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A two day Symposium on ice nucleation and the initial
development of ice in clouds was held on 3-4 J u n e 1975.
T h e Symposium was sponsored by the AMS Committee
on Cloud Physics and hosted by the University of Wyoming, Department of Atmospheric Science. Impetus for
the specialized Symposium derived from: a) the high priority given to the topic by a special AMS-NSF Cloud
Physics Panel (June 1975 BULLETIN); b) the International Ice Nuclei Measurements Workshop (IAMAP,
IUGG) then in progress at the University; and c) recent
acceleration of progress on the intimately related topic
of ice multiplication in clouds.
No formal papers were delivered except for introductory reviews by session chairmen. Thereafter, active
discussion by chairmen, panel members and some 60
participants ensued. T h e sizable turnout demonstrated
the strong interest in this specialized but fundamental
topic. A complete listing of panel members, session
topics, and proposed questions for discussion are contained in the B U L L E T I N announcement of February 1 9 7 5 .
1. Ice Nuclei Measurements Workshop—
Overview of preliminary findings
This first session dealt with the general problem of accurately measuring the concentrations of ice nuclei by
various techniques and with a preliminary discussion of
some of the findings issuing from the international
Ice Nuclei Measurements Workshop. Regarding the latter, more information can be obtained in the Workshop
Summary in this issue (p. 1180) by Dr. Gabor Vali, who
chaired the first session and described the Workshop instrumentation and activities.
In brief, eight instruments for measuring ice nuclei
(IN) concentrations representing six distinctly different
types were used. Building on previous Workshops (Lannemezan, France, 1967; Fort Collins, Colorado, 1970), it
was possible to place more emphasis on understanding
the detailed performance characteristics of IN counters
than on comparisons of concentration values. Since the
Workshop was still in progress, presented material was
considered tentative. Workshop participants conveyed
the feeling that a great deal had been learned.
Most encouraging perhaps was the report that all six
type instruments agreed to within one order of magnitude when sampling ambient aerosols. Considering the
three order of magnitude differences in IN concentraBulletin
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tions at the previous Workshop and the fact that certain
instruments are more responsive to one type of ice nuclei
than another (deposition, 1 freezing, or contact), such
agreement is quite excellent. T h e gap would narrow
further if one accepts the expressed belief that membrane-filter methods (as operated) tend to underestimate
while, for example, the settling cloud chamber and
DFC drop freezing device tend to overestimate (due to
an accentuation of the contact nucleation process).
T h u s for ambient aerosols, one might cautiously conclude that many instrument roads "can lead to Rome"
provided that the variables associated with each instrument are carefully controlled. A corollary view is that
for atmospheric aerosols the tested instruments are
roughly equally sensitive to the dominant nucleus
type(s).
Less comforting, though instructive, was the four
order of magnitude difference observed when measuring
laboratory-generated silver iodide. For Agl, obviously,
small differences in instrument performance characteristics can be crucial. It was evident that the instruments
capable of higher humidities (or supersaturation) yielded
the highest nuclei concentrations—in keeping, at least,
with nucleation theory for a pure nonhygroscopic but
wettable aerosol.
Experimental and theoretical research over the last
several years, including some recent findings, clearly
indicated that some of the most important variables in
achieving reliable IN instrumentation for approaching
cloud conditions are:
a) magnitude and duration of achieved chamber supersaturation;
b) the instrument time constant to achieve desired
conditions;
c) suitably long operating time to activate nuclei of
different types.
In addition, for membrane-filter chambers of the static
type, a number of factors were suggested to improve their
ability to approach desired humidity conditions. Dynamic chambers involving a continuous flow of moist
air over filters (not represented at the Workshop) rei In this review we adhere to the customary definition of
deposition (sublimation) nuclei, i.e., direct deposition of
water vapor to the solid state without passing t h r o u g h a
liquid phase.
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portedly and intuitively should reduce vapor depletion
problems and relax design criteria associated with controlling supersaturations.
In the natural aerosol experiments referred to, a 5%
change in relative humidity near water saturation produced about an order of magnitude variation in IN
concentrations. T h u s the need for precise supersaturation control (and related temperature control to better
than 0.1 °C) became vividly evident to all.
Preliminary evidence suggests that the new low pressure chambers, which provide a high water vapor diffusivity, D, do not necessarily produce higher peak
humidities or counts. They do serve to reduce the cooling time constant and grow crystals rapidly—both desirable features.
