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KPI Korea Particulate matter Index (SHt= OJMITHX| X|)

PM Particulate matter (O|AIHX])

T500 Temperature at 500hPa (500hPadilA{e] 7|2)

T850 Temperature at 850hPa (850hPadiiA2] 7|2)

T1000 Temperature at 1000hPa (1000hPa0iA2l 7|2)

U500 Zonal wind at 500hPa (500hPa0fM2] SAEfSF HiZ)

U850 Zonal wind at 850hPa (850hPailAl9] SAjElst HEEY)
U1000 Zonal wind at 1000hPa (1000hPailA{2] SA{Elst HiZ)

UFI Ultrafine particulate matter Forecasting Index (ZO|MHX| 0= X|zx)
V500 Meridional wind at 500hPa (500hPa0iAQ] FEulst Hizl)
V850 Meridional wind at 850hPa (850hPa0fiA{e] ZE4iak HiE)
V1000 Meridional wind at 1000hPa (1000hPa0iiA{Q] HE4lst i)
7500 Geopotential height at 500hPa (500hPa0flA2] X|{11E)
7850 Geopotential height at 850hPa (850hPalfA{2Q] X|11k)

71000 Geopotential height at 1000hPa (1000hPatilA{e] X|QI11E)
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AT 4= Qi o]9f 2 HRlof| ofsf A+E EE W HHA3 (over-fitting) wAIE
2T 5 ot web Rel BAS §9) ol BAE Aassina st

. 2uNHA] 15T AT #HE 99 EX(Factor analysis)

201 BAL o] 711 W40] A4S TS Tlotele] E4Jo] fARE 2el7]e] Foli
upoR, ARo] BAAE Sol1 4RE ok f o}8% 4 9 2

AT S3HQl A4S Avnt b oldith w3 Aato] 544 o

o
=
o 13
rE
s

29l B4 g 94 g3t 157] H<x(1,000hPa, 850hPa, 500hPaclAle] A )=
(2), 71(T), SAHRHU), GEHRHY), A-F19% S5 PMy sE)E AHSSIAtHE
5-1). & A= F44% £AH(Principal component) °1-&3sto] 8 2915 443}
Aot B4 A3 25 15719 8R10 2 whed], o] URHHOR 2219] = IfRgko] 1
o]l Ao AAHT 4 ot WEbA 157]9] W 4719 8 89002 U= + 3l
27t 18912 38.6%, 28902 19.9%, 3802 9.0%, 48312 7.8%5 APTozH A
75.4%% gtk s 4= Qlrk. 8 aRlog AAH 4719] Q%1 15749] ¥4 Alojo]

B PEES (FE 5-2)004 Hof Ert. S A HA 8212 850hPa 7-=(T850)2 7MY =2
B0l 9, o] Qoj& 500hPa AYIE(Z500), 71-(T500), 850hPa HHEHIZHVSS50),
1,000hPa 7]-(T1000), 'gE+51HV1000), SAHFHU1000), 121 S 1% PMyo &
% (China_h_PM;)2} #AAo] = Ao 2 YEPHTE &+ WA 2912 1,000hPaclA AY1L
%=(Z1000), 850hPa BAEIEHUS50), AYT=(Z850), Al WA 891 500hPa FAHIE
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(U500)3 FEHFRHV500)2 =0} = Ao yepyth 8] upx|gt o] HA 8212
529 AY=(China_l_PM0)2t Y%= PMio &=(China_m_PM;0)2} #HAH A0 Z e}l
St

(B 5-1) 157} 2007t MTE DQY, B4, £F 24t

29I IR Yo bt FE%
1 5.793 38.623 38.623
2 2.990 19.936 58.559
3 1.356 9.038 67.597
4 1.178 7.856 75.453
5 0.974 6.495 81.948
6 0.805 5.364 87.312
7 0.662 4.413 91.726
8 0.527 3.546 95.242
9 0.434 2.897 98.138
10 0.224 1.490 99.628
11 0.023 0.156 99.784
12 0.018 0.120 99.904
13 0.011 0.070 99.975
14 0.004 0.025 99.999
15 0.000 0.001 100.000
Ay AR A,
(# 5-2) F&& 471X Q0! 47 &
g 201 1 20l 2 201 3 29l 4
850 0.918 0.167 -0.275 -0.127
7500 0.893 -0.286 -0.056 -0.219
V850 0.862 0.213 0.218 0.011
T500 0.828 0.022 -0.061 -0.228
T1000 0.822 0.343 -0.296 -0.131
V1000 0.778 0.391 0.110 -0.120
U1000 -0.686 0.510 -0.074 -0.209
China_h_PMy 0.558 -0.079 -0.053 0.363




Yal

B4 | J|EHEE T2 DMBIX 1S U B HINE 4Y o

(B 5-2)9 A&

e 29l 1 9012 2013 291 4
21000 -0.063 -0.861 0.351 -0.100
U850 -0.186 0.823 0.230 -0.206
7850 0.433 -0.761 0.220 -0.176
U500 -0.002 0.453 0.771 -0.092
V500 0.511 0.034 0.536 0.120
China_m_PMjo 0.191 0.044 0.092 0.721
China_l PMio 0.371 0.301 -0.049 0.478

Az AR 2,

odF 9l(2018)014 AR 2zt o] HlE 7|olN ZuAEA B o4 e
3% PMy 5% AR ol 4 Grks WAl k. TANE $UT BAL rleny
AR 127) W AgDte] 891 BAS ST, 71 Aveh fAT ANE HATKE 53
HE). 2, 7129 3% PMy $EE A9kt 891 471 9 3749 £ 80108 v 4
3, 7 AE J1E Ao} BUSH Uehdeh(E 5-4 3.

