313HE- (Volatile Organic Compounds,
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2 AAbES A (o, Heagle, 1989) ¥ o}
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= 7Zle g g9 F <o (IPCC, 2007, 2001).
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Fig. 1. Schematics of simplified tropospheric photoche-
mistry.

Atmospheric Composition Sustainability

Climate Change

Aerosol Transformation
O, Formation f
Greenhouse Gases GWP

Cleansing | Photo-Oxidants |
Capacity | HO,O0,;H,0,

Cleansing
Capacity

Air pollutants:
Reactive Precursor Gases
Particulates

Air Quality

Fig. 2. Schematics of simplified tropospheric photoche-
mistry.
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43}, R 2 dls), Kim and Kim (2003)2 1996
~2000 Fotwt AlAe] 29¥W O, 5%, Leeet al.
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2002; Kim and Ghim, 2002; Park and Kim, 2002; Kim
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Table 1. High ozone episodes reported in the Korea Air Pollution Research Association (Source: Ghim and Oh, 1999).

Ozone episode Max. conc. L
Source (yymmdd) (Date) Major findings
— High concentrations usually occurred under the influence of
89060329 warm and moist southeasterly and southwesterly airflows
Chungand Chung 890714, 890806~ 13 173ppb \ \ y y
at the back side of high pressure system (900830).
(1991) 900606, 900730, (900830) . . . A
900807~ 15, 26. 30 - High concentrations resulted in the downwind side of the sea
T breeze owing to the channeling effect of Han River.
128 ppb ) . -
Han et al. (1996) 940608~ 09 (940608) - Protochemical smog associated with high pressure system.
. 164 ppb - Along with the sea breeze, 0zone concentration increased
Kim et al. (1995) 940611~ 16 (940615) from the west and moved to the east (940611).
- Model showed and high O; concentration with northwesterly
. N 141 ppb wind in the southeast of Seoul.
Kimetal. (19962) 940711~13 (940712) - High O; concentration was observed in Chunchon due to
polluted air from the Seoul area.
188 pob - Model showed peak concentration in the southwest of Seoul
Kim et al. (1999) 940721~ 29 (940%)2) due to easterly in the morning following westerly in the west
seashore and weak winds in Seoul in the afternoon (950724).
- High concentrations at Bulgwang due to convergence of
Kim et al. (1996b) ggg%§~ ;Z (;%?gg) southeasterly wind. It moved to the northeast side of Seoul
as wind changed to westerly (950722).
Leeand Bang 970612~ 18 144 ppb - Higher daily maximum in later time in the eastern part of
(2997) (970615) Seoul due to northwesterly winds associated with sea breeze.
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Fig. 3. Yearly and monthly variations of mean and 90" percentiles of O; from 1999 to 2011.
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Fig. 4. Annual variations of O; for all data (left) and day time from 12 to 17 h (local time) (right) from 1999 to 2011.
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Fig. 5. Annual variations of CO and NO, from 1999 to 2011.
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Fig. 7. Comparison of percentile distributions of O3 and NO, between 1999 ~ 2005 and 2005~ 2011.
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$3le] OH7| & "tz o] 7P Fast 09
=Hk-g-o] o} (Jacob, 1999). O;2] A2 Aol o
g3fshibee 17 13 o] sl =AI” 4
o A5 HAANME 425 AFses HO9
CH;0,5 CO%} CHye] w3 FF3HAIRE =A]el|A]
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T 7 &3l o O F=Tt AlejHEAE W
s} 7ol $-al5]ofe} g} (Shon, 2006b). 243} x
2 AT Aol o3 =AAY O, A dukH
22 NOXH= VOCsull e o Rz Aoz o}
eldt} (Martins and Andrade, 2008; Lei et al., 2007;
Peng et al., 2006). 21 4] VOCs xo] 23 O,
Aol AL el ¥ Aoz wusgch
(Lee and Hwang, 2005). &}x]2t O; 4§ (ozone
production efficiency)2 NO,2] = wuH|H3}7]
2ol AR5Atell 2]’ NO v &5ko] w2 =42 A
¥ NO wiZe] 75 O3 5=rt Fashs 73
o] ¢lt}(Zavala et al., 2009; Jenkin and Clemitshaw,
2000). webr] O5 A4 o] NO2E VOCs - o] = 9
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Fig. 9. The monthly and yearly distributions of number of hours for O; exceeding 100 ppbv, the national air quality

