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Abstract This study analyzes and compares the results of airborne snowfall enhancement
experiments conducted on November 25 and 28, 2019, as part of the International Joint Cloud
Observation and Weather Control Experiment (IJCO-WCE) 2019 campaign. The objective was
to assess the effects of experimental interventions on cloud precipitation patterns. To address the
challenges in verifying artificial snowfall enhancement, this study proposes an innovative
approach, utilizing a post-experiment zigzag flight path for in-situ observations. This approach
allowed for detailed comparisons between affected and unaffected cloud regions. Precipitation
was observed in the target area on the leeward side on November 25, whereas no precipitation
was recorded during the November 28 experiment. We concluded that airborne snowfall
enhancement is more effective when the lower atmosphere is unstable at the rear of a trough, as
confirmed by changes in the distribution of precipitation particles in the clouds and on the
ground. Two identical flight experiments were conducted using the KMA/NIMS atmospheric
research aircraft, allowing detailed observations. Data collected from onboard cloud observation
instruments and six ground stations facilitated detailed analyses of changes in the concentration
and size distribution of cloud particles (e.g., supercooled droplets, ice crystals, and snow parti-
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cles). The method of comparing particle sizes between clouds affected and unaffected by the
experiments is used to verify the effectiveness of artificial snowfall enhancement techniques.
This methodology could be widely adopted in future studies to improve our understanding of

weather modification strategies.

Key words: Orographically-forced clouds, [JCO-WCE 2019 campaign, Snowfall enhance-
ment, Cloud particle characteristics, Droplet size distribution
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Fig. 1. (a) Location of Taeback mountain area in the Korean Peninsula. (b) The conceptual illustration of the terrain map
indicates the sites of ground-based instrument locations as well as an example flight track for the seeding aircraft, assuming
conditions with northeasterly wind. Here, the five red squares indicate the locations of sites installed by MRR and Parsivels.
The black triangle indicates a radiosonde site. The abbreviations are as follows: Cloud Physics Observation (CPO), Cloud
Physics Center (CPC), Yongpyeong Observatory (YPO), O-dae Mt. Observatory (ODO), Daegi-ri Observatory (DRO), and
Bukgangneung sonde site (BGN), respectively. (c) The sequence of airborne observations, where O indicates the pre-seeding
observation line, S indicates the seeding, and the post-seeding phase includes the upwind side (i.e., the seeding unaffected area;
OB-N, OB-S) and the downwind side (i.e., the seeding affected area; Verification, V1-V3).

Table 1. A summary of each research flight and scientific objectives for two flights.

Cases Classification Case 1 Case 2

Flight Date November 25, 2019 November 28, 2019

10:12~12:43
(Seeding, 11:02~11:37, 35 min;
V1, 11:37~11:47, 10 min;
V2, 11:55~12:03, 8 min;
V3, 12:08~12:12, 4 min)

Flight Time (KST)

10:44~12:49
(Seeding, 11:24~11:52, 28 min;
V1, 11:52~11:59, 7 min;
V2, 12:09~12:17, 8 min;
V3, 12:23~12:27, 4 min)

Flight Height 1.9 km (near the cloud top, —7°C) 1.9 km (in cloud, —7°C)
Glaciogenic seeding of orographic Glaciogenic seeding of orographic
Flight Objectives clouds with top temperature around clouds with top temperatures around

-7°C.

-10°C.

Clouds top height decreased throughout
the flight, with clouds generally deeper
further away from the clouds.

Cloud Status

Multilayered Cloud near the coast of
East Sea. The heaviest clouds were
along the seeding track and east.

Flares 21 flares ignited

14 flares ignited

# of passed completed Completed 2 seeding passes

Completed 3 seeding passes

d=714eks] t7] A34T 4% (2024)
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Table 2. Instruments deployed at the King Air 350HW.

