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Abstract The objective of this study is to provide information for improving the domestic particulate matter (PM)
management. To achieve the study goal, we reviewed the past and current practice of PM management in the United States
(US). Our review includes the assessment about the philosophical foundation and effectiveness of PM management,
systematic program implementation to reach desirable PM conditions, and steady development of analytical tools including
photochemical air quality models. We noticed that the current US PM management approach has improved annual PM,
concentrations 22-48% in various parts of the US in the last 16 years. In addition, we analyzed strengths and difficulties in the
past US PM management implementation. Based on the results of our analyses, we propose key elements to establish more
effective domestic PM management in the future than now: steady investment in technological innovations and close-
communications between local governments and the central government at various stages of PM management.
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Fig. 1. National (top) and regional (bottom) trends of annual average PM, s concentrations in US from 2000 to 2016 (US EPA,
2016a).
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Table 1. History of primary National Ambient Air Quality Standards for TSP, PM,,, and PM, 5 in US (US EPA, 2016b).

Indicator Averaging time NAAQS year Level (ug/m?) Form
24 hour 1971 260 Not to be exceeded more than once per year
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Annual 1971 75 Annual geometric mean
1987
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24 hour 150 Not to be e>fceeded more than once per year on average over
2006 a 3-year period
PM,, 2012
1987 . .
Annual 1997 50 Annual arithmetic mean, averaged over 3 years
1997 65
24 hour 2006 98" percentile, averaged over 3 years
35
2012
PM, s
1997 15.0
Annual 2006 Annual arithmetic mean, averaged over 3 years
2012 12.0
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PM, s Attainment and Nonattainment Areas in the U.S.
(as of December 17, 2004)

Lo

Attainment (or Unclassifiable) Areas (2916 counties) ~
Nonattainment Areas (191 entire counties)
Nonattainment Areas (34 partial counties)

PM, s Nonattainment Areas (2012 Standard)

PM, Classification
Serious
Moderate

Nor i areas are indi by calor.

When only a portion of a county is shown in color,
it indicates that only that part of the county is within
a nonattainment area boundary.

Fig. 2. US non-attainment areas of annual PM, ; NAAQS in 2004 (Top) and 2017 (Bottom) (US EPA, 2004, 2017a).
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Fig. 3. Scientific Framework for PM, ; Management (adopted after simplifying the original diagram from (NARSTO, 2004)).
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Fig. 4. Annual trends of SO, emissions by coal-fired electricity generating units (black line), gross loads by coal-fired electrici-
ty generating units (blue line), and gross loads by all fossil fuel fired electricity generating units (red line) in 6 southeastern
states in US (AL, FL, GA, NC, SC, and VA) from 2000 to 2016 (Data Source: https://ampd.epa.gov/ampd/).
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212 & Tt Zolth o] 9
4o B 7] 2 (CSAPR; Cross-
State Air Pollution Rule)= AH|sto] AR A]YAE
o =2 Astal qint

A otAd, nl=e] Y PM, s TEIAIAIE B4
¢l 51 24 fldl T4 A RolAM= di71es 7+

3 Amel BAe hdstiA A gre] fvt
is)

2Nl 3,
Asgrk A B olEt A S2 ARgSt]
AAARJ] A7) a4 3 S HYste AL
= Qo 4 Qlrh v o R dir|87E
44, 24 % R ABA L wE 2o Bt
£ F7= & o, v F7Iute g riEs B
Zs17] Sl o A=A FAES el w7
A 5kl .

olr
b fir

tH 4

Sl PM,.E G d7) 2] A
Q1 BIE 91) A A4 W B AAARE TEo
w22 fEskE glon), o] B9 nTe] 4 2§
o] 4T G XL A R 710 B U TF
g 915 A2 0l A] $2 217)7} @ Zolct
E ol Y FHAME S AL A
BhAIQl AE AEe A9 et nhglska, TAH)
AT UGB A AR Fa 4TS T 5 9
£% Awd Fu)7h wasit
2.4 5%

