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Abstract National Institute of Meteorological Sciences has conducted a total 54 cloud seed-
ing experiments with a silver iodide and calcium chloride using aircrafts from 2008 to 2018. The
goal of the experiments is to improve the techniques of precipitation enhancement in Korea. The
cloud seeding experiments using the silver iodide and calcium chloride were 36 and 18 times,
respectively. During the cloud seeding experiments of the silver iodide and calcium chloride, the
average values of total cloud amount for two kinds of seeding materials were 9.6 for and 8.1,
respectively. The cloud type with the highest occurrence was Nimbostratus (Ns)-Stratus (St)
(58%) in the silver iodide cloud seeding experiment. It was Altostratus (As)-Stratocumulus (Sc)
(44%) in the calcium chloride cloud seeding experiment. Compared to probability of obtaining
cloud seeding effect of the experiments using a leased aircraft, the probability using an atmo-
spheric research aircraft increased from 43% to 63% in the silver iodide cloud seeding experi-
ment and from 29% to 75% in the calcium chloride cloud seeding experiment. However, the
increasing tendency was only shown during the one year experiment (2018). To get the mean-
ingful statistical tendency of the cloud seeding effects, it is needed to implement many experi-
ments in several years. Further we have to more clearly understand the characteristics of clouds
developing in Korea and implement the cloud seeding experiments under a variety of weather
conditions in order to develop the optimized precipitation enhancement technology in Korea.
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Fig. 1. Images of leased aircraft (CESSNA-206) (left) and Burn-in-place cloud seeding flare (Right).

Table 1. Summary of cloud physical instruments in atmospheric research aircraft.

Instruments

Measurements

Cloud Condensation Nuclei Counter
(CCN-200)
(http://www.dropletmeasurement.com/)

Condensation nuclei distribution (0.75~10 pm)
(Measurement parameter: CCN number concentration)

Optical Particle Counter

Aerosol particle distribution (0.25~32 pum)

(Measurement parameter: aerosol number concentration per

particle size)

Cloud droplet distribution (7.5~930 pwm), Shape
(Measurement parameter: cloud droplet number
concentration per particle size and drop shape)

Cloud droplet distribution (2~50 pm)
(Measurement parameter: cloud droplet number
concentration per particle size)

(Sky-OPC)
(https://www.grimm-aerosol.com/)
Cloud Imaging Probe
(CIP)
Cloud Combination Probe (CCP)
(http://www.dropletmeasurement.com/) Cloud Droplet Probe
(CDP)
LWC-100
(hot wire)

Liquid water content (0~5 g m ™)
(Measurement parameter: liquid water)

Precipitation Imaging Probe (PIP)
(http://www.dropletmeasurement.com/)

Precipitation particle distribution (100~6,200 m), Shape
(Measurement parameter: rain and ice number concentration
per particle size and their shape)

Water Content Measurement (WCM2000)
(http://www.scieng.com/)

Liquid Water Content (<6 g m™),
Total Water Content (< 10 g m )
(Measurement parameter: liquid water and total water content)

Aerial View Camera (AVS-860)
(http://www.aerialviewsystems.com/)

Atmosphere, Ground View
(Measurement parameter: view Images)

Aircraft Integrated Meteorological
Measuring System (AIMMS-20)
(http://www.aerialviewsystems.com/default.htm)

Meteorological data
(Measurement parameter: Temperature, Relative humidity,
Pressure, Wind direction, Wind speed)
Aircraft-State
(Measurement parameter: Latitude, Longitude, Altitude,
Velocity, Angle etc.)
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Fig. 2. Atmospheric research aircraft and cloud observational instruments of NIMS.

Table 2. Specification of leased and Atmospheric research aircrafts.

Specifics leased aircraft Atmospheric research aircraft.
Aircraft type CESSNA 206 Beechcraft King Air 350HW
Number of passengers for flight experiment 2 5
Height/length/wide 24 m/82 m/11 m 437 m/14.22 m/17.65 m
Maximum Take-off Weight 1,155 kg 7,484 kg
Maximum flight distance 1,180 km 1,550 km
Maximum endurance 7 hours 7 hours
Maximum operating Altitude About 4 km About 10 km
Numbers of Instruments for Experiment 0 25
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Table 3. Meteorological conditions for aircraft cloud seeding
in Korea.

