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(b) 6-h continuous cloud seeding

Fig. 1. The model domain for WRF simulations and the geographical locations
of 8 meteorological monitoring sites (4 ASOS (red circles) and 4 AWS (orange

circles)) and Boryeong dam (BRD, green triangle).
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triangle).
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pairs for
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Aot olf]ol = VFRAe ASHSEES FFA7I7] Al tirl-el S FEEE
Tl g TEFE0.25° x 025°) FHEXE A8 FNMOC  (Fleet
Numerical Meteorology and Oceanography Center)< ©]-83FATH

Table 2= 1A AR &35 B4sk7] A% A4 FARY 4A &
g4 FAE Uit F EY 25, EY T8, 72 A4d T AxY =g

o] Wslo] WE 7B FY AGEE FFA717] A8 Noah-LSM (Noah land
surface model)= A &3tHoH, th7]HEA S EF3= YSU (Yonsei University)
Schemes ©|-&3ttH(Hong et al, 2006). &3 9 ©if HAAAF L ZHZ RRTM
(Rapid Radiative Transfer Model)¥} NASA Goddard %<He ©]-83}% thH(Chou
and Suarez, 1994). PIA|9to 82 WA EEAFL o HAAFoA Bo] ALEH
3. )& Morrsion Scheme (Morrsion et al., 2009)< Z-83t¥ =], ol 7] &

ol tiste] Fexs AFeEE A9 & Jde SAS 7ML A & AT
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NX = 71=4 Morrsion Schemeol] AW =2 (Agl, CaCl, 5)°ll 3 ZEs A&
3t 4% Morrsion Scheme (MMS, Modified Morrison Scheme)< ©]-8-3}%1
. MMSE AYEZE Z Ik (Log-normal) 2o wel YAE FE=
(number concentration)E A&t e B A5 AAE FUMNA AT
A 2ol 5 433} tH(Abdul-Razzak and Ghan, 2000; Lim et al., 2022).

WRF =& oA MMSE AHE&3t= FAHLS 571A|e E8/98 =z
(mp_morr.F, mp_driver.F, solve_em.F, phy_init.F, start em.F)°oll A Q&2 (Agi,
CaClh) #d EE<S F7F 2 A &3t mdS stk 9A, mp_morr.F @A
ANr= APE=dE Bimodal FEHY YA =7] EE(size distribution)E T3l 1
mE 7lEo 2 A2 YA o] tisfA = “Activation” A I F Pl disiA =
“Auto-conversion” HAHOFZ FEI ZH7te] FHof ok A4rAA (YA =71
%, 71stE WA, 718 2Edl A, B Al 5)S A8 AR
Zof| thatd Activatione #HE3}o| o)t YAHHE FE= Akste H

Aolm, Auto-conversione TEHS T+ FES Z Ao ZulE HIWEZE

X

S

)

=

v = $4 S ofv]dth(Rosenfeld et al, 2010; Guo et al, 2022). ¥# =7] &
3o wel e YoM Adedor AxtEol o] Bigew GdAstA X
HE AS Aeel dFeR A JES e 2SS dxd 2

F 8 FEREHEE FINA A3ATE Y F JEF 5 748 3
A &3lAth ol AQPEH(Agl, CaCl)e YA F7|dd wE 7|stH+F ¥H

st £FHae AYATE Farste] offol AAT 4 1) 2T T3 A=A
Th(Abdul-Razzak and Ghan, 2000; Bruintjes et al., 2012). Agl E&< A ¢, 2
J AH(Activation)oll A ZFzF 0.052 x 10° m<} 2.04, 2 YA Auto-conversion)©ll 4]
T 13 x 10° mét 255 °]&3Hth CaCl, £49] HF+E 22 dAlA 2zt
0135 x 10° m, 1.142°]aL, & YAIAE 05 x 10° m, 2511 247 ©]-§3%]
. mp_driver.FollA &= A4tago] AEH mp_morr.F BAE &2} solve_em
o8 AEste] solve_emF #HAoNA 7]E9 wAl=eAAol A Aol thste]
7t2 A" HeERARA)E ol&sted  FAFHES FYIH Heo=
phy_initFollA] A|©Q 2] AJoj ¥ (seeding time, seeding heigth level, longitude,
latitude, seeding =22 HE o] =%t start_emF TA A WRF %27] 49
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dn L jVL 1 1n2 (r/rmi) (1)
——= ), —F/——exp|—w——5—
dr /= \/27‘(‘11’10‘i P72 In®c,

N; = The total number concentration of aerosol mode i (cm-3)
T = Geometric mean dry radius of aerosol mode i

0; = Geometric mean standard deviation of aerosol mode i

r = Radius of aerosol particle
D = Diameter of aerosol particle

p; = Geometric mean dry diameter of aerosol mode I

®©
N
Q‘L
b
AN
)
2

o — eXp

£xow HAxay] Wi FHAYE 1 kmE A= AL iy 1y
g & Aos @AV YolA B 99 BE ZdeE FHHNE 3 kmo ©
d =160 x 170) 22 FA3IAT gl 1A AG 3 vlwsly] 945t &
Qe BHAS tFoR SPAA BB THFg 1(b). E=F 2D S A