O

n| oA AlLA o2 Zu|Hz| o] Aol7} &+
AL 19979 712371 =
2t 7|27 S3o) e n] S A2 ©heo

Z%F %It (Total mass concentration) =47 o 2

31311
O L

|=ol Z0|MEX| &2 M= HE 597

el diet SHEATH(US EPA,
2008a). 7L A3} u] §ARe] 2R SR kol
28 Sl =7 (insightful measurement), = &

F AL aE AT 5 e EH o= AdlsHA
HTHUS EPA, 2008a). 97|04 528 Q==
2 o712 RS S8l "ash FehAQl

=

ol

o
o

Prooxt ot

At g R

ofg] 7| LAEHE THH R ZHote Mgk
Aeigich, T35 EA40] Fe Aot g wejA
o] Fx F7tet FH oA tir]| L@@ ol gt
ool FX I} RAL EE ZHA 7|E SHAE K
o ggHog B3 Pt Aol 8= (US
EPA, 2008a). ©| 2|3+ Y& 2] T3}= ‘NCore’ 749}

A 9 Frfj2 o]o]XITHUS EPA, 2016f).

YT LS ETFSt= Class I A GolA PM,; 71<1
of ot A4 =A SiE-S f1al vl 882 7]
=4 WL dE=d =M PM,, 5= Telet Balst
o] 1985dF-E| IMPROVE (Interagency Monitoring of
Protected Visual Environments) =342 =43¢
B A (NPS; National Park Service), 1] 5-F-5-9] At
2] (USFS; USDA Forest Service) 52 22 th& ¢
W7 gt felsto] skl ik webA A vl
o] PM,, W ZHUE PM,, FRM (Filter-based),
PM, ; FEM (94 £7%4), NCore, IMPROVES E3}
sto Y] F7olth

dA AE PM, AAIA] Aol FRM 2
FEM 574 Ztmito] o] g5 =1, ol& 7|24 o=
FRMO 2 QIHH (52 Agte) S8 2p=rto]
A 2 ARgo] 7Fsst7] dhzolt). ul=o] B¢
F & FEH Q= nto]a 2 AlA (Micro-sensor) =
2 2]H]-§ AlLA] (low cost sensor) HA| 422 &g 1

Qtol mpA=AL Qlrt. o=t A7l 2] HAE AHgl
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W2 Fo7F dactd, qirjdelE At 542
Lely sl s e AAA E dr)
o] BHo Kok 617 wjEo|t}(Hall et al.,

S 9 PM, A2 Sl disliAde A&52 A
Aot AEZE Sl 1 F tEAR] Zlo] e
&4 (EC; Elemental Carbon)©|t}. 749 (Soot) T} &
7H2 (BG; Black Carbon), 1A EA] tgt L& o] wj
w2 getola] grot E42 B7|& Sh=t, ol= °]
E EHol 294 =21 7] (Operationally defined)
2] 7| % St} (Long et al., 2013). YA g4 74
9 2ol ueh AT B Holt ]
2 mugel et BAgel 27 AaH e
(Chow et al., 2004). Bo] H AAEA4 2] A v
S STN (Speciation Trend Network, CSN2] A1)
gol A Argste E3eta FIEH (TOT; Thermal
Optical Transmittance)¥ IMPROVE HoJlA] A-85
H G335 JHATEH (TOR; Thermal Optical Reflec-
tance)°| =1, F O] WA W &, 1] 2HFHL
7|1E gty By e S4H 20061 o] At

e pA o Yot WAty Jo R A

i B B

(OG; Organic Carbon) ¥
7] F #7142 (0OM;
Organic Matter) 730 = 93 v]F o} (Khan et al.,
2012). ©]& 7]& STN HollA 24 H G7et4of b
A= A 145 &5t 7122
HEH, IMPROVECIA S4H [7]€h4 gholl= 1.82
Toh= F4HS 2-851317] wliZolh(Dillner, 2016;
Chow et al., 2010).

