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Abstract Ozone is a critical chemical species for sustaining natural oxidizing power of atmosphere, as it is the most
abundant oxidant species, as well as the precursor of most strong oxidants, such as OH and NO; radicals in the troposphere.
Although it plays an important role in reducing lifetimes of various pollutants in troposphere, it is also regarded as a criteria
pollutant due to its adverse impact on human and ecological health. Long-term observations showed significant and rapidly
increasing tends of tropospheric ozone in Korea. Ozone is the fast-rising public concern in air quality next to traditional PM
pollution. This review summarizes the studies from the past 20 years associated with photochemical ozone in Korea, covering
issues of long-term ozone trends analysis, its precursor emission inventories, biogenic VOCs emission, impact on the
ecosystem, background ozone and long-range transport, health impacts, climate feedback, aerosol surface effects for HO,
heterogeneous reaction and radiation budget, radicals budgets and their implications. Considering the current status of
scientific findings, advance of knowledge, and challenge of recent ozone studies, this review focuses on delivering future
directions of ozone studies in Korea. Present recommendations for the future ozone R&D include: 1) continuous promotion of
basic science for solving fundamental aspects of ozone productions and transport, 2) strengthening specifically the regional
studies for ozone unattained areas, 3) developing collaborative implementation plan for multi-ministerial R&D platforms, 4)
extension and outreach of international research collaboration, including long-term intensive field campaigns, 5) multi-
pollutant approach and partnership with PM studies for practical and effective framework of R&D strategies and capabilities
with limited resources.

Key words: Ozone, Status, Trends, R&D, Pollution

9l AF-EH o}, Q17ke] oJgko] 2| F3t Hlwate] &

5] Z9rd 1850 A HE 1900@ 271A] §-7 ol A]

fRENA LEL TP Tt 2 ASHAlolHA TEH QEFTE 17~23 ppbv 2 2 A9} B wSHH
A

=
=
I, OH, NO;&} 22 ZH41s} uhg7] o] Aol D42 o9 2 3ol ah, 34 A9 Alelstale

LAY &

J. Korean Soc. Atmos. Environ., Vol. 36, No. 4, August 2020, pp.419-441


https://crossmark.crossref.org/dialog/?doi=10.5572/KOSAE.2020.36.4.419&domain=http://jekosae.or.kr/&uri_scheme=http:&cm_version=v1.5

420 0|Z3, Hy=, A=, 0y, oofs], 3HEIM, HxH
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al., 2019; Mccarthy and Lattanzio, 2017). 35+ 84]
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A L& 9hg A37t v]E5ttt (Agathokleous et al.,
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(A) Annually published papers for Korea Ozone and PM study
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Fig. 1. Scientific publication statistics for Ozone study for
Korean; (A) annual publication trends for Ozone and PM
studies, (B) proportions of research fields and topics in
Korea Ozone studies.
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o] HFE HolF= TAQl doH, ofA 77 7%
wstol 2l AZHSE 95t 7|2 A7t BES A
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&2 o]al thestA = Tt (Jeong et al., 2020;
Kim et al., 2018b; Shin et al., 2017; An et al., 2015;
Kim and Yeo, 2013; Ghim and Kim, 2013; Park, 2010;
Oh and Kim, 2002). A%t 200] W7t Fjo] o=
2001~2008 1A S5 A efetal= 72 HE 2] o
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Table 1. Long-term trends of yearly O; in Korea from the peer-reviewed literature since 2000.