standard.
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W2l o Rl BEEA FRsE 47 ok
]2 VOCs == NO, A&t A2 Al mle} =
A 7)o el gekRl 4 gle =z (Song et al., 2012)
o2 AA3}7] $1sl NO,, NO,, VOCs, H,0, HNO;
o] EAAEE 7|22 O; XY ATEA- 3t
Z=E 718k} (Shon et al., 2010).
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200097 =ut O; YA AA & °16H6} 1
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17t NO/NO2| H]7} Wal: AL taxoz
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F A dAEA d Hu2es) 09 H1
= 83 PAN 5= Ale] AdA7L wi$- E9hd)
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3lgF Alo]e] 2 AMAIL O, Ao EEodd ]
7h 23 4TE PY5S AAZH(Hwang et al
2006). = A el|A] VOCse] O; A 7o =
A Azl EFq (toluene)zt =4 # (xyleng)o] 7}
2o 7oz yehdri(Leeet al., 2007b). kA o
o $1A1& d=AIQl HARE s Fell 2]t JgfF =
NAA 2 Ak A O3 57t A5dn Bw

>

r

¢

[

o2 e X He T

9.or (Oh et al., 2004), F3lekd Y43 7 A3

I FAL] el A Agste Aoz HEA
o}(Song and Shon, 2008). ¢ w3xx= Al ¢4 O,
= [A 7} Bel

AR &=t d HFE O3 5% Ale] A3
A ke A2 O A 714 54 Fell 27 <%
o] Z 712 kX&) (Shon et al., 2010). L ] wiA
Aejel AFE TAkelA 20059 Bo] ZAE O, %
= AT s ert AR pdell o3 o
k1S el e (Lee et al., 2007a), oo = & oF}st
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Table 2. Summary of VOCs studies.

Title Source Measurement time Measurement site
Impact of biogenic volatile organic compounds on
ozone production at Taehwa Research Forest Kim et al. (2013) Masyér;]u;(.)ﬁnd F;)I'ra;hwg ZOn iTJo
near Seoul, South Korea ' » yeongg
Study on the Distributions of VOCs, Aldehydes,
PAHs Concentration in Seoul Metropolitan Area Han et al. (20062) Seoul
Diurnal characteristics of volatile organic
compounds in the Seoul atmosphere Naet al. (2003) Sep. 8~ 13, 1998 Central Seoul
Seasona characteristics of ambient volatile . Aug. 1998
organic compounds in Seoul, Korea Naand Kim (2001) ~Jul. 1999 Seoul
Study on Improvement in Reliability of
Analysisfor VOCs and Aldehydes Leeetal.(2006)
Trends and Control Technologies of . 2004~ 2006 Jongro 3, Gangnam Stgt on,
Volatile Organic Compound Kim (2006) Once every year Dondzemun, Jamsil,
g P Yy Seokchon Lake

A Study on the Source Profile of Volatile Organic . _ B
Compounds from Major Emission Sources Kimetal. (20013)

5 Aol Agle] A A BF AEEAR  VOCso| zF AR wiE 7AME stebshe o] F

(Hanetal., 20068). ~=A A FellA PAMSeA] &3
HiE 56%°] VOCs Z =3, 5, ogte] 33
ssbgel Zlez EET(Han et al., 2006b). =
3 Oz Aol e o]z, 1-3El, EFdlo] FA 7]
o3l ez B yE gl (Leeand Cho, 2004).
VOCst etz z uh-g-A 9 w&d o] Aelsih
oebr, VOC ghshg g O; A 71H =8 AbEsta
71 =7t B EEe] &S $A-e= Wuz‘f}
W, ggHoz O A4S AT 5 st (Leeet
2007b). B =A]e A VOCse] F2 wjZge x}%—i}
W 7] 7k, S Al ARGALS, ol A] Amjabs] (AFY H
W)l Aoz kel gloh(Han et al., 2006b). C,~
Cse F2 7l v 2537} F v & o|w
FAEFe] vlwA Z WS AG2 §718A ARA
WA ft. o]2f 3t VOCs?] & wiEaFe setslx 7+
W& FAIEZ AR (source profile) s A&}
A FHetse A Oy 5= o3 ¢ F3io
(Kim et al., 2001a). F 2ol = Sad7] 2383 23
W el e B8 Rxel it =AM I AXEla
Al ol=sk BAEL B3hsl ubgel og 7HAA
Ql flsiAdwatr oldel, 2 AAZA AA A 3t

¢

WEkE ebdlgeas (PAHS)Y 23 eldlsafol
Ze BAEE s e} (Han et al., 20063).