PM,; & AFeE R 1 74 AEY v S

= AR AT 2] AR @A o 7] o] A

H-{

2 37149l Ao} 97 E4-2A} 7H0) HTA S
Tefete] TS Aol WMAT 4 Gl TS
WEL AL ule Fasich 94 QFE Ax 2ol
Hlg ZvloA S nlola2 A4 SAC R o)
© pojgt ol Mol e A F15Ae mefet,
of] f70] AL e TR 2R A
NI 4 Qe et BAjo] 2 4717 E Ao W
gtk

A7) Fjel A ZrlARA TelolA] e Aol

HETEE dRYot HiEgF % & ZAI=(
al., 2017a, 2017b; Link et al., 2017), ‘529 = =
2o TS Kol F2 ootk drY ot
B85 77174 ol 4o A B A Tl digt
olafiel A A 7o A Fa AR 2}
ettt ol2f’t dryote] gi7] F Asy g
AW oM E YA FEE oyt 7t F
T 9] FA] =Ao] " stk (Clappier et al., 2017;
Jiang and Xia, 2017; Meng et al., 2017). =5 ZP|A|H
A AL WMo ol ofeieol, 278 4
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2.5 HEY MY U 22 =ty
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A15)7] ggoltt. weby u] gERL WjEY 2=
AP 22 (Emissions Inventory Guidance for Imple-
mentation of Ozone and Particulate Matter National
Ambient Air Quality Standards (NAAQS) and Regio-

nal Haze Regulations) @ -8 =2 T (Preparation




of Fine Particulate Emission Inventories)-& A3}l
QITH(US EPA, 2017b; APTI, 2004).
AlRA G ol gH = HEF 5
Emission Reporting Rule %
tory T2 IS 5ol 7|2 At=7E SHtA, sfiF Al
AAslo] Wash ARe 271 4, Bdste] A4
of. &9 2 m| SRS AAE s S5
2= 1A XR] (PM condensable) H]&EH2 E 115}
L2 oJ%5}514] 01 (US EPA, 2008b), TEoA] 9]
54 nAR AU 2E3HE 915 ‘Method
2025 FHSIITH(US EPA, 2010). 5HA]9F Method
02+ A7 mAIWA] (PM filterable) 57 <
Method 201A°] H]al| #-¢- =2 2010 0] FHEESL
1, 2014900= o SAMO I A8 AHES
20163 Best Practice Handbook®| L7 ==
Foldel BoE SFA7I=d ¢S ATt E
PR = SR BAL A Bl EF S5 Ak
=4 WA HiEES 4 A st el of
2ol Qlrh o] K2 n=o] 7] e] @7ollA
$5 WSk, Alo] AEE W Re] A3HA o
L 79 AAH Pale] 584L Aok,
ATes 8 eqe] AR A4S 3L
Yot EASE 7
55 A2 (o AR5 A5 :
Y RTo FEAHoZ AQnE= A u
2tA, Sid et i A edddt d
%, E Hedde g = =5 Alst
L FH HiEFS A sfoF s, o] X
Source Subtraction 2~ Point Source Reconciliation
ofzt gttt o] Zele A= thd Hedde] Hi
ST oty FF5r AH, & 28 AT
(Throughput)©] “g8FsHA| A|g=|ojoF Qtet. Ao
£ o3 HE7T dU71¥ (Confidential Business
Information)©|2}= o]F-2 HH FH 3ol A=Al o
H88 Atk A2 1) BAHL olele EAE o
AstT At A A S viEsF B2 2H "o AFA

of Jd7]mol WEY Aol o) bR HEEE
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Fig. 6. Emission information flow before (top) and after
(bottom) the implementation of Combined Air Emissions
Reporting (CAER) (US EPA, 2016h).
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3 | EA Il et ARt FE AlE-
9l5te] 8}elE dlo]EH|o] A2l SPECIATES A &2
©o 2 7PA5HTL 910 W (US EPA, 2015b), FLoll=
715k} WebFireE 7N&sto] F7HskATH(US EPA,
2017¢). ‘Al vl AL 22 Z4F A=A +4
E7 RS A Slof HiEE 54 ARE =
AAZEC 7 F4 glo|EH|o] 2o Astal wesh=
CEDRI (Compliance and Emissions Data Reporting
Interface)E 7SI TH(US EPA, 2016g). EF
CEDRI®| 2tz A|EA], AH8-5HE ERT (Electronic
WebFire®} &5 0] Z{djgt whE

2 Mo ofn :\9

i
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T=5o] Stk ol#Rt A9 1232 CAER (Com-
bined Air Emissions Reporting) A|AHE 9] /TR o]
IR HH(1H 6).