Yearly trends Criteria
Region Study period Reference Location type
ppb/yr %/yr Species
Seoul 0.76 4.5 1993~2000 Hourly O3 Oh and Kim, 2002 Urban
Seoul 33 2002~2010 Hourly O3 Kim and Yeo, 2013 Urban
SMA 0.65 2000~2016 Hourly O3 Kim etal., 2018 Urban
0.38 Hourly O3 Road Side
0.15 Hourly O3 Rural
0.70 Hourly O3 Background
SMA 14 2003~2011 8-hr max O3 Ghim and Kim, 2013 Urban
SMA 1.2 2000~2016 8-hr max O3 Kimetal., 2018 Urban
Busan 0.95 5.4 1993~2000 Hourly O3 Oh and Kim, 2002 Urban
Daegu 0.54 7.2 1993~2000 Hourly O3 Oh and Kim, 2002 Urban
Jinju 1.7 7.1 2004~2008 Hourly O3 Park, 2010 Urban
Suwon 0.46 1991~2012 Hourly O3 Anetal, 2015 Urban
Incheon -0.04 2002~2012 Hourly O3 Shin etal.,, 2017 Urban
Chungcheong 0.6 2003~2011 8-hr max O3 Ghim and Kim, 2013 Urban
Honam 0.4 Urban
Yeongnam 0.4 Urban
Gangwon 1.8 Urban
Jeju 1.6 Urban
Jeju 0.49 2000~2016 Hourly O3 Kimetal., 2018 Urban
0.09 2000~2016 Hourly O3 Background
Nationwide 0.03~1.55 2002~2012 Hourly O3 Shin etal., 2017 Urban
Nationwide 0.70 2001~2009 Hourly O3 Jeongetal., 2020 All sites
1.13 2010~2017 Hourly O,
0.76 2001~2017 Hourly O,
SMA: Seoul Metropolitan Area
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a7t ob2] HEE | A] AL AT NO,9| ¢ d
ol Ao wet FEo] o7l A3 eF
(r*>0.90)1F 2] A7+ NO, ¥z} 7]-&7]9] A= ee
A Wot(r*<0.4), oF] F-9949 A= Folet B
S THs7)E °]20h N0, 9| 5= HAast g,
NO, =9 #a A olfi= 2 BHAsAe &
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FRHH, Wi T 2E0 ST 5ol whE 7] Atst
219] S7t= F8 ol7F 2 & Stk ERF ofF] nfef
2] &2 NO, HiEdo] EAE 7Fe A = ITH(Kim
and Yeo, 2013). A5 FASHA 914 ¥5H ¢
2u2He] NO, ol 2™ sEx Ad 10497t 27 #3}
SHA] @htal A|HdE Aol AA yE T 53]
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£3] +EH9] NO, =7HlE0] 40%7k4] A A
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et al., 2018; Han et al., 2015; Kim et al., 2013a). StA| Tt
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S 749 235]2] 7]& CAPSS siEo] ot 4P H
o2 BIE v QITh(Bae et al, 2020a). ©]2F &
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2} £ 2] 9] 71 7ol falet Eolol A Alg
St B2 g Q2 3 (Kim et al., 2020).
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191421 VOCs W& TFHT 108 H & A
FAE I 1O isoprene (44%)It terpeneit
(11%)7F A O] {F o] F& Aot Zom dHA
At} (Messina et al., 2016; Guenther et al., 1995).
BVOCst= 191421 VOCs (AVOCS)7}H AlgHA’l &=
Alo] Fst ER] oA NOL A &2 F/39
o> F 23t Q1Afo|ot. MA A 0 2 S 92 iso-
prene®]| &JoljA] 229] 57} OF 8~12 ppbv Ao}
= ZAog FAx|31 It} (Sanderson ef al., 2003;
Wang and Shallcross, 2000). -2 U2F =@ A] 3
7Hel Aol A= AFAAQ1 VOCs Hf 0] 50% &°1&
o ©F9] 4Tt 6~12 ppbv AL 2 YERGA o2
At 495 voce| Gl 2 Aoz Heltt
(Park and Lee, 2007) (£ 2). £3] £ Ho] FsHIF

Aol A BVOCs7F 2448l 5~20 ppbv7HA] gk
2 F= Ao| ZAME AT (Kim et al., 2013b; Kim et
al., 2013c). TSt S FoPeFo 2 74| 7157
o] o]zl wrat ol 34 ppbve] F7HAQl @Fo]
BVOCs®] HiZo] o5 TS 4= gl&o] HiE7] %
SFATH (Jeon et al, 2014). o]°] HHs FAtA oA =
24221 VOCs & F&Fo] 2~4 ppby F+FL2 X
AFE] I Th(Kim et al., 2010).

o|e} Z2 A HE AAZ vOCs HiE ol to]
7t ue A2 A2AEE aE0 VI 5 vt
AP EASHANE 71 2 8912 A9, #F,
73E = BVOCs 9| HiEe] 2etA7] w H
& BVOCs?] &% 4Hd o= BEIS (Biogenic Emis-
sion Inventory System)l} MEGAN (Model of Emis-

2

sions of Gases and Aerosols from nature) &2 o]-&
Sl L, AAFEF JHAZ S A So] HESHA,

Exauiite |

Table 2. Ozone formation enhancement by BVOCs emissions in Korea.

