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           The stories:

1. The foundation
2. Nucleation prularity
3. The graupel process
4. The multiplication success
5. The cloud seeding question
6. Other facets
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Ci top, 8900m −47°C

Ci base, 6000m −26°C Cs, 6000m −30°C

Cs, 6000m −30°C
Weickmann, 1949
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1. THE FOUNDATION.

• The large variety of cloud forms, and their
varying propensity to produce precipitation
proved elusive to meaningful scientific analyses
until the beginnings of the 20th century.

• Advances in the physical chemistry of colloids
proved to be a useful basis for thinking about
clouds in the atmosphere, and to address the
perplexing question of precipitation formation.
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Alfred Wegener, 1911

Based on observations made during arctic 
expeditions, he argued that ice formation 
needed sublimation nuclei just as droplet 
formation needs condensation nuclei.

Thought that "isomorphism" is the 
essential criterion, and that quartz particles
fill that role.  

Recongmized that colloidal instability 
results from vapor pressure difference 
between ice and water at temperatures 
<0°C.
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A. Wegener, 1911:
“Thermodynamik der Atmosphäre”
330 pages
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Discusses the importance of the difference between
saturation with respect to water or ice, the impact this
has on ice forms.  Cites evidence for ice contrail in clear
air (diagnosed by 22º halo), ice fogs at temp. <-40ºC.

Recognizes that the existence of water droplets at
temperatures below 0C play a role in the formation of
rime-graupel and hail.

Coniders pileus (if cold enough) to seed cumulus that
rises into it.
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Wegener, 1920
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Bergeron, 1935
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".....  the difference in phase between 
neighbouring elements ... can in two cases 
occur without any considerable relative 
motions:

   a) Berson, Wegener, Douglas and others have 
observed fogs consisting of droplets down to 
temperatures of −20° or even −30°C. ... In the air there 
will, however, probably be a small amount of such 
particles, which can gradually get into action as 
sublimation nuclei, as the temperature falls.  ... Thus, to
every temperature < 0°C will correspond  a certain 
probability of crystallization resp. a certain frequency 
of crystals within supercooled water cloud ... 

    b) ... layers above the isotherm of −10° or −20°C 
mostly contain ice crystals .....  ascending water cloud 
mass, protruding into this region, may then become 
infected by some crystals by trubulence ..."

"   In our mixed or supercooled cloud the 
three phases ice, vapour and liquid water are 
in contact with each other through the 
vapour.  ... the process of transporting tha 
total water quantity of the droplets by 
molecular diffusion to the crystals would be 
achieved in 10 − 20 minutes."
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Bergeron, 1935  (paraphrased):

In addition to other  processes that can  induce
precipitation in colloidally stable clouds, a
physically and meteorologically important
process arises from the special situation at
temperatures below 0°C created by the
simultaneous presence of supercooled liquid
and ice.

As a consequence of this realization, it
became imperative to look carefully at how
ice particles originate, how many get
started at various temperatures, how other
factors (cloud type, etc.) might have
importance.
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Peppler, 1940

 −20°C 0°C

40 %
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Findeisen, 1942
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onset of ice formation
land sea

absence of ice formation
land sea

Findeisen, 1942
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late 1930s

Findeisen (building on Wegener and Bergeron, and 
using observations of Peppler and of his own): 

Examined frequencies of supercooled clouds from 
soundings and the occurrence of ice from optical 
phenomena and found that ice clouds are frequent 
only at temperatures below −10°C   or even −20°C. 

Recognized that riming further accelerates the 
growth of ice crystals. Dependence on droplet size 
is speculated. Discussed the link to aircraft icing 
(translated by National Advisory Committee for 
Aeronautics).

Foresaw possibility of deliberately influencing 
precipitation due to sparcity of sublimation nuclei.

The Wegener−Bergeron−Findeisen theory is 
now complete and is rapidly accepted. All of 
cloud physics revolves around two kinds of 
nuclei − condensation nuclei and 
sublimation nuclei, and the competition 
between them under various conditions (e.g. 
Findeisen, 1938). "Colloid−meteorology" to 
become a partner  to "meteorology" and 
"aerology".
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2. NUCLEATION PRULARITY.

up to late 1940s:
• Concept of germ formation - nucleation - is well
known for variety of systems (Volmer, Krastanow,
others).