Workshops must spend a certain fraction of time dealing with "controlled" known-size aerosols such as Agl to
gain understanding of certain nucleation processes. Beyond this, a personal preference is for heavier emphasis
on natural aerosols where in fact most instruments are
operated the large majority of the time.
T h e intriguing philosophical question arose as to
what general approach to take in measuring IN concentrations. T h e "mechanistic" approach, wherein one isolates and sums the contribution from each type of ice
nuclei, is appealing in terms of understanding atmospheric aerosols and the physics of nucleation; as yet,
however, precise methods and d i f f e r e n t i a t e instruments
to do this unequivocally are lacking. T h e alternate
"simulation" approach involves the use of relatively
large cloud chambers to duplicate as closely as possible,
by slow expansion, cloud processes in nature. In this
way one might obtain a more realistic determination of
total IN concentration, while masking, however, the
nucleation modes involved. As might be expected,
opinion seemed evenly divided as to the best way. It is
logical at this stage that both approaches be pursued,
with comparison measurements offering a means of resolving the role of certain nucleation mechanisms as
well as the degree to which clouds can be faithfully
simulated.
Unfortunately in this session as well as the others,
certain important topics were ignored. For example, is
there value in time series measurements of IN; are there
reliable correlations between IN counts and ice concentrations in similar types of clouds; in short, are IN concentration measurements worthwhile? Perhaps the lack
of discussion on such questions suggests that we have yet
to emerge completely from the instrument development
phase to the broader questions of atmospheric behavior.
T h e r e were hopeful signs and some data indicating that
we are at least in the transition stage. Overall, a keynote of progress and optimism was set for the remaining
sessions.
2. Ice nuclei characteristics and activation
mechanism in clouds
Chairman Roscoe Braham surveyed the problem by
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referring to the extensive body of literature on observations of natural crystals, laboratory studies, and theoretical analyses of nucleation.
There have been numerous painstaking observations
of individual ice crystals in an effort to identify the presence and nature of the nucleating particle. In general,
85 to 90% of sampled crystals have had a foreign particle
near their center and most of these have been proven to
be clay materials. In many cases the particle was within
a frozen droplet at the crystallographic center, indicating activity as a freezing nucleus. T h e preponderance
of observational evidence then points to a source of
nuclei in terrestrial soils. T h e nuclei have diameters of
0.1 /mi to several micrometers and appear to act most
often as freezing nuclei rather than centers of depositional growth. Many particles appear to be at least
partly hygroscopic.
A note of caution was sounded however about the
representativeness of these observations. Most workers
understandably select pristine and relatively well-formed
crystals for detailed analysis. Irregular crystals are often
overlooked, but are nonetheless important in natural
cloud processes. Caution was also expressed about assuming that clay minerals are the active nuclei even
where they are the obvious centers of crystallization;
they may be only carriers of a nucleating substance.
T h e possibility was raised that biogenic material attached to soil particles may be the actual ice initiator.
Theoretical nucleation results were generally still
treated with caution, especially for quantitative application. However, it was generally acknowledged that the
predictions from Fletcher's theory concerning critical
embryo size have shown comfortable agreement with
observations. Nuclei found to have been active by deposition have radii greater than 0.1 /im; freezing nuclei
have radii as small as 0.03 jim.
Whereas theoretical work has its greatest value currently in providing a way of thinking about the problem, laboratory experiments offer hope of testing hypotheses. It is important to realize, however, that in
every case these experiments are somewhat removed
from natural processes. Such work has contributed importantly to characterizing the abilities of various substrates to nucleate, and to illuminate various processes.
It has generally established the fact that given materials
have a higher temperature threshold for nucleation as
contact nuclei than for immersion freezing and that
these thresholds are still higher than activity for direct
deposition of the ice phase.
Another conclusion generally agreed upon is that
most ice nuclei are "mixed," in that they consist of
both insoluble and hygroscopic components. Pre-activation of nuclei is still a mechanism under consideration
and may occasionally be important. T h i s is a process
whereby a sublimated ice particle produces an embryo
which can subsequently initiate the ice phase at much
warmer temperatures than the original nucleating particle. Also there is some evidence for "deactivation,"
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measured downwind of St. Louis in Project M E T R O MEX; a gaseous adsorption, "poisoning" mechanism
may be responsible for reduction in activity of nuclei in
such circumstances. Considerably more effort is required
to isolate and assess the respective importance of anthropogenic sources (some well known) and sinks of ice
nuclei.
T h e role of cirrus clouds in providing ice embryos at
lower cloud levels was also emphasized. Increasing numbers of observations of ice particles surviving falls of
many kilometers from generating levels are being reported. These may provide sources of pre-activated nuclei as well as minute ice crystals.