H 5-3) 7|&8M H40 Dafsts of 1271 M2 MyE 1R, 24 &5 24

29 aRe Yozt +5%
1 5.391 44.925 44.925
2 2.917 24.306 69.231
3 1.350 11.249 80.480
4 0.996 8.297 88.778
5 0.594 4.950 93.728
6 0.452 3.767 97.495
7 0.241 2.011 99.506
8 0.026 0.219 99.725
9 0.019 0.155 99.880
10 0.011 0.088 99.968
11 0.004 0.031 99.999
12 0.000 0.001 100.000

g AR A,
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(B 5-0) D7l B i 12700 RS 1) 2EE 371K R0 A 4
s 2011 29012 29013
T850 0.921 0.186 -0.281
7500 0.910 -0.266 -0.060
V850 0.860 0.237 0.211
T500 0.847 0.046 -0.073
T1000 0.820 0.359 -0.299
V1000 0.775 0.414 0.106
U1000 -0.690 0.501 -0.067
71000 -0.044 -0.865 0.360
U850 -0.201 0.821 0.236
7850 0.452 -0.756 0.228
U500 -0.002 0.452 0.771
V500 0.513 0.054 0.531

Am: AR 24,

AR AAE 4744 8Qlo] of| BA4S A AwlE Wast . 10 2 aoEE

2 E]

&9 10%°] sk 7<%

&



i3 .
100°E 150°E 160°W s ” 100°E 150°E 160°W

-90 -60 —30 0 30 60 90 -4.5-3.0-15 0.0 15 3.0 45
v850 temp850
) 3 ) d P D

50°E  100°E 150°E 160°W

3 8 i
100°E 150°E 160°W

/s

-4,5-3.0-1.5 0.0 15 3.0 45 -4,5-3.0-15 0.0 15 30 45
(m/s) (K)
uloo0
60°N 60°N
50°N : 50°N
40°N o’ o f 40°N
30°N [ L% 30°N
o . 20°N e . 20°N .
o S0°E_ 100°E 150°E 160°W 50°E  100°E 150°E 160°W 50°E  100°E 150°E 160°W
-45-3.0-15 0.0 15 3.0 45 -45-3.0-1.5 0.0 15 3.0 45 -4.5-3.0-15 0.0 1.5 3.0 45
(K) (m/s) (m/s)

Z+&: NOAA National Centers for Environmental Information, “NCEP/DOE reanalysis-11",
AAY: 2019.7.20. HIROE Azt &4

(O 5-1) &9 10%2 0l 10 ChHet FQ #H Sy 24 2

221 10f Bt A3 10% 8- W71 32 ek T Bd ighe Hlnt

AR sEe] 3748 RUiTha 2 4 9t

21 290 Thet 449 10% 7168k B Seluteks A7I9 WAk Qo] ol 9l
e 02 743 515 B4 vlRke ol FoH1Y 5-2 2). 89 29] FA Wk opAR
A% B/ IEBFZ500, USO0)E 52U RS eIt} ol 315 45744 0] 49lx
T WA 3T BEE T P4 A BB A7 el T, 459 A% 7t

© A ER A A7 IRl 28l 7] ez 2R e9Eo] AFRE AL it
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(=] )

hgt850&uv850 ud50

> 20°NP & Aigr’s
S0°E  100°E  150°E  160°W SO°E_ 100°E 150°E

160°W

-90 -60 -30 0 30 60 90
(m)
hgt1000&uv1000

—-4.5-3.0-1.5 0.0 15 3.0 4.5
(mys)

S0°E  100°E  150°E  160°W

-90 —60 —30 0 30 60 90
(m)

Z}&: NOAA National Centers for Environmental Information, “NCEP/DOE reanalysis-11",
A 2019.7.20. v R AL 24,

(23 5-2) 4191 10%2] 291 20| et X2 B4 FAE

89 32 50 GAE AL HiEe R QIet 2uAHA] Sk S7HE QRRITHTE 5-3).
F5 AALE(Z500r A AHEE f2uet X0 A7I9Ad o], d&e] 7194
S7do] yehdtt. o]z I3 felushks HAE AL viEel 2o



150°E 160°W

50°E 100E 150°E ‘160°W

T

—-45-3.0-15 00 15 3.0 45 -45-3.0-15 0.0 15 3.0 45
(m/s) {m/s)
Z+&: NOAA National Centers for Environmental Information, “NCEP/DOE reanalysis-11",
ZAAY: 2019.7.20. HIFOE Az} 24

(O 5-3) &% 10%2 Q9! 20 ChHet =2

g9

1o
HI
1z

21t

45°N o

40°N

R

ol € o
o

25°N ' O. 250 ugm =3

‘400[19”1_3

° 20°N
201%0°E 105°E 110°E 115°E 120°E 125°E 130°E 100°E 105°E 110°E 115°E 120°E 125°E 130°E

50 g
@® 100ugm-3

@) 150}4gm'3

Az F5 AP 9 AQI A= Higos AA; 2.

(O 5-4) &2 10%2 ot2l 10%2 2! 40] Cist F2 H4 FME 24 ZAut

8191 48} #o] Q= AoF Yepd 9] ALt FAE PMy 55 29 471 A<
10%Y e}t o1 10%Y WE Ui AHEQITHIY 5-4 F=x). Aoz A9 10%2
d 5= PMip 557F 522 ¢ 4 Atk E3] A= vl SA= X9 PMy =7t

250ug/m’ OVFOE w22 & 4 U



HoE sk DM LYo Dt #et =8 flet GIEA /MY | 59

2. 8E Q21 0|8st0 FdE =0MHX| SE CISXI+

7k ARE 89S AR BEold ALE 2uAHA sk ASA4(UF)

OII

4 S 471 R0 0 olel 2004878 20199 AL 20V G
Sohe TERIRge ST B9e TS US4 a9 sy Skt
HASE ARG 55 32, 99 16 29 198 Aol TE 590l 2
2= 291 17 25 AHg3lel UE 2ol 1902 B 32 29 1, 2, 45 AH83te] HE
2gole. 291 3] A9, thEslH B3l #71e W R ABol el S7H5HA el

