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Abstract This study attempts to provide information for South Korea’s domestic ozone control strategy development. To
achieve the study goal, we reviewed several aspects of ground level ozone management in US. First, we summarized
characteristics of ground level ozone. In our summary, we emphasized currently known physico-chemical nature of ozone is the
fact that ozone being a product of two major precursors - NO, and VOCs - as well as processes that determine source-receptor
relationships. Second, we described an overview of current ozone management in US. We highlighted major goals, processes,
and tools in the current US ozone management system. Third, we examined history of the US ozone management system
including advances of ozone science from 1940s to present. We examined series of historical events and explained how those
events led to processes and tools used in the current US ozone management. Special emphases were placed on relationships
between various ozone control policies and ozone science advances in US over time. Last, we reviewed lessons learned from
past US ozone management practices and suggest what can be adopted and avoided for South Korea’s future ozone control
strategy.
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1. & =2 53 It (Ju et al., 2018; Jung et al., 2018; Kim et al.,
2018a; Kim and Lee, 2018). 1|=2] ¢ X @& &
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Fig. 1. US national ozone (as maximum daily 8-hour average ozone; MDA8O3) trends for selected 200 Monitors: 90th percentile
(upper dashed line), mean (solid line), and 10th percentile (lower dashed line). The regression equation for the mean ‘maximum
daily 8-hour ozone’'(MDA8O3) trend indicates 0.9 ppb/year improvement (Data source: (US EPA, 2018b)).
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Fig. 2. lllustration of ozone formation and transport. Major processes are depicted with symbols in parentheses as follow: precur-
sor emission sources (buildings, cars, and trees), dispersion (grey clouds without texts), photochemical reaction (grey clouds point-
ed by yellow arrows and thick black arrows), removal by deposition (dotted arrows), and transport (curved arrows), and Typical
diurnal ozone concentrations with ultraviolet intensity are depicted with orange gradient colors in the upper right corner.
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Fig. 3. Schematic diagram of ozone air quality management
in US: goal (the center triangle), processes (arrows), and tools
(triangles around the goal symbol).
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Table 1. History of US NAAQS for Os; Rearranged data from US EPA (2018a).

Date Indicator Averaging time Level Form Ref.
(hours) (ppm)

1971-04-30  Total photochemical oxidants# 1 0.08 No more than one hour per year 36 FR
8186

1979-02-08 O3 1 0.12 No more than a day with maximum hourly O; 44 FR
8202

1993-03-09  EPA decided that revisions to the standards were not warranted at the time. 58 FR
13008

1997-07-18 O3 8 0.08 3-year average of annual 4th-highest daily 62 FR
maximum 8-hour O3 38856

2008-03-27 O3 8 0.075  3-year average of annual 4th-highest daily 73FR
maximum 8-hour O 16483

2015-10-26 O3 8 0.070  3-year average of annual 4th-highest daily 80 FR
maximum 8-hour O3 65292

#: Total oxidant (including H,0,, peroxyacyl nitrates, etc.) concentrations measured with potassium iodide measurement method.
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Fig. 4. Design values of daily maximum 1-hr (top) and 8-hr
(bottom) mean ozone concentrations in Seoul during 2005 to
2017. Gray thin and black thick lines represent individual 25
air quality monitoring stations inside Seoul and the mean of
all the stations.
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Fig. 6. Schematic diagram of typical attainment demonstration modeling processes.

Table 2. lllustrative examples of non-EGU OTB/OTW controls (adopted from MECTEC (2002)). “MACT’, “RACT", “RFP’, and “NO,
SIP Call” are emission control technologies or rules. These are further explained in the following chapter.

On-the-Books (Cut-off of July 1, 2004 for Base 1 adoption)
= Atlanta / Northern Kentucky / Birmingham 1-hr SIPs
= Industrial Boiler/Process Heater/RICE MACT (see Section 2.1.2.3.2)
= NO, RACT in 1-hr NAA SIPs
= NO, SIP Call (phase |-except where States have adopted Il already e.g. NC)
= Petroleum Refinery Initiative (October 1, 2003 notice; MS & WV)
= RFP 3 percent Plans where in place for one hour plans
= VOC 2-, 4-, 7-, and 10-year maximum achievable control technology (MACTO Standards) Combustion Turbine MACT

On-the-Way
= NO, SIP Call (Phase Il-remaining States & IC engines)
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7hE 5 e A Wt A At u] A o] o HiER A AAE FUtE o WESH
5

0.L4

Ahgle] Ao} Weko g ). wat wjE Y
of wet 27 34 0 AL, W 299, o5 &
2 BFE olF Ao WS 024 vz
o utet mlg- Aol ulg-avt S Hol
5491 WEeF Alo] AR AT §I9 7]

| o
i 0 o g 4m

ot
o,
o
10
o]

r

i oL |O 1o pg L N
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i
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9] o]F At B2 AE2 OTB/OTWeO] 23ty Hi 0|52 “BOTB (beyond OTB)”H “BOTW
2w 1] FEH AGY ARAES SRt nFAE (beyond OTW)E FE2A| Frh F A[gA|glo] 123t
HEEE AT Tpgoll A wajE v R oTB/  Hle wiEY A FAo] Fad AL o5 AW A
OTW2] o & Urehd Zlolct, o] (BOTB ¥ BOTWER) 1] B H o] 5 A7

2o %
OTBU OTWi= Al Aol whet @ 4% Ei 31 Solut SA0] Qi A% Aeold Tee 2t

J. Korean Soc. Atmos. Environ., Vol. 35, No. 3, June 2019, pp.370-394



378 dES, ZeiE d=e

(“federally enforceable”) A A2 Q1 W o] ).
o171 9] AL @E e et uheef qlof of

ol o

1
8718 el wetel] 2 W A4 2 &

e B2 52 ol
) 9] tid @ BAjo] RolnrhE $Ax o]
of g}

3.3.3 HiE2F NMof

1] =0] = AlgA S| A 27 FA | dide] He=
&2 oS Feol et 24 i d e ddn
o1F 2AOR L 4 ir nle] 7l palolA
17 9 HY (Stationary Source)> YHFH O = A
P 7l H B HETl AR SES WE A
e (Major) 117 LAY 2 THF5]of
Agt 748 250k Bk o 174
2 A% e 48 910 et A0 2 FUs
Al ALr]= A7 11742 NSPS (New Source Perfor-
mance Standards), ZF 2] AJS§A| 2] o] ARSI tfj7] &
o W= sl7HaY EE s A e Asks A<
RACT (Reasonably Available Control Technology),
LAER (Lowest Achievable Emission Rate), BACT (Best
Available Control Technology)= +&E& 4= Sl (2
T EE 2SS 22 4 glsyHh.