T T2 UM-GDAPS (Unified Model-Global Data Assimilation and Prediction
System)Z FH Y= 10 km ATE o] &3ttt o]elo] RHl ol o]&H =T
FAL A AP H FLsHA FAsER o, AT Ax AR 2 27 AAx

A& Table 3¢ A A3t}
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Table 2. Details of the grid and physical options used in the WRF model for

1-h seeding.
D1
Horizontal grid 200 x 160
Horizontal resolution 1 km
Vertical layers 40

Initial & Boundary Layer
Microphysics

Radiation (Long/Short)

Land surface
Land-use / Topography
Planetary boundary layer

Sea surface temperature

UM-LDAPS (3 hour)

Modified Morrison Scheme (MMS)

RRTM (Mlawer et al.,, 1997)/

Goddard shortwave scheme (Chou and Suarez, 1994)
Noah LSM (Ek et al., 2003)

KLAND/ASTER (1s)
YSU (Hong et al., 2006)
FNMOC (0.25°, 6 hour)

Table 3. Same as Table 2 except for 6-h seeding.

D1
Horizontal grid 160 x 170
Horizontal resolution 3 km
Vertical layers 40

Initial & Boundary Layer
Microphysics

Radiation (Long/Short)
Land surface

Land-use / Topography
Planetary boundary layer

Sea surface temperature

UM-GDAPS (6 hour)

Modified Morrison Scheme (MMS)

RRTM (Mlawer et al.,, 1997)/

Goddard shortwave scheme (Chou and Suarez, 1994)
Noah LSM (Ek et al., 2003)

KLAND/ASTER (1s)
YSU (Hong et al., 2006)
FNMOC (0.25°, 6 hour)
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B AFodAE F AFAANT 2 6A7E AEAD)ANA AFFTTFES 4HESH]
28 5A &% AFUNSD)H 1

HE AYSEED)2E FA3IHoH, 1A A2 64122 2712 -8-A X} (spin-up
time)& sl & 18AI3boll thsl a5 Th(Fig. 4(a)). UNSD A& Aol A
4o Az o 29 75 FE2 dSAHS o 99 AAY =9 dFS
o|u)Eh= A F(LWC, liquid water content)©] 0.1 g/m’ ©]FC 2 YEFLES
o, 1~3 km L=oA HYFtol Yehhe A 9 A =S Al4tete E2E A
9 HAE AE3H] SEED A& FdsAT 6AIF AEAE L 1A AEEG
O B2 Aztol 23 AQeERE 641X spin-upe £33t F 2443t &l
b)). 641t A&EAIPE e 9, UNSD F3A| 7+ Alte] =
g/m’ o]Fo® Uetd AHg ANURE ALHO=E 6

[
b
bt
=2
X
-
=
@
N
—_
O A
)—\ v

=
A 1M7L ololgte AfATS F 18] (Cha et al, 2019), Agl 22& LWC

AN Z(signal)7} ZAF AIFFE 1A A A, CaCl, =& 241%F 9] #3|

A 2] 2}o](SEED-UNSD)E Al4tste] 133593 4H&3% 3, UNSD tiHl <l
3% &(SEED-UNSD/UNSDx100)& Al4tstth 919t 22 RAHAE 5ot
Ak AL 1A A" AS, B 20219 4€ 39 00 UTC ~ 18 UTC,
o= 2021 d 7€ 3% 12 UTC ~ 4¥ 06 UTC, 7F&: 2021 9€¥€ 7¥ 06 UTC
~ 8¥ 00 UTC, 7A€: 20211 1€ 21¥ 06 UTC ~ 22 00 UTColt}. 6AIZF A
LAY Ade 7 oAF, 7HE, AS £ 202149 4€ 39 00 UTC ~ 4¥
00 UTC, 2021d 7€ 3¥Y 12 UTC ~ 4% 12 UTC, 20213 9€ 7¥ 06 UTC ~ 8
d 06 UTC, 2021d 1€ 21¥ 06 UTC ~ 22¥ 06 UTCZ A1 A3}ATh

Al ke AA 9 :g_]._?_ 3}

ot

49 2 A AT (Ku et al, 2023)F 3Lt
Agl= 1944 g/hr, CaClx 2,160 g/hrZ HAIATH AFH$ E4E 4317
A3l AY TR F ANWAE FE5E =40 FEH AE AW T

2@ Aztolgte HAATE

ety

F 13 (Jung et al, 2022), 1AIZF AQFe] A9+



Ago] At

1203, 180

| —
) Y

|

ol
AA, Aol

[e)
<K

FeTh 643 AR e

3|

CRY

I

i
jo}-

N

NAFE AIY 3AZE F, AY 6A

| —
) Y

Aol Azt

171), 300

(EF 9~

72171), 180

3

]

bk ®ak obuel, 1417 AY A3

S|

E

60Z(AE A2 o] T

- 3
TRY o%F

S|
~

[e)
B BrEe B

s
S

A7y 7

file)

K

A

[e)
e

D) AY AR

(Exp_D2, Exp

244

A& AIZHS 209} 3ul 2 ZHS)

3

-§-l_

o=

et

(Exp_A2, Exp_A3)o.2

A4

-§-l_

3wz =4

29 2

S
=

Oo]:

al

file)
xr
il
E!

