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CHAPTER 1 
INTRODUCTION 

1.1 Evidence of Ice Multiplication 
It is generally accepted that a typical concentration of active ice nuclei is 

1 L"̂  at -20*C, increasing (decreasing) by an order of magnitude for every 
4'C decrease (increase) in temperature (Rogers. 1979). Observed 
concentrations of ice particles in clouds often exceed these values by two 
orders of magnitude or more (Rogers, 1979). In comparing observations of 
ice nuclei to ice particle concentrations, Dennis (1980) noted that: 

1. Ice nuclei measurements account for nuclei which have not yet been 
activated, while ice particle measurements indicate prior activation of ice 
nuclei. 

2. An ice particle may not have resulted from activation at the 
temperature at which it is observed. Downdrafts in convective clouds can 
transport ice particles that originated higher in the cloud to warmer 
temperatures. 

After accounting for the above considerations, it still appeared that 
enhancement of ice particle concentrations beyond ice nuclei 
concentrations, also called ice multiplication, does occur, and Mossop (1970) 
gives a review of observational evidence concerning this phenomenon. 
Airborne measurements of ice particle concentrations indicating ice 
multiplication were first reported by Murgatroyd and Garrod (1960). The 
Chicago University Cloud Physics Group studied summertime cumuli in 
Missouri and found ice particle concentrations of 10 L~̂  in clouds no colder 
than -10*C. A cloud chamber located on the ground within 20 miles of 
these clouds indicated ice nuclei concentrations of only 0.01 L~̂  at this 
temperature (Koenig. 1963). Ice enhancement in maritime cumulus clouds 
off the southwest coast of Tasmania was reported by Mossop (1969) and 
Mossop fiial. (1970), who observed crystal concentrations reaching 10 to 
100 L"^ Other reports of enhanced ice particle concentrations in the 
literature include those of Mossop stal- (1968), Hobbs (1969) and Auer gi 
al.(1969). 

1 
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Hobbs (1974) assimilated observational evidence on the ratio of the 

concentrations of ice particles to ice nuclei in natural clouds. He found that 
this ratio decreased with decreasing cloud top temperature and approached 
unity at low temperatures (Fig. 1.1). It is felt that any proposed 
enhancement mechanism should account for this variation (Mossop, 1970). 

1.2 Ice Multiplication Processes 
Many mechanisms have been proposed to account for the discrepancies 

between observed ice particle concentrations and the values expected given 
typical values for ice nuclei concentrations. These are: 

1. Entrainment of ice, 
2. Preactivated ice nuclei, 
3. Lightning-induced nucleation. 
4. Accumulation zones, 
5. Shedding of whiskers, 
6. Contact freezing, 
7. Fracturing of crystals, 
8. Shattering, splintering, and fragmentation during drop freezing. 
9. The Hallett-Mossop ice multiplication process (rime splintering), 

10. Aircraft Eroduced Ice Earticles (APIPs). and 
11. Breakup of rime. 

A summary of each of these proposed mechanisms is as follows. 
1. Entrainment of ice particles can occur laterally from neighboring 

cloud towers or vertically, the latter process known as cirrus seeding. 
Braham (1967) reported that on each of six days when ice crystals had 
descended thousands of feet in clear air beneath cirrus clouds, they were 
found in concentrations he considered entirely adequate for seeding lower 
clouds. Cirrus crystal concentrations as high as 10^ L'̂  were found at 
18.000 ft MSL, T- -lO'C, on a day when cirrus clouds were forming at 
35,000 ft and the cloud-free intervening air showed a 20X dewpoint 
depression on a nearby radiosonde. Mossop (1970) pointed out, however, 
that there are so many reports of unexpectedly high ice crystal 
concentrations in clouds with clear sky above that another mechanism for 
ice enhancement is required. 
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Fig. 1.1 Some measurements of the ratio R of 
the concentration of ice particles to 
ice nuclei in natural clouds. AT is 
the supercooling. (After Hobbs, 
1974) 
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2. A preactivated ice nucleus is one that has already been activated, but 

the ice crystal has sublimed. There is evidence that a preactivated ice 
nucleus subsequently reactivates at a warmer temperature than was 
originally required: this behavior may be caused by residual ice bound in 
crevices or other irregularities in the particle surface (Dennis, 1980). 

Preactivated ice nuclei can come from clouds that have dissipated 
(Mason and May bank, 1958) or from the upper atmosphere. Higuchi and 
Fukuta (1966) expect the initiation of the preactivation process in the upper 
atmosphere where the temperature is below -40*C. If the particle then 
falls to a warmer temperature level but one that is still below O'C it may 
nucleate ice at a temperature greater than its original threshold 
temperature. 

3. The temperatures produced during adiabatic expansion in the low 
pressure portion of a sound wave may sometimes be low enough to cause 
homogeneous nucleation (Vonnegut and Moore, 1965). This could occur 
when lightning takes place in a cloud. An adiabatic expansion to 0.65 of the 
original pressure would be required to reduce a temperature from -lO'C to 
the homogeneous nucleation threshold of -40*C, while a lesser expansion to 
0.86 of the original pressure would bring a temperature from -30 to -40*C. 

4. There are two accumulative mechanisms for ice crystals and ice nuclei 
(Mossop, 1970; Mossop sial-, 1968). The first mechanism involves a level 
where the fall velocity of the ice particle is just balanced by the updraft. 
Because ice particles will form at different times and heights and are 
continually growing, they can not be expected to reside long at a particular 
level. Also, particles are dispersed by lateral motions near the top of a rising 
tower. In reality this mechanism causes a vertical redistribution of the ice 
particles and does not result in enhancement of the average ice particle 
concentration for the entire cloud. Accumulation can also occur if ice 
nuclei fed into the base of the cloud in the updraft are captured by water 
drops, increasing the ice particle concentration when the water drops 
freeze. Mossop glal. (1968) concluded that accumulation is capable of 
enhancing ice particle concentrations by an order of magnitude at most. 

5. DeMicheli and Licenblat (1967) reported on experiments showing that 
ice whiskers commonly appear during the evaporation of single crystals 
under several conditions of subsaturation (relative humidities of 25, 50, and 
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80% with respect to ice) at temperatures between -10 and -22'C. Ice 
whiskers can be regarded as active centers of condensation and sublimation 
or as a source of new solid nuclei produced by their fracture. 

Mossop (1970) concluded that this mechanism has not been studied 
enough to assess its importance in natural clouds. Young (1974) concluded 
that the actual formation of such whiskers in the atmosphere and conditions 
under which they might be shed are still speculative. Further evidence of 
the possibility of whisker shedding as an ice multiplication mechanism has 
not, to this author's knowledge, been reported in the literature. 

6. Research by Gokhale and Goold (1968) and by Gokhale and Spengler 
(1972) indicated that ice nuclei were much more effective in freezing water 
drops by contact than by immersion in the drop. Certain ice nuclei have a 
contact nucleation threshold temperature 5 to 10*C greater than their 
threshold temperature as immersion nuclei. Certain soil, sand, and clay 
particles were found to nucleate water drops between -3 and -8*C by 
contact (Gokhale and Goold, 1968; Gokhale and Spengler, 1972). 

Young (1974) reviewed various ice multiplication mechanisms and 
concluded that contact nucleation was the mechanism freezing the droplets 
and leading to high ice particle concentrations. He developed a model for 
collection of ice nuclei by water drops which predicted collection to be 
enhanced in downdrafts and mixing zones at cloud edges and suppressed in 
updrafts. This agrees with observations of ice occurring first in downdrafts 
and at cloud edges in many cases. Strong evaporational cooling as dry air is 
entrained at cloud edges can also help to activate additional contact nuclei 
which then serve to increase ice particle concentrations. 

7. Frail extensions of dendritic ice crystals may be broken away simply by 
the flow of air over their surfaces (Ludlam, 1980). Mechanical fracture of 
fragile ice crystals can be caused by collision with graupel. other ice 
crystals, or large drops having diameters ^ 250 \xm (Pruppacher and Klett, 
1978). Although high supersaturations lead to more fragile forms in the 
dendritic region of growth, even crystals grown below liquid saturation 
appear fragile (Koenig. 1968). 

When Dye and Hobbs (1968) performed laboratory experiments on 
crystals colliding with supercooled drops, the drop started to freeze upon 
contact with the crystal. On some occasions the crystal became attached to 
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the freezing drop, and in this case the crystal would often break into five or 
ten pieces as the drop froze. 

Vardiman (1978) studied the ice crystal-ice particle collision process for 
graupel, lightly-rimed spatial crystals, and plane dendrites with varying 
amounts of rime, and concluded that: 

i. The broader the crystal size distribution, the greater is the number of 
secondary particles generated because broad distributions have a greater 
concentration of large crystals. The larger the difference in crystal size, the 
larger the relative velocity and the more fragments produced in a collision. 
Also, the collision frequency increases as the square of the concentration, so 
that more crystals at large sizes rapidly increases the number of collisions 
and. subsequently, secondary particle generation. 

ii. The greater the amount of rime, the greater the secondary particle 
generation. Generation of secondary particles may be increased by orders 
of magnitude when riming is occurring because riming increases both the 
fragility of a crystal and its fall velocity, thereby increasing the collision 
frequency, 

iii. Graupel or heavily rimed particles are needed to have significant 
generation of secondary particles. 

8. A drop freezes from the outside, forming a shell of ice around a water 
core. The core, upon freezing, expands, shatters the shell and releases a 
number of minute fragments (Dennis, 1980) which can serve to increase the 
concentration of ice particles. Many investigators observed shattering, 
splintering, and fragmentation during drop freezing (e.g., Langham and 
Mason, 1958; Mason and May bank, 1960; Latham and Mason, 1961). 
However, Dye and Hobbs (1966,1968) showed that these experimental 
results were incorrectly applied to the freezing of droplets in the 
atmosphere because the water drops were contaminated by carbon dioxide 
and were not in thermal or solution equilibrium with the environment prior 
to freezing, each of which acts to increase the likelihood of shattering upon 
freezing. 

Dye and Hobbs performed experiments with drops that were in 
temperature and solution equilibrium with their environment and were not 
contaminated by carbon dioxide. They concluded that drops nucleated in 
equilibrium with ordinary air at standard pressure at temperatures from 0 



to -17*C often cracked during freezing and formed spikes and protrusions, 
but the drops were never observed to shatter. On average, one drop in ten 
ejected an ice splinter. In air at 0.1 atm freezing drops formed more spikes 
and protrusions, but shattering was not observed unless the drops froze 
before coming to either temperature or solution equilibrium with the 
environment. 

Dye and Hobbs stated, however, that these results on fragmentation for 
suspended drops in ordinary air cannot be applied directly to the freezing of 
droplets in natural clouds because cloud droplets in free fall are strongly 
ventilated on their undersides by forced convection and this affects both the 
rate and the symmetry of the heat transfer from the droplets as they freeze. 
However, they also pointed out that when a droplet is nucleated in free fall 
it may rotate or tumble, tending to produce symmetrical freezing. Thus, the 
ventilation effect is somewhat offset. 

Hobbs and Alkezweeny (1968) performed experiments on supercooled 
droplets freezing during free fall. They found that droplets from 20 to 50 
pm in diameter were not observed to shatter during freezing. Droplets from 
50 to 150 \im in diameter were observed to shatter during freezing, 
however, they felt the ones from 100 to 150 \im were not in temperature 
equilibrium. Under conditions of water saturation. Hobbs and Alkezweeny 
observed many ice particles near a droplet which fragmented during 
freezing, but it was not possible to determine the number ejected by a 
single droplet. 

The available evidence indicates, then, that droplets 50 to 100 \im in 
diameter may eject ice splinters upon fragmentation during freezing. 

9. The Hallett-Mossop ice multiplication mechanism involves the 
shedding of ice splinters when an ice particle grows by riming in a 
supercooled cloud. Hallett and Mossop (1974) grew rime in the laboratory 
on a vertical metal rod by rotating it through a cloud of supercooled 
droplets to simulate the growth of graupel particles falling at constant 
orientation in a supercooled cloud. Their experiments determined the 
number of secondary crystals produced per mass of accreted rime and 
showed that splinter production is virtually confined to temperatures from 
-3 to -8*C, with the maximum production at about -5X. During the 
accretion of 1 mg of rime several hundred secondary particles were shed. 
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The authors felt that if each splinter grows and rimes so that it can itself 
shed splinters, there should be no difficulty in obtaining, within a 
reasonable time, an ice enhancement factor of lO'̂ . 

Mossop and Hallett (1974) reported further experiments which 
demonstrated the influence of the drop size distribution on the production of 
splinters during the riming process. The rod velocity and the temperature 
were both fixed and the only variables known to affect the production of 
splinters were the weight of rime accreted per unit time and the drop size 
distribution. They concluded that the secondary crystal production rate is 
proportional to the rate at which drops larger than 23 jmnri are swept up, and 
not to the riming rate. 

Mossop (1978a) integrated data from various field experiments to 
conclude that a concentration of at least 10 cm"^ of drops of diameter ^ 25 
Mm was needed for ice multiplication to be active in the clouds he studied. 
He then applied a droplet growth equation to drop spectra near cloud base 
to determine the time necessary to produce 10 cm"^ of drops having a 
diameter of 25 \im at a particular temperature level. Using the updraft 
speed he determined the cloud depth required for this growth and, by 
assuming a lapse rate, the necessary cloud base temperature. He then 
plotted field observations of clouds with and without observed ice 
multiplication and drew an empirical ice multiplication boundary as a 
function of cloud base temperature and total cloud base drop concentration 
(Fig. 1.2). 

Goldsmith slal. (1976) suggested that splinter production depends on 
both the large and the small drops present in the cloud. Specifically, their 
results supported their thesis that the ratio of large to small accreted 
droplets is an important factor in determining the ice splinter production 
rate. Mossop (1978b) reported three typical experiments which illustrate 
the need for both "small" (M3 pm in diameter) and "larger" (diameter ^ 25 
Mm) drops for splintering to occur. The drop spectra are shown in Fig. 1.3. 
For a spectrum (Q15) with drops ^ 25 Mm diameter amounting to a 
concentration of only 0.1 cm"^ the rate of crystal production was 17 
crystals per mg of rime. Increasing the concentration of large drops (Z14) 
caused a large increase in the number of crystals produced (268 mg'h. A 
further increase in the concentration of large drops (HI3), however, does 
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Fig. 1.2 Ice multiplication boundary (B) as a function of cloud base 
temperature and drop concentration. Ice multiplication (x). no 
ice multiplication (•). A, A/2 are adiabatic, half-adiabatic liquid 
water content for a 5 m s"* updraft. (After Mossop, 1978a) 
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Fig. 1.3 Plot of drop size distribution at approximately 2.5 um 
intervals for three experiments at temperature -5'C, 
target velocity 2 m s"^ The number of splinters 
generated per milligram of rime is given in 
parentheses next to the experiment number. 
(Mossop. 1978b) 
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not necessarily produce more crystals if the concentration of small drops is 
greatly depleted (75 crystals mg'M. To this authors knowledge, the 
minimum necessary concentration of the smaller drops has not been 
postulated in the literature. 

The necessary conditions for the Hallett-Mossop ice multiplication 
mechanism are, in summary: 

i. Concentration ^ 10 cm'^ of cloud drops having diameters ^ 25 Mm, 
ii. Substantial amounts of smaller (diameter i 13 \xm) cloud drops, and 
iii. Graupel, 

all occurring in the -3 to -8X temperature zone (Mossop, 1978a, 1978b). 
This ice enhancement process functions in clouds where there is substantial 
vertical movement of the graupel particles and substantial liquid water 
available for riming. 

It is widely believed that this is the single most important mechanism for 
ice enhancement in terms of the number of secondary particles produced. 

10. Aircraft Eroduced Ice Earticles or APIPs (Rangno and Hobbs, 
1983.1984) are conjectured to depend upon, among other factors, aircraft 
speed and propeller speed. Other mechanisms that might be responsible for 
the production of APIPs are ice nucleation by the fuel exhaust products and 
production of ice particles associated with aircraft icing. 

11. Rime breakup refers to the fragmentation of rime which has 
accreted on crystals. Vali (1980) proposed that collisions between particles 
and the sublimation of narrow connecting points in the rime (if the particles 
traverse subsaturated regions) are mechanisms which might be responsible 
for the fragmentation. 

Griggs and Choularton (1986) found, however, that fragmentation of 
rime is very unlikely to occur in natural clouds. They fired glass beads at 
rime in order to measure the intensity of impact required to break the rime. 
Rime grown at temperatures of from -1 to -24X was tested. In some 
experiments the rime was left in about a 20% undersaturated environment 
for about 5 min in order to weaken the structure before testing. 

Griggs and Choularton found that the minimum velocity for which rime 
breakup occurred was 17 m s'^ for an evaporating (weakening) rime 
surface. For surfaces which were not evaporating, minimum velocities 
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were much higher. They concluded that under conditions encountered in 
natural clouds rime breakup by collision does not occur. 

1.3 Field Investigations of Ice Multiplication 
Surprisingly, few studies using field data to determine which ice 

multiplication mechanisms operate in natural clouds have been made. 
Hallett etal. (1978) found that the criteria for the Hallett-Mossop process 
were met in summer cumuli over Florida, while studies of similar clouds in 
South Africa enabled Krauss gtal. (1987) to conclude operation of the 
Hallett-Mossop process. Heymsfield and Hjelmfelt (1984) found that the 
Hallett-Mossop process was also occurring in late spring convective clouds 
in Oklahoma. 

The Hallett-Mossop process was also found to operate in winter cumuli 
near Tasmania (Mossop. 1985a). Mossop used data collected during the first 
pass of clouds to avoid the possibility that aircraft-produced ice particles 
contaminated the data set. Studies conducted in Israel of wintertime cumuli 
more continental in nature indicated that ice multiplication was not 
operating (Gagin, 1975). These clouds had a deficiency of large cloud drops 
in the temperature zone required for the Hallett-Mossop process. 

Studies of clouds in the Pacific Northwest of the United States led Hobbs 
and Farber (1972) to conclude that fracturing of crystals by collision 
enhanced the ice particle concentrations. The type of clouds and the time 
of year was not indicated. Later studies by Hobbs and Rangno (1985) of 
cumuliform and stratiform clouds sampled in all seasons in locations 
ranging from southern Utah to the arctic indicated that the primary 
mechanism of ice multiplication was contact freezing of cloud drops near 
cloud top. Hobbs and Rangno found that the Hallett-Mossop process and 
fracturing of crystals also increased the ice enhancement in these clouds. 
Fracturing of crystals was also found to operate in clouds associated with 
winter storms over the mountains of northern Colorado (Rauber, 1987). 
The Hallett-Mossop process was not operating because there was a 
deficiency of large cloud drops. 
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1.4 Previous Research in West Texas 

The Texas High Plains Cooperative Program (Texas HIPLEX) was 
initiated in 1975 to appraise the potential for increasing areal rainfall in 
West Texas. The objective was to collect meteorological data in order to 
determine the dominant precipitation processes operating in sampled 
isolated or semi-isolated cumulus congestus clouds. Analysis of the data 
sets led to the conclusion that the multiple-cell convective system offers the 
most promise for significant rainfall enhancement (Jurica stal., 1983). The 
focus of Texas HIPLEX on isolated cumulus congestus clouds left a void of 
microphysical data on the multiple-cell convective system. 

To fill this void, during the summer of 1983 the Texas Experiment in 
Applied Seeding (TEXAS) field project was conducted in the Big Spring 
area. The project was designed to sample growth regions near the -15'C 
level at the periphery of or adjacent to developing thunderstorms. 

1.4.1 Typical Active Ice Nuclei 
Concentrations in West Texas 

During the summer of 1975 measurements of ice nuclei were obtained 
over Big Spring aboard the University of Washington's B-23 research 
aircraft (Bowdle etal. 1985). Air was drawn through 0.47 \\m pore size 
Millipore filters at rates of 5-20 L min"^ for periods of 10-100 min. Ice 
nuclei counts were determined from each exposed filter at the test 
temperatures of -12, -16 and -20*C. Seven ice nuclei spectra were 
measured in the mixing layer (1-3 km above ground level) near Big Spring. 

