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Effect of Cloud Seeding Using Hygroscopic Aerosol Particles
on Artificial Rainfall Enhancement and Its Sensitivity Analysis

in Spring 2021
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Abstract  This study investigated the seeding effect of hygroscopic aerosol particles (CaCl, and NaCl) on artificial rainfall
enhancement (ARE) around the Boryeong Dam (BRD) region located in Chungnam Province in spring (April) 2021. In addition,
a sensitivity analysis on the ARE changes caused by the changes in seeding duration and amount of CaCl, and NaCl was
conducted in the study area. This analysis was performed by two sets of simulation experiments: (1) meteorological model
simulation with (i.e., SEED) and (2) without a modified Morrison microphysics scheme for CaCl, and NaCl (i.e,, UNSD). The
model study indicated the possibility that the seeding of hygroscopic materials around the BRD can affect the ARE in its
surrounding/downwind regions. The mean 180 min-accumulated ARE between the SEED and UNSD (SEED-UNSD) due to
CaCl, seeding was 0.44 mm in the study area (15.5% increase relative to 2.84 mm of the UNSD), with the largest ARE of 2.95
mm (35.5% increase relative to 8.32 mm) in regions located northeast of the BRD along southwesterly winds. For NaCl, the
mean 180 min-accumulated ARE was 0.47 mm (16.9% increase relative to 2.77 mm), with the largest ARE of 3.93 mm (43.4%
increase relative to 9.04 mm) in the same region as CaCl,. The magnitudes of 60 min- and 120 min-accumulated AREs were
smaller than those of the 180 min-accumulated ARE. In the sensitivity analysis, the increases in CaCl, seeding duration (2- and
3-fold) resulted in significant changes (a factor of 3 increase) in the mean 180 min-accumulated ARE in the study area, but
there were no distinct changes in case of increased NaCl seeding duration. Unlike the seeding duration, the AREs of both
CaCl, and NaCl were not sensitive to increases in their seeding amount (2- and 3-fold), possibly due to overseeding.

Key words: Artificial rainfall enhancement, Hygroscopic seeding, Sensitivity analysis, CaCl,, NaCl, Boryeong Dam
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Fig. 1. The model domain for WRF simulations and the geo-
graphical locations of 38 meteorological monitoring sites (6
ASOS (red circles) and 32 AWS (orange circles)) and Boryeong
dam (BRD, green triangle).
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Table 1. Details of the grid and physical options used in the WRF model.

WRF v3.8
Horizontal grid 200 X 160
Horizontal resolution 1km
Vertical layers 40 layers

Initial & Boundary layer
Microphysics

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

Unified Model-Local Data Assimilation and Prediction System

Morrison scheme (Morrison et al., 2009) with CaCl, and NaCl 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)
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Table 2. Summary of the sensitivity experiments to changes in seeding amount and duration.

Experiments CaCl, amount (g/hr) NaCl amount (g/hr) Seeding duration (min)

CTRL 2,160 1,000,000 60

Exp_D2 2,160 1,000,000 120

Exp_D3 2,160 1,000,000 180

Exp_A2 4,320 2,000,000 60

Exp_A3 6,480 3,000,000 60
O] = NI of| A MA|FRFF (LWC, liquid water con- =5 AAI5I0™, NaClo] Al 2 =7 |/dFst
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A& (u, v)& o8l BAstArt (20198 =171 S AT B T 2E O A G ARES A
o1 55 “FRAANBYES TefF T ARG A AT FAsP 14702 AAste] B Sy}
7 AYeRl A a1 g2 AAE Z0). 4 Gk (Lim et al, 2022). AW B2 3& AP0 g
WO 44 BUS A4l 9% uAE wg = ] e AR BR B 20] AASHICh
o] whe} FFol A HHgoh= AlRto] 4 1417E ©]

£ ‘0} a 111401]*1 /‘l 3& St s AASHA
(SEED A9, 2Z=d o2 SEEDS} UNSD A ¢
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Bobsgict. olelolz, A9 F2 F 3R
&4 2ol TEW B4E FHAIE ¥ SR
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£

O] 1A QIS5 AETHo] B4 o853t
2 Ao E A Aol 3o 5548 &2
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F8Ystqinh. 7t 4ol el Ald & skl A<
AZre 24 Ad (Exp_D2: A|4A17E 28, Exp_D3
A1EAIZE 3u T AlF ZEAITRS TS Fe £
SF A3 (Exp_A2: %F 24l, Exp_A3: & 3uf)ez