(CTRL)®| A#}E ¥l

R

el
o that Al

N

;01_

o= Aol A3tk 1A% Al o

Table 4°l A A]

AR =

3+

k<)

b o,

_19_



el LR P S LY Forecast (12 hours) plalal g
00 UTC (6UTO 06|UT

|
UNSD
| |

n
Ll

LWC signal

Ll LR  Forecast (12 hours) gl o

ooutc ©YO oeutC
= -
[ ! :
E LWC signal

( Seeding 1~2 hours before LWC signal |

v

(@) 1-h seeding

—= Spin-up >--- Forecast (18 hours)  plalelely >

00 UTC ©UTT 06 UTC

1
UNSDI :
! I T
LWC signal
UT S{)Gil'};g)p > Forecast (18 hours)  ipkubababe >
00 UTC 06 UT:
1Y N
| REERE
! Ly b
i LWC signal

1
([ Seeding 1~2 hours before LWC signal |

v

v

(b) 6-h continuous seeding

Fig. 4. Experimental designs for cloud seeding.

Table 4. Summary of the sensitivity experiments to changes in seeding

amount and duration by CaCl,.

Amount (g/r) Duration (min)
CTRL 2,160 60
Exp_D2 2,160 120
Exp_D3 2,160 180
Exp_A2 4,320 60
Exp_A3 6,480 60
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222 471 =4

Ao o AR & W3tE 47 fal 33 tir|d FAR
A v FHEISF(US EPA, environmental protection agency)oll Al 7&gt
CMAQ (Community Multiscale Air Quality Modeling System) version 53.2 &
ot CMAQ = 32k F3e & 2d=E difd W &0y mAY
}st R JAY LG ERS BT F o, thekd
TF = (Multi-scale)oll T3 FA FXEe7} 7Hs3tth(Byun and Ching, 1999;
Byun and Schere, 2006). ©] Ed& o2 BE FEE TFAEHO Ao Z A

g 2w o] s@o] 41 FEHOR RdS QUolE AW & Yop= 4

[>

rr

Al

il
3=
ok

Fa 7h

'~

A& AHES g JPROC (Photolysis Rate Processor), 715 % &< A3t
+ ICON (Initial CONditions processor)¥ ZAAs % Z2{d& A4+ BCON
(Boundary CONditions processor), 31 2 F3o A&
OCEAN -5°] St CCTM< o]#3t 571# HAlg] AAH} wi=dF A=
ez FASt drled=4d Y dehts, FE-olF, AE A Ese] b
A zHdE Qrled=4 TEE Al4FgoHUS. EPA, 1999,

https:/ /www /cmascenter/org/cmaq/).
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Fig. 5 Flow chart of CMAQ modeling system.
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£ Atstanh ol ® CMAQ R 27]-AAED 745 f8 Sotrob ¥
el tisjA= EPAIA AlFste diZledesd Z=2ud ARE o &3
(Stockwell et al, 1990), @3 Gl o
ICON 3 BCON E&°l| dHFoz AHgsle] 27]-4A dHAEE Akt
CMAQ =Eddo)| AHgH 318 wW#AYSE2 CB6r3 (Carbon Bond 6, Luecken et
al., 2019)0]a1, o9 2F 44 RE-S AERO7, 3D Advection> WRF_CONS, 4
H 9 AR G4ES Multiscale?} ACM2_M3Day Schemes A3} % Th(Table 5[B)).
2 AFolA e A a2 HYE A MATLAB Z=2IHS 9]
&3t A9F B AdH wEFe] o FAHNCH, 74z G stFo
AAAE  SFHTHCho et al, 2021). BolAlo} FHe ALFH HEF
EDGAR-HTAP (Emission Database for Global Atmospheric Transport of Air
Pollution) version 6.1 A& 2 FHdE=+= 01° x 01°°]19, PMas, PMyy, SO,
NOx, CO, NMVOC, BC, OC, NH; 59 wlE JIMEHE Agste] €8 FH=
A5E AAShH(Carmichael et al., 2002). @3 FHo| AL nwj&FS AR
F 7 A HA A BAE Al Al FE= CAPSS (Clean Air Policy Supporting
System) 2019'd A= E A&t ow, WiE AWMEZ = TSP, PMy, PMys NOx,

1r

SOx, VOC, CO, BC, NHs7} 3tk CAPSS AR& FZ A& A&, At 374, °
T dd, #HUIE A, AE 2 3 9 F S IZ(SCC, source
classification codes)ol] @™z} 1d @9 =E 4HHE vl & (kg/year)ol™, FIHH o=
T AFE 1 km x 1 km AAER 4EH0] vk ol9lol= AA AF G0l
o

gk A+A &% (Biogenic emission) FE-2 MEGAN v21 2dS #8314

e
s

(Guenther et al, 2012), 225 3 7|4 st] @& AIRPE AHEE WiEde
ol &3ttt ot B2 A AYE T HFHom 4 mnddy doo| 2=

Ad 2 AAF wEFS Faksled CMAQ-ready emission inputs A3 3H3A



Table 5. Details of the grids and physical options used in the WRF and
CMAQ models.

