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Impact of Continuous Cloud Seeding on Precipitation Increase
Based on Long-term Numerical Simulations
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Abstract  This study investigated the effect of 6-hour continuous cloud seeding (using Agl and CaCl,) on precipitation in
three areas in South Korea: a central area (Korea Meteorological Administration, KMA) and two dam basins (Boryeong Dam,
BRD, and Doam Dam, DAD). This analysis was based on long-term numerical simulations conducted throughout 2021. The
Morrison microphysics scheme in the Weather Research and Forecasting (WRF) model was modified to quantitatively
estimate the amount of artificial rainfall (AR), defined as the difference in precipitation between simulations with cloud
seeding (SEED) and without cloud seeding (UNSD). Additionally, the probability distributions and durations of AR occurrence
due to the 6-hour seeding in the three areas (KMA, BRD, and DAD) were analyzed. The effects of the 6-hour seeding on
precipitation (i.e., the amount of AR) were greatest in summer and least in winter across all three areas during the study
period. The mean duration of AR occurrence was estimated to be approximately 5 hours in the KMA area, 5 hours in the BRD
area, and 7 hours in the DAD area. The mean 300-minute accumulated AR (SEED-UNSD) was largest in July in the KMA area
(0.29 mm) and in August in the BRD and DAD areas (0.40 mm and 0.32 mm, respectively), while the smallest value (about 0.02
mm) occurred in December across all three areas. The high AR in summer is likely due to the combined effects of abundant
moisture from the summer monsoon climate and the enhanced growth of cloud droplets from continuous seeding.
Conversely, the low AR in winter is likely due to reduced seeding effectiveness caused by overseeding. In addition, the
probability of AR occurrence was highest in winter compared to other seasons, because the area of influence was more
widely distributed due to stronger winter winds.
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Fig. 1. The model domain for WRF simulations and the geographical locations of several meteorological monitoring sites
(open circles; 20 sites in KMA, 18 sites in BRD, and 12 sites in DAD). “KMA", “BRD’, and “DAD" in figures represent three target
areas in this study, Korea Meteorological Administration (yellow rectangle), Boryeong Dam (green rectangle), and Doam Dam

(cyan rectangle), respectively.
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Fig. 2. Structure of the automated system for numerical simulations of artificial rainfall. “SEED” and “UNSD” represent simula-
tions with and without cloud seeding, respectively.

= 6AITE U9 A4 FFAFS Sk Qlol, o] 2l AlRte] Agls 1417E oW, CaCly= &4 1417F
L0 7 A] oAt A Q Fth(Cha et al., 2019). WA KMA2}F
= mdlg AAsH BRDO A%, SEED A2 LWC | 1gke] vehh=
CERF2021°F 9 S B Al GGl BEE e AT (SF 1~3km) AR A B AR (u, v)= 1
o= Alstal ko] Agle 1AIZE A, CaCly= 241X 9] A& #F

ZWste 94 a7t BEEA] @skh. o I AR oA A% 6AIREE AlFsteS A
9] A= 78‘%% =9 (¥ 2). ?HH, DAD 92 LIET} =1 (F

T Ho] thE F JoET e HiE ol HEliio]

lﬂﬂrﬂol 1 7] Tzl (Chae  fIA|StAL Q= A Arefste] AlFE4of TAIRL]

of o] 84 7]*0*3‘*@ —TWJ} Ul*ﬂgrﬂ#ﬂoﬂ EH@ UNSD)E Axtste] 559 3Fa AEsHAH
_"

= r O
X]'/\ﬂﬂ_%‘:g%z:‘)éq 7\]/\]0]-_1__’_ A UNSDE]' SEED AE]Q% Z}Z}' 6/\]71'_1'9/] }_7]&!%/\12}
JEETFES AAEsH] Sl +8AD (Agl, & ZFSto] %—24/\12} 2 E] w2 A A ste] o, o]
CaCly)2 123t A¢ (SEED) ¥} 1 2f5hA] ¢k A X

23t Aol AAIE Ediz 20219 1d7F o} 647 7F
(UNSD)S=2 o] AAISHItE A Ede] o2 AoR A% +PELEF A5t AAHEE A5
AYAFE Falsko] Agle 194.4 g/hr, CaCly= ATH(Python 2-8). “18]5ke] UNSD A9l & 1,455
2,160 g/hr& AESI =S AASHATH (Kang et al., 2, SEED A2 LWC 4127} §l= -9 = 4t
2023; Ku et al., 2023). 94 Al Rdd A4 oA W 2 A5kl KMA 1,1023], BRD 1,1153], DAD 1,165
7] UNSD ARA AZPE BE TZo A twC Ha1gt 3] REgS $-a5kqlrt
o] A== A ARE Ohﬁiﬂ 6AIE &0 7 e A3 A2 Olo| A SEED2} UNSDPJ A
= APH‘—H% Zreth AQEAE ol 9= 5 ZF] (SEED-UNSD)= AlFE4 9] ol =719
= WS Azl whet L RolA s ket 2 Al wek S 2 A 8t ilﬂﬂfﬂ UrEHs}

