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Abstract

The possible experimental time for cloud seeding was analyzed in South Korea. Rain gauge and radar precipitation data
collected from September 2017 to August 2022 in from the three main target stations of cloud seeding experimentation
(Daegwallyeong, Seoul, and Boryeong) were analyzed. In this study, the assumption that rainfall and cloud enhancement
originating from the atmospheric updraft is a necessary condition for the cloud seeding experiment was applied. First, monthly
and seasonal means of the precipitation duration and frequency were analyzed and cloud seeding experiments performed in the
past were also reanalyzed. Results of analysis indicated that the experiments were possible during a monthly average of 7,025
minutes (117 times) in Daegwallyeong, 4,849 minutes (81 times) in Seoul, and 5,558 minutes (93 times) in Boryeong, if
experimental limitations such as the insufficient availability of aircraft is not considered. The seasonal average results
showed that the possible experimental time is the highest in summer at all three stations, which seems to be owing to the
highest precipitable water in this period. Using the radar-converted precipitation data, the cloud seeding experiments were
shown to be possible for 970-1,406 hours (11-16%) per year in these three regions in South Korea. This long possible
experimental time suggests that longer duration, more than the previous period of 1 hour, cloud seeding experiments are
available, and can contribute to achieving a large accumulated amount of enhanced rainfall.
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Fig. 1. Location of three target areas in this study. BRY is
Boryeong station, and DGW is Daegwanryeong
station. The yellow shade represents area of Seoul,
and the blue shade represents Boryeong-Dam
basin.

1A=

qo &
oF
d

:

N
oo
£

A 55 A7E Aol st 9L
A9 A2 A THSANS B
o B 9] 452
G, A% ol e
oz Egrue 3714717 9]
o St BT, v
198 S K90 B2 A
45 7)EoR SaH gt 7}
d

Al A B2 RS e

i
(¢}

EEl

>
fuiel}
rlo
ofy

B>
f o

1o
fu)
o
o
fl
o

e T
e fo
> nj
i g
ny
|o

i o
Hoom

7]

o >
M

TN
o 4o

Mo
1

-

1k o
2 o

o orE Qb oae i
18

o o o,

2
=
%
ofl

ot
=0

Fig. 13} 2t}

Fig. 19 YEPd A2(Seoul)=t HF(BRY) &
AsfiolA FAdE 7da Alagle] S T
(DGW)2 A&t sFollA F5 AlAFL] gk
F b= A TS5AE A2A (T 29 2
BHo| 9x|5tal, By WEAE BYH FA(0t

=
E
z
o
i)
i &
1 o K oo

i~

N

o 2 Rynt 1] olek. B %

12
Mo
)
a9

—
=
o)
s

BN
2
>
oo
ol
o
\O
=
=
BUJ
FUore
[
Jo
12
2,
:?lj
ol

=
of glo] ZAE A9 AT A AF Aol ER T
93 glck
o]
-

Y= ATk Al A TSl TS5 IS ARE HE
W™ Fig. 29t £t

Fig. 2014 74 Atell 5 599 537t Al o A
e} FE2517] Y8l 474 50 mm, 100 mm A& o
2 mrlst] Yeplth. -4 1% &= 9l%ol, A
HEE e fisAdo] A et z|Rt, A71E
2 75 7 el giA R gAY Uebdh o=
HAF] FFoz W2 {oH 4 Al Ao of
A2 BE Ao FFS & AS Uehdh A7E
o dFgE2 s 137.3 mm (20209 9€¥ 79),
A& 176.2 mm (20224 6¥ 309¥), 29 196.2 mm
(20184¥ 7€ 192 YElstth

2.2, AZZ 2 Al

_|

A AR AP TGTT) 24 ofio]
4429 G wonz v 2ol 488 Y
ofobgt AP 4T 4 9tk o2 Sol, 75 ol
B okt A AlZielells 714 27lo] 2 A B
F2 Abg Ao Hae] olgth. B4 BEAY 7
ol B2 Eelol} thE §3710] 89 5o 1))
Zofo] AGHHTHA, Ao AT oz A S Sash
7] ofgitk. obg el /14 240] £AR STl §A]
7] glot 4 A2 WAslol T W 3188 2

