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Table 2-1. Population density statistics in 2015 (Unit: Number of people per

km?).

Administrative Population Administrative Population

district Density district Density

Nationwide 509.2 Gyeonggi-do 1226.4
Seoul 16364.0 Gangwon-do 90.2
Busan 4479.9 Chungcheongbuk-do 214.6
Daegu 2791.0 Chungcheongnam-do 256.6
Incheon 2755.5 Jeollabuk-do 227.4
Gwangju 2998.8 Jeollanam-do 146.1
Daejeon 2852.3 Gyeongsangbuk-do 140.8
Ulsan 1099.6 Gyeongsangnam-do 316.4
Sejong 439.0 Jeju 327.5

Source: Population Density Statistics (2015)
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Fig. 2-1. Geographical locations of the meteorological monitoring sites
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A 213t Ao and Kim., 2010).

Table 2-2. Criteria for the classification of meteorological patterns into Local
emission stagnation (LES), Long-range transport (LRT), and Mixed types
(MIX).

Types Meteorological parameters Criteria
LES Vorticity ( ¢ ) < 0 (anti-cyclone)
(Local Emission Stagnation)  Vorticity advection <0
Geostrophic wind speed < 4.0 m/s
Geostrophic wind direction Unclassifiable
LRT Vorticity ( ) > 0 (cyclone)
(Long Range Transport) Vorticity advection >0
Geostrophic wind speed > 4.0 m/s

Geostrophic wind direction 225°—1330°

MIX LES + LRT
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22 RAFA 9 J¥EAE

221. 713 2dyd 2553 WY

B dToME dF @AY FAVEEH T Al Eu AAE #4457
A8l TR 717322 WRF(Weather Research & Forecasting model) version 3.6
< AR&SElTh WRF 22 19700 21 vl S7]4d 74 NCARS =9

S o S48 NCEP(National Centers for Environmental Prediction)o|A] && <

2 g EdR 7)o a ATt R 2Rl AEE F =S 24

q

H FR71gd S2delth. 18al o] 2F-2 ARW (Advanced Research WRF) <2}
NMM (Non-hydrostatic Mesoscale Model) + 7}A¢ H38 590 (dynamical
cores), AREEA|2F TTE|al WHEARI A 2H o] TRt AZE o] o}
71945 zkal doh. =3 WRF a2 4 w4 1 ZA=rE7tA9 o

o oo Z1dstE 2Ade WEl A gl THed ARl AT WRF= 19901

—1

4

o FRke)] AEdEZ] AJ&E e NCAR (National Center for Atmospheric
Research), NOAA (National Oceanic and Atmospheric Administration), AFWA
(Air Force Weather Agency), NRL (Naval Research Laboratory), OU
(University of Oklahoma) 18]3L FAA (Federal Aviation Administration) il
o3 FE/NEE UG WRF 222 Arakawa-C AAAAE AHE-3tH, AR AAZ
+ EBulerian A% HIAE Ab&3th(Skamarock et al, 2008). X A= 3%
Runge Kutta split-explicit A%t 23S AHE3t] o] Faoll tishA 62 T4 XHE

e =y, Y- Fue AT A4S At Y LE

2

E=®
v, ~Zg}Fs HEIY WREF 298 Al2dH 322 79 22 3 2t}

WRF 9] 7]&2Z< 482 AA8 A< WPS (WRF Preprocessing System)<2}

AAE 94y ARE, 39A 9 =

2agos FAHNY HA AY @ EAYEE Fo AY AA AR LS
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WRF Modeling System Flow Chart

External o i,
Data Source  PTe-Processing WRF Model Processing &
System Visualization
rd ~
Alternative Ideal Data — DV
_EES_EEE_. 2D: Hill, Grav,
Squall Line & Seabreeze
. 3D: Supercell ; LES ; —>» VAPOR
Conventional * Baroclinic Waves ;
Obs Data Surface Fire and
Tropical Storm
WRFDA Global: heldsuarez —1 NCL
OBSGRID ARWpost
(GrADS)
WRF
Termestrial RIP4
Data

UPP

WPS — REAL —1 (GrADS /

GEMPAK)

Gridded Data: _—

NAM, GFS, MET

RUC, NNRP,
NCEP2, NARR,
ECMWEF, etc.

Fig. 2-2. WRF-ARW modeling system flow chart (ARW, 2015).

B ATl WRF 9o 27]/73A A5l AH8d dY Ase A&zt &4
T} o ol 1Ese NCEPIA #|F3= NCEP/NCAR (National
Center for Environmental Prediction / National Center for Atmospheric
Research)®] FNL A4 A= (6413 3+, 1.0°x1.0°9] 4 =)E ol &3ttt =
a5 7|7t B A5 AEY A9 393y 271488 (spin-up time)<= A
9)star 2013 1€ 099 00 LST H-E 1€ 18¥ 00 LST 7+Al AA3tA L, BA S
2 S5y AEYe] A 10 Lk 2715 G AHspinup time) S 12 el
20199 2€ 25% 00 LST F-El 3¢ 25¢ 00 LST = AAsAth =3, ZAF =
T AF AHEdAE 714 B t71E AR Agx e

3 718
B A553E AYsAth ARFse FAHCE VARD Y 27 2134 A

f



AR (2013 3)9F A B FFE AFAR(20199) 9
A7 =y 2d 78S e 2ok 54E A5ARI(2013d At A¢
LCP(Lambert Conformal Projection) FH3EAE EUZ F 42 F43H 1, Fof

2~

Aol 9 (D1, 140x118, FH3 4= 81 km), = FH (D2, 172x160, 5H 3}
T 27 km), &% FH(D3, 151x172, FHNFE 9 km)F F=d I
130x97, THM = 3 km)e2 FASATH(TH 2-3). AAEF 2 53 o

#2019 AtE)E Bolrlol 9Y(D1, 58x44, FHI4E 27 km), UHI=

(€8]
=~
2
>~

(D2, 61x55, FHAFE 9 km), G FH(D3, 67x73, THIN =
= 1 km=E 7433, 2l AASTE

AR, 71 AE-Y] A3 Baxo FFS AA "AE= dBAT
ANXY 73z " F71FY dHEES AEs] 2ostr] st tirlsks 1
km 1% ©o]d= 117] ZF(Sigma level=0.996, 0.990, 0.980, 0.970, 0.960, 0.950,
0.940, 0.930, 0.920, 0.910, 0.895) 0.2 =W3A FASIYTE =3I B AT E4
Al dY ARY ASEE AR dSAHSR A I¥FS HE Aol
Bt FNLolA 7| E&H o2 A F3st= SST (Sea SurfaceTemperature)”} ©bd
0.05°x0.05°9] FHIFINGEE ZtE OSTIA-SST (Operational Sea Surface
Temperature and Sea Ice Analysis) A5 & A3l T

29 Fo A EXIEEZE USGS (US Geological Survey)oll Al Al-g3t= 2471
o #3838 AW land-use 3% ARE, AFAFEE USGSY 3% AFARE °
S35 THUSGS, 2008). mde] HEFHo| ALgH &7 F4L & 23 I 2o
H| A& 2] 378 (Microphysics)> TR ZAAA 43 A4 &= A4
43 WRF Single-Moment 3-class schemeg /¢ E=w ol AH8-3+% 3 (Hong,
at al., 2004), Milbrandt-Yau Double-Moment 6-class scheme= 3% =<l &
&3t e FXF ARAA HS dAFA BFIU UbseElEE skt
(Milbrandt and Yao, 2005). 75+ &|(Cumulus) =53} #A 2 Kain-Fritsch 7%
=8 E43E AMEstH oM (Kain, 2004) A 3EZ(Surface layer) E3F AL
Monin-Obukhov Surface layer scheme (Monin and Obukhov, 1954), @3} 31 %
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“

o
S
2 717 A% (Planetary Boundary layer) w42 YSU E3lE d =<l
‘243 tH(Hong et al., 2006).