23 R R X FEUL HELX
1 0.577 0.332 16.883
2 0.602 0.360 16.526
3 0.613 0.371 16.375

Az AR 2,

H 5-6) 2% 301 CHet BESHQt RAUSE

A= ROEE
291 1 0.577 0.000
2912 0.171 0.000
291 4 0.114 0.003

A AR 24,

Ao 1y 39 450l 71 BL Ao Uehith ( 5-60 Y 30] it 2

18 Ao GOSES Rol Eo). B2E ZuEA FEoh MTSIE o) JuAsE
061302, ZAAEA] B AUE] oF 37%S HWsHe 0 eideh. A 2v]
AR i t7)43Hg ololo] Miad STL Hol W Z0E FelA glonw AWEe
UejA] BEL wiEero] Awitky B 4 otk o[@% 2(2018)14 Rt KPIY| 4

o
a

W

|

X

o il
[U_u

BZE PMyo B2 ABAIS7E 0328 oF 10%5 Aoke 23 vlwsite o *JWLE
duisS o wol 49 ¢ vl = = St
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SHslE 12

60 | 7|

Observed (PM; )
——- Predicted (PM: 5)

2017-1-1

2014-12-1

2007-1-8

2004-12-5

100 -

g 8 % 8

[w/617] uonenuaIu0)

2010-1-7

Date

Az A7 2,

=& UFIQ AAE

=

HX| SEQF O

Z00M

UFI7F AA]

o

=3 7

=2 A=

2F 27T wEA Q7] wiiol =3k

=
=

Hi

&

LS e

£ 23 o

A

=
=

T2

o
=

2017-1-1

t
2017-1-1

2017

-1-1

2017-1-1

2010-1-7

2014-12-1

2004-12-5

2007-1-8

+
2010-1-7

+
2007-1-8

+
2004-12-5

2014-12-1

2014-12-1

2010-1-7

-5 2007-1-8

2004-12

2010-1-7

T4012e4

Z1o3oe4

£1030e4
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2004-12-5

2014-12-1
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Az AR 4,

| AAE

ol
ol
o]

~
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A710l w2 2% ¥ste] R5-E SRloh] sl ZF 819 AAES AHESITH I 5-6
F2). 891 13 29] A%, 2T S0 "ol g4adt 2w Helth TI2]4 891 32 2
E0] Fol AALL Q= WA 821 4= gto] Hoxlrt. ol ol 821 39 F2=7F S/
< oJusk= HH, = uiEs) Aoz Q) 871 49] gfo] HobH2-Z AlARRICE w]H

71500l 2+ alo] 23hel UFI9] A|5= w3k} T 7 91| Hsts 3 AmEctd o
249] B3Pt ZuAAA] sE H3lo] JFE F=A F55k Hl ERo] E Aot



62 | 7|SHEIE Toist DRI Of% 2 3%7| BRIMA 47 o7

JI28=lE defst SH7| O|MITX|
Holg Es flet sUel 6d =4

1) gt

IPCC A52t B7EIA(ARS)S] WHEH, Adt 133W7H1880~20124) A+ Het7|-22
0.85T 453t A AAZH R WAt Wote] ol 1L 9lom, 19 wet s &ol=
A 11097K1901~20104) 19en g5t (IE 6-1) 3 Zo], B1#7129 52 L
B 7R&E3HE| I Qlet. AR 18509 ol F 2 301(1983~20129)0] 7FE B, 21417
o] A 1092 o H¥d 202 Yeplth sl Sk oS 7Sl FAE, sl S
E2 1901~20108°] 1.7m/9<1 d HI8] 1993~201000%E 3.2m/HLoZ YeRdt) [PCCE

olzfgt 7| FHste] Yglol| thiste] A ool EtdS sk BE BH-3go] £H8
Qlo] & 4= glom, E3] fj7] & CO, 5/t 38 YJAYE 52k RIAE 53 9Hcho
24319} CO, HiEF2 AanlglAleltt. A ti7] F CO, sk 17509 AMdskt A1zt
0% SlAAF AMR 5 QTHHE] 9J8) 40% F7I5ted, 20119 71% 391ppm $&olt.
EAAFRDNOE ZHlekAE, 17509 o] Q17F Esol] oJ3t A A Bt BARIAIES
2.3W/m2 ettt

l‘iﬂ

6) IPCC(2013).
7) BAARRE: Radiative Forcing/e A7-t7] Al2do] S5k ouxo] BHe wsha]
HE2 oHOI 29 BAASS AuE Lxo] ALs) ol oule

rr
of,
ool
)
1o
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= , ' ; —
Annual average

04" — HadcrRuT4 7
— MLOST
92 _ @iss 7

S oot -
o -02 -
=24
2 .o4f B
[«}]
=
o .06 -
[ . ' . .
—~ osefF ' ! =
e Decadal average
= 04} R
[+
g —_—
c 02 —
< —_—
0.0 = —
s ——_
02k f— -
0.4 | -
06 -
1 1 1 1
1850 1900 1950 2000

(@) A AT BF7)L 83t 4 3702 A% 2% golEM(HadCRUT4, MLOST, GISS) o]&ste] A 7L<
A 4 o REE AP Bt o= E AX(1961~19909 Bt 71E)

06 -04 -02 0 02 04 06 0B 10 125 15 175 258
Trend (°C over period)

(b) 1901~2012¢d A AT BF7]L W3k MLOST AlAES AF3HE 0835t Lr9] B3l AiolA
1901~2012d &% 2% W3l vehd
A= IPCC(2013).