W A7)E AT - o)At - 0]88) 449

Sensor Name

Basic Parameter Measured

Derived Parameters

Ambient Temperature (Celsius),
Relative Humidity (%), Altitude (m),

AIMMS-20 Latitude (degrees), longitude (degrees), 3-D winds (m s™)
Aircraft orientation (pitch, roll, yaw)
(degrees), Airspeed (m s™)
. . Number concentration (cm ™) and size (um)
CCN-200 Cloud S;?gﬁ:ssa:";?SZ‘;:;Z‘O(HECN) at distribution of activated droplets in 20
b channels from 0.75~10 um (SS: 0.6%)
Number concentration (cm™) and mass
CCP-CDP Single particle light scattering concentration (LWC; g m™), size (um)
distributions in 30 channels from 2~50 pm
Number concentration (cm™) and mass
. Lo . concentration (LWC; g m™), size (um)
cep-cip Single particle imaging distributions in 62 channels from
15~930 pm, 15 pum resolution
Number concentration (cm™) and size (tm)
PIP Single particle imaging, monoscale distributions in 62 channels from
100~6,200 pm, 100 um resolution
. Burn-In-Place
Wing Flare Racks 24 flares (Agl or CaCly) .
S XY F AUk Velocity Disdrometer, PASIVEL)7} A2 =o] ]t}
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Fig. 2. (a, b) 850 hPa synoptic diagrams, and (c, d) GK2A satellite atmospheric motion vector images (visible channel) for Case
1 and Case 2. (e) 2-hour cumulative precipitation distributions for Case 1 (November 25, 2019, 11:00~13:00 KST) and (f) for
Case 2 (November 28, 2019, 11:00~13:00 KST). The red box in the satellite images (c, d) indicates the area corresponding to
the 2-hour cumulative precipitation distribution maps, and the red line in the precipitation distributions (e, f) represents the
seeding line. Source: Cloud Disaster Prevention Meteorological Information System (http://afso.kma.go.kr).
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(a)

Korea Meteorological Administration Skew T = LOg P DIAGRAM
Issued at 00UTC 25 Nov 2019
Valid: 09KST 25 Nov 2019 {msec] [ Bukgangneung(47104) =] misec]
LAT. : 3780 N
OBS ANALYSIS LON. : 12886 E
2019.11.25.03KST| 2019.11.25.09KST HMSL : 80 m
1000 hPa Air-mass | 1000 hPa Air-mass

Temp. 10.8 'C| Temp. 34°C
Humi. 78 % | Humi. 83 %
Wind. 030/014 KT | Wind. 055/012 KT

FL (gom) 1500 | FL (gpm) 518
850EQT (K) 296 | 850EQT (K) 289

TP (gpm) 12112| TP (gpm) 12146
LCL (gpm) 655 | LCL (gom) 187
CCL (gpm) 815 | CCL (gpm) 187
LFC(gpm) 1117 | LFC (gpm) 187
HEL (gpm) 2690 | HEL (gom) 1897
MW (gpm) 12146 | MW (gom) 9270
§81(850-500) 17.4 | SS1(850-500) 20.5
§81(925-500) 15.8 | $S1(925:500) 21.1
§81(925700) 2.7 | SSI(925-700) 8.1

1yBloy

L1(000-500)  14.9 | LI (000-500) 21.7 2
L1(%25-500) 158 | LI(925-500) 212 3
K-Index -6 | K-Index -15 °
TT-Index 25 | TT-Index 2 'é

SRH(m2is2) 82| SRH (m2is2) 341
CAPE (n2is2) 64 |CAPE (m2s2) 20
CIN(m2s2)  15|CIN (m2is2) -
TPW(mm) 17.0237%)| TPW(mm) 11.0[1415%

Cloud OVC | Cloud ove
Upper 362 3| Upper 357 5
Midde 783 OMidde 799 0
Lower 800 OfLower 850 0
THCKN (10-7) 2858 | THCKN (10-7) 2801
CVTTemp.  13.1 | CVT Temp. 52
MaxTemp.  14.3 | Max Temp. 92
Min Temp. 2.9 | Min Temp. 26
*HMSL : Height of barometer above Mean Sea Level

(b)
Korea Meteorological Administration Skew T - Log P DIAGRAM

Issued at 00UTC 28 Nov 2019
Valid: 09KST 28 Nov 2019

OBS ANALYSIS
2019.11.28.03KST [ 2019.11.28.09KST

1000 hPa Air-mass | 1000 hPa Air-mass

Temp. 2.0 'C| Temp. 04°C
Humi. 97 % | Humi. 9% %
Wind. 360/008 KT | Wind.  325/008 KT

FL (gom) 496 | FL (gpm) 161
850EQT (K) 289 | 850EQT (K) 287

TP (gpm) 10921 | T/P (gpm) 10949
LCL (gpm) 69 | LCL (gom) 52
CCL (gpm) 144 | CCL (gpm) 52
LFC (gpm) - | LFC (gpm) 52
HEL (gpm) - |HEL (@m) 263
MW (gpm) 14293 | MW (gom) 11474
$S1(850-500) 155 | SS1(850-500) 138
§81(925-500) 15.9 | $51(925:500) 14.5
§851(925700) 0.9 | SSI(925-700) 1.7
L1(000-500)  16.7 | L1(000-500) 156

20

m5e) [ Bukgangneung(47104)

LAT. 3780 N
s 12886 E
80 m

LI(%25:500) 160 |LI(925-500) 145 g
K-Index 7| K-Index " e ¢
TT-Index 32 [ TT-index 3 3 -

2 3.

