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Status and Perspectives of the Validation and Evaluation of
Wind-Blown Dust Models Using Three-Dimensional
Air Quality Models
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Abstract Wind-blown dust plays a significant role in global air quality and climate change, making its accurate prediction

and evaluation essential for atmospheric environmental research. This study examines the characteristics of wind-blown dust
models applied to three-dimensional air quality models, with a particular focus on sandblasting schemes, which have been
identified as a major source of uncertainty in dust emission estimation. Additionally, various validation methods were reviewed,
and model evaluations were conducted using the JADE project and dust storm episodes in Korea. Through this analysis, we
assessed how accurately each model predicts dust emissions. This study contributes to the enhancement of wind-blown dust
models in three-dimensional air quality modeling and provides a foundation for improving the accuracy of dust and Asian dust
forecasts in the future.
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3] &S AA 7l A 92 niHeE BolF
. Yu et al. (2024)2 FYOIAoF F2TA Fol
Ao B AT AT E Ade B A=,
AFRPAZ] 7L @33 55 BAdof A=

(Middleton, 2017; Goudie and Middleton, 2006). B3
= BARE FE AR 2ol AA olFshH, ti7|EE
otabal7]a QIzre] Aol Bl e nAck
(Shao et al., 2011; Goudie and Middleton, 2006). £3],
Autela) 2 Qg Hohs 557 g o7, A
2 WS FSATIE 5 TF Hale] H2ret Aol
Et} (Chen ef al., 2020; Griffin et al., 2001). Aragnou
et al. (2021)-2 S5 State of New South Wales©]| 4] ¥
AF R 97 EEo] P9} PM,, SEE 34

2590,

AR = 7] 3o Fa’t Y= nIXth di7]
FollA B BEARS WIALSEAL F4-5to] A9 of
2] Fo] G U] 1L (Zhao et al., 2023; Usha et
al.,, 2022), 7] & ool =2E}9] o285 Fofl 7%
T S HIA7]= 5 719 A LHo|lA Fagh
42 285t} (Banks ef al., 2023; Liaskoni et al.,
2023). ThebA] ApRFHZ| 0] Agket WA oSt o]
T AR FAZ H71E 2 715 BdoA] DAl
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ZH4: T saltation flux, sandblasting fluxE Al4tok=
71" (scheme) @] 733} 21-§ Ao 27 JF& T
om, 94 E43} 2b xof whet oh2A vret
g 4 ek 71E Aol M= ol27t schemesS
Akl st 9fsl ehdRt Al Slgtth Kang et
al. (2011) A= ALE L5 FAAEE
AF© =2 MB (Marticorena and Bergametti, 1995), LS
(Lu and Shao, 1999), S04 (Shao, 2004) scheme2] A%
= H|L Sk, AT H|ARR ol A o] ] AT RE o] S st

£ ATt A+ A3 Abstet Aol = b
o|HE 7|§to = F5H 79 A1Q] MB scheme LS
€} so40f| H]sf WA WS A 2 OJsh= ko]
5P ek, SobAlol A ede] H-gap7lohe
Aot 2 Aoz P QITh LSt S04 scheme
o] 29| AF}E H| W gt AT}, aggregate disintegration
W& 1skA b= Ls7h Al 7HA] scheme & 7HE
He A TS ASSHAAT, BEE PM,, B
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CMAQ (Community Multiscale Air Quality), WRF-

N
—_
¢

Chem (Weather Research and Forecasting model cou-

pled with Chemistry), CHIMERE, CAMx (Compre-
hensive Air quality Model with extensions), GEOS-
Chem (Goddard Earth Observing System with Chem-
istry) 501 SLoH, o5 Ateez]| o] WYFE
Zoha o]5-2 wolsh o el BEHT 9lek. Uno
et al. (2006)2] Aol 4+= ADEC (Aeolian Dust Exp-
eriment on Climate Impact) Z2HEE F5}o] Fof
Aot 8 TAZE 4 S=2 COAMPS, ADAM,
NARCM, DREAM, CEMSYS5, CFORS, NAAPS,
MASINGAR 5 TheFet 32h¢d ofj 7] el o] wiz] Ay
A A vl E4skt a4 2, Bl gt
W& AlSgto] 2~4u) ZfolE Holw, oS o
7} 25~75% WA= ttFsHA Herde Raskint
ERF HHO o5 HH=E Eol7] Aside wA T
Aol BE 714, BEA o8 A% EY H AE
H AR 5o 49 dlolgrt FARG Fetsfof gt