The data were fitted to the expression 

N(T)-N(0)exp(BIdT]), 

where N(T) is the concentration of ice nuclei active at temperature T, dT is 
the supercooling in X. and N(0) and B are empirical regression parameters. 
N(0) was found to be 2 x 10"^ L"̂  and B was 0.3 per degree. Using this 
expression: 

l .N(-12X)-7.3x 10-3 L-1. 
2.N(-16X)-2.4x 10-2 L"̂ . 
3.N(-20X)-8.1x 10-2 L-1. 
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Since these values were obtained over the region where cloud sampling 
was done for both Texas HIPLEX and TEXAS, they were used in the case 
studies of Chapter 3. It should be noted that the values obtained for -16X 
and -20X are approximately one order of magnitude less than what are 
thought to be typical values for these temperatures. The value for -12X is 
close to the typical value of 10-2 L-1 f^^ ^̂ is temperature. Also, the 
concentration changes only about a half an order of magnitude for each 4X 
change in temperature, less than the typical full order of magnitude change. 

1.4.2 Precipitation Processes in 
West Texas Convective Clouds 

Studies of Texas HIPLEX data from 1978 and 1979 (Takeuchi. 1980) 
indicated that the warm-rain process initiated precipitation at least during 
the earlier stages of cloud development Research by Long (1980) on 1979 
Texas HIPLEX data also led to the conclusion of warm-rain initiation of 
precipitation, although the ice process was found to be associated with 
significant amounts of precipitation. 

Scro (1984) used the 1980 Texas HIPLEX data set, and in particular the 
cloud particle images, to investigate precipitation mechanisms in West 
Texas summertime convective clouds. He found that the first 
precipitation-sized particles are formed by the warm-rain process and that 
later the ice phase and ice multiplication complete the precipitation process. 
Particle imagery showed a large number of nearly round hydrometeors 
from 100 to 800 \xm in diameter. Their surface texture revealed an absence 
of riming, which led him to conclude that they were recently-frozen water 
drops. Combined with first radar echoes at temperatures greater than OX. 
these observations led him to conclude warm-rain initiation of precipitation. 

Indications of enhanced ice particle concentrations in the Texas HIPLEX 
data set has been found. Riggio slal- (1983). in a summary of Texas 
HIPLEX, noted ice particle concentrations of 10 to 100 L"̂  in mature and 
late cloud stages. Scro (1984), in case studies of 1980 Texas HIPLEX data, 
found ice particle concentrations exceeding typical ice nuclei concentrations 
by one to three orders of magnitude. Case studies using the same data led 
Ratley (1984) to conclude that ice particle concentrations were at least one 
order of magnitude greater than the normal concentrations of ice nuclei. 
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Neither Scro nor Ratley used the values of ice nuclei concentration obtained 
from the Big Spring study (Bowdle glal.. 1985) because they were not yet 
available. The ice particle concentrations would have indicated an even 
greater ice particle enhancement factor if the Big Spring ice nuclei 
concentrations had been used. 

These studies led to the determination of the dominant natural 
precipitation mechanism in West Texas convective clouds, as summarized 
by Scro (1984): 

1. The development of a continental droplet spectrum; 
2. Growth of the droplets by condensation and coalescence; 
3. Freezing of some of the drops, predominantly by contact freezing; 
4. Growth of natural ice crystals and frozen drops by diffusion and 

riming; 
5. Ice multiplication in the form of aggregate, crystal, and graupel 

breakup and/or the Hallett-Mossop ice multiplication process; and 
6. Riming and subsequent melting of the ice particles to form cold rain. 

1.5 Objective 
In this thesis a representative sample of clouds penetrated from 01 June 

to 27 July 1980 and from 15 June to 11 August 1983 was selected for case 
study analyses. Cloud microphysical data were used to establish with some 
certainty which ice multiplication processes occur in these clouds. This 
study represents the first comprehensive investigation of ice multiplication 
with Texas HIPLEX and TEXAS data. 

Data at the sampling level were used to infer what ice multiplication 
mechanisms were operating in the cloud. The ice particle concentration 
was determined and compared to an estimated ice nuclei concentration to 
determine the magnitude of ice multiplication. A determination of the types 
of particles present in the cloud was made in order to define which ice 
multiplication processes were operating. 



CHAPTER 2 
DATA COLLECTION AND ANALYSES 

Data collected during 1980 Texas HIPLEX included radar, satellite, and 
rainfall data in addition to cloud microphysical measurements. Atmospheric 
soundings from a mesonetwork and synoptic-scale information were also 
gathered. For 1983 TEXAS, standard synoptic data as well as National 
Weather Service radar data from Midland were collected in addition to 
cloud microphysical measurements. The focus of this study is on using the 
cloud microphysical data to deduce ice multiplication processes occurring in 
these clouds. 

2.1 Data 
The 1980 Texas HIPLEX program was designed to sample isolated and 

semi-isolated cumulus congestus clouds once near the -lOX level and if this 
initial penetration met the following conditions, sampling continued: 

1. cloud top no colder than -lOX; 
2. no precipitation-sized cloud particles; 
3. maximum ice particle concentration less than 10 L-̂  at -lOX; 
4. cloud liquid water content of at least 1.0 g m"*̂  somewhere along the 

initial pass; 
5. updrafts of 2.5 m s-^ or greater. 

In practice, these criteria were somewhat relaxed because of a very dry 
summer. 

Analysis of the data sets from Texas HIPLEX led to the conclusion that 
the multiple-cell convective system offered the most promise for significant 
rainfall enhancement (Jurica el al.. 1983). Therefore, the 1983 TEXAS 
project was designed to sample growth regions at the periphery of, or 
adjacent to. developing thunderstorms near the -15X level. A 
turbocharged Piper Navajo aircraft owned and operated by the Colorado 
River Municipal Water District (CRMWD) was used during both the 1980 
Texas HIPLEX and 1983 TEXAS projects. Figure 2.1 summarizes the data 
system and probes used for both projects. 

16 
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Variables 
Cloud Physics 

Particle size distribution 

Cloud liquid water 

Ice particle concentration 

Meteorological 
Temperature 

Dewpoint 
Static pressure 

Navigation 

Aircraft location and magnetic heading 

Aircraft vertical speed 

Airspeed 

Data Recording/Display System 

Instrumentation 

PMS Eorward Scattering 
Spectrometer Erobe 
(FSSP) (1980: 3 to 45 Mm 
1983:2 to 30 Mm) 

PMS 2J1 Optical Array 
Cloud Droplet Imaging 
Probe (2D-C) (25 to 800 
Mm) 

PMS FSSP 
Johnson-Williams liquid 

water content probe 
CSIRO liquid water content 

probe (1983 only) 
SPEC cross-polarized ice 

particle counter (1980 
only 

Rosemount total 
temperature probe 

NCAR total temperature 
probe (reverse flow 
housing) 

E.G,&G. cryogenic device 
Cognition total pressure 

transducer 

Aircraft avionics 
(VOR/DME) and heading 

United Controls vertical 
accelerometer 

Rosemount differential 
pressure transducer 

PMS Data Acquisition 
System 32-2-D plus Z-90 
microprocessor (Intel 
8086 microcomputer in 
1983) with 1600 BPI 
9-track magnetic tape 
recording. Real-time CRT 
display and post-flight 
hard copy printout of 
selected variables. 

Fig. 2.1 Instrumentation on the sampling aircraft during the 1980 Texas 
HIPLEX and 1983 TEXAS field programs. 
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The drop size distributions obtained by the Eorward Spattering 

Spectrometer Erobe (FSSP) were integrated over sizes ^ 24 Mm in diameter 
and also over sizes U 2 Mm in diameter to see if there were at least 10 cm"^ 
of the larger drops and a substantial concentration of the smaller drops. 
Concentrations were stratified according to the sign of the vertical velocity 
and location in the cloud. For the latter parameter the cloud pass was 
broken down according to time into the edge half, defined as the first and 
last quarters of the cloud pass, and the middle half, defined as the middle 
two quarters of the cloud pass. This was done because the cloud core is 
protected from mixing while the edges are subjected to entrainment. 

Quantitative vertical velocity data from the accelerometers used during 
both projects was considered unreliable. A method developed by Jurica and 
Pani (1986) using altitude and temperature data was employed to infer the 
sign of the vertical motion field. As the aircraft ascends and descends in 
still air temperature will decrease and increase, respectively, assuming a 
temperature lapse rate similar to the saturated adiabatic value. Therefore, 
descent accompanied by decreasing temperature is interpreted as occurring 
in a downdraft from higher and colder levels sufficiently strong to 
overcome the tendency for temperature to increase. Similarly, ascent 
accompanied by increasing temperature indicates the aircraft is rising in an 
updraft bringing warmer air from below. To reduce noise. 3-s running 
averages of both altitude and temperature were used. Vertical motion was 
considered weak if for consecutive 3-s averages, both the temperature 
changed by more than 0.0 IX and the altitude changed by more than 0.1 m; 
vertical motion was considered strong if the temperature changed by more 
than O.llXand the altitude changed by more than 5.1 m (Pani, 1987). 

The cloud particle images were used to determine the presence of 
graupel and the -3 to -8X temperature zone was confirmed using the 
temperature measurements from the Rosemount probe. When these two 
conditions were met along with the required concentrations of "large" and 
"small" drops, all of the essentials for the Hallett-Mossop ice enhancement 
process were present (Section 1.2). 

The particle images were also used to determine the presence of fragile 
dendritic growth forms, which are susceptible to fracture during collision 
with other hydrometeors. Ice crystal size distributions were generated by 
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counting the number of particles in each 25 Mm size interval. The 
qualitative amount of rime on individual particles and the broadness of the 
particle distribution functions were noted, as required for the crystal 
fracturing mechanism for ice multiplication (Vardiman, 1978). Vardimans 
experiments were on plane dendrites, lightly-rimed spatial crystals and 
graupel, with varying degrees of rime on the plane dendrites. 
Distinguishing exactly among crystal types in the particle images was an 
extremely difficult task. Since all branched crystals and dendrites have 
some fragile features susceptible to fracture upon collision with other ice 
particles, one size distribution function was generated for graupel particles 
alone and another size distribution function was generated for all crystal 
types taken together. 

The size distributions were used to obtain a minimum value of the ice 
particle concentration and determine if the concentration was enhanced. 
Only particles subjectively judged to have their centers within the field of 
view of the probe were counted. This underestimated the concentration of 
the larger particles and, therefore, the magnitude of ice multiplication. The 
larger particles were generally few in number so that the error was 
considered slight. Since this method causes a conservative estimate of the 
magnitude of ice multiplication, it does not invalidate the results when the 
existence of ice multiplication is inferred. 

One-second values of temperature (from the Rosemount probe), altitude, 
liquid water content (from the PMS FSSP), and ice particle concentration 
were plotted versus distance for each cloud pass. The first two parameters 
were especially useful in determining the vertical motions. For 1980. plots 
were made of the concentration from both the ice particle counter and the 
2D-C probe, while for 1983 the 2D-C concentration was used in place of the 
ice particle concentration. The ice particle counter responds better to small 
particles than does the 2D-C probe. 

Finally, cloud base values of temperature and drop concentration were 
determined for each cloud. These values can be used in determining 
whether the Hallett-Mossop ice multiplication process can be operative in a 
cloud by predicting whether drops will grow in a concentration of 10 cm"^ 
to a diameter of 25 Mm at the -8X level (Mossop. 1978a). The cloud base 
temperature used was the value obtained during the ascent to sampling 
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altitude, while the concentration at sampling altitude was doubled to 
estimate the cloud base drop concentration. Despite this doubling, many of 
the clouds still lie within the ice multiplication region as determined by 
Mossop (1978a). Lower concentrations are more favorable since they yield 
less competition for the available water vapor and, therefore, a greater 
chance for the drops to reach the size criteria. 

2.2 2D-C Image Data 

Figure 2.2 shows an example of a particle image and the other 
information that is available. The three vertical lines that appear 
immediately after the particle image are called data slices and contain 
coded information. The first slice immediately after the particle image is 
called the Time Data Slice and represents the time elapsed between the 
current particle and the preceding one. In the middle is the All Zeroes Data 
Slice, which is just used as a spacer between the first and third data slices. 
The third slice, called the Particle Classification Slice, contains the 
classification code assigned to each particle through algorithms contained in 
the software for the 2D-C probe. The next subsection discusses the Particle 
Classification Code. 

2.2.1 Image Classification 
An example of the Particle Classification Slice is shown in Fig. 2.2. The 

slice contains enough space for nine long bars. The position from the top of 
the missing long bar defines the class number of the particle. To aid in the 
location of the missing long bar a short bar is marked on each side of it. If 
no long bars are missing the particle is a Class 0. The discussion which 
follows describes the manner in which each class is determined. 

Water drops (Class 0) and ice particles (Class 1) are classified according 
to their measured area in pixels, one pixel being a square 25 Mm on a side 
(6.25 X 10"^ mm2). Any image less than 50 pixels (approximately 200 Mm 
in diameter) is classified as a water drop. Images greater than 200 pixels 
(approximately 400 Mm in diameter) are classified as ice particles. 

Particles larger than 50 and less than 200 pixels receive the ice-water 
discrimination test. This algorithm simulates the minimum rectangular area 
able to enclose the object. If the ratio of the rectangle sides is greater than 
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Fig. 2.2 A plate ice crystal passing across the photodiode array of the 
2D-C probe. Data slices before and after the particle are 
explained in the text. This is a Class 1 particle since the first 
long bar in the Particle Classification Slice is missing (see text). 
(After Cannon. 1976) 
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0,75 and if the ratio of the particle area to rectangle area exceeds 0.75. the 
particle is classified as a water drop. Otherwise, the hydrometeor is labeled 
an ice particle. The software can misclassify water drops exceeding 400 
Mm in diameter as ice particles because an image of this size does not 
receive the discrimination test. The first two images that were classified as 
ice particles in Fig. 2.3 are examples of this case. This error caused by the 
algorithm was corrected in the case studies of Chapter 3. 

If the horizontal dimension exceeds the vertical dimension of the particle 
by at least a factor of three, the particle is called a streaker (Class 2). 
Streakers typically result from accumulation of cloud water on the probe 
tips, especially when penetrating clouds of high liquid water content. When 
the water is shed it is moving at a speed approaching the aircraft speed, so 
the drop appears to be stretched in the horizontal dimension. Streakers are 
rejected from the raw particle concentration. The raw particle 
concentration is defined to be the number of valid particles. Because ice 
needles and columns may also be rejected by this test, one must visually 
inspect the image when a streaker is indicated. 

The data processing software converts the time data slice into a distance 
and, whenever the inter-particle gap is less than 0.75 cm. the particle is 
called a splash, Class 3. This can happen when particles break over the 
probe tips or propeller blades, resulting in many small pieces. The probe 
was mounted on a boom in front of the propeller blades on the 
Piper-Navajo, so the latter is not a problem. This particle rejection test can 
result in the elimination of valuable ice multiplication data since splashes 
are eliminated from the raw particle concentration. Therefore, visual 
editing was performed in order to correct for this error. 

If a particle is less than 1 pixel in area, it is called a false particle (too 
small). Class 4, because of the difficulty in distinguishing between small 
particles and spurious noise. These particles are rejected from the raw 
particle concentration, which could eliminate very small splinters produced 
by some form of ice multiplication. 

Each particle is projected onto a flat surface by the data processing 
algorithm to check for gaps. If gaps exist, the particle is rejected from the 
raw particle concentration as a split image. Class 5. These images are 
produced by the same mechanisms as splashes. 
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Fig. 2.3 Reconstructed images of various particles and their 
assigned classification status. Determination of each 
class is explained in the text. (After Scro, 1984) 
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If the ratio of the pixel area to the area of the smallest rectangle that can 

enclose the particle is less than 0.4. the particle is rejected from the raw 
particle concentration as being too diffuse. Class 6. This method may reject 
hydrometeors that have relatively large transparent areas (such as plates) 
or ice crystals with small total surface areas. 

Finally, a particle that triggers either edge element (elements 1 or 32 in 
Fig. 2.2) is classified as a hit edge, Class 7. If the particle center is not 
within the field of view the particle is rejected from the raw particle 
concentration. If, however, the particle center is within the field of view 
and the software determines that it is a water drop or an ice particle (Class 
0 or 1), it is added to the raw particle concentration. 

Examples of all eight classes are shown in Fig. 2.3. In addition to the 
eight classes, another type of image is possible. This image is called the 
zero-area image. These result from the inability of the probe to distinguish 
from noise particles only slightly larger than its lower resolution limit of 25 
Mm. Zero-area images receive the classification status of the most recent 
particle and were included in the raw particle concentration for 1983. 
Zero-area images were improperly eliminated from the raw particle 
concentration for 1980. In summary, the raw particle concentration 
(number of valid particles) includes water drops and ice particles (Classes 0 
and 1), zero-area images in 1983 and those hit edge particles (Class 7) that, 
according to the software, have their center within the field of view and are 
ice particles or water drops. 

A special symbol called the end of the time record symbol (ETRS) 
consists of five columns of long bars and is used to separate one time record 
of particle images from the next. An example is shown in Fig. 2.4. Time 
record 231034.8 ends in the fifth row and time record 231037.8 begins 
with the sixth row. ending almost halfway through the seventh row with 
the ETRS. Particle images after that point are part of the 231043.8 time 
record, as indicated at the left edge of the eighth row. When no particles 
are being sensed by the probe, no time records are recorded and the time 
interval between records may be very long. 
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Fig. 2.4 A representative block of 2D-C images used to explain the end 
of time record symbol. (After Scro, 1984) 
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2.2.2 Determination of Ice Particle Habit 

The types of ice particles that were noted in the particle imagery were 
graupel, branched crystals, dendrites, crystal aggregates and splinters. An 
estimate of the amount of rime was noted on the branched crystals, 
dendrites and the crystal aggregates. In addition, evidence of shattering 
and breakup was noted. Examples of each type are shown in Fig. 2.5. The 
discussion below serves to explain how the particle habit was subjectively 
determined. 

Graupel is defined as a rimed ice particle with a diameter of at least 250 
Mm (Mossop, 1978a). These particles can have a water drop for an embryo 
or can be ice crystals that have undergone enough rime growth to obscure 
their basic crystalline form. Graupel particles were identified by their 
nearly round or even sometimes irregular appearance, the former usually 
signifying a water drop embryo and the latter typically signifying heavy 
riming on a crystalline particle. Graupel with copious amounts of splinters 
and fragments surrounding them were looked for as evidence of shattering 
graupel. In addition, graupel particles with a splinter or a few splinters 
next to them were sought as a signature of the rime splintering mechanism 
of ice multiplication (Hallett-Mossop). 

Branched crystals were identified by a clear separation between the 
branches. An attempt was made to find crystals with missing branches in 
order to confirm fracturing of crystals by ventilation. Also, crystal 
aggregates with missing branches were looked for as evidence of ice 
enhancement by collision between crystals. Using a qualitative threshold 
from Scro (1984), it was possible to differentiate between rimed and 
unrimed branched crystals: unrimed branched crystals have sharp branch 
tips and well-defined angles between the branches, while the rimed ones 
have rounded branch tips and indistinct angles between the branches. 
When the branches of crystalline particles were obscured because of the 
particle orientation, the particle was classified as a dendrite. 

Crystal aggregates were recognizable by a clear joining of two or more 
dendritic or branched crystals. However, sometimes classification of this 
habit was made difficult by riming of the crystals. Differentiation between 
rimed and unrimed crystal aggregates was made in the same qualitative 
way mentioned above for branched crystals. Shattered crystal aggregates 
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with many splinters or fragments (which may be branches) nearby the 
location of the joining were sought as a signature of the crystal fracturing 
mechanism of ice multiplication. 

Splinters and fragments, images one to several pixels in size, were looked 
for without the presence of nearby graupel particles or crystal aggregates. 
This was done to confirm the occurrence of ice multiplication at another 
level with the resultant splinters transported to the aircraft level. 