7174 2 di71d 24 woAdy HE5E s, F A tid 242013
A 2 M2 20193 At F 2070 BSAH(ZE 2-1)01A4 9 tirled
d sk 71384, A, AUlsE 5) ARE ol8ste] SAAH #4s
gt =3 Hoh FAZ #4298 F AtEol g F8 e/ tirld
AR e AARsAS 2013\ At olA = =4 W E7(NG: Nam-gu), &4HBS:
Bongsan-dong), 34l(HS: Haengshin-dong), “4+4(GB: Gangbuk-gu), 3%I(GJ:

+© RRTMGE AF-8-3t%H T (lacono et al. 2008). Land surface =& -2 7|
7] fluxst Efluxs & 23tE Noah-LSMS AHE3F o1, mpx|Ete

4
[

=4
ol\

4y

N\

Gwangjin-gu), %% (CJ: Changjeon-dong) .2 X333, 20193 Al oA = A
EAYE FASE FF(G Jung-gu), =H(GC: Geumcheon-gu), FH(N:
Jungnang-gu), =% (DB: Dobong-gu), %3 (YC: Yangcheon-gu), #3%1(GJ)<

Attt 71 BSAMAL AAE dtrld BSAYeEREH TP The(%F

z 4

o

3-5km W ) AR HAASAT FAH AL 7184 9 PMys BES
zt S 2kl thal IOA (index of agreement), RMSE (root mean
square error), MBE (mean bias error)& w23t 03 1 Atol9] s 7HA&

=7t E=eS YHlstH,
RMSES} MBE«= 0°] 717h2% 22p7F Zhop M2 fAgS ofndit =3 &
(+)2] MBE= =29 E Yl ()2 MBEE #4&XEE YEeldT

0AE 19] 7bhes2 =dgs @33 Aold U
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Table 2-3. Details of the grids and physical options

used in the WRF model.

D1 D2 D3 D4
Horizontal grid Case 1 140x118 142x145 136x142 91x43
& Case 2 58x44 61x55 67x73 64x58
Horizontal Case 1 81 27 9 3
Resolution (km) Case 2 27 9 3 1
Vertical layers 30
Microphysics WSM3 WDM6
Short wave .
.. Dudhia
radiation
Long wave
o RRTM
radiation
Planetary
YSU

Boundary Layer

Land surface
Surface layer

Cumulus

Noah Land Surface Model

Monin—-Obukhov

Kain-Fritsch scheme for D1 and D2
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North Pacific ~,
Ocean™~. E -
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Fig. 2-3. The nested model domains for WRF and CMAQ simulations and the
geographical locations of air quality (triangles) and meteorological monitoring
sites (circles). The model domains and geographical locations of air quality
monitoring sites (a): Nam-gu (NG), Bongsan-dong (BS), Haengshin-dong (HS),
Gangbuk-gu (GB), Gwangjin-gu (GJ), Changjeon-dong (CJ]) and another sites
(b): Jung-gu (JG), Geumcheon-gu (GC), Jungnang-gu (JN), Dobong-gu (DB),
Gwangjin-gu (GJ), Yangcheon-gu (YC) for air pollutants (solid circles) in the
Seoul metropolitan region, including Seoul, Incheon, and Gyeonggi-do, South
Korea. The meteorological monitoring sites (open triangles) are located 3—5

km away from the air quality monitoring sites.

_17_



B dTolAes A8 dF Ateldel dis) 7R 2A2E3HEDVAR, £4

5
FFS BAEAH. ol 71 AEFIE A 83 AP (DA)H LA e
A (NODA)Y PMys &5 2ol & Mo zZH 7174 A5 5387 3 o] o

MAE 9%e BWstat AT AEEN PEe 33U WEAREH

rr

(3DVAR: Three-dimensional variational analysis)®t FDDA (Four-Dimensional
Data Assimilation) ¢ &4 Y174 (Analysis nudging)< 28 sttt

3k WEAEE3= NCAR/UCAR (Natioanl Center for Atmospheric
Research/University Corporation for Atmospheric Research)ol|A] 7143t 255
3} A|2El)l WRFDA < ol&st=t, oA bddt 45 ARE Agd
Aqom, IA A8 2 #Holu, GPS PW T 317} 7Hsslth. WRF BE& Al
oA WRFDA #39 352 19 24 Jetifidch As53 438 Al WRF
o] REAL #2237 AAE WRF o Z7I¢(wrf_input)¥ 7dA 27 (wrf_bdy)
< OBSPROC (#=3 2x#+8)9} Background Error (W74 23 FEAHS o] &
ste] A d3st=d, OBSPROC & LITTLE.R W] #= A85E glom Agsh

Z35ta #=o] dZ dAA S sty A= 3E &I WRFDA o
A AEE = e #A= A5 FEHE Y3t B AFoA+= OBSPROC XA

< ¢lsl PREPBUFR 22"1°] ADP Global Upper Air and Surface Weather

i
o

Observations At E LITTLE_R EW oz W3l 3 o]&39t. &, Ax A=
%l SYNOP, 3% Aute 4 #=3+ SHIP, Kalpana-1, METEOSAT-6, GMS, GOES
Z25%] SATOB, 181l 3o+ SOUND, PROFILER, METAR
o] ARE o] &IITHIY 2-5).

o
rJ
¢
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WRFDA in the WRF Modeling System

Background > xlbc
Preprocessing K
(WPS, real)
Warm-start
Background
Cold-Start Update Low BC| { I xf
Background (UPDATE_BC)
Observation — N
Preprocessing WRFDA pdate Latera B orecas
(OBSPROC) (UPDATE_BC() (WRF)

The following data are not processed by OBSPROC

» Radar, Precipitation data in ASCI| format
(require separate pre-processing)

» Conventional obs in PREPBUFR format

-+ Radiance, GPSRO in BUFR format

Background
Error B 0
(gen_be)

Fig. 2-4. WRFDA in the WRF modeling system (ARW, 2015).

W78 e 2k= wi el THAE el (ZEo] JHAl= LAhE rletH, oo
A 7]H A NMC (National Meteorological Center) WH o= v i F&
2+S A A @ th(Parrish and Derber, 1992). £ A= w4 221 FEAHS A
387 98l NMC (24412 124129 2dll o= 2o Aoz
Al AZshe AA T genbe B H(CV.3)S AHESIATH ol HAFH AdS £
7] Y&l 2d HEE O E o] 831A 231 control variableS ©]£3l=6 u, v,
T, pseudo relative humidity (RHs), surface pressure (Ps)o] ZEE .

FDDA WHol= #FXE A4 WA st= #=F YA (Observation nudging)
I FHRFES OEE AFAE o]t BA =S WEAIIL AA FHE U
A ke B4 YA (Analysis nudging)©] $1THShafran et al, 2000). ¥ <70l A
£ BolAol A g #= vlojE BAZ 271% FDDA By F 24 WAL A&

4
stel Agmde] £Ame| FHE FPAAL, AU 9 A%

u)

714 =

e,
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Fig. 2-5. ADP Global Upper Air and
WRFDA modeling system.
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222 ti7|d »d

714 FAEYE 9T CMAQ (Community Multiscale Air Quality
Modeling System) =22 "= EPA(Environmental Protection Agency)°llA] 7
3k 32k Bte £ RdE did W &F, vAREAE 2H7 F8 vt
2, ATt edE RS BT o kg X (Multi-scale)oll gk &
TR 27} 7H3stt(Byun and Ching, 1999; Byun and Schere, 2006). ©] =
4 trjedEdY IAAAES A fal ad thF i E(multi-scale) 7]
& B8 A BFZ(multi-phase) o] 35S AFAIA 2] 7HA L H=E
(multi-pollutants)= SAll 1T 4 Yok =3 5 T2 Ho| flof 24+ A
Ae] Z2IW 58] 43 g&HoR mdS UolE A F dE Ao
Now, FHI A2 FRIF FARE EAGFRY] A 2ol AdsiEE B
2 W HAGE AA S ALt CMAQ T A AHLE 19 25 ¢ &
om, 5709 F& HAY AFAX 1 Y FE-FEF EI(CCTM: CMAQ
Chemical Transport Model)< 7}t HA g 38 74 E2d 2345 CCTMY
dHAE FHoz Hos= T AYERE MCP(Meteorology-Chemistry

Interface Processor), &% A 2]E@Ql ECIP(Emission-Chemistry Interface

0

S
gk Fsiel &S 4FE3h= JPROC(Photolysis Rate

=

Processor), =& 43 7]3to]

o

Processor), 71 5%1& A4d3t= ICON(Initial CONditions processor)¥} wj
ANZF AAs=x2AS AA3kE BCON(Boundary CONditions processor) S =
o] ATHUS. EPA, 1999). Z IRl AEE 9y Ase 35 FERER
CCTMell 4= ed=de 3shikg, 5017, I4 A< 7A 1417 3¢

Aol AAE U1 e9EY FES AN

i

1 K
o



148x169, FHAE4E 9 km)I} F=d (D4, 127x94, FHH4E 3km)S2 T
Aetdnk AAE 2 FE5y AF Al BolAlol FY(D1, 55x41, FHIANYE
27 km), 3= F(D2, 58x52, FHHLFE 9 km), B3 F (D3, 64x70,

A= 3km) M %@;(m, 61x55, FHAFE 1 km)S2 FAFAT. CMAQ

(half layer 2L%: ¢F 16 m)E AASIHIL 1% °F 1 km 7HA 297 S = =d
stAl FAst AA o mX= Gl &

o] AYE RojE F JYEEF sIATh CMAQ EE 9 7|4 dE AEE WRF =
A7 A7E MCIP@2 HA) AAE Z2A2E o] &3t A 74 d8A=
(1%, 3, ¥4, U, V, PBL 5)2 Wdste gty mdg 73re =
27] ASANTE Lt 5FE A5 A= 20139 1€ 109 00 LST #-E 1