0] B¢ AH HiEHA = oy HAT=E ]
Fepehitgor Qs AHER A2  NO&ot
voce] tish B ARt ol -8t NSPSE 1]
7370l B4 HARE S At At &2 47
TE ool 374 MAsk= HiEde] E4otes st
© A=A HlEF FAloIH (US EPA, 2016¢). ©l=
IHlelA Al Sl FAeE A=} ARSI

Table 3. Attainment Status and Control Technology Require-
ments as part of the Air Permit Program.

. New Source or Major Existing
Attainment Status R .
Modification Sources
Attainment Area BACT -
Non-Attainment Area LAER RACT

RACT®} BACT 52 =U] ‘et ve] oA 27t
I = BAT 71452 Osf& 4= Utk RACT (Rea-
sonably Available Control Technology)+= P27 A<
9] 7|1& Uiy HiEdoll 875 B7es Eet
(US EPA, 2016d).

n]=9] tf7|e] AA A olF LddS A =
2 OlF LY} H|E R o5 eFHoR o] ¢
2 gttt £ 2 o5 QHYS HE Afo|E, A 58
et EY, Y8 ESa AR Al ZetEm, Bl s
°olF Y2 Y7, S, 712k AHt 71e &
@ AR (Cl: Az 71A) Fo& AlZ2HETH(US EPA,
20160, %87, EF, M4 5 R £2 olF 299
of tisiA= vl 7] ol A o] L HEE F=E ARtk
HiET 1A 2 23A diH] A= A AlRtshe
8] A7 A-gH ok 19 7ol 1990 o] & dA
T At 58 Aol tigt vlEol A9 wiE7]E
WSS B ATt Tier 30] 215 L@=H Tier 10] H]
Sff HlEwol 94%7FE dad o= AYH EI,
ol2|gt AY HiE7IE TE % AP ARALY F
8 OTB/OTWEA Z} F9] @& 7| Dol A[diet
FFS rE Z o2 7§, nl=o] migAg A
o= 2t o AFA LY dF =N olF 2H
55| Ao viE® g0l disl +e= YRies
232t viE 7t A ZEAH(“TUM?; “Inspection and Mainte-
nance”)E Al @SHIL QATHUS EPA, 2016f).
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Fig. 7. lllustration of US exhaust emission standards for light duty vehicles as the sum of NMOG (Non-methane organic gas)
and NO,. Emission standards are based on Supplemental Federal Test Procedure (Data source: US EPA (2016g)).

S ekt ilaer Az shaot g WfEarel o 31, % AlaASl] @ pAke] e 4 Laslob
71 pelolAe] Fowrt setlolop ek Jee @ T 19 83 2ol oSl 20159 0

&) A2 =7F 71Eete] gdee R0, d7IeA7IE A B 78 AT AA A3 EE
&S ZA7E A1S] tige] Hots oM wiEgw  dATE Zol7t Sdnk. o] 2%t Aol7h TSk 71
A7 BARIARE oA (A, AT, AFAAL 2] 2 ol Hi7IE7IE Al H AR B A
A2 5) el A= Fei7t v st adste] = AE B AR 3 B A% di2olt
lg] o];ﬂ —1—0 EL_ U’Hi I:H;G 7(—1;].14 ;q].ﬁ‘_,ﬂ_

3.4 201514 2Z f7|2tF7|E S8 H AlA ofuz} HpetaQl EAE=R AsiM B = Tt

ARbA o g 0] 442 ti7|eg 7]Fol gk 13 S Ao ML u|=o] 77 o & THa] AALS AESH
HEZ} e, AT E (Federal Register)oll H71&  wA] ojm$t BASo] WAgs] g1 ujZof AL o]d
737159 L3S A9t (Proposed Rule)& F& 7] s A5)] 9=A= AgEc}.
sl 37Ezt oA-S St v A2 2015
| & gr|eA7EY HF 1, 22 7es 7€
0.075 ppmJlA 53] 0.070 ppm F+F=O 2 7Pg}o}g 4, U]29] 9= Pa] A =Q WHE
71E LE U 7EY] FA (S A5 4R =
2 4 1 0F FL O] 3t P HHAIKH(8A 4.1 2x oA} SHHS Qs 27| A
e FAsHA @& t718737]%0] S o] AA 22} thzde] ggeld 1943'd 79 26¢, o] E2
£ AgP5t7] 5t A3 A S (NAAQS Implementation 1|5+ 22| E o} 5= 2 ACNA 2 (LA; Los Angeles)

Al
Plan)o] 7HErET) 9 & th7|8H4 750 AlHAIE 5 oA @F thr] ¢ Aitel E IAHE U7, A7t
Fole 71 AW BY F8 4 JHE 2EY. oF FAVE SAHoR QIAE EE V=5 3l
A& =], && t7|ed7]Eo] W8 =W 247] 4 W (Brienes, 1976; Senn, 1948). “1 A7}3F -2 4] o]
2 vl Ao dis) 24/mgd A A4S & ARO] “ThA T (gas attack) O 2 QQIE| kAL 7
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Fig. 8. Important timelines of the 2015 Ozone NAAQS Implementation (Data Source: US EPA (2015e)). The top panel shows
“ideal” timelines following statutory requirements. The bottom panel indicates actual timelines. Green arrows in the bottom
panel depicts on-time implementation while red arrows highlight delayed implementations.