Weather condition (Target regions) Range

Air temperature at seeding height <-5°C for Agl
> 0°C for CaCl,

Liquid Water Content at seeding height =02 g m™

Cloud thickness at seeding height > 1.0 km

Wind speed at seeding height <15ms™
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Fig. 3. Flowchart for procedure of cloud seeding experiment using atmospheric research aircrafts.
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Table 4. Summary of aircraft cloud seeding with Agl from 2008 to 2018.

Experiment condition

1) H 2)

Year No. Date H Region M WD WS ST G

1 3.3 1707~1810 Yongpyon; Adl Northeast 3 -8 3

: EPYORE  iquid-N,
2008 Agl
3.4 1403~1459 Yongpyong Liquid-N, Northeast 3 -20 2.8
3 3.14 1215~1239 Yongpyong Liquid-N, Northeast 3 -5 2.1
Agl

4 2.23 1014~1119 Yongpyong Liquid-N, Northeast 3 —4 22
2009 5 3.23 0040~0027 Yongpyong Agl Northwest 8 -8 2.8
6 3.23 0101~0121 Taebaek Agl Northwest 8 -8 2.8
7 3.30 2140~2202 Yongpyong Agl Southwest 7 -12 2.8
8 3.30 2258~2320 Taebaek Agl Southwest 8 -13 2.8
9 2.10 1825~1849 Yongpyong Agl Southwest 4 -6 2.4

10 2.12 1600~1608 Suwon Agl South 3 -14 2
11 2.12 1805~1823 Andong Agl Southwest 4 -14 2.6
12 2.16 1756~1815 Yongpyong Agl Southwest 4 -18 2.2

2010 43 3 1637~1658  Yongpyong Agl East 3 12 2

14 3.7 1746~1810 Yongpyong Agl East 3 -12 2
15 3.8 1520~1542 Yongpyong Agl East 5 -8 2.4
16 3.8 1634~1648 Yongpyong Agl East 4 -8 2.2

2011 17 2.28 1417~1421 Yongpyong Agl Northeast 5 -2 2
18 3.25 1546~1550 Yongpyong Agl Northwest 10 =22 3.5
2012 19 2.26 1531~1535 Yongpyong Agl Northeast 3 -18 24
20 3.2 1652~1712 Yongpyong Agl Northeast 4 -11 2.8
2013 21 3.13 1753~1817 Yongpyong Agl North 6 -8.5 2.8
2015 22 12. 18 1307~1347 Boryeong Agl Northwest 6 -6 1.5
23 1.29 1252~1336 Yongpyong Agl Northeast 7 -6 2.2

24 1.29 1953~2040 Yongpyong Agl Northwest 1 -6 2
2016 25 2.6 1521~1555 Yongpyong Agl Northwest 7 -6 2.5
26 2.20 1355~1431 Yongpyong Agl North 4 -14 29
27 3.9 1316~1400 Yongpyong Agl Northwest 4 -17 2.1
28 3.9 1831~1907 Yongpyong Agl West 6 -13 1.8
29 1.30 1709~1801 Yongpyong Agl Southwest 25 -15 2.0
30 3.21 1607~1714 Yongpyong Agl Northeast 13 -8 2.0
31 10. 17 1133~1247 Yongpyong Agl Southwest 5 -3 2.4
2018 32 10. 18 1131~1241 Yongpyong Agl Northeast 8 -3 2.4
33 11.7 1159~1251 Yongpyong Agl Southwest 5 -3 2.7