4 18 004, BAE R F5d dFAEE 2019 249 269 00 LST - 34
259 00 UTC & A3ttt
CMAQ =mHe| z7|/AAZzA tax Fotrlol Y (Domain 1) EPAIA
Agste 71954 229 #AF(Stockwell et al., 1990)5 AH&3F 1, Sk
5 9Y(Domain 2)7% F¥ FY(Domain 3), TEH L AL FY(Domain 4)°]
o el A = & =R ) 2 ZER = ICON(Initial
condition)/BCON(Boundary condition) E&°| Y435t =7|/AA JEAEE
st REEo AHEE doj=E WAUSEFS AERO-06, 3}SMAYUSTES
SAPRC-99 °o|H, 43 " A=A Abo= Z}ZF Multiscale®t ACM2 (Asymmetric
Convective Method) schemes, <%  Advection scheme2 vwrf ¢
PPM(Piecewise Parabolic Method)< AF-8-3tATHEE 2-4).

e 99 Ass a2 e AgE fal AA dAY AAHS F5H
A9 vizga AAH wiEde] Fdog FAHJCH, 747 dHol ghaof
ANAAE AT WA, Fokrlol FHel JA9H MEFS MICS-Asia (Model
Inter-Comparison Study for Asia) 2010 AEE AFESIA=H, ©l= 0.25° x
0.25° FH3I G EE 7FA ™ PM,s, PMy, SO, NO,, CO, CO, NMVOC, BC, OC,
NH; 59 #i& JAHEHE AH&ste €48 JHE A5E AAH(Carmichael
et al, 2002). =3, H3F FHo U9 WMEFS IHIAASLANA AFEH=
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CAPSS (Clean Air Policy Supporting System) 2013 d (&3 Akzl) 20154 (78
A L FE5E A e AHMEL AS(TSP (PMyy £3), NO,, SO,, VOC, CO,
NH3)E AH8-3FATHNIER, 2018). CAPSS A5+ F2 A5 A4, A4 F4, o
T o9d, #HrlE A, A4HE 9 3] EE Y EFIE(Source Classification
Codes, SCO)°ll mz} 1'd T = A H wl=F(kg/year)olH, 3HHo=2es A=
= 1 km x 1 km AAERZ A=Hot) A-A4-14 ol &S ARAEF
I =AY Foll E WAAAL i BAEE T HEst AHAstaL, o

F3 A2 VKT (Vehicle kilometers traveled)ol] &7
TE wote AAET, olQelx, I A AT FFol Wi AA wiEHF
(Biogenic emissions) i< MEGAN (Model of Emissions of Gases and
Aerosols from Nature) version 2.04 RS S 2bdd AHE o] &3
(Guenther et al., 2006). MEGAN-2> |3 AJE|A A FE T)7]o] o] 27|71 7]
Aot o2 & Ad WiEFs A A% A wilE: 2doltk. HF 74
ndly Jool x3E A H wiEsEFH AduiEFS daetd CMAQ-ready
emission inpute AT I8 2-4= PMysoll T (a) 5 dF A<
(b) A = 53 dF A 44 =9 IY(Domain 43} AeAH
(Domain 4)¢] Wi&% FHEEZE YET. F ALY Wisd SHEEZE F

4
2 A ARA (e, NG =4 FAA(, JG)ol ol AFH ol Lhehdt,

Meteorology
Modeling — MCIP —

System CMAQ Chemistry-Transport Model (CCTM) (

Sample outputs:
Gas-Phase Foreck - 03,NO, NO,,NO3,
Emissions Chemistry Advection - MEOH, HNO, HNO,,
i - €O, SO,, BENZENE
Modeling
System
Aerosol Aerosol ilo“ds & Analysis Package
; Chemistry Deposition quepus e.g. VERDI or AME
Photolysis ] Chemistry e 2

Rates

Initial and
— Boundary — Nested or
Conditions Restart

Simulation

Fig. 2-6. CMAQ chemistry-transport model and associated preprocessors.
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Table 2-4. Details of the physical and chemical options in the CMAQ model.

Module Option
Horizontal advection(ModHadv) hyamo
Vertical advection(ModVadv) vwrf
Horizontal diffusion(ModHdiff) multiscale
Vertical diffusion(ModVdiff) acm?2
Aerosol module(ModAero) aerob
Gas phase chemistry solver(ModChem) EBI
Deposition velocity calculation(ModDepv) m3dry
Cloud module(ModCloud) cloud_acm_aeb
Gas phase chemistry mechanism(Mechanism) SAPRC99

Bow ofze A3 g WHow At #He AN PA
Ao 7t A4 o9Bd sxe 444" fF ool2E A4 TH(AERO:

Aerosol process), T3 °]-5(HADV: Horizontal advection), <% 24HHDIF:
A

Ae
P
©
ol
o
[

Horizontal diffusion), A2]°]&(ZADV: Vertical advection),
Vertical diffusion), ¥Wl&%& A4 (EMIS: emissions source), 4 F & #4
(DDEP: dry deposition), 75848 ¥ T84 338 34AH(CLDS: cloud process) &
o] g3 719-&S A4St IPR(Integrated Process Rate)d} 3348} WH&-344-&
THAO0E Hrlst= IRR(Integrated Reaction Rate)® 4 5 o] 1 TH(Gipson,
1999; http://www.epa.gov/asmdnerl/ CMAQ/CMAQscienceDoc.html). IPR #74
< FA S92 A4 AAS FASH NE HAo] ARIE v WY JoEwx
24 18" F Aok AARE 2213 F52 Table 2-5°] Bt & olF, &
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Fig. 2-7. The spatial distribution of anthropogenic emissions (kg day™): (a)
PM,5 in the 3-km model domain (D4) and (b) PM,s in the 1-km model
domain (D4).
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Table 2-5. Integrated process rates process codes.

Process Definition
XADV Advection in the E-W direction for the PPM scheme
YADV Advection in the N-S direction for the PPM scheme
ZADV Vertical advection
HADV Total horizontal advection (XADV+YADYV)
MADV Total advection (XADV+YADV+ZADYV)
TADV Total advection for the PPM scheme (ADV3+AD]JC)
ADJC Mass adjustment for the PPM scheme
HDIF Horizontal diffusion
VDIF Vertical diffusion
EMIS Emissions
DDEP Dry deposition
CHEM Chemistry
AERO Aerosols
CLDS Cloud processes and aqueous chemistry
TDIF Total diffusion (HDIF+VDIF)
TRAN Total transport (advection + diffusion)
Source : CMAS, 2012
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223. A7 H Y =4

2 Ao &8 Environmental Benefits Mapping and Analysis Program
(BenMAP)2 v]= 371 354 (EPA: Envrionmental Protection Agency)olA] ©]7]
A MG mE 1 HARAS St M RIFor Az FH &4
ZZH(IES: Integrated Environmental Strategies) A7 T3 AAoA =Y Ach
of Ry m=e thr| e B3t S B oA, AF N B FYH Al 2
23 ZAE mtdsy] flske &850 gtem (A <, 2006), HZANE 1A
2oolE ede we AF Jhge] s FEHI Ttk BenMAP & #8317
Aslie 27 d8945 3 5 7hs 5o AAo] BastAT, dHolEuo] =
5 Folls AEA WAl 'L Flo] S T (I=3EE AW AT, 2006).
gk A2 AHE(GIS: Geographic Information System)E ¢
g 23E Ofoz Y F o By 5 F A 2
o] 7bsstth= Aol itk EPACIA Al&3sh= BenMAPS IES Z=217

—_

It
of FAst= dF =F7IES #13+] BenMap International version®. = A 337
Ao, A odl= BenMAP Community Edition(CE) version® & & &3}
AFst Atk B Aol &83 =S BenMAP-CE Version 1504 =3
(Fig. 2-7)©.2 w]ar EPA Abo] E(http://www.epa.gov/benmap)E F3te] Th&=
=g o
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\ !—, I—l I |4, /

Population Air Quality Health Valuation
Data Monitoring Function Function

Fig. 2-8. Overview of Environmental Benefits Mapping and Analysis Program

(BenMAP) flow Diagram.
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AFANAE AAAGE FHUOR FBTFRY 5 547 A% A3 o

o #= B A gl AlFo =z A3 FHo| JhsdiH, e tr|Eatnd s

A52E  OU 714AE7F AHEE=H, NCAR(National Center  for
Atmospheric Research) #|#4 A8 T+ ECMWF(European Centre for
Medium-range Weather Forecasts) AH&-3ttt. HYSPLIT-4 =4

