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W 220 7|015/'$ /:F Al ‘.‘ | R ;;2
H 339 Jloj= 4 TSP | TSP | Jse4%h Nox
y 10.9% 8.8% NOx 17.0%
7|E} C > 48 4 : NOxX 2 23.3% .\
N ( 32.8% so: . 9.0%
w co
{ 24.0% 7.0%
: SOx
ald 2.4% 371%
voc voc
0% 29.0% 50.1%
1.2%
Total emission: 1,135 ton/year Total emission: 226 ton/year Total emission: 333 ton/year

Industry process :‘,Z:.‘:::

Solventuse | Road transport |
57.5% K7

Road transport | Solvent use [No&

33.6% 23.9% 146% | tran 23.9% 17.0%

Industry process | Manufacturing

DIMI2tx| 0522 | Ty industry

L . {i y o)
LBy v
A2 s 5 S=ot &7E
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3. X|ojd Z0)4HEX| EA 24 e =
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O +=3 (=X, 605km), 7| HALHXIXH, 10,196 k), SYH(ul2X[H, 8,246 ) 22 BF
OFLUEH W 20|52 / 473 : MHYTX| / SHA : FH YXY

Seoul Atmospheric environment Research center (SAR)

* Location: Eunpyeong-gu, Seoul (37°36'37” N, 126°56’1” E)
+ Urban area (population: 9,509,458)
+ Major emission source: Transportation, Commercial, Residential

Gyeonggi Atmospheric environment Research center (GAR)

« Location: Ansan-si, Gyeonggi-do (37°19'12” N, 126°49'42” E)
* Industrial area (population: 652,726)
* Major emission source: Industry, Power plant

Chungcheong Atmospheric environment Research center (CAR)

* Location: Seosan-si, Chungcheongnam-do (36°46'36” N, 126°29'38” E)
« Suburban area (population: 176,645)
* Major emission source: Agriculture, Livestock
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NOx concentration (ppb)
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<Spatial distributions of the desertified lands in 2000> Transport pathway that affected the Korean Peninsula in the Asian dust events
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> Asian dust or yellow sand (‘Hwangsa’) (chun etal, 2001, 2008: in and Park, 2002: Park and Lee, 2004)
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() Annual <Asian dust event days observed in the Korean Peninsula>

[ Dor Jom Fob o] 7 2000 Source: KMA Since 2000, the frequency of
Asian dust events in wintertime

has increased (kim and Park, 2001;
Zhou and Zhang, 2003; Kim, 2008; Kim et al.,
2008, Kim et al., 2010a; NIMS, 2015; Park et
al., 2016; Ma et al., 2019)
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Surface weather charts during the Asian dust event period of 20—-22 February 2015
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The domain of the WRF-Chem model for the Asian dust
event simulation with erodibility factor (EROD)

Latitude (°N )

’ 0 EROD range: ~0.34
““Horizontal grid: 180x133:mesh
; /1
Longitude (°E )

Experimental design for the severe wintertime Asian dust simulation using the
WRF-Chem dust emission schemes (Lee and Lee, 2022)

experiment dust model option reference

name scheme

UcCol ucC dust_opt = 4, Shao (2001)
dust scheme= 1

uCo4 ucC dust_opt = 4, Shao (2004)
dust scheme= 2

UCl1 ucC dust_opt = 4, Shao et al. (2011)
dust_scheme= 3

GOO01 GOCART dust opt = 1 Ginoux et al.

GAl9 AFWA dust opt = 3 LeGrand et al.