3 6-1) ® X7 G729 Het



64 | 7|2HalE et DM 6 & 57| H2ZH 8 A7

Zt=to] 719818} 5hE fIet AAE SXIok Yol Bk, A AlA 2A7EA FHlE
9. 2000~20109°l% 34 Z7lstact. 20109 2A7EA viEERS A7F 49(+4.5)
GtCOz-eqoll St SRS Adof ot ojilsieta wiEe] Z7HE ol 7 83
290 A AIA BAST I757H=L & L, olAlskeka wiZo] gk BA/37<]
719%= 2000~2010¢0] §43] S715F §HH, & 717F A-49%9] 710dk+= o] 30493
79| H|%3t f520ltt8)

olgfgt 7| &Riste] gk ArAA Huto] E&A o)1 Z=stA el Qltk. t: XY
A 735 Ws dolta, AEiA § T 5, A, olFE Sofl skl BT
At Y 243t 9 AMIShe el et GFLE olojx|aL Qlrt. 7| FHste] JIF
T 5ol FEIE AL 33 714 9 715 @449 wslolt}, AF2dslrt XY= HA
e AL AL % AHd, S8t 1.2 @42 S7koke Zlo] BaEgich B X2
HARIETE S710HL e B9, 85, 7HE, HiE 2 AR 59 St 7S @2 @A 715 H

2

S0l A B JIATE vl FHeRt AER eEH o] lES B EH-

}_‘
gt
+
%
lo

0|

2) HY

IPCC 57 H7HLIA(ARS)OIA = 21417190 BH Yehd 7Hs4d Qe 247K HiE Alu
g5 (X 6-1)I} o] 4%9 JHEsT ZFZ(RCP: Representative Concentration
Pathways)& ZAZt. Q1 A, 71, ARAE, A= 5ol et A9 SAEAT, ol
sl FAHoE WL 4 e A7IA 7|FHS}E JF 719 BAE HL U

20164 71 W7l & CO, sk 403.3ppm(=7 13, 2017)2.2, RCP2.62 &
A FEoA ZA FoHAA R FAIShE A& 7S AT 43} AU Qo). AFdst
oA tiH] A|F 7]20] 2T ol A5 YL o= A& HHE Tt 2d3k= 4 CO,
HiESET BEER, (7 6-2)004 Hole Hieh 2ol 24t 4] |xte] ArhilEdo] wo

L AL 9 4 dgte] &l Weks 212 ofudi.

8) IPCC(2013).
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(B 6-1) RCP AlLt2|2

N 207121004
XE » DO TIE | gy | 204020650 | g
ST =0 2 S W/ ) . _?2 (C)

AT AR BB FPedt A

ROP 26| o oo b et o | 420 26 | 1.0 04-1.6) | 10 0.3-17]
QA7IA A7ZFA o] A5

Rep 45|52/ 7;2 el e 540 45 | 14109200 | 1.8 [1.1-2.6]
2 o0 T
Sk Al o= A

RCP 6.0 |\ Ao 670 60 | 1310818 |22 [14-3.1]
AR =A|(AZ glo

Rep 85| G il BV 940 85 | 2111426 | 3.7 26-48)

A& IPCC(2013); Aoi2H2017) vz AR} A4,

RCP4.5, RCP6.0, RCP8.5%& 2081~21004 71% CO, ¥=7} Z+2+ 540ppm, 670ppm,
940ppmel °|2&= AluE|ett 7+ CO, % AR WE A 2% ¥Wsh= (I¥ 6-3)3
e} BE 1986~2005 HiE] 3= #EkE UERdTh ARt ThE SolE HH rjQl
2016~203549] B AE 2= HsH= 47] RCPOJA 5 0.3~0.7C WY HlojlA] w5351
Uehdth T2y 21417] SRHREE 24 e AU Qo) met 2% WSkt dAjs] EEb|7]

A2}, 21417 5] RCP2.69TA41= 0.3~1.7C, RCP4.5901A41= 1.1~2.6C, RCP6.0°]
A& 1.4~3.1T, RCP8.591AE 2.6~4.8C 45T 7FsAdo] & A o2 Yepdtt 247k~

AEZ AT ot Pk o] Fo|R|A] GRS 790 AU 29l HﬂOVEM AlUgeleo] F&
& RCP6.0Z} RCP8.5 Afolo]] EAf3tc}. 2H3HE AR} o] 45 tijH] 2T oJWi& AJgts}

7] SelME 7€, BAE, Al 9 Aled SHolA tet A27F 24T 5= QAT
CO; = HiEZFE A9 00 £RA1711, di71ZFAIE0] 71 2AVIAES FAI7] E711] &9
of oh= A2 APt AMdoltt o2fdt FAT AE2 Tyt SN ARl EAES
2T 4= 1o, B HArleolu 74 dsletol] Agto] B4 Afolle g3ke|go] IA
S7HAY B 2/do] oA 4= Qi

r°"



66 | 7|2HalE n2fet OMTA| o

= 2 3| PR 4Y o7

200 [ |
I >1000 e
I 720-1000 %
. 580-720 T
= <30
E.‘N 100 — | 530-580 oy
S B 250530 o
e © 430-480 53
i =F
K s
= o
2 oF
Bl Of——————————————= 2
RCP AR “
S —— RCP8S
—— RCP6.0 4
~——— RCP45
—— RCP26
-100 ' '
1950 2000 2050 2100
al
A&: IPCC(2013).
(O 6-2) RCP AlL2|RE A7t Q1A OMSIErA HiEE
6 | 1 1 1 I 1 | | | =
58
ke
]
[

2000 2050 2100
A

Z&: IPCC(2013).
(d3 6-3) RCP ALY Td X|HRLE H5K1986~20051 CHHI)

RCP8.5
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1) &gt

2 2% Ad 1061(1912~20173)7F S-ejuet Agarlee 1.8C S75tsch Ad
o AL 2o 71egs0] 1Y St 718 A%l uet Tedt Bad

i

ol
9

A)4e)

2%, ArjoRlsts 57} 240l ALt BiE A5l A%, AYUS, BPAL

Wk 2A41Z BT ot Th, o80] B H1/lE Bl EPUst Lytelof Wsp Ko
A et

°C
I 1 1 ] I 1 1 1 I 1 1 I
24 [l R | 2 1
—E =

F= T R
20 +0.12°C /104 ]

16 I +0.18°C /108 |

BT ' ' +0.24°C/104 |
g WM\/‘W |

4 L 1 1 1 L 1 1 1 L | 1

1910 1920 1930 1940 1950 1960 1970 1980 1980 2000 2010 2020

e

A7 A7 92018,
(Jd 6-4) A8 21, B, 2[K7[29| HaK2012-20174)

o] X 3047 712 0*11 7] 2(1912-19419)Er} 1.4C A5t BE71e
7|2, HA7IE F HA7I2 A5Eol 7P itk 20109 HH(2011-20179)= ABH7]
o] 14.1C& 9o 7F¢ =Sith *lﬂ%ii Hi AWy 18304tk 1990dth Atolof
A SR

N

9) 1AL £J(2018).