T h e r e is still uncertainty over the possible abundance of extraterrestrial sources of ice nuclei, but most
participants were unwilling to ascribe a significant role
to particles originating at very high levels in the atmosphere.
With regard to terrestrial sources, a high degree of
interest (amidst some skepticism) was generated by recent results of studies of ice nuclei of biological origin.
Decaying leaves and forest litter were reported to be
prolific sources of nuclei, 107 to 108 nuclei per gram at
—8°C being common. Sea-water plankton are only one
order of magnitude or so less active. In the case of
leaves, less than 1% of the leaf mass is active. T h e exact
source of the nucleating site is not definitively determined, but it is clear that certain bacteria, either living
or dead, can cause ice to form in cloud chambers at
relatively warm temperatures. T h e bacteria are approximately 1 /mi in diameter and they can be prolific in decaying organic matter. There is circumstantial support
for the reality of a biogenic source of nuclei in observations of higher ice nuclei counts over plankton-rich upwelling areas of the oceans, of increasing counts with
distance inland (North America) and of higher counts
during later summer in some areas; such indirect trends,
of course, may reflect other types of non-biogenic nuclei.
A persistent question during the session was how to
interpret ice nuclei measurements. It is clear that the
concentration of ice crystals in a cloud is a fundamental
quantity in many cloud processes. But is there a usable
relationship between ice nuclei counts in clear air and
ice crystal counts in clouds formed from such air? Ice
crystal multiplication is one factor that could vitiate
such a relationship, but there are other disquieting observations in which multiplication mechanisms seem
unlikely. Some preliminary analyses of observations near
the edge of a cap cloud over Elk Mountain in Wyoming were shown to illustrate the problem. Upwind of
the cloud, airborne measurements of ice nuclei showed
very low concentrations of the order of 0.01 per liter
while crystal concentrations in ice-supersaturated air
were 0.05 per liter; ice crystal counts a short distance
into the visible cap cloud were 5 to 10 per liter (at
— 16°C). I n this case there is little opportunity for secondary processes to augment crystal formation. Similar,
apparently clear-cut concentration discrepancies in crys-

tals from clear skies in Alaska were reported. In one
situation up to 100 ice crystals per liter of air (near
water saturation) were detected vs 1 ice nucleus per
liter. Yet there were many observations noted of good
agreement with predictions based on nuclei counts, e.g.,
in certain winter Colorado clouds (CSU) and in Israel.
One interpretation of the Alaskan clear-sky crystals
was that deposition (sublimation) nuclei are still "alive"
despite some attempts to lay them to rest or at least
relegate them to a minor role. Supersaturation instrumentation (dynamic diffusion system) in use at the
University of Denver was described which was claimed
to be capable of depicting the temperature-humidity
regions of nucleation by deposition vs freezing for different aerosols.
T h e fairly recent scheme of expressing ice nuclei concentrations N as a function of supersaturation with respect to ice Sh N = c Siy (independent of temperature),
appears fundamentally sound provided one operates at
temperatures lower than the critical threshold of activation for ambient or test aerosols. Condensation-freezing
(as well as deposition) nuclei apparently follow this
relationship through the condensation dependence on
supersaturation. More analytical analysis is in order.
T h e exponent y appears to vary with air mass or aerosol
character, as evidenced by values of 3-6 in Wyoming, 8
reported for St. Louis, and somewhat larger values for
thermally generated Agl. Part of the Workshop activities and Session I discussion centered on this expression.
T h e function (analogous to the CCN spectra power
function) should prove very useful in certain theoretical
calculations.
3. Ice multiplication in clouds
T h e "great ice crystal mystery," wherein ice crystal
concentrations in some clouds occasionally exceed ice
nuclei concentrations by factors of up to four orders of
magnitude, was the focus of this session chaired by Dr.
John Hallett.
While measurements of IN and ice crystal (IC) concentrations have been difficult to make accurately, most
would agree that instrumental error cannot explain the
large discrepancies involved. As revealed in recent
studies and Session I, the uncertainty factor for IN concentrations is generally within a factor of 10. Ice crystal
measurements should be no worse, but in fact be better,
although comparative data are too sparse to assign
confidence limits.