[A] WRF
D1 (Northeast Asia) D2 (South Korea)

Horizontal grid 270 x 211 169 x 172
Horizontal resolution 9 km 3 km
Vertical layers 40
Initial & Boundary Layer UM-GDAPS (6 hour)
Microphysics Modified Morrison Scheme (MMS)
Cumulus Kain-Frish Scheme for D1 (Kain, 2004)

RRTM (Mlawer et al.,, 1997)/

Radiation (Long/Short
(Long/ ) Goddard shortwave scheme (Chou and Suarez, 1994)

Land surface Noah LSM (Ek et al., 2003)
Land-use / Topography KLAND/ASTER (1s)
Planetary boundary layer YSU (Hong et al., 2006)
Sea surface temperature FNMOC (0.25°, 6 hour)
[B] CMAQ
D1 (Northeast Asia) D2 (South Korea)
Horizontal grid 267 x 208 166 x 169
Horizontal resolution 9 km 3 km
Vertical layers 39
Chemical mechanism Cb6r3_aq
Aerosol mechanism AERO7
Gas-phase chemistry Euler Backward Iterative (EBI) solver
3-D advection WRF_CONS

Diffusion (horizontal/vertical) =~ Multiscale/ ACM2_M3Dry
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Fig. 6. Surface synoptic chart seasonal cases at 2021.
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60 min after seeding
_DIFF_RAINNC 040318

- . TN 50
Seeding started Seeding ended
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(8] 0.0 365N 020
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A B30 N 120 §
130 am [\ 20
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Fig. 7. Spatial distribution of the difference in accumulated artificial rainfall (mm) between SEED and UNSD from the start

of seeding to the end of seeding and 60, 120, and 180 minutes after the seeding end CaCl, material in spring. Black lines

indicate the number concentration of CaCl.
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Fig. 8. Spatial distribution of the difference in accumulated artificial rainfall (mm) between SEED and UNSD from the start,

3-h seeding, to the end, and 60, 180, and 300 minutes after the seeding end after the seeding end CaCl, material in spring.

Black lines indicate the number concentration of CaCl,.
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Table 6. Mean values of the accumulated artificial rainfall (mm), cloud and

rain water mixing ratio (g/kg) for 1-h and 6-h seeding in spring.

Artificial precipitation Cloud water mixing ratio Rain water mixing ratio
(mum) (8/ke) (8/ks)

rate
Mean (%) Mean Max Mean Max

1-h*  3.14/3.59/045 144 15.8/13.0/-2.73 384/314/544 3.71/648/197 26.8/36.3/31.9

6-h®  5.74/8.03/230 40.0 79.6/41.1/-385 139/116/-151 7.50/21.0/13.5 43.1/96.1/56.4

*1-h: accumulated for after seeding 180 min
®6-h: accumulated for after seeding 300 min

‘UNSD/SEED/ Diffence (SEED-UNSD)
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Fig. 10. Spatial distribution of the difference in accumulated artificial rainfall (mm) between SEED and UNSD from the start

of seeding to the end of seeding and 60, 120, and 180 minutes after the seeding end CaCl, material in summer. Black lines

indicate the number concentration of CaCl.
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Fig. 12. Spatial distribution of the difference (SEED-UNSD) in accumulated artificial rainfall, cloud and rain water mixing

ratio in summer.
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Table 7. Mean values of the accumulated artificial rainfall (mm), cloud and

rain water mixing ratio (g/kg) for 1-h and 6-h seeding in summer.

Artificial precipitation Cloud water mixing ratio Rain water mixing ratio
(mum) (8/ke) (8/ks)
rate
Mean Mean Max Mean Max
(%)
1-h®  0.08/0.39/0.31° 394 7.55/4.26/-329 30.2/284/664 0.18/1.76/158 4.47/15.6/15.0
6-h°  043/1.64/122 285 29.8/16.1/-13.7 64.2/389/142 0.62/5.30/4.67 3.42/16.7/15.9

*1-h: accumulated for after seeding 180 min
®6-h: accumulated for after seeding 300 min

‘UNSD/SEED/ Diffence (SEED-UNSD)
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Fig. 13. Spatial distribution of the difference in accumulated artificial rainfall (mm) between SEED and UNSD from the start

of seeding to the end of seeding and 60, 120, and 180 minutes after the seeding end CaCl, material in autumn. Black lines

indicate the number concentration of CaCl.
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Fig. 14. Spatial distribution of the difference in accumulated artificial rainfall (mm) between SEED and UNSD from the start,

3-h seeding, to the end, and 60, 180, and 300 minutes after the seeding end after the seeding end CaCl, material in autumn.

Black lines indicate the number concentration of CaCls.
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Table 8. Mean values of the accumulated artificial rainfall (mm), cloud and

rain water mixing ratio (g/kg) for 1-h and 6-h seeding in autumn.

Artificial precipitation Cloud water mixing ratio Rain water mixing ratio
(mum) (8/ke) (8/ks)

rate
Mean (%) Mean Max Mean Max

1-h*  015/0.29/0.15 99.3%  6.18/419/-1.98 231/25.7/512 0.18/1.03/0.85 6.89/13.5/11.7

6-h®  052/148/097 187%  16.6/9.15/-748 552/46.4/148 0.58/5.16/458 5.39/30.6/30.5

*1-h: accumulated for after seeding 180 min
®6-h: accumulated for after seeding 300 min

‘UNSD/SEED/ Diffence (SEED-UNSD)
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Fig. 16. Spatial distribution of the difference in accumulated artificial rainfall (mm) between SEED and UNSD from the start

of seeding to the end of seeding and 60, 120, and 180 minutes after the seeding end CaCl, material in winter. Black lines

indicate the number concentration of CaCl.
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Fig. 17. Spatial distribution of the difference in accumulated artificial rainfall (mm) between SEED and UNSD from the start,

3-h seeding, to the end, and 60, 180, and 300 minutes after the seeding end after the seeding end CaCl, material in winter.