SRH (m2/s2) 283 | SRH (m2/s2) 210

W
CAPE (m2/s2) -~ CAPE m2s2) 2 g‘ L i
CIN (m2s2) - CIN (m2is2) - " E
TPW(mm) 11.9(137%]| TPW(mm) 10.8[122% is
Cloud OVC | Clowd ove {ow ol
Upper 391  5|Upper 408 8 N4, w..\ i3

Midde 799 OMidde 799 0
Lower 925 OfLower 960 0
THCKN (10-7) 2785 | THCKN (10-7) 2777
CVT Temp. 38| CVT Temp. 24
Max Temp. 9.1 | Max Temp. 83
Min Temp. -2.8 | Min Temp. -3.6
*HMSL : Height of barometer above Mean Sea Level ¥

Fig. 3. Vertical profiles by radiosonde at the Bukgangneung site for (a) Case 1 and (b) Case 2. Here, the blue line indicates 0300
KST, and the red line represents 0900 KST. Source: Cloud Disaster Prevention Meteorological Information System (http://
afso.kma.go.kr).
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T A9 714 AElE 700 hPa 52 FA o= 3}
Fo &R v, ASe AZXsA 53] o]AL Case
1914 o F2 3 th(Fig. 3a). 1,000~850 hPa2] 7]&-&
Case 19| 739, 0300 KST(@}H A1) thy] 0900
KST(E - Aol oF —7°Ce] 5813k 71& &17ko]
UL (Fig. 3a), Case 29| A <F -1.5°Ce] <Fgt 7]
2 3173l UATHFig. 3b). F AtEle] WA = (FL)
£ 27 9F 518 gpm, °F 161 gpmo 2, thoH Aket
A Qo] Ha ATI=(F 1 km) BT} S3ke) 3719
29l =L Aol FY3 TF FA= Case |
o] 7% ¢F 2.3 km (925~740 hPa), Case 29| 7% <F
3 km (1,000~690 hPa) Sith.

AFEEEA A OF 84 m)ollA] e Ak Sl
I =(1 km7HA] Hast FE R E5FN), Fr, 35 2
F4E Table 39 WERAITE A3 T 0900 KST
o APFellA At A9 715e] Ht THE L T
&L Case 1914 S5F(66°), °F 7 m s'AL, Case
2004 E5E5(30%, °F 5 m sk 7159 e
N)E Case 1914 Az oz Wek0.01 s vlgh),
Case 2914 E =4 YERE2H(0.01 s o), ol=
0300 KSTOl= -FAFA T}, 84, Fr& Case 1914 0.8,
Case 200141 0.4% Case 1914 ¥]2& =gt} Kim et
al. 2019yl W=, FEUe] /PR 7T sl tAlel
S AXHA Je Al S FF slictelAe] Ht
Fre 092, ¥ A9 Case 19 Frab fAF8ER AL, o
&3] Fribs o]g3ste] Adsly] vt TS #
dE 717 27 2 = met A5 57
9 {8, L5 1AV R AA i sksin
wabA, T At Fro] 2% 1 vl9tolt s Case 1
o] A duidez gt el E e o, A
Q9] E3IZo = AL WA & F U A
o=z Agdt}

i

H ot
=L

Table 3. The Brunt-Viisili frequency (N, s™), Froude number (Fr), wind direction, and wind speed averaged from the surface
to mean height of the Taecbaek mountain (1 km AMSL) for Case 1 and Case 2.

Average values from the surface Case 1 Case 2
to mean mountain top (1 km) 0300 KST 0900 KST 0300 KST 0900 KST
N (107257 0.7 0.9 1.1 12
Fr 0.6 0.8 0.6 0.4
Wind direction (°) 20 66 41 30
Wind speed (m s™") 4 7 6 5
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Tokg AR A AAG AR - AE ARG - oAt - o189 453
32 SBHEZELY 559k
321 497387 W7l Fol gl Yot Hizt £ B4