• Freezing of water is studied in the laboratory
(Dorsey, Rau)

• Weickmann (1942) reported little and very slow
ice formation at T = -40°C and Sw< 1 on particles
placed on a chilled mirror. Ice always formed at
Sw>1, in amounts depending on materaial tested.

• Cwilong, Fournier d’Albe found the same as
Weickmann, and noted critical temperatures of
-33° for ice always forming, and -41°C at which ice
formation became abundant.

• Findeisen and Schulz (1944, Prague) used a 2-m3

chamber with slow adiabatic expansion.  Found
very few sublimation nuclei. Water clouds formed
after Sw>1 even at T<-30ºC with just a few crystals
observed.
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1940s

aufm Kampe, Wall, Fournier-d'Albe:
Ice crystals in contrails and in fogs form only
when water saturation is reached or exceeded;
'freezing nuclei' are needed.

The hope (expectation) arose that nucleus
measurements can quantify ice occurrence and
can be used to predict ice initiation in clouds.

The possibility of cloud seeding seemed to have
an ample and open window.
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late 1940s

Langmuir, Schaefer, Vonnegut (Project Cirrus)
Bowen :
Cloud seeding tests show that supercooled
clouds can be "glaciated" with the addition of
AgI nuclei.

Confirmation of Bergeron's thesis. Start of
many weather modification projects.

Cwilong, Dorsey, Weickmann:
Laboratory measurements of ice nuclei
support or even explain the trend observed in
clouds toward more ice at lower temperatures.
Metals and metal halides are effective freezing
nuclei.

Nakaya, Kumai, Weickmann:
Ice crystal form also varies sytematically with
temperature.
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Deposition
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Condensation freezing

Contact freezing
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Principal ice nucleation modes
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Evaporation

Memory effect

Haze freezing

S < Si

Ss > 1, Sw <1  and  T < Tact
 

Sw < 1  and  Si > 1
 

T < Tact

S > SiS < Si

? ? ?

Some additional modes
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• Only most basic of cloud processes can be
simulated in labratory chambers and samples
are not fully representative.

• Prularity of nucleation modes (pathways)
presents a complex instrumentation challenge.

• Reverse path: the examination of crystal
residues, or the interpretation of crystal form
(“droplet centers”), can offer some important
distinctions, but never fully overcome the
inherent ambiguity of the evidence.

•  Shocks, cavitation, collisions, electric fields
and discharges, ....
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Nucleation Workshop, 1975
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Cooper,1986

for cases where ice
concentration can be
attributed to
nucleation
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Ryan, 1996
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3. THE GRAUPEL STORY.

• The importance of riming has been recognized
from Wegener and Findeisen on, but primarily in
connection with snow.

•Focus on hail damage reduction led to studies of
riming in more detail.
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Knight et al., 1974

NE Colorado summer Cu con.

•  No evidence for coalescence process.
•  Particles collected in clouds (sailplane) are
graupel. Often observed at the ground as well.
•  Evidence for prior vapor growth is infrequent but
has been found.
•  No large frozen drops centers in hail.
•  First echo heights are above 0°C level, or are at
melting band. Rough quantitative agreement
between measured echo intensity and reflectivity
calculated for observed graupel sizes and
concentrations.
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Knight, 1974
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Observations consistent with the Knight et al.
conclusions were obtained by Krauss et al. in
S. Africa, and perhaps others.

The main question remaining is the origin of
the ice crystals, or frozen cloud droplets, that
start the graupel growth.
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4.  THE MULTIPLICATION SUCCESS.