CHAPTER 3 
CASE STUDY ANALYSES 

Two clouds from the 1980 Texas HIPLEX project and four clouds from 
the 1983 TEXAS project were chosen for detailed case study analyses. The 
goal of this research was to establish what ice multiplication processes 
operate in these types of clouds. A preliminary analysis of fifteen clouds 
from the 1980 data set was made and led to the selection of the two cases 
for further study. There were eighteen more clouds available for study in 
this data set. but one was not chosen because it was seeded and the other 
seventeen showed little promise for further study because their liquid 
water contents and/or ice particle concentrations were low. For the 1983 
data a preliminary analysis of clouds for which cloud particle imagery was 
available, twelve in all, led to the selection of the four cases for further 
study. It should be pointed out that there were some clouds in which ice 
multiplication was not occurring, but these were rejected for further study. 
The preliminary analysis focused on the cloud particle imagery in order to 
find visual evidence of ice multiplication, as well as the graupel particles 
necessary for the Hallett-Mossop process. Cloud drop concentration and 
sampling temperature were also studied in the preliminary analysis. 

The microphysical and thermodynamic parameters of each case study 
cloud were studied in order to deduce ice multiplication processes that 
were active. Specifically, temperature, liquid water content, ice particle 
concentration, cloud particle imagery and cloud drop and ice particle size 
distributions were analyzed for each pass. The 2D-C probe and the IPC 
probe (1980 only) were both used for ice particle concentrations. The plots 
of 2D-C concentration are the counts of valid particles (raw particle 
concentration) converted to a concentration by dividing by the sampling 
volume. 

In Section 1.2 eleven ice multiplication mechanisms that have been 
proposed by other researchers were described. The next section presents 
these mechanisms again, discussing whether or not they will be treated. 

30 
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3.1 Ice Multiplication Mechanisms 

The first multiplication mechanism that was discussed was entrainment 
of ice, especially in the vertical (cirrus seeding). The two sampling 
programs that collected the data used in this research sought to avoid cirrus 
in the sampling area. If cirrus was present it was so noted in the fiight logs. 
The cases selected for this study involved no cirrus cloud reports in the 
area. 

Preactivated ice nuclei were discussed as a possible method of ice 
multiplication, but this mechanism cannot be confirmed with the data 
obtained for this study. 

Lightning-induced nucleation was also described in Section 1.2. While it 
certainly was not the intention of either Texas HIPLEX or TEXAS to 
penetrate thunderstorms, the TEXAS project was designed to sample 
towers at the periphery of developing thunderstorms and this process might 
have impacted some clouds. It is felt, however, that this mechanism was 
highly unlikely to have affected the data of the present study, and it was 
neglected. 

Accumulation mechanisms for ice particles and nuclei were described. 
Cloud base or sub-cloud data were not available for this study, so the 
possibility of accumulation of ice nuclei was not investigated. One might 
question, anyway, whether accumulation is an ice multiplication mechanism 
since secondary ice particles are not formed by the accumulation of either 
ice nuclei or ice particles. Rather, this is just a vertical redistribution that 
enhances the ice nuclei or particles available at one level while reducing the 
same at another level. Therefore, accumulation was not treated in this 
study. 

Shedding of ice whiskers was also discussed in Section 1.2. The 
instances of whisker formation reported in the literature occurred for 
relative humidities with respect to the solid of 80% or less. These 
observations cannot be applied to cumulus clouds where vapor pressures 
are typically near water saturation. Therefore, whisker shedding need not 
be considered in this study. 

Another mechanism that was described was contact freezing of water 
drops. The abundance of clay in West Texas soil led Ratley (1984) to 
conclude that clay particles became contact nuclei and enhanced ice 
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particle concentrations in 1980 Texas HIPLEX clouds. A signature of the 
occurrence of contact freezing would be neariy round particle images near 
the cloud edge, indicating recently frozen water drops, with a sharp 
decrease in the liquid water content indicating entrainment of dry air. 

Ice enhancement by crystal fracturing was studied extensively in this 
research. Examples of crystal aggregates with splinters nearby were seen 
in the imagery, directly confirming the operation of this mechanism. 

Shattering, splintering, and fragmentation during drop freezing were 
also discussed in Section 1.2. The 2D-C probe (Chapter 2) used during the 
field projects produced images of cloud particles from 25 to 800 Mm in 
diameter. However, particles from 50 to 100 Mm in diameter were felt to be 
too small to identify as drops, and these are the sizes of drops that were 
found to produce secondary ice particles during freezing as reported in 
Section 1.2. Therefore, this method of ice particle enhancement was not 
dealt with in this study. 

The conditions necessary for the Hallett-Mossop mechanism to occur are 
readily verified with the data available for this research. Therefore, this 
mechanism was a focal point of this study. 

The aircraft which collected the data for 1980 Texas HIPLEX and 1983 
TEXAS is thought to be a type of cloud physics aircraft least likely to 
generate Aircraft Produced Ice Particles because of its low aircraft and 
propeller speeds. Since the 2D-C probe was mounted on a boom in front of 
the propellers, measurements were made in clouds that were as close as 
possible to being undisturbed by the aircraft. This is the best position for 
the probe in order to avoid having a data set contaminated by these 
particles. One way to confirm the operation of this mechanism would be to 
fiy two airplanes along the same fiight path and compare data in order to 
see if the first aircraft is producing ice particles. Only data collected by the 
one aircraft were available for this study and because further study is 
needed of this potential ice multiplication mechanism to assess its 
importance, it was not treated in this study. 

Finally, mechanisms which might be responsible for rime breakup as 
proposed by Vali (1980) are collisions between particles and the 
sublimation of narrow connecting points in the rime if the particles traverse 
subsaturated regions. Griggs and Choularton (1986) found that rime 
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breakup by collision is very unlikely to occur in natural clouds. 
Subsaturation with respect to ice is not likely in cumulus clouds where 
conditions are typically near water saturation. For these reasons the 
possibility of rime breakup was not treated in this study. 

In summary, the Hallett-Mossop process, fracturing of crystals and 
contact freezing are the ice multiplication mechanisms which were treated 
in this study. 

3.2 Case 1: Analvsis of Cloud 3 on 8 August 1983 
A line of thunderstorms developed during the day on 8 August 1983 

along a 500 mb trough west and northwest of Big Spring. Texas. Cloud 3 
was a tower located at the southern periphery of a thunderstorm which had 
developed to the southwest of Big Spring (Pani. 1987). 

3.2.1 Pass 1 of Case 1 
Data were collected over a 35 s period during Pass 1 of Case 1, from 

19:57:16 to 19:57:51 (all times are Coordinated Universal Time, 5 hr later 
than local time.). The sampling temperature varied from-6.8 to-10.5X. A 
sharp decrease in temperature occurred during the first kilometer of the 
pass (Fig. 3.1). During the next kilometer a strong warming trend coupled 
with an increase in fiight altitude indicated an updraft, shown by the 
vertical velocity indicators. Over the final kilometer of the pass downward 
vertical motion was indicated because significant cooling occurred 
simultaneously with a decrease in fiight altitude. The liquid water content 
(Fig. 3.1) was consistent with the vertical motions because the large 
amounts needed to provide buoyancy through latent heat release were 
generally noted in the updraft region while low values occurred in the 
downdrafts. Values were around 1 g m"̂  for a good portion of the cloud 
pass and reached a maximum of 1.15 g m-^ at 2145 m into the pass. This 
was a dynamically active pass as 23 of the 36 one-second readings 
indicated vertical motion, characterized by an 11 s updraft in the cloud core 
and a 9 s downdraft at the exit edge. 

The 2D-C concentrations hover near 1-10 L-̂  through most of the pass, 
with one peak exceeding 100 L'^ 2 km into the pass (Fig. 3.2). 
Representative particle images throughout the pass (Fig. 3.2) showed 
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mainly zero area images (ZAI) and some small ice particles (IP), with only a 
few ice particles large enough (̂  250 Mm) to be designated as graupel (G). 
The high 2D-C concentrations are due mainly to the numerous zero area 
images, which are likely cloud drops too small to be imaged by the 2D-C 
probe. 

Drop concentrations determined from data gathered by the FSSP are 
presented in Table 3.1 and indicate the largest concentrations in the updraft 
region and the smallest in the downdraft regions. Concentrations averaged 
199 cm"^ over the two downdraft regions and 357 cm'^ for the updraft 
region. These values are consistent with the observation of greater liquid 
water content in the updraft region than in either of the downdraft regions. 
Of greater importance is the concentration of larger drops, since liquid 
water content is proportional to diameter cubed. Drops having diameters ^ 
24 Mm were nearly six times more plentiful in the updraft region than in the 
downdraft regions. The fact that most of the updraft region (11 out of 12 s) 
occurred in the middle half of the cloud while most of the two downdraft 
regions (10 out of 11 s) occurred in the edge half was consistent with the 
noted large difference in concentration as the edge half should be more 
susceptible to the effects of entrainment. Indeed, the middle half contained 
more than double the concentration of the edge half (414 cm-^ to 200 
cm"^). 

Concentrations of drops at least 24 Mm in diameter reached or exceeded 
10 cm"^ on 14 out of the 36 one-second data points, always occurring in the 
middle half of the cloud. Most of the updraft region that was in the middle 
half of the cloud met this condition (9 out of 11 s). with a maximum of 18 
cm-^ and an average of 15 cm-^. All of the regions deemed to be free of 
vertical motion in the middle half of the cloud also reached this threshold, 
with an average of 12 cm-^ and a maximum of 14 cm" .̂ Average 
concentration of these large drops was 8 cm"^ for the entire cloud, but 14 
cm-^ for the middle half of the cloud. 

The bulk of the middle portion of the cloud was within the 
Hallett-Mossop temperature region (-3 to -8X), concentrations of the drops 
of ^ 24 Mm in diameter exceeded 10 cm-^ in this region, and there were 
substantial numbers of small drops (M2 Mm in diameter). However, 
graupel particles were lacking throughout the cloud as there were only 
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Table 3.1 Average drop concentrations (cm-^) from the FSSP by 
region in cloud and type of vertical motion for Pass 1 of 
Case 1. D is diameter (Mm). 

Reffion/Tvoe 

Entire Pass 

Edge Half 

Middle Half 

Downdrafts 

Edge Half 
Downdrafts 

Middle Half 
Downdrafts 

"0" Vertical 
Motion 

Edge Half 
"0 • Vertical 
Motion 

Middle Half 
"0" Vertical 
Motion 

Updrafts 

Edge Half 
Updrafts 

Middle Half 
Updrafts 

Sample 
Size (S) 

36 

19 

17 

11 

10 

1 

13 

8 

5 

12 

1 

11 

2^0^30 

301 

200 

414 

199 

173 

455 

336 

259 

459 

357 

0 

390 

Larger 
Drops 

8 

3 

14 

2 

2 

8 

7 

4 

12 

13 

0 

15 

Small 
Drops 

147 

112 

186 

117 

103 

258 

170 

137 

222 

149 

0 

163 
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three noted in the imagery. Therefore, conditions did not satisfy all of 
the requirements for the Hallett-Mossop process. Further, there was 
only one rimed dendrite shown in the images with no other crystalline 
ice particles present. Thus, the requirements for crystal fracturing by 
collision were not met Finally, there were no visual indications in the 
images of ice multiplication occurring. It is concluded that ice 
multiplication was not occurring at this stage in the cloud's 
development. 

3.2.2 Pass 2 of Case 1 
Pass 2 of Case 1 was 40 s long, beginning at 20:01:49 and ending at 

20:02:29. Sampling of the cloud occurred at a fairly constant 
temperature, varying from -6.4 to -8.0X. This pass was not as 
dynamically active as the previous pass as only 12 of the 41 
one-second data points warranted a vertical velocity indicator (Fig. 
3.3). A concentrated region of updraft. including some strong values, 
occurred between 1.3 and 1.7 km into the cloud. Weak downdrafts 
were scattered mainly over the last third of the pass, as there was a 
decrease in both altitude and temperature over this region. As for 
Pass 1, liquid water contents (Fig. 3.3) were greater in the updraft 
region than in the downdrafts. A good portion of the cloud had values 
near 1 g m- .̂ with a maximum of 1.24 g m-̂  occurring 900 m into the 
pass. The downdraft region of the last third of the pass had liquid 
water of 0.6 g m"̂  or less. 

The 2D-C concentration plot (Fig. 3.4) shows values of at least 10 
L"̂  and mainly around 100 L"̂  for the pass with the exception of the 
extreme cloud edges. For the first 1.6 km of the pass this was due 
mainly to zero area images, with just a few small graupel particles 
(ZAI and G, respectively, in Row A of Fig. 3.4). This included most of 
the updraft region of the cloud. At the end of the updraft region a 
change was noted in the hydrometeor population of the cloud. Many 
graupel particles (G in Row B of Fig. 3.4) were noted in the imagery 
for the remainder of the pass, and these particles were substantially 
larger than the ones observed earlier in the pass. Direct evidence of 
ice multiplication is indicated by the images of ice particle breakup 
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(IPB) and shattered graupel (SG) shown in Rows C and D of Fig. 3.4. The 
last three shattered graupel images occurred in the same time record 
approximately 700 m before cloud exit in a region without any inferred 
vertical motion and contributed to the highest 2D-C concentration (207 
L"M found in the cloud. The other images of ice multiplication occurred in 
downdraft regions. The large number of graupel particles and ice 
multiplication kept the 2D-C concentrations high over most of the final 2 
km of the pass. 

Drop concentrations were very high for this pass (Table 3.2), averaging 
388 cm"^ for the entire pass. Concentrations were substantially greater in 
the middle half than in the edge half of the cloud (471 cm-^ compared to 
310 cm"^). The updraft region, with a value of 456 cm-^, had a much 
larger average concentration than downdraft regions (average of 285 
cm"^). This is to be expected because updrafts carry many small drops 
upward from lower levels. Further, downdrafts transport from colder and 
drier regions ice particles that rime and deplete the drop population while 
small drops can evaporate rapidly in the drier air. Indeed, copious graupel 
particles were observed in the downdrafts during this pass. The large 
difference between drop concentrations in the downdrafts and the updraft 
region could also be due to entrainment. All of the updraft region occurred 
in the middle half of the cloud and was, therefore, less susceptible to the 
effects of entrainment than the downdrafts, because 6 out of the 7 s of 
downdraft occurred in the edge half of the cloud. 

Concentration of drops of diameter ^ 24 Mm averaged 7 cm'^ over the 
entire pass. The average was 9 cm-^ in the middle half and 5 cm"^ in the 
edge half of the cloud. The threshold of 10 cm"^ of these size drops was 
met 10 times out of the 41 one-second data points, with a maximum of 15 
cm-^. This percentage (10 out of 41 s) is down from the previous pass (14 
out of 36 s). Probably, graupel particles were removing a substantial 
amount of these larger drops via riming. 

Since the entire cloud pass was within the Hallett-Mossop temperature 
region, large drops did exist in the required concentration over part of the 
pass, there was a substantial concentration (average of 219 cm" )̂ of the 
smaller drops, and abundant graupel were present at least in the last 2 km 
of the cloud, all of the criteria were met for the Hallett-Mossop process. 
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Table 3.2 As in Table 3.1 but for Pass 2. NA is not applicable. 

Reffion/Type 

Entire Pass 

Edge Half 

Middle Half 

Downdrafts 

Edge Half 
Downdrafts 

Middle Half 
Downdrafts 

"0" Vertical 
Motion 

Edge Half 
"0" Vertical 
Motion 

Middle Half 
"0" Vertical 
Motion 

Updrafts 

Edge Half 
Updrafts 

Middle Half 
Updrafts 

Sample 
Size (s) 

41 

21 

20 

7 

6 

1 

29 

15 

14 

5 

0 

5 

2̂ D 3̂0 

388 

310 

471 

285 

243 

533 

402 

336 

472 

456 

NA 

456 

Larger 
Drops 

24^0^30 

7 

5 

9 

4 

3 

9 

8 

6 

10 

8 

NA 

8 

Small 
Drops 

2iDU2 

219 

186 

254 

150 

125 

299 

232 

211 

254 

245 

NA 

245 



43 
Visual evidence of rime splintering, the Hallett-Mossop process, is provided 
by a splinter next to a graupel particle (G+S in Row B of Fig. 3.4). This 
image was found in a cloud region deemed to be free of vertical motion. 

The size distribution of graupel particles for Pass 2 is shown in Fig. 3.5. 
The decreasing concentration with larger size that one would expect is 
cleariy indicated up to 600 Mm in diameter. Most of the particles were 
smaller than 1 mm, although there were a few larger ones. Only three 
dendritic ice crystals were observed in the imagery, which is to be expected 
since the sampling temperatures were too warm to be conducive to their 
formation. Evidently downdrafts were not sufficient to transport many of 
this type of ice particle down to the sampling level from colder cloud 
regions. Thus, there were not very many fragile ice crystals available for 
the crystal fracturing mechanism of ice multiplication. On the other hand, 
direct evidence of ice particle breakup and graupel shattering via collision 
was seen in the particle images in Fig. 3.4. These instances clearly led to 
enhancement of the ice particle concentration, as witnessed by the many 
splinters and fragments observed with the shattered graupel. 

3.2.3 Summary of Case 1 
Data collected during the first pass of Case 1 show that the ice phase of 

the precipitation process was not yet present to any significance at the 
sampling level. The cloud particle imagery was dominated by zero-area 
images which were cloud drops too small to be imaged by the 2D-C probe. 

During the four minutes between passes of this case significant changes 
took place in the microphysical characteristics at the sampling level. The 
ice phase took over and was dominant outside of the main updraft core. 
Imagery from the updraft (zero-area images) showed this region was still 
almost entirely liquid. Even though the updraft had weakened from the 
first pass, very few ice particles were noted in this region. After the 
updraft region the particle imagery was dominated by many large graupel 
particles. Evidently, the four minutes of accretional growth between passes 
caused many ice particles to become large enough to fall to the sampling 
level. One noteworthy consequence of this was a decreased concentration 
of the larger (̂  24 Mm) drops from the values observed during Pass 1. 
Images of shattering ice particles and rime splintering were also found in 
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this region. These images confirming ice multiplication were slightly 
preferentially located in regions of no vertical motion over downdraft 
regions, with no evidence of ice multiplication in updrafts. 

It is concluded that ice multiplication both in the form of the 
Hallett-Mossop process and by ice particle breakup via collision was 
occurring in this cloud and enhanced the ice particle concentration. The 
magnitude of the enhancement is unresolved because of the lack of 
quantitative data from the ice particle counter. However, for the sampling 
temperature (approximately -8X) in this cloud one would expect only 
2.2x10-^ L-̂  of ice particles. The concentration of graupel particles alone 
in Pass 2 was 0.8 L'^ corresponding to a minimum enhancement factor 
exceeding 300. No further passes were made on this cloud as the onboard 
radar deemed it to be too vigorous. 

3.3 Case 2: Analysis of Cloud 4 on 8 August 1983 
Cloud 4 developed in the same environment as Cloud 3 about 20 min 

later on the same day (Section 3.2). While Cloud 3 was a tower at the 
southern periphery of a thunderstorm (Section 3.2), Cloud 4 was located at 
the same thunderstorm*s eastern periphery. 

3.3.1 Pass 1 of Case 2 
Pass 1 of Case 2 began at 20:18:26 and concluded at 20:18:58. 

Temperature of sampling varied from -6.1 to -8.2X. Only some scattered 
vertical motion was noted for the first kilometer of the pass (Fig. 3.6). The 
main updraft region was then found between 1 and 1.5 km into the pass 
where temperature and altitude were increasing simultaneously. The main 
downdraft region was 400 m wide from 1850 to 2250 m into the cloud. 
Both of these regions of vertical motion occurred in the middle half of the 
cloud. The liquid water content was higher in the updraft region than in 
the downdraft region. Values were over 1 g m"̂  in the updraft region, 
reaching a maximum of 1.17 g m-^ approximately 1200 m into the pass. A 
secondary peak of 1.05 g m"̂  was observed near the exit edge of the cloud. 