I-D

Sh=Ci7 | gstE|X| M40 E H 5 &



Wzt ARIBOIS T8O KAl TN ofst 24 BVt 545

o AdEde 4 Frlekth A HES flsiAe B2 AddTl
il W77 RS A gd ARESHL e 3 YA B A5 (Equitable
SF A= 288 =g A (overseeding) 22 threat score, ETS)$t B X E-E (Probability of detec-
3 L0 AAbo] oA|E o] Aol AT tion, POD)= AFE0FITH(Kang et al., 2023; Gayatri et

(He et al.,, 2022). 47717 (2021 1) Bt al, 2022; Jee and Kim, 2017; Lee et al., 2016). ETS+=
’g'og‘luﬂ ]/‘1 Zo W 7ko gutE wsks] LR -1/390A4 19] FLE 7HAH 19 7PhEaE et o
&AM Ao 2 A&ty BHYS on|etH (2 (1)), POD+= 19 75 7%

HoH/\i AAg AAZE AAol Dasitt wehy B 0 SHSETE FaS AuRie (A (2). °l= 5

AFolM e 2el =ol (2 1) 9374 9F W i AR (=01 mm/hr, >0.5 mm/hr, >1 mm/hr,
(= FA Aol et AF5-¢- = Aol ] =5 mm/hr, =10 mm/hr)of] Hgh 2 A 5ol
&o] A sont ZAelopt £¢ T} FAg  Tef J)’zﬂf R B et UEdE H
Ao 7145t o]of wet A7t 4 Al E7 (Hits), TS0l AT e M (Misses), fE oA 7

ol% 01ZZ< Fiy} Ant Fob A&F =2 Aty F7F HERR oW BSlM YA of2 FE F

2] QJ3l, Q1 BZ-$-0] 27k AR} H|go] dAojo] 509  (False alarms), B 7k Heh] @2 395 C

2 zalsl= A7HE n= AbEslelc) wheba] it (Correct negatives)= Balste] AFESHITE ETS9}

oJolo] U W AEATHS AN 5 4 oo m PODE thedt 22 A Bl AXtehlrt (He: -

T 3o Fgcte B AL £ gy O AT RS 2.

e ARSI o] Qo A& Ao o3t <l (H-He)

P29 wye] HEREE N2 Ao AL O (4 M+ E-H W

(20219 1) FRF ot A LOE 7Nto 2 Bl (H+ M)(H +F)

Tr|Qle] BE I Aol it Qg5 WA At T H+M+F+C)

O] Hl&-& WM& (%)= ALtetal, ¥ 2 AEE &

d& FA A POD= )
SA8dY A% st (A o7 Aea (H*MD

UNSD 23} ©]-8), 7717t E<t g g (KMA, 2.3 2% 1Y

BRD, DAD)°] $]x]3+ F#71’ 4 %HZ4 (Automated B odAFoA 202149 197 A% FEAGO 9F

Synoptic Observing System)2}t 71 BEA (Auto- 7o 2R RolE o5 AeH Rue =1n 1 E3}

i

A
matic Weather Station)®] AIZFE 71427 (712, & FRoA A AAACR da o857 9= WR
& sk, ) E ol8std FAEA St v3.8 7|AtmElo|th WRE v3.8 RElo] EAJo] Tt X
R (1 19 FEAH). 24 o8- FEAHE A ARE ofg] A AT (Ko et al., 2024; Sun et al.,
Fgde A, 7 5o FH A - AFA FoH=2 2023; Bhautmage ef al., 2022; Song et al., 2022)2} 2
P dh= AAS AlQlota, KMAE 2071, BRDE= 29 User’s Guideol] 2 UFERY QITh (https://www2.
= 1270 A& ARt 713 a4 5 7] mmm.ucar.edu/wrf/users/). WRF 2@ 2] =12 F

,%5—% AilEee AE WEI 2dgdel dis) g MAE 9 ZHl (160 x 170) 0.2 A5t (1
AFZ 22} (root mean square error, RMSE), &t 17 & 1), YA EE 3km, D& =2 407)

¥ Q@ X} (mean bias error, MBE), € 2| & (index of O 2 A5t 7|AHEE Hot ASksA| Bolst
agreement, IOA)E AtEote] HAO o & Ao s =5 FASHYT: ERE o] RHo] 27BAEE 7

o)

=

¢

o mt

J. Korean Soc. Atmos. Environ., Vol. 40, No. 5, October 2024, pp.541-557



oy
=
e
e
Ho
H
op
0z
rH
E’l:l

>
rior
rx
=
ok

Table 1. Details of the grid and physical options used in the WRF model.