CAER 7T o] Aof| Zt5 tiE Hedd o=l viE
FAEAE Aoe 2ds P g S5 1 o
2O 5 /0 A7 B 22 Olof whet A
AH 59 35 AHE o2 ¥ ASsHAY A2 ot
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]=2] ¥iE5]7Hd (Permit) Alkee HEH71H =
7] A7at A AR E QA Bl E517H Al Al
(New Source) 22 7|& W& F 47 72 o]
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Sh=tl F20] . vlEs]7H A=o] A Hae
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71%S 26HA Yt s Aol @ L
718 FAISH] f1et <718 ofst A& 9
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of et AEHE s Ve r 3t 82 ¥
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qd o2 7HA &5 229 AERMODE ©]-85
§ Zof Welo] Qo 2t Wsle} R olgato]
TEdo ot 221 H7| e dE=E e ¥ FPE 2
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g A =] AHH 2ulAEA] F @] of
7|97 71Ee 236kl glor, 2018\ 3¢9 7ol
ti71gH 7152 W] AAsiA= dE e A
o] asirt= e st FF uiET s
oF ti7]d wEAEe] A Bogo] Fag Aew
ddech 5o, =Uie] =& W3, 71421, i

Q7 APEES WS 24 FL| =E W}
%95}, o] % 1] 354 9] NATA (National Air
Toxics Assessement; https://www.epa.gov/national-
air-toxics-assessment) 2} Zro] 12 9 22} th7| L H =
Ao =2 H7F AA /ol sttt v 5%
20119 NATA EUA = o] 85 = A=t PHE
of A& dastal e, SEEF diesel PM
S ZUAIHA] 342l Higt B7hE e, Hl
A 52 o 7k di7leded o] dizlelxt= &
457]= stitt.

i

o
B ol

i

o
rr

1

%

st
of
ol

N

2.6.2 HIEE 0] 7|= & ZHZA
(Compliance)
HH oA AEe oY7iA] 7]l A7 E

J. Korean Soc. Atmos. Environ., Vol. 34, No. 4, August 2018, pp.588-609



602 e, AT, ZEH
th7he] 79 AtEE 2 (case-by-case) HESH H&

o, of# 7]&2 A8k Aol ti7]d ofel A &
= Al HiEE AR A= 0] S e A B
St Aol HiEs|7Hd AR vi-¢- Fajt FEolth
webA] 1] 273742 o]E $15+9] Clean Air Technol-
ogy CenterE 55| RBLC (RACT/BACT/LAER Clear-
inghouse) & oj7] 2 ¥ H]-8 HZ(Air Pollution
Control Cost Manual)2 Al-&85}1 At} (US EPA,
2016j, 2016k). 7+ Fo| A= viE 517HA AAF Al o]
o AR S T3l s7H A dAE SR 2
A= Aol E st A=A 7HaE 4 Ak
HiE 571 Aol avbaQl 282 AET &

HAI7} 3y ofof gtrt. uhehA] m] S A2 2
109 42 =HAAE AL 2l =4
< Clean Air Act Stationary Source Compliance Mon-
itoring Strategy & 33X ITH(US EPA, 20161). ©] H2F
of st FxE EHAA S Y A=
SHSH, v PP F GEo| Ut AT

[s}
A, ERsT 718 A 28 B B2
2

0

Method 2029] el A] gk, B3t % 5o 177
T} HEo] 1AL A2 TES 4 9l ETE
25k A)7e] o8 7P| AL S8k Aol
FolA|A] grom )71 E g Z2 R0l 28
o ulmgo]m, Hote] AS fr|welE gIst o
VeSOl 4 g Hck G, 714 B 2
Sale2 daisug Japel 22