RelAEt A2E WA 4 9k Aokl ik, wetA
TR AP Ao 74 A5zt A FAY
A7 BEARE BT 127 5, vlgo] sj7hE 79
oA AR A 74 Wakrt o gl 2| e

2 st glek 7Rl AE 4 g ¢

371
S APE AxEe] 530 A

I

9
k1l
A
T
]

pil
Al
=

o = —

ool of o
o ol H

AR
1

d
t=lo] glof

ol ol

o]

r



46 =g

Fol
o3
N
fol
517
Ho

)
=}
=

o

Ho
2
)
™
e
)

o
Lot

|(@)

-

o

(=]
1

Daily Precipitation (mm)
g B
1 I

0
9Mn7 31ne 9118 3119 91119

- - Heavy Precipitation
- - Extreme Precipitation

311120 9/1/20 3N 9121 3122 9122

Time (Day/Month/Year)

N
=]
=]

{(b)

150

o
=}
]

Daily Precipitation (mm)

04
o7 311 9118 3119 9119

L T ., ————————

311120 9/1/20 3N 921 3122 9122

Time (Day/Month/Year)

N
=}
=3

(c)

Y

o

=]
1

Daily Precipitation (mm)
g 8
1 1

0
9117 3/1/18 9/1/18 3118 91119

3/1/20 9/1120 321 a1 3i1/22 91122

Time (Day/Month/Year)

Fig. 2. Time series of daily precipitation in three target stations. (a) Daegwanryeong, (b) Seoul, (c) Boryeong.
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Table 1. Experiment cases of cloud seeding

Date Seeding Time (min) Goal Date Seeding Time (min) Goal
2017.11.28. 16:56~18:00 64 A 2020.05.15. 12:43~13:05 22 B
2017.12.02. 15:29~16:40 71 A 2020.09.25. 09:54~10:32 38 C
2017.12.03. 16:22~17:17 55 A 2020.10.22. 11:00~13:00 60 D
2018.01.30. 17:09~18:01 42 A 2020.11.01. 11:26~12:20 54 D
2018.03.21. 16:07~17:14 57 A 2020.11.01. 15:33~16:29 56 D
2018.03.29. 12:00~12:56 56 A 2020.11.06. 15:02~16:24 82 C
2018.09.19. 15:26~16:05 39 A 2020.11.19. 11:11~11:30 19 C
2018.10.04. 13:01~13:44 43 A 2021.01.28. 08:26~09:06 40 D
2018.10.17. 11:33~12:47 64 A 2021.02.26. 11:44~12:34 40 C
2018.10.18. 11:31~12:41 70 A 2021.02.26. 15:22~16:09 47 C
2018.11.07. 12:00~12:51 51 A 2021.03.04. 16:05~16:48 43 B
2018.11.21. 11:50~12:32 42 A 2021.03.20. 14:07~14:40 33 C
2018.12.03. 13:22~14:05 43 A 2021.03.27. 16:08~16:30 22 B
2018.12.04. 10:56~11:33 37 A 2021.04.03. 12:19~12:55 36 B
2018.12.11. 11:14~12:05 51 A 2021.04.12. 16:42~17:13 31 B
2019.01.25. 10:13~11:01 48 A 2021.04.16. 08:24~09:16 52 D
2019.04.10. 11:40~12:30 50 A 2021.04.30. 11:03~11:25 22 C
2019.06.27. 10:38~11:22 44 A 2021.05.15. 10:06~10:24 18 D
2019.06.28. 14:58~16:13 75 A 2021.05.16. 14:03~14:43 40 C
2019.08.27. 11:31~11:58 27 A 2021.10.06. 10:19~10:38 19 C
2019.10.24. 13:23~13:53 30 A 2021.10.06. 16:12~16:44 32 C
2019.11.24. 14:26~15:08 42 A 2021.10.07. 09:23~09:39 16 B
2019.11.25. 11:02~11:37 35 A 2021.10.07. 17:28~18:02 34 C
2019.11.28. 11:24~11:48 24 A 2021.10.15. 14:21~15:11 50 C
2019.12.01. 11:08~11:28 20 A 2021.11.23. 10:00~11:14 74 B
2019.12.02. 12:00~12:16 16 A 2021.11.30. 09:15~09:47 32 D
2019.12.03. 12:15~12:30 15 A 2021.11.30. 14:22~15:02 40 D
2019.12.07. 11:54~12:06 12 A 2021.12.07. 13:06~13:58 52 C
2019.12.17. 11:52~12:24 32 A 2021.12.14. 09:29~10:41 72 D
2019.12.18. 13:24~13:30 6 A 2021.12.14. 13:40~14:30 50 D
2020.01.06. 16:42~17:07 25 D 2022.01.25. 12:42~13:32 50 C
2020.01.08. 11:46~12:01 15 B 2022.02.14. 10:50~11:14 24 C
2020.01.11. 10:24~10:42 18 B 2022.02.14. 15:04~15:40 36 C
2020.01.15. 12:55~13:12 17 B 2022.03.04. 14:04~15:00 56 D
2020.01.17. 12:52~13:05 13 C 2022.03.07. 16:53~18:33 110 C
2020.01.19. 10:38~10:48 10 B 2022.03.12. 17:11~18:09 58 C
2020.01.29. 12:18~12:27 9 C 2022.03.13. 11:43~13:21 98 C
2020.01.30. 11:58~12:09 11 C 2022.03.14. 15:57~16:44 47 C
2020.03.27. 10:59~11:11 12 C 2022.03.30. 14:07~14:57 50 B
2020.04.10. 15:06~15:45 39 C 2022.04.13. 09:43~10:26 43 C
2020.04.17. 10:39~11:15 36 B 2022.04.13. 14:39~15:02 23 C
2020.04.27. 13:51~14:10 19 C 2022.06.15. 15:22~16:00 38 C
2020.05.09. 11:10~11:26 16 B