The 2D-C concentrations hovered around 10 L"̂  throughout most of the 
cloud pass, reaching a maximum of 23 L"̂  approximately 700 m into the 
cloud (Fig. 3.7). For the first 1800 m of the pass this was due primarily to 
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zero area images (ZAI in Fig. 3.7), probably cloud drops smaller than the 
detection threshold of the probe. For the remainder of the pass there were 
quite a few ice particles (mainly plates) and small, irregular particles (IP 
and SIP in Fig. 3.7). Only a few (11) of the irregular particles were large 
enough U 250 Mm) to be called graupel (G in Fig. 3.7). While some of the 
ice particles were observed in the downdraft region, more were observed in 
the region of no vertical motion near the cloud exit Perhaps evaporational 
cooling due to entrainment at the cloud edge activated contact nuclei, 
freezing some of the water drops. Some of the images observed in this 
region were neariy round (NR). Throughout the pass there were quite a 
few zero area images, most likely cloud drops that accounted for a good 
portion of the 2D-C concentration. 

Drop concentrations were very high for this pass, with an average of 
406 cm"^ (Table 3.3). Concentrations were twice as large in the middle 
half as in the edge half of the cloud (546 cm-^ compared to 274 cm" )̂. 
Concentrations were slightly greater in downdraft regions (467 cm-^) than 
in updraft regions (445 cm" )̂, due mainly to small drops which had an 
average concentration of 347 cm"^ in the downdraft regions compared to 
258 cm-^ in the updraft regions. Five of the 7 s of updraft occurred in the 
middle half of the cloud. This was also the case for the downdrafts, so 
entrainment is probably not the cause for the observed difference. For Pass 
1 the larger-sized drops were present in the updraft regions at more than 
double their concentration in downdraft regions, resulting in a greater 
liquid water content in the updraft regions. 

Drops of diameter ^ 24 Mm were present in an average concentration of 6 
cm"^ for the entire pass (Table 3.3), 10 cm"^ in the middle half and 3 cm"^ 
in the edge half of the cloud. For 10 out of 33 s the threshold of 10 cm-^ 
was reached, with a maximum of 15 cm" .̂ Five out of the 7 s of updraft 
met this criterion, all occurring in the middle half of the cloud, with an 
average of 10 cm" .̂ The criterion was also met for 5 of the 19 s deemed to 
have no vertical motion, four out of the five times in the middle half of the 
cloud, with an average of 6 cm-^. Certainly a good portion of the middle 
half of the cloud met this criterion of the larger drops for the 
Hallett-Mossop process. Also, there were substantial numbers (365 cm" )̂ 
of the smaller drops in the middle half of the cloud (Table 3.3), and 
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Table 3.3 Average drop concentrations (cm'^) from the FSSP by 
region in cloud and type of vertical motion for Pass 1 of 
Case 2. D is diameter (Mm). 

Region/Type 

Entire Pass 

Edge Half 

Middle Half 

Downdrafts 

Edge Half 
Downdrafts 

Middle Half 
Downdrafts 

"0" Vertical 
Motion 

Edge Half 
"0" Vertical 
Motion 

Middle Half 
"0" Vertical 
Motion 

Updrafts 

Edge Half 
Updrafts 

Middle Half 
Updrafts 

Sample 

33 

17 

16 

7 

2 

5 

19 

13 

6 

7 

2 

5 

2^DO0 

406 

274 

546 

467 

296 

535 

368 

271 

579 

445 

267 

517 

Larger 
Drops 

24̂ D 3̂0 

6 

3 

10 

5 

4 

5 

6 

3 

10 

10 

2 

14 

Small 
Drops 
2^Dn2 

269 

178 

365 

347 

213 

400 

244 

175 

394 

258 

166 

295 
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sampling occurred in the Hallett-Mossop temperature region (-3 to -8X) 
throughout the pass. However, graupel particles were lacking in this cloud 
as only eleven were noted in the imagery. Thus, not all of the conditions for 
operation of the Hallett-Mossop process were met and no visual evidence of 
rime splintering was noted either. It is concluded that the Hallett-Mossop 
process was not operating at this stage of the cloud's life. 

Crystalline ice particles were not seen in the particle images anywhere 
during the pass. Thus, fragile ice particles were not available for fracturing 
via collision of hydrometeors. The temperature at the sampling level was 
too warm to form dendritic crystals, and transport by downdrafts from 
colder levels was not occurring. No visual evidence of fracture by collision 
was observed in the imagery. As mentioned above, there was evidence of 
contact freezing of water drops near the cloud exit and it is felt that this is 
the only ice multiplication process occurring at this time. The high 2D-C 
concentrations are mainly due to the numerous zero area images resulting 
from the cloud drops. 

3.3.2 Pass 2 of Case 2 
Pass 2 of Case 2 was 46 s long, beginning at 20:22:52 and ending at 

20:23:38. Temperature varied widely over the pass from -5.1 to -11.5X, 
with two distinct temperature regions in this cloud (Fig. 3.8). For the first 
half of the cloud temperature varied between -5 and -7X: the last half of 
the cloud saw temperatures mainly from -10 to -IIX. The transition 
between these two regions was very rapid as the temperature decreased 
3.5X over 250 m of fiight path; however, altitude remained constant over 
this transition zone and no downdrafts were indicated. Perhaps strong 
downdrafts were present in this region just prior to the pass and 
transported the much colder air from higher levels. 

A region of updraft 430 m wide was present beginning about 530 m into 
the pass (Fig. 3.8). Sharply rising temperature occurred simultaneously 
with increasing altitude in this region, followed almost immediately by a 
small region of downdraft and then a small second region of updraft. each 
about 200 m wide. Just after the transition zone of rapidly decreasing 
temperature a large region of downdraft 650 m wide is indicated by 
decreasing temperature occurring with decreasing fiight altitude. 
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It is interesting to note the low liquid water content values in the first 

updraft region (Fig. 3.8). The interior updraft region did have moderately 
high liquid water (0.8 g m-^), but the largest values were in the downdraft 
regions. Values were about 1 g m-̂  for a good portion of the last half of the 
cloud, with a maximum value of 1.18 g m-̂  occurring 2.8 km into the cloud 
in a downdraft. The liquid water content plot cleariy shows a greater effect 
of entrainment at the entry edge of the cloud than at the exit edge, a 
possible cause of the low liquid water values in the first updraft region. 

The 2D-C concentrations were very high over the last three quarters of 
the pass, staying around 60 L"̂  for most of this region (Fig. 3.9). In the 
first quarter of the cloud concentrations were mainly near 1 L"̂  or less, but 
with one peak of 9 L-̂  at 700 m into the cloud. For the first kilometer of 
the cloud 2D-C concentrations were due to zero area images and a few 
small graupel particles (ZAI and G in Fig. 3.9). For the remainder of the 
pass there were many graupel particles, as well as some plates in the 
warmer cloud regions, interspersed with many zero area images (G, P and 
ZAI in Fig. 3.9); the zero area images are felt to be cloud drops. Drop 
concentrations were very high in the middle half of the cloud, as discussed 
below. Many ice fragments, produced by some mechanism of ice 
multiplication at another level and then transported to sampling level, were 
observed in the images in regions without any inferred vertical motion; 
examples (F) are shown in Fig. 3.9. These fragments also contributed to the 
high 2D-C concentration values. 

Drop concentrations were high with an average of 307 cm"^ for the pass 
(Table 3.4). The average for the middle half of the cloud was 437 cm-^. 
while for the edge half the average was only 171 cm-^. Drop 
concentrations were much higher in the downdraft regions (average of 438 
cm" )̂ than in the updraft regions (average of 171 cm-^). This could be due 
to strong entrainment at the entry edge of the cloud as indicated there by 
low liquid water content values (Fig. 3.8). Entrainment at this edge would 
have impacted the first updraft region of the cloud. Indeed, drop 
concentrations in the first updraft region of the cloud (edge half updrafts) 
averaged only 39 cm-^ while interior updrafts (middle half updrafts) 
averaged 337 cm-^ of drops. Twelve out of the 13 s of downdraft 
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R«giQn/TYP« 

Entire Pass 

Edge Half 

Middle Half 

Downdrafts 

Edge Half 
Downdrafts 

Middle Half 
Downdrafts 

"0" Vertical 
Motion 

Edge Half 
"0" Vertical 
Motion 

Middle Half 
"0" Vertical 
Motion 

Updrafts 

Edge Half 
Updrafts 

Middle Half 
Updrafts 

Sample 
Siz^ (§) 

47 

23 

24 

13 

1 

12 

25 

17 

8 

9 

5 

4 

2^0^30 

307 

171 

437 

438 

0 

474 

288 

220 

433 

171 

39 

337 

Larger 
Drops 

24^0^30 

7 

4 

10 

10 

0 

11 

7 

5 

11 

3 

0 

5 

Small 
Drops 

2^DU2 

172 

97 

245 

245 

0 

265 

164 

126 

245 

90 

17 

182 
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occurred in the middle half of the cloud and were probably not 
affected by entrainment. 

Liquid water content values correlate well with the observed drop 
concentrations. Downdraft regions had higher liquid water content than 
updraft regions because they had a larger concentration of cloud drops and, 
more importantly, more than three times as many larger drops (Table 3.4). 

Concentration of drops of diameter ^ 24 Mm averaged 7 cm"^ for the 
pass, with an average of 10 cm"^ in the middle half and 4 cm"^ in the edge 
half of the cloud (Table 3.4). These concentrations met or exceeded 10 
cm"^ for 20 out of a possible 47 s with a maximum of 18 cm" .̂ principally 
in the middle half of the cloud (14 out of 20 s). The criterion was met for 
8 s of downdraft in the middle half of the cloud with an average of 11 cm'^. 
The criterion was met for 12 s in regions of no vertical motion. Six of these 
occurred in the middle half of the cloud with an average of 11 cm'^. This 
criterion was not met in any of the updraft regions, not even the one in the 
middle half of the cloud. 

The criterion for concentration of the large drops was met in part of the 
first half of the cloud, there were substantial numbers of the smaller drops 
(Table 3.4), temperatures were within the Hallett-Mossop boundaries and 
there were graupel particles in this region. Therefore, the conditions for 
the Hallett-Mossop process were satisfied. In addition, visual evidence of 
rime splintering (G+S in Fig. 3.9) was noted in the images in downdraft 
regions. It is therefore concluded that the Hallett-Mossop process was 
operating in this cloud. 

The size distribution of graupel particles is shown in Fig. 3.10. Most of 
the particles were smaller than 900 Mm. Concentration of these particles 
was 0.6 L"^ Crystalline ice particles were not observed in the particle 
imagery at any time in the pass, which is surprising considering that the 
last half of the cloud had temperatures of -10 to - l lX . One would expect 
the downdrafts in this region to transport some branched crystals down to 
the sampling level. Perhaps the downdrafts did not originate from a 
sufficiently cold level or supersaturations were not high enough to form 
dendritic crystals. Apparently, then, conditions were not good for 
fracturing of fragile dendrites by collision. However, there is the image of 
ice particle breakup (IPB in Fig. 3.9) that occurred in a region without 
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vertical motion. The many examples of fragments shown in Fig. 3.9 were 
quite likely due to collisions between ice particles since there are so many 
of them so close together. It is quite possible, then, that breakup of ice 
particles via collision was occurring near the sampling level. 

3.3.3 Summary of Case 2 
Data collected during Pass 1 of Case 2 indicate that the ice phase had 

just begun in this cloud. The first 1800 m of the pass was composed almost 
entirely of the water phase; quite a few small ice particles and a few 
graupel particles were noted along with zero-area images (cloud drops) for 
the remainder of the pass. Some of the ice particles found near the exit 
edge of the cloud were nearly round; it is likely that evaporational cooling 
led to contact freezing of supercooled drops in that region. The criteria for 
the Hallett-Mossop process were not met and there were no images 
showing ice multiplication, so contact freezng was the only method 
enhancing the ice particle concentration at the time. 

Data collected only 4 min later during Pass 2 showed a marked change 
in cloud properties. For the first kilometer data showed that the cloud was 
composed mainly of cloud drops and perhaps small ice particles; a few 
graupel were also noted. For the remainder of the cloud, the period 
between passes had allowed enough accretional growth for many graupel 
particles to descend to the sampling level. The large cloud drop 
concentrations and high liquid water content values indicate that there was 
a significant water phase in the cloud in addition to the ice phase. Images 
confirming ice multiplication were found and were distributed equally in 
downdraft regions and regions deemed to be free of vertical motion; there 
were not any ice multiplication images found in updrafts. These images 
along with the measured cloud properties confirm that the Hallett-Mossop 
process and ice particle breakup operated to enhance the ice particle 
concentrations measured during this pass. 

No further passes were attempted for Case 2 as the cloud dissipated. It 
is concluded that ice multiplication in the form of the Hallett-Mossop 
process, contact freezing of water drops (Pass 1, Section 3.3.1) and possibly 
ice particle fracturing via collision were occurring in this cloud and served 
to increase the ice particle concentration. For the sampling temperature 
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(approximately -8X) in this cloud the expected ice nuclei concentration is 
2.2x10"^ L-^ Since the concentration of graupel particles alone in Pass 2 
(Section 3.3.2) was 0.6 L'^ the minimum enhancement factor exceeds 250. 

3.4 Case 3: Analvsis of Cloud 3 on 24 June 1983 
A combination of middle-level positive vorticity advection and strong 

surface heating in a potentially unstable atmosphere initiated convection on 
24 June 1983 (Pani, 1987). A group of convective clusters was located from 
southeast to southwest of Big Spring, Texas. A tower in the vicinity of a cell 
in a cluster southwest of Big Spring was selected as Cloud 3. 

3.4.1 Pass 1 of Case 3 
Data was collected over a 9 s period during Pass 1 of Case 3. from 

17:09:13 to 17:09:22. The sampling temperature varied from -12.0 to 
-13.6X in the cloud. The temperature decreased (Fig. 3.11) throughout 
most of the first half of the pass while altitude increased, and a downdraft 
region was indicated at the exit edge of the cloud where the temperature 
and altitude decreased simultaneously. Two one-second regions of updraft 
as shown by the vertical velocity indicators (Fig. 3.11) were observed in the 
middle of the cloud. Liquid water content values were low, with a 
maximum of only 0.4 g m"̂  (Fig. 3.11). The FSSP failed to record liquid 
water in the downdraft region and recorded the maximum in or near the 
two regions of updraft. 

The 2D-C concentrations reached a peak of 70 L"̂  450 m into the pass 
and varied from 20 to 40 L"̂  in the middle of the cloud (Fig. 3.12); 2D-C 
concentrations were zero at the edges of the cloud. Representative particle 
imagery for the pass is also shown in Fig. 3.12. The high 2D-C 
concentrations are due mostly to zero-area images (ZAI), which are likely 
cloud drops smaller than the lower resolution limit (25 Mm) of the probe. A 
few graupel particles (G) were also noted, as well as one image of rime 
splintering (G-̂ S) in a region deemed to be free of vertical motion. The 
visual evidence of rime splintering is interesting considering that the 
aircraft was not in the required temperature zone (-3 to -8X) for the 
Hallett-Mossop process of ice multiplication. 
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Drop concentrations from the FSSP averaged 91 cm'^ for the pass 

(Table 3.5), with an average of 152 cm-^ in the middle half and 31 cm'^ in 
the edge half of the cloud. The fact that the downdraft region did not have 
any cloud drops indicates that the aircraft probably exited the cloud several 
seconds earlier than indicated. The averages in the two one-second regions 
of updraft and the regions of no vertical motion (162.4 and 117.3 cm" .̂ 
respectively) are low as a result of entrainment and the lack of a 
concentrated region of updraft. The cloud is barely 1 km across at this 
stage in its development and even the middle portion of a cloud of this size 
can be affected by entrainment. 

Average concentrations of drops of at least 24 Mm in diameter were 3 
cm-3 for the pass, with a 4 cm"^ average in the middle half of the cloud. 
For the two regions of updraft these larger drops were present in an 
average concentration of 5 cm-^, while for regions of no vertical motion the 
average was 3 cm-^. It is also interesting to note that only half of the total 
concentration was comprised of drops smaller than 12 Mm in diameter. This 
is more evidence of the strong entrainment at this time and points to the 
probability that the shortage of the larger drops was due to a deficiency of 
water vapor rather than an overabundance of cloud drops competing for the 
vapor supply. 

The sampling level of the cloud was colder than the Hallett-Mossop 
temperature region (-3 to -8X) and the required concentration (10 cm-^) of 
drops of at least 25 Mm in diameter was not achieved anywhere in the 
cloud. Graupel particles were also lacking as only three were noted in the 
particle images for the pass, amounting to a concentration of 6x10-^ L"̂ . 
Considering all this, then, it is interesting to see a single visual indication of 
rime splintering (G+S in Figure 3.12). Evidently the Hallett-Mossop process 
operated in this cloud under broader conditions than those found in the 
laboratory, occurring at a cloud temperature of -12X. Since there were no 
crystalline ice particles visible in the particle images the requirements for 
collisional fracture of ice crystals were not met. For the sampling 
temperatures measured during this pass the expected ice nuclei 
concentration varies from 7.3x10-^ to 1.2x10-^ L"̂ ; thus, the graupel 
concentration indicates an enhancement factor of less than 10 in this cloud. 
Despite the one image of rime splintering it is felt that a significant process 
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Table 3.5 Average drop concentrations (cm-^) from the FSSP by 
region in cloud and type of vertical motion for Pass 1 of 
Case 3. D is diameter (Mm). NA is not applicable. 

Reeion/Tvoe 

Entire Pass 

Edge Half 

Middle Half 

Downdrafts 

Edge Half 
Downdrafts 

Middle Half 
Downdrafts 

"0" Vertical 
Motion 

Edge Half 
"0" Vertical 
Motion 

Middle Half 
"0" Vertical 
Motion 

Updrafts 

Edge Half 
Updrafts 

Middle Half 
Updrafts 

Sample 
Size (S) 

10 

5 

5 

3 

3 

0 

5 

2 

3 

2 

0 

2 

2^D^30 

91 

31 

152 

0 

0 

NA 

117 

77 

144 

162 

NA 

162 

Larger 
Drops 

24iT)m 

3 

1 

4 

0 

0 

NA 

3 

3 

4 

5 

NA 

5 

Small 
Drops 

2^DM2 

45 

14 

76 

0 

0 

NA 

59 

34 

76 

77 

NA 

77 
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of ice multiplication was not occurring at this stage in the cloud's 
developmenL 

3.4.2 Pass 2 of Case 3 
Pass 2 of Case 3 lasted 12 s, from 17:13:27 to 17:13:39. Sampling 

temperatures varied widely for such a short pass, decreasing during the 
pass from -10.4 to -13.2X (Fig. 3.13). The greatest drop in temperature 
occurred in a region of downdraft indicated near cloud entry as shown by 
the vertical velocity indicators (Fig. 3.13). Liquid water content values 
(Fig. 3.13) were slightly greater than the first pass, reaching a maximum of 
0.45 g m-^ at 100 m and again at 700 m into the pass. Values hovered 
around 0.3 to 0.4 g m-̂  for the first two-thirds of the pass, then dropped off 
rapidly near the end of the pass. This indicates either stronger entrainment 
at the exit edge of the cloud than at the entry edge or perhaps the aircraft 
exited from the cloud before the data tape indicated. The liquid water 
content was moderate (0.41 g m-̂ ) during the one second of updraft, with 
comparable values in the main downdraft region. 

The 2D-C concentrations were extremely high from 600 to 900 m into 
the cloud, varying from 102 to 193 L"̂  (Fig. 3.14). Except for the edges the 
rest of the cloud had concentrations of 40 to 80 L- .̂ Representative 
particle images from the pass (Fig. 3.14) show that there were quite a few 
graupel (G) particles and a couple of heavily rimed branched crystals 
(HRBC). Most of the graupel particles were smaller than 700 Mm in 
diameter. One image of a branched crystal with an adjacent splinter (BC+S 
in Fig. 3.14) is evidence of crystal fracturing by ventilation and was found 
in a region without vertical motion. The bulk of the imagery consisted of 
small ice particles (IP) and zero-area images (ZAI). Along with the graupel 
particles these are the main images responsible for the high 2D-C 
concentrations. The zero-area images are likely cloud drops too small to be 
imaged by the 2D-C probe. 