68 | 7|=HalE H2et DM 0 & SY7| H21ZH

F_Q
Bl

2) Y

SEuE} 7270 BS5a0lA 3097 EERE A=l 251 214171 eS| 7| SRS
gt ke 71t AYEIA’(2012)0] mEE, R Bet7]20] AlZH ks (L
H 6-5)9 Zo] S0 T 7] HE AN Asche Ao AYEY,
RCP8.5 Alue| oM B& F35HA Uerdet. Aedy 7%5%4 71/3S %ol B AE

of Hisf gz o® A9, Z+zF 20309, 205049 o] % &

LF zlol AL Huz ye, AdE 71200 EH6 g2 244e] A

HZHT)

—ROP4.5 —RCP8.5

0
2010s 2020s 2030s 2040s 2050s 2060s 2070s 2080s 2090s

A 717374(2012).
(O3 6-5) 21M7| stit: HH7|=29| s}

FE 7% HFEkE O = RCP AU el HMrE, FEAR|EA H=(SSPs:
Shared Socioeconomic Pathways) AL}2] 25 o]&slo] 7|49 A3 FA4 vl-g 4
BNE Agsto] Bl 4= . SSP AU 2= Bl 7|$Hstof vk 4ol whet
SEURE BAL A, olUA] AR, EA] o8 T AR ZA] A#7} ofEA WstA| o digh
A B4 9 At} SSPe= 97FA] AHd(Dimension), & 1-HDemographics), A

ZH(Economic development), EX|(Welfare), AJEJLQC2I(Ecological factors), A

10) 71/4%8(2012).
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(Resources), A= 9 AHdAA(Institutions and Governance), 7]&¥4(Technological
development), FHSH A3 @4 (Broader societal factors), 2 (Policies)C.& TA4%
o Zjofzt 2(2017)004 Ut A BEFe SBARIEAl B=(SSPL, 2, 3)°F 4719
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- TG B AR, BRR EHE7E 2t

[e]

{15944 HiE387I1Es A8ohs AT tie(t) x A5E dLdFFFFA km/H - &) x
305(2/9) x (0944 EEEAIT - 1594 e} x

(1 + YA HiET et
AF)x 10-6 + BF A=
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- B} 2795

< 39 ol 7|HAF A= () x dLBFFIALkm/H - D)
x (A EliEAlex A4~ 20159 wiEAS)(g/km)
x (1 + YA S ) x 365(8/9) x 10-6

4E7F TR AR g9 x (71 AR B HHEZH‘I—(kg/kWh o) x GsAl - 1A
A A& wiEAS(kg/kwh - o) x FFFAE(kw) x 7F5AZH0/4)
BEZEEL(0.48) x 107

9ot T2 alog 1A 3271 AFTiAT o5 107 AlFchaol tisto], 574
71 L AEA(PM;o, PMy5, NOx, SOx, VOCs)9] 2024 A71x]2] Azt At Agsial 9l
o 5 = 9 dlolE7t SREH o]9F fARRE AJRkAl W0 R K= @9l9] A A
< WEE AR 7T AoE A

Aag o IR i st 7] 7| dEd Wied AgE & 9= Arh
A8 A7 EAL - 203097HA19] W FE vAHA] HiE&F AgS AAISHA
5 Ao 21, 203097 =A% 107] HIA], A 74, 304 o BE AEEE
A0 BE 7MeET, ING Au4g 59 thalS 25 A A, IHEE PMys

22 20179 3% 4,0008904 62% =3t 15 3,0008 502 Yobd Rog A,
712 A=A FA] 20179 175 4,000E04 5LotA 62% 753t 65 5,000 FE0=
wold Aot 2D)

1 9 AREER 7] vAHA] AEa0E Aok AHEZHE 7H] EActE R FEd

UAHA] S AT Al Fars 4= Qlek o[| A FA| A HE LPGAE A #HIAE Q18] 2030
W7HA] AAAIBEE-E 3,941~4,968€, HIAIHA= 38~48E AT Ao& Wrigich H7|%

ST} BAsiAE, 203087HA] AR APFER-E 7120 R 37 AU QF FHdstal

% BRI B BEAAY oA &S B4 AHZE QoHRMIA, 2017). ot

S AolM A FETRe AT AEedAE S mEA o], 28 AT & e

_l-lJ

21) AFRABARFLE(2017), p.11.
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PO 4] i AT EENIA T A9, 83 AL o83 WA K A A%
e 2 g
2) = OJMTX] 23 ol MY
WA AR 7|E SAATE sk S di71e9EE miETe] A7) A fls e
o ARIBAE A RS AASHAL, ST A #O] AYARE thadt 2ol A skt
(B 6-9) 214t MY
(&1 B)
ol 2020 2025 2030 2035 2040 2045 2050
Q7 51,780,579 | 51,905,126 | 51,926,953 | 51,629,895 | 50,855,376 | 49,574,038 | 47,744,500
A 54742019
H 6-10) 32 HUZE 8%
(9 =9, 20104 E¥714)
= 2017 2030 2040 HBRSTH2(%)
SHoIY-FA 30.6 33 325 0.26
Az 452.2 585.4 656.8 1.64
- AReehHlaS- A% 104.3 128.3 140 1.29
- 2HES 280.3 375.7 430.4 1.88
SOCEY 5) 100.2 117.9 123 0.9
AHIAY] 827 1191.8 1393.2 2.29

A AYEAALR2019),
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H 6-11) R£2¢ HUX] MY MY (I1E+2)2