(A: Enhance rainfall, B: Drought mitigation, C: Forest-fire prevention, D: Dust reduction)
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Fig. 4. Example of rainfall duration decision. (a) Event 1 (2017.9.11), (b) Event 2 (2018.2.23), and (c) Event 3 (2018.5.30.).
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Fig. 6. Seasonal-mean duration of precipitation event for the
rain gauge and radar data of the three stations (1:

Spring, 2: Summer, 3: Autumn, 4: Winter).
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Table 2. Estimation of monthly total experimental times and number of experiments in cloud seeding experiment for the
rain gauge and radar data of the three stations

Daegwanryeong

Seoul Boryeong

Gauge

Radar

Gauge

Radar Gauge Radar

Month Experimental  Number of Experiment Number of Experimental Number of Experimental Number of Experimental Number of Experimental Number of

Time  Experiment alTime Experiment  Time  Experiment Time  Experiment  Time  Experiment  Time  Experiment

(min) (freq.) (min) (freq.) (min) (freq.) (min) (freq.) (min) (freq.) (min) (freq.)
1 1455 24 6475 108 1532 26 3374 56 1755 29 5754 96
2 1272 21 4185 70 1377 23 2665 44 2118 35 4580 76
3 3678 61 6352 106 2530 42 4122 69 2208 37 3864 64
4 3462 58 5474 91 2750 46 3899 65 2705 45 3816 64
5 4653 78 6288 105 4692 78 4842 81 3374 56 4683 78
6 5336 89 8830 147 3840 64 4320 72 3619 60 5670 95
7 7290 122 8680 145 6264 104 6536 109 4815 80 8532 142
8 9156 153 13356 223 6666 111 12636 211 5640 94 9625 160
9 8192 137 12070 201 3432 57 5176 86 2285 38 6246 104
10 4020 67 4760 79 2130 36 5588 93 2835 47 3624 60
11 1848 31 4128 69 2168 36 2785 46 2465 41 5135 86
12 684 11 3696 62 1275 21 2250 38 1974 33 5168 86
Total 51046 852 84294 1406 38656 644 58193 970 35793 595 66697 1111
Average 4254 71 7025 117 3221 54 4849 81 2983 50 5558 93

Table 3. Estimation of seasonal total experimental times and number of experiments in cloud seeding experiment for the rain
gauge and radar data of the three stations

Daegwanryeong

Seoul Boryeong

Gauge

Radar

Gauge

Radar Gauge Radar

Season Experimental Number of Experimental Number of Experimental Number of Experimental Number of Experimental Number of Experimental Number of