Location Ozone production enhancement

Location type Reference

Seoul Metropolitan Area 6~12 ppbv (50%)

Taehwa Forest 5~20 ppbv
Busan 2~4 ppbv
Chuncheon max 34.2 ppbv
Global 8~12 ppbv

Urban Park and Lee, 2007

Downwind forest S.Kimetal., 2013;S.Y.Kim et al., 2013
Urban Kim etal., 2010

Rural Jeonetal., 2014

Terrestrial Wang and Shallcross, 2000
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’ i

Jon

=¢|5potd] @45 x4 IAtE Z-83tth(Bash et al,
2016; Guenther et al., 2006). SHA| Tt 5L FH A| 7] e} %]
oMk o5 A THRJIAEC] 7ol utet HiE
F Aol 2F BT 300% 714 S EE Ao
B 511 Ith(Guenther et al., 1995). BVOCs®]] &gt
QF Bl 22 AR 22 A4 7ot A2
o] 59 HiEFo] thet eolA AEotA A E]
ofof 7Fssh7] wiizol =t frolA= el
23} g7 o w2 BVOCse] viE A A7t 4
o] oA HPE 2l Utk (Tripathi and Sahu,
2020; Maki et al, 2019; Bonn et al., 2019; Rhew et al.,
2017; Potard et al., 2017; Cappellin et al., 2017;
Vaughan et al, 2017; Rantala et al., 2016; Bachy et al.,
2016; Bahlmann ef al., 2015; Valach et al., 2015). 9-2]
uete] 49 =& W29 65%7F AH el S st
H BVOCs7t 2o 7]ofst= B7E A4ds] 2 Ao
2 TR o]of] thet A7} obA 2 FSHA]
sk,

Ji et al. (2002)2 8~109 Afolof] =f AvpRe} At
Lol A HiE 5 terpeneF 2] &0 t7] 59
£ 9ol el vol, Adws), AnAA4
o W2 AJelaka Holo] ntet etye shelstick
% 3). el A5 85% ol Ak 7
E 3t 4=F0] 4] isoprene®] &S A4S A9
o AAES S} AR AE>E>TREY o w
YERETH (Son ef al., 2006). & 24|t 2o A A
Aot EH4 7 BVOCs HiESEE Hlwe At
isoprene> EHollA FHoll BISH 108 o4 i

Z% S, terpene HEFolA =A SAHEAT

(Kim and Lee, 2012; Kim and Lee, 2010). Bj&%F2] 2]
HAQ v o A9 it 7] 219 AF ol A
BVOCs/AVOCs®] H]E a-pinene/toluene= %3t
A7} 0.31~0.472 YERGTH(Kim ef al., 2005). 2=+
o] Aol A] o] HlE= Hok 0.71& A5k 2
1 o)== Hol= A& Aere o 4Jds] W Hlo|th.
ol& vt A489] BVOCs Bl &5 =7t W Zlo]
ofl el Z-2 2|9l 4] #=H toluene®] kL7t THE
=7} A H} oA Uehd Atz siA Tk

BVOCs®] 7|& 9= HiER P52 &-8oto] di
GA UM SAR viEATE Bl AEA A
oto] 2 9 571 viEEe] AL E =ol7] 913
L-Ho] A XSt} (Lee et al., 2015; Kim et al., 2008b;
Cho et al,, 2006). SFATH Q]=rofl A 4HHSH vlE Q¢
W A, DR ETE =] Adsge] 9] gtk =i A
A =g FE8Peole dFA ol =9] g o]
A =l BVOCs Hll& 2t= o] 7| of 2] = thg A&
ofH T} At} tLo] 7| S M3t whet = o] At
7187} gebd Zo] et skl %, Al
A, A9 o= wj¢ AtA Q) AA=E F-gsfjopdt o}
= TAl= 2439] 7142 Z87T STk Sanderson et
al. (2003)2 -2juel @E2 A} 7] 5 sto]| AF
o] QoA ®igkol=d, 2090 7kA] A1/§ 2] TS}
7 a1 7127 B A, 0FE0] LTt AR E
20~30 ppb ECFA| A9t A4 0] WSHE e of, @
Z0] Z71x= 938 10~20 ppb AL Eobd A
o8 FASkL QlojA &4 o B} g ¢
siiAl BVOCs WAgwste] 7|2 A7t Epr oz A
Y| ojop & Zo|t}.

d

Table 3. BVOCs emission rates for various vegetation types in Korea.