WRF v3.8

D1

Horizontal grid 160x 170
Horizontal resolution 3km
Vertical layers 40 layers
Initial & Boundary layer
Microphysics

Radiation (Long/Short)
Land surface
Land-use/Topography
Sea surface temperature
Planetary boundary layer

Unified Model-Global Data Assimilation and Prediction System (UM-GDAPS)

Morrison scheme (Morrison et al., 2009) with Agl and CaCl, cloud-seeding parameterization
Rapid Radiative Transfer Model (Mlawer et al., 1997)/Goddard shortwave scheme

(Chou and Suarez, 1994)

Noah-Land Surface Model (Ek et al., 2003)

KLAND/Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER)
Fleet Numerical Meteorology and Oceanography Center (6 hour)

Yonsei University scheme (YSU) (Hong et al., 2006)

7 @4 28 UM-GDAPS (Unified Model-Global
Data Assimilation and Prediction System) 7]/378-2 ©]

4otaom (=HHYE 10 km, 6A17F 7H4), UM-
GDAP54 EgrwollA &0 2ot 7 EFFO F
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Table 2. Statistical evaluation of meteorological variables (air temperature, wind speed, relative humidity, and precipitation)
between observed and model-simulated values at several monitoring sites (20 sites in KMA, 18 sites in BRD, and 12 sites in

DAD; Fig. 1) in South Korea during the year 2021.

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

Air temperature (°C)

Wind speed (m/s)

Relative humidity (%)

IOA? RMSEP MBES IOA? RMSEP MBES IOA? RMSEP MBE®

KMA 0.99 2.01 0.65 0.67 1.65 1.16 0.89 12.97 -3.56

BRD 0.99 1.88 0.49 0.71 1.67 1.15 0.87 12.82 -1.58

DAD 0.99 227 -0.02 0.72 1.73 1.19 0.87 14.61 -0.44
[B] Precipitation

Threshold (mm hr™") KMA BRD DAD

0.1 0.799 0.786 0.888

>0.5 0.690 0.676 0.845

poD¢ >1 0.665 0.630 0.829

>5 0.594 0.600 0.783

>10 0.592 0.516 0.762

>0.1 0.420 0.428 0.476

>05 0438 0.416 0.519

ETS® >1 0.428 0.398 0.524

>5 0.381 0.409 0.452

>10 0.374 0.353 0.441

2l0A: index of agreement, "RMSE: root mean square error, “MBE: mean bias error, ®POD: probability of detection, *ETS: equitable threat score.
“KMA', “BRD", and “DAD" represent Korea Meteorological Administration, Boryeong Dam, and Doam Dam, respectively.

H#E 9 24| AmE o]8ste] FAHS (104,
RMSE, MBE, POD, ETS)-2 435} ctH(E 2). HA
Al FGollA 712, 55, A5 RMSE= 22}
1.88 (BRD)~2.27°C (DAD), 1.65 (KMA)~1.73 m/s
(DAD), 12.82 (BRD)~14.61% (DAD)Z =2]=]o] of
A2 Fe a5 Hoh(E 2(A]). S KMAS)
BRD F A 7|22 MBEE &2t +0.65°C}
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L oFeh W of7} vrehd BHA, A Hiss e 2t
-3.56%2} —1.58% % =] o] oFet dAH o] ko]
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0.67~0.72 (%), 0.87~0.89 (AUEE)E Ar&L]
Ak

el sAHS A5 H¥ (F 2[B]), KMA 9
o] A 2078 2|l Hg POD+= 570 AAE
(=0.1 mm, >0.5mm, >1mm, >5mm, >10 mm)
ol disfl A 0.59~%] 11 0.80°2.2 LUENG ST, ETS=
570 GAIZE dis] A 0.37~F 1 0.442 AEE S
o} 0|2} {FAFSHA, BRD 9ol A (1870 #13) 9
POD+= ZA 0.52~F]11 0.79, ETSE= A 0.35~%| 1L
04302 Uehgth nizjeto 2 pAD 949 (1271 A
)] 749, PODE A 0.76~F 1 0.89, ETS= 2| A]
0.44~2|11 0.52=2 U Al 23 5 7P &2 A1F]
TE Hth Al 99 25 ARl AdsE g
B pOD9} ETS gto] A4St 43S HYsd), o=
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=59 71 wobA] At o g2 o "AgEo| =ot
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Table 3. Monthly variations in the mean durations (hour) of artificial rainfall occurrence in three areas (KMA, BRD, and DAD)

during the study period.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total
KMA 4.7 25 26 5.1 53 53 6.1 59 49 6.4 2.7 4.3 4.6
BRD 3.9 3.6 3.8 4.6 4.8 6.3 6.0 6.1 6.4 54 4.7 3.6 49
DAD 7.0 58 6.4 6.4 7.3 7.3 83 8.2 9.1 8.7 6.0 4.5 7.1
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Fig. 3. The 300-minute accumulated artificial rainfall (mm) and its increase rate in three areas (KMA, BRD, and DAD) during the
study period. The increase rate of artificial rainfall was calculated as the percentage of artificial rainfall (SEED minus UNSD) rel-

ative to precipitation in the UNSD simulation.

