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Abstract Artificial cloud seeding experiments are increasing globally to address critical envi-
ronmental and resource management challenges in the climate crisis era. Main experiments are
briefly reviewed in order to improve domestic weather modification experiment in Korea. Both
SNOWIE and CloudLab are field campaigns that put a special emphasis on understanding
mixed-phase cloud microphysics, using advanced remote sensings for the orographic clouds.
Specifically, CloudLab focused on creating a “natural laboratory” by performing highly con-
trolled, repeatable seeding experiments in persistent supercooled stratus clouds whereas
SNOWIE showed a characteristic zig-zag echo pattern in the downstream domain. The NDCMP
has operated a hail suppression and rain enhancement program, the longest running operational
seeding project in the world, and produced practical operation manuals and guidelines.
UAERERP plays a significant global role in advancing weather modification and rain enhance-
ment technology. Meanwhile, a physical evaluation method of the experiment is proposed to
distinguish the seeding effect from natural precipitation variability in the Yeongdong mountain-
ous region where cloud seeding experiments have been made for several years. First, most prob-
able seedable conditions belong to weak cold air damming, which help orographic snow clouds
well developing over the mountain. Two successful episodes were identified with enhanced
radar echo and increases in particle size. Further, a higher concentration of Ag was used as
direct evidence to evaluate the glaciogenic seeding. This comprehensive evaluation procedure
could serve as a foundational protocol for a range of future research such as different geo-
graphic areas and varying scales of research like small scale geoengineering experiment.
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Fig. 1. Radar reflectivity (coloring) of Pack John after aircraft seeding. Red line indicates aircraft seeding track, and wind bar
wind speed and direction. The analysis results are obtained from SNOWIE experiment (Tessendorf et al., 2019).
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2.3 UAE Rain Enhancement Program (UAEREP)
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Fig. 2. Schematic diagram of CloudLab campaign (Ramelli et al., 2024). Seeding particles in brown are dispersed in mixed
phase clouds with supercooled droplets, and further developed into ice particles (hexagonal plate in white). Radar reflectivity is
displayed in blue-green-yellow code. This growth process of ice crystals is observed with tethered sonde system and vertical-
pointing scanning cloud radar in blue. The monitoring site is arranged by considering the advection time of dispersed seeding

particles.
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Table 1. Summary of project lists selected for each cycle of UAEREP.

Cycle/
Period

Principal
Investigator

Affiliation Project Title

1(2016~2018)

Prof. M. Murakami

Advanced Study on Precipitation Enhancement in

Nagoya University Arid and Semi-Arid Regions

1 (2016~2018)

Prof. L. Zou

Khalifa University of Using Nanotechnology to Accelerate the Water
Science and Technology Condensation Nucleation and Growth

1 (2016~2018)

Prof. V. Wulfmeyer

University of Optimizing Cloud Seeding by Advanced Remote
Hohenheim Sensing and Land Cover Modification

2 (2017~2019)

Dr. P. Lawson

Optimization of Cloud Seeding through Seeding

Spec Incorporated Efficiency, Seeding Material, and Targeted Clouds

2(2017~2019)

Prof. H. Korhonen

Finnish Meteorological ~ Optimization of Aerosol Seeding In rain enhancement
Institute Strategies (OASIS)

Investigating the Electrical Properties of Clouds to

2 (2017~2019) Prof. G. Harrison University of Reading Enhance Rainfall
Hail Suppression On the Creation of Updrafts for the Formation of
3 (2018-2020)  Dr. A. Abshaev Research Center Artificial Clouds and Rainfall

3 (2018~2020)

Prof. E. Frew

Targeted Observation and Seeding using Autonomous

University of Colorado Unmanned Aircraft Systems

3 (2018~2020)

Prof. L. Xue

National Center for Using Advanced Experimental — Numerical
Atmospheric Research ~ Approaches to Untangle Rain Enhancement

4 (2022~2024)

Prof. B. Baker

Enhancing Rain in the UAE via Hygroscopic Seeding

Spec Incorporated with Nano-Seeding Material

Scripps Institution A Hybrid Machine Learning Framework for

4 (2022-2024) - Prof. L. D. Monache of Oceanography Enhanced Precipitation Nowcasting
Directed Energy Laser-based Rain Triggering Demonstrator with

3 (2023-2025)  Prof. G. Matras Research Center Remote Sensing Technology

5 (2023~2025)  Prof. D. Rosenfeld lns'tltute of Earth ldentlﬁcatlon of Clouds’ Microphysical Seedability in
Sciences an Actionable Manner

5 (2023~2025)

Prof. W. Cantrell

Michigan Technological Laboratory and Modeling Studies of Cloud
University Susceptibility to Hygroscopic Seeding

Atmosphere, Vol. 36, No. 1. (2026)
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Table 2. Comparisons of main artificial cloud seeding experiments in the world. SNOWIE and CloudLab are research-based projects, whereas CMDP and NDCMP are

operation-based programs. Meanwhile, UAEREP is an international program to boost rain enhancement science and technology.