Black lines indicate the number concentration of CaCls.
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Table 9. Mean values of the accumulated artificial rainfall (mm), cloud and

rain water mixing ratio (g/kg) for 1-h and 6-h seeding in winter.

Artificial precipitation Cloud water mixing ratio Rain water mixing ratio
(mum) (8/ke) (8/ks)

rate
Mean (%) Mean Max Mean Max

1-h*  0.006/0.03/0.02° 320%  144/134/-010 27.3/242/423 0.06/0.34/0.28 0.24/2.06/1.97

6-h°  146/276/130 895%  562/269/-293 96.8/81.6/096 2.34/7.72/538 7.51/17.5/11.0

*1-h: accumulated for after seeding 180 min
®6-h: accumulated for after seeding 300 min

‘UNSD/SEED/ Diffence (SEED-UNSD)
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qho] & o] Fojx AFF¢ &I B 7z

o} Exp_A3%] A5, B dFF5EFel 44 045 mm, 043 mmE CTRL @

I
o M

Lo
of
gll_:
o

Aoz AR T} Exp A2

u
_>|.1J
o

Ir
=)
=)
o
o
b
u
T
o
3t
=
o
o
>
ot}
0%
o
g
)
N
>
n (
rlo
£

al
FHst 23] AT FAE FEATIE overseeding®] FFCE FAHEG

(Vallero, 2014; He et al.,, 2022; Kang et al., 2023).



Table 10. Comparison of

continuous 6-h by season.

mean vlaues of the accumulated artificial rainfall and increase rate (%) by seeding for 1-h and

Spring Summer Autumn Winter
60 min 180 min 60 min 180 min 60 min 180 min 60 min 180 min

Lhe 2.00/2.04/0.03° 3.14/3.59/045  0.02/0.08/0.06 ~ 0.08/0.39/0.31  0.09/0.10/0.01  0.15/0.29/0.15  0.002/0.004/0.001  0.006/0.027/0.021
1.6% 14.4% 344% 394% 10.2% 99.3% 44.1% 320%

610 5.77/7.72/1.95  7.02/9.01/1.99  044/1.71/127 056/2.14/159  050/1.48/0.97  0.52/155/1.03  1.24/2.41/1.17  1.27/2.63/1.36
33.9% 28.4% 287% 283% 195% 200% 94.2% 107%

“1-h: accumulated for after

6-h: accumulated for after

seeding 180 min

seeding 180 min

UNSD/SEED/ Diffence (SEED-UNSD)

Yncrease rate (%)
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*Source : Kang et al. (2023)

Fig. 19. Spatial distributions of the differences in 180 min-accumulated
artificial rainfall (mm) between SEED and UNSD after CaCl, seeding for (a)
Exp_D2, (b) Exp_D3, (c) Exp_A2, and (d) Exp_A3.

Table 11. The 180 min-accumulated artificial rainfall (mm) and its increase

rate due to increases (2- and 3-fold) in seeding duration and amount of

CaClz.

Experiments  CTRL Exp_D2 Exp_D3 Exp_A2 Exp_A3

DIFF rate DIFF rate DIFF rate DIFF rate DIFF rate

Mean 0.45 14.4% 1.44 56.2% 1.42 55.7% 0.45 14.6% 0.43 14.2%
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~ 051 (¥), =05 mm/hrol A 032 (98) ~ 046 (), =1 mm/hrolA 026
(498) ~ 051 (B), =2 mm/hrolA 030 (8) ~ 042 (B)E Jelth. ETSe
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Table 12. Statistical evaluation of the meteorological variables (air temperature,

wind speed, relative humidity, and precipitation) between the observed and

1-h cloud seeding model-simulated values at 8 meteorological monitoring sites

(as shown in Fig. 1) during the simulation period.

[A] Air temperature, wind speed, and relative humidity

Air temperature (C)

Wind speed (mf)

Relative humidity (%)

IOAa RMSEb MBEc IOA RMSE MBE I0A RMSE MBE
Spring 0.894 1.61 0.91 0.627 1.47 0.82 0.792 10.51 -5.61
Summer 0.675 1.66 1.14 0.679 2.56 2.09 0.736 8.16 -5.76
Autumn 0814 1.35 0.77 0.498 2.07 1.64 0.636 8.519 -6.27
Winter 0.791 1.76 0.97 0.477 1.51 1.22 0.529 16.98 -15.03
[B] Precipitation
Threshold . .
Spring Summer Autumn Winter
(mmr)
> 0.1 0.51 0.40 0.02 0.16
> 0.5 0.46 0.32 - -
PODd > 1 0.51 0.26 - -
> 2 0.42 0.30 - -
> 0.1 0.12 0.16 -0.044 0.02
> 0.5 0.14 0.21 -0.006 -
ETSe > 1 0.27 0.19 -0.005 -
> 2 0.19 0.24 - -
> 0.1 0.59 0.64 0.64 0.55
A > 0.5 0.60 0.72 0.86 0.57
ceuracy S 0.72 0.79 0.97 0.75
> 2 0.74 0.84 0.99 0.90

‘IOA: index of agreement

PRMSE: root mean square error
‘MBE: mean bias error

4POD: probability of detection

°ETS: equitable threat score
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Table 13. Same as Table 12 except for 6-h seeding.