Table 4. Seasonal mean values of 300-minute accumulated
artificial rainfall (mm) in three areas (KMA, BRD, and DAD)
during the study period. The values in parentheses repre-
sent the percentage of artificial rainfall (SEED minus UNSD)
relative to precipitation in the UNSD simulation (i.e., the
increase rate of artificial rainfall).

KMA BRD DAD
Spring 0.13(33.0%) 0.08(38.1%) 0.14(29.7%)
Summer 0.25(68.2%) 0.30(53.3%) 0.26 (49.8%)
Autumn 0.08 (46.2%) 0.09(39.3%) 0.12(47.7%)
Winter 0.03(10.0%) 0.04 (16.4%) 0.06 (27.3%)

£ UNSD AgoA ZHA 2olH 743F (KMAL}
BRD: ¢F 0.01 mm, DAD: ¢F 0.04 mm) tH] & Ad

2o s Aol (Ae5-+3)7t AM S8°] =
ofA Ao 7 Atz =t
F 4] Yehbzol, Al JolA Q359 A

A > g+t s} e FASEITH KMA
Ao A ot IFFTTF (2L QAT 2
o] 20]| 0.25 mm (68.2%)= 71 Worom thgoz
£ 0.13 mm (33.0%), 71l 0.08 mm (46.2%), L&
I A€ 0.03 mm (10.0%) 2 7 Z-9Fo] 29l

BRD 9 <19] 739, o5 0.30 mm (53.3%); A
2 T =2 SES BeloH, 7Rt Bl
Z}Z} 0.09 mm (39.3%), 0.08 mm (38.1%) 2 H|5=5}]
th. ALols KMASH FAFSHA 0.04 mm (16.4%) 2

Vg AL ST L F9-go] AEFUCE B

o=
[e)

2o g2, DADIAE A] ol 5ol 7HE H QlE
%(0.26 mm, 49.8%)°] e O, iﬂr 7heol
Z} 0.14 mm (29.7%), 0.12 mm (47.7%) A&, 1
AL0]| 0.06 mm (27.3%) = 7H A1t o234 9l
FTFo] B2 dRlE Ut oE 2 719
P ol o] #5717 Frd == 7] AdEiel

I (Song et al., 2021), A& TEAF= ol +e&

OI‘J = -Dl olN

O

El

(Kim et al., 2020). 51, #H-=20] #

317]9te] ko g2 H|wZE

A7F AEHAA, d54

(overseeding) 0 2 15} 755 =
Q3] e gart e Zﬂgi T4t (He et

al., 2022; Jin et al., 2013).
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7P Bol o]Fo|A] 1L Qltk(Lim et al., 2023; Ma et

al., 2023). BRD § 92 ¢yl A 7Hg si4E =
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< q{x}gg_ 6}\]7]— Oﬂ.ﬂ\_ /\]Iﬂq] _9,]6]— 71-/\ %7}% ;(]-
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AS 9loll, T A (AR A5 H AR AY) B
AY T2 olF 180 F4 1F5FF (SEED-
UNSD)= A2 H| W5t (Jung et al., 2022). BRD
G 147 AlF ol o3t +4 1F-F- T2 64
A& Y Aot fARSHA ofFell 7 B A
=of 7P Atk 1A7F AY A= £{4: 0.003 mm
(1E)~Zt] 0.23 mm (8¥)°|H, 6AIZF A& AlF 4
= 24 0.02mm (12€)~Z]d 0.36 mm (89)9] <l
oo B U T B3 A PakS AR,
A7 A& Aol ofgt 2] QIF-F- 2 1417 A
| Bls] A-2of oF 32812 7 Zlom, thgo g
(2.38)), o1& (1.74H), 7F& (1.140
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20|t} (Kang et al., 2023; He et al., 2022).

3.3 QITZL WA sEET 2y
18 4~62 A717H20218) E<H Al G (KMA,
BRD, DAD)o|A 9] x| 2de Avs S35 4
=] o

[e]
QTES uY SERLO YASES 217} hehiict
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< 3% ARl digt A3 2 A7 Hlee
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