1 AN, ol WA B Aio] mde] A
89 ¥4, ARY PH (HUY, EF S5 5), WA
MPgeF AP hEEe) kel ket 2] el 4
PO

FAte) JFY L WAA NG G, P, F
oAl At

A WA At rdlo At 74
= Sl FA AS AFEE #017] fI9E k¥o] A
L5 ek ¥k 7)ol 4= ADAM (Asian Dust
Aerosol Model) =& (Park and In, 2003; In and Park,
2003)2 ol Z-8stal )lom, o] REl2 FopA]
of FQ AL HAXE tif o= F BESF 24K T
A A, B3R 71Nt A na4AS F6l
|= RS T E HojEth (Park and Lee, 2004).
ADAM A&A A H4S AR
ADAM2NA = 914 7]9F NDVIE &85 A4 ot
E A oA avet BEX] oE5E JATE WA
3= gt g E9A AUAS AL (Park et
al., 2010), ADAM3°I A= A1 W52t= ¢ RHWSD
(Regridded Harmonized World Soil Database v1.2) =
& HEE 7IHto 2 AR S A Ofsto] o= A

S = /N A F Th (Lee and Kang, 2023). ADAM3 &2
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D2 20229 129 FAF At oA AEARER W g
A o] Al A 179 F2E 1A=t FASH
Al Aoy AT =gl dFHUT
(Kang and Lee, 2023). E3t, F50F-2] <A Zu]A|
A 8 7l N Arde FEl e =
718fot mdlg] A A|]o] StetaFRd GMAQ
(GIST Multiscale Air Quality Modeling System)©ll &
A Al ZHA] Appz] AR 4] 2E ((CMAQ-
DUST, SCNU, KOK)& &-§5to] H=5AtmE 283
SAE A 24 B FopAlotel] High vt fAL
Ateflef et oAlS A-7F 3= ATk (Lee and Park,
2020; Lee et al., 2019; Lee and Park, under review).

oA L 713 IMA) 9] AFst d7-7]1Ee]
71774 (MRI)IA] 7HE3E MASINGAR (Model
of Aerosol Species IN the Global AtmospheRe) &2
(Yukimoto et al., 2011; Tanaka and Chiba, 2005)2 A}
SPZ) e oS Egeka gt o] REe A}
speixe] WA, S, 9A T AT FRelA
oJ5kH, CALIPSO 914 2telth ¥ Himawari-8 9
BollM BEH ofolrE RS Foote AFE F
3 & A5 FFAF T (Sekiyama et al., 2016,
2010). F|TFoll= AR A=) digh A=E
&3 24, ol & Fotrlor A H el 7]t A WSt
o} @7stel At ol BAS TR AT
7} £~ =] It} (Kuramochi et al., 2023). £35] 117]¢t
T 271 w2l g M2 EYAE FEste] 24
FozA, et 7| 4A F-2o] whet A A1 9] o
& Wt o HekE AgH s AAlstei of
2] % JADE (Japan-Australia Dust Experiment) L2
AES Fof| Abtpiz] 2y 20 tiet @ A dol
Y= 217 (Ishizuka et al., 2014, 2008), Z|Loll= 2t
2 Ago] AetA WAL ARA )L TS W
oF nd JJA AL FYPE| Tt (Sekiyama et al.,
2023).

32 FotAlo} Bate] Fa A RA, AL 2
o] F8 dde AFshks Tl 1= gt 24
2 A% gafg A4 ez A= =7kt o]z Q)

x| BHAHZF AP @Elo] Z4= gl my) 545} gl Mat 201

R e P ) et B i s i ) g e s B R
Zrs] o] o] 2|1 Qlk. FA F=oll A @Yol Z&
%9l »HEl.S CUACE/Dust (Chinese Unified Atmo-
spheric Chemistry Environment for Dust) 2, A2
210 WA, 5, A B2 RAFeL 914 9 2
THEARE o83 32y M AR 58 AAH
(3D-Var)Z 59l d& HEEE =%UTH(Gong and
Zhang, 2008; Niu et al., 2008). ©] 22 Apabtiz] BF
g g Aol tigh ¥l AL (Zhao et al., 2006), A
28 Hx] 2 &2 (Zhou et al., 2019), YA+ 7]
B3 k] (Zhou et al., 2021) 5 S A|&AH o=
] I ek T3, F A2 Shao et al. (2025)
SLDE (Source-Limited Dust Emission) 7Hg-& ¥t
e M= Aber 2] Sl 4y BdAlS A|otbst
o