Emission rates

BVOCs species ug/gdw/hr Location Season Vegetation Reference
Terpenes 4.61~40.9 Seoul Summer, Fall Pine, Korean Pine Jietal., 2002
Isoprene 1.8~15.8 Chungcheong Spring, Summer, Fall White Oak Son et al., 2006
Isoprene 0.01~0.23 Jeju Summer, Fall, Winter Conifers Kim and Lee, 2010
monoterpene 0.52~1.78

Isoprene 1.03~29.45 Jeju Spring, Summer, Fall Broad-leaved Trees Kim and Lee, 2012
Monoterpene 0.1~0.2




2.4 S

QEO] Ao gt flsi/dE H7kshrl oA
AOT40 (FAIZF B¢t 40 ppb7t A A7 Hx9] 3,
6, 7718 FA H) M7 (09:00~15:597H4] ©] Bt
9] 3,6, 7, 12701¥ H55), M12 (08:00~19:597}
o] WA 3,6, 7, 12719 BisE), B=
W126 (08:00~19:59 A|7FH 9] 3,6, 7, 1270 ¥4 5
), SUMO6 (R A1ZE -53F 60 ppb7t d= A7t
o] 3,671 +2 F&) 52 A&7t AT ARt
2§82 AOT-40S "= Wi26= Hol AR
(& 4) Mills et al., 2018). FHo| A= 3= 4
7N 21 AOT40°] 3 ppm-ho] 5% B4Hg HAE
4t 6711 721 AOT40°] 5 ppm-h ©1/FY o 5%
o AE HA7F Y= 7155 AL o vl=
O] A% Y57t G 7] AlFshe AR R
3708 ¥4 W126= 7 ppm-hZE A5k 9lom 10
ppm-hoflA] Yofl msi7} FAYSHL, 17 ppm-h o]/
A Gt A3 AEA osf7t sk TEd e
Abgstal Qi &2 5% AatAa 71 A= 370
2 WI1262 15 ppm-h©|tt.

Z)2 2FEH IGAC (international Global Atmo-
spheric Chemistry)2] TOAR (Tropospheric Ozone
Assessment Report) 170 T2H 2010~2014%F 2
< BEAE A§T Ae s Z]E FotAore]
AOT402 16,023 ppb-h, W126-2> 18,572 ppb-h 2.2,
Aol R 9 & 4 e veloE B
(Mills et al., 2018). U]l 4] 2000~2005E @& TH=
A5 ol-gste] 2199 370 F2 AOT40= AHdgh
Bl M = FAFSHA 10,000 ppb-ha ZFsh= 2]
o] o] BFAE gItt (Cho, 2007). SHATF AOT40%HS.

MENEE

o H

Lo

e
©

s
2]

Xl

w

[e)
e

U tRH Zatet @F A719| gt diet 427

ppb-h#t= 22 F-Holl A /NTE F2] = A 92t
82 HSHE H7E glo] I
oA Az B7F A4l F 7182 (AFsto,
accumulative stomatal ozone uptake)E 7H&otal A
Ao AR St Aol Aae A2e A4
AOT409] YAAE 58 Bast k. vlF} 0
() ollA SA AP BrAA U] 0 & 1
S AT A} £=912] SUM06 A|5=7} 1200 ppb-h &
6% 585 2100 ppb-hEc} WA S
Tk, 2818 BaES HAL 8% Golas Ao
YEFGTH (Yun ef al,, 2001). ©]QJo|= T4 724-9]
9% mals Are] £ AtEe] 9z 5]
A 8.25% FASHAL glom 20901l 1 57t
5,85~11.15%7H4] S7H8 A& £ A7 HAils]
o] t}(Park et al., 2018b).

2=t AR F e/l Hlste] @9
s2bEol thet msel 2 gl tigt A7 =il
X Bzsio] o2 sje] A7 AlelE Bael 3l
o, FeIAE 2090 F3} viel ey 22
JFE B4 A7t B o] o] 22T Wt o
T Z1H o] o]Fo| 2] ] 931 @Itk (Lee and Sohn, 2000;
Yun and Park, 2000; Sohn et al., 1997). £3] o]& <
TolA g2 Azl E 55, A=A7EE oozt
o7} ull-¢- Z Ao et F7HA 0|3 ARA el A
T7F Bastt SlolAE =Ateet FATSHA 5
F7F & 7P WgRt Ao ® HuHleh S
ol g 2] AAA osiA7t A ololA
sfelo] A7 A= Foll =W 2= nsfol whE

Table 4. Estimated economic impacts resulted from ozone damage to crops in Korea (reproduced and updated from Van

Dingenen et al., 2009).

Indices used References

Crops Year Economical Damage Million US$
Maize, wheat, rice, soybeans 1990 239~308
Maize, wheat, rice, soybeans 2000 639~1039
Soybean, maize, wheat 2011 50~100
Soybean, maize, wheat 2030 100~200

M7/M12, SUM06, W126
M7/M12, AOT40

M12, AOT40

M12, AOT40

Wang and Mauzerall, 2004
Van Dingenen et al., 2009
Avnery etal., 2011a
Avnery etal.,, 2011b
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Table 5. Mortality risks due to ozone increment exposure in Korea (reproduced and updated from Bae and Kwon, 2019).