st 7)13 7 813 R] 2| 29 A 435

23 39l B gk

Sefete] A4S AR o] FEmite) 70%F
AAstme dmAle] A AblolA s Al
A 3 7]§}6L——(B|ogen|c Volatile Organic Com-
pounds, BVOCs)= 31$]# VOCs%} &7 O, AAdel
71e9& 4= Qlvh BVOCSE 21917 VOCsol| w]sf wf
Zgko] AR Fn] F3}shd ML E o] o} &4
Aol = 21914 VOCss) Hls) Oy AAe] o 2
q3Fe F+ Ze= By on (Chameideset al.,
1988), O; A3} o] x}-f-7] ¢l o] 2= (Secondary Orga-
nic Aerosol, SOA) A< 3 A
A S gl dEAH oo M= ofn] e]o]
3 gl ) SelE 3 9)oh(Goldstein and Gal-
bally, 2007; Guenther et al., 2006). 3+7 Hol| A = o]
A3 F2AE AAER A« A v &= BVOCs
o gt A3 Oy Aol =3 7 =g 7]
A AT AJAdES g3ty (Kimetal., 2013). & 2
o] VOCsell "igt 75 A2|s1sieh

FHoz A

4.3 «d|5| = (Aldehyde)

43 =% VOCs7} AbstEwA o|xpx oz A4
HiE FEAR 333 57v OHe} vkg3le] HO,
715 ATz Oy A 7|3k}t (27 1) (Jacob
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Table 3. Summary of aldehyde studies.
Title Source Measurement time Measurement site

Distributions of Formaldehydein Seoul Korea Univ.
in June, 2005 Hwang et al. (2006) Jun. 6~30, 2005 campusin Seoul
Spatial and_TemporaI VE.II’IaII ons of Bucheon, SangAm-dong,
Atmospheric Concentrations of Seo et al. (2008) Jun. & Aug. BandE-dona. Hwado
Carbonyl Compoundsin Seoul ' 2001~ 2003 gYan s?t;ori ’
Metropolitan Area 9
Airborne Measurement of Yellow Sea
formaldehyde (CH,0) in Korea Park et al. (2005) Oct. 2004 (airborne measurement)

Characteristics of Seasona Source for
Formaldehyde and Acetaldehydein
Metropolitan Areas

Yeo et al. (2002)

Oct. 1997~ Aug. 1998
7~ 10 days every season

Gwanghwamun Bucheon
(Shimgog-dong)

Comparison of Chromotropic Acid
Method and DNPH-HPLC Method for
the Measurement of Formaldehyde
inthe Air

Hwang et al. (1998)

May 18~ 20, 1996

Y eungnam Univ. campus

Study on Improvement in Reliability of
Analysisfor VOCs and Aldehydes

Leeet al. (2006)

Determination of Trace Aldehydesin
Ambient Air by Liquid Chromatography

Kim and Jung (1995)

Yonsei Univ. in Seoul
and Wonju

Measurement of Formaldehyde in
the Atmosphere using a Dual-channel
Glass Coil Sampler

Park et al. (2006)

Sep. & Oct. 2001

Gwangju Inst. of Science
& Techn. campus

et al., 1999; Finlayson-Pitts and Pitts, 1986). o] 7to] 2
Moz Br)FN B3t ukgel ol A=)
= SpA R Aol Ak el A A wEE7) =
it} (Lee et al., 1998, 1997). =3t AdHs|== FQo
A e uAz 87 7o) dAHe] glomz o
£ 9% =F 2ol ARHAT WA vl
A77} wel A eIeh ¥ = FAo] DNPH
(Dinitrophenylhydrazing)-HPLCo] 7} B " o=
AHEER Fel M A 3718 ohet w7) $4
ol £ tjFE DNPH-HPLC WS Atgsts gloh.
24DNPH F2A1L} F4g908 ol 4] fede o
Eo] HPLCZ FH= 23t § UVE o] §3led A
2ksl= uhy o]} (Hwang et al., 2006; Park et al., 2006).
A A o) Fakst A AAYES WE 5
e vtz oJFjst 53] d=A] O Al mA|=

F3E oldstr] Y E B Azt Eellsg 7k
HhS o] 83F A7 AL ZA o] ZTaso(Liet

al., 2005; Park et al., 2005).
EEFAYF = FrEe gl Hul, ALl v}
FE= AAd HES HeEH o]lx= AL AAH w)

HNO,:=
-2 O; Aol A 93

A el o olslE ¢
3] Oy 4] NO@l

ol =7} o

2] oJgFe] A<l
o] Aoz 7] wial
al.,, 2002). A& A] 4=
A 9wz} ool EHsle] o5 v7)
shst o] A 7]esh o]u] ZEUHI =
=717 O3 A3 w9 LA A3
Oy A A AR} ke g =
et al., 2006).