Z| 251, 9% PSD (Particle Size Distribu-
tion) Hlo|EH|o] A L5 TS 7 mdll HFO| F
845 AAIsHAE

o] FAIAE 32t B4 ARESHL Sle WA
AT A mea HS, e 28 Abelof o
sto] FHA o= FotHSITh 24 olA= 33k 7]
24 29?l CMAQ, WRF-Chem, CHIMERE, GMAQ
Lo A AMBSEIL Qle AMTHZ] AR A REl
of thste] mefstar, Wz T W F 7P Fatt
8221 sandblasting scheme®] EA-& HF E4o1%
o} 3o A= ot AF WS A 52 HE
St AA| FAFARYE 7IHte e mdllo] A5 7t
ShRTt. mhA|et 4ol A= BEl 7t Zpole} fHAIE
Zoto] g el A WS Ao
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of gto, ol2ft Hel=2 At o
o]l thgt siAa} HlolE Z]ut 4+
A] 2FA 5] ot

U] HARRE AP B2 T ¥ DA R o] Fo)A
Utk EZJo|-g, EF B4, A R 5O AR E HE
gor 27 aiEd 7HsAol e A9 Adst
= W2 HAAY A4, Az eiEE7] Sl Zash
2| 23t0] BIAIZ7|E AAshes dARFEESE ALY,
Higho] ofsf 2| mHA EGFUAE +H o2 o]F
St F& AFESHE saltation flux A4, saltation YA}
AstAL Z JAol] FHls] F A2
Al B 22 ] QAT 72 HlEEE e AN
SH= sandblasting flux AlcE TAJo]Th W 2] BFAYRF 4F
A B2 7y Ao 49 8 A5 Auteh ot
o2 A Ao, 15T P et 2

7]';‘] ‘:}75" 7%]”'01‘— Ly % [oFRt o}, x|
X AA HAIEE oA nEET AAL saltation
flux ¥ sandblasting flux 4t 21712 9] 555 H]
wWro M, Zh melo] Wz YRS o g Kofst
=25 pxAHo 2 olgfd 4~ Y= Sk ZF B
ol ek ARt A8 2185 2487 o
At

Lee et al. (2019)O)| A= AretH 2] WA= AR5 S 9]

@ 27] BURE HA 2 o RYEe] &
A WAYUSE Bl 24 vF ok 2 F-ofA
+ t71Ed Aol de] AR EE 32k mde] A
T Wz 2k AMA] Bdo] g EX] Wl Zjo|E 4
gotal Az A 4 BdoA T Fast
scheme?! sandblasting schemes FH o2 7+ LEl-&

R e A

2.1 CMAQ

CMAQ (The Community Multiscale Air Quality
Modeling System) 232 1998 ] US EPA°|A] 7H
gt 32+ o714 29 (Byun and Ching, 1999)Z,
B2 UetelA A5 flel E8EH AEH 0w 7
Ax) 31 gt o] B2 Eulerian WA 0.2, 7}AA 9
WA 71 edE2dS BT BAE 4= 9l
and Schere, 2006). ES}L H FTX2 AAEo] AE
F8 7He] o] Hojuw, W A oA o] A
A7t golotth. Bely JAe =] oA 2]
TE7IA] TRt F3t s R ROl 4= Qlrh

CMAQ E 42 HZ 50 (2014 release)FE| DEAD
29 (Zender et al., 2003)°] =T o] HA] drAIERS
Atstz] A5 DEAD HdEle- 13719] B4y} 3
7} 9] EX| 1] & = (shrubland, shrubgrass, barren land)
of gt A Ho|E] (Gillette and Passi, 1988; Gillette
et al., 1980)5 7§02 AFAof| A olH lookup table
= Argoto] JAMPEEES A ofstyint. W] T
ZF2 Draxler et al. (2001) scheme2 AF&5}1 © ™ u}
AELT7L QARPEEEHT F 79 TAYSHE salta-
tion fluxe] 214 H|2] F5 Foto] ALtete &
TR AS AR SERTH (A (1).

(Byun

Fy= Kgu*(u*2 —u3) F, (1)

A7NA, Fm W2 A S 55 sandblasting flux
(ug m™?s™!), K= saltation fluxE HA] 2 (sand-
blasting flux) 2 & HMY F+= HEd (m™), p= &

7] 9k (kg m™), g FHHEE (m s7), we wHE
1 (m s, s YATPESE (m s, FpE salta-
tion flux (g m s holtt.