[A] Air temperature, wind speed, and relative humidity

Air temperature (C)

Wind speed (mf)

Relative humidity (%)

IOAa RMSEb MBEc IOA RMSE MBE 10A RMSE MBE
Spring 0.931 1.58 0.70 0.555 2.57 1.84 0.759 8.96 -4.60
Summer 0.769 1.16 0.75 0.565 2.87 2.38 0.765 4.82 -2.39
Autumn 0921 1.12 0.58 0.512 1.74 1.44 0.933 5.52 -2.71
Winter 0.907 1.18 0.14 0.528 141 0.96 0.719 6.54 -2.89
[B] Precipitation
Threshold . .
Spring Summer Autumn Winter
(nmAr)
> 0.1 0.54 0.45 0.11 0.62
> 05 0.35 0.37 - 0.34
PODd > 1 0.46 0.48 - 0.29
> 2 0.36 0.45 - -
> 0.1 0.18 0.22 0.05 0.26
> 05 0.13 0.28 -0.01 0.17
ETSe > 1 0.28 0.40 - 0.22
> 2 0.18 0.41 - -
> 0.1 0.64 0.73 0.77 0.74
A > 05 0.60 0.81 0.89 0.73
comaey 5 0.76 0.89 0.98 0.85
> 2 0.79 0.91 1 0.93

‘IOA: index of agreement

PRMSE: root mean square error
‘MBE: mean bias error

4POD: probability of detection

°ETS: equitable threat score
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32. AFFFl 2T mAUA IF H7}t
3.2

AEAS &dfo] o3 vMHA FFS BA35H7] s Aede 218004
F3 vkl o] 2021d 49 259 00 UTC ~ 29¢ 00 UTCZ A A3gth. o] A
st AFY7I=E HW(Fig. 20), Al WollA A7|h-H o] dHlEE

2 5 qlth Fig. 21& AAS A Z5 9 )

A= Uehdth Z57F Hd 1.6 mmol™, PMd B A YA
(fine particles, PMys)e] H+ =+ 9F 50 pg/m’ (H 3L 100 pg/m® ©14), <F 20
pg/m’ (AL 35 pg/m’ oo 2 el Qg0 g wmAwuA FFE Hr}

_5')_
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%, SEED-UNSD)$} PM;y ¥ PM,s %9 =}o]
(CMAQSEED-CMAQUNSD)
A2E wet B9 T3 YT A H(Affected area, HA HA)N A AFF S
aH7F yepgen, H3k AHddA PMyy R PMs8 5 &7 FEEHA o
byttt Wb W9 A S (Unaffected area)oll A= A&5-¢ &3 5 wlA|HA 9
= W37 A YElA] &gkth WA, 49 289 05415 HW(Fig. 22(a)), 9
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il
A
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=
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o
i
r (o]
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olN
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e AFTFF9HFS H 012 mm, UNSD thi] AFFH$-8-2 288% 2 AH=H
Atk o] W PMy 5+ UNSD 2347 pg/m’, SEED 16.61 ug/m’Z YEFG O
™, PMps Z42F 14.07 pg/m’, 1050 pg/m’E AFEH AT mhebA] AZ74-e <

o

3 PMy % PMps9 &% A 42t -6.86 pg/m’, 359 pg/m’oz FHE )
A& - 242 292%, 255%). BY 06419 S, ool 05419 vl QFF¢F
4 vAaA w2 Ao Ex didle] HH gAHE REFS E 4 UU(Fig

22(b)). ©] wje] UNSD¢} SEED?| H+t Z<+#2 0.03 mm, 0.22 mm= HE5 o

olo] ™ AFFFFHF+E)S 019 mm (697%)Z AEFHJT. PMy FEE
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UNSD 24.37 pg/m® SEED 14.81 pg/m°Z PMyy 5% ZHAE -957 pg/m°= A
EHAHALE: o 392%). PMase 4%, UNSD$} SEED ZH7; 14.71 pg/m’,
947 pg/m’E F% A7 D AREL 524 pg/m’, 35.6%E FAHHTH oo x
6AIE AEANDP S FAT 7 A AFFFH vAEA sl s 71
2l B4 33l Yth(Table 14). I&EH o2 AQE F3sE 5% 9 AY
N Heg AFFFHFE 002 mm (03 LST AL]) ~ 019 mm=Z 4HEEoH,
ol W& PMy =& -1.95 pg/m’> ~ 956 ug/m°, Zt)YAH(coarse particles,
PMQO)E -096 pg/m’® ~ -4.32 pg/m’, PMysE -0.99 ug/m’® ~ -524 pug/m’ A
T9 TR TAE FAT F AAJT HA A-Fbe] Ui B JAFFTTEFLS
0.10 mmZ FAHHATHJFTZTTE: 353%). 2+ EZ(PMy, PMC, PMys)oll o
A 7+&2 CMAQseep-CMAQunsn/ CMAQunsp*1005 &3l A4kttt oo w&
PMy, PMC, PM,59 AA B §5 A& 47 267%, 29.7%, 247% = F+7
RAHHEF = A 22 -6.39 pg/m°, -2.83 pg/m’, -3.57 ug/m’). ZI YA}
7F mAIYA By ] dFs o ol wete o dddFe Ade f
ARSHAl B AFdAE PMCO Azr&o] 71 #A vElhY Z YA 1S3

of o3 JF= P wWol we ASE FAHHATH(Andronache, 2003;

.‘_4

Blanco-Alegre et al.,, 2018; Han and Um, 2023).
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Fig. 20. Surface synoptic chart at 18 UTC on 29 April, 2021.
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Fig. 21. Time series plot of the observed precipitation, PMj, and PM,s at
meteorological and air quality monitoring site (near BRD) during the study

period (from 00 UTC on April 25 to 00 UTC on April 29).