Tt (Dundon, 2018; Brienes, 1976). ©| 255 9@ o] %]
7 19529 Haggen-Smit ZHA}= “Chemistry and physi-
ology of Los Angeles smog” 2= ==& TR =
g, o] =wolA Ie Fsket eFo A4 7|%o] &
<=4~ (HC; Hydrocarbon)2t NO, 0] 3335}5} §h-g-o
AdE THoIHA &efeael NO 2 F8. vy
o2 AFAE AESHAT (Haagen-Smit, 1952).
F ZAS A A T et 544
A Al wgol AAE 94 717 51 1947 69
109, AZ|ZYote vl=ofld Hzz F ti7|edH
(CAPCA; California Air Pollution Control Act)2 3%
shel A o] el S PAehs 7)ol A5 2

£ AT} (Forswall and Higgins, 2005, pp. 1970-
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T Yol= 11 T 19674 8Y 304, CARB (California
Air Resource Board)E A @ sto] Fof tfgh tf7|e]
QT FE Belebr] Aot T2 19664, 41
T+ ARt gt viE7EA AlojE AAISHE S
M A)S5FTE (Paul and Solomon, 2009).
A HE 2o A= 1955 Air Pollution Control
ActZ} %Eﬂ‘ﬂ 7l ed ¥ A4 FES EA2C
01 1963 AA7|™H (CAA; Clean Air
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Table 4. Ozone nonattainment area classification definition, attainment due date, and other requirements for the 2015 Ozone NAAQS (Data source: US EPA (2015f, 2015g)).

Emission Related Requirements including
Emission Controls

SIP Requirements

Major Source
Threshold

NSR Offset
Ratio

Attainment Due date
(Years from Designation)

Design Value, X
(ppm)

Area Class

Transportation Conformity, General Conformity,

Nonattainment NSR Program

100

1.1

X<0.081

Marginal

Emission Inventory, Periodic Emission Inventory Updates

RACT, 6-Year ROP/RFP, Contingency Measure,

Attainment Demonstration,

00

1

1.15:1

0.081<X<0.093

Moderate

Basic I/M and all requirements for Marginal areas

Enhanced Monitoring

3% Annual RFP, Enhanced I/M, VMT Reporting
and all requirements for Moderate areas

Clean Fuels Program

50

1.2:1

0.093<X<0.105

Serious

(or Substitute Measure)

VMT Growth Demonstration

Penalty Fee Program for Major Sources

50

15

0.105<X<0.111

Severe-15

and all requirements for Serious areas

Same as Severe-15 areas

25

17 1.3:1

0.111<X<0.163

Severe-17

Clean Fuels for Boilers, Traffic Congestion Controls

10

20

0.163<X

Extreme

and all requirements for Severe-17 areas

=U 2F JHMS flt 0|52l 2F H2| HEt M 381

A4 (AQCR; Air Quality Control Regions)¥} 37 =
3, ME5S, Alo], HAL 5 7] B 9I' 845
nhASHTE 19701 7R A7 ol A= ol =l_t
[ASE APAIgole= & £ Qholl 23tetHA o

5
>
S
—
w
=
—_
O
~
S
M
=
o

2kl b, 1960\ diell dollsHA thHstAE <15

3 719re] o7 et P 2 Alo] (command-and-
contro) & 5% 4EA HIE 5871+ 282 F A1
Aolee & go] B dopd A7)t 52l
th= o]t (Bachmann, 2007). ©]& A1&to.2 tf7] %
B71=5 5 AlgAIg ] 71+ &Aool dijt wl= o
7] PO FAF o= ARRA H ATk ERL ol#’t
AAE FATo2ZM 19709 129, AAA 7|
N-& $1gt 1] AYE7H7 (US EPA; United States
Environmental Protection Agency)o] A9t st
W, 1960 o FHHE] 19701 5] 7] 7F F3F o]
o1l AR} WA ML Fu) o] e 2
A 0]tk (Paul and Solomon, 2009). FA] T]=o]lA]
A4S A B QRS BB 713 Aol o] 2
Hp A 7]&7R-9 1A (“Technology-Following”) 2}
A TFA-F 7]1<7HE (“Technology-Forcing”) ol Tt
o]Ao] HdjstA tEslE A7t} (Paul and Solo-
mon, 2009). 2= "= 9]3)= A #A-F 7]eES
e, of= 1980t &= m|=o] s At Al
Zhol A SRS 2] -85HA He ATE Y
@t} (Paul and Solomon, 2009).

HAARI pe]of grFo] F A|PA S AlEo] Xx
2 o738k A2 oFA AgTt 19701 FA 7o
dom, FA] 71E G4 FRAEE 1975903
1971 49 309 A Hi7| 24 71=0] A & 97 d
Qo L= 71 = @A S AlEdlor om, 1972
| 549 314 A 34 54 FFATH(US EPA,
1972). 22 B2 AA0] F AFAGS2 AHd 1972
dol| AlEd He 5 ABALES] 704 (revision)

ofefa & 4 ek
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N
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OTA (1989)°] W=2H, Hx = APA ] A=
19709 HA 7| 24 ERAERE 19758714

TR A Yo] 5] ngy Aoz ZHRHJUT
T

1 o] F shH=E Al ARk} wiE5-S 90% E°lE
Hoto] dhg E|j o), e A AR T2 o]
T QA siEH Aol njAsta, 1A o FY

o] voC HE% A E3F F=ERjt o w 7% et
(OTA, 1989). A= 1| &]3]= 1977 7
Hol e 24 BRI E 19824 129 31 ‘_E‘._ |
S}ATH (Erbes, 1996). ©15 1] 34742 t7|gH4 7|+
g7do] o] fo2)7] 2 9] e Fofl tisf AlA
Z7] (sanction)E FISFTF. ZL2u, ol=2|et AA| 2]
o] YA Fa/dat A sfiAef el v 2t
O3]7} Hsf 2polE HolwHAl HAAAQ] Az
o] 1987 7] 7N F ASAE AlEo] A=A
th. olof| tis & 1970\ 19778 7 H A7
Holl A= e At FAIZR] AE 2 F7 5}t
ol 1] g7l UF B2 dtkS HIAIAIA (“broad
discretion” or “discretion-filled approach”) &2 F-ogt
7o 2 HItE] 7| T o}Fth(472 E3d 882, 2006).