<WRF-Chem version 3.9.1>

TH| AP WSS At =25 SOA|OF HX| 2 x| =3t
7| AEtO| =3 HBIE HA|MOZ LIEMY 02 29S| SHAF (lee et al, 2011

Lee et al.,, 2015; Oh et al.,, 2020)

T8 4xt ofj 4= (HE 5): 32.4 km (55)
7|4 X71/A8AH =ZH: NCEP-FNL (w/ 4DDA)
gtet H|FL|S: RACM (gas)/GOCART (aerosol)
QI ™ Hj =Tk MICS-Asia 2010

2M 7|2k 2015.02.20-02.24 (4 days)

HJIO

Sofl 57 AlZ8|0[d +H

WRF-Chem 29| CIE HX| H{Z Bt
H MelstH 57 MM Y

= =cl/2ety 82 BHX| iz et

HJIO



v uUCol: £ &4
v UC04: 2% =A S EM9| Et= 3} (shao, 2004)
 EQ AR 7| 2EO| FHED (shaoetal, 2011)
10-m 3% v GO0L: X |H 55 =
v’ GA19: GOOo1 &otof| 7|ttet Fe|H HZ (=S 54

Simplify the physical process of dust particle emission

[9]

= WRF-Chem 2| A 7+ &l 571 X| HX| b= B OF

<UCo01>
Q(ds)g

F(d;, ds) = ¢y[(1 —y) + yop] oz (ppnei + mn;)

Saltation bombardment Aggregation disintegration
F(d;, d): the dust emission rate for particles of size d; produced by the saltation of
particles of size dg (kg m~2s71)

<UCo04>
Q(ds)g

F(d;, ds) = Cynf,i[(l —y)+ ch] uz

F(d;, d): the dust emission rate for particles of size d; produced by the saltation of
particles of size dg (kg m~2 s71)

1+ o0y)

|“Source regions: refer to binary”|

Qtotal8
F(d)) = CyMNm,i t]j—tza (1+o0m)

F(d;): the dust emission rate for particles of size d; produced
by the total saltation (kg m™2 s~ 1)

2 (Saltation bombardment) ! & & &3l (aggregate disintegration) M7 LI & (shao, 2001)

_

H
SE 0 HX] v = AtO| 2AH & A& St= ZHEFSE BEQE (Ginoux et al, 2001) = empirical based

BtAl (LeGrand et al, 2019) > semi-empirical based

<GO01>

_ pu%Om(ulom - u*,t(DpJ es))ﬂuwm > u*,t(Dp' 05)
P o, Uiom < Uy (Dp, B5)

F,: Emission flux for each size bin (kg m~2s71)

C: Dimensional proportionality constant (= 0.8 X 107° kg m™2 s™>)
Ujom: 10 m wind speed (m s~1)

ut(Dp, 95): Threshold friction velocity (m s~1)

S: Dust source strength (unitless) Sp:Mass fraction from soil (unitless)

<GA19>
Fap = Fpkap F ={d§ﬁ’
dp — "B%dp B 0,

Fqp: Size — resolved dust emission fluxes (g m~2s™1)
Fg: The bulk dust emission flux (kg m2s~1)
Kqp: Suspended dust distribution weighting factors (Kok, 2011)

Zg < 20cm
Zo > 20cm

physical based

Dust source regions

5
S — < Zmax - Zi )
Zmax - Zmin

S: Dust source strength function (EROD)

Z;: Elevation of the cell

Zmax: Maximum elevation (10° X 10° area)

Zmin: Minimum elevation(10° X 10° area)
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Measurement dataset used for meteorology and air quality evaluations (Lee and Lee, 2022)

type parameter temliloral source Xl _'H'_ KI_I
resolution
= NOAA/NCDC ISD
meteorology  surface 2-m temperature 3 h NCDC ISD" N P
2-m specific v 10-m 3%, 2-m 2/5E AL 7H4)
humidiey v 1044 X|E (SOFA|Ot X|Y)
-m win
speed = PM10
precipitation S Hto o. & =a|& 25 X E
satellite  precipitation daily TRMM" v %I-Al- = '—-I Xl o O|-D|’ 'ITE| O-I’ 0" 'ilol-gE-l’ =S, OEFQ (Park et al,
air quality surface PM,q l1h air quality ifﬂ 6)
monitoring site v OI-I:II_}.E- H—I]IEc:;!E, A‘I%, E'tl', EH'TILPE'CI;', AI_}.
(South Korea)
PM; g 1h dust monitoring
site (China) 2) Ol S|
satellite  aerosol optical day/night CALIOP"/ Tlo
de:?tht(_mm CALIPSO = TRMM (TRMM_3B42_Daily v7, Level 3)
extinction
coefficient v OI 7FAEI: (025°><025°)
= MODIS (MYDO04_L2, collection 61 level 2 deep blue
. algorithm)

= Y= e(k)Az

esso: the extinction coefficient at 550 nm
k: the vertical layer index of the model
Az: the thickness of the vertical layer of the model

AODywRF-chem

v Y AOD (10x10 km?)