(+9]: @k TOE)

e 2017 2030 2040 HLASTHR(%)
A 176.0 204.9 211.0 0.8
A9 87.4 107.1 113.3 1.1
7t A 22.2 21.9 21.9 -0.1
I 17.6 22.1 23.9 1.3
T 3 6.4 7.6 8.0 1.0
F % 42.5 46.2 43.8 0.1

AR AIEARYR019).
3. =2l DIMIHX] B8y g A 33 oy HY

7V =

-

1) M o

o e SE TR d7]1e9 ARHAE skl 40510 o, FA) Al F<l
AARE =7 e 134 570 A8 o] R . 7R ES 124 570E 1+
(2011) oM oFAI7EL, AaAtols, TP HiEHE 45 =8 3 d712 7 525
AHstaL ol 7 Az sl AlsATt.

olZfe 712 AAA e okl SARt ek AT F4Jo] HIEsie] Uil
A7 HEEA, T AR 7S Al B2 201397H 2017870419 71
M E2E 92 H71LGYA BeAY S THSIL AJFsIlet. di71LdYA] PEAE
o 22 A 997t ofd B AROIA eHE d71ed didez, AR (Mo x5

Hlo] ), F7 AAF(Istol 5), 4 AAF(Fs 5) 59 A9 Wz At PMes

22) 71248 AREAVE AT 3 A4 AASNA @AY 7140, Lujae) Uk, A So] AP AL
o Hlfe] ofuiA] e AYHEA, HH] F7P40] gl 2nliE o] vk fAHrks 71gsto]
A9 7Rs4o] 8 e ofuix] $:0.8 E. W (Iu1A)7| EAZe|He) BaAa L 71F R 17)] Ags
A) 9 A2} AR ofuIA7| EAZ 014 AEA ANE JaSo] A A9 ol e oA Sag
SR U471 EA),
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Azl 282 Pol, AF 2857 EAIY PMys HES 20124 Bl 10% oY A&
AL BRE 55, 53] Wo49] ABF PMys FEES GOug/m O AU AL Bxw
agstoich. oA BEAY Fo 2AE e gk

® 719 AW =
@ U] AvTE A D oA o)

® R ALEAAL AN} 73 9 BANAAe =4 A
® A4 2 38 33 5 BABIN BAH S @ AFHAUS 29
@ T AFAA 2] 9 FHAYY BAYR B 5 VRS A5
AR 7 GEAA 75 D AT AR A4 =9

© 2UEY 2 130S oFE ArE 75

B GARY] WY st 9 Sl Fof 9

i
s
2
N

B
j?_[“
e,

.
1o
(ol
oM,
r o
r

rl'

20179 AR =71 FAL A19% S5 A= B S oA 2020870 ARLAGAR(F:
AFS AR 242 AYsiH 2 a3 o, W BA|, e9HeE dxsiiet, 59
HHE 2 egTolA 7P ARl B AA|skaL Qltk. 20189 68 S5 =
o] a3 FHEAA 3/MA FEAL S LAATE A th2 Al 7] FRE AAlSkL
Ack.24)

A} 7P

@ 20209714 Z= SOx, NOx, #iEde 242 20159 HH] 15% ©]
@ PMys S3A| vl EARIF oY) HIE=E 20159 HiH] 18% ol #=
® EARIF oMol W7 $2 gl

VB s 8] 20159 Y] 25% ©]

5“12“7

20151 ojv] 80%7HA] 5 / 71
AT

oﬂﬁ

23) F41(2015).
24) 2714 <l(2019).
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= gl
=

o BFE| BRI 47 @

UHd ol %

< 7Wgoted, 24 AR AEAl ek di7 1871 s

< 20159

FE 24 7Pt

7189 44

W wol] g AoE, AL7RsI wAe BER A

Vg DS A 2AF sk e

LR,

ofr

Ho
H=

A 733} 50|
70

olmslalgli, Ak
o T 9Nl Rulelol 4

A=Al

HliA] 9 EdEEol tiet LA 2] FHE N, A4
AHof|Af o3
oE A HiET ST oA, Al AR
AT}, EFE A, 4k,
= ASHAIA et (O™ 6-8)3 o], Fd=2

A5

o=,

EARES 9 AR B

H]‘

Hole it AdAEde] H71ed B

%‘——.Zr,

AN

AHE 5 i+t 4AHRIAEL 7S ksl
Source sector | Emission source| 2010 [ 2011 2012 | 2013 | 2014 | 2015 2016 | 2017
Power Thermal power | 0 13523.2003 GB 13223-2011 RIS S ssicn
plants standard
GB 9078-
Flat glass 1996 GB 26453-2011
Sinter GB 9078-1996 GB 28662-2012
Coking GB 18171-1996 GB 16171-2012
Iron GB 9078-1996 GB 28663-2012
Steel making GB 9078-1996 GB 28664-2012
Steel rolling GB 9078-1996 GB 28665-2012
Industry Electronic glass GB 9078-1996 | GB 29495-2013
Brick GB 9078-1996 GB 29620-2013
Cement GB 4915-2004 GB 4915-2013
Industrial boiler GB 13271-2001 | [Beaiietal )
Eliminate small coal-fired boilers.
Phase out outdated industrial capacity; strengthen
All / emissions standards; phase out small, high-emitting
factories; install VOC emission control facilities
Residential All No specific regulations Replace coal with electricity and natural gas
ng,ht duty' Euro 3 Euro 4 Euro 5
gasoline vehicle
He;vy d“'?’ Euro 3 Euro 4
Transportation | 9asoline vehicle
Diesel vehicle Euro 3 | Euro 4 | Euro5
Al / Strengthen emissions standards; retire old vehicles;
improve fuel quality

A= Zheng et al.(2018).

(ad 6-8) =9 29

HE71E 2ot dig
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2) Hisy F & od ®Y

20134-20184 717t B2t F=9] AP PMys S 30~50%(8t 5.2ug/m))
t}. 53] Ho]g2 20179 295H PMys 35 100 oJstz FASkL Qlom, Ag+
58ug/m7HA] StsIGiTt. S AE7T 7| A A FEA A EHSE ti71E Tk
AT ZAoE BrhE i 713 S St AR ARIA, A, 4

A, Bglo] Wopol PMys BEE (1 6-9)9 2rh.29)

>«
ot
343)

].