34 11. 21 1150~1232 Yongpyong Agl Southwest 15 -9 3

35 12. 4 1056~1134 Yongpyong Agl West 15 —4 3

36 12. 11 1114~1206 Yongpyong Agl Southwest 19 -11 3

1) H: LST, 2) M: Chemical material, 3) WD: Wind Direction, 4) WS: Wind Speed (m s™'), 5) T: Temperature (°C), 6) Ht:
Height (Km).
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Table 5. Summary of aircraft cloud seeding with CaCl, from 2008 to 2018.
. . , Experiment condition
Year No. Date H Region M - : . -
WD WS T 'Ht
2010 1 4.23 0848~0900 Around Seoul CaCl, Northwest 4 5 0.5
2011 2 3. 14 1540~1559 Dangjin CaCl, Northwest 5 4 0.5
2014 3 8.27 1448~1502 Wonju CaCl, Northeast 1.4 14 1.5
2016 4 6.21 1227~1247 Yongpyong CaCl, West 4 16 1.8
5 6.21 1341~1359 Yongpyong CaCl, West 4 16 1.8
6 5.4 1756~1818 Hwaseong CaCl, Southwest 6 6 2.6
7 5.23 1254~1325 Hwaseong CaCl, Southwest 3 14 1.6
1530~1550 Pyeongtaek
8 5.31 1612-1631 Asan CaCl, Southwest 7 17 1.2
0950~1006 .
9 6.1 10211037 Osan, Yeoju CaCl, West 6 14 0.6
10 612 1736-1756 Gosam, CaCl,  Southeast 3 10 22
1825~1848 Chungju
2017 1450~1510 Anseong
11 6.29 15331552 Cheongju CaCl, South 4 16 1.6
1656~1711
12 11.28 1744-1800 Suwon CaCl, West 6 4 1.5
1529~1546
13 12.2 1624~1640 Suwon CaCl, West 8 -2 1.6
1622~1639
14 12.3 1705-1717 Sunwon CaCl, Northwest 8 2 0.7
15 3.29 1200~1256 Suwon CaCl, Southwest 1 10 0.6
2018 16 9.19 1526~1605 Yongpyong CaCl, West 4 6 23
17 10. 4 1301~1344 Yongpyong CaCl, Northeast 12 7 1.8
18 12.3 1322~1406 Yongpyong CaCl, Southwest 12 4 2.1

1) H: LST, 2) M: Chemical material, 3) WD: Wind Direction, 4) WS: Wind Speed (m s™), 5) T: Temperature (°C), 6) Ht:

Height (Km).
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Table 6. Analysis of meteorological data and seeding height for cloud seeding by aircraft from 2008 to 2018.

Total cloud Amount of middle &  Amount of lowest Wind speed Temperature  Seeding
amount (#/10)  low level cloud (#/10)  level cloud (m) (ms™) (°C) height (m)
Agl  Mean 9.6 7.5 1,018 6.7 -9 2,447
Seeding STDEV 1.6 1.8 448 5.0 5 438
CaCl, Mean 8.1 53 1,249 55 9 1,423
Seeding STDEV 23 24 933 3.1 6 643
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Fig. 7. Weather chart for synoptic scale classification of cloud seeding experiment from 2008 to 2018 ((a) Type 1: Expansion of
continental high pressure system and (b) Type 2: Impact of low pressure system).
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FAGANAM A4S/ & Ueide ez 48A
S tH(Deshler et al., 1990; Bruintjes, 1999). 2¥6%Y
1520 LSTHE] 1555 LSTZ7FA] 35% 9t 889 90