=
|2 FS = 3}al Isentropic, Isosigma,

off o
flo
N

2 Omega Fieldg ©] &% A2 &
Isobaric, Isopycnic FAES AHE & dev EAZES 7HA2 UAH(Drxler and
Hess, 1998; Draxler et al., 1999). HYSPLIT-4 =¥ & &3tol] we} A5 dgo
71kl et 7o) AHS FH-dAFew BY JhedtH, 54 A Y

A7 AAA o) HE ARE dstHow AT 5 AUk



2 AT E e FEAS FHSE 3 FolAlol TR FH 7|4
= O ZHE]S] uMAA(PMy, PMys) 2 ATEZA Fo] &
< $H= Jde FEskeT AT HYSPLIT4 29 &
Fy AddE dde FAHL uvlmr NOAA Air Resource Lab.2] U

AR 717 ¥ A&+ NCEPOlA AlE-dk= FNL(The 6-hourly FNL archive
data come from NCEP’'s GDAS) At5o|t} ARE3E A0 2= F7|7F dE A<
w52 8l olFdoe= JHA Sl F7IAE FE sk WHS Isentrophic
HAA A WEES AHRSRL, A9 4] FE(33.50°N-126.53"E) A5 ol 4]
EUAFHOH AZH] A%+ 500 hpa, 1000 hpad] SUHOZA 35 AEVL &
=

A AFEARS FA A FFe A G HAY wolE LH9Ed

—

o
ol
Y
Ac)
4
of
filo

et & 4 Qs tiEA FolQl 50 m, 500 m, 1000 mE SFATHAEE 5, 1993).
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Table 3-1. Analysis of frequency, air quality, and meteorological conditions for

six weather types in Seoul during 2010-2019.
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Table 3-2. The characteristics of three haze types, Local emission stagnation (LES), Long-range transported (LRT), and Mixed
types (MIX). These were classified based on the several categories, such as meteorological parameters, synoptic features, or

airflow patterns, for the haze events during 2010-2019.

Types Meteorological parameters Criteria Synoptic features and airflow patterns Emission sources

LES Vorticity ( C ) < 0 (anticyclone) * Under the influence of stationary high pressure * Mostly domestic emissions
Vorticity advection <0 * Mostly stable atmospheric conditions
Geostrophic wind speed < 4.0 m/s * Slow-moving airflow with low wind speed

Geostrophic wind direction  Unclassifiable

LRT Vorticity ( € ) > 0 (cyclone) * Migratory anticyclone * Large emission sources
Vorticity advection =0 * North hlgh ?md south low in China
. . * Extending high pressure system to South Korea
Geostrophic wind speed > 4.0 m/s * Long-range transport from urban and industrial
Geostrophic wind direction  Southwest-northwest areas in China along strong westerly
(225°—330°) /northwesterly airflows
MIX * LRT + LES * The combined effects of air pollutant transport * Strong emission sources, such
* Haze duration of by northwesterly winds and local accumulation as industrial areas in China
> 3 days under high-pressure conditions or atmospheric and domestic emissions

blocking
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Table 3-3. Frequencies of the haze days for the Long-range transported (LRT),
Local emission stagnation (LES), and Mixed types (MIX) during 2010-2019.

Type Year Date
2010 9.18~19 / 11.20~22 / 12.22~23
2011 6.21
2012 1.6~7 / 2.13~15 / 5.3~6 / 12.11
2013 1.14~20 / 3.4~6 / 4.4~6 / 8.27~29 / 12.20~26
2014 1.3~5/ 3.4
2015 1.22~25 / 2.4~7 / 3.9~10
LRT 2016 2.7-8
2017 42 / 11.3~6
2018 1.20~22 / 2.25~27 / 3.30~31 / 4.19~21 / 4.26~28 / 5.24~27 / 11.16~17 /

12.11~13 / 12.20~23
2019 1.9~11 / 1.14 / 1.19~21 / 1.29~31 / 2.20 / 2.24~27 / 3.2 / 3.4~6 / 3.11~12 /

3.15~20 /5.20~26

2010 9.16~17 / 11.19 / 12.21
2011 2.20~21 / 6.17~20 / 9.1~3
2012 5.11~14 / 5.22
2013 1.13
2014 4.12~13 / 4.24~26

LES 2015 1.20~21 / 3.8
2016 8.4~7 / 9.22~25
2017 5.20~21 / 6.18 / 10.25~28
2018 228 / 7.19~22
2019 2.22~23 / 2.28 /3.1 / 3.3 / 5.10~11
2010 2.22~25 / 4.14~17
2011 4.2~5/ 12.6~9
2012 5.23~24
2013 3.12~16
2014 2.20~3.3 / 10.28~31

MIX 2015 4.8~12
2016 -
2017 3.16~26 / 4.24~5.4
2018 6.4~6
2019 5.14~17
2010 12.20
2011 2.17~19
2012 1.5/ 1.8~9 / 2.12 / 5.25~27 / 12.12~14
2013 121 /33 /43 / 826

. 2014 1.2 / 4.14~15 / 427
Unclassified 2015 37

2016 2.9~10
2017 4.3~5 / 5.18~19 / 6.16~17 / 6.19
2018 1.19 / 329 / 418 / 425/ 63 / 11.15 / 11.18 / 12.10 / 12.24
2019 1.12~13 / 1.17~18 / 2.21 / 3.7~8 / 52~9 / 5.12
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Fig. 3-2. Spatial distributions of 850 hPa, 500 hPa vorticity and geostrophic
wind speed & direction simulated by the WRF model of Local emission

stagnation (LES) and Long-range transported (LRT) in the East Asia domain.

_40_



PES

HA A
e

Ef o 4]

Sk

°

-

(2019 3¢ 1Y 00 LST ~ 18

s ZF thE Aol o

5

o

3-6)2

Aol EAe dotn] 9
a9 3-39 2013 39 1¢¥€ 00 LST (a)

1

9
u

2)ell o3

].

s

1

s

3 a7 9

LST, 64l

W

" oo W ® T RN T
~ = A
‘W c._O ﬂ o R .b/ 1 N O_W O_ oy
e TRy 8 2 mﬁ T
= W W T g & o B
W oo Pl TR s <
M el ,Ao o Hr ul oo BO ﬁ. IN
o Z T oM e o om T 00 )
NS T W oo T =
pEE R E SN g 2
5% & . o D
A« S T - ~
B o = B Mg g 5
~ M_ll &u o R mﬂ_ ,ol C.._ mu
o ) —_— > .
ﬂ 9 % T T B 5o el
~X = 70 - ol <o)
A
T o W = ° I~ el
— wAO .A..__l V AT .&_l 0 =S
R = o AR = Ho =
N o> N ﬂ_ma £3 . o
oW m oo 3 T <
H_._E &o W 3 o E 0y % 1,m_._yll
o o WX g T o , R
ol %; T XN o W ; o ] W o
T kS 0 o
A R ST R SR
. WP B o= F o B T T
_ " lo o) AN ox o
o T wm o x5 O
= M OH S S T H "'
i~ Jooo . N B o o
R U —_ RO
T H T & g U o® oM
Wow o L 2 o o W
box N o & B o O .- N
R R C I O
T = R S
o R YT T 3N TG
S iU B B R
o I AN o, M® B 3
‘_HM.O 0 L.E 1 Vi O_E ‘aﬂ
N oo T Wow o o
KN Ho ®H®®E o

o] 124

a7t

5l
B AE7A m2A o]

]

3G A7 FAlo] A FHE B
20199 3¢ 64 18 LST (d)°llA]

M FZe

il
ol
o A7k

R
— 41 —

H
A

Eis

3714 dige] vhehd Aleol,

(€]

2019 3€ 549 18 LST (b)el

Aol 7]

P
T
2l

[e)

_:'6‘__
58 54 2 BojZh wehy ol

E
2019 3€¥ 5¢ 06 LST ()<

LST (oINE @te Bz

]_
A

QA

7

Z



ol
o)

saro] 9
A2 /A-] >

ol 7]

3

g a7)sk

0

Adel vhgel Seues f

hu
o

ol s
=A%

l

)

=1 7Idui o] BHelom, XA

1
|

AR A FE=7E -2yl

UeRA ob28 20139 1€ 14Y 15 LST (b) &

=

]

)|
—_

CRSERE

o= oF

N
Ho
i

2 aFs mAEAZd debd o8 AsEnh 2013

be Ao 1719kE B&9] A7et b

o olFoE A

KLl

d 149 169 15 LST (d)HFE THAl
|7} ol ol wh

o}

7t

P A3 F59 PMy FEE H

7 U] o 1-29 Mol 24 nEEst U

5

| @Agol AbRkA AL m AR A

Z

=2
1=

wt

=
T

X

!