Content SNOWIE® CloudLab™ UAEREP’ CMA CMDP* NDCMP* NIMS®
Main Enhancing Orographic ~ Understanding mixed Boosting seeding Suppressing hailstorm Suppressing hailstorm  Preventing wildfire, and
Purpose precipitation cloud microphysics science and technology and enhancing precip and enhancing precip securing water resource
gp‘*ra“"“ ~20 ~20 ~100 ~50,000 ~20 7
ersonnel
Investment ¢ ¢ ‘
(0.1 billion) ~10 7~10 100 (‘22) 273 (‘24) 30 (24)
Target . . . . North Dakota, The whole Korea
domain Idaho, United States Alps, Switzerland Global Chines territory United States (Yeongdong)
Aircraft 2 None 4 5 2(249~)
. 2021~2024 . 1958 — ongoing . .
Period Jan-Mar 2017 (ongoing) 2016 — ongoing (Sky River: 2015 ) 1948 — ongoing 2015 — ongoing
Experiment Intensive campai Intensive campaicn 390 times ~ 2,900 hrs seeding 480 hrs seedings 22 times/yr
Frequency Ve campaign 1ve campaig (1,000 hrs) (~1,000 times/aircraft) (68 hrs/aircraft) (420-23)
. A A o - o
Socio- Investigating cloud Investigating cloud Annual 10% increase Annual 20% increase ~ Annual 5~10% Annual 1.7% increase
economic microphysics rather microphysics rather in precivitation in precipitation increase in precipitation in precipitation (23)
benefit than seeding effect than seeding effect precip (‘05~14) (‘06~°14) precip
Observation Aircraft and surface Drone, Tethersonde, In-situ and various Aircraft and surface Aircraft and surface Aircraft and surface
radar observation HOLIMO remote sensings radar observation radar observation radar observation
. Process-level Process-level Theory and physical Event-driven weather Practical guideline Guideline, Manual and
Evaluation understanding of understanding of evaluation using o . p
modification and manual comprehensive evaluation
cloud development cloud development chamber and model
Modeling WRF-LES ICON Operation system and WRE-LES Not active WRE-NIMS
developing software
. Unambigu lous Z.i 8-2ag Understanding Promoting research and ~ National water security We“_d.ocumemed Hydrology and forest
Signature echo of seeding operation manual y Y

evaluation

WBF mechanism

cutting-edge technology

and hazard mitigation

and Summer school

impact analysis

SNOWIE: Seeded and Natural Orographic Winter clouds: the Idaho Experiment, UAEREP: UAE Rain Enhancement Program, NDCMP: North Dakota Cloud Modification
Project, CMA: Chinese Meteorological Administration, CMDP: Cloud Modification Development Plan, NIMS: National Institute of Meteorological Sciences, HOLIMO:
HOLographchmager for Microscopic Objects, ICON: Icosahedral Nonhydrostatic Model, WRF-LES: Weather Research and Forecasting model - Large Eddy Simulation
& French et al. (2018), Tessendorf et al. (2019)
% Ramelli et al. (2024), Henneberger et al. (2023)
North Dakota Cloud Modification Project Final Operations (2019)
Fmal Report of annual training for advanced artificial rain practical technology (2025), Introduction and outcome of UAEREP in the web page
$ Research report of ISREM by Weber and Jash (2025), Guo et al. (2015), Simon et al. (2023)
@ Annual report of artificial cloud seeding projects of NIMS (2020~2024)
* Level of technology is qualitatively evaluated as low (L), Medium (M), and High (H) by comparison with the other programs.
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Fig. 3. Schematic diagram of snow clouds’ penetration and snowfall location according to the CAD intensity defined as Froude
number (F7). GAN denotes Gangneung in the Yeongdong plain of Korea. Typical infrared cloud images of strong CAD (6 Feb.
2020; right upper) and weak CAD (10 Feb. 2014; right lower) are shown corresponding to left diagrams. Fr is calculated using
Eq. (1) at the point upwind 100 km away from the coastline. The bottom panel indicates better seedable condition of orographic

clouds with weak CAD of Fr larger than 0.6.
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Fig. 4. Schematic diagram of artificial seeding targeted for the plain domain during the Seeder-Feeder clouds structure in the
Yeongdong region. Ice crystals from a seeder cloud falling into a feeder cloud, and growing to larger graupel and aggregates.

Each symbol is explained in the bottom.
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