Locations Outcome Mortality effect O3 increment References
Seoul Non-accidental RR: 1.015 50 Leeetal., 1999
Stroke 2.9% IQR Hong et al., 2002
Ischemic stroke RR: 1.06 IQR Hong et al., 2002
Infant RR: 0.984 Son et al., 2008
Total Positive/NS IQR Sonetal., 2012
Total OR:1.010 IQR (20.5) Kwon et al., 2001
Ulsan Non-accidental RR: 1.020 50 Lee etal., 1999
Incheon Total RR:0.9951 Hong et al., 1999
7 cities Unintentional injury NS IQR (30 ppb) Haetal, 2015
17 cities Total RR: 1.020 10 Huang et al., 2019
Nationwide Composite cardio-vascular events HR:0.63 IQR(15.9) Kim etal., 2017
All cause HR: 0.68 IQR(15.9)
Cardiovascular HR: 0.59 IQR(15.9)
Nationwide Suicide OR: 1.5% IQR Leeetal.,, 2018
RR: Relative risk, OR: Odds ratio, HR: Hazard ratio
ELE FFY 5 P, 5 AAPA FRAN LIRS D e o] SoE w42
AR R A T U o] e RS AR Aot o] EMIBFEEIE A LE] FE F= Ao=E
(Avnery et al., 2011a, b; Van Dingenen et al.,, 2009;  X.Q1Tt (Peterson et al.,, 2019). TS =214 2 F¢
Wang and Mauzerall, 2004). S5, 4, ¥, T2 X3 59 JFo2 FolAe A-RF7]17F obd 2/
SF 2= Wl 19909 7o R 398 Hko] S5 B0l BT E 25k Aol vl ofHh o
12000 7]E 0% AOT40 AAE S8 A o] dJo] 52]3] & 45| Al o U= AF=
ohe 10918717] o] 2t ShAle g M 4e e ololE sjtszl Aol A 2003~20052 &
ﬂﬂﬂ]*ih ol 27t A5 ZolEAT 20300 EO] FFo] o] Fo| A A T Ao AR Fff @E HY

L 20109 R} Do) 2ufjo] o]2 AoZ AHH
= 21th(Avnery et al., 2011b).

O

2.5 HH745= ol xr7.|g| Q|E

oot A7 &L Wi FEEE GAW
(Global Atmospheric Watch) 2|78l 74 T=4-9] shit
B SR B AR] ol 917t Waliguan ¥
49 AAwE Sl F4ol 75, A - °F 50
ppb, B EA-f = 60 ppb =0t} (Xu et al.,
2016). ©J+= 2016'd KORUS-AQ 7] th7]d 358
712k &< FE T HES SOl e wi T E

E./\Ob_

T = 7152 @EFE7F 34 60 ppb
|A 4" A Y& gol sk Aelth(Schro-
eder et al., 2020). -2 717t o] Ix|g 7] 24d
ZAmelA BT 847 BT Ar) L E5E5o

mlm HU v

BEeE 5 & det FEY B B 567

ppbE Z-FHi7]19] FLt F-AFStTh (Shin et al.,
2007). oq_g_fg% 71414 Eﬂﬁicﬂz 7]1:]—94 Oﬂﬁkgg HH7:]
557} 338 ppbR Holxlth. o] A7} AAFSH= HE
LAHAEAHoR Ul 7M=L oS- H T B,
E3] BegoF 7|dre] gfo] §-9lE] 714717 _1_7}
she kg at e Soblo} s Eel 9

J\m

iU

= e =2 5 250 LEUHE FFTE BR
7F AEE AR,

=U ZIEA] o] oln] =Rt Hl @E0] 87t H
AZHIAYE ol BolAlot 220wl st o
5] W2 &2 275l QlE Holtt 19934 o] 2
Waliguan T&A49] 922 0.26 ppb/yr &F02 Z7}
512 9] 20004 Ol F ol Z71Eo] o7k 743}