= CALIOP/CALIPSO (CAL_LID_L2_05kmAPro-Standard-V4-20)
v O{2E &4k Al



10-m wind speed

2-m temperature

2-m specific humidity
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Dust concentration: dust 1+dust 2+dust 3+dust 4+ dust 5

[2015.02.19 00 UTC ~ 02.24 00 UTC]

02.19 0000 UTC ( 02.19 0900 LST)

(ngm®)

<uUCo01>

Latitude (°N )

Longitude ( °E )

PBL height
02.19 0000 UTC (02 190900 LST ) ( Dust)

—307=

003ms’
Laim'

Altitude (km)

Lon E °E }107.81 111.10 114.66 117.64 120.93 123.69 126.72 129 61
Lat (°N ) 45.05 43.72 42.34 41.13 39.57 38.21 36.50 35.00
(shade: Dust1~5 conc., contour:Potential Temperature, solidline: PBL Height)

BN Dust source region

(pgm?)
800

MODIS

WRF-Chem

100

100

<Spatial distributions of the daily mean AOD from the MODIS and WRF-Chem>
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<Vertical distributions of the aerosol extinction coefficient from the CALIOP and WRF-Chem>
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Surface dust
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WRF-Chem ®X| gt¢to| = H|W
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WRF-Chem ®X| gt¢to| = H|W

[2015.02.20 00 UTC ~ 02.24 00 UTC]

(@) Total (b) 5-size bin
S900F . ] 2 UCO1, UC04, UC11:
i 16%1 UCO4: highest dust : E = 8881 approximately 70% of dust
= 4000 emission amount 1 & &0k o UGT] emissions in bins 4., 5
O [ 1 @ o G001
<= 3000F 1= = GA19
2 [ 3-5 times lower dust 1 B
@ [ emissions ] & 1000F
S 20001 , ! ‘ 1 5 : |
o : 1 % I G001, GA19: applying the
a 1000k 13 500 empirical size distribution
B ] from measurements (Tegen
[ : I - and Fung, 1994; Kok, 2011)
ot ] Okt ' ‘ 4
UCO1 UC04 UC11 GO01 GA19 0-2um 2-36um 3.6-6 um 6-12 um 12-20 um

Lee and Lee (2022)

= WX g2 XA HiEE0AM F3e A0[& £ (7 18)

> 6 um) CH2 BA| WOtHC O £ BIX| HjZ 2 LM

O'” 7| O|_| (Shao et al, 2011)

= UCO01, UC04: 2= X}t A7) bin (

E3|
> UC1: EY QX 37 22 #9| Hal
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<Comparison of the dust emission fluxes and dust emission ratios of the saltation

bombardment and aggregates disintegration processes of the UC schemes>
(a)

500 ]
"0 C ]
“-‘E 400 T 20% [ saltation bombardment =]
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= - higher saltation 1
c L ]
S bombardment flux
R L 4
I ]
2 |ll _—
= C ]
o L J
0C .- ]
R ooe'oo R ooe'oo Qo" \>° \)o ocP o \)o" S o
Hami Jurihe Erenhot Chrfeng Tongllao
(b)
100 ]
- UC schemes, - -
< 80F Aggregates |
5 _ disintegration
® 60F -
c i A i
.8 B 7
8 4ol Saltation ]
£ i
[0 _ bombardment]
- r ]
ot i
o°°\>°&o° o°°o°eo° 00\00&00 o°°o°&o°\\ o°° ""o"\
Hami Jurihe Erenhot Chifeng Tonghao