)

2kt opRb7ER] & Clean Air Act Stationary Source
Compliance Monitoring Strategy2] - % 714
of tiu]sto] A o] FA o7 WS} 7haRt FH]C]
Baye Fasha gk

2T Aol A PM, Tl glo] ERZAIS]

8442 AxHL . Y AFelAE HiE S

flo ofx

% 5
83 % 9l AAH0] F2E Aotk Aol
1Eels ity mAEA ETe %@—a}td ﬁoﬂ

2017; Gong et al., 2016). "=} u}iy}z] 2 et
Hi=doll thet 274 9 we)7t " asieh= oAl &
Zohe 247)% Al 9 Hgo] WA RO o4t

i},

2.7 ZHEH
7 e 71%@3& F74< n o237t
e, Eo ) ejo]
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2 98} FAH o Fefstn ek 7 R
Z0] b4 ¢1-8-3F NARSTO &-5-0]th. NARSTO 5
° A M, BEAAL] 224 vhestgon, B
Alofl Z9EAQl vl =o] ti7]Hele] B2 FF= 7R
o}, ot AR eF BRE oA QA AR o] A T
2 Auteket WAz AR o] Pt AHE, o alst
fSo2 R of5e) i Aslet Ao} e vt
I ZAgFol Qg PM,, Aol -8, el gt =
OqO]—oH /l-]}:ﬂ-oﬂ _40} HH ak ;(171—5._2# (US EPA,
2014c), TG FR O] t)71d BAS 95 7iyet 2 =)
Nstel iEY AR FHE Be Ssia Aok
(US EPA, 2015f, 2013). T3}, £ o] AykA gl
5 NS gdel vlF-5EL FF ATE P20
Y523 ITH(US EPA, 2017e; Nopmongcol et al.,
2012; Vautard et al., 2012; Rao et al., 2011). O}A|=F S
2 5710 % AAS AL Sle) Bagh o Aol
744K % RBLCE Sa ubch, WA et 265t
T Qth o]F3 Aol AR Lo o1 IS
:7-7(4 oz o];a 5'17]_7]_ PM25 ‘_a]oﬂ E%
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2.8 M2 I
ujste] pM,, Teloh PRE BAETEA SA R
G52 vl¢ =53 A9E 2=, = “Appendix
"2 s AHAYE t71E A RAF RE
i WY mEolth(US EPA, 2017f). 5E3]
Appendix WollA= HHiSVFQ ARl AleA 2o
A ] ti71e871E 24 S8 Bl HelE Uig
& 93 910) 7ol W1 At Bl
AR WhE o =RE WA 25 km o] T2
& HAtl= AERMODE, 1 olde] A= 4%
240 CALPUFFS ol851%2 mjAlatolch. A2
Agle] 24 8= fsiA= 24 CMAQ(Commu-
nity Multi-scale Air Quality Model) (Byun and Schere,
2006) 2 CAMx (Comprehensive Air quality Model
with eXtension) (Ramboll-Environ, 2016) -2 o]}
FrARet 33kl Fefet RElS ARSI HHEOVHQ
AAreE TRIsiA 20173 /R E MR o FER ¥
She vtz Z7E o5 I Bkl AH8=E CALP
UFFE 34 204 Aelst 3719 Boket ng
& g Zolth. T WSk 71 AERMOD 24}
8 714 FH)E WEA SHAES AFRMETOR
AHE]ste] AHgotE Zlof ¥Hsll, MMIF (Mesoscale
Model Interface Program)E 70, Al-5-5te] AJsPA
g 5ol ol 8=E 37+ Fofet mdlof 71 A=A}
2 A4 2ElQl WRF (Weather Research and Fore-
casting) 2 E-S 0183t 5= Q== g Holr}, ghw oF
A gt AEAR ] A FEAE 23
PM,;°ll sl CMAQ =+ CAMxE ARESHES d1L
St, viE5)7Hd BEet 24 PM, ol tisiA = W=
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