[0
thl c‘:}_lr B
e e

N
X
%

)

Sl

Bejjing-Tianjin-Hebei  Yangtze River Delta

250 - Pearl River Delta Sichuan Basin ~ Fenwei Plain (Xi'an) b

2013 2014 2015 2016 2017 2018

% CNEMC(China National Environmental Monitoring Center)®] PM,s I&At& 7|4t
A& Zhai et al.(2019).

(O¥ 6-9) 3= bl EAIZ PM2s & 5O

1 6-100 933 212018) ATl GAINS Ta|Igze] 7k H4l Aelesl
WEO 2016 AU]92 o]83}0] 1990RE| 2020871112] 51 ) A Wizt wsle
e Alole}. COzE 19904 ©]F A4H0® S718A% Uoix] NOx, PMys, SOx
20154, 20109, 200590 27 H1AE 7|55k W3 P4she AL Bk €O, 57+
oA Rol% Az AHgo] F/ISNE BTok e LABIEY HEo] ik 4
2 U AL, B AR ALARE @4 133 59 AR e odTAgae
BN QA=A A7vI4o] o Hol 488 Aol Aoz FEw

25) Zhai et al. (2019).
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Ag: 89 2(2018).

(28 6-10) =2 H7|QE=TE HEY Ha}

[e)=51
=10

ko

Lo nAEA] # e ekl e olE(2017) W BF-E oFfiet 2o
of 2705 F& s 201349 WAHATE £ olz BT o] ARE ulAHHA] B
o MEE 7531, dEA 5 FE SHCE ARl AgRE #4082 A
H7HEth20 19999 ‘mladRbY BE] JAAHRZLGE 2AF AAE AR, 2001%
Al A9ollA AfAt Bk RIS B8Rt No a8 7 -7—{5}04 A L2 7
H1S-2 3%toll M2l Utk 53] =i Toll= 200849 PMys HiEHE JIHIEZ]E 4
AR TIAIEA] BiE HlolElE vige R avbaQl nAHA] AgRe +HT
20090l= 28 @770 4 nAHA FEE EHE PMysofl tie &371E
k. W71 A A v 717820100 ol AL mIAIHEA] TRk
ATt 201190ls 224 7ol=ael & nistal 234 W A A7t
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26) BHEAKTREER2014): o]5E(2017)914 AAL.
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Qt}.27)

F daE A5 oldR] 712AE (2018)04E HEE MestE A OAA 7] 9
Ao A 29| Mk RISl §lo] WA 9 2A7EA WS 4SS TRk Sl

YL A F= 2 7% DA ol (T 6-11)3 Zrh. YE9| nNHA] AY
T 5E= 20109 17.2ug/m, 20149 15.5ug/w'E Y22} $37]2X]Q1 15.50g/ ol L35k
1 9lek. oHet ke F2 1 AUS O T th7] LAY e AT AR di7]
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NOx-PM ®ell AT oA} vj7|7kA A Z3tel] g F& 71918 2 0= B7h= 1 it
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Executive Summary

I. Background and Aims of Research

1. Background

O Reductions in (ultra)fine particulate matter (PM) have stagnated since the 2010s.

o Total air pollutant emissions have decreased steadily as a result of aggressive

air quality management policy implementation since the 2000s.

o As the discharge amounts decreased, (ultra)fine PM concentrations also

decreased, recording an all-time low in 2012.

O Recently, studies have attempted to identify the relationship between climate

change and air pollution, but this has not been reflected in policy.

o Several previous studies have revealed that the recent trend toward declining
PM concentrations is related to stagnation and a weakening of wind speed
due to climate change.

o Since it has been pointed out that the existing PM management measures
do not sufficiently consider linkages between PM, climate change, and
energy policies, it is necessary to establish a mid- to long-term air
management policy that can compensate for the limitations of current PM

management measures (that do not consider weather and climate effects).

2. Research purpose and scope

O Analysis of the relationship between weather, climate and PM air quality
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o Analysis of the relevance of mid- to long-term changes in meteorological

factors and PM concentration by statistical analysis of observed data

o Analysis of meteorological contributions to annual average PM concentration

through fixed-weather change modeling

O Preliminary study for predicting changes in PM air quality due to climate

change
o Investigation of major climatic factors related to changes in PM concentration

o Development of a prediction index for predicting future changes in PM air
quality based on the analysis of the relationship between PM concentration

and meteorological factors

O Preliminary study to develop emission reduction policies by sector

o Research on domestic and foreign reduction policies to prepare scenarios
for emission reduction policies for each sector required to establish mid-

and long-term PM management policies

II. Analysis of Mid- to Long—term Changes in PM Concentration and

Weather Conditions

1. Mid- to long-term changes in PM air quality and weather conditions

O Annual average PM concentration trends

o The analysis period was divided into three periods: PO, P1, and P2.
o During the PO period (2001 to 2006), the concentrations of PMjg and PM, s

fall rapidly, but decrease only gradually during the P1 period (2007 to 2012).
During the P2 period (2013 to 2018), concentrations tended to stagnate.
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O Changes in mid- to long-term weather conditions

o When analyzing the weather data from 45 representative national long-term
statistics, the annual average temperature increases and the average annual

wind speed decreases.

o During the P2 period (2013 to 2018), the temperature continued to rise and

the wind speed continued to decrease.