0F A= oA @ ARE Eojop & 7)€
& Aol oAk X3 Folok. ml=of| 4] SHARE T
A ZAu A4, Weto] F425] uhE ek 7Rt
oHA, 51] 219 9] @& FA= ofv] @2 Hof s A =]
= Zolth o]f A& st oA = 4714
£ Za= o, o]d] A2 A= A=A 5
+ ot HollA AleFERe Bl Wt
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4.2 CHoHEQI 22| 72| HH|:
HE7|H W

197795 7719 718 & wl=o] 7|87 2

£ 4F AA71E AUA "t & 1914 Holx
1979 1A1ZF @& 7|29 FE o]F 1980 tell=

obRd 7|% MAE gl Al vt 10097 7K
7 A A A oA FA] ulr Q19 Axto]
= ARl g71871E vlg Aol AFsh= A

1990

oI ATH(OTA, 1989). THFA], 1980 A T S-4, 1] =ro]]
A= 19779 ARG A T 10d0] =
AR B 0F A welo] WHE A3t glold
olrell TE 191 149 0] B ao] thEE et ol
o] o8] A& Vs 24 ' AR 719l v] of9] Ve
G FH7HT (OTA; Office of Technology Assessment)<>
19891 “Catching Our Breath: Next Steps for Reducing
L RIAE Wksle] 197749 ol
stgom,
3} 2o

Urban Ozone”
L gi71d i duf o] 2 dde 74
of7]o A F=T 671 F8 UYL He
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2) 71& 2 SIR WS Aol i Sloll tiet i
37} (“Underestimates of the Extent of Control
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3) 5] 174 wiEY Al et o] 2% (“States
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4) vjE=F Z71 Ao} v]F (“Poor Control Over
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5 “w&HE L& 9 AF=EE Ao w8 FA
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Precursors”)

6) 27 AL 9%t A elAe} 2l o] 1A
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1990 77l Fa5HA 57Tt *HLE-——?— 2
& e Bl Y2 FAF0R g A o] F
HUE+= 29 I (regional scale) 2] 2& ©]5-& ?l
Astgiet. o] ZA19] siA-& fiste] o FE skt
ol gdo g B 9% o|% XY (OTR; Ozone Trans-
port Region)& | Aot g x|l 9] o= A E T
g5t 2F olF 91¥3] (OTC; Ozone Transport
Commission) 2] A9 275 vtHst on ATz
2 sttt ol o8] 1eganrRels 218
e F8 YRIE T AT FHE siEHS olF
1990\ A7 7R ¢re] A B oA B2 <
F= 71 AR AR EL

e, 0] 93] 7|&dFEr=o Al HaE 2y
Hel 19914 1] 2P ALE 2] 3] (NRC; National Re-
search Council)ol|4]= “Rethinking the Ozone Prob-
lem in Urban and Regional Air Pollution”2}= H 14|
£ YTFSFATH(NRC, 1991). ©] B 1A= 1990t %
721 8] @& e el w5k, Ayt W oA, 4
A, AFo] AmE HiAdste] Jofd R gARA

7V 24 AEE Follgith o] HiAoA thE
T8 = v=9] o e AF o, e o
7‘[70 73k, /\]ﬁﬂzﬂiloﬂ EH%]- AE, O]_ljl o ;(}Oﬂ
VOC HjE, 2 & 3 ti7]| 2 &34 So]JATHNRC,

1991). 3 HIAE o] iJZ 5& Hoj7le o)%
= 0% yhalo] glojA] mle FR5 oe] FHANG
& 97 " 22 oM OITA L& ol 27
FL 110 AL Heshel ohea g
1) &L FEol 2717 SaiME vocst
NO, % 29| NO, A7to] Hask(NRC,

1991). ©]+= 1991 o]x 9] @& a7} voC 9
AR Aef disf e dele Aoz v=
o] @ ol 9lolA mfzirtele] Heto s of
AZIH.

2) VOC HiEFe] B8 0F Ao} Mk 2
ke v 4 glrk webA] NRC (1991)2 919
VOC HiEF] Feit 4& a7st%lom, 2
A vOC HE T 919 NO, vl &) & 94
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ABA} 0E Pl AR e Fa 4T
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o me Ao 2L Bashl sk
é AR 2EE T mAke] Ao 7
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5) ‘31 %‘H—T@?Aﬂ HIAME &5 o A3
Hr} o §7H 02 57 9o 28H &
(Coordinated Program)2] =84
(NRC, 1991).
19947 0]] ¥=% NARSTO (North American Rese-
arch Strategy for Tropospheric Ozone)= $1°1A AT
St zz%/\]-d— = U]—X]Eﬂ- o]— H]—Oﬂ Sk 7—] oz D]% o]
A, Aiehe] QLA o) pe) ABASS ofs
2t Hohi]d7} 02 o] it AES} ATE 4
511cH (NARSTO, 2006). ol TAle] @] et
ol wo s A T wet ozt 412 ol
& P A3 FRE Do Aol
NARSTO9] L 8. 0|5 5F2.A 0 21 2000 Atmo-
spheric Environment2H= 8+3]2]of 24H 0] = =53
S Aot BAR o]oJF 1L (Schere and Hidy,
2000), Hr 4 Algstz] flste] “An
Assessment of Tropospheric Ozone Pollution-A North
American Perspective’©|2t= ¢ A9 HIAE &7F
SFSATH(NARSTO, 2006). NARSTO H Aol a5}
A 2R olAlE 9 7 sl gt g,
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& 7333 THNARSTO, 2006).
JEFL 02 BB wjETY o}
o 94 &1 (oll, e =4, Jid
goﬂﬂ%)g Ast= AL A EHXH_,] AdkA Hsk A4
gl ol vl Fasith =l &F Bel= TA9)
Avere] WA me} A, o] ukel AFH wak,
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WA BR0] ek WA} 2o 8412 Fp ozl

4
g2 19974 7|5 70 Al o] FoF T 1978 ©]%

HA 9 QAR w2 7E 1A @]
et dtiA o2 W FroA sAZE =&
HA| F26] Frofiotetal dejRloH, sAIZ
2F 7] eEof ot 9
= ot mfi2oll

Mo e op
o FN [ HE Ll
o

1 W

N
2ol

)

T} (US EPA, 1996a).