3o ALERS A|HElgit) A A" EE 1.8~2.1 km
AolRem, YIRS 2= —14°C, A A

Qa7 e Ha £33 545 Tm so|th

o Ao AME-H AFSTAEE FAEL ] ¢
43 AAAES UM LDAPS B4 4 GH 4= 1.5
km, 3A17F 2HA)S ARE-SEA T 91854 Weather and
Research Forecasting (WRF) model ver3.40] Agl A3
RES AR AAE $3 ol AgEelel
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A=A SEED= AlGA K mE APRE 9
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2 $EA &3, YPORT Y& EFal 2o 9
28k CPOSZE WA Fitse RS RN A
2l YPOE E3HeH B2 AR = A=A o] B
de] gk oS ZAAg U-8-2 Chae et al. (2018) =
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Aol Ad CPOSe| #3 AEES ¥lsk3lth. Fig.
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Fig. 12. Result of WRF model simulation in 1800 LST 6
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Ak Ao - AR - Tobe g E PN AAF A B FHFE - ANF 0 - THR 495
ge] YA/ REE CIP9 PIPE #2H A, B, CZF 0.00382cm/0.00107 cm™  (CIP/PIP) A A" &
7} 37k g A7 EFolw AR Ae A A 0.00561 cm/0.00147 cm ™ (CIP/PIP)O] 3L, C A Aol A
W de AY F ASS ust g, Al E Alg A 0.00358 cm™/0.00058 cm™ (CIP/PIP)S A A
2 a9l sgste B 719 AlY A thy] A 9 % 0.00333 cm/0.00025 cm™ (CIP/PIP)RAT}. o] &
g Fofl A170] 1000 um ©3IR1 YAt FEErt 5 FoX= CIP7F FEAR] 277 AAA N o] &
7}atdtH(Pokharel et al., 2017). A3 HIEAYG(EH sttete Alg &l gk el o] Ald Azt
Al AGED A de C F92 Ad o] ztolE HATE o] Aol gk )Y A=
ol H7d0] 200 um ol3te] YA} FEEE SRR, 9 A, Flolu] T AAIE AW E7HE H§7
200 pm ©)e] YA AT AFH R g AFHEh 2018E A (NIMS, 2018)0l] BTk 2pA 3] A

#= A9 Aol 2%k JAHD =200~1000 pm) 55
T F7h= B 7YX 7P 3, BEEAY dEe] C
FoM= AU A, B, C +9E A9 AAF CIp
S} PIP HAYATEEE A 9004 A" A 0.00602
cm™/0.00160 cm™ (CIP/PIP)°I X A1Y & 0.00688 cm™/
0.00201 cm™ (CIP/PIP)°] 32, B FHo|A Alg A

=50l 9l

3.2.2 2008~2018d 3 71E o] & AFFS A
2443}

O1FF¢A) AFS Y8l 47w, 7143 dold
2 A BEZE, EFAY @ I FHAIS] AWS

Table 7. Results of aircraft cloud seeding (Agl) experiment from 2008 to 2018.

Precipitation  Diffusing Cloud enhancement Aircraft measurement
Year No. Date .
enhancement  method by cloud seeding CDP CIP PIP
1 3.3 - Manual - - - -
1) Reflectivity of aircraft radar(T)
2008 2 3.4 09cm ("S)  Manual  2) Reflectivity of Micro Rain Radar(T) - - -
3) No-C of Precipitation particle(T)
3 3.14 - Manual - - - -
4 2.23 - Manual - - - -
1) Reflectivity of aircraft radar(T)
5 3.2301) 0.6mm(PR) Manual 2) Reflectivity of Micro Rain Radar(T) - - -
2009 3) No-C of Precipitation particle(T)
6  3.23(I) - Manual - - - -
7 3.30(D) - Manual - - - -
8 3.30d) 0.5mm (R) Manual 1) Reflectivity of aircraft radar(T) - - -
9 2.10 0.5 mm (R) Manual - - - -
10 2.12 - Manual - - - -
11 2.12 - Manual - - - -
12 2.16 - Manual - - - -
1) Reflectivity of Micro Rain Radar(T)
2010 12370 lem (8) Manual ) No-C of Precipitation particle(™) . . i
1) Reflectivity of Micro Rain Radar(T)
14 3.70D 1.4 em (3) Manual 2) No-C of Precipitation particle(T) ) ) )
15 3.8 Manual - - - -
1) Reflectivity of Micro Rain Radar(T)
16 3.8 0.9 cm (5) Manual 2) No-C of Precipitation particle(T) ) ) )
1) Reflectivity of Micro Rain Radar(T)
2011 17 2.28 0.5 mm (R) Manual 2) No-C of Precipitation particle(T) ) ) )
18  3.25 Manual - - - -
1) Reflectivity of Micro Rain Radar(T)
2012 19 2.26 1.8 cm (S) Manual  2) Reflectivity of aircraft radar(T) - - -
3) No-C of Precipitation particle(T)
20 3.2 - Manual - - - -

Atmosphere, Vol. 29, No. 4. (2019)
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Table 7. Continued.