Lee and Lee (2022)

<Comparison of the total saltation bombardment of the UC and GA19 schemes>
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-1 541

m's")
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sof

soF

Total saltation flux (g

aof

20f

uc GA19

uc GA19 uc GA19 uc GA19 uc GA19

Hami Jurihe Erenhot Chifeng Tongliao
UCO01, UC04, UC11: = 54 NH2 SN 2ol 28 ELCH .o G
HX| HiE S0 7|05 S
v/ UCO13t UCO4 YtZE XHO|= UC04 HetollA of 20% O =2 =2 54
H20 7|2l
GA19 ool & £oF S8 A= UC Yhut Hwdto] 9F 10% O| 2t
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Latitude (°N )

Dust emission flux (ng m?s™)
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12 Soil texture (UCO1, UCO04, UC11)
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Silt
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Clay

Sandy loam
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Loam

Fraction

‘Jurihe: Loam’
Ps(d) = yPy(d) + (1 — y)Pe(d)

P;(d): Particle availity term | > If, y=1 (UC11)

Py, (d): Minimally disturbed particle size distribution
P¢(d): Fully disturbed particle size distribution

Particle size (um)

v: Function describing how easily released
aggregated particles

3
y = exp|—ky (1, — ua(d))’]
Alfaro et al. (1997); Lu (1999)

v: Function describing how easily released
aggregated particles

k: Constant (= 1) u,: Firction velocity (m s™1)

u,:(d): Threshold firction velocity (m s~*)

Soil moisture

Dust emission flux (pg m2s™)
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4ooo—'( ) , - ' - =
r(a
- @ Baengnyeongdo _ .,
E ,.\ — UC04
30001 4 — UG E
L3 N i / — G001
£ . ir \ — GA19
- Magnitude |/1\| ——  Measurement Lee and Lee (2022)
= ' . - e I\ _ 1 a000F - - - - - =
4000: i S | 1 = ‘ Approximately C () ]
; eou - Y 1000 pg m? ; - Daegwallyeong ]
3000 - Peak time | _ 3000 3
r ] J S K 1% . ]
B i ] 0 S A s " : = 2 C g
2000 Approximately . 21 00h 21 12h 22 00h . 22 12h 23 00h 23 12h 2400n 3z 2000[ / 1
r 7a\} 1 ate (UTC ) = C ]
r | 1000 pg m3 1 z r R 1
o 1 e ' ' = B ° g;go‘h STah | mooh TR Dm0 @i 2 0—;>h
2100h  2112h  2200h  2212h  2300h  2312h  2400h 4
Date (UTC) Deegwgilyeong Date (UTC)
4000 ' ' = iy 4000 ' - =
- (©) ] & HC)
: Gunsan : “al - © Gosan
3000 ] o _ 3000 ]
C ] 4/%/ TG
h=aJ -
2000 / 3 - = 2000f 3
N ] )
- ] 3 g /
1000~ \ . 1000 7 il
oke s . —— ; ] oke v v i e — : ]
2100h  2112h 22000  2212h  2300h  2312h  2400h 2100h  2112h  2200h  2212h  2300h  2312h  2400h
Date (UTC) 124 126 128 130 Date (UTC)
Longitude (°E )
e — - .
C=ZARS R R XS AlZtE ZARMOLE BO[FEl Z|Of HX| S22 A7 A7
UC01, UC04: ZtAI] R H X[H AlZtE ZARIOLE BOo|=l X0 HX| S22 37| A[7t

UC11, GOO1, GA19:

ot

AHS RO[SHA| &

X Bz =

X~

o

M
o

S0

OHM

x| ot

LS



1IN
=

[19]