2 || TElste] 199732 oF 7]
= NS vl oF T AV 71 A8 T e
- F Q3 AP of7|stitt 19979 @ df7|gh
7371l toll ] 254 2] (American Truck-
n] $4S A2 H-gdAol

ing Association)= 9= Y

gk Sl 28513l 200149 249 279 W= o

WU v AEsRel qrleanIE 43 A %A
Aol gl “1e thgo] ohichets WA holn
(Whitman v. American Trucking Associations, 2001),
olT NAE 7|47 % AA o] HskA J|uke o}
A= £ 93 oA B} 1t} (Bachmann, 2007). 13
L, A19] 283 71 A1 Algolehs Hofl A B
olgst MA-4%E0] HIES Ayl oz uj=2o] 90X
5 S Asolic tilgAEe U IR
3t AAY sAvth AAESE BRA] A sHof sk
dl, 220] A9 718737150 19974 7] W
11871 2008\ ol A oF 1= Rt ol= 1997 &
T H718471E S o] F 4] A3 4ol 5 1
AR 7120 A 8AIZE 7|2 2 0] Zghof] High tiH]H
Al 5 B 7 o] wRolch. A% 2012e] Aok
= 2F APADS nrdglen, 20153 ]
49 FEH E Qr|EA =
= (US EPA, 2016f). o]mj+= o]H]
2008\ @F ti7|&7g7|Eo] S W] 7dA)

o, o]z 7 E 23 67ld < 20159 10€] 1]
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Ao 02 AL AT A BEH 5
S0} 7]3HA71 S vheo 2 AL EITh 22 ok
L 0F B S s 4K AHe

oto] 0 & Tk @ 9 A J=E w0k
Zasirh 59, sAI7F Wt 0F Fk 9 o]
314 oA 17 Bt 2FEHT 523 5= 9l

ol

o
T %

4R Pelo] 4§ He SRk B3 u)Fe] oot 2
o] ZEIL fr18371Z et olsh GAREe
58 A=) B2 Fe eldthd, Ae 4ES B
3 4ol Washeh Bgo] Fufe] B9 vFak gL
F7129] o710 @71 29 A L Al e A%
ol

A7k A= A= aels) wof & A

=3
©
o

b

4.4 2E°| Az o|s =

1980 FHF 7|5 JF g 7F=0] HAlA oAM= @&
11 AFEE ] Aol Ee HiRt W] Be
< A7saeH, o= 1990l = @& a9
silo] H It 1990 HAH 7ol M= 2 71
FEOoR W MES 716192 H, NARSTO]
T &FNAE FAY olF FFe FAH R A
SFITF (Caplan, 2001; NRC, 1991; OTA, 1989). TIIE,
19909t FHAR & 0l=o] g F5 (53] 2&
°olF Y9 F+5) FAUHET AFAYN oE
2] WHolA 7| & o7& thotA] Fote $171E
g 231 Q) At (Keating and Farrell, 1999).

1990 771 o] 7ol A | o]2]= m] Avy
A Foll =0 2t = HRAA SR RAE ©]
ool 19949 11 159712 24 S5 2okohe=
T A BAL S AESte= Aottt 18U, A o
|t @F oF A9 AAH o] 5] fF 2
ols f1¢3]9 Aol ok, 1| FEF9
2 1994 EE] 1995 % =20 ou] tf7]
3 Srg0] e AFAL L AEo] &
(Farrell and Keating, 2002). olg|et Wt

lo
N
|

N
M
uor

i)

HA
o

1o 2 oMo

o5 EEF SHBA 5 HAZ <)

=) AL 1994 1 19954

ol Hz 1o ro b 52 i

o
N
my

[iteg
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>

=U 2F JHMS flt 0|52l 2F H2| HEt M 385
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&),
A G W A 24 5 Al FAol
ofete 4R SABAR HA FY A, AR

and Keating, 2002). 18]35}t 19951 59 18 EFAISH
Zo] @& olF W7}t AFYTH(OTAG; Ozone Transport
Assessment Group)©]tt. 1997 62 19¢71x] 2A7F
A &F5S s H E olF Wt AFRIEE vl
7] e e HAMY “FLFolRE (“unprecedent-
ed”) 15502k & 4= It} (Anderson, 2000). 2.5 ©]
T HUFARAE] o] ARl 27] 8 BERE e

o553} ugA 7)o A 1eelo] §

=1 = BT e )
Rol o2 f718d7)E 9L AT 0 A7Ed

HiE o7t 23E @A S-S 7INe R 3 F A
PA S 9] 7T 9 S0l At (Bergin et al., 2005). H]
= Keating and Farrell (1999)°] 50195 AA| 2431
A ol TEER] ghgtou, olF Brhde] &
S o pl2e 0 ol BAT VAT AFT
A& FAotal WAE BAF 7aS st
7] o]Fo] u| EEFoq =gtE 2] oF
Aoleh= JAE dEstetalt 1
n=2] FAg & ¥4 49 Edf
T} (Keating and Farrell, 1999).