T h e methods of counting ice crystals require continued systematic study. Two approaches have been
used: direct volume measurements generally from aircraft; and indirect estimates based on vertical surfaceflux measurements of crystals at the ground. Because of
the simplicity of the latter and the capability of acquiring substantial data in various cloud systems, it is a
technique that should be more fully explored. Both
methods require some refinement and standardization in
terms of distinguishing individual crystals, particularly
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in snowflake aggregates or where fragmentation occurs
on capture (more serious with aircraft sampling).
I n general we have evidentially recognized that the
IC to IN ratio is highest in convective clouds, in older
clouds, when riming is occurring, and when large drops
are present. Clearly, there are exceptions to these "criteria," and a combination of such factors may constitute
necessary but certainly not sufficient conditions. Only a
small (unknown) percentage of clouds appears to give
large ratios.
T h e recent laboratory findings of Hallett and Mossop
were enthusiatically discussed. T h e i r evidence for an ice
multiplication mechanism involving riming at relatively warm temperatures (about — 5° ± 2°C) and when
drops larger than approximately 25 fim diameter are
present appeared to satisfy many dangling clues of the
mystery. T h e Israeli and Colorado clouds mentioned
(multiplication factor of ^ 1 0 ) and certain maritime
clouds (factor of 103-104) were cited as probably fitting
the picture. Many would now agree that they have
identified the principal villain—riming—though the particular combination of cloud temperature and drop size
(and other variables) may prove less selective than indicated in the laboratory. It was not clear whether the
"splintering" mechanism at —5°C is associated with ice
needles characteristically present or to the character of
rime ice at that particular temperature. Several comments and speculative thoughts were aired on the nature of freezing drops by contact, ice shells, riming rate
and structure, and associated charging—subjects that
will undoubtedly be re-examined with this ice multiplication mechanism in mind.
A groundswell of trying to fit one's data to the above
pattern emerged, amidst cautious warnings that it may
be premature to do so. Conversely, examples of substantial though lesser degrees of ice multiplication via
other mechanisms were reiterated, such as:
a) mechanical fracturing of fragile dendrites, or rimed
dendrites, when colliding with other crystals or
drops;
b) splintering of large supercooled drops (100 /mi to
mm dia.);
c) cirrus seeding from above.
It was cited that the large drops, b), might also be
particularly beneficial in getting the aforementioned
riming mechanism going. Despite diverse views expressed, theoretical and observational evidence appeared
to dictate against cirrus seeding as a common mechanism
for ice crystal enhancement. A personal view is that
we should avoid the trap (analogous to the earlier atmospheric electricity-lightning theory debates) of looking
for a single mechanism to explain all cases. Atmospheric
complexity and cloud diversity historically deflate oversimplification; nevertheless, if Symposium debate is any
criterion, the riming concept and its further refinement
should rank high on or head the priority list for ice
multiplication.
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In another vein, the point was forcefully made that
theory and numerical models are needed to bridge
laboratory and field results. Of particular relevance are
the time scales required to progress from a postulated
ice multiplication mechanism to observed crystal concentrations in the atmosphere. How many cycles are
needed and is the number realistic? Also is the mechanism sufficiently productive assuming realistic variable
inputs from laboratory and field data? Regarding a
riming mechanism, the critical size and time for riming
onset must be considered as well as the related problem
of aerodynamic flow around crystals of different shape.
Large drop freezing behavior has been based primarily
on laboratory experiments, crystal fragmentation largely
on field evidence; both mechanisms, though suggestive
of lower multiplication factors per cycle, merit mathematical treatment of direct and indirect influences on
relevant microphysical processes.
Indeed it was encouraging to note that several attempts are underway to model ice multiplication. Based
on the number of uncertain variables potentially involved and discussed, it is apparent that additional laboratory and field inputs are also needed to guide modeling efforts.
4. Field measurements of ice particle forms
and concentrations
Dr. Peter Hobbs, session chairman, set the focus on the
fundamental question of concentration of ice in natural
clouds. H e succinctly reviewed measurement techniques,
instrumentation, and results of field observations.
T h e development of techniques was traced, beginning with what was termed the "splat-ping" method employed effectively by pilots in the thunderstorm project
who used the sound of particles striking the aircraft
windscreen as their primary data source. This at least
was a real-time measurement technique! T h e r e was discussion of the advantages and disadvantages of continuous particle samplers (collection or imprint), camera
techniques (direct photographs or holography), and optical or electro-optical devices. Instrument selection is always a compromise among competing qualities of
accuracy, sampling volume, ease of data reduction, discrimination between ice and water, ice crystal shape
recognition, range of size response, cost, and reliability.