o 0.20 ppb/yr =0 th(Xu et al., 2020; Gaudel et al.,

Sy |&tsts|x| & 36 E K| 4



2018). A-F-717}F obd SiFEAIS W D2 vl A <
ofAe] ezo] FUMEEE 1998 EH 20117
0.3140.34 ppbE X 1% 77 QUth(Cooper et al., 2014).
Seutete] sl AIS B s ol vl A F3eh
= AlF 24ke] %9 0.09 ppb/yr= THE A AR
o} e Z71E g Ko QIth(Kim et al., 2018b).
Hj7A 2} de] A=A o2 AR AoA @ E2 3t
AZF B9 A S5k 715 0.6 ppbv/year, o154 84]
7t F FHA sk 7|F 0 2= 1.2 ppb/yr FE2] uf-$-
7HRE ST S E Holil Qlth o] SR E &
ot FASHA 20008 ©]% & F7HE Hole T
(0.2~0.5 ppbv/year) 9] 7-¢-KHr} A AAX S 2 7}
A =2 4$59] Z7FEo|tH (Kim et al., 2018b; Vers-
traeten et al., 2015). 2002~2006F Ato]2] =] @ &
ste] BAe| et F7HES] 75% 7t Ml s SVt
of 7]qlstal Y] 25%%to] BiEs)F st goloz
B7}=] ek (Shin et al,, 2012). SHATF B4R 7]7F
o] Z FAFRES ol Foixl viEF Y o]29
ot SRS BT R SR 29
7] dlzoll 71913}, gAY o)F, 4tehe
&t ohE 91 whdokA] E3t Alofo] A&
o|e} o] I @Fo] whE F7to] ¢
A dEE Wil s e Skt A= wiE
Qo] @& A=A AL olF 7t
olf7t E & Stk AAR $19S &8t
= 94 (Duncan et al., 2016)9|14 S0 2 HE 9]
JgFo s =yt Aol NO, HiEM A a8
do] Asid 247t S-S A A5k It} Nagashi-
ma et al. (2010)2 FAARE-S A-g5to] FEHOA|
ofoll A 7PE @ 9] vjE- -8 AE BAT A1,
T ol oF 20%9] FFE F= Ao R HAISH
7|5 shltt 20108 7H= AlFEolA #5320
AR ES S8Rt Aol eEFE 7Pt ot
o F U A&H 07 A= AHE S
a1, o] Al7]ol F=US A Y] A5 AR o] F kS
Hhoro o W 7151t (Han ef al., 2017). S~EHoj 4
QFF 9t 32t St dg &85 AT F

f

)
N H1 o
SaERb S
z fo 20032 ol
O @ o w & ook

Gl
T

a9

ol

2 e Yafst oF simol

ol

gt o

429

0!

O RHEE olFEE= AU 7FY ek QECR
15l 23 @& F7tof|l Zoh 25% 71915kl Qlcka A
= A (Oh et al, 2010). FHIA 2E9] F&7}
E2 A9 F ool BT E F9] NOLt
VOCs9] HiES 15% A4 ¢ QEFToH Ay
A5 24% EY 5 &S HolaL glo], vlud =
224 dFor QEFAZE QAR = A HollA
T F29 olF S FAT & glaS BT
QIth (Bae et al., 2018). L Z1} HALEZ 2] =& A7
golFol W JFS FAZ 4= fIAT, g 7] x

an
SISl 1 QolAk gheitk UAZ ol8d s
= 90] MAG LU A ATNA HAE

& VR EGE "717 BAstA S S450]

St AEolA S-S & TAIEeRo] gt oA
WIS Q122 H o1 It} (Peterson ef al., 2019;

Ghim et al., 2001).

2.6 ALl

oFL FueHA0l7] the] TEZ|Y] Gk AT
a2 zefste] AlshA Aol ol2A) she 5 o
et 217 SJshe] oju] Sfelslm glrk. TEE 0%
A7) el £5] Aok o) B EE
BAY Bele] Gl APAEE] Tt oz

AoNA, AxZE 2= @FE0] TA] 3 ppbit
F7HlE SHERFo] YT SEo] diExaH ot
AFes] =7 (Odds ratios=1.16~1.21) e = A
R 5T (Hwang et al., 2016). 22 A1} |
7178 HETE Ao =2 M=k 255y 1,340
= Qe R QF k&0 mhE XA v o] fd
2 FA% A3t 5ppbl] F FIt T HY
(wheeze)®] Odds ratio”} 1.3722 WE}, 587|122
I I o] Wi =2 AS 2IsHIHH (Kim et al.,
2011). Z-2 Ao A FAA A oFsolAl= g2
7] Qo] AYHIE FRIEQIT 7|2 Fef ofgh
=274 Aot 8913 #ARE Ayt @ &2 nAHA|
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5 e ojd BASRT W4 $URNE 21 Gop
oF st oM 7 A UEbtTh (Lee et al.,
2019) 7140 UG ESA A R7E o83 SAR
o AoA & P L EEL 1 ppb Z7}F A A=A
02 oF 40%°] 5745 GHALT} ALeS g
Q15F Tt (Park and Hwang, 2017). A|94 202 A&
StH e ¥ Hd Q5T 1ppb 371 A 3.0%,
a2 1.0%, 3482 2.5%2] Ad5oto] 292
A7} 2 Vebge ) AR AR E e
4 Q7 el obdl 2 A gokont, 0 £57}
7t BgAolel e SR R 358 F7HIIE
ATH(Cho et al., 2015). FAFA] oA A
A @ &5Eol AFEE FA 0 WS ol8d A
Tl 2 AHE]o] st Qs MgASe] 4
7 Z7HS1AL, 020 FoFe L EATTL B8] 5
7FE L QlojA], A @ Eo] EEE= T
wotst g, Wt AbAlel T JU e o] o
3E AA5FAH (Kang et al., 2014).
2 Uil A 7] e ol ofgt AH
A Qe ol ot x| 2087 RS
|
A