0]% CMAQ version 5.2 (2017 release) oA+ 7]&
9] A9 A rag tjA1g 2] 7)¥te] 2 el (Foroutan
et al., 2017)= MEA U5 AAEESE 9

- lookup table B4 thAl, EQF=ReFROt ofu 2k
AT AL, A BE 5 Ty Beld wAE

RRIshe 52 AN HhAS Aeshecy. A e

=7 gstElX| M 41 M 2E
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Table 1. Summary of Stepwise Methodology Used in Different Dust Emission Schemes.

iy 3 HY 203

CMAQ version 5.5
(Foroutan etal., 2017;
Zender et al., 2003)

WRF-Chem version 4.6.0
(LeGrand et al., 2019;
Grell et al., 2005)

CHIMERE version 2023r3
(Menut et al., 2024, 2007
Mailler et al., 2017)

GMAQ
(Foroutan et al., 2017;
Kok et al., 2014a, 2014b;
Park and Park, 2013, 2010)

Dust emission _ Topographic
source Ginoux et al. (2001) KOK: Accounted by u%; KOK: Accounted by u%;
Gravity & cohesion Cg,\f:/(i)t;/D&UcS;—higilzg:
. . Iversen and White (1982)
Threshold Gravity & cohesion Gravity & cohesion Shao and Lu (2000)

friction velocity Shao and Lu (2000)

Marticorena and
Bergametti (1995)

Gravity & cohesion
Shao and Lu (2000)

KOK: gravity & cohesion
Marticorena and Bergametti
(1995)

*3(1—R2
Saltation flux ocu™(1-R )1 +F)

ocu*3(1-RY)(1+R)

ocy*3(1-R)(1+R)
White (1986)

KOK: ccutu*2(1-R?)
Kok et al. (2014a)

White (1979) White (1979) ccufu*2(1-RY) CMAQ-DUST:
Kok ertal (2014b) Volume removal based
’ Lu and Shao (1999)
Empirical scaling-based Volume removal based CMAQ-DUST:
GOCART: Marticorena and Bergametti Volume removal based
Ginoux et al. (2001) (1995) Lu and Shao (1999)

Volume removal based

Sandblasting flux Lu and Shao (1999)

Volume removal based
AFWA:
Revised Marticorena
and Bergametti (1995)

Energy balance based
Alfaro and Gomes (2001)

SCNU: Volume removal based
Shao (2004)

uoc:
Energy balance based
Shao (2001)
Volume removal based

u¥-dependent
Kok et al. (2014a)

KOK: u¥-dependent
Kok et al. (2014a)

At AR Br Hw

saltation®] 9J3 EF YA7F A EH
ol EFY] Rujof upet x| TS

o =

AT CMAQ v5.290 4=
of F=oto] ot

A7sh= LS

Al #A el CMAQ v5.59]

scheme2 &89 tH(A (2)).

Ca9f Py

Fd = zp

0.24 + Cpu’ @)

)

o17] 4, Fiz mol) £9F 1] % WA} Aol B
&, ppt pe A7 EG 47 R E (bulk
density) 2} 1" (true density), p=
sure, C, 2 Cp= BApoltt. o5 ol HA TS
ot A o] obd &4 WS Hhste] ALt

soil plastic pres-

2.2 WRF-Chem

WREF-Chem (Weather Research and Forecasting
model coupled with Chemistry) 222 200213 1=t
= H 7] A4 E (NCAR, National Center for Atm-
ospheric Research) o4 7Nsto] EA|H 32+ T 7]
A rdg, 714 RE(WRF)Y H7] Sfot BEs F
groto] 2o 9 52 fFRofA 71 tir] e dEE
9] A G 222 1 OISt} (Grell et al., 2005). A7 T
714 A5 7% Aol g EEHA glem,
&4 oflo|zE-sfst mj=wo] 7Hsgt Zio] £Aolnt
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204 ofat=, Ha=

(Fast et al., 2006; Grell et al., 2005).