Time  Experiment  Time  Experiment  Time  Experiment  Time  Experiment  Time  Experiment  Time  Experiment
(min) (freq.) (min) (freq.) (min) (freq.) (min) (freq.) (min) (freq.) (min) (freq.)
Spring 3941 66 6296 105 3120 52 4068 68 2585 43 4557 76
Summer 7270 121 10626 177 5553 93 7290 122 4680 78 8244 137
Autumn 4668 78 6728 112 2600 43 4528 75 2510 42 5274 88
Winter 1272 21 4482 75 1388 23 2772 46 1950 33 5439 91
Total 17151 286 28132 469 12661 211 18658 311 11725 196 23514 392
Average 4288 72 7033 117 3165 53 4665 78 2931 49 5879 98
MR dold] et A 4w WE SS ol vERdeh,
Aglo] FMset Aow UERT ol wlE ¢ e 3) B4 BE ASARE BANES ol gl ABT
Q1279 o] FHssheh ojmjolch, AdE B © A% IR AZHE AEF At ol e At
Aol A 74 7340} dlo]e] e HpgIE ) 3 A A eRct 24 debge), g 3
A2 fARSHA vebdar, dlold o= Al A3 wH o8 tiig2 7,0252(1173]), A& 4,849
I A 24 63] o] Ajlo] 7hset Ao 2(812]), HE2 5,5581(932]) A= Aol 7Hs



2017~20228 HAA S old] 2 A4k A4 AR E ol &3 AEAS BT AF AT £A 55

F AL ISR ALY Bae 4RI B4 A
e} gAtslA ekt Al A B o2 de] 71
Be Aglo] 7Psstn], MK AR Je 2
W Aow et

4) 7 A ARE B Ax 9, AEE B4
oz AA 3E A9 diH] A= 20,98 BA=
373870 dee o 32 5 e Ae &S

CES S Ado] o

o Folm
mm o)l 7ltstel Q15745 e 971 970~
1,406X17(11~16%)7} ko) 7))
o= UehtAw, AaHog A

1

==
A Qe FRIsH. ool wet 9F T

o
N

Rigeadle

=]
Irrr
)
h
%)
[nm
N
U
1o
N
—{OI[
l
o
il
[-'E

g Ao Faol elElis A4 TFssiet E
o, 7] % BaES 35 A2t ohet Hek A

=2
o} 20~408] SV, 1417 A 1 mm7t 7hsst
oHH, A7 E27F 80~110 mmE BHHHE= Aol 7=
4 oltt, B2 olgh Avhe Aol ARt 4 =
o] HS o, 157 Ao A &H o= L3x]o]
oftt 7Hs 8 Aot & Aol Aol A= ol A A
G577} vlgst7] o] g ofgt & A8 A7l 7}
1

o] oS T 7440] A& A

H1 ok oo
)
2
3:0
=l
I
==
R

3

=

z .

Eds Z2e] et 2240l 2A vehd 5 2l
th, FolET Ae] F HIF FHo] AR oA
Al o
=

=

o met
fol

~]

i

fr fﬁ)j

Lo 24 7198 4 g
Aol gk A=A o
TFo] AntE ggsto]
AA 75 2L A4S WA AR, o]

2] fat 7 AT W et e,
ZMel 2

B AfE= 7 ISR7AEste R E 9 8
2] dHKMA2018-00224)" 2] AL HokU ot

REFERENCES

Adams, B. J., Papa, F., 2000, Urban storm water
management planning with analytical probabilistic
models, John Wiley & Sons Inc.

Ajin, R. S., Loghin, A. M., Jacob, M. K., Vinod, P. G.,
Krishnamurthy, R. R., 2016, The risk assessment
study of potential forest fire in Idukki Wildlife
Sanctuary using RS and GIS techniques, Int. J. Adv.
Earth Sci. Eng., 5(1), 308-318.

Al Hosari, T., Al Mandous, A., Wehbe, Y., Shalaby, A., Al
Shamsi, N. A., Al Nagbi, H., Yazeedi, O. A., Mazroui,
A. A., Farrah, S., 2021, The UAE cloud seeding
program: A statistical and physical evaluation,
Atmosphere, 12, 1013.

