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Frontier of Weather Modification Research
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NECESSITY OF WEATHER MODIFICATION
（Mitigation of Severe Weather）

Heavy Snowfall in 1981

Water Shortage in Summer of 1994

Flood in Summer of 1997
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NECESSITY OF WEATHER MODIFICATION
（Securing of Water Resource ）

Two-thirds of the world's
population will face water
shortages by 2025

World Water Forum (2003)

Water supply and demand balance as of 1995

Change in water supply and demand balance
(1995-2050)

（Oki et al., 2003)



HISTORY OF WEATHER MODIFICATION

Strong wish to rainmaking

Scientific methods
–Introduction of artificially-generated ice crystals 
(late 1940s)

Non-scientific methods
–Praying for rain （ancient times ）
–Cannon & Firework （early modern age ）



The First, Scientific Wea. Mod. Experiment



Weather Modification Projects in US

（Bruintjes, 2003）



Private Wea. Mod. Company (US)

WMI Weather Modification Projects
oAlberta Hail Suppression Project
oArgentina Hail Suppression Project
oGreek Hail Suppression Program
oUnited Arab Emirates Program
oNorth Dakota Cloud Modification Program
oWest Central Texas Rainfall Enhancement Program
oOklahoma Weather Modification Program (no longer operational)



(Yao, 2007)



160,000 Km2, 648 sites
300 Artelleries

210 Rocket launchers

Distribution of Sites for seeding
in Hanan Province

(Yao, 2007)



PRESENT STATUS

Personnel:    500
Aircraft:        30
Operation Center:   8
Research Center:      4
Airfield:                      3

50 YEARS OF THAILAND CLOUD SEEDING ACTIVITY

FACILITIES

（Khantiyanan, 2007) 



50 YEARS OF THAILAND CLOUD SEEDING ACTIVITY
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Wea. Mod. Projects in the World

（Bruintjes, 2003）

Most of projects are operational 
without sufficient development of optimum
seeding techniques nor evaluation of 
seeding effect

↓
WMO recommends to undertake scientific 
& comprehensive researches on weather 
modification and to transfer new technologies
to operational projects



IMPORTANCE OF CLOUD & 
PRECIPITATION PROCESSES

Small Scale
Microphysics：

Microphysical structure

Precip. initiation & efficiency

Timing, location & intensity
Dynamics

Latent heat and loading

Vertical acceleration of air

Dynamical structure

Development/ Maintenance

Large Scale
Water/Energy redistribution due

to cloud /precip. processes
Radiative effect of cloud particles

Water/Energy Cycle

Forecast of Meso-scale Precip. 

Projection of Climate Change

First Indirect Effect of Aerosol

Second Indirect Effect of Aerosol



(Kawano, 1999)

CLOUD & PRECIPITATION PROCESSES

Cold Rain Mechanisms

Warm Rain Mechanisms

Freezing
(Hail)

Aggregate

Riming

Graupel

level

Hail

Cloud condensation nuclei

Ice nuclei

Rain drop

Breakup

Melting

Cloud droplet
Condensation

Collision - coalescence

deposition

Ice crystal



SIZE vs. NUMBER CONC. of 
HYDROMETEORS

Cloud droplet

Ice crystal
Snow crystal

Hail  

Graupel

Rain drop
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SIZE vs. FALL VELOCITY of 
HYDROMETEORS. 
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CLASSIFICATION OF CLOUD 
MICROPHYSICS PROCESSES

Nucleation： Condensation・Deposition・Freezing
Vapor Water、 Vapor Ice、 Water Ice
Energy Barriers

Diffusion Growth： Water drop・Ice particle
Kinetic effect (small particle), 
Ventilation effect (large particle)

Interaction: Water Water、 Water Ice､ Ice Ice

Others： Melting・Freezing・Evaporation・ Sublimation・
Breakup・ Shedding ・ Sedimentation

Phase changes of water species like these are basic to 
cloud microphysics. But the changes from left to right 
correspond to increasing molecular order and these 
transitions do not occur at thermodynamic equilibrium, 
but in the presence of a free energy barrier.
For new phase of water species to form from existing 
phase of pure water species, a strong energy barrier 
must be overcome.  These processes are called 
homogeneous nucleation.
The processes by which a new phase of water species 
form on nuclei from existing phase of water species is 
called heterogeneous nucleation.