WRF-Chem 2&-2 WA 3.2 (20104 release)5-E
Gillette and Passi (1988)2] FA&d& £412 7dto g
W2 TYFS Aol GOCART 2 (Ginoux et
al,, 2001)& T A5HIEE ERE, AARREESE A4
2 G5 A0 ot & pAsto] Altel] 28-St
At (LeGrand et al., 2019). ©] RE-L AZ5H w44
EA|9F 2 A A AA 7 HA7E IS 5 Qe
2|2 o] Aol 7Hgstglon o] o]gZ Hig e
= 9 doly &4 Z3E E-8ste] Mz I
AL s &ty 1Y YoM 55, EYTid,
F7IBEE ofgsto] 4] (3)3 o] WA AT

At

R (T (-v.(D,6,)), U > U(D,05)
‘ 0 . U <UDy, 65)

o171, ¢l A Wl A% (ug s 2 m ), § = (L)’

hmax=hmin
+ source erodibility factor (Ginoux et al., 2001), h=
ol 2| AHEHA L, hyp O hpyp 242 FH
10°x10°001 4 Zoff B H 4 A 8W 1%, 5= EF #
HollA 27] 155 pell sigste 24 B A 271
WE 7t WA A 28, U= 10m E°J°IA
Up(Dy) X (1.2 + 0.2log,65),

wl

245 8 34 0,0~ |
51 2of gae] 27 (D)o E] i}
E(0,)9 B4R e QA B4, U0,)=
A [ b, Az mel o) EYR A7)0 e

T4, A FAHY tuning THEpR|E| o]t} o] =gh
HHA1.e W27} 1A E hotspotoll AW BHAYEITH Y 7}
= A

Aot Zlo)7] wiZel 719 2 AdA ws} o)A
Q1 7]k sto] whe wa) S WE-S Hhedal] of
Hrhs 570 gk

o] S

T ul= I 7143 (Air Force Weather Agency,
AFWA)A] GOCART ZEE 474 Hslo] st
AFWA (Air Force Weather Agency) 22| WRE-

Chem v3.4 (2012 release) |4 4=l o™, 7|4 2
TAF 2 S IR AAIRE ] A5S Qle AAE L
t}(LeGrand ef al., 2019). GOCART =dl1}o] Q9 2}
o|f o= WA WAYFE ALE FLol|lA saltation H
sandblasting processE White (1979) scheme¥} 47
%l Marticorena and Bergametti (1995) scheme2 A €H
Stof ARSIt Aolrh AlEAl A=t saltation
scheme-< saltation flux”} #459] A|AFof =] gtct
£ o]2& HgSt White (1979) scheme= A-8-5FH31
© 1™, sandblasting scheme-= A& 7] Zo|& 2AHE =2
2-gsto] AAHE Bt WA LS erodibilityol]
st M2} saltation flux D Adef 7]Het sand-
blasting efficiencyS &3l WA] vj&®== ALltst=
S22 AT ()

GSB, zy < 20cm
= 4
Fa { 0, Zy > 20cm @

047]/‘1 Zo’LIi 7%%_]7] 7E]O]> G= ZS.p[H(Dp)dSrel(Dp)]
2 BE AAAV)E T3 total saltation fluxs S5t
o, H(Dp )= E9F A 37] (Dp)o]l W saltation flux
(gem™ s, dSra(Dy)E EF AAF 7] 2 7H5
Q12} (weight factor)E ]| SHC}. S source erodibili-
ty factors 2Ju|tct, f=10"134) 2 sandblasting
efficiency (c m™)o|H, C= 7\5_‘.115._(c1ay) &2 e
ful=g

©]% WRF-Chem v3.6.1 (2014 release) ]| A= W&
oF vigrol| ofaf M| 4zt Ay 7] o= Fit
5t= 7421 Aerodynamic Entrainment, HFEHo]| 2|5
saltation A7} 2] F=SHHA § 22 WA
=S 371 To= Floje=27 sk <2 salta-
tion bombardment, EF Y20l T4 Q= -SHA|
(aggregates)7} saltation PAeHe] FEZ Qlaf FA
AHA H 22 |2 dakse] sl 3715 o R
HEE]+= T4 Q] aggregate disintegrations 112]5t=
UoC (University of Cologne) B9 T stl=H],
A2 S A4S Al 7R Uro] SAskskIT
W2 W& 4240 2= 501 (Shao, 2001), S04

SO IstEx| M4 E M 25
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(Shao, 2004), S11 (Shao et al., 2011) schemeS AF&S
Art.

S01 scheme2 Shao7} A4 02 7fdslo] AA|
St scheme 2 2 EH], $F, Mali, 25, Niger X
ofl Al B TS Afeto] Hlw E Fof HAHA B
o] 2=}k 12)2 A7) vjEo] Yojut= sal-
tating bombardment )X EQF &of EA5t=
AA G277 Ses] Fdet 27171 okl = Ag
(Z dAet 22 xh o= EA st ] dAe] 7]
ofdttte 7Ee Edstet olof whet E<F i 1]
A P27 g5 WA HiEo] S7lote A &
Alof| Bk steict. i, A (5)9F o] AAl= 285

71l 7 BAFer H 9] A4S ARERT (Shao,
2004).