S 7R 24 OfF A H (o] H
o 1 oxﬂ—'J_'—f EO _I_T'__O'” EHOI_|- EHXl o
= A H IIAO A S
» N2 EY F21100-m 352 7|Hte 2 HX OZE HAE =3
> o T A A H
= HXHiZ Y2 XHE SHA EY =20 & 2 ol
= AC > i = = o
= SUIE OpEtEC = HX| HIE S 2AE 9F 119%~828% S7HA| S UO04
Lo A HO < IT = =
A e e
« OFEEEQF EQF =20 A 21t 3000%, 3109%, 570%, and 302% GALQ
<Jurihe> <2015.02.20 OO0 UTC ~02.22 12 UTC mean>
Jurihe: GLDAS soil moisture (2015.02.20.00UTC - 2015.02.22.12UTC) oe 6000 o
o of | ‘ ! Se 9 ] T X
S | — WRF-Chem R A0 fbﬁc’ <UCO01> | | higi <UCO04>
- 04— ] - : L
wE GLDAS : 4000 - : 4000+ ';b =
‘O o3 = 2 2 |
E fi 02:_ A - f f I o\ \°
— £ -57.4% ] D S o\o
8 é 0.1k ¥ E 2000 b@\?{g\%@ ° 8 E 2000 |- ,EQV ;:\q) %Qa:';d‘\a};ﬁ'ﬁg .
:_‘ . ‘ B g i Q g i X x x
0'020 ooh 21 0oh 22 00h X/\ x(b x"\, r
Date (UTC) = Measurements r |/T -
Range: -23.4~-57.4% (China dust monitoring sites) Soil mo.lsture SEFE EFgF SFEg EEFE PFFF SFFF SFFE PFRRS
10-m wind speed F £ £
. Erenhot Chifeng Tomgliac Harmi Jurihe Erenhot Chifeng Tomglias
8 2.Jt;JEhe: NCDC measuremenil(201 5.02.20.00UTC - 201|5.02.22,1 2U'I:C)
8_ - : —— Measurement ~ ' ‘ ‘7 ' A E _ e ' ‘ B
o g — WAEChem +16.2% E E 4~5 times Jurithe | : ' 5-gtimes
T 3 ¢ ] = 3 = T E
E E 10: Eg E % 2x107- g .
=i, ER =i
E = § 3 g 1dot - %2% : .
1 L 4 g E o o easuremen 7
S e 2roon - ‘rf \ . ‘ ‘ o ‘ ‘ . . .
Date (UTC) 2100h 21 12h 22 00h 22 12h 23 00h 20 00h 20 12h 21 00h 21 12h 22 00h 22 12h 23 00h
Date (UTC ) Date (UTC)

Range: +16.2~32.2% (China dust monitoring sites Jurihe and Erenhot)




Dust concentration ( pug m* )