71
HEY, AgelA 1

9|

1
|

=
FE A

o webA

_42_



15UTC 28 FEB 2019 (00KST 01 MAR 2019)
HE WE e e E

XY s e T- ASFE KMA
- ‘ g ISUTOFERZNN
A FESUER

Y

b 3
9 125
%ol 1z 16
o g

E Kk

[3 : WE
orea Meteorological Administration(KMA) 15UTC 28 FEB 2019 (00KST 01 MAR 2019)
(@) 00 LST on March 1, 2019

21UTC 28 FEB 2019 (06KS
090E

T 01 MAR 2019)
100E

150E 181E

v

= ; 7 ASFE_KMA
=\ ; : Sl S\ 282IUTC FEB 2V
5 U ’ =00 el ? SUHFN;E EﬁESSUﬁE[hPaJ

100 e
i, \
' Al40
| 07
Vo &

B 5
W%g‘ ] |4®_-1\*
N il

HE - 0B
Korea Meteorological Administration(KMA) 21UTC 28 FEB 2019 (06KST 01 MAR 2019)

(b) 06 LST on March 1, 2019

Fig. 3-3. Synoptic weather charts for East Asia and the study area on March

1, 2019 for Local emission stagnation (LES) of haze days.
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Fig. 3-3. (Continued)
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Fig. 3-4. Synoptic weather charts for East Asia and the study area on March
5-6, 2019 for Long-range transported (LRT) of haze days.
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Fig. 3-4. (Continued)
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Fig. 3-5. Synoptic weather charts for East Asia and the study area on January
13-16, 2013 for Mixed types (MIX) of haze days.
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Fig. 3-6. Backward trajectories for three haze types: Local emission stagnant (a), Long range transport, and (c) Mixed types

starting from Seoul.
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Table 3-4. Statistical summary of haze occurrences according to three haze
types: Local emission stagnant, Long range transport, and Mixed types during

2010~2019 around Seoul in Korean peninsula.

Reei Haze day Number Frequency PM;;s PM; Temp WS RH
egion
8 Pattern  (Events) (%)  (ug/m’)  (ug/m’) 0 (m/s) (%)
LRT 112 36 52.4+20.4 84.6+25.8(179)" 7.41 2.26 52.9
LES 56 18 52.9+16.7 80.1+23.9(117) 17.33  1.97 52.8
Seoul MIX
72 23 47.3£12.9 87.2427.5(172) 2.33 2.33 47.4
(LRT + LES)
Unclassified 74 23
“Maximum.
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Fig. 3-7. Annual variations in occurrence days for three haze types (LES, LRT,

and MIX) observed during 2010-2019.
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Fig. 3-8. Monthly variations in occurrence days for three haze types (LES,
LRT, and MIX) observed during 2010-2019.
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Fig. 4-1. Time series plot of (a) PM;y concentrations observed at the air
quality monitoring sites of Nam-gu (NG), Bongsan-dong (BS), Haengshin-dong
(HS), Gangbuk-gu (GB), and Changjeon-dong (CJ]) and (b) the concentrations
of PM10, PM25, and SIA (SO42', NO;, and NH,") for PM,s observed at
Gwangjin-gu (GJ) on January 10-17, 2013.

(Source: Han et al., 2021)
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Fig. 4-2. Time series plot of air temperature and wind speeds observed at six
meteorological monitoring sites located 3 -5 km away from the air quality
monitoring sites of Nam-gu (NG), Bongsan-dong (BS), Haengsing-dong (HS),
Gangbuk-gu (GB), Gwangjin-gu (GJ]), and Changjeon-dong (CJ) on January 10
-17, 2013.
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Table 4-1. Summary (mean * 10) of the concentrations (pg m3) of PMio, PMss, SIA for PMys, and meteorological variables

between the observed (OBS) and model-predicted values (MOD) at G]J on haze and non-haze days.

Variables Haze days Non-haze days

OBS MOD OBS MOD

Daytime Nighttime Daytime Nighttime Daytime Nighttime Daytime Nighttime
PM;, (ug m> ) 124.5+33.6 125.7+43.1 143.4+42.8 138.8+52.4 78.9+43.6 68.2+31.6 60.2+30.5 67.8+37.8
PM,s (ug m” ) 87.5£15.9 91.1£21.1 73.3£20.3 64.7+20.5 53.0+27.6 48.7+23.4 29.1+15.5 28.4+19.3
SO~ 18.7+6.1 17.5+5.6 20.2+8.9 18.24+6.7 10.5+6.3 9.7£5.9 6.3£3.5 7.5+4.4
NOy 26.6+7.42 23.9+7.9 37.7+11.0 32.5¢10.8 15.745.0 11.6+5.7 16.449.2 14.7+11.1
NH," 14.5+3.6 13.6+4.0 13.1£3.6 11.243.6 8.3+3.1 6.7+2.7 5.4+2.9 5.0£3.6
Air temperature (°C) 0.9+2.2 -1.6£1.7 -3.5+£3.9 -8.0£2.1 -4.1£3.1 -5.4+2.9 -6.4+4.1 -10.9£2.7
Wind speed (m/s) 1.6+0.8 1.1£0.8 1.9+1.4 1.5+0.8 1.6+0.7 1.4+0.6 1.2+0.7 1.5+0.6
Relative humidity (%) 58+11 68+9 83+11 93+7 47+14 54+11 63+19 80+9
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Fig. 4-3. Spatial distributions of the PM,5 concentrations simulated for the 81-km

2013.
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Fig. 4-4. Spatial distributions of the model-predicted PM,s concentrations
averaged from all grids in the 3-km model domain (D4) (a) for haze days
(January 12 -16, 2013), (b) non-haze days (January 10 - 11 and 17, 2013), and
(c) the difference in PM,5 concentrations between haze and non-haze days.

(Source: Han et al., 2021)
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Table 4-2. Statistical evaluation of meteorological variables and PM;
concentrations for the observed and model-predicted variables: results
compared at six monitoring sites for the entire simulation period. The PMjg
data sites represent six air quality monitoring sites within Seoul metropolitan
region, including Seoul, Incheon, and Gyeonggi-do, as shown in Fig. 2-3. The
meteorological monitoring sites are located 3 -5 km away from the air quality

monitoring sites.

Meteorological and Air temperature (°C) Wind Speed (m s™) PM,y (Ug m™)
PM,, data sites’

I0OA* RMSE" MBE* IOA RMSE MBE IOA RMSE MBE

Nam-gu (NG) 0.85 3.17 3.16 0.60 1.87 1.86 0.79 60.6 31.8
Bongsan-dong (BS) 0.82 346 -2.59 052 2.10 1.89 0.76 639 85
Haengshin-dong (HS) 0.81 343 -3.91 0.56 1.76 1.64 0.72  67.7 315
Gangbuk-gu (GB) 081 376 -394 0.71 1.07 0.01 0.71 49.1 -29.0
Gwangjin-gu (GJ) 0.80 4.09 -4.87 0.59 1.07 0.03 0.73 46.1 -29.0

Changjeon-dong (CJ) 0.83 320 -1.89 0.65 139 097 0.74 619 174

* TIOA: index of agreement.
® RMSE: root mean square error.
¢ MBE: mean bias error.

(Source: Han et al., 2021)
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7 Aol Ag, AA, A7I=lA 72 °F 94 ug m” (80~105 pug m”), 112 ng
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Fig. 4-7. Spatial distributions of (a) the differences in the area mean PMass
concentrations for haze (January 12 - 16, 2013) and non-haze days (January 10
-11 and 17, 2013) (i.e., [PMyslhaze - [PMayslnon-haze) and (b) the number of
premature deaths related to the difference in the PM,5 concentrations.

(Source: Han et al., 2021)
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Table 4-3. Changes in the PMs concentrations and premature deaths

attributable to the haze event. (Source: Han et al., 2021)

Region No. of Area PM,5 concentration PMys-related health impact
district (sz) (ug m?) (person v
Mean Range Mean Range Total districts
Seoul 25 605 94.3 79.6-105.2 228 99414 570.0
Incheon 10 1063 111.5 88.7-117.1 299 1.9-52.7 271.5
Gyeonggi-do 31 10172 92.7 65.4-113.1 255 3.2-69.5 789.2
Total 66 11840 95.7 65.4-117.1 247  1.9-69.5 1630.7

41.2. AP D =53 AF A
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T AR 71 diske] vk S Aol =L PMiy R PMas EE(=
150ug m” >100 pug m?)7F FASATE 53], 2019\ 29 279 LHFE PMas
FE7F #4473 7] AlAEke] 349 29 oA 11Ael T B& FA(SF PMu:
140 ug m>, PMps: 100 ng m*)E 715389 1 F F43) gaste 39 3¢ &
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PMys =& 43 ng m =2 HAF A7]1742019¢ 29 26%, 39 79~10%,
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Fig. 4-8. Time series plot of (a) PM;y concentrations observed at the air

quality monitoring sites of Jung-gu (JG), Geumcheon-gu (GC), Jungnang-gu

(JN), Dobong-gu (DB), Gwangjin-gu (GJ) and Yangcheon-gu (YC) and (b) the

concentrations of PM,s5 observed on February 26 to March 24, 20109.
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Fig. 4-9. Time series plot of air temperature and wind speeds observed at six
meteorological monitoring sites located 3 -5 km away from the air quality
monitoring sites of Jung-gu (JG), Geumcheon-gu (GC), Jungnang-gu (JN),
Dobong-gu (DB), Gwangjin-gu (GJ) and Yangcheon-gu (YC) on February 26 to
March 24, 2019.
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Fig. 4-10. Spatial distributions of the PM,5 concentrations simulated for the 27-km model domain (D1) on March 3 - 8, 2019.
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Table 4-4. Summary (mean * 1s) of the concentrations (mg m'3) of PMiy, PM,s5, SIA for PM,s, and meteorological variables

between the observed (OBS) and model-predicted values (MOD) at G] on haze and non-haze days.