Cloud drop data gathered by the FSSP indicated an average drop 
concentration of 131 cm"^ for the cloud pass, with an average of 184 cm"^ 
in the middle half of the cloud and 86 cm-^ in the edge half (Table 3.6). 
The concentration reached a value of 174 cm-^ during the one second of 
updraft, while the average was 131 cm-^ for the downdraft regions and 
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Region/Tvoe 

Entire Pass 

Edge Half 

Middle Half 

Downdrafts 

Edge Half 
Downdrafts 

Middle Half 
Downdrafts 

"0" Vertical 
Motion 

Edge Half 
"0" Vertical 
Motion 

Middle Half 
"0" Vertical 
Motion 

Updrafts 

Edge Half 
Updrafts 

Middle Half 
Updrafts 

Sample 
Size (s) 

13 

7 

6 

5 

3 

2 

7 

4 

3 

1 

0 

1 

2^D^30 

131 

86 

184 

131 

96 

183 

124 

78 

187 

175 

NA 

175 

Larger 
Drops 

24iDi30 

3 

2 

4 

3 

2 

3 

3 

2 

4 

5 

NA 

5 

Small 
Drops 

2^DM2 

60 

39 

84 

61 

43 

89 

56 

35 

83 

78 

NA 

78 
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124 cm-^ for the areas without a vertical velocity indicator. Drop 
concentrations were higher for this pass than for Pass 1 (Table 3.5). but 
were still quite low. indicating the impact of entrainment. While the cloud 
at sampling level was now about 1200 m across this is still small 
horizontally. 

The average concentration of the larger drops was 3 cm"^ for the pass, 
with an average of 2 cm "^ for the edge half and 4 cm"^ for the middle half 
(Table 3.6). The value for the one second of updraft was 5 cm"^. These 
values are slightly less than during the previous pass. Small drops 
accounted for less than half of the total drop concentration as they did for 
Pass 1 (Section 3.4.1), again an indicator of the effects of entrainment. 

The size distribution for graupel particles is shown in Fig. 3.15. Most of 
these particles were 700 Mm in diameter or less, and the relative lack of 
larger particles leads to a fairly narrow distribution. The distribution is 
fairly uniform; most of the sizes represented from 250 to 600 Mm in 
diameter have about the same number of particles. The concentration of 
graupel particles was 0.6 L"̂  for this pass. 

The sampling temperature for this pass was colder than the 
Hallett-Mossop temperature region (-3 to -8X) and drops at least 25 Mm in 
diameter never reached the required concentration (10 cm-^) for the 
Hallett-Mossop process. Conditions did not satisfy the requirements for this 
mechanism of ice multiplication, nor were there any visual indications of 
rime splintering occurring. There were a couple of crystalline ice particles 
visible in the particle images and the rather cold sampling temperatures 
were conducive to an even higher concentration, but there was no visual 
evidence in the images of crystal fracturing by collision. 

Visual evidence of crystal fracture via ventilation was provided in 
Fig. 3.14 (BC+S). Expected ice nuclei concentrations for the range of 
sampling temperatures during this cloud pass would vary from 4.5x10"^ to 
1.0xl0"2 L"!. The concentration of graupel particles alone exceeded this 
range by approximately two orders of magnitude, indicating that ice 
multiplication in some form must have been occurring in this cloud. The 
sampling temperatures in this cloud point to fracturing of fragile ice 
crystals either by ventilation or by collision for the enhancement The 
Hallett-Mossop process did not occur. 
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3.4.3 Pass 3 of Case 3 

Pass 3 of Case 3 was much longer than the previous two passes, lasting 
34 s from 17:22:15 to 17:22:49. Sampling temperatures varied from -9.4 to 
-11.4X. with frequent oscillations (Fig. 3.16). The areas of cooling 
occurred simultaneously with decreasing altitude, indicating downdraft 
regions, while the areas of warming occurred with continued descent of the 
aircraft outside of the downdrafts (Fig. 3.16). There were no updrafts 
indicated by the algorithm used to generate the vertical velocity indicators. 
The liquid water content of the cloud was generally moderate (Fig. 3.16), 
with two regions exceeding 0.6 g m-^. The maximum value of 0.93 g m'^ 
occurred 1200 m into the pass, just after leaving the second downdraft 
region. With the exception of the final one-second region of downdraft the 
liquid water content was generally as high in the downdraft regions as 
anywhere else in the cloud, although slight, temporary increases usually 
followed a downdraft region. The exit edge of the cloud was definitely more 
affected by entrainment than the entry edge (Fig. 3.16). 

The 2D-C concentrations varied between 10 and 100 L-̂  for a large 
portion of the pass and exceeded 100 L"̂  in two areas (Fig. 3.17). The 
maximum value was 168 L'^ occurring 2 km into the pass. The downdraft 
regions were generally associated with a lowered concentration. Two 
regions without 2D-C counts are noted, one immediately after the first 
downdraft region. 

Representative particle imagery for the pass is also presented in Fig. 
3.17. Many graupel particles (G) were noted, most of them smaller than 
700 Mm in diameter, with a few larger graupel particles (LG) observed in 
the middle of the cloud. A few branched crystals and rimed branched 
crystals (BC and RBC) as well as dendrites and rimed dendrites (D and RD) 
were also observed. 

There are many indications of ice multiplication in the particle images 
for this pass (Fig. 3.17). Copious amounts of splinters and fragments (S+F) 
were noted in two time records. These occurred without any graupel 
particles or ice crystals nearby and probably resulted from ice 
multiplication at another level and subsequent transport to the sampling 
level. Visual evidence of rime splintering (the Hallett-Mossop process) is 
provided by images showing a splinter next to a graupel particle (G+S in 
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Fig. 3.17). Other images of note are those of ice particle breakup (IPB) and 
shattered graupel (SG). All of the images showing ice multiplication were 
found in regions of the cloud deemed to have no vertical motion. 

Comparison of drop concentrations for this pass (Table 3.7) and the 
previous passes (Tables 3.5 and 3.6) indicates that the cloud drop size 
distribution had shifted to the medium sizes (12 to 24 Mm in diameter). This 
can be seen by comparing the average total drop concentration and the 
average concentration of drops no bigger than 12 Mm in diameter. The 
average concentration of the smaller drops had been cut by more than half 
while the total concentration increased slightly overall from Pass 1 (Section 
3.4.1) to Pass 3. 

The average total concentration for this pass was 99 cm"^, with 150 
cm-^ for the middle half and 46 cm-^ for the edge half (Table 3.7). For the 
downdraft regions the average was 114 cm-^, while the rest of the cloud 
had an average of 92 cm-^. The extremely low values refiect the fact that 
there were no updrafts indicated at the sampling level and that the cloud 
was still being strongly affected by entrainment. 

The average concentration of drops of at least 24 Mm in diameter was 3 
cm"^, with an average of 1 cm-^ in the edge half and 4 cm-^ in the middle 
half of the cloud (Table 3.7). The average was 1 cm"^ in downdraft regions 
and 3 cm"^ for the rest of the cloud. For 3 s in the regions deemed to have 
no vertical motion the criterion of at least 10 cm-^ of these larger drops 
was met with a maximum of 15 cm-^; all three occurred in the middle half 
of the cloud. 

The size distribution for graupel particles is presented in Fig. 3.18. After 
an increase with increasing size for the smaller particles, the concentration 
generally decreases with increasing size. Most of the graupel were smaller 
than 700 Mm in diameter, although a significant number of larger graupel 
particles were present in the cloud. The concentration of graupel particles 

was 0.7 L'^ 
The size distribution for branched crystals and dendrites was also 

obtained and is presented in Fig. 3.19. Their concentration of 0.07 L"̂  was 
much lower than that of graupel particles. The combined concentration of 
graupel, branched crystals and dendrites for this pass was 0.7 L"^ For the 
sampling temperatures of this pass (-9.4 to -11.4X) the expected ice nuclei 
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Region/Type 

Entire Pass 

Edge Half 

Middle Half 

Downdrafts 

Edge Half 
Downdrafts 

Middle Half 
Downdrafts 

"0" Vertical 
Motion 

Edge Half 
"0" Vertical 
Motion 

Middle Half 
"0" Vertical 
Motion 

Updrafts 

Edge Half 
Updrafts 

Middle Half 
Updrafts 

Sample 
Size (s) 

35 

17 

18 

11 

3 

8 

24 

14 

10 

0 

0 

0 

2^0^30 

99 

46 

150 

114 

108 

117 

92 

33 

176 

NA 

NA 

NA 

Larger 
Drops 

24^D^30 

3 

1 

4 

1 

2 

1 

3 

1 

7 

NA 

NA 

NA 

Small 
Drops 

2lDil2 

22 

11 

31 

27 

25 

27 

19 

35 

NA 

NA 

NA 
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concentration ranges from 3.4 to 6.1x10-^ L'^ Thus, some form of ice 
multiplication was cleariy operating in this cloud to enhance the ice particle 
concentration by more than two orders of magnitude. 

For this pass there were cleariy sufficient numbers of graupel particles 
and a small part of the cloud did have at least 10 cm-^ of the larger drops. 
However, small drops were clearly lacking in the cloud at this time and the 
sampling temperature was colder than the boundaries (-3 to -8X) for the 
Hallett-Mossop process. The pass did not meet all of the criteria for the 
Hallett-Mossop ice enhancement mechanism to occur. Despite this, particle 
images that appeared to be examples of this mechanism were found as 
stated earlier (G+S in Fig. 3.17). A possible explanation has its basis in 
previous work by Mossop (1985b). who found that splinters may be 
produced from graupel falling at velocities of 5 m s-^ and greater. Because 
of this it is possible that splintering may occur in hail clouds at 
temperatures below -8X. For graupel to begin wet growth and become 
hailstones they must be falling through a zone of high liquid water content 
at a high enough velocity (̂  5 m s"̂ ) to increase their surface temperatures 
to OX (Mossop, 1985b). Before reaching OX their surface temperatures 
would have been in the range -3 to -8X, and these particles may have been 
able to produce splinters even though the surrounding cloud temperature 
was colder than this temperature range (Mossop, 1985b). This hypothesis 
rests upon work by Heymsfield and Mossop (1984) and by Foster and 
Hallett (1982) showing that splinter production is a function of the surface 
temperature of the rimed particle rather than cloud temperature. However, 
this has only been shown to be true for surface temperature elevations 
i 2X. Later experiments by Mossop (1985b), though, showed that the 
low-temperature cutoff for splinter production depends mainly upon cloud 
temperature which lessens the possibility that splintering may occur at 
cloud temperatures below -8X. 

Only one of the images of rime splintering occurred in a region of cloud 
where the temperature (-9.6 X) was warmer than -lOX. Since a surface 
temperature elevation of less than 2X would be needed to bring the 
graupel particle into the Hallett-Mossop temperature region, it is possible 
that splinter production could depend upon the surface temperature of this 
particle rather than the cloud temperature in this instance. However, the 
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graupel particle was 300 Mm in diameter and would have been falling with 
a terminal velocity of only about 0.4 m s-^ (Rogers, 1979) through a region 
that contained only 0.33 g m'^ of liquid water, so it is unlikely that its 
surface temperature could have been elevated to -8X. Therefore, the 
Hallett-Mossop process operated at temperatures (-9.6 to -10.3X) colder 
than those found in the laboratory. The ice multiplication occurring during 
this pass is attributed to ice particle breakup, fracturing of fragile ice 
crystals, shattering of graupel and the Hallett-Mossop process. 

3.4.4 Pass 4 of Case 3 
Pass 4 of Case 3 was 43 s long, beginning at 17:26:53 and ending at 

17:27:36. The sampling temperature varied from-9.3 to-10.6X. The 
temperature decreased for the first 400 m of the pass simultaneous with 
indication of the first downdraft region (Fig. 3.20). Alternating updraft and 
downdraft regions were indicated for the remainder of the pass, while 
temperature remained fairly steady overall. Low liquid water content 
values were the rule for the pass, with a maximum of 0.45 g m"̂  occurring 
2800 m into the pass (Fig. 3.20). 

For the first 600 m of the pass 2D-C concentrations were quite low. with 
a peak of 2 L-̂  at 400 m (Fig. 3.21). For the remainder of the pass the 
concentrations varied mainly from 100 to 400 L'^ with a maximum of 460 
L-̂  4800 m into the pass (Fig. 3.21). Copious graupel as well as many 
smaller, irregular-shaped ice particles (G and SIP in Rows A and B of Fig. 
3.21) were present throughout the cloud. A few branched crystals and 
dendrites (BC and D in Row B of Fig. 3.21) were also observed in the 
imagery. 

As for Pass 3 (Section 3.4.3) the particle images for this pass provided 
abundant visual evidence of ice multiplication (Fig. 3.21). Fracturing of 
crystals by collision and by ventilation were evidenced, respectively, by the 
images of a crystal aggregate with splinters (CA+S) and a branched crystal 
with a splinter (BC+S), both occurring in regions without vertical motion. 
Ice particle breakup and shattering graupel was quite frequently seen (IPB 
and SG) in both downdrafts and updrafts. Splinters and fragments (S+F) 
that were isolated from ice particles were observed in updraft regions and 
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indicated ice multiplication at a lower level with subsequent transport of 
the secondary ice particles to the sampling level. 

As occurred in Pass 3 (Section 3.4.3) there were many images of the 
rime splintering mechanism of ice multiplication (G+S in Fig. 3.21); these 
occurred both in updraft regions and in regions deemed to be free of 
vertical motion. This is puzzling considering that the sampling temperature 
was colder than that required for the Hallett-Mossop process. Some of 
these images were found in cloud regions where the temperature was 
between -8 and -lOX, so splinter production may have depended on their 
surface temperature. However, the graupel particles that were observed to 
be splintering were riming in a region of low (< 0.4 g m-̂ ) liquid water 
content values and considering their size (400 to 850 Mm) were falling at 
terminal velocities of about 0.5 to 0.8 m s-^ (Rogers, 1979), so it is unlikely 
that their surface temperatures could have been elevated into the 
Hallett-Mossop temperature region. Thus, the appearance of rime 
splintering at temperatures colder than -8X during this pass is more 
evidence that the Hallett-Mossop process operated in this cloud at 
temperatures colder than those found in the laboratory. 

Drop concentrations for the pass were very low with an average of 55 
cm" ,̂ 83 cm"^ in the middle half and 30 cm-^ in the edge half (Table 3.8). 
Concentrations of drops ^ 24 Mm in diameter averaged 3 cm"^ for the pass, 
with an average of 4 cm-^ for the middle half and 2 cm"^ for the edge half 
(Table 3.8). The concentration of these larger drops never reached 10 
cm-^. Small drops were scarce throughout the pass, averaging only 23 
cm"^ (Table 3.8). 

The size distribution of graupel particles for Pass 4 displays quite a few 
graupel between 1 and 1.5 mm (Fig. 3.22); the total concentration of 
graupel particles was 1.7 L'^ The size distribution of branched crystals 
and dendrites for Pass 4 (Fig. 3.23) yields a concentration of 2.1x10-2 L'^ 
There were only six of these particles observed in the imagery, and this is 
somewhat surprising considering that a large part of the pass occurred at 
temperatures of -lOX or colder and there were many downdraft regions. 
Perhaps supersaturations were not sufficiently high to form many of these 
ice crystals or riming obscured their crystalline form leading to their 
classification as graupel. 



Table 3.8 As in Table 3.5 but for Pass 4. 
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Re2ion/Tvoe 

Entire Pass 

Edge Half 

Middle Half 

Downdrafts 

Edge Half 
Downdrafts 

Middle Half 
Downdrafts 

"0" Vertical 
Motion 

Edge Half 
"0" Vertical 
Motion 

Middle Half 
"0" Vertical 
Motion 

Updrafts 

Edge Half 
Updrafts 

Middle Half 
Updrafts 

Sample 
Size (S) 

44 

23 

21 

11 

6 

5 

22 

10 

12 

11 

7 

4 

2^D^30 

55 

30 

83 

69 

36 

109 

59 

30 

83 

35 

26 

51 

Larger 
Drops 

24^0^30 

3 

2 

4 

3 

1 

5 

3 

2 

4 

2 

2 

3 

Small 
Drops 

2^DM2 

23 

16 

31 

32 

24 

41 

23 

14 

31 

13 

10 

18 
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The combined concentration of graupel particles, branched crystals and 

dendrites was 1.7 L- .̂ At the sampling temperatures for this pass (-9.3 to 
-10.6X) the expected ice nuclei concentration ranges from 3.6 to 4.8x10-^ 
L-^ It is clear that ice particle concentrations were enhanced in this cloud 
by more than two orders of magnitude. 

Although there were many graupel particles, the concentration criteria 
of the larger and small drops were not met and the sampling temperature 
was colder than the Hallett-Mossop temperature region (-3 to -8X). The 
images of rime splintering (G+S in Fig. 3.21) support operation of the 
Hallett-Mossop process outside of the laboratory-derived required 
conditions. 

In Fig. 3.21 visual evidence of fracturing of crystals by collision (CA+S) 
and by ventilation (BC+S) was presented; images of breakup of ice particles 
(IPB) and shattered graupel (SG) were also observed. Finally, the images of 
isolated splinters and fragments (S+F) indicate ice multiplication at another 
level with the secondary particles transported to the sampling level. 

3.4.5 Summary of Case 3 
Passes 3 and 4 of Case 3, separated by 4 min, were made 9 min after the 

first two passes, which were also separated by 4 min. This extra nine 
minutes of cloud development led to the cloud being much wider at 
sampling level for the last two passes than for the first two passes. 

Sampling for Pass 1 occurred as the cloud was still in the water phase of 
the precipitation process. While there were many cloud drops and only a 
few ice particles, the liquid water content was low because most of the 
cloud drops were small. By the time of Passes 2 and 3 (4 and 13 min later), 
the ice phase had become evident at the sampling level. Accretional growth 
had allowed many ice particles to become large enough to fall to the 
sampling level. Many graupel particles, indicating the riming process, were 
observed. By the time this cloud was sampled for the fourth pass, the ice 
phase was clearly dominant as copious graupel and smaller ice particles 
were present throughout the pass and liquid water content values were 
lower than for Pass 3. 

Although the criteria for the Hallett-Mossop process were not met in this 
cloud, evidence confirming this mechanism was found in the particle 
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imagery in updraft regions and in regions of no vertical motion. Images 
confirming fracturing of crystals by collision and by ventilation and 
collisional breakup of ice particles were also found. These were located 
mainly in regions deemed to be free of vertical motion, although a few 
examples were found in updraft and downdraft regions. Although ice 
particle concentrations were slightly enhanced above expected ice nuclei 
concentrations in Pass 1, the onset of significant ice multiplication began 
with Pass 2. 

Sampling for Case 3 was terminated due to low fuel. It is concluded that 
ice multiplication in the form of breakup and shattering of ice particles, 
fracturing of ice crystals by collision and by ventilation, and the 
Hallett-Mossop process were occurring in this cloud and served to enhance 
the ice particle concentrations. 

The evidence for the Hallett-Mossop process came directly from the 
cloud particle images when splinters were observed next to graupel. An 
example was pointed out in the discussion of Pass 3 (Section 3.4.3) in which 
the graupel particle was 300 Mm in diameter and would therefore have a 
terminal velocity of about 0.4 m s-^. Since the terminal velocity of the 
splinter can be neglected because of its size, this velocity would also be the 
relative velocity between the graupel particle and the splinter. It is possible 
that the splinter could have originated from some other process and been 
transported to the sampling level, but this is not very likely. Because of the 
relative velocity between the two particles they could be observed together 
in an 800 Mm distance for only 800x10"^ m/0.4 m s'^ - 2x10-^ s. Most 
likely the splinter originated from the graupel particle. 

3.5 Case 4: Analvsis of Cloud 4 on 24 June 1983 
Cloud 4 developed in the same environment as for Cloud 3 on this same 

day (Section 3.4). Cloud 4 was a tower in the same convective cluster as 
Cloud 3 but was located to the northeast of Cloud 3. 