ol Bl

;'ng

At =
8 x5t o2 At glH =Ro
t}(Bae and Kwon, 2019). ©] =50
@77k o] glon] AgE By AT A
S0l & 59 A o] itk AFFES] = H7HA
= RR (Relative risk), OR (Odds ratio), HR (Hazard
ol-gsto] Mz theA A Elom, 284
LF St FAC AMEE AFGEle] Atat
ot 2ol 7} Qlof - 7ho] A Al vl w7} ot
Ak o g o EM AFgE AT =T} o
Zat Bk 2.9%7HA] S7Vshe HlalA w2 A
= R, 9 AL 0F 7 AY
L tASH= Ao g2 Vet Adt: QAw EA Ao
2 fodo] ¥ Aoz HRIY (Kim et al., 2017;
Son et al., 2012; Son et al., 2008; Hong et al., 1999).
Huang et al. (2019)] Ao =™ = 177 A
oA TEH AFFE ¥ == 2F°] 10 ppb F7FE
o oF 2% S7Fohe Aoz vEhy dith A2 R

ratio) &

B2, FEAT QEFE 10~30 ppb FLIA
RRO| 150} 2H2 348 ZHe Zlo R ELoPOﬂE} i
Hog Sejtete] oo

2 F7h} TAjo] BT we

2005). o, %%* E’TUM AxAYGL gyt
™

4
FN
O o
==
5 ]
S
=8

rL

%

O:

Lo
I

S5 91k, shg ) Qe et
=9 Wel7 W EAH 0 §o]4o] ol o )
2 B|E Sfstod A% olF BT A7 W]
ofo & Zloe}. 2ol ST AT 022 A
wrgol F= 9ol ARG 2343 Z30l7 5
F 5 QEFLY EAF AT A A o]ar ¢
71&718 2= Zlo] HAalE o] glojA ofof High g
gt A7 SR EojoF & Zlo|t}(Bae et al., 2020b;
Bae et al,, 2015). 5= QX AHE ¢ AFH o=
& YA Het AHE
3y FA STt L&l e

A
3191 S e A sick

2.7 71%, oloi2E,
T8 7|19Hs s é‘i YAansE dovle
ofoj2 &3 g @EL2 213} 714 F shtelH, 7]
SRisto] Gkl wet <= 2 A REFE 5
7F7F deb o 2 o A= 3 1tk (Monks et al., 2015).
IPCC®] HjEH 2} AJLt2] 2 (SRES)E #-8-5H%] 2000
| 71fLS_BE QFO FIHES &S AT, e
gL HHE taol|k Bk St ofAlot)
A viE F7He AT A2 AtElelA T 2020
1% 2090\ d742] HE6] @E9] Fke7t F7lokal o
E2 AU Qo E BT 202008 7|EO0R QFE
T 4T Ao g FA3E HE QItt (Lee et al, 2015;
Hong et al., 2013). IPCC2] 7JAE 1 & © dAZ<I
=9 & HAFEZ &St (RCPS.5, 6.0, 4.5,
2.6)F Actoto] A7|H oz AU Ed F= FF
S B7EsE Aatol| A, 20208 tHelli= 8AIZE B XL
QFE 7} 1.22~2,8 ppb A= Z7F51 2050t o]l
+ RCP6.0°IAFF 2<E0] 3.10 ppb 575kl LA

sldog

JLER S

El-l

O

Sy |&tsts|x| & 36 E K| 4



Ayl o= 5 %‘iﬁ}
(Kim et al., 2016a). L2 &

T SIS FA 22 OP 7
“}—4 2l w2 9 Fo] HIlE 5}% A
WellAe w352 Eska Slet. skt of 10
U= 7152 ol L7 71l vt &
QEX=T 7} 7|3t A H el AAAo] 9l

pud

o

o

“r&
ot
£,

_4_|IN|
iy
rE o 0
oo e > 1o {1 I O

N
-

2w
)