ol

1Ta

=
=]

Fee

ol 23 449 o
Aoz waksgis

o=
AE zgUvI=

FHA S Hof
B9l (Hwang

4.4 HNO,;, HONO, and PAN
NO,£} OH<2J B}%oﬂ 98 AAEE=Y ol
% 3= odd-oxygenz} odd-
hydrogen 7] o]}, u}elA] HNO; 7%= o]8]dt O, A)
s F2 o]Foiziom &
71748k4] VOCsol| m17hahA] &
AAsl7] f1% oz A= gic(Siliman and Sam-
son, 1995). NO,9] ¥ 57} =2
of o3 mFogo] FA o} Yo re] WIS
0; A &8&S 7F4AZ10 (Jacob, 1999). HNO=
I mde] & g

A% HNO;o| A4

[} =3 A=}
< B4 W&
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Table 4. Summary of PAN studies.

Title

Source

Measurement time Measurement site

Apr.~Jun. 1999

Measurements of Peroxyacetyl Nitrates at Kim et al. (2001b) in Seoul Seoul Nationa Univ. campus
an Urban and aRural Sitein Korea ' Jul.~Aug. 1999 in Seoul & Donghae

in Donghae
Characteristic behavior of peroxyacetyl . .
nitrate (PAN) in Seoul megacity, Korea Leeet al. (2008a) Jun. 2004~ 2005 Korea Univ. campusin Seoul
Variations of regional background peroxyacetyl summer, fall,
nitrate in marine boundary layer over Leeet al. (2012) and winter 2010 Baengyeong Island
Baengyeong Island, South Korea spring 2011

Table 5. Summary of H,0, studies.

Title Source

Measurement time Measurement site

Distributions and Behaviors of H,O,
Abovethe Yellow Seain the Years
Between 2002 and 2004

Kim et al. (2005)

spring & winter 2002
spring, summer,
and fall 2003 & 2004

37~36°N 124° 10,
125°30, 127°E 37
~35°N 124°30"E

Characteristic Variations of H,O,

Concentrations Observed in Seoul Kim et al. (2006)

Jan. 2002~ Apr. 2004

2~ 10 days every month Korea Univ. campusin Seoul

Characteristics of atmospheric hydrogen

peroxide variations in Seoul megacity Leeet al. (2008b) 2002~ 2004 Korea Univ. campusin Seoul
during 2002~ 2004
Hydrogen Peroxide Concentrationsin Kang and Kim ﬁ?arn 329 lfggg Mumrae-dong,
Air in Seoul (2000) . Gwanghwamun in Seoul

5 days every season
Charactens_tlcsof Distribution and_ _ Kang and Kim Feb. 14, 16, and 19, Mumrae_dong, Gwanghwamun,
Concentrations of Hydrogen Peroxidein (2001) Aug. 12~ 17. 1997 Jamsil, Ssangmun-dong
Seoul Metropolitan Area 9 ' in Seoul
Hydrogen peroxide concentrationsin Feb. 12, 1998
the ambient air of Seoul, Korea Kang etal.(2002) ~ Sep. 16, 1999 Central Seoul

2Ao) W$ A 7A F Shte 24% =
|4k A} Abele] zpolw wl-$- =i} & HNO;,
grEujol 7145k whSshe] NHNOse) Sixbio
HEEH D2 dej2E AYAd = Fa3 S 1)
At} (Seinfeld and Pandis, 1999). -$-2]uveldl A= 7]
A dFEeke Fz A Aaged 93 A4
(e: Kim and Kim, 2008)7} o] Folxom 7AA
HNOsol Hj3h 47 F2 P3iet v 943 7
o7 ZAe 7|Wet A3 v =5
=AM HONOE wl§ Fod Ainshe
o] sboleh. HONO 44 7]ahe o) ¥ejsiA
x| 7] okgkor}t NO,2| heterogeneous chemistryel]
s AA"HE A7 A= By o (dung,

e 02 2
)

»

=727 3)2) A 299 A 45

2013; Park et al., 2004). HONOx= #3&3) = o] OH7]
= *B*éfﬂ»t—ﬁl =AML o] & o} OH7|9] F8
J A1 &S st} (Jacobson, 1999).