Baek, J., Kim, J., Park, J., Lim, K., Shin, H., 2022, A Study
on the rainfall management target considering
inter-event time definition (IETD), J. Korea Water
Resour. Assoc., 55(8), 603-611.

Bruintjes, R. T., 1999, A Review of cloud seeding
experiments to enhance precipitation and some new
prospects, Bull. Am. Meteorol. Soc., 80(5), 805-820.

Chang, K., Jeong, J., Cha, Y., Yang, H., Choi, Y., Kwon,
W., 2011, Characteristics of recent precipitation
trends and drought years, J. Korean Soc. Hazard
Mitig., 11(1), 54-64.

Essien, A. E., Guo, Y., Dickson-Anderson, S. E., 2023,
Extensive rainfall data analysis: event separation
from continuous record, fitting of theoretical
distributions, and event-based trend detection,
Environ. Sci.: Adv., 2(5), 695-708.

Han, D. G., Kim, D. H., Kim, J. W., Jung, J. W., Lee, J. J.,
Kim, H. S., 2019, Estimation of mega flood using
mega rainfall scenario, J. Wetlands Res., 21(S-1),
90-97.

Howard, C. D., 1976, Theory of storage and
treatment-plant overflows, J. Environ. Eng. Division,
102(4), 709-722.



of

for

56 R

James, W., 1994, Current practices in modelling the
management of storm water impacts,
Publishers, Boca Raton.

Javanmard, S., BodaghJamali, J., Noorian, A. M., 2007,
Preliminary results of site selection study for cloud
seeding in order for precipitation enhancement in
IR of Iran, J. Wea. Mod., 39(1), 87-95.

Joo, J., Lee, J., Kim, J. H., Jun, H., Jo, D., 2013,
Inter-event time definition setting procedure for
urban drainage systems, Water, 6(1), 45-58.

Jung, W., Chang, K. H., Cha, J. W., Ku, J. M., Lee, C.,
2022, Estimation of available days for a cloud
seeding experiment in Korea, J. Environ. Sci. Int.,
31(2), 117-129.

KFS, 2023, 2022 forest fire statistics, Korea Forest
Service.

Kong, M., Wang, G., Wu, Y., Liu, G., Gu, Y., Wu, W., 2021,
A Nationwide analysis of water scarcity and cloud

Lewis

seeding demand levels from analyzing water
utilization data, agricultural drought maps, and local
conditions in China mainland, Ear. Space Sci., 8(6),
1-18.

Kyoung, M. S., Kim, H. S., Sivakumar, B., Singh, V. P.,
Ahn, K. S., 2011, Dynamic characteristics of
monthly rainfall in the Korean Peninsula under
climate change, Stochastic Envir. Res. Risk Assess.,
25, 613-625.

Lachhab, R., 2023, Economic impacts of weather
modification on water resources and drought:
evidence from California, Research in Agricultural
& Applied Economics.

Lee, J. W., Jung, G. H., 2017, Estimation of interevent
time definition using in urban areas, J. Korean Soc.
Hazard Mitig., 17(4), 287-294.

Mishra, V., Tiwari, A. D., Aadhar, S., Shah, R., Xiao, M.,
Pai, D. S., Lettenmaier, D., 2019, Drought and
famine in India, 1870-2016, Geophys. Res. Lett.,
46(4), 2075-2083.

MLTMA, 2011, Improvement and supplementation of
probability rainfall, Ministry of Land, Transport and
Maritime Affairs.

NDIAC, 2018, 2013~2018 sustained drought analysis

report, National Drought
Information-Analysis Center.

Niemczynowicz, J., 1999, Urban hydrology and water
management-present and future challenges, Urban
Water, 1(1), 1-14.

NIER, 2022, 2021 Air quality statistics, National
Institute of Environmental Research.

NIMS, 2022, Research on weather modification and
cloud physics, National Institute of Meteorological

and assessment

LR

Sciences.

Noor, A., Shafi, M. M., 2023, Impact of climate change
on the confined aquifers resources and factors
responsible for decline and vulnerability of
groundwater in district Karak, Sarhad]J. Agri., 39(2),
545-551.

Pathak, A. A., Dodamani, B. M., 2019, Trend analysis of
groundwater levels and assessment of regional
groundwater drought: Ghataprabha river basin,
India, Nat. Resour. Res., 28, 631-643.