Uats o] AIMMS-200.2 #3238 AY A, &, 9 o8] FAE = 13 WAL F Akt FEA A
7t B2 717k e AE(AMSL), 7], 3 2 2 AT AL =Y F UTH(Geerts at el., 2011;
& Az £ro] HEd RFHAE Table 40 UERY Vali et al., 2012; Geerts et al., 2015b). W&t A9
Atk AlY F 5= _7°C YWEE F Al 2% 2 A AR AY el 38 gA B35S S8 APl
e=sglo] WA oz G35 H7|d SR 2= FEE L 5 JE 2UUA s Ae F
th(-6~—8°C; DeMott, 1995, 1997). AlY = H}lFS £33t} Table 59 Z+ #= +7HH CDP, CIP, PIPZH
Case 1914 B 9F 7 m s7'9) 5Fo), Case 204 3 B 4 Ne2t MVDe] B 32 JeR it of 714
& o 5 m s’ FEFe] AZHUG AY T A UE $ES CDPE A4S LWC7E 0.01 g m” ©]
S F AR 2% 9F 02 m solH 5% ngte s A9l RS Hadk groldh

o ox

Table 4. Average values of altitude, temperature, wind direction, wind speed, and vertical velocity for each flight observation
section before, during, and after seeding for Case 1 and Case 2. Here, the vertical velocity represents the average value in the
section where the calculated LWC from the CDP is 0.01 g m™ or more.

After seeding
Cases Variables Before seeding Seeding
Upwind Downwind
Altitude (m) 2,208 (+ 164) 1,946 1,943~1,944 1,942~1,943
Temperature (°C) 7.6 (£0.7) -6.5(*04) —6.3~6.5 (£ 0.1~0.2) —6.0~6.4 (£ 0.2~0.5)
Case 1 Wind direction (°) 76 84 65~76 63~67
Wind speed (m s™) 6.6 7.2 49~6.3 7.6~8.1

OB-N: 0.56 [32%]/~0.38,

0, —1 0/ 7/ 0/ 7/
W>0[%/W<0(ms ) 0.15[4%]/-033 0.16 [3%]/~0.54 OB-S: 0.39 [1%]/~0.55

0.16~0.34 [0~5%]/-0.14~0.42

Altitude (m) 2,001 (£ 135) 1,931 1,926~1,929 1,927~1,931

Temperature (°C) -83(*0.7) -7.5x03) ~7.1~-7.5 (£ 0.1~0.2) -7.0~~72 (£ 0.1~0.2)
Case 2 Wind direction (°) 144 122 108~130 143~153

Wind speed (m s™) 44 4.8 4.0~43 4.1~4.8

OB-N: 036 [11%]/~0.33,

0, —1 0/ 7/ 0/7/—|
W>0[%/W<0(ms ) 0.11[5%]/~-0.38 0.19 [4%]/~0.41 OB-S: 0.19 [5%]/~0.45

0.21~0.36 [3~9%]/-0.32~-0.41

Table 5. Average value of particle number concentration (Nc, cm ™) and median volume diameter (MVD, um) observed from
CDP, CIP, and PIP for each observation section.

CDP CIP PIP
Cases Area Classification
Nc MVD Nc*107° MVD Nc*107° MVD
0 119.82 10.42 2.68 71.74 0 -
Upwind OB-N 98.88 15.33 92.14 197.51 3.36 2,014.63
OB-S 95.02 10.78 1.30 65.28 0 B}
Case 1 S 83.42 13.85 12.98 152.43 0 -
Downwind Vi 103.84 12.70 0.88 66.94 0 -
V2 98.70 10.89 0 - 0 -
V3 90.78 13.10 0.65 95.84 0.01 769.61
6} 63.61 20.44 1.25 197.57 0.20 2,080.46
Upwind OB-N 104.18 13.15 1.14 208.24 0.20 2,671.74
OB-S 80.47 15.00 0.62 117.19 0.13 1,499.02
Case 2 S 87.13 14.85 0.80 170.93 0.17 1,920.21
Downwind A2 76.86 15.08 1.55 195.08 0.23 2,344.63
V2 96.51 14.08 0.96 213.53 0.17 1,394.57
V3 99.44 9.65 132 188.58 0.24 1,996.64
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Fig. 4. (a) Flight observation paths with upwind regions shown in blue tones and downwind region in green tones. (b) Particle
size distributions observed by CDP, CIP, and PIP, with average values for sections where the ice crystal concentration exceeds 1
L™". (c) Time series of relative humidity and wind direction observed by AIMMS-20. (d) Time series of ice crystal number
concentration (D: 75~6,200 pum) observed by CIP and PIP, along with temperature observed by AIMMS-20. The sections
marked with black rectangles indicate regions where the ice crystal concentration exceeds 1 L™. (e) Ice crystal images observed
by CIP in sections where the concentration exceeds 1 L™ for Case 1.
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Fig. 5. The same as Fig. 4 but for Case 2.
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Fig. 6. Time series of vertical reflectivity measured by MRR for Case 1 (a, ¢) and Case 2 (b, d). The five observatories were
divided into east-west direction and north-south direction based on their installation locations. The solid white line represents
the altitude observed by the aircraft (i.e., the seeding altitude), and the periods O, S, V1, V2, and V3 observed by the aircraft are
indicated by a dashed black line. The red section indicates the average wind direction observed by the aircraft during seeding.
The timing of the first and last seeding material arrival at each observation station is considered based on the wind speed and