_58_



DIFF_RAINNC_042805 (mm) DIFF_PM10_042805 (ng/ n;z) DIFF_PM2.5_042805 (ng/m3)
15

0.50 3
37N 3N 2 el NE/ s
0.40 ) S| 16 NN S S e | [ 12
e / / S,
030 A e T 12 // 7; VoA ws = 9
. . S L , Ll
36.5°N frected areal |* 36.5°N gsssrprdtsl ® BN A 2y 15| X
\ 0.10 ] A A — — > A,
\ . —— j - el -
\ e e
36°N : -0.00 36°N € o 36°N iz ) KL/ } 0
; 0.10 v ” e P /y//// / "
,/// //////——‘né/// h
0.20 [ ///:_—/—/’/-i;/; } -8 e~ /ﬁi:;_;;éff//; ) -6
35.5N o 35.5°N T ) " 355N M B i e S
R g\ Y12 i \; 177
P e D : o ————— e |/ - 12
&y Unaffected area /7 s L A
125.5°F 126.5°F 127.5°F 8.5k 0 BSE 2 125.5°F 1265°F 127.5°F BSE
(@) 05 LST on April 28
3 3
DIFF_RAINNC_042806 (mm) DIFF_PM10_042806 (ng/m’) DIFF_PM2.5_042806 (ng/m’)

TN ¢ 5 37°N 37°N

36.5°N

36.5°N 1 e ' 36.5°N

36°N (5} 4 - 36°N 36°N

>
35.5°N 35.5°N 355N
g AN - - -9
““ TS e -12
i Unaffected area s A
0.5 — - e -15
125.5°E 126.5°E 127.5°E 128.5°E 125.5°E 127.5°E 128.5°E

(b) 06 LST on April 28

Fig. 22. Spatial distribution of the difference (SEED-UNSD) artificial rainfall (mm), PMip, and PM,5 concentrations (xg/m’) in

study period.
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Table 14. Changes in artificial rainfall, PM;,, PMC, and PM,s concentrations during 6-h of continuous cloud seeding.

Arg. Precipiation (mm)

AVg. PMlo

concentration (ug/m®)

Avg. PMC

concentration (ug/m’)

AVg. PM2.5

concentration (ug/m®)

Time Increase Decrease Decrease Decrease
(LST) Mean rate (%) e rate (%) oean rate (%) Mean rate (%)
04.28.03 0.46/0.46/0.0004" 0.08 14.27/14.16/-011°  -0.75 6.10/6.04/-0.06" -0.94 8.17/8.12/-0.05" -0.60
04.28.04 0.16/0.18/0.02 10.6 19.63/17.68/-1.95  -9.94 8.00/7.03/-0.96 -12.0 11.64/10.65/-0.99 -8.49
04.28.05 0.04/0.16/0.12 288 23.47/16.61/-6.86  -29.2 9.40/6.13/-3.27 -34.8 14.07/10.50/-3.59 -25.5
04.28.06 0.03/0.22/0.19 697 2437/14.81/-9.57  -39.2 9.66/5.34/-4.32 -44.7 14.71/9.47/-5.24 -35.6
04.28.07 0.04/0.16/0.13 372 2451/15.91/-8.60  -35.1 9.56/5.88/-3.69 -38.5 14.95/10.03/-4.92 -32.9
04.28.08 0.01/0.05/0.04 398 2512/20.12/-5.01  -19.9 10.23/8.33/-1.90 -18.6 14.90/11.78/-3.10 -20.8
Mean 0.06/0.15/0.10 353 23.42/17.03/-6.39  -26.7 9.37/6.54/-2.83 -29.7 14.05/10.49/-3.57 -24.7

“UNSD/SEED/Diffence (SEED-UNSD)

bCMAQUNSD / CMAQSEED / Diffence (CMAQSEED-CMAQUNSD)
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Fig. 23. Temporal variation in artificial rainfall and the concentrations of PM;g

and PM,5 in the affected areas.
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Fig. 24. Temporal variation in artificial rainfall and the concentrations of PM;g

and PM,5 in the unaffected areas.
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Fig. 25. Bar plot of the decrease in concentration of PMC and PM,s as PMy

concentration decrease over time.

Table 15. Averaged spatiotemporal reduced concentrations of PM;, PMC, and

PM,5 and decrease rate to PMjy,.