Among particle measurement systems, the Cannon
camera developed at NCAR and the Knollenberg probes
received the greatest attention. T h e Cannon camera has
been used extensively on sailplane flights. It images
particles 8 /mi radius or larger, distinguishes ice from
water for particles exceeding 50 /mi radius, samples up
to 1 liter per frame at 2 frames per second, and can
recognize riming and crystal habit. Improvements are
being made to extend the sampling volume for an installation aboard the South Dakota School of Mines and
Technology T-28 aircraft for hail cloud penetration.
T h e Knollenberg probes are capable of providing
real-time data. T h e one-dimensional probe which has
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been in use for a few years, gives the maximum dimension of the shadow of a particle projected on a plane
of light sensitive diodes. It has a large sampling volume
and can produce a size spectrum on a video display u p
to once per second. There is ambiguity between ice and
water. A recently developed two-dimensional Knollenberg probe has been tested by several groups and appears to hold considerable promise. A laser beam is
shone across an 800 /mi wide aperture and focused onto
an array of 32 independent light sensing elements. T h e
result resembles a T V scan along the path of the airplane which can be recorded and monitored visually.
Particle size resolution is about 25 /*m and, although
frozen drops cannot be distinguished from liquid, crystal shapes are quite easily recognized. Sample volume is
about 5 liters per second on the Wyoming Queen Aire.
Another instrumental development that stimulated
considerable interest was the airborne decelerator for
ice crystal collection. A system developed for the Wyoming Queen Aire achieves a deceleration ratio of more
than 11 to 1, allowing collection of finely-structured
crystals with little breakage. T h i s greatly reduces a major
difficulty in ice concentration measurements, viz. fragmentation in the sampling process. Some questions
remain, however, concerning airflow patterns within
decelerators.
Optical scattering techniques for counting ice particles also came in for lengthy discussion. These generally make use of a polarized light beam and depend
upon the fact that ice induces a change in orientation of
polarization whereas spherical water drops cause no
change. A depolarized pulse signal is counted as an ice
particle and recorded electronically. Detectability of ice
crystals, dropping from 100% at 200 /mi diameter to
less than 10% for 40 /mi crystals, was characteristic of
a University of Washington instrument. T h e r e is some
depolarization by non-spherical drops, so that the
sensitivity setting of the instrument is critical if large
water drops are not to be confused with ice crystals.
T h e discussion then turned to results of field measurements. Data collected during Project Whitetop (University of Chicago) during the mid 60s in Missouri revealed high concentrations of ice in modified maritime
cumuli whose tops were at temperatures as warm as
—5°C. T h i s situation was most common in aging clouds
which inevitably contained large water drops. Similar
observations were reported in Australian maritime cumulus clouds which frequently had ice concentrations as
much as 104 times the concentration of ice nuclei measured at temperatures equivalent to those of the cloud

tops. On the other hand, thin stratiform clouds in the
same region usually had ice concentrations comparable
to expectations from nuclei measurements. One distinction between the two situations was thought to be
important as mentioned in the prior session: the stratus
clouds had few drops larger than 25 /on. Observations
in winter continental cumulus in Israel generally reveal
ice concentrations about twice those determined from
nuclei counts at the same temperature. Again these
clouds are characterized by low numbers of large drops,
at least for cloud levels where temperature is higher than
—5°C. Similar results were reported by NCAR in sailplane measurements with continental-type cumulus in
Colorado. However, in these summertime clouds high
concentrations of ice are occasionally encountered in
downdrafts. There was general agreement that the
majority of the observations were consonant with the
multiplication hypothesis advanced by Hallett and
Mossop based on the laboratory experiments described
in Session III.
Aircraft measurements in mid-latitude cyclone cloud
systems were also reported. Concentrations of ice crystals larger than 100 /mi are generally constant or decrease with height in deep, precipitating, larger-cloud
systems in the Midwest. Similar results were reported for
pre-warm frontal situations in the Pacific Northwest. On
the other hand, orographic cloud systems in the same
area generally show increasing ice concentrations with
decreasing temperature and increasing altitude. It was
argued that the lack of a strong temperature dependence
may be an indication that multiplication mechanisms
are active. This might be expected in well-aged cloud
systems characteristic of warm fronts.
As President of the Cloud Physics Commission of
IAMAP, Dr. Helmut Weickmann concluded the Symposium by complimenting the organizers, hosts, and
participants. H e then closed with the plea that cloud
physicists not overlook the simpler techniques and the
power of direct observation while taking advantage of
the new sophisticated instruments that had attracted
much of the attention during the Symposium.
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