2. The relationship between PM concentration and changes in weather

conditions

O It is estimated that weakening wind speed in the recent period offsets the

effect of reducing emissions.

o During the periods PO and P1, when the tendencies of changes in
temperature and wind speed were not clear, PM concentrations decreased

with a decline in emissions.

o In the P2 period, when the annual average wind speed decreased, changes
in PM concentrations exhibited signs of stagnation to weakening wind speed

offsetting the effect of reduced emissions.

o The decrease in wind speed in recent years and the effect of atmospheric
congestion on air quality can also be confirmed by changes in the number

of days and duration of high-PM concentration.

o The number of bad days with a concentration of 36 to 50ug/m’ has decreased
recently, but the number of very bad days with 51yg/m’ or more has tended
to increase, and the frequency of cases where high concentrations last for

more than five days has increased.
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[. Meteorological Contribution Analysis for Annual Average PM

Concentration

1. Necessity of analyzing meteorological contributions to PM concentrations

O Meteorological contribution analysis to estimate the emissions reduction

buffer

o The current atmospheric management policy does not take into account
the effects of weather and climate on PM concentrations, so even if the
emission reduction targets are achieved in the target year, there is a
possibility that the target concentrations may not be achieved due to the

effect of the weather.

o It is necessary to estimate the emissions reduction buffer that can achieve
the target concentration even in extreme (negative direction of PM
concentration) weather conditions through an analysis of meteorological

contributions to annual average concentrations.

2. Basic analysis for estimating weather contributions

O Emission fixed-weather change modeling

o If the modeling is performed by changing only the weather conditions under
the same emission conditions (fixed emissions), it is possible to remove the
effects of changes in emissions as much as possible and analyze the

contribution of weather conditions to PM concentrations.

o Considering that the research period is limited, representative years were
selected and modeled. The years 2005 and 2012 were selected to model
the low end of meterological contributions. In both years, PM concentrations
were low, the temperature deviation was negatively large, and the wind

speed deviation was positive.
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o 2007 and 2016 were selected as to model the high end of meterological
contributions. In these two years, PM,s concentrations were high, the
temperature deviation was positively large, and the wind speed deviation

was negatively large.

3. Modeling Results of Selected Years

O Results of changes in annual average PM,5 concentration due to weather

conditions

o Compared to the average annual concentration in 2018, the lowest level
simulated was found to be 5 percent lower in 2012, and the highest level
simulated was found to be 21 percent higher in 2016.

o The results of emission fixed-weather change modeling means that it is
possible to change up to 26 to 27 percent (approximately 6.5ug/m’ based
on the annual average concentration of 25ug/m’) by changing the weather
under the same air pollutant emission conditions.

o The modeling method of this analysis is used to remove the effect of the
“changes” in emissions by fixing emissions at a single value, and not to
remove emissions altogether; concluding that there is no effect from

emissions is a misinterpretation of the model.

IV. Meteorological and Climate Impact Analysis on the Occurrence of

High—PM5 Episodes

1. Mid- to long-term changes in factors related to the occurrence of

high-PM; s episodes

O Changes in the frequency, intensity, and duration of high-PM;s episodes
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o During the P1 period (2005 to 2012), when annual average PM;s
concentrations were steadily decreasing, the number of days of high-PM, s

episodes were fewer in number.

o During the P2 period (2013 to 2018), when annual average PM,s
concentrations stagnated, the number of high-PM, s episodes increased, and

the number of very bad cases exceeding 75ug/m’ recently increased

o The results of the analysis suggest that the number of high-PM, s episodes
of long duration and high concentration (which are strongly influenced by

atmospheric stagnation) is increasing.

2. Changes in meteorological factors related to the occurrence of

high-PM, 5 episodes

O Characteristics of meteorological fields related to occurrence of high-PM; s

episodes

o High-PM concentration cases occur when the wind speed of the northwest
monsoon near South Korea decreases due to weakening of the high pressure
system in Siberia, and when the lower atmosphere stabilizes due to the high

pressure in the upper atmosphere over the Korean peninsula.

O Recent changes in meteorological fields associated with the occurrence of

high-PM; 5 episodes

o The large-scale stagnant high-pressure system created by the recent increase
in air temperature and air pressure in the eastern regions of Alaska and
the Bering Sea caused atmospheric stagnation near the Korean Peninsula,
presumably contributing to increased particulate concentrations and

long-term persistence. Further research is needed in this regard.
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V. Development of a Forecasting Index for Estimating Future Changes

in the Number of High—-PM Concentration Episodes

1. Factor analysis for the development of a PM;s concentration

forecasting index

O Analysis of related climate factors to predict the occurrence of high-PMys

episodes in the future climate

o Four major factors related to the occurrence of high-PM concentration were
selected through factor analysis on large-scale atmospheric variables
(geopotential height, temperature, and zonal/meridional winds at 1,000 hPa,

850 hPa, and 500 hPa) and PM concentrations in China.

o Factor 1 shows a pattern of local high concentrations caused by atmospheric
congestion (strengthening the high pressure in the upper layer and
weakening the lower wind), and factor 2 shows a pattern of high
concentrations caused by the long-distance movement of air pollutants near
the origin of the yellow dust northwest of the Korean peninsula (wind in

the east and west of the upper and lower layers)

o Factor 3 shows a high concentration generation pattern due to the inflow
of air pollutants by southwesterly wind, and factor 4 is related to PM

concentration in central and southern China.

2. PMys forecasting index using selected factors
O Using the selected factor to construct the Ultrafine particulate matter (PM,.5)
Forecasting Index (UFI)

o Multi-regression model analysis using four factors as variables to construct
UFI
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o The correlation coefficient between the estimated value of the model made
using factors 1, 2, and 4 and the observed concentration was 0.613, and
the R-squared value was 0.371. This result shows improved predictability

over previous studies by reflecting various weather variables.

VI. Conclusion and Suggestions

O Need to complement current fine dust management measures

o Even if annual average fine dust concentrations improve due to the steady
implementation of measures, high-PM concentration cases can occur at any

time due to temporarily deteriorating weather conditions.

o Implementing fine dust management measures is not only critical to reducing
average annual PM concentrations, but also to setting stronger emissions

reductions targets in preparation for more frequent climate emergencies.

o It is necessary to study meteorological and climatic effects on PM
concentrations, which can be the basis for supplementing the current
management measures for fine particles, which do not currently consider

the effects of weather and climate on PM air quality.

Keywords: (Ultra)fine Particulate Matter(PM), Weather, Climate Change,

Contribution, Air Quality Management Policy
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