AVg. PM10 AVg PMC AVg PM2,5

concentration (ug/m®  concentration (ug/m’) concentration (ug/m®
Time Decrease Decrease

DIFF? DIFF? DIFF?
(LST) rate(%) rate(%)
04.28.03 -0.11 -0.06 53.9 -0.05 46.1
04.28.04 -1.95 -0.96 494 -0.99 50.6
04.28.05 -6.86 -3.27 47.7 -3.59 523
04.28.06 -9.56 -4.32 452 -5.24 54.8
04.28.07 -8.60 -3.68 428 -4.92 57.2
04.28.08 -5.01 -1.90 38.0 -3.10 62.0

“Diffence (CMAQseep-CMAQunsp)
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— — 1.77%

Fig. 26. Pie chart of each component (SIA, SOA, POA, other) decrease rate

(%) to the reduction in PM,5 concentration.

A A-FZF Hd PMps 744 8(SIA, SOA, POA, insoluble)S A o=
A3 A3 (Table 16), Z+7te] FAAE(SIA, SOA, POA)S] H TE Tis
27y -2.56 pg/m°, -0.86 pg/m®, -0.06pg/m’E AEEHom, oo wE ztzto
A& 243%, 30%, 28.1% = YEFGTE HREHQ OC (F7] ©a)= E/%33H3)
A gAh d2E EA47]E B3 BASHAR S AV Arh wEka] AP
TE Fadte OCe= 84 0OC/0Ce HIE&°] 0.7~09 BEE AA 7] wj&ol
TE&A4 ddZEE THgste otgfell AAIG 4 (1) ol &st] EE&A ==

5

< A4ret A th(Park et al, 2014; Song et al, 2017). 1 A, B4 74
045 pg/m’, AZFELE F 30% F=Z AEHAUT ol& T3 T84 coj2E
T2 SIA, SOA T)°l AFAFol o&f ¢ 55% AEE &% A&7l A YE
W Zles ARHET

[Insoluble] = {[OC] x [OM]/[OC]} - [OC] (1)

—~
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Table 16. Changes in SIA, SOA, POA, and Insoluble concentrations during 6-h of continuous cloud seeding.

Avg. SIA Avg. SOA Avg. POA Avg. insoluble

concentration (ug/m® concentration (ug/m% concentration (ug/m® concentration (ug/m%
Time

Mean rate Mean rate Mean rate Mean rate
@sT)
04.28.03 7.57/7.52/-0.04% 054 1.36/1.35/-0.01° ©0.80 0.08/0.08/-0.0006°  -0.76 0.71/0.70/-0.01° -0.80
04.28.04 9.41/8.71/-0.70 742 2.31/2.05/-0.27 115 0.15/0.14/-0.02 -10.6 1.20/1.06/-0.14 114
04.28.05 10.6/8.05/-2.59 243 2.82/1.88/-0.94 334 0.21/0.15/-0.07 -30.8 1.46/0.98/-0.49 333
04.28.06 10.7/6.90/-3.76 353 2.95/1.65/-1.29 43.9 0.24/0.14/-0.10 414 1.54/0.86/-0.67 438
04.28.07 10.9/7.35/-3.53 325 2.97/182/-114 385 0.24/0.15/-0.09 -36.7 1.55/0.95/-0.60 385
04.28.08 10.2/8.00/-2.24 21.9 2.96/2.28/-0.68 229 0.24/0.19/-0.05 2208 1.54/1.19/-035 228
Mean 1037/7.80/-256 243 2.80,/1.94/-0.86 300 0.22/0.15/-0.06 28.1 1.46/1.01/-045 -30.0

aCMAQUNSD / CMAQSEED / Diffence (CMAQSEED—CMAQUNSD)
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Abstract

This study investigated the seeding effect of seeding material (Agl, CaCl,)
on artificial rainfall around the Boryeong Dam (BRD) region located in
Chungnam Province by season at 2021, and a sensitivity analysis on the
artificial rainfall changes caused by the seeding time change. In addition, the
impact of particulate matter by artificial rainfall was analyzed and evaluated.
This analysis was performed by two sets of simulation experiments: (1)
meteorological model simulations that considered seeding (i.e., SEED) and (2)
without considering seeding (i.e., UNSD). For 1-hour seeding, the mean 180
min-accumulated artificial rainfall between the SEED and UNSD (SEED-UNSD)
due to seeding was significant in spring, summer, autumn, and winter (0.45
mm, 0.31 mm, 0.15 mm, and 0.02 mm, respectively). For 6-hour seeding, the
300 min-accumulated artificial rainfall after the end of seeding (totaling 11
hours from the start of seeding) was largest in spring (2.30 mm), followed by
winter (1.30 mm), summer (1.22 mm), and fall (0.97 mm).

In the sensitivity analysis of seeding time changes, the seeding for 6-h

continuously resulted in a significant artificial rainfall effect, ranging from at
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least 4 times to more than 65 times that of 1-h seeding. Also duration and
amount changes, the increases in seeding duration (2- and 3-fold) resulted in
significant changes (a factor of 3 increase) in the mean 180 min-accumulated
artificial rainfall in the study area, but there were no distinct changes in case
of increased seeding amount. As for the concentration of fine dust due to
artificial rainfall, the simulation results showed that when the average artificial
rainfall was 0.02 mm ~ 0.19 mm in the affected area, the concentration of
fine dust decreased in the same area, and the degree of decrease was about
from -1.95 pg/m3 to -9.56 pg/m3 for PMyy and from -0.99 pg/m3 to -5.24
g/m’ for PMys.
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