PAN-2- NO,8} VOCsell ]3] Oy} f-AF3t 3}at
e AAH AAF R 5% O3 = 7]
2439 AAAF dake 3o} (Leeet al., 2012). PANS]
AF-E22q] peroxyacetyl 7]1= VOCs, E3] oM E o

5l =5h OHe| uhgol} obiES] Fisfol o)
F2 AAE PANS 2=e w9 miZsiA 7]
F Fgol mFU7ldAE= WA o= w2
o ksl AN N9 AE A bestee
PANe] &3k NO&| AA7 $4-0] 7153l Q23
=" peroxy7]¢} NOE FwsHl = O; 335 A



HolA whe Festoe S Aee F
Aoz F4 d77F A=A (Kim et al., 2001b;
Leeet al., 200838). PAN-2 o2 7}%] v} o s HA o]
st st vlad o mAM B A7 ¥
3| 50] 7158 GC-luminol ¥} (Gaffney et al., 1998)
o] de] o] &H I glor sl = A&}
HE SolA o] uhgoz PAN ¥4 77} 435
A 4. S O WSl BA AN
% O A A] PANS] 12

SedAE P8 AFS] ARE
A PAN 3=7h Z7hstel 2B
ggroz nwegich.

< F71lA F4
=]

o] o)l o3t

4.5 H,0,

0s2 A7) NO&} VOCss s AA=x
9 o]u] 09 FEe 2 WSl OH7} HO,= AH)
=31 HO,7} H,0,5 AJA gk} (Lee et al., 2000). whe}
Al H,O,= odd-hydrogen 719] &4z o7 & 3%
313t 84 = (photo-activity) S vePlm] Aol M=
S(IV)E S(Vh)oz AstA7): 7h F23F AksH)
2 OH, O3 NOso} 37 dj7]e] AbsbsS ZAs
E $8% Edeon(2¥ 1). A H-+E2] odd-hydrogen
e W) F el ~x Amz got HAol vl g
oj2]&d vl H O o] 1~2Y 031 AAZE &
Me] Zhsdtez H0,0 548 Sl di7]e) Akgt
el E et 4 gleh =AIH7]eA] H O HNO;
o} 371 B3}t O, A AN A NO8} VOCse| 4
A0l Feqe setshe Xtz 2gRcHSl-
man and Samson, 1995). =W H,0pl #ist A7+
F2 AgelA ssgon §30)% e W
= AXFH AT (& 5).

5. 2% 9 A

W7] % Elsroz EAlSH 02 Fwst U914
2qlez F7ksm egel g 71 Aske of
Yot A A7 $7 9 ) FAse = 7)elgel %
SAm 0,0 BB Aol Hhal o 2= BAlo] &
27 SI5I=HIPCC, 2007). Fel A Oy A7-84%
=3 B5e A7 DA% O3 nlAA Az

& 9% A 59 B sl AR or] o713t

37 30 $efuket et o
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I
g4
4
el
ol
5
=

0
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w
o
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ar
o
8 o
Ay
9
)
_L\or{:
ofje
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4
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|_\

N ZA%ellA Oz NO,, PMyg, CO, SO,71 45w
Aart Aoz AFHT gor] oF 7

0, 7o 0g BT Yot =Y F= A9
B3 AN AT AR 7123
o] WEHYT ‘e o)A A 53
W7ol AAE ] A= Qe o]2dt o] Az}
2 CO%t Zo] AA wiEsE d7|e9E8de 3
2001 | F<t FAsH Al 00dd Fhekad
d 0 Es 2000»%}1 ZHE ZFaels A3E 1Y
o} 3HAITE 052 20054& 71Hez oA F7hehe
738k vehfe] 200549 Aukzk Fuke] 77 O
NO, =% vlwalH FuF 7d7ke] O F7}3k wh
H NOE Fraslgie). ol& 0s2 717 NOyo| 7
29} BART o 0,0 BaEA YA BAA
(nonlinearity)& HeolF= Zlo|th ulebr] A F7HA|
Sa5e] 9l O3 Oz A B33t ol
Wel 6 Rl 4714 D77t Besieh 5
3 24T B3 AAE olsla] SAsHE o
el 24T aelm 24 A8E ol4F ol
w77} Salslofof At ma S2iet o)
Aol AAgle] FRe] Agpo] T olo] ]

lo

3 719 7193 ols A=t AAHT] Wl
olell w2} FellA ol THE S9EHY JIF A=

7h GeA 7] woleh, o] oJape %ﬂ»}a}w }
b B AAel Ax AR 7

dme geldeh A4 A9 el wu
Aeom A% 5 oleh weba 7184 AL 9

& 7|4k qﬂ_—re ZAA FY Ao £ qtoz 7}
Ao} A st S2vete] d71gE AT
FEE A TR PTIHEA tlEe] bi7|3t
A Nl = ZA 7]14F 4 & Aol

INERE
o) wE-e FYAT el ¢

ol oF W frldlonze WAL Y A7
o Agez 443 sgus
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