3.5.1 Pass 1 of Case 4 
Pass 1 of Case 4 began at 17:15:15 and ended at 17:15:44. The sampling 

temperature varied from -11.4 to -13.7X. A small region of updraft was 
indicated early in the pass where temperature and altitude increased 
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simultaneously, after which the temperature continued to increase along 
with descent of the aircraft and reached its maximum value 600 m into the 
pass (Fig. 3.24). A downdraft region approximately 800 m wide followed as 
the temperature and altitude decreased together, with the lowest 
temperature being measured 1600 m into the pass (Fig. 3.24). Temperature 
changes for the remainder of the pass were due mainly to changes in 
altitude, although a small region of downdraft was indicated near the exit 
(Fig. 3.24). 

Liquid water content values hovered around 0.4 to 0.6 g m'̂  for a good 
portion of the pass, with a maximum of 0.68 g m'^ approximately 2.3 km 
into the pass (Fig. 3.24). For the first 500 m liquid water content values 
were very low. Although there was a fair amount of liquid water in the 
main downdraft the largest values were found just outside this region. 

The 2D-C concentrations reached or exceeded 100 L'̂  over most of the 
pass; the maximum of 429 L"̂  occurred 1225 m into the pass in the 
downdraft region (Fig. 3.25). The first region of 2D-C concentrations 
occurred from 100 to 300 m into the pass and was due mainly to zero-area 
images and a few small ice particles (ZAI and IP in Row A of Fig. 3.25). For 
the remainder of the pass the large concentrations were due mainly to 
many small ice particles and to zero-area images (IP and ZAI in Row B of 
Fig. 3.25). The majority of the ice particles was found in the main 
downdraft region while zero-area images were more common in the 
remainder of the pass. The latter are probably cloud drops and perhaps 
some ice particles smaller than the detection threshold (25 Mm) of the probe. 
A few graupel particles and two rimed branched crystals (G and RBC in 
Row C of Fig. 3.25) were also noted; most of the graupel were smaller than 
600 Mm in diameter. 

Visual evidence of ice multiplication was found in the particle imagery 
for this pass. The presence of the process of fracturing of crystals by 
ventilation is supported by the image of a branched crystal with a nearby 
splinter (BC+S in Fig. 3.25) which was found in a region free of vertical 
motion. A few images showing ice particle breakup and shattered graupel 
were also noted (IPB and SG in Fig. 3.25) in downdraft regions and in 
regions without vertical motion. Fragments without any nearby ice particle 
(F in Fig. 3.25) were also seen in regions deemed to be free of vertical 
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motion and are believed to have resulted from some form of ice 
multiplication near the sampling level, being subsequently transported to 
the sampling level. 

Cloud drop concentration data for the pass are presented in Table 3.9. 
The average for the entire pass was 151 cm" ,̂ with averages of 206 cm"^ 
in the middle half and 95 cm'^ in the edge half. The average for the one 
updraft region was only 2 cm" .̂ Considering the gaps in the 2D-C 
concentration and liquid water content plots it is possible that the aircraft 
was not actually in cloud yet. Concentrations in the downdraft regions 
were much higher, averaging 157 cm" .̂ Since the updraft region was close 
to the entry edge of the cloud it was likely impacted by entrainment there 
as well. 

The concentration of drops at least 24 Mm in diameter never reached 10 
cm'^. attaining a maximum of 9 cm'^ (Table 3.9). The average 
concentration of these drops was 4 cm" ,̂ 5 cm"^ in the middle half and 3 
cm"^ in the edge half of the pass. Small drops were fairly scarce as well, 
with an average of only 63 cm"^ for the entire pass (Table 3.9). Since cloud 
sampling did not take place within the required temperature region of -3 to 
-8X, it is clear that the Hallett-Mossop process was not operating at this 
stage of the cloud's development. 

From the particle imagery it is obvious, however, that ice multiplication 
was occurring in this cloud. Evidence for fracturing of fragile ice crystals 
by ventilation as well as shattering and breakup of ice particles is presented 
in Fig. 3.25. Considering the sampling temperatures during this pass there 
were likely many ice crystals available for the crystal fracturing 
mechanism of ice multiplication. At the sampling temperatures measured 
during this pass (-11.4 to -13.7X) the expected ice nuclei concentration 
ranges from 0.6 to 1.2x10-^ L"̂ . The concentration of graupel was 0.1 L'^ 
corresponding to an enhancement of at least one order of magnitude. 

3.5.2 Pass 2 of Case 4 
Pass 2 of Case 4 was 40 s long, from 17:19:04 to 17:19:44. The sampling 

temperature varied from -11.8 to -13.8X. Upon entry into the cloud the 
aircraft experienced a downdraft region as the temperature and altitude 
decreased simultaneously (Fig. 3.26). Following this, two small updraft 

^ 
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Table 3.9 Average drop concentrations (cm"^) from the FSSP by 
region in cloud and type of vertical motion for Pass 1 of 
Case 4. D is diameter (Mm). NA is not applicable. 

Reeion/Tvoe 

Entire Pass 

Edge Half 

Middle Half 

Downdrafts 

Edge Half 
Downdrafts 

Middle Half 
Downdrafts 

"0" Vertical 
Motion 

Edge Half 
"O" Vertical 
Motion 

Middle Half 
"0" Vertical 
Motion 

Updrafts 

Edge Half 
Updrafts 

Middle Half 
Updrafts 

Sample 
Size ($) 

30 

15 

15 

13 

3 

10 

15 

10 

5 

2 

2 

0 

2^D^3Q 

151 

95 

206 

157 

21 

198 

164 

136 

222 

2 

2 

NA 

Larger 
Drops 

24iD^30 

4 

3 

5 

4 

1 

5 

5 

4 

7 

0 

0 

NA 

Small 
Drops 

63 

36 

91 

72 

8 

91 

65 

51 

92 

1 

1 

NA 
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regions were indicated and the temperature increased slightly. A sharp 
decrease in temperature to the lowest value measured along with 
decreasing altitude indicated another downdraft region. The general 
warming trend over the final 2 km of the pass accompanied a decrease in 
fiight altitude. Another edge downdraft was experienced just before 
leaving the cloud. 

The cloud liquid water content oscillated along the fiight path (Fig. 
3.26). In general, peak values were between 0.4 and 0.5 g m"̂ , with a 
maximum of 0.49 g m"̂  occurring 800 m into the pass in the first updraft. 
The downdraft at entry into the cloud contained as much liquid water as 
the first updraft; but the downdraft at the exit had very little liquid water, 
so the exit edge of the cloud was likely more affected by entrainment. Also, 
a check of the cloud particle imagery showed that this edge also had many 
more large ice particles available to collect the cloud drops. The downdraft 
region in the middle of the cloud was almost entirely without liquid water 
(Fig. 3.26). 

Fig. 3.27 shows that the 2D-C concentrations were very high, reaching 
or exceeding 100 L"̂  for a good portion of the pass. The maximum of 392 
L"̂  occurred 500 m into the pass. Representative particle imagery for the 
pass is also shown in Fig. 3.27. For the first 1.1 km of the pass the high 
concentrations were due primarily to small ice particles and zero-area 
images (IP and ZAI in Row A of Fig. 3.27). There were a few graupel 
particles (G) as well. The zero-area images were likely caused by cloud 
drops and ice particles smaller than 25 Mm. 

For the remainder of the pass there continued to be quite a few small ice 
particles as well as zero-area images (IP and ZAI in Row B of Fig. 3.27). 
The zero-area images again were likely caused by cloud drops and small ice 
particles. There were also many graupel particles observed in the imagery 
(G in Row C of Fig. 3.27). 

The size distribution of graupel displays a slow dropoff in concentration 
with increasing size (Fig. 3.28), although most of the particles were smaller 
than 1 mm in diameter there were a few larger ones. The total 
concentration of graupel from this distribution is 0.9 L'^ while the 
expected ice nuclei concentration at the sampling temperatures (-11.8 to 
-13.8X) for this pass ranges from 0.7 to 1.3 x 10-2 L-1 ^ jg l̂ear from the 
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data for this pass that some process of ice multiplication was operating in 
the cloud at this time, because the graupel concentration alone corresponds 
to an enhancement factor of approximately two orders of magnitude. Since 
there were also many ice particles seen in the imagery that were too small 
to be classified as graupel it is clear that the magnitude of the enhancement 
was even greater than the concentration of graupel would indicate. 

The particle imagery in Fig. 3.27 provides an indication of which 
mechanisms of ice multiplication were occurring in this cloud. Images of 
ice particle breakup (IPB) confirm that collisions between ice particles were 
enhancing the ice particle concentration in this cloud. Many fragments and 
splinters (F+S) indicate ice multiplication, although the mechanism cannot 
be determined. All images confirming ice multiplication for this pass were 
found in cloud regions without vertical motion. 

The average drop concentration for the entire pass was very low at 94 
cm-^ (Table 3.10), a result of the many ice particles (especially graupel) 
and the cold temperatures. The greatest concentration on average was in 
the updraft regions, with a value of 156 cm-^. The average concentration 
for the downdraft regions was only 66 cm-^, no doubt due to riming of ice 
particles and strong entrainment at the exit edge of the cloud, which 
produced the deficiency of liquid water in the middle half downdraft and in 
the downdraft at the exit, respectively (Fig. 3.26). The drop concentrations 
were lower in the middle half (average of 74 cm-^) than in the edge half 
(average of 113 cm" )̂ of the pass (Table 3.10). This was caused by the 
deficiency of cloud drops in the middle half downdraft (average of 32 cm" )̂ 
and also the fact that one of the updraft regions occurred in the edge half 
(average of 166 cm" )̂ of the pass. 

The concentration of drops at least 24 Mm in diameter never reached 10 
cm -^ for this pass, with an average of 2 cm"^ and a maximum of 8 cm'^ 
(Table 3.10). The greatest average was found in the edge half updraft 
region with a value of 5 cm-^. Drops no bigger than 12 Mm in diameter 
were also deficient with an average for the pass of only 36 cm" .̂ The 
sampling temperature for this pass was colder than the Hallett-Mossop 
temperature region (-3 to -8X), so it is clear that the only requirement for 
operation of the Hallett-Mossop process that was satisfied was the presence 
of graupel. 



Table 3.10 As in Table 3.9 but for Pass 2. 
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Region/Type 

Entire Pass 

Edge Half 

Middle Half 

Downdrafts 

Edge Half 
Downdrafts 

Middle Half 
Downdrafts 

"0" Vertical 
Motion 

Edge Half 
"0" Vertical 
Motion 

Middle Half 
"0" Vertical 
Motion 

Updrafts 

Edge Half 
Updrafts 

Middle Half 
Updrafts 

Sample 
Size (S) 

41 

21 

20 

11 

7 

4 

26 

12 

14 

4 

2 

2 

2^0^30 

94 

113 

74 

66 

86 

32 

97 

121 

76 

156 

166 

146 

Larger 
Drops 

24iT)i20 

2 

3 

1 

2 

3 

1 

2 

2 

1 

4 

5 

2 

Small 
Drops 

21IM2 

36 

44 

28 

25 

32 

12 

37 

48 

28 

58 

57 

59 
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Despite this it is interesting to note images of rime splintering (shown in 

Fig. 3.27 as G+S) outside of the Hallett-Mossop temperature region; these 
occurred in cloud regions without vertical motion. In the analysis of Pass 3 
of Case 3 (Section 3.4.3) it was stated that if graupel particles were falling 
through a zone of high liquid water at a high enough velocity their surface 
temperature might be elevated into the required temperature region due to 
heat released to the graupel when the collected drops freeze as rime. 
However, the dependence of splinter production on the rime surface 
temperature has been established only for temperature elevations ^ 2X 
(Foster and Hallett, 1982; Heymsfield and Mossop, 1984). Because the 
sampling temperature for this pass varied from -11.8 to -13.8X, surface 
temperature elevations needed to be greater than 2X to raise the surface 
temperature into the required temperature region. Therefore, splinter 
production depends on the cloud temperature which is colder than the 
Hallett-Mossop region and the images showing rime splintering indicate 
that this process was operating at colder temperatures than those found in 
the laboratory. 

Thus, both the Hallett-Mossop process and breakup and fracturing of ice 
crystals due to collisions were occurring during this pass and served to 
enhance the ice particle concentration. 

3.5.3 Pass 3 of Case 4 
Pass 3 of Case 4 was 16 s long, beginning at 17:29:22 and ending at 

17:29:38. Sampling temperatures for the pass varied from -10.2 to -11.3X. 
Shortly after entry into the cloud a downdraft region approximately 100 m 
wide was indicated (Fig. 3.29) as the temperature and altitude decreased 
concurrently. A large region of updraft was indicated in the middle of the 
cloud as the temperature reached its maximum value about 1 km into the 
pass. Near cloud exit the temperature decrease to its lowest value 
simultaneous with a decrease in altitude indicated another downdraft 

region. 
Liquid water was present mainly in the updraft, where values ranged 

between 0.6 and 0.8 g m-̂ , with a maximum of 0.8 g m"̂  about 600 m into 
the pass (Fig. 3.29). There was little or no liquid water in either downdraft. 

^ 
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The 2D-C concentrations were very high in the updraft and varied from 

63 to 157 L"̂  in the middle region of the cloud (Fig. 3.30); these 
concentrations were much lower in the downdrafts and especially low near 
cloud exit. Representative particle images are also shown in Fig. 3.30. For 
the first downdraft there were mostly small ice particles along with some 
graupel (IP and G in Row A). Two changes in the particle composition took 
place in the middle portion of the cloud. Many small ice particles and some 
graupel still occurred, but there were also some large graupel particles and 
many zero-area images (IP and G in Row B and LG and ZAI in Row C). The 
zero-area images are thought to be cloud drops smaller than 25 Mm in 
diameter. This pass was populated with many more cloud drops than the 
previous two passes, as will be seen below. 

The size distribution of graupel particles (Fig. 3.31) was rather uniform 
with a total concentration of 0.2 L'^ For the sampling temperatures during 
this pass (-10.2 to -11.3X) the expected ice nuclei concentration should 
range from 4.3 to 5.9x10"^ L-^ Since there were also many small ice 
particles observed in the particle imagery it is clear that significant ice 
multiplication was occurring in this cloud. 

The particle imagery in Fig. 3.30 gives some indication of which ice 
multiplication mechanisms were occurring. Many images of splinters and 
fragments (S+F) were observed without any nearby ice particles in cloud 
regions deemed to be free of vertical motion. These situations resulted from 
ice multiplication near the sampling level, but the mechanism responsible 
cannot be unequivocally determined. Perhaps breakup and fracturing of ice 
particles during collisions was the method responsible. Although there 
were no ice crystals observed in the particle imagery to account for the 
presence of this mechanism, if crystals at colder levels in the cloud 
fractured earlier, the observed images could have been secondary particles 
that were transported to lower levels. There was also evidence of 
shattering of graupel particles in the imagery (SG); these were found in 
regions without vertical motion. 

The drop concentrations for the entire pass averaged only 126 cm"^. but 
the average was 213 cm-^ in the middle half of the cloud (Table 3.11). The 
updraft region had a fairly large average concentration of 217 cm"^. while 
in the rest of the cloud averages were much lower. 
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Table 3.11 As in Table 3.9 but for Pass 3. 
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Reeion/Tvoe 

Entire Pass 

Edge Half 

Middle Half 

Downdrafts 

Edge Half 
Downdrafts 

Middle Half 
Downdrafts 

"0" Vertical 
Motion 

Edge Half 
"O" Vertical 
Motion 

Middle Half 
"0" Vertical 
Motion 

Updrafts 

Edge Half 
Updrafts 

Middle Half 
Updrafts 

Sample 
Size (s) 

17 

9 

8 

5 

5 

0 

6 

3 

3 

6 

1 

5 

2iDG0 

126 

48 

213 

42 

42 

NA 

104 

9 

198 

217 

193 

222 

Larger 
Drops 

24^Di30 

8 

2 

14 

0 

0 

NA 

6 

0 

13 

15 

12 

15 

Small 
Drops 

2^DU2 

43 

20 

68 

19 

19 

NA 

35 

65 

69 

71 

69 
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The concentration of drops ^ 24 Mm in diameter averaged 8 cm"^ for the 

entire pass and 14 cm'^ in the middle half of the pass (Table 3.11). For 8 s 
of this pass the concentration of these larger drops reached or exceeded 10 
cm-^, with a maximum of 21 cm"^ in the updraft region. The average in 
the updraft was 15 cm-^ and for all of this region the concentration 
exceeded 10 cm"^. Drops no bigger than 12 Mm in diameter were in short 
supply, however, with an average of only 43 cm"^ for the entire pass (Table 
3.11). 

Substantial amounts of the smaller drops are needed for operation of the 
Hallett-Mossop ice multiplication process, which was not the case for this 
pass. In addition, sampling was not done within the temperature region 
found in the laboratory to be required for operation of this mechanism. As 
for the previous pass (Section 3.5.2) though, particle imagery confirmed 
rime splintering at the sampling level (G+S in Fig. 3.30) in a downdraft 
region. The cloud temperature was about - l l X in the region where these 
images were found, so the surface temperature of the graupel needed to be 
raised 3 X to reach the Hallett-Mossop temperature range. Therefore, the 
rime splintering mechanism was operating outside of the temperature range 
in which it is thought to occur. 

In summarizing ice multiplication mechanisms enhancing the ice particle 
concentration for this pass, the evidence supports shattering and fracturing 
of ice particles during collisions and the Hallett-Mossop process. 

3.5.4 Summary of Case 4 
Sampling for this case indicated the cloud to be composed of both the ice 

and water phases for all three passes. Many small ice particles and cloud 
drops were observed during Pass 1 along with a few graupel particles; 
many more graupel particles were observed 4 min later during Pass 2. The 
four minutes of additional growth by accretion allowed these larger 
particles to descend from higher levels. The cloud at sampling level had 
narrowed considerably by the time of Pass 3, 10 min after Pass 2. This was 
probably due to collapse of part of the sampled region of Pass 2. Data 
confirmed Pass 3 to be comprised of cloud drops and small ice particles 
along with some graupel. 
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Although the Hallett-Mossop criteria were not met in this cloud, images 

were found which confirmed the operation of this mechanism. Many other 
images of ice multiplication were found in all three passes, a few instances 
in downdrafts but usually in regions free of vertical motion. These images 
confirmed directly that fracturing of crystals by ventilation and shattering 
of ice particles by collision also operated to enhance the ice particle 
concentrations in this cloud. 

Sampling for Case 4 was terminated after three passes due to low fuel. 
For Case 4 it is concluded that fracturing and breakup of ice crystals due to 
ventilation and collision, shattering of ice particles, and the Hallett-Mossop 
process in Passes 2 and 3 (Sections 3.5.2 and 3.5.3) were enhancing the ice 
particle concentrations in this cloud. 

3.6 Case 5: Analvsis of Cloud 5 on 21 June 1980 
The development of convection on this day was attributed to the 

combination of a surface trough, strong surface heating and cold air 
advection at middle levels (Alexander and Riggio, 1980). Cloud 5 was a 
turret in a cumulus congestus complex located approximately 30 n mi 
east-northeast of Big Spring, Texas. 

3.6.1 Pass 1 of Case 5 
Pass 1 of Case 5 commenced at 23:49:42 and ended at 23:50:07. The 

sampling temperature varied between -10.3 and -11.8X. For almost the 
entire first 1.5 km of the pass the temperature decreased, reaching its 
lowest value 1565 m into the pass (Fig. 3.32). Since there was a decrease in 
altitude for most of this region as well, many regions of downdraft were 
indicated. The slight increases in temperature in this region occurred with 
a continued decrease in altitude when the aircraft could not maintain a 
constant attitude. An indication of a small updraft region 100 m wide 
followed as the temperature and altitude increased simultaneously. 