Haze days Non-haze days
Sites Variables OBS MOD OBS MOD
Daytime Nighttime Daytime Nighttime Daytime Nighttime Daytime Nighttime

G PMio (g m> ) 97.4+38.8 95.1+45.4 76.7+43.7 98.4+49.0 37.0+10.4 37.0+15.6 37.5+24.1 53.3£28
PMs (pg m” ) 65.1+£29.8 75.5+33.6 61.5+34.7 67.7£35.2 20.5+8.1 21.5+11.5 27.4+14.7 31.3+14.5
Air temperature (°C) 9.5+3.9 6.242.5 7.6+3.5 4.6+£2.7 7.5+4.1 3.843.2 5.7+£3.2 2.3+2.9
Wind speed (m s ) 1.9+1.0 1.6+0.8 2.5+1.1 2.0+£0.9 2.6£1.2 1.6+0.9 3.2+1.5 2.4+1.1
Relative humidity (%) 45+19 50+17 65+17 78+11 41+21 52+19 58+17 78+14

GC PM; (ug m> ) 107.5+45.2 98.6+45.5 85.0+44.5 98.3+42.9 40.7£10.6 38.8+15.7 42.9+£23.8 55.7+£23.5
PM,s (ug m™ ) 70.9+£32.7 80.2+30.1 65.8+31.8 69.2+£27.9 23.0£7.9 23.7+11.4 31.8+16.1 30.8+11.7
Air temperature (°C) 9.5+3.2 7.242.2 7.4+3.5 43+3.0 7.7+£3.3 52429 5.543.1 2.1£3.2
Wind speed (m s ) 1.7+0.7 1.2+0.8 2.4+1.3 1.6+1.6 2.1+0.7 1.5+0.6 3.1+1.6 2.0+1.4
Relative humidity (%) -- -- -- -- -- -- -- --

IN PMj (ug m> ) 95.0+40.8 93.2445.6 67.1+42.4 89.2+42.2 35.4+£11.7 33.9+14.3 32.1+£19.9 51.3+£25.0
PM,s (ug m” ) 70.5+£32.2 82.4+34.8 54.8+29.7 61.5+£28.2 23.6+9.5 23.6£11.0 24.4+13.1 30.2+12.9
Air temperature (°C) 9.843.6 7.8+2.4 8.8+4.1 47429 7.84+3.65 5.4+2.9 6.8+3.6 2.4+3.2
Wind speed (m s ) 1.9+1.0 1.4+0.9 2.3+1.3 1.3+0.7 2.51+1.23 1.7+0.9 3.2+1.7 1.7+1.0
Relative humidity (%) 48+18 51+16 60+18 79+11 44421 52+18 53+18 78+13

DB PMy, (ug m>) 101.1+41.1 97.0+45.6 62.6+36.6 72.7£35.4 40.2+14.9 35.3+16.0 28.9+16.0 33.3+17.7
PM,s (ug m™ ) 69.8+34.2 79.7+£36.4 50.4+26.0 58.1+£25.9 23.3£11.0 21.8+11.7 22.9+10.5 22.749.1
Air temperature (°C) 9.3+4.2 5.5+3.2 7.7+3.3 52423 7.5+4.0 32433 5.6+3.2 2.5+2.9
Wind speed (m s ) 1.5£0.9 0.8+0.8 3.2+2 3.3+2.1 1.8+1.0 1.0+0.7 43423 3.6£2.2
Relative humidity (%) 53+£21 60+16 64+15 73+10 47422 60+19 58+16 74+12

GJ PMi (g m> ) 102.8+39.5 101.7+43.9 84.3+43.8 112.3+49.4 42.8+13.3 39.4+15.3 41.4+28.3 62.4+35.3
PMs (pg m” ) 72.2+32.4 83.0+£35.8 64.6+34.0 74.2+33.7 25.8+£10 24.93£11.0 28.5+16.2 34.7£17.0
Air temperature (°C) 9.5+3.6 7.1+2.7 6.9+2.3 5.6+2.0 7.8+3.7 5.0+2.9 5.842.4 4.0+£2.2
Wind speed (m s ) 1.5+0.8 0.1+0.6 2.7£1.6 1.8+£0.9 2.1+1.1 1.4+0.9 3.842.0 2.8+1.5
Relative humidity (%) 52+19 57+16 71+13 7612 47421 56+18 61+16 71+13

YC PM; (ug m> ) 127.3£53.9 126.1£62.2 94.4+48.3 118.9+48.8 47.1£13.8 44.4+17.7 49.9+£31.4 72.9+£35.0
PM,s (ug m™ ) 79.8+38.7 97.5+42 .4 73.4£39.5 86.9+39.8 23.9+11.1 24.1+13.0 33.8+19.5 38.7+17.0
Air temperature (°C) 9.843.3 6.9+2.4 7.1+3.4 42428 8.0+3.3 5.1+2.8 5.5+£3.0 24+2.8
Wind speed (m s ) 1.5+0.7 0.9+0.7 2.4+1.1 1.8+0.9 1.7+0.8 1.1+0.7 3.3+1.7 2.6x1.5

Relative_humidity (%) -- - -- -- -- -- -- -
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Fig. 4-14. Spatial distributions of PM,s concentrations simulated for 3-km
model domain (D3) at 00:00 LST and 12:00 LST on March 5-6, 2019 for long

range transport of haze days.
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Table 4-5. Statistical evaluation of meteorological variables and PMoss
concentrations for the observed and model-predicted variables: results
compared at six monitoring sites for the entire simulation period. The PM;s
data sites represent six air quality monitoring sites within Seoul, as shown in
Fig. 2-3. The meteorological monitoring sites are located 3 -5 km away from

the air quality monitoring sites.

Meteorological and  Air temperature (°C) Wind Speed (m s™) PM,s (ug m”)
PM, s data sites *

IOA RMSE MBE IOA RMSE MBE IOA RMSE MBE

Jung-gu (JG) 090 241 -18 075 125 061 086 2275 496
Geumcheon-gu (GC) 0.84 296 2.5 0.60 1.62 081 086 2199 3.08
Jungnang-gu (JN) 088 277 2.0 0.74 126 03 0.85 22.63 -3.41
Dobong-gu (DB) 091 228 -14 044 285 236 085 2249 -7.33
Gwangjin-gu (GJ) 082 270  -1.9 059 199 142 088 21.72 1.13
Yangcheon-gu (YC) 0.82  3.05 -2.6 048 189 129 087 2697 521
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Fig. 4-16. Temporal changes in PM,s concentrations (mg m™ h™) from various
physical and chemical processes at six sites of Nam-gu (NG), Gwangjin-gu
(G]), Nam-gu (NG), Bongsan-dong (BS), Haengsing-dong (HS), Gangbuk-gu
(GB), Gwangjin-gu (GJ), and Changjeon-dong (C]J)
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Table 4-6. Comparison of the integrated process rate (IPR) (ug m~h') for PM,s and NO; obtained from six air quality
monitoring sites on haze and non-haze days. The processes of the IPR include aerosol process (AERO), horizontal
advection/diffusion (HTRA), vertical advection/diffusion (VIRA), primary emission (EMIS), cloud process (CLDS), and dry
deposition (DDEP).