(Pruppacher & Klett, 1997)

CRITICAL SUPERSATURATION 
FOR DROP AND ICE NUCLEATION

Homogeneous 
condensation nucleation

Homogeneous 
deposition nucleation



Kohler Curve
Equilibrium saturation ratio over the surface of solution droplets 

as a function of droplet diameter
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Supersaturation Spectra of CCN

(Twomey & Wojciechowski, 1969)
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Shikoku District, summer of 2008



Condensation Growth
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Condensation growth (Droplet)

Accretion growth (Droplet)
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（Takahashi, 1987）



(Rogers & Yaw, 1989)
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Collision-Coalescence Growth
COLLECTION EFFICIENCY



DEVELOPMENT OF DROPLET SPECTRUM

(Berry & Reinhardt, 1974)
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BREAKUP MODES & PROBABILITY 
OF DROP

(Mctaggart-Cowan & List, 1975)
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(Low & List, 1982)



Traction of clouds containing ice

(Wallece & Hobbs, 2006)

Continental convective clouds

Maritime convective clouds



ICE NUCLEATION MECHANISMS

Hoose and Möhler 2012



Ice Crystal Conc. vs. Cloud top Temp.
(Midwest of US)                         (Japan)

Fletcherの実験式Fletcher’s empirical Eq.



ICE CRYSTAL (BERGERON) PROCESS

Deposition

Evaporation

Fall out

Ice

Water
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GROWTH RATE OF HYDROMETEORS

（Takahashi, 1987）

Condensation growth (Droplet)

Accretion growth (Droplet)

Deposition growth (Snow crystal)

Riming growth (Snow crystal)
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CONCEPT OF WEATHER MODIFICATION

Ice crystal

Droplet

Raindrop 
embryo

Cold cloud (fog)
(Mixed-phased)

Warm cloud 

Fog dispersal

Coolant・Ice nuclei
（Dry ice・AgI）

Hygroscopic particle

Water spray
Heating
Mixing with dry air
Down drought

Basic Concept of Weather Modification
To bring out a potential ability of natural cloud to its maximum
by a minimum artificial stimulation

Cloud Seeding
To introduce artificially-generated cloud droplets or 
ice crystals into clouds and alter its microphysical structure

Glaciogenic vs Hygroscopic;  Static vs Dynamic

Methods



Ice crystal rapidly grow
 at 

consum
ption of supercooled 

droplets and fall out

Snow
 crystal m

elt 
into raindrop

GLACIOGENIC  SEEDING (ICE CRYSTAL)
(Mixed-phase Cloud)

Snow

Rain

○Dryice/Liq. CO2 cools the air temp. 
and produce ice crystals through 
homogeneous condensation-freezing 
mechanism (Coolant method)

AgI

Ice crystal

落下

Dryice pellet
Tiny droplet

Ice crystal

○AgI particles act as IN and produce
ice crystals (Artificial IN method)

０℃

Supercooled cloud droplets



Hygroscopic particles with 
micron sizes activate into 
large droplets

Large droplet collects sm
aller 

droplets w
hile falling dow

n
G

row
 into 

raindrop

HYGROSCOPIC SEEDING (Large droplet)
(Warm cloud)

Hygroscopic Particle

Large droplet

０℃



GLACIOGENIC SEEDING 
(Coolant Method)

Dryice, Liq. CO2, Liq. Propane

Dry ice  0.5 kg  

Ice crystals 
(105 m-3)

Cloud



GLACIOGENIC SEEDING
(Artificial IN Method)

AgI, PbI2,
Metaldehyde



AgI Generators
Acetone generator
AgI-AgCl-NaCl-acetone solution Pyrotechnic

AgI burn-in-place flare



AgI Generators
Portable Ground-based  Generator

AgI-AgCl-NaCl-acetone solution

（Snowy Hydro HP)



Artillery Shell

Rocket

AgI Generators
(Pyrotechnic)

AgI ejectable flare
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Elemental composition of the South African Flare

Number size distributions of flare particles Bruintjes et al. (2006)

MRI Flare Test Facility

Hygroscopic seeding
Hygroscopic flare seeding※

※Small salt particles produced from burning pyrotechnic flares are 
seeded in updraft region at cloud base and introduced into the clouds with 
help of updraft. 

TEM image of particles of CaCl2
70% flare
( Ice Crystal Engineering Inc.)

background 
Aerosol

Flare
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Salt Micro-Powder Seeding※

※Hygroscopic salt powder milled to the optimal size (a few microns in 
diameter ) are seeded in updraft region at cloud base and introduced into 
the clouds with help of updraft

Different types of salt particles tested
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APPLICATION OF WEATHER 
MODIFICATION TECHNOLOGY

 PRECIPITATION ENHANCEMENT
 HAIL SUPPRESSION
 FOG DISPERSAL
 MITIGATION OF HEAVY PRECIPITATION
 HURRICANE MODIFICATION
 LIGHTNING SUPPRESSION
 OTHERS

– CIRRUS MODIFICATION



PROBLEMS OF 
WEATHER MODIFICATION

 Statistical Evaluation of Seeding Effects
 Ecological Consideration
 Sociological Consideration



EVALUATION OF SEEDING EFFECTS

Before seeding

After seeding
What happened if we 

did not seed?



EVALUATION OF SEEDING EFFECTS
Statistical Techniques

Control

Target



Thank you for your attention