Liquid water content peaks varied between 0.6 and 0.8 g m"̂  during the 
pass, reaching a maximum of 0.73 g m"̂  approximately 2 km into the pass 
in the updraft (Fig. 3.32). Values were lower in the downdraft regions and 
quite a bit lower at the cloud edges. The latter was likely due to 
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entrainment at the cloud edges, while the former resulted from more ice 
particles in the downdrafts to collect the cloud drops. 

The 2D-C and IPC concentration plots for Pass 1 are shown in Fig. 3.33. 
Note that the 2D-C concentration was 0.1 L"̂  or less throughout most of the 
cloud. Zero-area images were not counted in the 1980 data resulting in 
concentrations that were much less than for 1983 cases. The IPC 
concentration oscillated between 0.1 and 1 L"̂  for most of the pass, with a 
maximum of 1.2 L"̂  just before cloud exit. 

Representative particle imagery for Pass 1 is also shown in Fig. 3.33. 
The imagery was mainly populated with graupel particles and zero-area 
images (G and ZAI in Row A). The zero-area images were likely caused by 
cloud drops smaller than the detection threshold of the probe as there were 
moderate drop concentrations in this cloud (see below). There were also 
quite a few irregular-shaped ice particles and a couple of rimed dendrites 
(IP and RD in Row B). The shattered crystal aggregate (SCA in Row C) 
was observed in an updraft region and clearly enhanced the ice particle 
concentration of the cloud. Most of these particles were classified as hit 
edge (Class 7) particles, explaining why the 2D-C concentrations were so 
low. There was no clear structure in the particle population of the cloud as 
graupel and ice particles were found in the images throughout the pass 
with the exception of the first 500 m where no particles were recorded. 

The size distribution of graupel particles for Pass 1 is shown in Fig. 3.34. 
Most of the graupel particles were smaller than 600 Mm. and the total 
concentration of graupel for this pass was 0.3 L-^ Two rimed dendrites 
were also seen in the particle imagery. The total concentration of graupel 
and dendrites was 0.3 L-̂  and the average ice particle concentration for the 
pass was 0.4 L"̂ . At the sampling temperatures for this pass (-10.3 to 
-11.8X) the expected ice nuclei concentration should be between 4.4 and 
6.9x10"^ L"̂ . Clearly ice multiplication was taking place in this cloud. 

Drop concentration data from the FSSP are presented in Table 3.12. 
The average concentration for the entire pass was 174 cm-^. with an 
average of 201 cm-^ for the middle half of the pass. The effects of 
entrainment are clearly noted by comparing the average concentrations in 
the middle half to the edge half of the pass. Average concentrations were 
greater in the updraft region (233 cm-^) than in the downdraft regions 
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Table 3.12 Average drop concentrations (cm" )̂ from the FSSP by 
region in cloud and type of vertical motion for 
Pass 1 of Case 5. D is diameter (Mm). 

Region/Tvoe 

Entire Pass 

Edge Half 

Middle Half 

Downdrafts 

Edge Half 
Downdrafts 

Middle Half 
Downdrafts 

"0" Vertical 
Motion 

Edge Half 
"0" Vertical 
Motion 

Middle Half 
"0" Vertical 
Motion 

Updrafts 

Edge Half 
Updrafts 

Middle Half 
Updrafts 

Sample 
Size (s) 

26 

13 

13 

10 

4 

6 

14 

8 

6 

2 

1 

1 

3^0^45 

174 

147 

201 

177 

143 

199 

164 

137 

199 

233 

240 

226 

Larger 
Drops 

24^0^45 

2 

2 

2 

1 

1 

2 

1 

1 

2 

3 

3 

3 

Small 
Drops 

3^DU2 

63 

49 

78 

72 

60 

80 

57 

42 

78 

63 

58 

68 



no 
(177 cm"^). matching the greater liquid water content in the updraft than 
in the downdrafts (Fig. 3.32). 

Of greater importance for the liquid water content are the larger drops. 
The average concentration of these drops was 3 cm"^ in the updraft 
compared to 1 cm"^ for the downdraft regions (Table 3.12). The average 
concentration of these larger drops for the entire pass was only 2 cm"^. 
Small drops were also relatively scarce, with an average concentration of 
only 63 cm'^ for the entire pass (Table 3.12). Clearly, neither of the drop 
concentration criteria for the Hallett-Mossop process were met. Since the 
temperature was colder than the Hallett-Mossop temperature region of -3 
to -8X. the only criterion for operation of this mechanism that was met was 
that of graupel. 

Despite this there are two interesting images that appear to point to the 
rime splintering mechanism of ice multiplication (G+S in Row C of Fig. 
3.33). This occurrence was also noted for Cases 3 and 4 (Sections 3.4 and 
3.5). The images shown here were found in a downdraft region where the 
cloud temperature was -11.3X, so the surface temperature of the rime 
needed to be elevated more than 3X to bring it into the Hallett-Mossop 
temperature region. Therefore, the Hallett-Mossop process was operating 
outside of the -3 to -8X temperature range. 

In summarizing the ice multiplication mechanisms which occurred to 
enhance the ice particle concentration for this pass, the evidence points to 
fracturing and shattering of ice crystals during collision (SCA in Fig. 3.33) 
and the Hallett-Mossop process. 

3.6.2 Pass 2 of Case 5 
Pass 2 of Case 5 was 34 s long, beginning at 23:52:00 and ending at 

23:52:34. Sampling for this pass took place in a different region of cloud 
than that of the first pass as the aircraft moved off to the northeast after 
Pass 1. The sampling temperature varied from -9.7 to -11.9X. Fig. 3.35 
shows that the temperature remained fairly constant around - lOX during 
the first kilometer of the pass. Following this the temperature decreased 
sharply to its minimum value 1300 m into the pass and, since the altitude 
also decreased, a downdraft region was indicated. The temperature then 
began to increase during continued descent of the aircraft before 
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decreasing temperature with decreasing altitude indicated another 
downdraft region. After this, a sharp increase in temperature along with 
increasing altitude indicated an updraft region before a downdraft and 
decreasing temperature were indicated at the cloud exit. 

The cloud had no liquid water for nearly 700 m at the beginning of the 
pass (Fig. 3.35). Most of the remainder of the pass had large liquid water 
contents greater than 0.8 g m' ,̂ with a maximum value of 1.21 g m"̂  just 
after the first downdraft. Although there was very little difference between 
the updraft region and the first two downdraft regions, the liquid water 
content fell off sharply near the cloud edge due to entrainment in the final 
downdraft. 

The 2D-C and IPC concentrations are shown in Fig. 3.36 along with 
representative particle images for the pass. Because the images are 
dominated by zero-area images and a few streakers (ZAI and S). the 2D-C 
concentrations were almost nonexistent. The zero-area images were likely 
caused by cloud drops and/or ice particles smaller than the detection 
threshold of the probe, while the streakers indicate a cloud with a large 
liquid water content. For the first half of the pass the ice particle counter 
did not register any particles, three spikes of IPC concentration were noted 
in the next kilometer and the final kilometer of the pass had some high ice 
particle concentrations (Fig. 3.36). The maximum value of 6 L-̂  occurred 
just after the updraft 200 m before cloud exit. Because the particle imagery 
consisted entirely of zero-area images and streakers, the 2D-C probe must 
have been recording ice particles as zero-area images. 

The drop concentration data for this pass are presented in Table 3.13. 
The average concentration for the entire pass was 192 cm" ,̂ with an 
average of 108 cm"^ for the edge half and 272 cm"^ for the middle half of 
the pass. There was little difference between the updraft (230 cm" )̂ and 
the downdrafts (197 cm" )̂. 

The average concentration of drops at least 24 Mm in diameter was 5 
cm-^ for the entire pass, 7 cm-^ in the middle half and 3 cm-^ in the edge 
half of the pass (Table 3.13). The average was 6 cm'^ for updraft regions 
compared to 5 cm"^ in the downdrafts. For 5 s of the pass the 
concentration of these drops reached or exceeded 10 cm'^, with a 
maximum of 11 cm-^; this occurred principally in the middle half of the 
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Table 3.13 As in Table 3.12 but for Pass 2. NA is not applicable. 

Re2ion/Tyoe 

Entire Pass 

Edge Half 

Middle Half 

Downdrafts 

Edge Half 
Downdrafts 

Middle Half 
Downdrafts 

"0" Vertical 
Motion 

Edge Half 
"0" Vertical 
Motion 

Middle Half 
"0" Vertical 
Motion 

Updrafts 

Edge Half 
Updrafts 

Middle Half 
Updrafts 

Sample 
Si?e ($) 

35 

17 

18 

7 

2 

5 

23 

10 

13 

5 

5 

0 

3iDi45 

192 

108 

272 

197 

0 

275 

183 

69 

271 

230 

230 

NA 

Larger 
Drops 

24iD^45 

5 

3 

7 

5 

0 

7 

4 

1 

7 

6 

6 

NA 

Small 
Drops 

3iDU2 

39 

20 

57 

44 

0 

61 

37 

14 

55 

41 

41 

NA 
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cloud (4 out of 5 s). The required concentration of larger drops for the 
Hallett-Mossop process was met in at least part of the cloud. Small drops 
were very scarce, though, with an average concentration for the entire pass 
ofonly 39 cm-3 (Table 3.13). 

The average ice particle concentration (from the IPC) of 0.7 L"̂  was 
much greater than the expected ice nuclei concentration, which should vary 
from 3.7 to 7.1x10""̂  L-̂  for the sampling temperatures (-9.7 to -11.9X) 
measured during this pass. It is clear that ice particle concentrations 
measured during this pass were enhanced. 

Many of the small ice particles recorded by the IPC were in the main 
updraft where the probe indicated an average of 1.0 L"^ It is quite 
possible that some of these particles had their origin as secondary particles 
generated by the Hallett-Mossop process at a lower (and warmer) level in 
the cloud. Subsequently these particles would have been transported to the 
sampling level in the updraft. Conditions did not meet the criteria for the 
Hallett-Mossop process at the sampling level itself where temperatures 
were colder than the Hallett-Mossop temperature region of -3 to -8X and 
there were no graupel particles observed in the imagery. Also, the small 
drops needed were very scarce. 

The IPC also responded to ice particles in the downdraft region at the 
cloud exit, with an average of 2.6 L"̂  in this region. Because the data 
pointed to evaporational cooling in this region (Fig. 3.35), it is quite possible 
that contact nuclei were activated, freezing some of the cloud drops and 
enhancing the ice particle concentration. 

Evidence is not conclusive but points to the Hallett-Mossop process and 
contact freezing as the mechanisms for enhancing the ice particle 
concentrations observed during this pass. 

3.6.3 Pass 3 of Case 5 
Pass 3 of Case 5 began at 23:54:20 and ended at 23:55:19. The sampling 

temperature varied from -9.3 to -10.9X. Just after cloud entry a downdraft 
was indicated as the temperature and altitude decreased simultaneously 
(Fig. 3.37) before continued descent of the aircraft raised the temperature. 
Another downdraft region was indicated from 1.2 to 1.4 km into the pass as 
the temperature decreased to its lowest value for the pass. The first 
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updraft region was indicated between 2.6 and 2.8 km into the pass as the 
temperature increased in this region. Another small updraft region was 
entered about 400 m deeper into the pass. 

The liquid water content tended to decrease steadily throughout the 
pass (Fig. 3.37), from an absolute maximum of 1.26 g m-̂  about 250 m into 
the pass to a local maximum of 0.44 g m-̂  about 400 m before cloud exit. 
The values were slightly higher in the two main downdrafts than in the two 
updrafts. Both edges of the cloud were affected by entrainment, especially 
the exit edge. 

Plots of 2D-C and IPC concentrations along with representative particle 
imagery are shown in Fig. 3.38. Ice particles were missing from the cloud 
according to the ice particle counter except for two small regions in the 
middle of the cloud. The maximum IPC concentration was 0.6 L"̂  
approximately 3 km into the pass. The ice particle counter was likely 
responding to small ice particles that showed up as zero-area images (ZAI in 
Row A) in the particle imagery. Imagery for these two regions was entirely 
zero-area images and streakers (S in Row A). 

Five regions of the cloud had 2D-C concentrations greater than 0.1 L"̂  
(Fig. 3.38). The first region was nearly 1.5 km wide and basically 
encompassed the two main downdraft regions. The maximum value of 1.2 
L-̂  occurred 800 m into the pass. A few small ice particles and graupel 
were responsible for the concentrations in this region (IP and G in Row B). 
For most of the region the images were dominated by streakers and 
zero-area images (S and ZAI in Row B), a corroboration of the abundant 
cloud liquid water shown in Fig. 3.37. The zero-area images were likely 
cloud drops as the ice particle counter was not registering any ice particles 
in this region. The remaining regions of 2D-C concentrations all had 
maximum values of 0.2 L-̂  and were similar in size (Fig. 3.38). Once again 
a few small ice particles were responsible for these concentrations, although 
streakers and zero-area images were cleariy dominant in these regions (IP. 
S and ZAI in Row C). Apparently, the zero-area images were cloud drops 
since the ice particle counter did not register any ice particles. 

Drop concentration data from the FSSP are presented in Table 3.14, 
with a moderate average concentration of 228 cm-^ for the entire pass. 
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Table 3.14 As in Table 3.12 but for Pass 3. NA is not applicable. 

Reeion/Tyoe 

Entire Pass 

Edge Half 

Middle Half 

Downdrafts 

Edge Half 
Downdrafts 

Middle Half 
Downdrafts 

"0" Vertical 
Motion 

Edge Half 
"0" Vertical 
Motion 

Middle Half 
"0" Vertical 
Motion 

Updrafts 

Edge Half 
Updrafts 

Middle Half 
Updrafts 

Sample 
Size (s) 

60 

31 

29 

12 

8 

4 

43 

23 

20 

5 

0 

5 

3̂ D 4̂5 

228 

191 

268 

231 

202 

289 

222 

187 

263 

269 

NA 

269 

Larger 
Drops 

24^0^45 

5 

4 

6 

5 

4 

6 

5 

4 

6 

6 

NA 

6 

Small 
Drops 

3^DU2 

64 

50 

78 

59 

48 

80 

63 

50 

78 

78 

NA 

78 
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The average was greater in the middle half (268 cm" )̂ than in the edge 
half (191 cm"3)of thepass. 

The average concentration of large drops was 5 cm"^ for the pass, with 
an average of 6 cm'^ for the middle half and 4 cm"^ for the edge half of the 
pass (Table 3.14). For two seconds the concentration of these drops 
reached or exceeded 10 cm" ,̂ with a maximum of 11 cm"^ in a downdraft. 
Liquid water content values were so high for this pass because there were 
many drops larger than 12 Mm in diameter. The average concentration of 
drops ^ 12 Mm in diameter was only 64 cm"^ for the pass (Table 3.14). 

The IPC concentration averaged 2.2x10-2 L-1 fQp ^̂ e pass. This 
compares reasonably well to the expected ice nuclei concentration of 3.3 to 
5.3x10-^ L-̂  and there are no data to support a conclusion of ice 
multiplication. The only criterion for operation of the Hallett-Mossop 
process that was met during this pass was that of the large drop 
concentration. Small drops and graupel particles (6 graupel) were scarce 
and sampling was done at temperatures colder than the required 
temperature region of -3 to -8X. 

3.6.4 Pass 4 of Case 5 
The final pass of Case 5 was 46 s long, from 23:59:20 to 00:00:06. The 

sampling temperature varied from -7.5 to -10.3X. For most of the first 1.2 
km of the pass the aircraft was sampling in a downdraft region (Fig. 3.39). 
The altitude decreased sharply in this region and the temperature 
decreased to its lowest value for the pass. For the remainder of the pass the 
temperature increased steadily to its highest value 300 m before cloud exit, 
after which it leveled off. Two updraft regions were indicated when the 
temperature and altitude increased concurrently. 

Liquid water content values were quite high in a large region in the 
middle of the cloud, ranging from about 0.6 to just over 1 g m"̂  (Fig. 3.39). 
The maximum value was 1.05 g m"̂  and occurred 3.2 km into the pass 
following an updraft region. Both edges of the cloud were evidently 
strongly affected by entrainment, especially the exit edge (Fig. 3.39). 
Liquid water values were low in the first downdraft but fairly high in the 
second downdraft. 

^ 
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Plots of IPC and 2D-C concentrations along with representative particle 

imagery for the pass are shown in Fig. 3.40. There was only one peak on 
the IPC plot, where a value of 0.2 L-̂  occurred 2.5 km into the pass. Two 
small peaks of 0.3 and 0.2 L-̂  were registered by the 2D-C probe 1 and 1.6 
km into the pass, respectively (Fig. 3.40). The first peak was in the second 
downdraft region. 

Imagery for the pass was again dominated by streakers and zero-area 
images, although there were a couple of graupel particles and rimed 
dendrites (S, ZAI, G and RD in Fig. 3.40). Since the ice particle counter did 
not register any ice particles for most of the pass, the zero-area images 
were likely caused by cloud drops. The large water drop (LWD) was 
estimated to be over 2 mm in diameter. The streakers are indicative of a 
cloud with high liquid water content. No time records were recorded for 
the last 1.6 km of the pass as no particles larger than 25 Mm were sensed. 

Drop concentration data for the pass are presented in Table 3.15. The 
average concentration was 180 cm"^ for the pass, with values of 298 cm"^ 
for the middle half and 58 cm-^ for the edge half of the pass. The latter 
value corresponds to the lack of liquid water near the edges of the cloud 
(Fig. 3.39). 

The average concentration of drops at least 24 Mm in diameter was 3 
cm-^ for the pass, with an average of 5 cm-^ for the middle half of the 
cloud (Table 3.15). Drops no bigger than 12 Mm in diameter were found in 
an average concentration of only 57 cm-^ for the pass (Table 3.15). 
Neither of the drop concentration criteria for operation of the 
Hallett-Mossop process were satisfied. In addition, graupel particles were 
lacking and sampling occurred within the required temperature range for 
only part of the pass near cloud exit. Conditions for operation of the 
Hallett-Mossop process were not satisfied during this pass, nor were any 
images of rime splintering observed. 

The average IPC concentration was 5.3x10-^ L"̂  for the pass. Ice 
nuclei concentrations for the sampling temperatures (-7.5 to -10.3X) 
measured would be expected to be 1.9 to 4.4x10"^ L'^ It is concluded that 
the ice particle concentration was not enhanced for this pass. 
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Table 3.15 As in Table 3.12 but for Pass 4. 

Reeion/Tvpe 

Entire Pass 

Edge Half 

Middle Half 

Downdrafts 

Edge Half 
Downdrafts 

Middle Half 
Downdrafts 

"0" Vertical 
Motion 

Edge Half 
"0" Vertical 
Motion 

Middle Half 
"0" Vertical 
Motion 

Updrafts 

Edge Half 
Updrafts 

Middle Half 
Updrafts 

Sample 
Size (s) 

47 

23 

24 

11 

8 

3 

26 

9 

17 

10 

6 

4 

3^D^5 

180 

58 

298 

188 

141 

312 

201 

21 

296 

117 

1 

293 

Larger 
Drops 

24^DH5 

3 

0 

5 

2 

1 

4 

3 

0 

5 

2 

0 

5 

Small 
Drops 

3̂ D̂ 12 

57 

23 

90 

71 

59 

102 

57 

6 

84 

42 

0 

105 

^ ^ 
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3.6.5 Summary of Case 5 

Data collected during Pass 1 of Case 5 indicated sampling was done in a 
region containing both a significant ice phase and the liquid phase. Many 
graupel particles and cloud drops were found in this region; most of the 
graupel were fairly small (< 600 Mm). After this pass, the aircraft moved off 
to the northeast for the rest of the case. The final three passes were made 
in a region of cloud different from that of Pass 1. 

Pass 2 consisted almost entirely of the liquid phase, although the ice 
phase was developing near the exit edge of the cloud. Two minutes after 
Pass 2 the cloud was sampled for Pass 3. The cloud apparently was 
composed mainly of liquid hydrometeors as ice particle concentrations were 
low throughout this pass. Evidently, the ice particles sampled near the exit 
edge during Pass 2 had been dispersed by vertical motion. Pass 4 was 
made 5 min after Pass 3 and this allowed a few larger ice particles to 
descend to the sampling level, although the pass was basically composed of 
liquid particles. 