[20]
41

SN M EY +==0f it BA] ¥ere| ek

Jurihe

15000 r T T r T -
15000, ]
- - 4
£ i ] Site USGS soil texture Soil texture Total erodibility factor
X
¢ 10000 7 (UC scheme) (GA19 scheme) (UC, GOO01, GA19 schemes)
f I ]
5 L J .
5 I ] Sand:37%
(%}
S 5000 - J H . 0, Hre 0,
8 I ] urihe Loam:100% Silt:44% 0.0010 T
L i ] S smois+wind
3 a : Clay:19% ¢y org
= : ; = : - .
bl 20 00h 20 12h 21 00h 2112h 22 00h 2212h 23 00h
UCo01 e UCO04 UC11 GO01 GA19
- T T T 1 5x10°T T T T 1500 T T T T s00F T T T T s00F T T T T
L Y = 55X + 8406, R: 0.77 L Y = 5.4X + 988.5, R: 0.78 ¥ = 216.7X + 83.3, R: 0.70 | ¥ = -NaNX + NaN, R: NaN | Y = 51.0X + 9255, R: 0.33
L L [} [ [ o o
n ° = Eal z Lo
I E r 3 € s € ° °
= C - [=2] = - (=] - o - [=J - [=J - -
1.0x10 I o 3 2 10410 I o o 2 1000 o ° . g 400 g 400 o
= = = = o
o 5 5 5 , 5 o
[ o g [ o g ° g 18 g 1°
3 H 3 ° H o £ g ®
b o £ 18 g °© o ° g T g T o
5.0¢10° ° - 8 sox10h8 - 3 500t 4 8 200 4 8 200} © 4
8 . o ucot 5 [Bo . % o = = o o
Heo o E H © ucos = o & & T e
o [=] o Gc [=] o o0 o ucit a a o
° 5 ° o % I o Goot I ° o o GA19
[o [ o
0 L L 1 L m 0 L L 1 L m 0 1 L L L m - L L L L m 0 L L L L m
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 0 1 2 3 5 0 1 2 3 4 5 0 1 2 3 4 5
Dust emission flux (pgm®s") Dust emission flux (pgm®s") Dust emission flux (pgm?®s™) Dust emission flux (pg m?s™) Dust emission flux (pg m?s™)
- - T T T 0 ; .
(sam?s) tigm?s") 20 T (b’ 28 | fam 2OM . B EEEEEN R EEI
2000 2000 B I : 20 2000
2000 2000 2000 e |0 |8 |o |o s . CEEREREECEEREEERE 800
16 1000 1000 16 1000 16 % JEY e - i 1000
00 900 900 - ° o 0 o o - 7 9 12 10 7 7 7 [] L] L] 900
- s0 800 = 800 u & + 4 800
E g$ ; ;$ E 700 E © L & o L] % 5 16 g 6 5 4 a 3 f) 3 2 ;gg
600 =12 - Ay I A
<2 o s <12 % & 500 }i e 0 B [v |0 | S I % ' % ! K S0
L] ] 3 450 ! g
H w8 400 g z & wo @ [T o [+ [ 28 s |z |+ Jo o [P [o |o o |o 1o
=t 2 2o . o = Fo 1 g 1E 35 oa d : s
c £ c 0.8H .
T & £ 2 o ' 0 o 1 o o o 150
150 = 150 o A ina " 100
A smoisswind _| 100 4l Q§ A smosowing _| 100 0.4 O§ A smokewind _| 100 4 S p g T b 2 ::;\hm _ o4 - - o§ é ::.:s.mu i 1o
O og 80 O og 80 ) o 80 ' g
60 of 60 o 60 I P s L o 60
;g o ;g o 40 [ [} Ao o 0 2 ° ZS
20
0.0 L . L . d0% 0.0k L L L . a0% 0.0k, . . . . 45 % = m— . L : LR = L " . L =
0.0 02 0.4 06 08 10 0.0 0.2 0.4 0.6 08 10 0.0 02 0.4 06 0.8 1.0 00 02 0.4 06 08 o 0.0 02 0.4 0.6 0.8 10
Degree of saturation ( - ) Degree of saturation { - )

Degrée of saturalno.n (-) Degrée of saluralic.n (-) Degree of saturation ( - )



[21]

\
oo
82
1o
|A
Kq
ojun  JoO
Jo o
<0 o
or Mu
0 o
H K
e o
7 0O
LL o
¥ o
= 10
14 Khu
10 =
ol K
H
W=
o N
< LO
* ©
p0 O
ol S
NO T
o =
Kr <
o 0
o T
AN _/O
T B
5 o
o -
(q\| ™

( | | | |

= UCO01, UC04: ASZE HA| Zd X|FOM =8 pgm= 2| 2 HA| sk

= UC11, GOO01, GA19: A

S

I

o0

Ril ki

I ol

P =

m S

00 S

1o >

Mg =
o 5
Hr %O O
o 9
L1} 60 100
ol
ol & nO
0. <l
o <
S 1o K
o Bl el
<0 307 =
N <F K
ol | T
K oL3
o = il
NV— o~
<0 T 0 <]
o DlUAr
|5 LI
a_.m Al K
HuoO Huzs
g
F Il Fgl
K M_ K 0|
Gl _m___q_ & HH
ol M o7
At of o
== T Jlﬂ
<t Rl =
3% KIS
ST e
ERtLE
OOoMO <«
DDOocdO O



[22]

I_

The dust source regions
(erodibility factors) of the : 0.33 o H o
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Asian dust occurrence period Daily maximum wind speed for dust outbreaks from frozen,
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