=2

ne
ol

1 7] 0] 4°C 5T ¢ 8AXt Bt 2
& slzel el el 24 274 4
1}, oro g 7|5aute] golosE o
oF e FolH HAE IA ST &
11 QIth(Seo et al., 2014)

AAPEEL @EO AT A o] Tolsh=
o), £5] 02 o] AHA dAgko] Y HO,O] A4

QIR L}

o
o

N ;zﬂ
o

30 7
o o

N
—

i o
o H

Hoofn i

2

d
il

(Gonzalez Palacios et al., 2016) T} A
Evans, 2011)°f] 593t HEHEIFS-S A|Fol= 7oz
A Qlek. oF22 HO,9| ofloj=ZEof tieh A&
(uptake coefficient)©] 0.002~1.0¢]] °]& A= =2 &%}
L7t AAG A Ho e AT Vo Ert F o
Z Ao YA QlojA], 9] ofloj2E9] F%
Hae 029 F7HE 8T 7Hs40] =oH(Guo et
al., 2019; George et al., 2013). T4 A oA
2013~2017'd 713t E<9F PM, 59] FE 7} OF 40% A
Skt 32k Fepetn S o]-§-sto] EAGH At
YAPFFE A4 2] HO,2 ’\Dé‘ﬂ% Hazt A= o]
20| @ EF7tel| 7P Fa% gllojgh= dE
W QAT (Li et al,, 2019). SFARF 2014 =55
Ao HO,2t RO, & ZERIRF thefet HH-g7]159]
A% H=A 7S BASH Ayl ARAE

A

'H (Macintyre and

pi,

4
AR HO,% RO, B8 F7MI71E AR A9 37
£ A9S Bo) 27 2alA o] 7ML obg 2712
A& Haz OPE‘r n et al., 2020).

ofo]2Z0] 7 l—C 2 71 A0 @ olafe] 27}

£ opr|ste] RoYL0] S0} o] 020 &
71E fE8E 4 th(Kim et al., 2008a). 2004~2010
| 77 B9 AgolA BEE Aoug oF,
AOD ¥ 7|48 A5 A7 Au Zpe] gk 71
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ok SAIRE S A=A S A3 Aot of
2] AODJ Tag olofjx|A]= & Aer FHH
t}. MODIS #14d2 €83t AODS] &7 W52 te}
2% PM,9 =5 Bl g A PM, 0] S&7F 7
F9] EolEolk FAR R Foido] gl= Aol
7] SA9F AOD7} @512 7ot S Hoj
QItF(Nam et al,, 2015). ©] 42 PM,,9] 55+
AT AODO] AH AR Y= F+= A2 dA=
o] T T2 7|7t B3 & st gloA] vEehd
Aog FAWT gtk o & A0DS} & T AT
| =2 PM, 59 AR E of-&5to] ZAT A £ o
frojmet A EE5S 4 Q& A o= Z|dHrh
Q9] gl 7HY F83t §Eg7]Q1 HO,2 RO,
S0 A== 7]oE steA] NO,9| Bal g2t
NO,°] &= NO%t 2Z9] iEQ} O 8kAdrE b
i Leighton = A2 47 718202 Hrirt
7V5-8}c} (Griffin ef al., 2007). 124 vj&0] A3F
< W Fepehit-go] gitehH @ EA/ O HO,,
RO, 59| Hh-27] g5to] x|, o] Leighton A=
1= 40}71 ofzol] BE2 B ATolA o] A
8ot sfetrdS o]gste] o]E Hhg7]9]
7]@%5% 23t} Shon (2006)= AP 2 H,0,,
CH;0,H #EARE o]§5to] A& QEYIET
of 7H& & 7]91E k= Zl°] HO,2t CH;0, §H57]
Ae FIoHA L, BT oA & FAFSE o] vt
S7159Y 718 AFE5HATH(Shon et al., 2010). T
£ AFolME AaAlelA] 54T PANS| A%
L7t @5 §A35] Fashe
7}sh= PANS] EE2ofjet 2ol A
717 &2 Alztdel F7tE= ‘?JZVJ%XE‘O ]
ol A W= A Wk-gsto] AAE 4 Slee F45H =
ST} (Lee et al., 2008). tH7] 5 OH HF7|9] &
23 Z7ste A2 oty A9 sleto] 235 Ak

Q912 AODE (Kim et al., 2014), °|& &

w2 fo

éﬁrﬁrm

HHNH

[*]

E

S 0]-85to] OH reactivitys APFeH A7 4=
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