Fd(di!Dp) = Cync,i[(l -y)+ )/O'p(di)]

< L Poligi >9Fh(Dp)

2
mnCl u*

5)

o171 A, dr= WA E = WA 4AH] 271, ¢, =0.00001
2 BEAL A, Mei = Npi — Mmi, M58 Mmis 24
zr fully disturbed EoFiz} 37] Bxe} minimally
disturbed EFUAF 7] 3L, y = exp{—k(" —up)"},
ke ne BACr FIRA= A, op(dy) =

o T
A, N =D, [B” (sin2a; —

=2 0>

Nfi/Mmi, m< YA

4sin’a;) +E( +—) ]‘— bombardments

collisions®]| THgt ‘?1_1] HlE 288 oulsiy, Up=
FE 55, p, = [P FEol £50] o) A%
H 9 OE EY Ao AgEE &5, o= = ¢
AFZY (incidence angle of the collisions)©|t}.

S04 scheme A= oL} B, & T3l AXsHE 0
J517] 918 9] 5 eI Ba g chopat A

U, smal v
P =

_4

EH
0=

4 olHet AR ASES weislor YR So1
scheme®] B34& S8} $1ste] 4412 Thes

Ak o] scheme @4 5738 Fof AZH oL
28 WAYATI RS} AAY ANE 97 9]

A= BaEo] theh & (tuning)©] B 85HTH=
o] Qom f£Alo] o Hs] EZST e ALt

S5tk Brbt

&
o
A

A

ot

2 Qs Ag4ol tha 15

(21 (6)).

Fa(di, D) = cynp{ (1 —¥) +yv0,(d)}

)2 0e)

{1+0,(D (6)

1714, on(Dp) = 12u*2”—b(1 + 14u° JP—T’)E salta-
tion YHFO A EE= EF AAHe] &9 A 5
How dlsje] WEEL B W] &L oola)
= bombardment efficiency©]Tt.

St1elAE 410 HAskE stetel W) wlo] 7]
oLt Yok o
A2FSFAL aerodynamic entrainment®} saltation bom-
bardmentoﬂ %o].oq uq;q a}/\ﬂal- /l}xqﬂ ] 1:]-_,_54.
SO 2 free dust®] WY} saltation bombardment
of ofsfl TAYct= W] LAY Bt 7hds] ALre
T UEE JRAIsHGITE B AR HolHE T8 B
4 &l scheme®] O] HS=S A

(A (7).

e = aggregates dlslntegratlon =

4=

F(d;,D,) = cynmi{1 + am(Dp)}th(D") @)

A Aske] P oA WRF-Chem X
2 A HAo] daglo| e Eete o
A A schemes2 A5 H 2}
*}%El% HEES A&H o o]
of whet 2024\ 59l FAIH
GOCART, AFWA, UoC &

3 Oﬂoﬂoﬂﬁ o] Ao
7} Aeisto] AF&3F 4 9lch

2.3 CHIMERE
CHIMERE 2 9-& 19995 €] z]<:2] 91 7k} 7])
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A& AALEOo ™ (Menut et al., 2024) 2024 7€
CHIMERE v2023r27} A =] Qi) o] el 2]<] 9
A e Hi7]1d S 9% 33k e deEgt
3}8k=5- 1 d (chemical transport model) =, 8 A
Ao A 53] da] A-HTH(Hodzic et al., 2006; Vau-
tard et al, 2005). 7] & skt ¥ 7|AF Rdl}o]
AL A7 FF B2t 5ol F= ZEHH, AT &
=0 7 olF= d&ste v e 7RI
(Mailler et al., 2017; Schmechtig et al., 2011).

CHIMERE 29X ARgshe WA 2T 41
e 20009 FHHEE CHIMERE-DUSTZH=
o2 CHIMERE 220 Z{E|o] (Menut et al.,
2007) WA S ALFsER o HAdo] 911 o]
E948 Y2 scheme #7151 5 B A4
4o MAAA gt o] 2D EAL saltationsh
sandblasting process™ it ofU 2t EQFR gyt 113
o, PANPEE L A WAlS B ARAE A
g4 A FAL R AlgstAths Hold. A 24
% scheme © 2= Marticorena and Bergametti (1995),
Alfaro and Gomes (2001), Kok et al. (2014a) scheme=
Aeisto] ALgaie,

Marticorena and Bergametti (1995) scheme?] 7%
WRE-Chemol| A= 4 HAS ARESHATH,
CHIMERE 2= 745k of2 2=]2d HA
2 AFEOFATH(A (8)). ©] scheme sandblasting
flux®} saltation flux 7Fe] TAS EFO E E&9]
= Uehd Ao w, ojnf AbgH BEA=ETH
Atstet Areke] Elo]El & o]t Aot FotAofe]l
A o7t Hof AekstA] dfrke A+ At
At (Kang et al., 2011).