& ol B7F AMETe] &F olF, v EEH
FTEAY F o5 oz Fot AH] AYAAHA
oA ti71e 71 At B8 = 24 FA7F ol Het
21 TSt (US EPA, 1998). Z12]5te] “NO, SIP
Call’ol2te #7382 AASH Hrt o] 42 =] &
7370l

2y
R

A
et

o

e,

[T R R
2
ro,

=

S
o
i

N
o i
I %2,

bl
e T3 ALAAGA7 g 5 Qe
go] JRE AlFste, A=A HF A
A A A DA o] dATHEE ST o]
2000 ZRF 7] 242 CAIRE 5o Q&8
ofle} Zu|AHA] A2 FA e oF Tt

H R
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A|SFATH(US EPA, 2005a). CAIRE= @& 7]7k] tigh
NO, A7& ZgHsete] 712 NO, SIP CallS thA|515
t}. oA 20159 19 195 E]= CSAPR (Cross-State
Air Pollution Rule)7} AA|H 2 CAIRE A5}
%] 1TH(US EPA, 2016h). 9HA] A 2 He} Zro], | =
QF olF BrF Areho] el ExFE ols) FARRt
7hol A A ol Aufstglod, 3Eog 4
Pyt Ae] Aikg vigo R §F i AR 54
Aol oA F25] olafistal £Hol= 7137t &

A= H2 F5T wtolt

ul=to] HLo o AP E Ao ALE
Hee) ka9l B-E Hojgts 9F Ha|oA] &
A8 o5 FFS AFH o= Yrlohs A2 HA &
o} T2, o] A E42 Hil 2 WolAtE, 0 & 0] A
g o] JA 2 5= T Qo] FastH, F
SF A2A) B H71Ee] EEo] a7 HoE HS A
AFet,

4.5 H| ME™ = Xl SH

n]=o] 7 1940 AR E 2 F7HA] 7 Azt

[e)

-

‘?3 A7 A 2 A9

A~ B g HAfo|E 2] S
%‘ﬂEHO} A|Holct. wtA, o
ZUotHth o @& A7} AZtolre AL &
T H|wo] EAIE Holot 1980 E K€ 2017
A5 2HAR =2 14X F9] A Bt 5
TE HH 1997, 1999, 2000 FAE 2 Ho] sk
| zuof 0] 2 AN AL gjHAfo|E A H
oh 255 EH(1E 9). o] FHL & oA Aash
1991 W] S HATH ]9 HalA H7L o]% ]
o] o FaE7} AvrH o7 NO, A7 Ao 79| o
A4 Q] AgkS sk Qe A]7]Sic

22 2000 A A AlA o D=t
o] of 519 1-& Aitohe ditR A AldS
St 9} M"J' Forswall and Higgins, 2005). 2000 F-E
2006 3712] 0] FrAE 299 @& HAE Ao
3l A3t Zhou et al. (2014) 2] i=Fof| f2H o] &5 A
A A FEE “HRVOC (Highly Reactive VOC)”
HiEEFe] Fart 8 dlolirh AxpHoznt B
M 20008 X, SHF FAE 290 gi7] B 2H
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(red) Metro areas from 1980 to 2017 (Source: US EPA AQS). Grey horizontal dotted line is for the 1979 1-hour ozone NAAQS level.
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1990t L7}
o|=-2] FA 7] 9]

S AE O] 9= ] ABRS oF
T 19901 eTH A<l A%
=

==

1970 A7 e7] ol whet 1972 ] A A 5= Al
Age Azt ot the F53 vhrIAR 1975
A7lA] 7| 2ASHR] B35t o] & AL F=

0:

’é‘ =
19859071 2 Hlofl A AWAL AZ-AE 37
S AA F APARE ZF SALU (Forswall

Eae)
il

5
and Higgins, 2005). 2L} AJJA|1 8] 591 & Hut Z]
U] gt} FARE 19909 AT el whet 9]
A7 02 7|83 7| & 534 Severe-1702 E57
Sjotom, 200751717 7152 A efof sk Aol
ek olol whet 1998 5YFH 20009 4 €714

A i SRAE B0 % A A

oL
_1]

oz

ge Azt o] AAAY S| EHL 1 YA
29 A9 VoC 91579 xﬂo1 Heko 2 RE NO,

915 Alo] FoR o) AFS WHGT Fo] T4 0F
ATBAZ NOE %a}aﬂu}— golck. 53] A%
Aol sldl 20001 48 el ThE 24
290 taf 1% HE TS viRfo R RACTES
19 712 NO, A% A%} e, B No, W&
%E A7 SHe e 222 el NO, A

—_

©] 909

T Al¥-& ©9fth(Forswall and Higgins, 2005).

o] A BEAIAE-L 20001 49 7fAore] AL A
qlo] Zdeke] 7]Rto] H SX AL Avtet Mz
A TS A AR ) 4
4= Aot 2000 48 7H14°}—4 % 712 19931 A
B 1S Hio 2 St o] A A 2
_"_‘7""’C Sl At 7]Zl'oﬂ oigh ek &S AT

oy OSH, H:I
mlo

2

7

=

)
=

L A DA
)

=U 2F JHMS flt 0|52l 2F H2| HEt M 387

= §12th (Forswall and Higgins, 2005). 3, 7]&
RACTE ZE3| TH=Eal= 80% NO, A7 AlE iy
Z7F4 Q1 10% NO, A% A1 8& Z3HoH= 90% NO, A
= “H%’g}h = A}@lﬁ of A

tion) “gHIE %QOHOF °”E} ol 27| FAHE 459
g, A7 FAHE 30~409] D8 AE0] AE]
ol AAA, 7|&4, dAdHoR oz Aol dtt
(Jeffries, 2009; “SIP Revision: Houston-Galveston-Bra-
zoria,” 2000). ool W} FAE 2|9 o] AGAEL of
QFS 27] A&Fsl9l.om, HRVOC Alo|7F ZbA ]l @
< A SR HiF o] B & Qg2 Fastath gAt
2 F= ARRAIE AlE AlRNE 9717 71 %’4511 et
HE NO, 90% #H5& S4t= she AlfAgS AE
3?"12‘% AAAlE AR Foof AFsHlTt 2001% 6

B BT 197190 AV 02 BA] ol
o} 7 3o o5 ARl A7t AT e AL
WSt oo HIARA F= TexAQS (Texas Air
Quality Study) 20002E ©7[7H] A5 EXot=
o &9
FAS A4S oF7I3t ethylene, propylene, butene, and
butadiene& HRVOCE -2} o]of tgt EA 22l
AFE 55t (Kleinman et al., 2002).