Pokharel, B., Geerts, B., Jing, X., Friedrich, K., Tkeda, K.,
Rasmussen, R., 2017, A Multi-sensor study of the
impact of ground-based glaciogenic seeding on
clouds and precipitation over mountains in Wyoming.
Part II: Seeding impact analysis, Atmospher. Res.,
183, 42-57.

Rasmussen, R. M., Tessendorf, S. A., Xue, L., Weeks, C.,
Ikeda, K., Landolt, S., Breed, D., Deshler, T.,
Lawrence, B., 2018, Evaluation of the Wyoming
Weather Modification Pilot Project (WWMPP) using
two approaches: Traditional statistics and ensemble
modeling, J. Appl. Meteorol. Climatol.,, 57,
2639-2660.

Rauber, R. M., Geerts, B., Xue, L., French, J., Friedrich,
K., Rasmussen, R. M., Tessendorf, S. A., Blestrud, D.
R., Kumkel, M. L., Parkinson, S., 2019, Wintertime
orographic cloud seeding—A review, J. Appl
Meteorol. Climatol., 58(10), 2117-2140.

Ro, Y., Chang, K. H,, Chae, S., Lim, Y. K., Ku, J. M., Jung,
W., 2023, Estimation of the total amount of
enhanced rainfall for a cloud seeding experiment:
case studies of preventing forest fire, drought, and
dust, Adv. Meteorol., 2023, 1-18.

Ro, Y., Yoo, C., 2020, Consideration of rainfall
intermittency and log-normality on the merging of
radar and the rain gauge rain rate, J. Hydrol., 589,
125178.

Rosenfeld, D., Farbstein, H., 1992, Possible influence of
desert dust on seedability of clouds in Israel, J. Appl.
Meteorol. Climatol., 31(7), 722-731.

Silverman, B. A., Sukarnjanaset, W., 2000, Results of the
Thailand warm-cloud hygroscopic particle seeding
experiment, J. Appl. Meteorol. Climatol., 39(7),
1160-1175.

Somashekar, R. K., Ravikumar, P., Mohan Kumar, C. N.,
Prakash, K. L., Nagaraja, B. C., 2009, Burnt area
mapping of Bandipur National Park, India using IRS
1C/1D LISS III data, J. Indian Soc. Remote Sens., 37,
37-50.

Tessendorf, S. A., Bruintjes, R. T., Weeks, C., Wilson, J.
W., Knight, C. A., Roberts, R. D., Peter, J. R., Collis, S.,



2017~20228 HRA 9 lold 2 A4k 34 A=

Buseck, P. R., Freney, E., Dixon, M., Pocernich, M.,
Ikeda, K., Axisa, D., Nelson, E., May, P. T., Richter, H.,
Piketh, S., Burger, R. P., Wilson, L., Siems, S. T.,
Manton, M., Stone, R. C., Pepler, A., Collins, D.R.,
Bringi, V. N., Thurai, M., Turner, L., McRae, D., 2012,
The Queensland cloud seeding research program,

il

* Senior Researcher. Yong-Hun Ro
Research Applications Department, National Institute of
Meteorological Sciences
royhl@korea.kr

* Team Leader. Ki-Ho Chang
Research Applications Department, National Institute of
Meteorological Sciences
khchang@korea.kr

* Research Scientist. Yun-Kyu Lim
Research Applications Department, National Institute of
Meteorological Sciences
imyunkyu@korea.kr

It

of

ol ABAS %

oo

%

A AL

g

juivi}
)

M

] 57

Bull. Am. Meteorol. Soc., 93(1), 75-90.

Yoo, C., Park, C., Jun, C., 2016, Evaluation of the
concept of critical rainfall duration by bivariate
frequency analysis of annual maximum independent
rainfall event series in Seoul, Korea, J. Hydrol. Eng.,
21(1), 05015016.

* Research Scientist. Woon-Seon Jung
Research Applications Department, National Institute
of Meteorological Sciences
wsjung01@korea.kr

* Science Advisor. Jin-Won Kim
Climate Change Research Team, National Institute of
Meteorological Sciences
jinwonk@korea.kr

* Department Head. Yong-Hee Lee
Research Applications Department, National Institute of
Meteorological Sciences
lyhee94@korea.kr