Fy = 100 x Fj, x 10(0-134xcs=6.0) (8)

Alfaro and Gomes (2001) scheme-2 saltation®]] 2]
3l o] Esh= EY AR 71 2Eelv A9 HA] o
24 2t AR vlwstol wA) WS olEohe
energy balance-based scheme©|T}. ] & saltation
oA EF QA AR FET o) WA

g, ojnf} -Fx|7F AU xE Zatstd HA|
P27 FEHTh 783t ©] scheme> 2] 42}
o] A7) FxE Al 719 i AHE2E (mode) =
H2oto], A9 Tlo|HE 7|Hte g 7} mE o] Agtoy
A& Aot A 23}, A7 A4S Al
427} B 39, saltation YA &E |7t 24
= 282 A7} B Ho| EH v S0 W E S
ot 284, 34 A9 (Gomes et al., 2003; Alfaro et
al., 1998014 A4 EFS o83t Adlat 7] A9
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A A2 A 2 327F BT PM, 5 HIE (25% ©lsh Tt
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C,% o EE YARMILES] Yoz Helster
o] steulelEe] mglo s Eofo] o & HA st A
ol WA Aol F7kst, AAjo] ofele A
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Ust Ut
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I Cho» Co» C, 0 B2 22} (4.4+0.5)x107°, 2.0£0.3,
2.7+1.002 ZAA I},

2.4 GMAQ

Z T FEokAGAA ZulHA] S 7]& A
e Sof @ d|set w2 A5 s
£4249 GMAQ (Yu et al., 2023)°] 7 it
GMAQOJ| A= CMAQ version 5.2 4] AF&51H= HZ]
WPAEF A 9l CMAQ-DUST (Foroutan et al.,
2017) IO F 714 WA WA A 2R )
2 A8 5 900, AHEA} oW RES AH8T
Mo Hels 2 QL2 Ho] 9} 2bE =
g2 sandblasting flux schemes S04 F S11 scheme
S = Aeistar HRYAe] 27| EE FLsHA Al
Atsto] Wl SCNU 29 (Park and Park, 2010;
2013)7 E %9 erodibilityS W 5HA HHgg KOK
mdo]ct,

2% GMAQ R0l SR A RHle] WHES

ZgAIS] Bl otk A REl2 JANPEEE 4

>
=)
re
Ral
|'|_| o
0=
o
P
ox
H
U=
1o
oY
oM
ne
(0l7)
N
ol
ofor
na
2
032
S

A, AzF 7] B, A4 &3}, Owen &3} HHY o] 7
saltation ¥ sandblasting scheme®l|A] Z}0]& E‘”]E}
CMAQ-DUSTE= 4719] 44} Z7] (bin)E ARSI
Al (1)o]] AIAE Lu and Shao (1999) schemeS 7]5HS.
2 2] IAFS Alteith SCNU 222 & 88719
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Table 2. Comparison of wind-blown dust models incorporated in GMAQ.

Model

CMAQ-DUST
(Fouroutan et al., 2017)

SCNU
(Park and Park, 2013, 2010)

KOK
(Kok et al., 2014a, 2014b)

Roughness length (z,)

2/h _{0.96A’-°7,A<0.2
077 10.0831704, 1> 0.2

Friction velocity (u¥)

u*=kx WS/log(10/z,)

Number of particle size bins

4

88

Coarse sand (690.0)

Fine-medium sand (210.0)

Particle sizes (um) Silt (125.0) 1.072E-2-1.854E+3 75.0
Clay (2.0
1 fi
Soil moisture effect { T 12w s fz: xzx
Drag partitionin Accounted Accounted Not accounted
9P 9 (Darmenova et al., 2009) (Darmenova et al., 2009)
Accounted Accounted

Owen effect Not accounted (Owen, 1964) (Owen, 1964)

Threshold friction
velocity (UF)

Gravity & cohesion
Y=1.65E-4
(Shao and Lu, 2000)

Gravity & cohesion
Y=3E-4
(Shao and Lu, 2000)

Gravity & cohesion
(Marticorena and
Bergametti, 1995)

Saltation flux

ocuy*3(1-RY)(1+R)

ocu*3(1-RY)(1+R)

ocutu*2(1-R?)