FA] HAL] glo] 7Y & e S8 Fl

Q" HRVOCS] & AJAo] EA}OML Hiﬂll
L Holgov], WiEe B 2Asa v
g/do] YQle s A E Rt o] HHE &, ﬁﬁl o
ARE QIR ISR AR Al B2 e Eo] AR

=, o] BAolA AL F A2 HRVOC
HiE 7S fIet o3 W § 5 BAF o A
oﬂ EH St HHEF) 23 l:ﬂ-/ﬂ ] A—]Eﬂo]-gil:]-.

YA FoE 0F B 24 % A AE
ofgholof sirk. shthi mAfe] et} £ ol
(right answer for right reason)2 SH7} E|E=2] o
Holw, th= sl A AL SHE QA=
A2 F FHAY T e Sasithe A 2l
Al5h= Z1o| ek ASES] 7S Edi= oF d7ioj 1

mL

=
24

M r*

ASE (Accelerated Science Evaluations)S

ok

O]—‘——
-

=

A
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AL A= 1km O] AT HAF 204 ©7]7F 1
FE9] HRVOC HiES 2743t 9x]oA Fdsk=
Zo] At A AR @S AHs| Wrgot= AYS

At} (Henderson et al., 2011, 2010; Vizuete et al.,
2008; Byun et al., 2007). o]2|3t A= g=4o2 F
s A of] WrolEo] 2] 2002 A|AE AHoto g
E] HRVOCS] EAARQ] A& A251eH, NO,
ADEE 80%E SFF A UCH(TCEQ, 2019; US
EPA, 2005b). <, A8 9] 79 7]& vl= o)A

Hol R A vOC Alofoll A NO, Alojz2 o] sty A

glo] ol 2ol 2|Hl 7heH|, 90 A Yahord 5
38 wrestel] Alo] ek Sstol &e thAIF 4
71N 2 o7t Hgle.

iuwmw TR 0 SEel B oX
2R 9] vj&eF A7t go] A3 L1 AL 4
?’6}711 ok ohek gl 219 9] 545 Aldiz oot
312 2 A9 HAUA o] £2E 4 9o
= W2 FAHERE s /S &
Q% 2 ok Aol F8E 4 Uk E5 7129
olafel 2e] Aelntet, A)7]nte Wi 0 WA
gee Aol B 4 glonz, KA vl T
W AAE FAIsHe Ak B asith

u:] o] "uto n ]A;Lo]

4.6 B33t At 2
7|EH o7 LA RAF= EATE 2F] (o:". o9 =
S &<5t7] 9IE otk (Oreskes et al., 1994).
wEbA I ARt 24 B E7F GA] 1S B4
AR 28-& graofof Qi (Beck, 2002). &, &
A} ATre) At WA 2302 WA AHSH
Qe By A ] BAE S 4 glojof g
o} o]t B2 A9 g SH DALl ST Algtel,
u] ZEAFo] o]u] 19804t Frko] A atgizo] B
A} pze] Ashol] wet We A7t wizero] 27
Zef2]7] wjEo]th(OTA, 1989). T-20], A QZ9]

Fslsk EA4olA A HkR th7] F No,et voce]
=L H|E Higog 9o FAEE 9 Fo

NO, Atz ot AR1#], vOC Akl 2%t

32k BARS] A 714 9 HHEJ Al BRI W
3= veote] BAF HJEE shte] AR ol
Brbeb7| Bk AlEZHA #iste] it HEZ 7t
wojof ghe}, T1ejet ol A et SAIA AR
wA 0 R FARAL ANE FA R Wolso| AL £
A= AL BA A (Beck, 2002). 1] A9 EHE4
2 o]§k AFS Fetsto] mAL ESHAYE W
Je = BEA-S 95l 571485 (WOE; Weight-of-Evi-

B8 F7FSHATtH(US EPA, 1996b). THEh, 5
2 45| o] ARt SR 7Hol=
£ 72 ot & o FA-8-2 Y7 = shalet 2,
2000 T} ZHF -8 0] A|gA|E T =g oA 1)
HAE W 2E2 171 ppb7HA] et &
T+ H=97] (rollback) 7H-& -85l ELEE
VS AL AA ASEE mHAE QE T 118
ppb=E FAIE A= sttt | #7372 1970
| 4t olm] HE)7] 714, E9] A2 HE=97]

7ol @& B E|o] ule- AIgHe 7ol ARt A
|2 5 S5 sk 1 S Aokt
(Meyer Jr et al., 1977). Z8u}, 2 oS 7|H&
27 S0l ARgshe A& WS 3t (2nd Circuit,
2003). A=r o] A7} HojE A2 AT Aol F
THA QI whho] ZRtE] = 1 o)7]= sk, Bk 2t
2 Q1 o] SR B 2] o= ¢ 1] A o) A3
A9 F A g Aol FFHE T THEH B
T2 BAL] 2 ZAZE Qe Ao g 58 7}
55t Holtt (5th Circuit, 2003). BJAFA FofA]
Hoj7l 90% NO, A7} HeAe St 19931 A9
A HARO] Adet Prto] Aot o] Zt
A BARe}E yhAShe] TEHA Q1 M o] 2|4 E| ook
™ 1Y A9 AR Fashe obA A ¥
O AAEE AROA F $ARANE #3stal 11
ATE ofAste] HRA U= BAE FHolof ot
AZA| FFRAEANA AAZ o1 F5H] g0l
HIE A] I g sjrte A8 HEESh}
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—
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5.4 &