4

2okeich Tt J%‘E A o] datet Al A&
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7‘_3—y = H]l—ly_g]_oq o] :51_%%4 _&_‘,]_ x%al:z% og uﬂ7}
SEAH 1 AdollA, CaCl, =29 AF F2 A3
AT (Ku et al., 2023)5 31510 2,160 g/hrE AFESE

37571 %oH A 2EY 7)17k (2021 4%5 3 00
UTC~18 UTC) 5+ A 387 #149] 71484 (7]
2, 5, AdsE, Aol sl A4S (104,
RMSE, MBE, POD, ETS)& 4-35}AtH(E 3). A4 2
o] 7|17ko] vk Hot(18A17h) TAIA AEo AR E
StHsk7] ffsl, 2oist B2 #EAHE AAste] 2
g Avte} H| WS (Ahn et al., 2020; Kim et al.,
2015). A A|HoA 712, B5, FHEE2 I0A= 2t
7} 0.91, 0.74, 0.722 UEI} AR 52 AL S B
%.ow, RMSE®] % 77} 1.79°C, 1.83 m/s, 9.32% =
L OJE| Q. o] 2fel e, 2|5 o] MBEC] thsto] 7]
2 0.43°C, B4 0.70 m/s2 A5 o] & T} oFt 7}
iR o), AtEEE -533%% TARo] A B
o}, o]t A= ofe] Y Ao FAA AF
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2]9)-& 2F15F3A T (Song et al., 2022; Cho et al., 2021;
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Table 3. Statistical evaluation of the meteorological variables (air temperature, wind speed, relative humidity, and precipita-
tion) between the observed and model-simulated values at 38 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 (m/s)

Relative humidity (%)

|OA? RMSE® MBE® I0A? RMSEP MBES IOA? RMSEP MBE®
All sites 0.907 1.788 0.432 0.739 1.828 0.704 0.718 9.324 -5.325
[B] Precipitation
Threshold (mm hr) All sites

poD¢ >0.1 0.609
>0.5 0.498
>1 0.478
ETS® >0.1 0.201
>0.5 0.161
1 0.201

2|0A: index of agreement, "RMSE: root mean square error, “MBE: mean bias error, 9POD: probability of detection, °ETS: equitable threat score.

Mun et al., 2020; Jeong et al., 2016).

Aol FAHS AvE BH (& 3), AA| 2l
i3k PODE YAIE >0.1 mm/hrol A 0.61, >0.5
mm/hrol A 0.50, >1 mm/hroll A 0.48% AFEE|]C
™, ETSE 4AZE >0.1 mm/hroll A 0.20, >0.5 mm/
hrofl Al 0.16, > 1 mm/hroll A4l 0.200] WERTE o] 2t
B S A ol A A7E9 ARt As
H|S5E s ER1E & Al & =01, 2014
d 3~10¥ 7%= A9 9] £-2] 2 9] Aitof| A POD+=
A 0.47~F1 0.94, ETSE= A 0.12~F 1 0.557}
LFEFATY (Lee et al,, 2016). QT 20119 54 22
Ut 8 EA (A& 5)oll tisll POD= £ 0.55~
231 0.90, ETS= # A 0.14~2F 1 0.347} YERFTH
(Jee and Kim, 2017). Z| Gayatri et al. (2022)29] A
o 2, 2018 o354 Indial] AR (Solapur)
= o s g 5 1ol Aol pODe A
0.34~%|11 0.36, ETS ] 0.15~F 1L 0.255 4F&313
oF. whebA] 7 Ao] FAIA AL gl oA <

o TS AFESL AlY 8l ot IF5-72

[¢)
WS B o] glol FelHel Bl AvE =
£32 AT 5 ek

3.2 CaCl0l 23t QIZERE A5 U
aizE 24

o]

Ag Ta & 37H] AR JHEste] EA skt
(9 2). 5, ANY T= F 604, 120+, 180+l tht
A AEFSF] FUREE AMEStY] 1 5IE
H W SFGITE 2.2 oA AFgstalzol, 1552
SEED %.2]9] Ztekol Al UNSD H.2]9] 7k
2}o]E oJn|gte} (SEED-UNSD). Adtdo g Alg
4 sk (19 29 A% A FHEEE S
A oA E5 Wk 2o vuigg wt CaCl9] ol F
ARE RIS £ 3, ol FHRE w1559
A7} FEoHA ettt A W Het Q155
9L 602 Tl 0.034 mm, 1202 Foll= 0.30

S 0.44 mmZ LEFG O™, UNSD T
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