Precipitation  Diffusing Cloud enhancement Aircraft measurement
Year No. Date .
enhancement  method by cloud seeding CDP CIP PIP
1) Reflectivity of Micro Rain Radar(T)
2013 21 3.13 1.6 em (3) Manual 2) No-C of Precipitation particle(T) ) ) )
2015 22 12.18 0.6 cm (S) Model 1) No-C of Precipitation particle(T) - - -
23 1.29(D) - Model - - - -
24 1.29(1I) - Model - - - -
1) Reflectivity of Micro Rain Radar(T)
2016 2526 1.8 em (S) Model 2) No-C of Precipitation particle(T) ) ) )
26 2.20 - Model - - - -
1) Reflectivity of Micro Rain Radar(T)
27 3.9 04 cm (5) Model 2) No-C of Precipitation particle(T) ) ) )
28  3.9.1D - Model - - - -
1) Reflectivity of Micro Rain Radar(T)
29 1.30. 0-Lem (5) Model 2) No-C of Precipitation particle(T) NG NG ND
1) Reflectivity of Micro Rain Radar(T)
3003.21 1.2em (S) Model 2) No-C of Precipitation particle(T) ) N N
1) Reflectivity of Micro Rain Radar(T)
31 10.17 0.5 mm (R) Model 2) No-C of Precipitation panicle(T) NN
2018 32 10.18 - Model N ND ND
1) Reflectivity of Micro Rain Radar(T)
33117 0.5 mm (R) Model 2) No-C of Precipitation particle(T) N N N
34 1121 - Model - NG NI NI
35 124 - Model - N N NG
36 1211 1.5¢m (S) Model 1) Reflectivity of Micro Rain Radar(T) N N N

2) No-C of Precipitation particle(T)

1) S: Snow depth, 2) R: Rainfall amount, 3) No-C: Number concentration at surface, 4) N: Number concentration at seeding

height.
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Table 8. Results of aircraft cloud seeding (CaCl,) experiment from 2008 to 2018.

Precipitation ~ Diffusing Cloud enhancement Aircraft measurement
Year No. Date .
enhancement method by cloud seeding CDP CIP PIP
1) Reflectivity of S-band radar(T)
2010 I4.23 1.5 mm (R) Manual 2) Cloud detection of Satellite ) ) )
2011 2 3.14 - Manual - - - -
2014 3 8.27 - Model - - - -
4 6.21(D - Model - - - -
2016 5 6.21(D) - Model - - - -
. . 1) Reflectivity of S-band radar(T)
6 5.4 Rain detection Model 2) Cloud detection of Satellite ) ) )
7 523 - Model - - - -
1) Reflectivity of S-band radar(T)
8 5.31 0.5 mm (R) Model 2) Reflectivity of Micro rain radar(T) - - -
3) Cloud detection of Satellite
2017 9 6.1 - Model - - - -
1) Reflectivity of S-band radar(T)
10 6.12 2 mm (R) Model  2) Reflectivity of Micro rain radar(T) - - -
3) Cloud detection of Satellite
11 6.29 - Model - - - -
12 11.28 - Model - - - -
13 122 - Model - - - -
14 12.3 - Model
15 3.29 - Model - WNH ND ND
1) Reflectivity of Micro Rain Radar(T)
16 9.19 0.5 mm (R) Model 2) ?No-C of Precipitation particle(T) N NDND
1) Reflectivity of Micro Rain Radar(T) .
2018 17 10.4 0.5 mm (R) Model 2) No-C of Precipitation particle(™) Not observation
1) Reflectivity of Micro Rain Radar(T)
18 12.3 1 mm (R) Model  2) Reflectivity of S-band radar(T) N N N

3) No-C of Precipitation particle(T)

1) R: Rainfall amount, 2) No-C: Number concentration at surface, 3) N: Number concentration at seeding height.
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