wind direction.
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B oAA R A28 ¢ Aw, 9t £=, Ne, 2
232 MVDe| Hi S Table 69 LERHS D} ﬂ-r
AEe T Ak 2F CPOYAM 71E Al Yebsit
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Table 6. Average values of the number concentration of precipitation particles (Nc), median volume diameter (MVD), fall
velocity (FV) , and rain rate (RR) observed with Parsivel disdrometer at ground observation stations during and after seeding.

. . RR, mm hr™' FV,ms"' Ne, L™ MVD, mm
Cases Site Direction
Vil V2 V3 S V1 V2 V3 S Vi V2 V3 S V1 V2 V3
CPO From 25 48 43 25 2.1 20 20 20 132 163 18.1 186 1.8 29 20 13
CPC E t:)) W 07 14 10 038 1.2 13 1.1 1.1 126 19.0 205 226 1.7 2.0 2.0 14
Case1 YPO 03 02 03 03 1.1 1.0 1.1 1.1 65 53 80 93 1.8 1.7 1.0 09
DRO S 0.1 01 0.1 0.1 09 09 1.0 09 44 26 32 44 1.1 10 12 1.6
ODO N 06 04 1.1 1.1 1.1 1.2 1.3 1.3 103 8.0 158 148 23 1.3 1.6 2.1
CPO From 03 02 0.1 03 1.7 1.8 16 15 23 12 1.0 42 14 16 1.1 1.1
Case?2 CPC EtoW 0.01 0.03 0.03 0.03 09 09 0.8 0.8 .1 25 27 21 12 12 12 18
DRO S 0.1 0.02 0.02 0.1 0.8 0.8 0.7 0.8 38 29 15 32 20 1.8 3.0 24
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Fig. 7. Droplet size distributions measured by Parsivel disdrometers for (a) Case 1 and (b) Case 2.
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Appendix 1. Summary of each research flight and scientific objectives for each flight. Each flight has been designated a

oﬂ u;].g_ (=S| 5—].%'_%1@

F3} 41 1JCO-WCE 2019 ] ARl A

Appendix

research flight (RF) number. This table was written by DMT.

Flight Flight Flight Time
Number Date (KST) Seeding Occur? Flight Objectives
Nov. 24, Glaciogenic seeding of layered marine stratus cloud
RFO1 2019 13:31-16:22 Y (-5 °C) with temperatures of 0 to -5 °C.
Nov. 25, Glaciogenic seeding of orographically-forced cloud with
RF02 2019 10:12-12:43 Y (-7 °C) cloud top temperature around -7 °C.
Y (-7 °C); King . . . . .
i Glaciogenic seeding of orographically-forced cloud with
Nov. 28, Air and Cessna top temperatures of -10 °C. Seeding at -7 °C level.
RFO3/RF04 2019 10:44-12:49 (-1°C)
Glaciogenic seeding of marine stratocumulus with lines
of embedded convection. Convective elements seeded
Dec. 01, at -3 °C level with material lofted to colder
RFO5 2019 10:02-13:51 Y (-3 °C) temperatures.
Glaciogenic seeding of multi-layered marine
Dec. 02, stratocumulus. Seeded at -8 °C level. Cloud top heights
RF06 2019 11:19-13:17 Y (-8 °C) variable, some as cold as -12 °C.
Glaciogenic seeding of marine stratus deck with
Dec. 03, embedded convection and drizzle. Seeding at -6 °C
RFO7 2019 11:31-13:47 Y (-6 °C) level.
Dec. 07, Glaciogenic seeding of multi-layered marine stratus.
RFO8 2019 10:59-14:35 Y (-6 °C) Seeded upper deck in temperatures of -6 °C.
Dec. 12, Study of cloud aerosol interactions. Characterized
RFO9 2019 09:20-11:54 N marine open-cell cumulus in presence of pollution.
Dec. 17, Hygroscopic seeding of liquid-phase marine stratus at
RF10 2019 10:58-14:10 Y (1°C) 1°C.
Dec 18, Glaciogenic seeding of stratocumulus formed in
RF11 2019 12:11-15:38 Y (-3 °C) instability in shear layer.

Appendix 2. Vertical profiles of temperature, wind direction, wind speed observed by AIMMS-20, and total water content
calculated by CDP, CIP, and PIP for Case 1 and Case 2.
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