5.1 0= QE #2[o| Algizte

E oA 1940 TH o] m]=tefl A 2
25 9ol AR o] |8 & ti7]d #e A
Ao Eot7| 7k 2] 2 AT} o2 Weke] A4
2He IO A Ao Eoitt 0 & BA9] ¢4} 5 E
Lo qlo] FuEe A F ofte °F BAL &
AR 7Y 0F 7A side] dupt of 2o s
nj=re] A I AtEe] KW Q14 REo|t}, ol g
£0°1, 1943 A7t Fapst ARTTE 72 LA A
2 4l ¢t oF BAIE AT Aot Tt
T (McNally, 2010). tH7]1 29 &A1) ZZell gt of
23t Q5= oA AESH FAFH 7R Aol A =
AAE W NG ol wE I BRAE] A5H
Ql AHoIAME HE 4= Itk @& We] At 7] @
& & Qe tigt u=e] ARE J|de 0 F
Aol tet SFAARE ¥RALY] 7] 22491 BFehA A%
o] A HoR waE 1952W 02 HE 66d0]
A 2A1F7HA] o745] GA7E e 2 A <
Z)5kA] Z3Y7] W2 Zolch

o=t @ F | HAte] Zyke sk g olate
T4 B FE18E QA w4 A7) A
of olu] &A ZpA| 9] Q140 2 HE Tl e E A
Aolehs B Foll FAstAt skt 18 7] uf
2ol EAAN BA Q141e] AJZto]lE 19437 E]
Z+27) = 19901 7HA] 4717
2 HUA =ick vl 5 19439

0x

z 29

| H

N
Y

e Ho

7

o

1o

d Ao AT, ShA] Am
YA E AA nj=2 dA L] 7] B9 7EE
A F AgAIES AAIZIA =L, ol v 2
gol 71 AL 2 T ARBAIES skl A
YPol= o] 2H} “Cooperative federalism”2] &2 of| 7}
=k (Fischman, 2005). 121 A& 02 715HE o
7187 71ENE &Skl FES| 71E ol B

o kg =e A9 5 S8 & AUtk

L E JHME 2Ist 0|=22| 2 2e2| HEL} M 389
wh, 7h8 7171 0] 5 0 913} PrelsA ez
Q ojA|E AH 2 TS AR B 4 e,

A1 A7} A SufadR] o] o F ARgo|th oA
Ag et ukel Zo] A 7le/ -2 ALt A HA-=
717l sl A FA2t oA FAeke] Ect
2]7] 7}e-d] 1] 2359 HMEH Q] z]x|et Ae]xLo}
277 9 m] @A 27t Agdote] A HAA-<
Z1Ehdolehs ol AdeEglon, Ao @
EFLE AEH o2 dEE d 3A x5t
AR S T AT T HHE A== 19909
VOC 915:9] @& A7 AAo|4 NO, 915F9] &
A7t A o 2o] wjz{rtel Hgto] gl 1990 o]
Ao A= FA] 28EH F2 A E 5 9t
&= AP 2 B8t of o] Zinh 7|&d¢E7t
=o] AHstgRo] W FREoA 9 E z4A
VOC Hij&o] 2 g7t= o] AL Aol @& A4
o] VOC Algte] ofgt o g HIET, o= &
A& $lell voC 7ol Agste AaE W7
Folt. 22, v 28] 19901 A7 ] of
&l WS stHA 7ledFE 7t v S
TRA9)3)7t 214G AT} @E o]Fof e A
4 w27 gropEqleh 3, v| AT F HH
So] 24 side] Bast Az utd 2 Y-S 53l
QF ol HIF AFYTo|tt NARSTOS} 22 7|4E
HEAR AL FET Aisith 0 olF BIF AFY
7} NARSTO®] &-5ol|A 53wt 22 o] 59 &
ol ShAet AHEE ofuat cheket AFA (o A,
252k A9 EAE7EA] Zetstthe 2ol
ohE, 20001 25 o] 32 mHl=ol A v 93] 7=
FB7, v Y ATE S, NARSTOS] 52
2 5, 5, AQAIE of-2& i Qlota Z&
ol @& | HE}L B H o] FAfstct.
npzero &2 ulZo] A 0 F FejoA mje- Fa
g Z ol A g, W =Te] A7} 9l FARY
9 WARe TrAsto] AR A 148 2] 2
o] -8, A} A} o of lo] @& Al
FE5IITH(OTA, 1989). o] 2|3 @8 749 dF+=
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Wt HAF <247 FAIE ZTRT (Russell and  ©]= A= B AA A Q] 2]¢0] glol= E7Fs = Q)
Dennis, 2000). 131} =2 o2 ol2fgt Aol & Z|gof girt. Tk A2 sk 0= A A9l

Al Bk st TA| 7|8kt £ AL HA,  FEekA] ERohH, ul sl gl o5 oF Tk
ARZ0l mAb A7F 45t A-F- A i BA T i AE TR B glow H-§ Aol 2
Ato]e] BAL A Ztm FH 2 FF HE 5= 5ol Sl glrk E5] =] B¢ xnAw A, o]4tekA

[e) =
AOAow ARSIt A2 s 20T 9l & 5 TR 7154 BAS0] deAES 23
oanQl o7l R At LS S1G e she el AHolA Hok gsksta Jug Bt
A AR Aol o] WhE AL A WL ol2] A o] Basitt
3 oAb BEE FH3] 94 93 A& H 0= ofo]

7} JTH(Kim et al., 2018c).
anel 2

5.2 ZL 2E ZX| JHMofl chst AARE 2
ps L 2 =2 AR (s EEAE, S, 21
9 71 ug4 o] gt njZo] ox W]  HAR) AY d=AFAE nHHA] srRd Sz e
w27} Piste] A F gRel A gge  EAR (2017M3D8A1092020)7 obeheta a <
B 7)o Bl Fof AR st z|ejo] WA & TH AW Stoll FFH e, o] HARE =
= A5 AR g A9 4]l o T
A AAE F8 FRE SFL Qv & & Sk ol

o) 9 ARE &2 oF eq@qle] wiaey g,  References
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