Prologue:

By the mid−fifties, the importance of ice 
particles to precipitation formation is well 
accepted and the search is on to discover how
many ice particles get inititated, and how, in 
different cloud types in relation to other 
parameters like liquid water content, droplet 
concentration, etc. 
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20−90 per litre 0.04−0.1 per litre

small, isolated Cu, southern England

foil impactor  

Murgatroyd and Garrod, 1960

"It has been suggested that the explanation lies in 
some process of self−multiplication (e.g. splintering)
by which a large number of ice crystals could build 
up from very few parent crystals."
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Ice pelletts captured via a tube leading into the 
aircraft,when melted and refrozen are found to freeze 
at temperatures 6−10°C colder than the cloud top 
temperature.  This casts doubt on freezing nucleation
as the cause of ice initiation.

Hoffer and Braham, 1962

Koenig (1963) concludes that some chain reaction 
process, propagated by the formation of satellite ice 
particles during the solidification of water drops, may
be responsible for the observed concentrations of ice
particles much in excess of nuclei concentrations.
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LWC

lead foil impactor

>250 um particles

liquid and ice liquid only

−6°C cloud top

475 sec

345 sec

Koenig, 1963

same

sizes

all ice
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Mossop, Ruskin and Heffernan, 1968

−4°C

Measured ice nucleus concentrations much lower.

Pre−activation of nuclei 

Accumulation of crystals in time.

Multiplication: splinters from drop freezing or electric
effect associated with riming (both controversial).
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Ono 1971, 1972

In the temperature range −4 to −10°C, high 
concentrations of small columns are found in
association with graupel.

100 L−1
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2.7 m/s target velocity

−4.7°C; riming rate roughly the same

Hallett &Mossop, 1974 
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Rime−splintering story wrapped up:

Hallett, Sax, Lamb and Murty (1978) in Florida 
demonstrate the graupel to needle sequence.

Harris−Hobbs and Cooper (1987) in Montana 
show quantitative agreement between the rate of
generation of secondary particles and  
predictions based on laboratory findings.
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Other secondary ice generation processes:

Hobbs & Farber, 1972 − crystal fragmentation

Vali, 1980 − rime fragmentation

electric effects, shock waves .....

There is ample evidence for unexpectedly high ice 
concentrations in many situations where the Hallett−
Mossop mechanism is not active.
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5. CLOUD SEEDING PROSPECTS:

• Creation of numerous ice crystals in
supercooled clouds is clearly possible. This
confirms the basic Bergeron concept, and is
consistent with the paucity of ice nuclei of
comparable activity to those of the artificial
nuclei.

• Precipitation on the ground is not a sure
consequence of the creation of more ice crystals at
some point in the cloud.  This can be due to
insufficient cloud volume getting seeded, the
timing of seeding not being optimal, other
processes out-competing the ice created by
seeding, etc.

• The interplay of cloud seeding with studies of
ice initiation in undisturbed clouds is beneficial.

• Industrial, or other well-defined sources, which
create cloud glaciation deserve more attention.
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6. OTHER ISSUES:

•Ice frequencyIce frequency  vs. cloud type and other
parameters is depicted by a large body of
observations, but there are few repeated and
generalizable patterns. Even definitions vary a
great deal.

Schemenauer and Isaac
Nevzorov
Rangno and Hobbs - OSCIP

•PhenomenologyPhenomenology  of ice particles is also well
advanced.

• Cloud dynamicsCloud dynamics  frames all ice initiation
studies.

• Aerosol physics and chemistryAerosol physics and chemistry, and perhaps air
chemistry, provide useful characterizations of
cloud input, but forward links to ice formation
are teneous at this point.
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CHALLANGES AND RESPONSES
(from the observational point of view)

• May be still missing some fundamental process
of ice nucleation.  Theories are of limited help at
this point.  → Aerosol physics and chemistry.
Laboratory work.

• Time lapse between nucleation and an
observable result (measurable ice particle)
introduces the ambiguities of growth history
through imperfectly known condition and cloud
motions. → Cloud physics framework.

• Conditions at cloud/clear air interface are
difficult to define on the scale that may be
determinant for ice nucleation. → Finescale
observations.

• Distinction between primary and secondary
generation mechanisms may be hard to draw in
some cases. → Clarification of secondary
processes.
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