[A] The IPR analysis of PM;;

Content

Daytime Nighttime
NG BS HS GB GJ CJ NG BS HS GB GJ CJ
AERO 15.11° 4.05 12.52 14.13 11.87 10.09 0.71 0.53 0.67 1.34 0.88 1.37
(4.45°  (2.00) (3.40) (2.99) (2.70) (3.60) (0.35) (0.45) 0.37) (0.70) (0.24) (0.52)
HTRA -64.70 29.83 -23.84 32.63 25.58 -42.90 -114.7 46.71 -12.91 24.11 30.08 -11.02
(-31.03) (-4.61) (-13.76)  (7.02) (13.36) (-14.05) (-5.77)  (-3.31) (-14.05) (35.10) (17.02) (2.97)
VTRA 49.98 -35.81 2.66 -58.42 -55.21 25.73 109.1 -44.92 5.39 -34.57 -43.66 3.21
(22.11)  (5.24) (-2.79) (-26.01)  (-36.92) (0.17) (13.55)  (-0.93) (5.85) (-46.17)  (-29.81)  (-9.99)
EMIS 5.26 3.86 13.07 17.08 23.31 12.23 3.31 1.96 6.81 8.94 12.05 5.99
(5.25) (4.13) (13.90) (18.23) (25.07) (13.40) (3.45) (2.20) (7.57) (9.94) (13.48) (6.86)
CLDS <0.001  -3.63 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
(<0.001) (-3.01) (<0.001) (<0.001) (-0.70) (-0.14) (-9.27)  (<0.001) (1.40) (0.73) (-0.72) (-1.30)
DDEP -1.19 -1.15 -1.17 -2.26 -2.86 -1.62 -1.04 -0.88 -0.92 -0.80 -0.71 -0.91
(-0.78)  (-1.02) (-0.77) (-1.49) (-1.72) (-0.88) (-0.46)  (-0.33) (-0.40) (-0.34) (-0.23) (-0.33)
* Haze day.

® Non-haze day.
(Source: Han et al., 2021)
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[b] The IPR analysis of PM,s NOs

Content Daytime Nighttime
NG BS HS GB GJ CJ NG BS HS GB GJ CJ
AERO 10.36° 3.17 8.40 9.98 8.45 7.18 0.52 0.43 0.40 0.86 0.55 1.12
(2.99)°  (1.66) (2.24) (2.07) (1.97) (2.61) (0.32) (0.40) (0.26) (0.29) (0.20) (0.50)
HTRA -31.96 16.64 -9.96 14.94 11.72 -18.76 -54.54 24.83 -5.67 14.01 13.77 -3.06
(-14.41) (-0.40) (-3.73) (3.59) (7.29) (-4.06) (-5.70) (1.33) (-1.86) (14.96) (9.16) (4.76)
VTRA 26.33 -19.01 4.73 -19.29 -12.64 16.62 53.96 -22.36 5.93 -14.16 -14.07 2.64
(12.10)  (0.78) (2.01) (-4.15) (-7.95) (2.10) (7.10) (-2.39) (2.91) (-14.31) (-8.77) (-4.94)
EMIS <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
(<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)
CLDS <0.001 -1.37 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
(<0.001) (-0.65) (<0.001) (<0.001) (<0.001) (-0.02) (-1.01) (<0.001) (-0.62) (-0.42) (-0.08) (-0.40)
DDEP 241 -1.37 -1.88 -4.39 -5.95 -3.48 -1.04 -0.69 -0.93 -1.05 -0.80 -0.95
(-0.55)  (-0.60) (-0.54) (-1.55) (-1.32) (-0.64) (-0.25) (-0.20) (-0.20) (-0.23) (-0.17) (-0.22)
* Haze day.

® Non-haze day.
(Source: Han et al., 2021)
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Table 4-7. Comparison of the integrated process rate (IPR) (ug m™ h™) for

PM,5 obtained from total mean of six air quality monitoring sites (JG, GC,

JN, DB, GJ, YC) on LRT_E1 and LRT_E2 of haze day.

Content Daytime Nighttime
onten

LES E1 LES E2 LRT El1 LRT E2 LES E1 LES E2 LRT El1 LRT E2
AERO 5.92 13.57 1.64 2.03 10.53 7.09 5.10 3.47
HTRA -2.08 40.63 51.62 46.85 -146.51 138.13 9.97 -215.03
VTRA 7.12 -14.21  -37.78 -46.40 90.89 -175.52 2472  199.29
EMIS 24.82 16.73 16.19 6.21 25.18 16.95 16.46 6.29
CLDS 2.39 -0.44 -0.31 <0.001 11.34 4.76 2.86 <0.001
DDEP -26.66 -60.16 -26.83 -3.89 -15.22 -28.13 -10.08 -3.09
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Fig. 4-17. Temporal changes in PM,s concentrations (mg m™ h™) from various physical and chemical processes at six sites of

Jung-gu (JG), Geumcheon-gu (GC), Jungnang-gu (JN), Dobong-gu (DB), Gwangjin-gu (GJ) and Yangcheon-gu (YC) in Seoul on
haze days (February 26-March 24, 2019).

- 104 -



Change in PM, . con. (ug m” hl"l}
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Fig. 4-18. Process analysis module’s contribution of PM,s change during LES E1, E2 and LRT_E1, E2 trajectory moving
(AERO (black), HADV (red), VIRA (green), EMIS (yellow), CLDS (blue), DDEP (pink)).
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Table 4-8. Comparison of the integrated process rate (IPR) (ug m*h™) for PM,s obtained from six air quality monitoring sites

on LES E1 and LES_E2 of haze day.

[A] The IPR analysis LES E1 of PM,s

Content Daytime Nighttime
JG GC IN DB GJ YC JG GC IN DB GJ YC
AERO 16.99 30.56 26.06 8.53 23.17 22.38 1.25 0.02 0.05 4.36 -0.29 11.49
HTRA 88.28 282.07 4.82 -36.53 13938 74.92 20596  -7591  -20.67  623.48 -1291 44.13
VTRA -134.04 -339.04 -38.61  24.15 -207.95 -132.78 -231.84  60.95 5.56 -634.66 -6.93 -117.15
EMIS 24.97 16.86 16.17 6.26 25.46 25.51 16.42 16.42 15.61 6.14 24.91 24.96
CLDS <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 34.85
DDEP -23.93  -23.07 _ -20.57  -5.99 -1.07 -21.67 -1.38 -1.38 -0.90 -0.85 -1.55 -4.83
[B] The IPR analysis LES_E2 of PMss

Content Daytime Nighttime

JG GC IN DB GJ YC \[€] GC IJN DB GJ YC
AERO  2.73 6.86 -12.87  0.29 16.68 7.99 0.21 -0.43 0.01 0.44 -0.26 -0.24
HTRA  121.11  -4537  -7.87 6.69 -129.44  16.00 116.89  -6542  177.00 -65.32  89.47 89.46
VTRA  -11939 52.59 57.28 -9.47 71.67 3.52 -144.22  51.86 -191.13  62.57 -113.87  -110.62
EMIS 24.93 16.83 16.27 6.23 25.48 25.47 25.15 16.95 16.43 6.28 25.64 25.67
CLDS <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
DDEP _ -2405  -30.29  -3049  -4.18 -1.09 -30.31 -0.82 -1.68 -0.89 -0.98 -0.69 -2.05
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Table 4-9. Comparison of the integrated process rate (IPR) (ug m~h") for PM,s obtained from six air quality monitoring sites

on LRT _E1 and LRT_E2 of haze day.
[A] The IPR analysis LRT_E1 of PM>s

Content Daytime Nighttime
JG GC IN DB GJ YC JG GC IN DB GJ YC
AERO 10.69 12.51 12.65 10.14 9.86 14.36 0.01 0.18 -0.07 0.91 -0.23 1.93
HTRA  290.57 126.24  -18.52 184.23  -182.84 24.58 390.41  -60.12 -54.44 -13.06 -88.74 12.27
VTRA  -312.71 -137.21 13.03 -193.11 14495  -59.25 -413.06  44.39 34.36 5.48 65.51 -29.30
EMIS 25.20 16.98 16.40 6.29 25.68 25.70 25.36 17.07 16.55 6.34 25.84 25.82
CLDS 1.62 <0.001 <0.001 <0.001 <0.001 10.46 <0.001 <0.001 <0.001 <0.001 <0.001 3.49
DDEP -22.38 -21.75 -27.18 -5.43 -1.84 -21.67 -2.48 -2.11 -1.71 -1.65 -1.76 -3.07
[B] The IPR analysis LRT_E2 of PM,s
Content  JEE— N DB Gl YC IJ\Iclighmme GC N DB GI YC
AERO 592 13.57 1.64 2.03 12.79 7.05 10.53 7.09 5.10 3.47 7.37 8.73
HTRA  -2.08 80.63 51.62 46.85 -161.26  68.90 -146.51 138.13  9.97 -215.03  -98.52 -87.46
VTRA 7.12 -14.21 -37.78 -46.40 107.50  -47.07 90.89 -175.52  -24.72 199.29  36.19 28.28
EMIS 24.82 16.73 16.19 6.21 25.36 25.29 25.18 16.95 16.46 6.29 25.70 25.65
CLDS 2.39 -0.44 -0.31 <0.001  5.50 -0.04 11.34 4.76 2.86 <0.001  20.56 44.29
DDEP -26.66 -60.16 -26.83 -3.89 -2.13 -25.91 -15.22 -28.13 -10.08 -3.09 -2.92 -10.56
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Table 4-10. Comparison of the integrated process rate (IPR) (ug m~h") for
SIA for PMys (SOs*, NOsy, NH,") obtained from total mean of six air quality
monitoring sites (JG, GC, JN, DB, GJ, YC) on LRT_E1, E2 and LRT_E1, E2 of