(White, 1979)

(White, 1979) (Kok et al., 2014a)

Volume removal-based

Sandblasting flux (Lu and Shao, 1999)

Volume removal-based Volume removal-based
(Shao, 2004)

u§-dependent

(Shao etal., 2011) (Kok etal., 2014a)

2ol 1 glrk
(Kok et al,, 2021). 3] 4332 A%} 744 50|
ed 159} $ ATAS (ADS BET 4

7ol FEHA T ek,

A A5 A gl dit @7 A= dlo]

™o 1

Bl E o]-§5to] Rlof oS gha AA| TS Hlal

St AEHd oz, 55 Aoy @ =S
B3} 434k (Kok et al., 2014a, 2014b; Ishizuka et

al., 2008; Alfaro and Gomes, 2001; Alfaro et al., 1998;
Marticorena and Bergametti, 1995; Shao et al., 1993;
White, 1979). AZ 7|dto] A A A A=L Wxz] 2
S AU ket & Qe vui o2 @ EiEot A
Fgrol gt} JEZA O 2 White (1979)2] saltation
scheme> 22 S} 22 A= tf7] Sl A=
-8 7Fs?t saltation©] =212 w7 YES A5}

el AAESA. ol & 2ol ALE S5 Hd= 5
sto] vt e 2ol A7 ols E4e A
stleH, 71 At Aef ege] A= o g

A A8 4 9l UHEAl saltation flux scheme
2 AA AL} ©]Z Shao et al. (1993)2] A= White
(1979)9] schemeS H 5111 YA A|7|H, saltation
bombardment”} HZ] WA o] njx]= FFS AHH
o2 skt o] A= White9 saltation sch-
eme©| W2 TA of|Zo] 852 AgdAoZ Q=
Sl BAlo, saltation bombardment2h= F714]1
HAUES EYsio] BAe B AL AUt
+ Hl 71ofst o w AA7IA| = HA] FAYF A B
dof| A s§4 schemelZ ZHE|T It} E3E Shao
et al. (2011)2} Kok et al. (2014a, 2014b) 5 t}oFst A
TollAE 71l 3E thedt A9 A=met o] 24

4= Tkl |A A w7y SES AMEA At

SO IstEx| M4 E M 25
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S 4 Jes AEAHoR HoFgrh 18y |
2] HABEF Aol digt 2HH A S Al o 714
SHA| S 2231 QT (Li et al., 2009; Todd et al., 2008). T+
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7] $15to] JADE Z2 A E o] E2 w5 -8l &
d9] JHA=RH saltation scheme 7HA] 2] L& 2]
S ALt Aok o AFolA CMAQ-
DUST®} SCNU R of|A] AL-8-5H= saltation sch-
emee F, x ud9 2 FLUSIH KOK g2
F, o« u?& AH83t}, whebA] o] & scheme JADE
PEAzol vmste] A5 B4 2, salta-
tion flux®] 2o] Fe g FYA7IE ol 7 T8
@ aat QAT Ee) Ao 9] Tl
it o] & QA= EXA] o8 (land use), A H]-&
(vegetation fraction), EF Z71 (soil conditions)= &
4H o2 wgsts Aol BAAHoIL) 19 sl
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2 SRI= Sl
2 5985 A (Lee et al. under review)o| A=
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tion flux®l H|H5}o] AXFE+= S04 scheme (Shao,
2004)3 W2 HE O] 7]ojm=r Wty wdE =
aggregates disintegratione AJ=FerO 24 AlS T
351 free dust®] TAY} saltation bombardment©]]
o5l WAYSt= WA WS Bt Ihds] ALk 4
Q== 7§43t S11 scheme (Shao et al., 2011), KOK
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Lee (2023)2] AFolA= SotA oS i o2 570
o] At ol mAEE A%ste] CMAQ-DUST, SCNU
(S04), KOK RS 285t 2] s 4 Hdlo]
AS= TSI FotAloF A H o A= JADE L=
A E oL Zhe thAME x| WY BEA R SHE ]|
o}, mdl H3-2 9144 AOD (Aerosol Optical Depth)
I % WAL R o|RolFtt AT
, A HAY 93]= o mAEnit ThEA Ve
ow, 1 F8 3L BT EFA= greAih
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clay loam, clay 5 7712 A2 tfE EFZ 145 &
3t Atate 2, E- o] whet sand, silt, clay 280 TF2
t}. Fécan et al. (1999)°] Tt=H, =
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