The Hallett-Mossop criteria were not met in this cloud, but images 
confirming this mechanism were found in Pass 1 in a downdraft region. 
The only other image of ice multiplication in this case, a shattered crystal 
aggregate, was found in an updraft region of Pass 1. It appears that ice 
multiplication was not occurring in the last two passes. 

Sampling for Case 5 was terminated after the fourth pass because 
excessive icing of the airframe caused overheating of an engine and an 
inability to maintain power. For Case 5 it is concluded that the 
Hallett-Mossop process and fracturing and shattering of ice crystals during 
collision in Pass 1 (Section 3.6.1) and likely the Hallett-Mossop process and 
contact freezing in Pass 2 (Section 3.6.2) enhanced the ice particle 
concentrations. 

^ 7 di^ 6: XmW^i^ of Cloud 6 on 1 Julv 1980 
Strong daytime heating in a moist and unstable airmass initiated 

convection on 1 July 1980 (Alexander and Riggio, 1980). Cloud 6 was a 
semi-isolated cumulus congestus cloud located approximately 35 n mi 
southeast of Big Spring, Texas. 

*« f - i " *^^p"« i^ 
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3.7.1 Pass 1 of Case 6 

Pass 1 of Case 6 began at 23:07:00 and ended at 23:08:09. The sampling 
temperature varied from -6.7 to -8.3X. A large region of downdraft over 1 
km wide was indicated in the middle of the cloud as the altitude and 
temperature decreased together (Fig. 3.41). After this region altitude 
increased while temperature decreased to its minimum value 4.8 km into 
the pass, before a strong updraft 700 m wide was inferred from the 
simultaneous increase of temperature and altitude. A small updraft was 
observed at the exit. 

For the first half of the pass there was no liquid water, while the last 
half of the cloud had rather high liquid water content values with a 
maximum of 1.13 g m-^ occurring 4 km into the pass (Fig. 3.41). With the 
exception of one more peak the liquid water content of the cloud decreased 
sharply for the rest of the pass. The second peak (0.76 g m"̂ ) occurred in 
an updraft 5200 m into the pass. The values near the end of the large 
downdraft region were even higher than those in the main updraft. 

The plots of 2D-C and IPC concentrations are shown along with 
representative particle imagery for Pass 1 in Fig. 3.42. Two small regions 
of nonzero 2D-C concentrations occurred; the first was in the main 
downdraft and had a maximum value of 0.3 L-^ while the other region was 
located at cloud exit and had a maximum value of 0.4 L- .̂ Ice particles and 
a few graupel particles (IP and G in row A of Fig. 3.42) were responsible for 
both regions of 2D-C concentrations. There were actually many graupel 
particles and some ice crystals in these regions, but most of them were not 
included in the raw concentration because they were hit edges (Class 7) 
with their centers outside the field of view of the probe (Section 2.2.1). 

IPC concentrations were much higher than the 2D-C concentrations 
throughout the pass (Fig. 3.42). There were many oscillations in the plot 
with the peaks near 1 L"̂  for the first two-thirds of the pass, then 
increasing to 1 to 10 L-̂  for nearly 2 km at the end of the pass. The 
maximum value was 8 L-̂  less than 400 m before cloud exit. Most of the 
regions of IPC concentrations were in the large updraft and downdraft 
regions of the cloud, with the largest values being in the updraft The ice 
particles that were responsible for the IPC concentrations were graupel. 
small, irregular ice particles and fragments (G. IP and F in Row B of Fig. 
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3.42). The fragments are likely the result of some form of ice multiplication 
and are discussed below. There were also a few crystalline ice particles 
(BC and D in Row C of Fig. 3.42). 

The size distribution of graupel for Pass 1 is shown in Fig. 3.43, while 
the distribution for branched crysUls and dendrites is presented in Fig. 
3.44. Although most of the graupel were smaller than 1.1 mm in diameter, 
there were a significant number of larger particles. Most of the crystalline 
particles were smaller than 700 Mm in diameter. The average ice particle 
concentration from the IPC for the pass was 0.8 L'K indicating an 
enhancement of more than two orders of magnitude over the ice nuclei 
concentration range of 1.5 to 2.4x10-^ L'l expected for the temperatures 
(-6.7 to -8.3X) measured during this pass. 

Drop concentration data from the FSSP are presented in Table 3.16. 
The average concentration was low at 101 cm-^. with averages of 108 
cm-^ for the middle half and 93 cm-^ for the edge half of the cloud. The 
average was moderate in the updrafts with a value of 224 cm-^. The 
concentration of drops at least 24 Mm in diameter never reached 10 cm-^ 
and averaged only 1 cm-^ for the pass (Table 3.16). With the exception of 
updrafts where the average was 110 cm-^. small drops were also scarce 
with an average of only 48 cm'^ for the pass. Even though drop 
concentrations were low. many of the drops were larger than 12 Mm in 
diameter and produced the high liquid water contents in part of the cloud 
(Fig. 3.41). 

Particle images shown in Fig. 3.42 shed light on the types of ice 
multiplication that were occurring in this cloud. Sampling for this pass did 
take place in the Hallett-Mossop temperature region (-3 to -8X) and there 
were plenty of graupel particles. However, the concentration criteria for 
small and larger drops were not met. so conditions did not meet the 
Hallett-Mossop criteria at the sampling level. Despite this, there were some 
images from regions without vertical motion at temperatures of -7.3 to 
-7.7X that confirmed the operation of this mechanism (G+S in Row C) 
outside of the laboratory-determined conditions. In the imagery there were 
many examples of ice fragments (F in Rows B and C) along with some 
examples of ice splinters and fragments (S+F in Row C), found both in 
downdrafts and in regions without vertical motion, that must have resulted 
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Table 3.16 Average drop concentrations (cm" )̂ from the FSSP by 
region in cloud and type of vertical motion for 
Pass 1 of Case 6. D is diameter (Mm). 

Region/Type 

Entire Pass 

Edge Half 

Middle Half 

Downdrafts 

Edge Half 
Downdrafts 

Middle Half 
Downdrafts 

"0" Vertical 
Motion 

Edge Half 
"0" Vertical 
Motion 

Middle Half 
"0" Vertical 
Motion 

Updrafts 

Edge Half 
Updrafts 

Middle Half 
Updrafts 

Sample 
Size (s) 

70 

35 

35 

16 

2 

14 

43 

23 

20 

11 

10 

1 

3^D^45 

101 

93 

108 

61 

0 

70 

84 

50 

124 

224 

213 

332 

Larger 
Drops 

24^0^45 

1 

1 

1 

1 

0 

1 

1 

0 

1 

1 

1 

3 

Small 
Drops 

3112112 

48 

49 

46 

28 

0 

32 

39 

27 

53 

110 

109 

121 
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from ice multiplication at another level since there were no ice particles 
nearby. However, there were never any images of isolated splinters or 
fragments in the same time records containing the images of apparent rime 
splintering, so the Hallett-Mossop process must have occurred. 

The image of a crystal aggregate with a splinter (CA+S in Row C) was 
found in a region without vertical motion and supports ice multiplication by 
collisional fracturing of crystals. The image of a shattering ice particle (SIP 
in Row C) found in a downdraft region provides further proof of collisional 
breakup of ice particles. Since there were quite a few crystalline ice 
particles during this pass it is likely that fracturing and breakup of ice 
crystals by collision was responsible for the many splinters and fragments 
and along with the Hallett-Mossop process enhanced the ice particle 
concentration. 

3.7.2 Pass 2 of Case 6 
Pass 2 of Case 6 was 66 s long, beginning at 23:10:26 and ending at 

23:11:32. The sampling temperature varied from-5.8 to-9.9X. The 
updraft which was indicated right at cloud entry was 500 m wide and was 
observed with an increase in temperature to its maximum value (Fig. 3.45). 
Following this, a large region of downdraft was indicated along with a 
slight decrease in temperature, before another downdraft was indicated 3 
km into the pass as the altitude decreased together with a rapid decrease in 
temperature to the lowest value measured during the pass. A region of 
strong updraft 4500 m into the pass was indicated together with a slight 
increase in temperature before the temperature decreased along the fiight 
path during continued ascent of the aircraft. Another region of updraft was 
experienced just before cloud exit. 

Plots of 2D-C and IPC concentrations are shown along with 
representative particle imagery in Fig. 3.46. A large region of 2D-C 
concentrations was recorded in the middle of the cloud, with a maximum of 
1.2 L"̂  2.6 km into the pass. Another region was located near cloud exit 
with a maximum of 0.7 L'^ Graupel particles along with small, 
irregular-shaped ice particles and fragments (G, IP and F in Row A) were 
responsible for the 2D-C concentrations. In addition, many particles that 
were given the hit edge classification (Class 7) were not included in the raw 
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particle concentration because the software determined their centers to be 
outside of the field of view of the probe. This is consistent with the higher 
IPC concentrations (Fig. 3.46). The 2D-C concentrations tended to be 
slightly higher in downdrafts than in updrafts. but ice particles were not 
preferentially located in the downdrafts. 

For almost the entire first third of the pass there were no counts 
registered by the ice particle counter, while the remainder of the pass had 
peaks that ranged from 1 to 3 L"l. The maximum value of 3 L'̂  occurred 
3 km into the pass and again at cloud exit. Graupel, irregular ice particles 
and fragments (G. IP and F in Row A) were the source of the IPC 
concentrations; a few branched crystals (BC in Row A) were also observed. 
Although concentrations were slightly higher in downdraft regions than in 
updraft regions, both generally had nonzero ice particle counts. 

The size distribution of graupel particles sampled by the 2D-C probe 
during Pass 2 shows that most of the graupel were smaller than 900 Mm in 
diameter (Fig. 3.47). The average ice particle concentration from the IPC 
was 0.6 L-^ which is more than two orders of magnitude greater than the 
expected ice nuclei concentration of 1.1 to 3.9x10-^ L"̂  for sampling 
temperatures (-5.8 to -9.9X) during this pass. 

The drop concentrations were once again low with an average of 102 
cm-^ for the entire pass (Table 3.17). The average of 110 cm"^ for updraft 
regions is less than half of what it was for the previous pass and was less 
than regions deemed to have no vertical motion for this pass. The 
concentration of drops larger than 24 Mm in diameter averaged only 1 cm'^ 
for the pass and never reached 10 cm"^ (Table 3.17). Drops smaller than 
12 Mm in diameter were very scarce as well, with an average of only 53 
cm-3 for the entire pass (Table 3.17). 

This cloud was sampled within the Hallett-Mossop temperature region 
(-3 to -8X) for the first half of the pass and there were plenty of graupel 
particles throughout the pass. However, the drop concentration criteria 
were not met. so conditions did not meet the criteria for operation of the 
Hallett-Mossop process at the sampling level. 

The particle images in Fig. 3.46 provide a clue as to what mechanisms 
were enhancing ice particle concentrations. The shattered ice particle (SIP 
in Row B) is an indication of breakup of ice particles by collision. Many 



137 

10-2r 

O 

OC 
H 
Z 
UJ o z 
o 

UJ 

a. 

o 

10" 

10 -4 

r 

—T— 
250 500 750 1000 

DIAMETER (Mm) 

— I 1 

1250 1500 

Fig. 3.47 As in Fig. 3.43 but for Pass 2. 



138 

Table 3.17 As in Table 3.16 but for Pass 2. 

Reeion/Tvoe 

Entire Pass 

Edge Half 

Middle Half 

Downdrafts 

Edge Half 
Downdrafts 

Middle Half 
Downdrafts 

"0" Vertical 
Motion 

Edge Half 
"0" Vertical 
Motion 

Middle Half 
"0" Vertical 
Motion 

Updrafts 

Edge Half 
Updrafts 

Middle Half 
Updrafts 

Sample 
Size (s) 

67 

35 

32 

15 

2 

13 

35 

18 

17 

17 

15 

2 

3iDi45 

102 

86 

120 

59 

0 

68 

117 

81 

154 

110 

103 

163 

Larger 
Drops 

24iDi45 

1 

1 

1 

1 

0 

1 

1 

1 

2 

1 

1 

2 

Small 
Drops 
3^DU2 

53 

36 

71 

39 

0 

45 

61 

34 

89 

47 

42 

92 



139 
images of splinters and fragments (S+F in Row B) were also noted and 
probably resulted from collisions between fragile ice crystals (BC in Row 
A), of which there were quite a few in the colder regions of the pass. It is 
likely that fracturing and breakup of fragile ice crystals and shattering of 
ice particles by collision were the mechanisms responsible for the enhanced 
ice particle concentrations measured during this pass. All of the images 
confirming ice multiplication were found in regions deemed to be free of 
vertical motion. 

3.7.3 Summary of Case 6 

Sampling for Case 6 indicated that this cloud was further along in the 
precipitation process than any of the other cases because many graupel 
particles and other ice particles were observed during both passes. The 
many graupel particles were responsible for a low concentration of the 
larger cloud drops and. because of this, liquid water content values were 
very low except for a few small regions. This cloud was dominated by the 
ice phase during the time of sampling and ice multiplication was occurring 
in both passes. 

Even though the Hallett-Mossop criteria were not met in this cloud, 
evidence of the operation of this mechanism was found in cloud particle 
images taken from regions of no vertical motion. Cloud particle images also 
confirmed that shattering of ice particles and fracturing of crystals by 
collision enhanced the ice particle concentration of this cloud. A few images 
confirming ice multiplication were found in downdraft regions, but the 
majority were found in regions deemed to be free of vertical motion. 

No more passes were attempted due to severe icing and turbulence 
associated with the cloud. From the data gathered for this cloud it is 
apparent that fracturing and breakup of fragile ice crystals by collision, 
shattering of ice particles by collision and the Hallett-Mossop process in 
Pass 1 (Section 3.7.1) were occurring and enhanced the ice particle 
concentrations measured in Case 6. 



CHAPTER 4 
SUMMARY AND CONCLUSIONS 

Six clouds from among the multiple-pass clouds sampled during the 
1980 Texas HIPLEX and 1983 TEXAS projects were chosen for detailed 
case study analyses. Cloud microphysical and thermodynamic parameters 
were studied with a primary focus on cloud particle imagery and particle 
size distributions in order to draw conclusions regarding what ice 
multiplication processes were operating in these clouds. The following 
section presents a summary of the results from the case study analyses 
concerning ice multiplication. 

4.1 Ice Multiplication in 
West Texas Convective Clouds 

Critical to determining whether ice multiplication has served to enhance 
the ice particle concentration of a cloud is the expected ice nuclei 
concentration of that cloud, which in turn depends on the sampling 
temperature. Since each case could have a different number of passes due 
to non-scientific reasons (e. g., low fuel) an average sampling temperature 
was determined for each case. The values for each case were then equally 
weighted to determine an average sampling temperature for the four 1983 
cases as well as one for the two 1980 cases. In this way clouds that had to 
be abandoned when they normally would have been sampled further are 
equally represented with those clouds that were sampled until they had 
dissipated or had become too intense for further sampling. This method of 
determining an average sampling temperature led for both years to a value 
that was O.IX greater than the simple average of all measured 
temperatures. The average sampling temperature for the 1980 cases was 
-8.9X, while the corresponding value for the 1983 cases was -9.7X. For 
these temperatures the expected ice nuclei concentration (Bowdle £tai.. 
1985) for the 1980 cases is 2.9x10-^ L'^, while for the 1983 cases it is 
3.7x10-3 L-1. 

An average IPC concentration for the two 1980 cases was determined in 
the same manner described for the average temperature. The average 
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IPC concentration determined in this manner was 0.5 L'^ while the 
conventional average was 0.4 L-1. The value of 0.5 L"! represents an 
enhancement factor of nearly 175 for the 1980 cases. The same method 
was applied to the four 1983 cases, using the concentration of graupel, 
branched crystals and dendrites (as determined from the cloud particle 
imagery) to obtain a minimum value of the average ice particle 
concentration of 0.6 L"!. the same value as the conventional average. The 
value of 0.6 L'^ yields an enhancement factor of over 160 for the 1983 
cases, a value which would be found to be quite a bit greater if there were 
quantitative ice particle concentration data from the IPC. This is because 
quite a few ice particles observed in the imagery were not classified as 
graupel, branched crystals or dendrites. It is clear that ice multiplication 
was operating in the data sets used for this research and resulted in ice 
particle concentrations that were enhanced over ice nuclei concentrations 
by more than two orders of magnitude. 

From the case studies it is clear that fracturing of ice crystals by 
collisions and shattering of ice particles by collisions were the main 
contributors to the enhanced ice particle concentrations measured in the 
1980 clouds. In addition, direct evidence of the Hallett-Mossop process 
(Pass 1 of Case 5 and Pass 1 of Case 6) and indirect evidence of contact 
freezing of supercooled water drops (Pass 2 of Case 5) was also found. For 
the 1983 clouds it is clear that the Hallett-Mossop process, shattering of ice 
particles by collisions and fracturing of ice crystals both by collisions and 
by ventilation were the dominant ice multiplication mechanisms. In 
addition, contact freezing of supercooled water drops enhanced the ice 
particle concentration for one case (Case 2). 

The direct evidence of the Hallett-Mossop process came from the cloud 
particle images. This often occurred even though the criteria for its 
operation were not met This process was found to operate in the field 
under broader conditions than those found in the laboratory, specifically 
down to temperatures of -12X. 

^2 Cloud Base Parameters 
Each of the case study clouds was investigated to see if it would have 

been recognized from the cloud base temperature and cloud base drop 
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concentration as a candidate for the Hallett-Mossop ice multiplication 
mechanism. These two parameters control whether drops having a 
diameter of 25 Mm will reach a concentration of 10 cm'-̂  in the cloud 
lifetime (Mossop. 1978a). The cloud base temperature used was the value 
obtained during the ascent to sampling altitude while the average drop 
concentration at the sampling level was doubled to estimate the cloud base 
drop concentration. Despite this doubling, all of the clouds lie well within 
the ice multiplication region (Fig. 4.1). so each of them should have attained 
a concentration of 10 cm'^ of the larger drops within their lifetime. 

Case 6 was the only case in this study that never achieved a 
concentration of at least 10 cm'^ of the larger drops during the time it was 
sampled. This cloud had to be abandoned after only two passes due to 
severe icing and turbulence, so it cannot be stated whether the required 
concentration was attained during its lifetime. Also, the growth equation 
that Mossop (1978a) used to determine whether the required concentration 
of the larger drops will be reached in the cloud lifetime does not take into 
account scavenging of the drops by ice particles. Because many graupel 
particles were observed from the start of sampling in this cloud, the 
concentration of the larger drops was likely depleted by riming. 

One must be careful when using a figure such as Fig. 4.1. The ice 
multiplication region indicates combinations of the two cloud base 
parameters that would yield the required concentration of the larger drops 
for the Hallett-Mossop process. However, it does not allow a researcher to 
make an absolute conclusion on the operation of this ice multiplication 
mechanism because it says nothing of the presence of graupel and small 
drops that are also required for this process. Also, the multiplication 
boundary (B in Fig. 4.1) must be fairly broad because of cloud-to-cloud 
variations in updraft velocity and cloud mixing (Mossop, 1978a). 
Systematic, detailed case studies such as the ones presented in this research 
are needed to conclude absolutely whether the Hallett-Mossop process is 
operating in a given cloud. 

jf,3 Tmolications of Ice 
^ifftiplication for Cloud S^edinf^ 

From the data used in this study it is clear that these clouds were seeded 
naturally by ice multiplication. Intentional seeding for microphysical 
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effects (ice phase seeding) would be superfiuous and would likely cause so 
much competition among the ice particles for the available cloud water that 
it is likely these particles would not be able to reach precipitation size by 
accretion. Seeding to invigorate the updraft through latent heat release 
(dynamic seeding) and thereby process more water vapor from subcloud 
levels offers greater potential as a seeding hypothesis for clouds in which 
natural ice multiplication processes are occurring. Seeding for dynamic 
effects has already been selected and carried out as the seeding hypothesis 
for West Texas convective clouds (Jurica and Woodley, 1985). 
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