haze day.
Variables Daytime Nighttime
LES_E1 LES E2 LRT E1 LRT E2 LES_E1 LES_E2 LRT_E1 LRT _E2
SO,” 0.061  0.025 0.060 0.035 0.003  0.002 0.003 <0.001
NO5 38.595 2782 9494  8.420 1.325 0280 0336  1.583
AERO NH, 11.933 0.571 3981  3.597 2.110  -0.212 0212  5.878
oC <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
EC <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
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Fig. 4-19. Time series plot of the observed and simulated air temperature at

six meteorological monitoring sites (JG, GC, JN, DB, GJ] and YC) (< 3 km

away from the air quality monitoring sites) for NODA and DA cases during

the entire simulation period (February 26 - March 24, 2019).
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Fig. 4-19. (Continued)
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Fig. 4-20. Same as Fig. 4-19 except for relative wind speed.
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Table 4-11. Statistical evaluation of the meteorological variables between the
observed and simulated values for WRF-NODA and WRF-DA cases: results
compared at several monitoring sites (“All”, 20 sites each for meteorological
variables, including JG, GC, JN, DB, GJ and YC (for meteorological variables)

during the entire simulation period (February 26 — March 24, 2019).

Site Variable WRF-NODA WRF-DA
IOA? RMSE® MBE® 10A RMSE MBE
JG TEMP 0.91 2.35 -1.28 0.92 2.41 -1.8
WS 0.62 1.77 0.97 0.75 1.25 0.61
RH 0.62 27.16 21.22 0.69 25.02 21.24
GC TEMP 0.87 2.54 -1.67 0.84 2.96 -2.53
WS 0.47 2.11 1.25 0.60 1.62 0.81
JN TEMP 0.87 2.72 -1.56 0.88 2.77 -2
WS 0.62 1.68 0.65 0.74 1.26 0.3
RH 0.63 25.09 17.67 0.72 22.68 17.45
DB TEMP 0.89 2.56 -1.07 091 2.28 -1.35
WS 0.35 3.65 2.89 0.44 3.05 2.36
RH 0.7 21.6 13.15 0.81 17.07 11.94
GJ TEMP 0.87 2.24 -0.61 0.82 2.7 -1.94
WS 0.42 2.96 2.29 0.59 1.99 1.42
RH 0.67 20.72 12.24 0.71 21.21 16.58
YC TEMP 0.87 2.43 -1.57 0.82 3.05 -2.64
WS 0.34 2.77 2.07 0.48 1.89 1.29
All TEMP 0.87 2.57 -1.07 0.88 2.78 -1.92
WS 0.44 2.77 1.82 0.57 2.04 1.19
RH 0.65 24.53 16.6 0.72 22.87 17.55

IOA® index of agreement, RMSE®: root mean square error, MBE" mean bias error.

TEMP: air temperature, WS: wind speed, RH: relative humidity.
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(Nudging case only) at four air quality monitoring sites (JG, GC, JN, DB, G]J and YC) for NODA and DA cases during the
entire simulation period (February 26 - March 24, 2019).
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Table 4-12. Statistical evaluation of the PM,s concentrations between the
observed and simulated values for WRF-NODA and WRF-DA: results
compared at several monitoring sites (“All”, 20 sites each for PM;s, including
JG, GC, JN, DB, GJ and YC (for PM;s), during the entire simulation period
(February 26 — March 8, 2019).

Site WRF-NODA WRF-DA
IOA RMSE MBE IOA RMSE MBE
GC 0.72 28.81 -11.50 0.86 21.99 3.08
GA 0.71 35.67 -18.45 0.87 24.94 -1.53
SC 0.71 33.28 -17.65 0.87 23.56 -0.55
GJ 0.74 29.38 -13.61 0.88 21.72 1.13
IN 0.71 31.17 -16.30 0.85 22.63 -3.41
GJ 0.73 30.87 -15.84 0.86 2431 1.93
DB 0.67 33.07 -18.26 0.85 22.49 -7.33
GB 0.66 33.84 -17.30 0.81 24.70 -6.62
SB 0.71 26.96 -12.12 0.85 21.08 -0.29
MP 0.69 35.37 -17.68 0.87 24.87 0.32
YDP 0.68 38.90 -22.59 0.87 25.58 -3.12
JG 0.74 27.88 -10.09 0.86 22.75 4.69
GN 0.70 35.33 -17.01 0.86 25.56 0.37
Sp 0.76 27.23 -9.25 0.84 26.24 11.50
GS 0.71 35.07 -16.45 0.87 27.82 7.28
NW 0.69 34.11 -18.37 0.83 25.35 -5.29
DDM 0.69 33.25 -16.16 0.84 24.86 -1.50
YS 0.70 34.06 -14.91 0.86 25.41 1.27
YC 0.72 35.37 -15.00 0.87 26.97 5.21
SD 0.68 37.94 -21.66 0.85 26.16 -6.79
All 0.71 33.01 -15.97 0.86 2451 0.05
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Fig. 4-23. Spatial distributions of PM,5 concentrations averaged from all grids
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Meteorological mechanisms and physical and chemical
characteristics for haze occurrences in the Seoul
metropolitan area using numerical modeling

Seung—-beom Han
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School, Jeju National University, Jeju, Korea

Abstract

In an effort to investigate the characteristics of synoptic meteorological
conditions in association with haze event occurred over Korea, we statistically
classified characteristics of haze events into three types of haze: Local
emission stagnation (LES), Long-range transported (LRT), and Mixed types
(MIX), based on the synoptic meteorological parameters, and analyze
comparatively the characteristics of synoptic meteorological conditions for each
case. The results showed that the LES haze type and MIX type occurs less

frequently with the occurrence frequency of 18% and 23% than LRT type
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with the occurrence frequency of 36%. Analysis of frequency, air quality, and
meteorological conditions for six weather types in Seoul during 2010-2019.

During the observed haze days, all pollutants have high concentration in
comparison with those under other meteorological conditions (Rain, Mist,
Dust, Clear, Cloud) except for only PMjy of Dust case where its level shows
highest among total 6 categorized conditions. The LRT haze case shows
similar levels of PM;y and NO, but higher SO, compared with LES haze
type, suggesting the importance of sulfur chemistry for LRT haze type and
local photochemistry for LES haze type.

To analyze the characteristics of the high concentration PM,s during the
haze event by LRT, LES, MIX type, we conduct an air quality numerical
simulation using a CMAQ. The PM;s concentration in Seoul and the
metropolitan area showed that the daytime (87.5 ug/m’) was lower than the
nighttime (91.1 pg/m’), due to the active spread of the daytime atmospheric
mix of PBL layer. In addition, the relative contributions of LRT from China
and LES in South Korea to PM,5 concentrations at six study area during the
day and night on haze days. Overall, the contributions of LRT (a daily mean
of 55% —62%) for all the sites were somewhat larger than those (32% —37%)
of local emissions, by a factor of 1.6—1.9. Similar to the daily mean, the
contributions of LRT during the day (49% —56%) and night (58% —68%) were
larger than those of local emissions (32% —37% for day and 30%—39% for
night), especially in the western and central Seoul. This implies that a
concentration increase in PM,s and its inflow into the Seoul were primarily
caused by the transport of PM,s and its precursor gases from the Chinese
source regions and in part by their local accumulation with the meteorological
conditions around Seoul (e.g., blocking effect) Moreover, our results suggest
that the long-range transport from China has a greater impact than local
emissions on the increases in PM,5 concentrations on haze days.

The process analysis using IPR showed that transportation and aerosol
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processes were dominant, and that the change in PMs concentration due to
emissions was very low. Furthermore, the meteorological variables (air
temperature, wind speed, and relative humidity) of DA case showed a higher
improvement than those of NODA case, especially wind speed. In addition,
the PM,s concentrations in the NODA case were mostly underestimated in
the study area compared to the DA case. The meteorological improvements
contributed greatly to the increase in PM,s concentrations in the DA case, and
showed good agreement with its observed concentrations, especially to the
nighttime PM,5 increase due to the enhancement of atmospheric stability by
reduced wind speed. In terms of spatial distributions, high PMoss
concentrations in the DA case were mostly simulated in the western coastal

area, northwestern or southwestern areas of the Seoul.
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